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Abstract

Clinical trials seeking to improve cognitive performance are in dire
need of biochemical biomarkers that reflect the processes taking place
in the brain. In Down syndrome, this information is crucial to
understand the progression of cognitive decline, or to evaluate the
beneficial effects of a treatment, but there are few available biomarkers
for this condition. We have analyzed the association between
biomarkers (biochemical, genetic), executive functions, and cognitive
decline, in the context of a clinical trial, taking into account extrinsic
factors (education, diet) that may obscure the interpretation of the
obtained results. We found that altered lipid profile or increased
homocysteine concentrations in plasma are associated to worse
executive functions. Additionally, increased plasma concentrations of
amyloid peptides are associated to early dementia signs. I also
optimized a new technique of tissue and cell culture to obtain
neuronal precursors from the nasal olfactory epithelium for biomarker

studies.

The results of this study should provide with new tools to evaluate
treatment efficacy and cognitive decline risk in the context of clinical

trials in Down syndrome.
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Resum

Els assajos clinics que cerquen la millora del rendiment cognitiu tenen
la necessitat de disposar de biomarcadors que reflecteixin els processos
que tenen lloc en el cervell En la sindrome de Down aquesta
informaci6 és crucial per a entendre la progressio del declini cognitiu o
per a avaluar els efectes beneficiosos d’un tractament perd encara hi ha
pocs biomarcadors disponibles per a aquesta afectacié. Hem avaluat
I'associacié entre biomarcadors (bioquimics, genetics), funcions
executives 1 declini cognitiu, en el context d’un assaig clinic, tenint en
compte factors extrinsecs (educacid, dieta) que poden afectar la
interpretaci6 dels resultats. Els nostres demostren que un perfil lipidic
alterat o unes concentracions incrementades d’homocisteina en plasma
estan associats a pitjors funcions executives. També observem una
associacié entre concentracions incrementades de peptids amiloides i
signes primerencs de demencia. També he optimitzat una nova técnica
de cultiu tissular i cel'lular per a obtenir precursors neuronals de

Iepiteli olfactiu per a I'estudi de biomarcadors.

Els resultats d’aquest estudi podrien proporcionar noves eines per a
avaluar Ieficacia de tractament i el risc de declini cognitiu en el context

d’assaigs clinics en la sindrome de Down.
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Foreword

The important medical and social burden of nervous system diseases
contrasts with the currently limited therapeutic armamentarium and
with the challenges faced when developing new therapeutic options.
This situation can be explained by the conjunction of various
phenomena related to the limitations of animal models, the narrow
focus of research on precise pathophysiological mechanisms, and
methodological issues in clinical trials. It is of uttermost importance
that preclinical and clinical developments promote the use of
cognitive, behavioral, biological, neurological, and neuroimaging
biomarkers. In this Thesis, my aim was to identify clinically-relevant
biomarkers and specific predictors of petsistence and/or remission of
symptoms upon treatment and to establish olfactory neuroepithelial
derived precursor cells for biomarker studies. These studies were
performed in the context of a Phase II trial in young adults with
Down syndrome (DS), using a combined therapy of epigallocatechin-

3-gallate (EGCG), and cognitive training.

Down syndrome, caused by the trisomy of chromosome 21 (1), is the
main genetic cause of intellectual disability. This intellectual disability,
and specially the impairment in executive functions (EF) (2, 3), leads
to deficits in daily living (4). Additionally, individuals with DS have a
high prevalence of Alzheimer-like neuropathology, that has a dramatic
impact on cognition and their adaptive behavior (4). Of the genes
present in the chromosome 21, and overexpressed in DS, we have
focused on two of particular interest to explain the cognitive and
neurodegenerative phenotype, the Dual-Specificity Tyrosine-(Y)-
Phosphorylation Regulated Kinase 1 (DYRK7.4) and the Amyloid

XV



Precursor Protein (APP). DYRK7A 1is dosage sensitive and its
overexpression is sufficient to recapitulate part of the DS phenotype
in animal models, including alterations in brain morphology and
learning deficits (5, 6). APP overexpression is considered to be the
cause of Alzheimer-like disease in DS (7), as it increases the
production of the amyloid monomers, a process favored
by DYRKIA overexpression, known to phosphorylate and affect the
metabolism of APP (8, 9).

The modulation of the excessive DYRKIA kinase activity by an
inhibitor has proven to rescue the DS phenotype in primary cultures
and DS mouse models (10, 11). One of them is EGCG, a polyphenol
from green tea (12). This thesis has been developed in the context of a
double-blind, placebo-controlled, Phase 2, single center clinical trial
(TESDAD; NCT01699711) using a combination of the green-tea
polyphenol EGCG and cognitive training (13). The study population
included young patients with DS treated for 12 months, with 6

months of follow-up.

The TESDAD study included both neuropsychological evaluations
and biomarker assessments (genetic, biochemical, and neuroimaging/
neurophysiology). Thus, it was the perfect environment to assess the
usefulness of genetic and biochemical biomarkers in the evaluation of
treatment efficacy. I have focused on the evaluation of the relation
between cognitive tasks, functional measures, and biomarkers that 1)
were modified by our treatment and could be considered efficacy
biomarkers, 2) have been associated with cognition in populations
without intellectual disability (ID), 3) are altered in population with

DS, or 4) could modulate treatment response (genetic

xvi



polymorphisms). Specifically, we focused on biomarkers that could be
predictive of the conversion to dementia in the DS population, and
are sensitive to the cognitive enhancing treatment. This involved an
analysis of the baseline associations between the lipid profile,
homocysteine, and amyloid concentrations with different cognition
and cognitive decline measures. Both lipid profile and amyloid
concentrations have been previously associated with cognition, are
considered to be a risk factor for dementia in the general population,
and are altered in DS. In the case of beta-amyloid peptides
concentrations, this alteration is due to a life-long overexpression of
APP in individuals with DS, but the concrete relationship of
peripheral biomarkers with dementia signs has to be defined.
Homocysteine concentrations are known to be reduced in population
with DS, and several studies in general population have associated
increased concentrations of homocysteine to alterations in executive

functions and AD.

Finally, the utility of olfactory neural precursors was explored as a
novel source of surrogate biomarkers for intellectual disability with the
objective to avoid two main limitations. First, blood-based biomarkers
present a considerable challenge as blood is a complex tissue and it
lacks direct contact with brain. Second, obtaining brain tissue from
living donors is not feasible. These drawbacks can be curtailed by
obtaining of cells of neuronal lineage outside the brain. One of the
sources of such cells is the olfactory neuroepithelium. These cells
should serve as efficacy biomarkers and should also provide new

predictive biomarkers.
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In summary, this thesis was aimed at 1) exploring the applicability of

biomarkers of cognition that are used in the general population. In this

category we include biomarkers that are also related to dementia risk.
Specifically we examined if there was an association between lipid
profile, cognition, and dementia risk, in our population similatly to
that found in euploid adults. For this specific biomarker, due
to EGCG having proven to modify lipid concentrations, we also
analyzed the effect that the treatment could be having on such
association. Furthermore, we studied the usefulness of peripheral
biomarkers of amyloidosis as cognitive markers of dementia. Finally,
we investigated the association between executive functions and
homocysteine concentrations. Such association has been observed in
euploid population where hyperhomocysteinemia is correlated to
worse cognitive function. 2) Seeking new sources of biomarkers, in
particular at setting up a new method used to obtain neuro-olfactory

precursors and exploring their potential for biomarker studies.

Due to the multidisciplinary approach of this Thesis it was developed
in the context of a collaboration between the Integrative
Pharmacology and Systems Neuroscience group in IMIM under Dr.
Rafael de la Torre supervision, and the Cellular and Systems
Neurobiology group at the CRG headed by Dr. Mara Dierssen. The
group led by Dr. de la Torre is specialized in human
neuropharmacology, in particular in clinical trials related to this
discipline, allowing the development of the part of this thesis related
to peripheral biomarkers in the context of a clinical trial. On the other
hand, the group directed by Dr. Dierssen is widely acknowledged for

its contribution on the neurobiology of DS, both at the cellular and in
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the 7n vivo levels, providing, thus the expertise to develop the method
to culture neuro-olfactory precursors. Additionally, in order to learn
the protocol for obtaining and culture neuro-olfactory precursors I did
a three-month stay at the laboratory of Dr. Gloria Benitez-King at the
National Institute of Psychiatry Ramén de la Fuente Mufiz in Mexico

City, Mexico.

The results obtained in this Thesis shed light on the specific
associations between cognition and peripheral biomarkers that will

allow ascertaining the risk of cognitive declines or dementia.
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1. GENERAL INTRODUCTION

1.1. Biomarkers and their association with
cognitive dysfunction: importance in Intellectual
Disabilities

Biomarkers are understood as “any substance, structure, or process
that can be measured in the body or its products and influence or
predict the incidence of outcome or disease” (14). As such, the use of
biomarkers is crucial in the context of clinical trials to monitor the
safety and efficacy of the treatment. Some biomarkers are well-
established and present in clinical practice, and in specific cases they
reflect or predict a known biological process. However, despite the
plethora of known or proposed pathogenic proteins and mechanisms,
only a small number are currently implemented in molecular
pathologic subtyping or in biomarker development. In fact, few
biomarkers can be objectively measured and evaluated as indicators of
normal biological or pathogenic processes, or of pharmacological
responses to a therapeutic intervention. Biomarkers also contribute to
the knowledge on clinical pharmacology and provide with a basis to
the design of clinical trials that expeditiously and definitively evaluate
safety and efficacy. Thus, as new treatments appear there is a need to
find new biomarkers that are adequate to monitor the target

mechanism.

The term “biomarker” covers a wide range of physical measurements
and can be obtained from different sources. There are central
biomarkers which are obtained from the source of the biological

process, or surrogate biomarkers obtained from a peripheral source. In
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both clinical trials and clinical practice it is of vital importance that the
source of these biomarkers is of easy access and requires a minimally
invasive intervention. Especially, in studies related to neurological
processes, such as intellectual disabilities, and upon long interventions.
For this type of studies, blood and CSF (cerebrospinal fluid)
biomarkers are used to disentangle the biological processes underlying
neurological diseases. In the case of longitudinal studies and
intellectual disabilities obtaining CSF can be problematic, and

therefore blood-based biomarkers are preferred.

The identification of new potential biomarkers for the use in clinical
trials seeking to improve cognitive function requires a deep
understanding of the associations between peripheral biomarkers and
cognition. In the case of intellectual disabilities (ID), there is a plethora
of genes involved in its etiology, but the mechanisms by which these
candidates regulate cognitive function remain pootly understood.
Moreover, as there is no previous knowledge on how specific genetic
or environmental factors will alter peripheral biomarker associations
with cognition, there is a need to compare them to what has been

previously described for general population.

1.2. Cognitive profile in Down syndrome

Down syndrome (DS) is the most prevalent genetic form of ID. Its
origin is found in the triplication of the chromosome 21 (1). However,
cases of partial trisomies have shown that not all the genes in the
chromosome have the same contribution, and one or more regions
containing genes or non-coding regions relevant for the ID phenotype

have been identified and are known as Down syndrome Critical



Regions (DSCR) (15). Nevertheless, the finding of subjects with DS
phenotype with partial trisomies that do not include this region has
challenged its definition, establishing it as a “susceptibility region”
rather than a critical one, and leading to the understanding that the DS
phenotype is caused not only by genomic regions triplicated in the
chromosome 21, but also by those deregulated in other chromosomes
(16). The present work has focused in two genes of the DSCR
(DYRK71A, APP) two major candidate genes involved in the DS

cognitive phenotype that may provide biomarkers related to them.

Individuals with DS have 1Q values ranging between 30 and 70, with
the mean being 50 (1, 4). This ID arises from deficits in learning,
memory, executive functions, and language, which have an impact on

adaptive behavior, including a range of everyday skills (4, 17-19).

Individuals with DS demonstrate a consistent pattern of weaknesses in
the processing of verbal information relative to visual information.
Particularly, children with DS show positive improvement with time in
nonverbal cognitive abilities, whereas verbal abilities tends to

decelerate throughout adolescence and into adulthood (4).

Longitudinal studies through middle adulthood reveal cognitive
declines with increasing age. These declines and the ones seen in late
adulthood are frequently associated with a neuropathology of the

Alzheimer type (4).



1.2.1. Deficits in Executive Functions and their

repercussions on daily living

Executive function (EF) is the cognitive domain required in order to
focus in a specific task, solve problems, and adapt to changing
situations (2, 3). It is usually divided in three main subdomains:
inhibitory control, working memory, and mental flexibility. Inhibitory
control includes the ability to inhibit impulses, to pay attention, and to
self-control. Working memory is divided in verbal working memory
and spatial working memory, and it is understood as the ability of a
subject to mentally manipulate information. Finally, mental flexibility
is defined as the capacity to adapt your responses to the changing
environment. Needless to say, all these capacities are vital to daily

living (3).

In individuals with DS, EF is severely impaired both compared to
individuals of similar age and to individuals with other intellectual
disabilities (2, 3). Such deficits include difficulties in inhibitory control,
working memory, and mental flexibility (20). Poor response inhibition
emerges in toddlers and continues through adulthood, being more
striking on verbally mediated inhibition than on visually mediated ones
(4). Many EF deficiencies are subsequent to impairments in other
cognitive domains like memory and language. It is the case of the
impairment in verbal working memory (16) and in verbally-mediated
mental flexibility, where deficits are influenced by the limitations in
language; and of the impairment in spatial working memory, where
deficiencies in the memory storage capacity play a part. These

limitations in EF translate into problems in learning and daily life



functionality, which are reflected on the worse basic adaptive skills
individuals with DS have with respect to individuals with other ID (4,

21).

1.2.2. Cognitive deficits associated with age,
the AD-like phenotype

Individuals with DS are at a higher risk of Alzheimer disease (AD)
than the general population (4). In fact, while the prevalence of AD in
control population older than 65 years of age is an 11% (22), in
population with DS of the same age the prevalence is between 50 and
75% (4, 22, 23). As for general population, the prevalence of AD
increases with age, being an 8% between 35 and 49 years, and
increasing to 55% in the fifth decade of life (17, 23, 24). The typical
age of onset of the dementia is considered to be between 48 and 56
years of age (24), nevertheless, some individuals never develop AD (1,
17, 22). This variability is likely the manifestation of various sample
characteristics within each study, the methodology used, and the time
period in which the studies were conducted. For example,
apolipoprotein E (ApoE) genotype also increases the prevalence of
AD, even at this at risk population (17, 23). Interestingly, and in
relation to the previous point, one of the first cognitive domains
affected by the decline is EF (2, 4). One of the main challenges in
clinical studies in individuals with DS is differentiating the age-related
decline from progressive cognitive degeneration associated with
dementia. Most individuals with DS have neuropathological changes
associated with AD. In some cases, impairments in EF (attention and

planning) are associated with the emergence of dementia. Other



symptoms associated with changes in the frontal lobes (apathy,
depression, impaired  adaptive  functioning, and  reduced
communication) may indicate underlying neurodegeneration secondary

to AD (4).
1.3. Biomarkers in Down syndrome

As stated above, the goal of biomarkers is to provide direct evidence
of an underlying pathologic process, indirect of a pathologic process
through proof of synapse dysfunction and neurodegeneration, or of
treatment efficacy. Unfortunately, there is a scarcity of data regarding
biomarker changes in adults with normal cognition. In DS although
there are no established biomarkers related to cognition, there are
some potential ones that could be useful due to the particular genetic
and phenotypic characteristics of this population. Such biomarkers
include those that have been associated with cognition in healthy
population, but may be differentially affected in the DS population.
Specific examples are homocysteine (Hcy), peripheral amyloid
peptides, lipids, and thyroid hormones. Their characteristics in DS and

their relationship to genetics and other factors are detailed below.

Additionally, other non-specific biomarkers have been explored, in

particular the Olfactory Neuronal Precursor Cells (ONPCs).
1.3.1. Homocysteine

Homocysteine (Hcy) is a sulphur-containing amino-acid formed
during the intracellular conversion of methionine to cysteine in the
One Carbon Metabolism (25). Its accumulation when it is not

converted to cysteine or methionine has been associated to



cardiovascular diseases and AD (26). Homocysteine leads to the
accumulation of low-density lipoprotein, resulting in damage to the
blood vessel walls. Increased blood homocysteine levels are correlated
not only with cardiovascular disease but also with the severity of
cognitive damage and dementia. Additionally, specific inverse
associations between high concentrations of Hcy with tasks involving
EF and with functionality in activities of daily living have also been

described (27-35).

Interestingly,  plasma  levels of Hcy, methionine, S-
adenosylhomocysteine, and S-adenosylmethionine are all significantly
decreased in individuals with DS (36). Several causes can explain this
reduction. First, the gene for cystathionine beta synthase (CBS) is
located on chromosome 21 and is overexpressed in DS (36). Hcy may
undergo condensation with serine to form cystathionine, which is
catalyzed by CBS, and a 157% increase in CBS enzyme activity has
been previously documented in individuals with DS and has been

associated with reduced levels of Hcy (37, 38).

Another gene which overexpression in DS has been correlated with
decrease of Hcy level is DYRK7A (Dual-Specificity Tyrosine
Phosphorylation-Regulated Kinase 1A). DYRK7.A4 is located in the
DSCR and is considered a strong candidate for DS cognitive
impairment (6). In fact, the overexpression of this gene has shown to
recapitulate part of the DS phenotype, including behavioral alterations
that mirror part of the deficits seen in DS, such as spatial learning and
cognitive flexibility alterations (5, 6). Moreover, the functional deletion

of one of the copies of this gene shows a clear phenotype with



microce a and epiueps 1 ioghting the importance o
icrocephaly, ID, and epilepsy (39), highlighting the imp f

this gene in neural development as well as its dosage-sensitivity (6).

DYRKIA is broadly expressed during brain development and its
expression levels decrease over time, being confined, in adulthood, to
specific regions (6, 40, 41). During the neurodevelopment, DYRKI1A
is implicated in the proliferation of neuronal progenitors and cell cycle
exit, neuronal differentiation, neurogenesis and dendritogenesis, and
synaptic plasticity (40). In animal models the overexpression of
DYRKIA leads to a decreased proliferation of neuronal progenitors
coupled to a premature differentiation which depletes said progenitors
leading to a reduced number of neurons (40). Additionally, an extra
copy of this gene has also been shown to alter neuritogenesis and

spinogenesis as well as synapse formation (40, 42, 43).

However, DYRKIA overexpression has proven to have an important
role in the cognitive phenotype. Current research suggests that
overexpression of DYRKIA may be a significant factor leading to
cognitive deficits in both people with DS and AD, as it also plays a
key role in neurodegeneration. In fact, in DS mouse models, Dyrk1.4
is a dosage-dependent gene and its overdosage is sufficient to
recapitulate the DS cognitive and neuronal phenotypes (5, 0).
Accordingly, normalization of its expression levels rescues motor and
learning and memory phenotypes in both transgenic mice
overexpressing only DryklA (TgDyrk1A) or trisomic Ts65Dn mice
(44, 45). Of interest for therapy, normalizing DyrklA kinase activity
recovers the cognitive phenotypes, and reverses brain defects and
dendritic pathology. DYRKI1A is also known to phosphorylate tau at

the Threonine 212 position, among other positions (43), priming it for
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GSK-33 phosphorylation (46) and leading to the formation of
neurofibrillary tangles (9, 47). Additionally, DYRKIA is also able to
affect the alternative splicing of tau, with its overexpression decreasing
the inclusion of the exon 10 of the tau protein, thus, increasing the
synthesis of 3R-tau altering the tau isoforms balance and allowing
more 3R-tau to be phosphorylated (9). The other protein related to
AD, APP (amyloid precursor protein), also happens to be
phosphorylated by DYRKI1A, and is encoded by chromosome 21 and
overexpressed in DS. In this case the phosphorylation enhances the
cleavage of APP by  and y-secretases (8, 9), the full repercussion of
this cleavage will be discussed further on as APP is also triplicated in
DS (9, 17). Besides, DYRKI1A overexpression can be found in brains

of patients with AD, strengthening its role in neurodegeneration (48).

DYRKIA also affects Hcy levels, as since it increases NAD(P)H
Quinone Dehydrogenase (NQO1) activity, altering the equilibrium in
the One Carbon Metabolism, and leading to a depletion of Hcy (49,
50) (Figure 1). Hcy has already been established as a surrogate
biomarker of DYRKIA activity, because its concentrations correlate
with DYRKI1A levels in animal models (10), and with treatment with
DYRKIA inhibitors, such as epigallocatechin-3-gallate (EGCG), a

flavonol from green tea, in clinical trials (10, 13) (Annex 1).



SAM
SAH
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Figure 1: Hcy metabolism. SAM: S-adenosyl-methionine, SAH: S-adenosyl-
homocysteine, SAHH: SAH hydroxylase, CBS: Cystathionine-3-synthase, Cys:
Cysteine, NQO1: NAD(P)H Quinone Dehydrogenase, Cyst: Cystathionine.

As with other biomarkers, there are external factors that affect Hey
concentrations. One of them is sex, with females having lower
concentrations of Hcy than men (51, 52), although some studies
report these differences to be non-significant (53, 54). Age can also
affect Hey concentrations, with its concentrations increasing with age
either in both sexes (52) or only in females (55). Furthermore, due to
Hcy part in One Carbon Metabolism, concentrations of folic acid and
B vitamins (B6 and B12) can modify its concentrations, as do
polymorphisms for enzymes in this cycle (56-60). Further details can

be found in Chapter II.

1.3.2. APP, AD risk, and peripheral amyloid
biomarkers
Another important gene that affects cognition in individuals with DS

is APP, which overexpression is thought to be related to the AD-like

neuropathology (61). The association between the overexpression of
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APP and the higher risk of AD in DS was done following two
observations. On one hand, that some familiar forms of eatly onset
AD are caused by the duplication of APP (61), and, on the other hand,
by the discovery of an elderly individual with DS who died without
amyloid deposition and was found to have a partial triplication of

Chromosome 21 that did not include APP (7).

The overexpression of APP leads to an overproduction of amyloid-§3
peptide (AB) monomers through the sequential cleavage by 3- and y-
secretases (23) (Figure 2). As previously explained, DYRKIA
phosphorylates APP favoring the amyloidogenic processing of the
protein (8). Furthermore, it has also been proven to phosphorylate the
protein of the y-secretase complex presenilin-1 (PS1) increasing its
activity (62). This excess of soluble AB, particularly AB,,, accumulates
in the brain of subjects with DS from early childhood (62), building up
to form amyloid plaques from 40 years of age (63). Interestingly, the
overexpression of APP in a trisomic context has also been related to
alterations in proliferation, neurogenesis, and neurite length (64-60),

having, thus, a potential role on the ID phenotype.
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AlCD
AICD

Figure 2: APP metabolism. Red background indicates amyloidogenic processing;
green, amyloidogenic. APP: amyloid precursor protein, sAPPa: soluble APP «,
AICD: amyloid precursor protein intracellular domain, sAPP: soluble APP 8,
AB: amyloid B peptide, y-sec: y-secretase, B-sec: $-secretase, a-sec: a-secretase.

In general population the association between peripheral AJ
concentrations and dementia risk is unclear (67). Some studies show
that lower AB,, concentrations and AB,,/AB,, ratio are risk factors for
dementia development and conversion from mild cognitive
impairment (MCI) to AD (68-70). In fact, plasma A, ,, concentrations
have been found to inversely correlate with PIB (Pittsburgh
compound B) retention, although no differences in the peripheral
concentrations were observed depending on diagnosis (71). However,
at least one study has found increased Af,, concentrations in MCI and
AD individuals compared to controls (72). With regards to AR, its
associations with dementia are less clear, although an increase in its
concentrations has been previously correlated with MMSE (Mini

Mental State Examination) scores (69).

Even though if the association between peripheral amyloid
concentrations and cognition is unclear, there are other factors known

to predict or affect AD risk and that could be having an effect on A
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concentrations. Needless to say, one of the main risk factors to
develop spontaneous AD is age (73), and age has been associated to
increases in concentrations of AR (71, 74). Finally, females are at a
higher risk of AD once menopause has started, this risk is multiplied
in carriers of ApoE e4 (73). However, not many studies have focused
on the differences in plasma concentrations between genders, with
some reporting no differences (75), while others found higher AB,,

concentrations in males (70).

In DS the association between peripheral amyloid concentrations and
AD risk is more straightforward. This is possibly due to the increased
concentrations of AB,,in individuals with DS when compared to age-
matched controls (77, 78), and to the increased Af,, concentrations in
older populations with DS (79-82). Extensive evidence shows the
usefulness of these peripheral biomarkers to assess dementia risk in
older DS population (83-85). Interestingly, peripheral AP,
concentrations have also been correlated to early signs of cognitive

decline in young adults with DS (86) (See Chapter III).

As previously mentioned, ApoE genotype is a risk factor for dementia
in DS. Studies in general population have established that e4 carriers
have between a 3 and 5-fold risk increase, while e4 homozygotes have
between a 15 and 20-fold risk increase. On the other hand, the ¢2
allele is considered to be a protective allele against AD development
(73, 87). The reason for this increased risk of AD is that the e4 allele
has higher affinity for AB monomers leading to a larger amyloid
deposition in the brain (73). In the case of plasma amyloid
concentrations, the effect of ApoE is not evident. While in young

populations no effect of the genotype was found (75), in older
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populations there seems to be an association between the ¢4 allele and

higher concentrations of AB,, (88).
1.3.3. ApoE and lipid profile

However, the association of ApoE genotype and AD risk is not
limited to its role in central amyloid clearance as it is also involved in
peripheral lipid concentrations. The carriers and homozygotes of the
e4 allele are usually described to have a worse lipid profile with e4
homozygotes having higher Total Cholesterol (TC) while 2
homozygotes have lower concentrations (89, 90), due to the function
of ApoE in the peripheral transport of lipids. ApoE circulates in blood
associated with chylomicrons, very low-density lipoproteins (VLDL),
and LDLc (low density lipoprotein cholesterol), promoting the
clearance of triglyceride-rich lipoproteins and decreasing the TC

concentrations in the bloodstream (91).
1.3.4. Lipid profile

Few decades ago individuals with DS were considered to be protected
from cardiovascular disease, however this finding was challenged by
posterior research (92), and for this reason several studies have
explored the particular characteristics of the lipid profile in this
population. Studies comparing peripheral lipid concentrations between
individuals with DS and individuals with other ID or age-matched

controls show an altered lipid profile in DS (89, 92-95).

DS and ApoE genotype can alter peripheral lipid concentrations,
however they can also be modified by other factors. One of the most

clear differences is between males and females, with premenopausal
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females having generally a better lipid profile with higher HDLc (high
density lipoprotein cholesterol) concentrations, and lower LDL and
triglycerides concentrations (89, 95). Age also has an effect, as there
seems to be an increase in TC concentrations up to the fifth decade of
life and a linear increase in triglyceride concentrations throughout
lifetime (89). Additionally, Mediterranean Diet (MeDi) compliance has
shown to improve the lipid profile (96, 97).

The alteration in lipid profile seen in DS could be having an effect on
cognitive decline, as lipid profile has been shown to be associated to
dementia risk in general population independently of ApoE (98-103).
Additionally, particular components of the lipid profile have been
associated to distinct cognitive domains including 1Q (98-100, 104-
1006). The specific associations between lipid profile and cognition will
be explained in detail in Chapter I. Additionally, hyperthyroidism has
been associated to higher oxLLDL (oxidized LDLc) peripheral
concentrations, while both hypothyroidism and hyperthyroidism are

associated to higher oxidative stress (107).

Thyroid dysfunction is one of the more prevalent alterations present
in DS. Its prevalence is between 3 to 54% and it increases with age.
Additionally, females also tend to have higher prevalence of it (107).
Most of the affected individuals present hypothyroidism -congenital,
primary, or subclinical-, while others present hyperthyroidism. The
prevalence of autoimmune thyroiditis is also elevated in this

population (108).
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This alteration of the thyroid function is of special interest in DS as
hypothyroidism is known to cause intellectual disability in children

(108).
1.4. Olfactory Neuronal Precursor Cells

One of the main limitations of using peripheral biomarkers in
neuropsychopharmacology is the lack of direct readouts of the impact
a treatment is having on the neurons in the brain. To solve this
problem, efforts have focused on obtaining neuronal cells from
peripheral tissues and one of the most accessible and promising

sources is the olfactory mucosa (OM).

The OM is found in the neurolfactory epithelium of the cribriform
plate, and the superior and middle turbinate (109). Due to the nature
of the tissue and its high exposure to noxious agents, the olfactory
receptor neurons (ORNs) die and are replaced by a process of
neurogenesis that is maintained through the lifespan (110). This
neurogenesis relies on a population of multipotent stem cells, or
ONPCs, present in the neuroepithelium of the OM that can give rise
to both neuronal and non-neuronal cells (111, 112). The capacity of
proliferation of the ONPCs has made them the perfect model to study

a wide array of neurological diseases 7 vitro (112).

1.5. The use of biomarkers for DS therapeutic
trials

DS is considered to be an orphan disease, as there is no treatment to
help improve ID, its most prevalent characteristic. In these last years,

efforts have been multiplied in the search of a treatment that could
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ameliorate the cognitive impairment. Iz vivo studies have explored the
capacities of all kind of compounds, from antioxidants to
neurotransmitter modulators, and some of these studies have even
been translated into clinical trials. Of special interest is the treatment

using Epigallocatechin-3-gallate (EGCG) (113-115).
1.5.1. EGCG

EGCG is the most abundant catechin in green tea (12). Its properties
have been extensively studied in neurodegeneration and AD and have
been attributed to its antioxidant effects, its anti-amyloidogenic and

anti-neuroinflammatory effects, among others (116) (See Annex 2).

One of the reasons for using EGCG in DS is the specific capacity of
the catechin to interact and modulate DYRKI1A kinase activity. A first
study by Adayev ¢f a/ (117), described the potential of EGCG to bind
and inhibit DYRKI1A 7z vitro. In light of these results, and taking into
account the role of DYRKI1A in DS, several 7z vivo studies followed.
EGCG rescued the brain morphogenesis and learning alterations seen
in transgenic mice overexpressing DYRKI1A (11). Experiments in the
trisomic mouse model Ts65Dn support the rescue of the behavioral
phenotype in DS (118), which allowed the translation into clinical
trials where EGCG in combination with cognitive stimulation had a
positive impact on some specific tasks involving executive functions

(13, 118).

In a Phase II clinical trial (13), changes in peripheral biomarkers
reported in this Thesis were detected (See Annex 1). Upon EGCG

treatment, Hcy concentrations increased, and returned to baseline

levels after treatment discontinuation. On the other hand, EGCG
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modified the concentrations of several components of the lipid profile
including total TC, HDLc, and oxLDL.This potential to modify the
lipid profile has also been observed in several other studies (119) and

will be further explained in Chapter I.
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2. HYPOTHESIS AND OBJECTIVES

2.1. Hypothesis

We hypothesize that specific plasma biomarkers associated with
executive function in other populations, may be useful, but present
specific characteristics in DS. We have separately analyzed the

following:

2.1.1. Study [: Lipid profile and Executive

Functions

Although lipid profile has long been known to influence cognition in
general population, its effect on cognition in DS is not known, despite
an altered lipid profile having been detected in this population. We
postulate that lipid profile can be used as a biomarker of cognitive
function and cognitive decline in DS. Furthermore, we hypothesize
that EGCG can have an effect on the association between lipid

concentrations and executive function.

2.1.2. Study II: Homocysteine and Executive

Functions

Individuals with DS have decreased homocysteine (Hcy)
concentrations. Hyperhomocysteinemia is associated with worse
executive functions in the general population. Our hypothesis is that,
Hcy concentrations in our population will also be associated to
executive functions. Additionally, we postulate that Hey concentration
changes can be used as a biomarker of treatment-induced cognitive

change.
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2.1.3. Study llI: Years of education and markers

of cognitive decline

Alzheimer-like disease is highly prevalent in DS, due to the
overexpression of APP. Our main hypothesis is that plasma
concentrations of amyloid peptides are associated with eatly signs of
dementia and can be modified through external factors such as

education.

2.1.4. Study IV: Potential use of ONPCs as

biomarkers

Peripheral samples, such as blood and skin, have been used for
decades in psychiatric research as surrogates for central nervous
system. Many primary cells in blood samples tend to be highly
differentiated, and they may lack many of the signaling pathways and
biological processes that are present in the brain. Even shared
signaling pathways might function differently in different biological
contexts. Thus, peripheral biomarkers in neuropsychopharmacology
have limitations as they do not allow the direct observation of the
processes happening in neuronal cells. Our proposal is that neuronal
precursors obtained from the nasal neuroepithelium could be

potentially used as direct biomarkers of neuronal function.
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2.2. Objectives

2.2.1. General objective

The main objective of this thesis is to assess the utility of peripheral
biomarkers in terms of their association to executive function and
cognitive decline. Furthermore, we will also focus on the exploration

of new potential sources of biomarkers.

2.2.2. Study |

This study focused on analyzing the association between specific tasks
and functional measures related to executive functions and cognitive
decline, and different components of the lipid profile. Moreover, we
aimed to investigate how age, sex, ApoE genotype, and MeDi

compliance could be affecting such associations.

Additionally, we analyzed the effect that treatment with EGCG had

on the associations between these variables.
2.2.3. Study |

In this study we have focused on studying the associations between
executive functions and homocysteine concentrations taking into
account possible confounders such as age, sex, MeD1 compliance, or

genetic polymorphisms.

As in the first study, the longitudinal effects of EGCG will also be
taken into account in order to evaluate the usefulness of homocysteine

as a biomarker of cognitive change.
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2.2.4. Study

Our aim was to explore the associations between plasma amyloid
concentrations and early signs of cognitive decline, as well as the
potential effects of ApoE genotype on any of the variables.
Furthermore, we wanted to assess the effects that educational length
has in cognitive decline markers: biochemical, cognitive, and

functional.

2.2.5. Study IV

Finally, this study was focused on assessing the use of nasal exfoliates
and ONPCs as source of biomarkers. Additionally, we also examined
the effect of serum deprivation on protein expression and morphology

of the ONPCs.
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3. CHAPTER I: Lipid profile and Executive
Functions: Basal and Longitudinal
Associations.

3.1. Introduction

As stated in the General Introduction a number studies have
evaluated the associations between the lipid profile and cognition in
the general population. Such associations can be detected throughout
lifespan and, in some cases, lipid concentrations have been proposed
as risk factors of cognitive decline. Studies in individuals of almost all
age groups have demonstrated that higher concentrations of total
cholesterol, LDLc, or triglycerides are associated to lower 1Q) scores
(98, 99, 104, 105), while high HDILc concentrations have the opposite
effect and correlate with better intelligence (99, 105). These effects are
not limited to 1Q, as higher concentrations of cholesterol have been
correlated with worse memory and learning in middle age (100).
Memory and a better performance in EF, specifically in working
memory, have also proven to be directly correlated with HDLc

concentrations (98, 100).

An altered lipid profile is a risk factor for cognitive decline and AD.
This altered lipid profile would include both high TC and triglycerides
concentrations (98-101), with the former being also linked to MCI
(100). For LDLc concentrations the effect on dementia risk is less
clear (100) with some studies observing a U-shaped effect in elderly
males (102), while others observe an inverse correlation between
LDLc concentrations and MMSE score in AD patients (120). This

ambiguous relation was also observed for the oxidized form of LDLLc,
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with no association seen with its concentrations and dementia risk
(103). On the other hand, higher HDLc concentrations are the only
ones that are thought to have a protective effect against cognitive

decline (100, 1006, 121).

ApoE polymorphism is a known modifier of the lipid profile. Carriers
of the &4 allele have higher concentrations of both TC and LDLc than
the e3 homozygotes, while €2 carriers have lower concentrations than
the e3 homozygotes (105, 122). For triglycerides, however, e3
homozygotes have lower concentrations than the carriers of the other
two alleles (105). Furthermore, the ApoE allele ¢4 is a risk allele for
the development of AD (73, 87) and has been associated to cognition.
Female subjects carrying either €2 or e4 alleles have a higher IQ than
e3 homozygotes (105). In elderly population, e4 carriers had worse
cognitive performance than the non-carriers, and there was an
interaction between Apoll genotype and HDLc concentrations, with
e4 non-carrier subjects with higher HDILc having better cognitive

scores (122).

Another extrinsic factor affecting lipid concentrations is diet. In this
case, MeDi is known to reduce risk for cardiovascular diseases and to
decrease TC and LDLc concentrations while increasing HDLc (96,
97). Additionally, MeDi is known to be protective against the
development of AD (123), and an interventional study has also proven

its capacity to improve cognitive function in elderly population (124).

Individuals with DS have an altered lipid profile. In fact, a comparison
between children with DS and control siblings showed that children

with DS have higher triglycerides, total cholesterol and LDLc, and
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lower HDLc serum concentrations (93). Additionally, adults and
children with DS have higher oxLLDL concentrations than age-
matched individuals in the general population (94). Studies comparing
individuals with intellectual disabilities and individuals with DS from
the same institutions found that subjects with DS had higher
triglycerides  (125) and VLDL (126) concentrations than the
individuals with other ID.

Despite this alterations in lipid profile and the fact that it has proven
to affect cognition, few studies have looked into the associations
between cognition and lipid profile in individuals with DS, with only
one study reporting high concentrations of cholesterol to be a risk

factor for AD in middle aged adults with DS (127).

Extensive research has analyzed the effects of green tea and GTC
(green tea catechins) on lipid profile in a wide-range of populations.
Most of the studies agree that consumption of green tea or GTC
decreases LDLc concentrations (119, 128-132). Additionally, some
also found decreases in TC (119, 129) and oxLLDL (133). However,
and probably due to the large number of different GTC sources and
the diverse diseases tackled, there are other studies that fail to find an
effect on peripheral lipid concentrations (134-139). To our knowledge,
the only studies that have examined the effect of EGCG on lipid
profile in population with DS are the ones performed in our
laboratory. In a pilot clinical trial significant differences could be
observed between treatment groups for LDILc and TC concentrations
(10). In the Phase II clinical trial this Thesis is nested in, significant

differences were seen for TC, HDLc, and oxLDL (13) (see Annex 1).
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3.2. Methods

3.2.1. Participants

The individuals included in this study were young adults with DS
drawn from the TESDAD study that followed the study inclusion
criteria (13) (See Annex 1). Subjects who meet criteria for neurological
diseases other than DS or had relevant medical disease, co-morbid
mental disorder or were undergoing any treatment interfering with
cognitive functions, were not included in the trial. Furthermore,
individuals under treatment with TC-lowering medication or with a
trisomy other than full trisomy were also excluded from this analysis
(See Figure 3 for a Consort Diagram). The study was approved by the
clinical research ethics committee. More details of the sample and the

methodology can be found in Annex 1.

The study was conducted in accordance with the Declaration of
Helsinki and Spanish laws concerning data privacy. The protocol was
approved by the Ethical Committee of the Parc de Salut Mar of
Barcelona (CEIC-PSMAR). Upon arrival at the research centre
(Hospital del Mar Medical Research Institute-IMIM), participants,
parents and legal guardians (in case of legal incapacitation) were
informed of the ensuing protocol and they gave their written informed

consent before participating.
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84 assessed for eligibility

Excluded (n=4)

* 2 Translocations
1 mosaicism
1 partial

80 simple trisomy

Excluded (n=3)
2 fenofibrate
1 simvastatin

77 free of treatment

Genotyping and MeDi questionnaires

57 individuals with
genotype and dietary
data

3individuals with
dietary data, but no

genotype

16 individuals with
genotype, but no
dietary data

1 individual without
dietary data and
genotype

|

|

|

|

77 individuals included in the analysis

| 38in Placebo group | |

39in EGCG group

Figure 3: Consort diagram of the population included in this study.

3.2.2. Neuropsychological test battery

The TESDAD Battery (140) was administered and for this study, we
selected specific tests related to executive functions. Attention and
working memory were assessed with Spatial Span (CANTAB) (141)
and Digit Span (142), that evaluated visual and verbal information
respectively. Also, other aspects related to executive function were
measured with the Semantic Verbal Fluency Task (SVFT) (participants
were asked to generate as many words as possible in 1 min belonging
to the specified category of animals) (143). The Tower of London
from Drexel University (ToLLDx) (144) was used to measure planning
capacity and The Cats and Dogs Test (145) to assess response

inhibition.
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Intellectual quotient (IQ) was estimated using The Kaufman 30 Brief
Intelligence Test (K-BIT) (146). A more detailed description of the

complete neuropsychological battery and references can be found in

Annex 1.

3.2.3. Adaptive behavior and dementia onset

Adaptive behavior was assessed with the adult version of the Adaptive
Behavior Assessment System-Second Edition (ABAS-1I) (147).
Additionally, we screened for changes related to dementia onset with
the Dementia Questionnaire for People with Intellectual Disabilities
(DMR) (148). Researchers ensured that caregivers understood how to
complete the questionnaire and solved all doubts before and after
completion, and verified that all questions were filled. For more details

see Annex 1.

3.2.4. Mediterranean Diet Compliance

questionnaire

MeDi compliance questionnaires were administered to the caregivers,
they consisted in a 14-question questionnaire that has been previously
validated in the PREDIMED study (149, 150) (See Annex 3 for an
example). No information on MeDi compliance could be recollected

from 17 of the 77 individuals (Figure 3).
3.2.5. Plasma lipid concentrations

Blood samples were collected after an overnight fast early in the
morning. Blood was drawn into 8ml. Heparin Lithium tubes (B&D,

UK), centrifuged at 4°C for 15 min at 3000 rpm, and the plasma was
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distributed in aliquots and stored at -70°C until analysis. Total
cholesterol, and triglyceride levels were measured using standard
enzymatic methods. HDL-cholesterol was determined by an
accelerator selective detergent method (ABX-Horiba Diagnostics,
Montpellier, France), in an automated PENTRA-400 analyzer (ABX-
Horiba Diagnostics, Montpellier, France). Low density lipoprotein
(LDL) cholesterol was calculated by the Friedewald formula whenever
triglycerides  were <300 mg/dL. Oxidized LDL (oxLDL)
concentrations in plasma were measured by a sandwich ELISA
procedure using the murine monoclonal antibody mAB-46 as the
capture antibody bound to microtitration wells and a peroxidase
conjugated anti-apolipoprotein B antibody that recognizes oxL.DL

bound to the solid phase (oxLLDL, Mercodia, Uppsala, Sweden).
3.2.6. ApoE genotyping

Genomic DNA was extracted from the peripheral blood leukocytes of
all the participants using Flexi Gene DNA kit (Qiagen Iberia, S.L.,
Spain) according to the manufacturer instructions. ApoE genotype
was determined by PCR using a modified protocol from Yousuf ez a/
(151), the following primers were used 5-
GGACGAGACCATGAAGGAGTT-3' (forward) and 5-
GCCCCGGCCTGGTACACTGCCA-3" (reverse), the reaction was
carried out in a total volume of 15pL in the following conditions: 1X
Green GoTaq Reaction Buffer (Promega, Madison, WI), 1.65 mM
MgCl,, 0.2 mM dNTPs, 0.2 pmol of each primer, 0.5 U of GoTaq G2
DNA Polymerase (Promega), and approximately 50 ng of genomic
DNA. The amplification conditions included an initial denaturation of

7 min at 94°C, followed by 40 cycles as follows: 30 seconds of
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denaturation at 94°C, 30 seconds of annealing at 64.5°C and 30
seconds of elongation at 72°C, the final extension step was of 7

minutes at 72 degrees. The final PCR product was 306bp.

The PCR product was digested in parallel overnight at 37°C with 5U
of AflIIl and Haell (New England Biolabs) using the provided
digestion buffers. €2 allele was cut in two bands of 168 and 138bp by
AfIIII, and remained uncut (306bp) for Haell; €3 allele presented two
bands of 168 and 138bp for AfIIII, and two bands of 283 and 23bp
for Haell (23bp band was not visible); 4 allele was uncut by AflIII
(306bp) and cut into two bands by Haell (283 and the invisible 23bp
band). The digestion products were resolved by electrophoresis on a
3% agarose gel together with undigested PCR product that was used

as reference.

Four of the individuals could not be genotyped.
3.2.7. Data analysis

Results are described by means of measures of both central tendency
(mean) and variability (standard deviation and range) for numeric
variables, and absolute and relative frequencies for categorical
variables. In the case of the 1Q, only the median is reported because
no distinction is made of values below 40. Because of the distribution
of Triglycerides concentrations all the analyses have been performed
using the log transformation of the same. ANCOVA models were
used to explore the effects of age, sex, ApoE genotype, and MeDi on
both cognition and lipid profile. Due to missing values in both ApoE
and MeD1 compliance, no models were performed combining the two

variables. Further pairwise analyses were performed for the ApoE
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genotype. Linear models were fitted to study the associations between
the different components of the lipid profile or the ratios of the same

and cognition.

ANCOVA models were fitted to analyze the effect of treatment in our
variables of interest. Models were fitted for age, sex, and ApoE, and
were further stratified by sex to analyze the specific effects of the
treatment. Linear models stratified by sex and treatment were fitted to
study the association between changes in lipid profile and changes in

cognition.

Statistical significance was set at 0.05. No correction for multiple
testing was performed as it is considered an exploratory study. All
statistical analyses were performed using the statistical software
package R (Version 3.1.3.; The R Foundation for Statistical

Computing, Vienna, Austria).
3.3. Resulits

3.3.1. Descriptive demographics

Our study sample was comprised of a total of 77 young adults with
DS, from which ApoE genotype was only available for 73. ANCOVA
models adjusted for gender and age were performed to analyze the
differences between males and females, frequency differences were
evaluated through Chi-square (Table 1). Differences in lipid profile
are represented in Figure 4. Women had higher K-BIT scores than
males. An age effect for the log(Triglycerides) values (Estimate=-
0.026, SE=0.011, p=0.018) and for the log(Trig/HDILc) values
(Estimate=-0.032, SE=0.013, p=0.015) was observed.
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Table 1: Descriptive demographics.

Total Males Females
(=77)  (0=39,51%) (n=38,49%) T
Age Mean (+ SD)  23.4+4.3 22.6+3.7 242447
Range 16-34 16-31 17-34
IQ Median 42 40 44 0.15
K-BIT score ~ Mean (+ SD) 105.1%16.1  101.2+149  108.9+16.4 0.04
Range  80-154 80-144 80-154
Categorical IQ <40 31 (40%) 17 (44%) RACON.
>40 46 (60%) 22 (56%) 24 (63%)
ApoE e2/e3 8 (11%) 3 (8%) 5 (14%)
e3/e3 58 (79%) 32 (84%) 26 (74%)  0.56
e3/e4 7 (10%) 3 (8%) 4 (11%)
MeDi Yes (>7)% 43 (72%) 23 (77%) 20 (67%)
Compliance No (£7) 17 (28%) 7 (23%) 10 (33%) 039
TC (mg/dL)  Mean (£ SD) 173314313 17214295  174.5%33.5 0.88
Range  111-240 111-236 120-240
Triglycetides ~ Mean (£ SD)  70.94282  70.8%30.8 71.1425.7
(mg/dL) Range  20-175 24-175 20-137 046
HDLc Mean (£ SD)  46.619.1 44.3+6.1 49.1+10.8
(mg/dL) Range  27.3-73.1 27.3-57.9 pima 0
LDLc Mean (+ SD) 11294279  114.6+258  111.2%+30.2
(mg/dL) Range 44.9-174.7  44.9-172.2 231747
oxLDL (U/L)  Mean (+ SD) 467129  47.8+12.6 455134
Range  12.1-87.3 12.1-85.0 20.7-87.3
Ratio Mean (+ SD)  3.82+0.89  3.94%0.76 3.69%1.00
TC/HDLc Range  1.99-6.87 1.99-5.81 2.24-6.87 0:20
Ratio Mean (+ SD)  1.614£0.79  1.65+0.82 1.5610.77
Trig/HDLc Range  0.37-4.58 0.57-4.58 0.37-3.39 09
Ratio Mean (+ SD)  2.5140.78  2.63%0.65 2.38+0.88
LDLc/HDLc Range  0.81-5.21 0.81-4.18 L5z
Ratio Mean (£ SD)  0.4240.10  0.42%0.08 0.43+0.12
oxLDL/LDLc Range  0.14-0.71 0.27-0.55 0.14-0.71 00

* refers to score in the MeDi questionnaire. Subjects with scores higher than 7 are considered compliant
with the Mediterranean Diet. HDL: high density lipoprotein; 1Q: Intellectual Quotient; LDL: low density

lipoprotein; oxLDL: oxidized LDL; SD: Standard Deviation; TC: Total Cholesterol, Trig: triglycerides
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100 — Triglycerides

HDL

Total Cholesterol

Figure 4: Radar plot representing the differences in lipid profiles between males
and females. Mean values in females are taken as reference and assigned as
100%, men had significantly lower HDL concentrations.

3.3.2. Effects of ApoE and MeDi compliance on
Lipid profile

ANCOVA models fitted for gender, age, and ApoE genotype were
applied in order to analyze the effect of ApoE on the different
components of the lipid profile. e2 carriers had significantly lower
concentrations of TC and LDLc as well as lower TC/HDLc and
LDLc/HDLc ratios than both €3 homozygotes and &4 carriers (Table
2).

Additional models with MeDi compliance, but not ApoE genotype,

showed no effects of diet compliance on lipid concentrations.
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Table 2: Pairwise comparisons between ApoE genotypes

e3/e3 vs.e2/e3

e3/e4 vs. e2/e3

e3/e3 vs. e3/e4

TC Estimate 30.520 57.220 26.701
p 0.019 0.001 0.06
95% CI  [4.236,56.804]  [21.33593.106]  [-1.032,54.433]
log(Trig) Estimate 0.055 0.301 0.246
p 0.93 0.31 0.25
95% CI  [-0.319,0.429] [-0.194,0.796] [-0.124,0.616]
HDLc Estimate -4.328 -5.254 -0.926
p 0.4 0.49 0.96
95% CI  [-12.374,3.718]  [-16.239,5.731]  [-9.416,7.563]
LDLc Estimate 33.518 56.565 23.047
p 0.005 0.0002 0.06
95% CI  [9.102,57.935]  [24.257,88.873]  [-1.114,47.207]
oxLDL Estimate 9.256 11.859 2.603
p 0.15 0.18 0.87
95% CI  [-2.471,20.983]  [-4.129,27.846]  [-9.773,14.978]
TC/HDLc Estimate 0.925 1.654 0.729
p 0.012 0.0008 0.079
95% CI  [0.171,1.679] [0.625,2.684] [-0.066,1.525]
log(Trig/HDLc)  Estimate 0.149 0.420 0.271
p 0.71 0.22 0.32
95% CI  [-0.304,0.603] [-0.180,1.019) [-0.178,0.719]
LDLc/HDLc Estimate 0.884 1.471 0.587
p 0.01 0.0009 0.11
95% CI  [0.183,1.585] [0.543,2.399] [-0.107,1.281]
oxLDL/LDLc Estimate -0.039 -0.095 -0.056
p 0.6 0.18 0.34
95% CI  [-0.135,0.058] [-0.222,0.033] [-0.151,0.039]

p: p-value; CI: Confidence Interval; HDL: high density lipoprotein; LDL: low density lipoprotein; oxL.DL:

oxidized LDL; TC, total cholesterol; Trig, triglycerides
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3.3.3. Effect of ApoE genotype, gender, MeDi
compliance, and age on cognitive and behavioral

variables

ANCOVA models were fitted in order to understand the effect of
gender, ApoE, and age on the studied cognitive variables. Other than
the difference in K-BIT scores, females also performed better in the
TolLDx task with significantly higher correct movements (Females vs.
Males: Estimate=0.921, SE=0.349, p=0.01), and a trend to perform a
shorter execution time (Females vs. Males: Estimate=-135.048,
SE=71.044, p=0.06). Such results would suggest better planning skills
in females. No age effect was detected for any of the variables. ApoE
genotype had a significant effect in the SVFT, with €3 homozygotes
having a worse performance than e2 carriers (Estimate=-4.381,
p=0.021, 95% CI=[-8.194,-0.568]), as well as on Cats and Dogs
Inhibition Time, with e4 carriers having significantly longer inhibition
times than €2 carriers (Estimate=20.517, p=0.009, 95%
CI=[4.435,36.599]), and non-significantly higher than €3 homozygotes
(Estimate=12.674, p=0.054, 95% CI=[-0.186,25.534]). Although our
sample size limits the meaningfulness of these observations, all show a
better performance of €2 in semantic verbal fluency and in inhibitory

control.

Further models for MeDi were performed. Individuals in the
compliance group had a significantly higher span on the Direct Digit
task (Estimate=-0.444, SE=0.210, p=0.039), but this was the only
cognitive task were an effect of MeDi could be observed. On

functional variables, those in the compliance group had higher scores
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in the ABAS-II Self-Care subscale (Estimate=-4.816, SE=1.928,
p=0.015) and in the total ABAS-II (Estimate=-51.943, SE=22.072,
p=0.02). Non-significant trends were also observed for the ABAS-II
subscales Self-Direction (Estimate=-6.619, SE=3.836, p=0.09) and
Functional Academics (Estimate=-8.575, SE=4.504, p=0.00). Finally,
those in the non-compliance group had higher scores in the Total
DMR (Estimate=6.655, SE=1.814, p=0.00006). Individuals in the non-
compliant group had lower attention, general functionality, and earlier

dementia signs (Figure 5).

ABAS-II:Self-direction ABAS-|I:Self-Care

I 25 50——75—Direct Digit Span
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Figure 5: Radar plot representing the differences cognition and functionality in MeDi
compliance groups. Mean values in the compliant group (“Yes”) are taken as reference
and assigned as 100%. ABAS-II: Adaptive Behavior Assessment System Second Edition;
DMR: Dementia Questionnaire for People with Learning Disabilities.
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3.3.4. Basal associations with cognition

Models for each of the cognitive variables were fitted for HDLc, TC,
LDLc, oxLLDL, and the logarithm of triglycerides concentrations.
Similar models were fitted for the ratios (LDILc/HDILc, TC/HDLc,
log(Trig/HDLc), and oxLLDL/LDLc). The sample was stratified for
gender to take into account the differences in both cognition and the
lipid profile that have been previously described. Significant results are
described below, but full results can be found on Supplementary

Table 1.

HDLc showed a gender-dependent association with several tasks. In
the case of males, HDLc was directly associated with SSP forward
span length, a cognitive variable that also showed a significant inverse

association with T'C concentrations.

In females, the associations were mainly found in the ToLDx task.
Higher concentrations of HDLc were significantly associated to
shorter resolution times, as were higher values of log(Trig). Higher
concentrations of HDLc were also significantly associated to a higher
number of correct movements; similarly, higher LDLc concentrations,
higher log(Trig) values, and lower TC concentrations were associated
to higher number of correct words. For this same variable an inverse
association with the TC/HDLc ratio was observed. A non-significant
association was also found between the total number of movements in

TolLDx and HDI.c concentrations.

Independently of gender HDILc was directly associated to Functional
Academics ABAS subscale scores. Such association was also observed

with oxLDL concentrations.
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Therefore, HDLc concentrations had a direct impact on daily-life
functionality while also being associated to better attention and
planning skills. The associations with the cognitive tasks were also
observed for TC, although in this case higher concentrations lead to

worse performances.

Other components of the lipid profile presented associations
independently of HDLc, and those associations were also gender-
dependent and found only in males. All of the observed associations
were unexpected; higher oxLLDL concentrations and oxLLDL/LDLc
were directly associated to SSP Backward Span Length, and higher
scores in the Self-care subscale of the ABAS-II were associated to
higher TC concentrations and higher TC/HDLc ratio. This same
functional variable had an inverse association with the LDILc/HDLc
ratio. These associations point to a higher oxidative status being
associated to better spatial working memory, and higher TC

concentrations to better functionality.

3.3.5. Effects of EGCG on the lipid profile

In the clinical trial, effects of EGCG on the lipid profile have already
been described, with the treatment significantly decreasing
concentrations of TC, HDLc, and oxLDL (13). Similar analyses were
performed with this study subpopulation (Supplementary Table 2)
and significant differences between the two treatments were found at
all time points for LDL (Figure 9) and oxLDL (Figure 10)
concentrations. The TC/HDLc (Figure 11) and LDLc/HDLc
(Figure 12) ratios were only significant in the 6-month, and 3 and 6-

months time-points, respectively. Stratified analysis according to sex
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shows a clear treatment effect on lipid profile in males, with
significantly higher decreases in the concentrations of all the
biomarkers at 12-months (Figures 6 to 12), with TC, LDLc, and
oxL.DL showing effects as soon as the 3* month (Figures 6, 9, and
10). Contrarily, in females there is not an important treatment effect,
as the only significant differences were at 3 and 6-month time-points,

with higher decreases in the LDLc/HDLc ratio (Figure 12).
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Figure 6: Changes in TC concentrations from baseline. On the top graph changes for the
Placebo group are in light grey, while EGCG is in black. On the left bottom panel, stratified
changes for males show differences between the EGCG group (dark blue) and the Placebo
group (light blue). On the right bottom panel no differences are observed in females between
Placebo group (light orange) and EGCG group (dark orange).
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Figure 7: Changes in Tryglicerides concentrations from baseline. On the top graph changes
for the Placebo group are in light grey, while EGCG is in black. On the left bottom panel,
stratified changes for males show differences between the EGCG group (dark blue) and the
Placebo group (light blue). On the right bottom panel no differences are observed in females
between Placebo group (light orange) and EGCG group (dark orange).
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Figure 8: Changes in HDLc concentrations from baseline. On the top graph changes for the
Placebo group are in light grey, while EGCG is in black. On the left bottom panel, stratified
changes for males show differences between the EGCG group (dark blue) and the Placebo
group (light blue). On the right bottom panel no differences are observed in females between
Placebo group (light orange) and EGCG group (dark orange).
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Figure 9: Changes in LDLc concentrations from baseline. On the top graph differences
between the Placebo group (light grey) and the EGCG group (black) are observed. On the left
bottom panel, stratified changes for males show differences between the EGCG group (dark
blue) and the Placebo group (light blue). On the right bottom panel no differences are
observed in females between Placebo group (light orange) and EGCG group (dark orange).
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Figure 10: Changes in oxLLDL concentrations from baseline. On the top graph differences
between the Placebo group (light grey) and the EGCG group (black) are observed. On the left
bottom panel, stratified changes for males show differences between the EGCG group (dark
blue) and the Placebo group (light blue). On the right bottom panel no differences are
observed in females between Placebo group (light orange) and EGCG group (dark orange).

44



TC/HDL

05

00 -+

TC/HDL changes from basal

-0.5 1

Placebo
® EGCG
T T T T
0 3 6 12
Month
@ ?
3 3 o5
g <
£ £
g g
g 3
S S
5 I
S S 4 —
° S 00
z z
5 E
.05 - ® Placebo 05 Placebo
* EGCG ® EGCG

T T T T
o

Month

T T T T
0

Month

Figure 11: Changes in TC/HDLc from bascline. On the top graph differences between the
Placebo group (light grey) and the EGCG group (black) are observed. On the left bottom
panel, stratified changes for males show differences between the EGCG group (dark blue)
and the Placebo group (light blue). On the right bottom panel no differences are observed in
females between Placebo group (light orange) and EGCG group (dark orange).
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Figure 12: Changes in LDLc/HDLc from baseline. On the top graph differences between the
Placebo group (light grey) and the EGCG group (black) are observed. On the left bottom
panel, stratified changes for males show differences between the EGCG group (dark blue)
and the Placebo group (light blue). The right bottom panel shows differences in females
between Placebo group (light orange) and EGCG group (dark orange).
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3.3.6. Effects of EGCG on the cognitive

variables

From baseline associations between lipid profile components and
cognitive performance, the following variables were selected for
longitudinal studies: SSP span length, SSP backward span length,
ToL.Dx solving time, correct and total movements, and from ABAS-II
Functional Academics and Self-care subscales. Only the functional
academics scale of ABASII was associated with EGCG+cognitive
stimulation effects seen in the Phase II clinical trial (13). As with the
lipid profile, new analyses for the study sample of the present Study 1
(n=77) were performed (Supplementary Table 3), confirming the
results from the trial as EGCG+cognitive stimulation treatment
increased the ABAS-II Functional Academics subscale score at all time
points and for both sexes in our and the whole sample (n=84)

(Figure 13).
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Figure 13: Changes in ABAS-II Functional Academics subscale from baseline. On the top
graph differences between the Placebo group (light grey) and the EGCG group (black) are
observed. On the left bottom panel, stratified changes for males show differences between the
EGCG group (dark blue) and the Placebo group (light blue). The right bottom panel shows
differences in females between Placebo group (light orange) and EGCG group (datk orange).
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3.3.7. Longitudinal associations between
changes in lipid profile and changes in cognition.

Models were performed to study the association between the changes
in lipid profile and the changes in cognition along the whole study.
Changes were understood as differences from one time-point to the
previous one, and, thus, differences were calculated between 0 and 3
months, between 3 and 6 months, and between 6 and 12 months.
General and sex-stratified analyses were performed for each of the
treatment branches. Only those cognitive variables that had shown a
significant association with components of the lipid profile were
included. Full results can be found on Supplementary Table 4. The
observed associations differed between treatment and sex groups.
Significant associations were found between increases in LDL
concentrations and increases in SSP Span Length in the EGCG group,
a stratified analysis proved that a trend could be found in females of

this group, but no association was found in males.

ToLLDx was one of the variables in which changes in lipid profile were
more strongly associated to changes in cognition. In this there was an
association between an improvement in the total number of correct
movements and increases in TC, oxLLDL, and their respective rations
and decreases in log(Trig), HDLc, LDLc, and the LDLc/HDLc and
log(Trig/HDLc) ratios in females of the placebo group. For this
cognitive variable no significant associations could be observed in the
females of the EGCG group, although there was a trend for increases
in log(Trig) and its ratio to be associated to a higher number of correct

numbers in the unstratified EGCG group. Some of these associations
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could also be observed in the ToLLDx total movements variables, with
females that increased the number of movements having decreases in
both TC and its ratio, and increases in the log(Trig), LDLc, and their
respective ratios. For the EGCG group only a significant association
was found in the wunstratified group between decreases in
log(Trig/HDLc) and increases in the number of total movements. No
associations regarding the ToLLDx solving time could be observed in
the placebo group. In the treated group, decreases in the
log(Trig/HDLc) were associated with increases in the solving time,

and this association was a trend for females of this same group.

For the functional variables, the associations were only observed in
the ABAS-II Functional Academics subscale, the only studied variable
in which there were differences between treatments. In this case in the
placebo group a significant association between increases in oxLLDL
and its ratio, and improvements in this subscale have been observed.
This association is significant for both the unstratified group and
females, but not for males. In the EGCG group, such association
disappears, however decreases in both log(Trig) and LDLc are

associated to improvements in the functional variable in males.

3.4. Discussion

In this study we describe the gender dependent association between
HDLc and specific components of the executive functions. In males
this association was specific for spatial attention and working memory
measures, while in females we detected it in planning skills. Regardless,
there was an association with functionality which is of particular

interest since it hints to a real impact on daily living. We also describe
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the effect of changes in lipid profile have in cognition and how

EGCG alters these associations.
3.4.1. Characteristics of the lipid profile in DS

One of the main modifiers of lipid profile is gender. Females are
known to have higher HDLc and lower LDLc concentrations than
males (89, 95). In our population we only observe differences in
HDLc concentrations, but not in LDLc, therefore the DS phenotype
could be affecting some of the effects of sex, among many other

factors, has in lipid profile.

Likewise, ApoE genotype has also been described as having an impact
on lipid concentrations. e4 allele is associated to higher cholesterol
concentrations and worse lipid profile, with 2 having the opposite
effect (89, 90). In our population the only observable differences were
between €2 carriers and ¢3 homozygotes, however both sample size
and distribution do not allow us to fully understand the effect of

ApoE in this population.

Both TC and triglycerides concentrations have been described to
increase with age in general population (89) and a decline of
cholesterol concentrations has also been reported in the elderly.
However, we observe the inverse association in our population, with
older individuals having lower total and relative concentrations of
Triglycerides. Possibly, this observed association is due to our limited
age-range and a study with a wider age-range would be needed to

confirm this observation.
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3.4.2. Effects of gender, age, and ApoE in EF

Regarding cognition, females had higher K-BIT scores and better
planning skills as measured through Tol.Dx. However, no other
differences between genders were observed. This lack of differences is
particularly interesting when it comes to the functional variables, as it
shows that the described differences do not translate into differences

in everyday functionality.

ApoE genotype has previously been described to have an association
with cognition in general population. Specifically, ¢4 and e2 female
carriers had higher IQs than ¢3 homozygotes (105), and with SVFT
where e4 carriers had a better performance than e2 carriers (152). We
do not observe any effect of ApoE on IQ or K-BIT scores, although
this could be due to sample size. On the other hand, we do observe
the contrary effect on SVFT, with €2 carriers performing better,
further research will be needed to ascertain this effect. This effect will

also be explored in Chapter III.

The fact that no effect of age could be observed is probably due to the
age distribution of our population, as cognitive decline has not yet

started.

3.4.3. Effects of MeDi compliance

The MeDi pattern has long been associated to a lower risk of AD
(153) and cognitive decline (154, 155) in general population. This
beneficial effect has also been observed in interventional studies, with
individuals receiving a MeDi pattern plus extra virgin olive oil had

better cognition and lower MCI (124, 156). Interestingly, the possible
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protective effects of MeDi are not restricted to AD risk as higher
adherence to MeDi has been associated to better performance in
specific cognitive domains such as episodic memory as well as on
MMSE scores (155). No previous study has analyzed the effects of
MeDi on either lipid profile or cognition in DS. We could not observe
an effect of MeDi compliance on lipid profile, but there was a clear
association between MeDi compliance and functionality measures,
especially with the Self-care and Total scores of the ABAS-II. There is
also an association between MeDi compliance and lower scores in the
DMR questionnaire. The only cognitive task in which there was an
association with MeDi compliance was the Direct Digit Span, with
individuals in the high compliance group having higher verbal
attention spans. The combination of these results hints to a potential
beneficial effect of MeDi on functionality and cognitive decline in
population with DS. However, more research with a larger number of

individuals would be needed to ascertain this claim.

3.4.4. Sex-dependent associations between

HDLc and executive functions

Our results show a sex-dependent association between HDILc and
executive functions. These different associations could well be related
to the differences in both lipid profile and cognition, with females
having higher concentrations of HDLc and better performance in
ToLDx. Incidentally, the associations between HDLc and ToLDx are
only seen in females, associating higher concentrations of HDLc to
better planning skills. In males, the only significant observable

association with HDLc was with visuo-spatial attention, which was
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not different between males and females. Independently of gender,
higher HDLc concentrations were associated to higher ABAS-II
Functional Academics subscale scores, implying that higher

concentrations of HDLc are beneficial regardless of gender.

Cholesterol also presented sex-dependent associations with the same
cognitive variables. In this case, higher cholesterol was associated with
worse planning skills in females and worse spatial attention in males.
Independently of HDLc, there was a direct association between
cholesterol and ABAS-II Self-care subscale. For this particular
subscale there is a MeDi compliance effect that could be affecting the
association between the functional variable and cholesterol. However,
no effect of MeDi was observed in TC concentrations, thus more

research will be needed to explore this possible association.

Both triglycerides and LDLc were only associated with planning skills
in females, with higher concentrations being related to better

performance.

These associations show how the lipid profile has a strong influence
on executive functions, in particular on planning and attention, with a
specific interest on HDLc as its concentrations are also associated

with functionality.

3.4.5. oxLDL and cognition, an unexplored

association

Of the HDLc-independent associations the most unexpected was the
direct association between both total and relative oxLDL

concentrations and better spatial working memory in males, as well as
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with the ABAS-II Functional Academics subscale. Such association
has never been described before, neither in the general population nor
in DS, even though it is generally accepted that higher concentrations
of oxLLDL reflect a higher oxidative status that is detrimental for
cognition (157, 158). In order to better understand this association
and, taking into account both the prevalence of thyroid dysfunction in
population with DS (108) and the association of both hypo and
hyperthyroidism with higher oxidative stress (107), we studied the
effect of thyroid hormones, other components of the lipid profile,
gender, and age on the concentrations of oxLDL. Our results show
that the only significant association is between fT, and oxLLDL, with
higher concentrations of the thyroid hormone being associated to
higher concentrations of the peripheral lipid (Estimate=9.774,
SE=4.124, p=0.022). This association between oxLLDL and fT, could
explain the one between oxLLDL and working memory performance,
although no effect of fT, on the cognitive variables could be observed

when it was introduced in the model.

3.4.6. Effect of EGCG on the Lipid profile

As described in de la Torre e a/ 2016 (13) (Annex 1), the
concentration changes from baseline were significantly different
between treatments for TC and LDLc, however no differences could
be observed for HDLc. Additionally, our results also show differences
in intermediate time points for the TC/HDLc and LDILc/HDILc
ratios, with the ratios decreasing in the EGCG group. Additionally,
the stratified analysis shows differences according to sex for the
effects of EGCG on lipid profile. In this case, the differences in total

concentrations between treatments are only significant in males, with
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those in the EGCG treatment having higher decreases in TC, LDLc,
HDLc, and oxLDL concentrations, and lower increases in
Triglycerides concentrations. The stratified analysis for the ratios also

shows differences for the associations T'C/HDLc in males.

Therefore, our results show a sex-specific pattern for the effects of
EGCG on the lipid profile, with males being more sensitive to the
effects of EGCG. This sex-specificity is described here for the first
time but further research will be needed to assess whether it is also

present in the general population.
3.4.7. Effect of EGCG on executive functions

In the TESDAD clinical trial significant treatment differences could
be observed at 12 months for the Paired Recognition Memory (PRM)
immediate recall, the Cats and Dogs total time and correct score, and
the ABAS-II Functional Academics subscale (13) (See Annex 1). In
our subpopulation, only the ABAS-II Functional Academics subscale
was included in the analysis. Our results show the same effect of the
treatment combination of EGCG and cognitive training, and the
stratified results do not show any differences on the effects between

genders.

All the other variables included in our analysis showed improvements

regardless of treatment or sex.
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3.4.8. Longitudinal associations between
changes in lipid profile and changes in cognition

We observed associations with the lipid profile in three main domains,

visuo-spatial attention, planning skills, and functionality.

The association between SSP Span Length and LDLc concentrations
had already been observed in basal conditions in males. In the
longitudinal analysis the changes in the cognitive variable are
associated with LDLc in both the EGCG group and in females treated
with EGCG, with the results pointing more to a specific effect in
females. It is worth noting that in females neither the changes in
cognition nor in LDLc are significantly different between treatment
groups. Furthermore, although non-significant, the association
between changes in SSP Span Length and changes in LDLc in females
in the placebo group are in the same direction than those of the

EGCG group.

Associations between ToLLDx performance and lipid concentrations
had been already observed in females in basal conditions. The fact that
most of our observed associations are in the females in the placebo
group would imply that the lipid profile concentrations could have a
real association with the changes in the performance in this task. In
this case the effects observed in females of the EGCG group are non-
significant, of a much smaller magnitude, and, in some cases, opposite

to those seen in the placebo group.

The association between higher oxLDIL concentrations and higher

scores in the ABAS-II Functional Academics subscale was already
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observed in basal conditions and in the longitudinal analysis still seems
to be associated to increases of those in the placebo group, albeit
mainly in females. This association would reinforce the idea that there
is some kind of compensatory mechanism that enhances functionality
at the cost of increased oxidation. EGCG would break this circle,
reducing oxLDL concentrations while at the same time increasing the
scores in ABAS-II: Functional Academics subscale. Furthermore,
specific associations in the EGCG group between changes in lipid
profile and changes in this functional variable were observed. In this
case decreases in triglycerides and LDLc concentrations were
associated to increases in the scores, which could shed light to one of

the possible mechanisms of EGCG.
3.5. Limitations

This study has several limitations. On one hand, due to sample size,
we could not fully measure the potential effects of ApoE genotype on
both cognition and lipid profile. Additionally, questionnaires of diet
compliance could not be obtained for all the participants (60 over 77),
and thus we could not fully assess the influence of MeDi compliance
on our variables. The nature of the design, a transversal one, does not
allow us to fully establish causality. Finally, more oxidation markers
should have been obtained in order to better understand the

association between oxILDL and working memory and functionality.

Our sample size and the posterior stratifications did not allow us to
perform corrections for multiple comparisons. Additionally, in the
longitudinal analysis we could not include the genotype and MeDi

compliance on the analysis, as it would reduce the sample size.
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In light of our results a longitudinal study assessing the effect of lipid
concentrations on cognitive function in DS at all time-points during
lifetime is needed. Likewise, a full analysis of the effects of MeDi on
dementia risk and cognition could shed light to the potential

protective risk this dietary pattern could have.

3.6. Conclusions

Lipid profile, and in particular HDLc, is associated with specific
components of executive functions, and functional variables, in young
individuals with DS. Taking into account that this population has
decreased concentrations of HDLc, when compared to control
population, and that executive functions are severely impaired in
individuals with DS, this association is of great importance. We have
also observed a potential beneficial effect of MeDi in this population,
with those in the higher compliance group having better functionality

and lower signs of cognitive decline.

The observed associations are of potential interest in this population
with cognitive disabilities since an intervention on lipid profile could

have an impact on their executive functions.

EGCG has a sex-dependent effect on the lipid profile, although not in
cognition. The longitudinal associations between lipid profile and
cognition were also dependent on sex and treatment, with some of the
associations observed in the Placebo group being cancelled in the
EGCG one, and specific associations for the EGCG group in the only
variable in which there are differences between treatments. These

associations suggest that one of the mechanisms through which
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EGCG would be exerting its effect could be the modification of the
lipid profile.

In conclusion, lipid profile has shown its potential as biomarker of
cognition and cognitive change, however when using it as such it is

crucial to take into account its sex-dependent differences.
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3.7. Supplementary tables

Supplementary Table 1: Basal associations between lipid profile
components and cognition.
Total Males Females
K-BIT TC Estimate ~ -0.278 0.728 -2.206
SE 1.238 1.675 1.798
p 0.82 0.67 0.23
log(Trig) Estimate ~ 11.739 -9.015 41.856
SE  17.147 23.985 23.806
p 0.5 0.71 0.09
HDLc Estimate 0.493 -1.121 2.391
SE 1.223 1.667 1.760
p 0.69 0.51 0.19
LDLc Estimate 0.023 -0.809 1.891
SE 1.262 1.713 1.829
p 0.99 0.64 0.31
oxLLDL Estimate 0.142 0.127 -0.043
SE 0.184 0.318 0.231
p 0.44 0.69 0.85
TC/HDLc Estimate 4.246 6.373 -13.40
SE  40.314 55.804 61.75
p 0.916 0.91 0.83
log(Trig/HDLc)  Estimate 6.103 1.703 15.97
SE  13.055 19.050 18.28
p 0.64 0.93 0.39
LDLc/HDLc Estimate  -12.129 -7.331 1.73
SE  41.234 57.118 63.86
p 0.77 0.9 0.98
oxLLDLc/LDLc Estimate 28.277 28.827 14.64
SE  19.509 34.066 25.55
p 0.15 0.4 0.57
SSP Span TC Estimate  -0.207 -0.379 -0.027
Length SE 0.113 0.182 0.116
p 0.07 0.045 0.82
log(Trig) Estimate 2.626 4.860 0.471
SE 1.581 2.638 1.541
p 0.1 0.075 0.76
HDLc Estimate 0.239 0.370 0.054
SE 0.112 0.181 0.114
p 0.036 0.049 0.64
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Total Males Females
LDLc Estimate 0.202 0.378 0.017
SE 0.115 0.185 0.118
p 0.08 0.05 0.89
oxLDL Estimate 0.029 0.058 0.006
SE 0.017 0.035 0.015
p 0.097 0.11 0.71
TC/HDLc Estimate -4.318 -11.927 3.356
SE 3.795 6.092 3.801
p 0.26 0.059 0.38
log(Trig/HDLc)  Estimate 0.959 3.454 -0.787
SE 1.245 2.112 1.125
p 0.44 0.11 0.49
LDLc/HDLc Estimate 4.328 12468 -3.874
SE 3.875 6.212 3.931
p 0.27 0.053 0.33
oxLLDL/LDLc Estimate 2.494 6.624 0.059
SE 1.867 3.743 1.573
p 0.19 0.086 0.97
SSP Backward TC Estimate -0.019 0.121 -0.298
Span Length SE 0.113 0.134 0.189
p 0.86 0.37 0.13
log(Trig) Estimate 0.594 -1.593 4.528
SE 1.584 1.943 2.507
p 0.71 0.42 0.081
HDI.c Estimate 0.059 -0.080 0.307
SE 0.112 0.133 0.185
p 0.59 0.55 0.11
LDLc Estimate -0.006 -0.143 0.271
SE 0.115 0.137 0.192
p 0.96 0.3 0.17
oxLLDL Estimate 0.042 0.067 0.005
SE 0.017 0.026 0.024
p 0.016 0.014 0.83
TC/HDLc Estimate 1.328 3.633 -3.031
SE 3.658 4.555 6.369
p 0.72 0.43 0.64
log(Trig/HDLc)  Estimate -0.266 -1.227 1.386
SE 1.200 1.579 1.884
p 0.825 0.44 0.47
LDILc/HDILc Estimate -1.867 -3.705 2.235
SE 3.736 4.645 6.586
p 0.62 0.43 0.74
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Total Males Females

oxLLDL/LDLc Estimate 5.010 6.916 2.943
SE 1.853 2.799 2.727

p 0.009 0.019 0.29
Direct Digit TC Estimate -0.034 0.011 -0.106
Span SE 0.063 0.099 0.085

p 0.59 0.91 0.22

log(Trig) Estimate 0.269 -0.412 1.066
SE 0.883 1.431 1.127

p 0.76 0.78 0.35
HDI.c Estimate 0.035 -0.022 0.104
SE 0.062 0.098 0.083

p 0.57 0.82 0.22

LDLc Estimate 0.033 -0.013 0.106
SE 0.064 0.101 0.087

p 0.21 0.9 0.23

oxLDL Estimate 0.006 0.005 0.007
SE 0.010 0.019 0.011

p 0.55 0.79 0.55
TC/HDLc Estimate 0.059 -0.213 -0.783
SE 2.046 3.249 2.757

p 0.98 0.95 0.78
log(Trig/HDLc)  Estimate -0.276 -0.076 -0.283
SE 0.671 1.126 0.816

p 0.68 0.95 0.73
LDILc/HDILc Estimate 0.010 0.204 1.034
SE 2.089 3.313 2.851

p 0.99 0.95 0.72

oxLLDL/LDLc Estimate 1.349 1.632 1.575
SE 1.006 1.997 1.141

p 0.18 0.42 0.18
Inverse Digit TC Estimate -0.106 -0.163 -0.002
Span SE 0.090 0.122 0.150

p 0.24 0.19 0.99
log(Trig) Estimate 1.346 1.864 0.384
SE 1.255 1.769 1.980

p 0.29 0.29 0.85

HDI.c Estimate 0.137 0.182 0.033
SE 0.089 0.121 0.146

p 0.13 0.14 0.82
ILDILc Estimate 0.102 0.158 -0.003
SE 0.091 0.124 0.152

p 0.27 0.21 0.99
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Total Males Females
oxLLDL Estimate 0.029 0.041 0.021
SE 0.014 0.023 0.019
p 0.034 0.088 0.27
TC/HDLc Estimate -2.309 -3.626 -1.033
SE 3.051 4.122 5.049
p 0.45 0.38 0.84
log(Trig/HDLc)  Estimate 0.380 0.679 0.429
SE 1.001 1.429 1.494
p 0.71 0.64 0.78
LDILc/HDILc Estimate 2414 3.871 0.933
SE 3.116 4.203 5.221
p 0.44 0.36 0.86
oxLLDL/LDLc Estimate 2.165 4.722 0.363
SE 1.501 2.533 2.089
p 0.15 0.071 0.86
Total Animals TC Estimate -0.361 -0.573 -0.204
SE 0.339 0.500 0.517
p 0.29 0.26 0.7
ILDIc Estimate 0.342 0.569 0.171
SE 0.345 0.509 0.526
p 0.33 0.27 0.75
oxLDLc Estimate 0.054 0.077 0.018
SE 0.051 0.096 0.066
p 0.3 0.43 0.78
HDI.c Estimate 0.412 0.598 0.244
SE 0.335 0.498 0.506
p 0.22 0.24 0.63
log(Trig) Estimate 4.246 7.309 2.323
SE 4.743 7.250 6.841
p 0.37 0.32 0.74
TC/HDLc Estimate  -11.325 -19.154 -4.382
SE 10.988 16.420 16.622
p 0.31 0.25 0.79
log(Trig/HDLc)  Estimate 2.778 5.582 1.071
SE 3.606 5.692 4.920
p 0.44 0.33 0.83
LDILc/HDILc Estimate 10.916 19.393 3.331
SE 11.221 16.744 17.190
p 0.33 0.26 0.85
oxLDL/IL.DIL.c Estimate 5.611 11.471 2.551
SE 5.405 10.089 6.879
p 0.3 0.26 0.71
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Cats and dogs TC Estimate 0.059 0.226 -0.077
inhibition score SE 0.125 0.208 0.159
p 0.64 0.29 0.63
log(Trig) Estimate -0.399 -2.668 1.462
SE 1.636 2.708 2.102
p 0.81 0.33 0.49
HDI.c Estimate -0.048 -0.247 0.094
SE 0.122 0.203 0.155
p 0.7 0.23 0.55
ILDIc Estimate -0.033 -0.246 0.075
SE 0.126 0.210 0.162
p 0.6 0.25 0.65
oxLDL Estimate -0.001 0.027 -0.013
SE 0.016 0.028 0.020
p 0.95 0.34 0.53
TC/HDLc Estimate 0.471 7.903 -3.383
SE 4.067 7.374 5.082
p 0.91 0.29 0.51
log(Trig/HDLc)  Estimate 0.259 -1.924 1.504
SE 1.232 2.252 1.504
p 0.83 0.4 0.32
LDILc/HDILc Estimate -0.844 -8.166 2.948
SE 4.156 7.475 5.256
p 0.84 0.28 0.58
oxLDL/IL.DI.c Estimate -0.472 3.477 -2.224
SE 1.675 3.291 2.103
p 0.78 0.3 0.3
Cats and dogs TC Estimate 0.753 -1.405 2.487
inhibition time SE 1.279 2.106 1.544
p 0.56 0.51 0.12
log(Trig) Estimate  -12.375 21.324 41.646
SE 16.802 27.410 20.445
p 0.46 0.44 0.0503
ILDIc Estimate -0.645 1.644 -2.424
SE 1.299 2.129 1.571
p 0.62 0.45 0.13
oxLDL Estimate -0.019 -0.43 0.222
SE 0.161 0.287 0.198
p 0.9 0.15 0.27
HDI.c Estimate -0.835 1.792 -2.621
SE 1.255 2.056 1.512
p 0.5 0.39 0.093
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TC/HDLc Estimate 23.783 -48.27 55.10
SE 41.730 75.55 50.49
p 0.57 0.53 0.28
log(Trig/HDLc)  Estimate -9.811 14.78 -26.18
SE 12.641 23.07 14.94
p 0.44 0.53 0.09
LDILc/HDILc Estimate  -19.889 49.08 -47.83
SE 42.635 76.59 52.21
p 0.64 0.53 0.37
oxLDL/L.DIL.c Estimate -5.725 -58.16 24.88
SE 17.183 33.72 20.89
p 0.74 0.096 0.24
ToLDx TC Estimate 30.481 3.070 54.696
resolution time SE 19.952 31.016 27.017
p 0.13 0.92 0.052
log(Trig) Estimate  -100.959 8.804 -731.417
SE  276.546 446.686 349.023
p 0.15 0.98 0.045
HDI.c Estimate  -37.476 -15.458 -59.984
SE 19.539 30.437 26.363
p 0.06 0.62 0.03
ILDIc Estimate  -26.425 2.901 -51.890
SE 20.291 31.657 27446
p 0.2 0.93 0.068
oxLDL Estimate -4.057 -4.609 -4.772
SE 3.059 6.131 3.378
p 0.19 0.46 0.17
TC/HDLc Estimate 437.33 -238.3 1153.0
SE 658.59 1028.4 884.8
p 0.51 0.82 0.2
log(Ttig/HDLc)  Estimate — -124.67 119.0 -338.4
SE 217.63 356.6 265.2
p 0.57 0.74 0.21
LDILc/HDILc Estimate  -311.79 440.6 -1088.2
SE 672.47 1050.1 915.2
p 0.64 0.68 0.24
oxLDL/IL.DI.c Estimate -410.63 -468.7 -381.0
SE 332.13 658.1 387.0
p 0.22 0.48 0.33
ToLDx Total TC Estimate -0.159 -0.029 -0.368
Correct SE 0.107 0.146 0.162
Movements p 0.14 0.85 0.03
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log(Trig) Estimate 2.045 -0.016 4.631
SE 1.485 2.104 2.088
p 0.17 0.99 0.034
HDI.c Estimate 0.197 0.033 0.395
SE 0.105 0.143 0.158
p 0.067 0.82 0.018
ILDIc Estimate 0.141 0.027 0.349
SE 0.109 0.149 0.164
p 0.19 0.86 0.042
oxLDL Estimate 0.024 0.008 0.024
SE 0.016 0.029 0.020
p 0.14 0.8 0.25
TC/HDLc Estimate -3.573 0.029 -10.258
SE 3.449 4.786 5.009
p 0.3 0.99 0.049
log(Trig/HDLc)  Estimate 0.933 -0.361 2.835
SE 1.140 1.660 1.502
p 0.42 0.83 0.068
LDILc/HDILc Estimate 3.082 -0.108 9.830
SE 3.521 4.887 5.182
p 0.38 0.98 0.067
oxLDL/L.DI.c Estimate 3.019 2.423 2.407
SE 1.739 3.063 2.191
p 0.087 0.44 0.28
ToLDx Total TC Estimate 3.236 0.014 5.963
Movements SE 2.867 4.398 3.884
p 0.26 0.99 0.14
log(Trig) Estimate  -50.419 7.037 -93.201
SE 39.734 63.337 50.173
p 0.21 0.91 0.073
HDLc Estimate -4.579 -0.553 -7.475
SE 2.807 4.316 3.790
p 0.11 0.9 0.058
ILDIc Estimate -2.799 0.459 -5.632
SE 2915 4.489 3.946
p 0.34 0.92 0.16
oxLDL Estimate -0.183 0.135 -0.463
SE 0.440 0.869 0.486
p 0.68 0.88 0.35
TC/HDLc Estimate 38.882 -43.322 134.40
SE 95.807 146.112 135.22
p 0.7 0.77 0.33
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log(Ttig/HDLc)  Estimate  -16.454 16.129 -50.93
SE 31.659 50.669 40.54
p 0.6 0.75 0.22
LDILc/HDILc Estimate  -18.573 66.121 -117.24
SE 97.827 149.207 139.88
p 0.85 0.66 0.41
oxLDL/L.DI.c Estimate 3.992 -4.732 25.31
SE 48.316 93.499 59.15
p 0.93 0.96 0.67
ABAS-II TC Estimate -0.168 1.403 -2.105
Community Use SE 1.048 1.519 1.547
p 0.87 0.36 0.09
log(Trig) Estimate 0.634 -0.755 3.001
SE 1.034 1.512 1.515
p 0.54 0.62 0.057
HDI.c Estimate -2.815 -23.546 27.641
SE 14.649 22.033 20.487
p 0.85 0.29 0.19
ILDIc Estimate 0.105 -1.409 2.653
SE 1.067 1.548 1.574
p 0.92 0.37 0.1
oxLDL Estimate 0.208 0.118 0.156
SE 0.158 0.291 0.199
p 0.19 0.69 0.44
TC/HDLc Estimate 23.40 57.920 -34.614
SE 34.71 51.405 52.494
p 0.5 0.27 0.51
log(Ttig/HDLc)  Estimate -13.98 -25.200 0.522
SE 11.39 17.819 15.536
p 0.22 0.17 0.97
LDLc/HDLc Estimate -25.28 -58.651 34.341
SE 35.45 52.418 54.286
p 0.48 0.27 0.53
oxLDL/IL.DI.c Estimate 15.56 9.691 16.978
SE 17.08 31.586 21.723
p 0.36 0.76 0.44
ABAS-II TC Estimate 0.748 1.723 -0.793
Self-care SE 0.615 0.806 0.974
p 0.23 0.04 0.42
log(Trig) Estimate -9.854 22455 7.865
SE 8.592 11.687 12.892
p 0.26 0.064 0.55
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HDI.c Estimate -0.373 -1.324 1.148
SE 0.607 0.802 0.953
p 0.54 0.11 0.24
ILDIc Estimate -0.781 -1.649 0.743
SE 0.626 0.821 0.991
p 0.22 0.053 0.46
oxLDL Estimate 0.088 -0.139 0.165
SE 0.093 0.154 0.125
p 0.35 0.37 0.2
TC/HDLc Estimate 36.851 57.962 4.337
SE 20.737 2.101 33.665
p 0.08 0.043 0.9
log(Trig/HDLc)  Estimate — -712.321 -19.372 -5.043
SE 6.805 9.561 9.964
p 0.075 0.051 0.62
LDLc/HDLc Estimate  -39.391 -58.503 -6.331
SE 21.177 28.126 34.814
p 0.067 0.045 0.86
oxLDL/IL.DIL.c Estimate -2.148 -24.004 7.519
SE 10.201 16.948 13.931
p 0.83 0.1 0.59
ABAS-II TC Estimate 0.016 0.869 -1.368
Self-direction SE 1.170 1.613 1.872
p 0.99 0.59 0.47
log(Trig) Estimate -3.022 -14.743 15.092
SE 16.357 23.388 24.790
p 0.85 0.53 0.55
HDI.c Estimate 0.472 -0.190 1.719
SE 1.155 1.605 1.833
p 0.68 0.9 0.36
ILDILc Estimate -0.044 -0.721 1.279
SE 1.191 1.643 1.905
p 0.97 0.66 0.51
oxLDL Estimate 0.124 -0.115 0.098
SE 0.177 0.309 0.241
p 0.48 0.71 0.69
TC/HDLc Estimate 38.039 45.265 34.487
SE 38.722 55.351 61.632
p 0.33 0.42 0.58
log(Trig/HDLc) Estimate  -16.208 -20.919 -12.980
SE 12.706 19.187 18.241
p 0.21 0.28 0.48
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LDLc/HDLc Estimate  -40.487 -43.996 -38.947
SE 39.543 56.443 63.736
p 0.31 0.44 0.55
oxLDL/IL.DIL.c Estimate 0.778 -23.402 5.851
SE 19.047 34.011 25.504
p 0.97 0.49 0.82
ABAS-II TC Estimate 2111 -1.912 -2.754
Functional SE 1.299 1.915 1.884
Academics P 0.11 0.33 0.15
log(Trig) Estimate 17.784 13.953 25.336
SE 18.166 27.772 24.945
p 0.33 0.62 0.32
HDLc Estimate 2.601 2.313 3.034
SE 1.283 1.906 1.845
p 0.046 0.23 0.11
LDILc Estimate 2.019 1.823 2.671
SE 1.323 1.951 1.917
p 0.13 0.36 0.17
oxLDL Estimate 0.435 0.600 0.262
SE 0.196 0.367 0.242
p 0.03 0.11 0.29
TC/HDLc Estimate  -28.362 -48.631 -27.33
SE 43.639 64.864 63.07
p 0.52 0.46 0.67
log(Trig/HDLc)  Estimate -4.524 2.012 -4.54
SE 14.319 22.485 18.67
p 0.75 0.93 0.81
LDLc/HDLc Estimate 29.367 52.514 27.93
SE 44.565 66.143 65.23
p 0.51 0.43 0.67
oxLLDL/LDLc Estimate 41.185 57.124 31.39
SE 21.466 39.856 26.10
p 0.059 0.16 0.24
Total ABAS-II TC Estimate -1.082 5.689 -13.262
SE 6.978 10.326 10.307
p 0.88 0.59 0.21
log(Trig) Estimate  -12.543 -100.203 129.232
SE 97.551 149.768 136.457
p 0.9 0.51 0.35
HDI.c Estimate 4.334 -2.114 15.685
SE 6.887 10.278 10.091
p 0.53 0.84 0.13
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LDLc Estimate 0.686 -5.578 12.833
SE 7.102 10.523 10.485
p 0.92 0.6 0.23
oxLDL Estimate 1.120 0.541 0.848
SE 1.053 1.977 1.324
p 0.29 0.79 0.53
TC/HDLc Estimate 144.03 264.120 -100.79
SE 231.98 347.991 345.11
p 0.54 0.45 0.77
log(Trig/HDLc)  Estimate -80.94 -121.937 -17.79
SE 76.12 120.629 102.14
p 0.29 0.32 0.86
LDLc/HDLc Estimate  -161.61 -263.108 83.62
SE 236.91 354.851 356.89
p 0.497 0.46 0.82
oxLLDL/LDLc Estimate 45.93 -0.622 49.86
SE 114.11 213.822 142.81
p 0.69 0.99 0.73
Total DMR TC Estimate -0.195 0.089 0.123
SE 0.628 0.957 0.815
p 0.76 0.93 0.88
log(Trig) Estimate 5.679 0.456 5.058
SE 8.779 13.825 10.778
p 0.52 0.97 0.64
HDILc Estimate 0.205 0.165 -0.100
SE 0.620 0.948 0.797
p 0.74 0.86 0.9
LDLc Estimate 0.221 -0.187 -0.056
SE 0.640 0.975 0.829
p 0.73 0.85 0.95
oxLLDL Estimate -0.084 -0.005 -0.099
SE 0.098 0.191 0.105
p 0.4 0.98 0.35
TC/HDLc Estimate  -12.717 0.502 -9.995
SE 20.535 31.678 26.978
p 0.54 0.99 0.71
log(Trig/HDLc)  Estimate 6.711 1.224 9.528
SE 6.711 10.916 7.931
p 0.32 0.91 0.24
LDILc/HDILc Estimate 12.103 -4.789 9.464
SE 21.016 32.494 27.934
p 0.57 0.88 0.74
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Total Males Females

oxLLDL/LDLc Estimate -11.044 1.309 21519
SE 10.346 19.597 11.520
p 0.29 0.95 0.071

ABAS-II: Adaptive Behavior Assessment Scale Second Edition; DMR: Dementia Questionnaire
for People with Learning Disabilities; HDL: high-density lipoprotein; K-BIT: Kaufman Brief
Intelligence Test; LDL: low density lipoprotein; oxLLDL: oxidized LDL; SSP: Spatial Span; TC,

total cholesterol; ToLLDx: Tower of London from Drexel University; Ttig, triglycerides.
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4. CHAPTER II: Homocysteine Concentrations
and Executive Functions.

4.1. Introduction

As previously explained (see General Introduction), individuals with
DS have reduced concentrations of Hcy when compared to control
population (159). This alteration of the concentrations is in part due to
the overexpression of DYRKI1A that leads to an increase of NQO1
activity (Figure 14) (49, 50). This has led to Hcy to be considered an
indirect biomarker of DYRKIA activity (10, 13). Despite of this
association between DYRKTA activity and Hcy concentrations in DS,
the only study that has tried to determine the association between Hcy
and cognition in DS had found that individuals with higher Hcy have
lower 1Qs (160).

Both in general population and in individuals with DS, there are
several potential modifiers of Hcy concentrations. On one hand there
are the polymorphisms of the genes implicated in the One Carbon
Metabolism (Figure 14). In general population homozygotes for the T
allele of methylenetetrahydrofolate reductase (MTHFR) C677T (57,
59, 60) and Val allele carriers of the Catechol-O-methyltransferase
(COMT) Vall58Met (59) polymorphisms have been identified as
having higher Hcy concentrations, although in some reports no effect
for the MTHFR genotype has been observed (161, 162). In individuals
with DS, the association of MTHFR C677T and Hcy concentrations
has been described as being the opposite with T carriers having lower
concentrations (56), although this is still controversial (58). Other

associations include higher Hecy concentrations for carriers of the G
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allele of the 5-methyltetrahydrofolate-homocysteine methyltransferase
(MTR) A2756G polymorphism (56, 163), and for the G homozygotes
of the 5-methyltetrahydrofolate-homocysteine methyltransferase
reductase (MTRR) A66G who were receiving folate and B vitamin
supplements (58). Incidentally, folate and B vitamin have also been
associated to Hcy concentrations, in this case higher folate and B12
vitamin plasma concentrations were associated to lower Hcy
concentrations in general population (161, 162), and folic acid
supplements also decreased Hey plasma concentrations in DS (58).
These associations with folate concentrations can be derived from
diet, and adherence to MeDi has shown to decrease Hcy

concentrations (57, 164, 165).

5,10-Methylene-tetrahydrofolate

5-Methyl-tetrahydrofolate T Tetrahydro-folate

DYRK1A
Homocysteine Methionine

NAD(P)H @» NAD(P)* )\ SAH SAM /

Figure 14: Folate and Hcy cycle. Boxes represent proteins/enzymes; grey boxes are for polymorphic genes.
MTHFR: methylenetetrahydrofolate reductase; MTR: 5-methyltetrahydrofolate-homocysteine
methyltransferase; MTRR: 5-methyltetrahydrofolate-homocysteine methyltransferase reductase; COMT:
catechol-O-methyltransferase; NQO1: NAD(P)H quinone dehydrogenase 1; DYRKIA: dual specificity
tyrosine phosphorylation regulated kinase 1A.
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4.2. Methods

4.21. Participants

This study reports on baseline and longitudinal results of the
TESDAD study population. Inclusion and exclusion criteria were
similar to Chapter I (see Annex 1), with only those with the full

trisomy being included in the analysis.

Controls were age-matched; those with Hcy concentrations above

25pumol/L were not included in the study.
This study followed the same ethical guidelines as Chapter I.

4.2.2. Neuropsychological test battery

The neuropsychological assessment was equivalent to the one

described in Chapter I.
4.2.3. Adaptive behavior and dementia onset

The functional battery questionnaires were equivalent to the ones

described in Chapter I.

4.2.4. Mediterranean Diet compliance

questionnaire

The Mediterranean Diet questionnaires were completed as explained
in Chapter I. No information on the diet could be recollected for 13

of the 74 individuals.
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4.2.5. Homocysteine concentrations

Samples were handled as in Chapter I. Hcy concentration assessment
was performed using the Immulite 1000 Systems (Siemens Healthcare,
Spain) and the Immulite 1000 Homocysteine Kit as per provided

protocol.
4.2.6. Genotyping

Genomic DNA was obtained as in Chapter I. COMTVall58Met
allelic variants were determined as previously described (166). One of

the individuals could not be genotyped.

Polymorphisms for MTHFR, MTRR, and MTR were genotyped via
Tagman genotyping assays in a QuantStudio 12K Flex Real-Time PCR
System (ThermoFisher) and analyzed with the supplied software. 2
individuals could not be genotyped for MTHFR, 3 for MTR, and 7 for
MTRR.

4.2.7. Data analysis

Prior to statistical analyses, all variables were examined through
various programs for accuracy of data entry and missing values. A
descriptive analysis of the whole sample and separately for male and
female study participants is provided by means of mean and standard
deviation in the case of numeric variables and absolute and relative
frequencies in the case of categorical variables, the IQ) is presented as a
median. The associations between Hcy concentrations and both the
neurocognitive variables and functional executive variables of interest

were studied by means of ANCOVA models at a multivariate level.
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These models were adjusted for sex, MeDi compliance, and genetic
polymorphisms, likelihood ratio tests were performed in order to
discriminate between the adjusting variables that had an impact on the
association between Hcy and cognition, in case the null hypothesis
could be rejected, pairwise analysis were performed to analyze the

differences between the groups.

ANCOVA models were fitted to analyze the effect of treatment in our
variables of interest. Models were fitted for age, sex, and ApoE, and
were further stratified by sex to analyze the specific effects of the
treatment. Linear models stratified by treatment were fitted for
changes in Hcy, age, and sex to study the association between changes

in Hcy and changes in cognition.

Statistical significance was set at 0.05. No correction for multiple
testing was performed as it is considered an exploratory study. All
statistical analyses were performed using the statistical software
package R (Version 3.1.3.;; The R Foundation for Statistical

Computing, Vienna, Austria).
4.3. Results

4.3.1. Descriptive demographics

74 individuals with DS were included in the study, of them 38 were
male (51%), the mean age was 23.6 (SD*4.3), ranging from 16 to 34
years of age. Intellectual disability level was similar among male and
female study participants, whereas mean Hcy levels were fairly larger

among males, although the difference was not significant; see Table 3.
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Table 3: Descriptive demographics of the study.

Total Males Females
(0=74)  (n=38,51%) (n=36,49%) T
Age Mean +SD  23.6 +4.3 23.0 3.8 25047 o
Range 16-34 16-32 17-34
IQ Median 42.0 40.0 435 0.51
K-BIT Mean #SD  106.4 182  103.9+19.3  108.9 £16.8 007
Range  80-180 80-180 80-154
Categorical 240 43(58%) 20(53%) 23(64%)
IQ <40 31(42%) 18(47%) 13(36%) 03
Hcy Mean #SD 7.1 2.8 7.7 #2.9 6.5 %2.5
(pmol/L) Range  2.8-15.6 3.8-15.6 T REY R
MTRR A/A 17 (25%) 8 (24%) 9 (26%)
genotype A/G 37 (55%) 19 (58%) 18 (53%) 0.9
G/G 13 (19%) 6 (18%) 7 21%)
MTR A/A 50 (70%) 27 (77%) 23 (64%)
genotype A/G 19 (27%) 7 (20%) 12 (33%) 0.4
G/G 2 (3%) 1 (3%) 1 (3%)
MTHFR G/G 28 (39%) 12 (33%) 16 (44%)
genotype G/A 31 (43%) 20 (56%) 11 (31%) 0.08
A/A 13 (18%) 4 (11%) 9 (25%)
COMT A/A 6 (8%) 2 (5%) 4 (11%)
genotype A/G 25 (34%) 11 (30%) 14 (39%) 0.4
G/G 42 (58%) 24 (65%) 18 (50%)
MeDi Yes (>7)*  45(74%) 24 (77%) 21 (70%)
compliance " No (<7)  16(26%) 7 (23%) 9 (30%)

* refers to score in the MeDi questionnaire. Subjects with scores higher than 7 are considered

compliant with the Mediterranean Diet. COMT: Catechol-O-methyltransferase; Hey: homocysteine;

1Q: Intellectual Quotient; K-BIT: Kaufman Brief Intelligence Test; MTHER:

Methylenetetrahydrofolate reductase; MTR: Methionine synthase; MTRR: 5-Methyltetrahydrofolate-

Homocysteine Methyltransferase Reductase;
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4.3.2. Differences between DS and controls

Age-matched controls were used to assess whether the concentrations
of Hcy were decreased in our sample. 24 young adults, mean age
24.0+3.4 (19-33), 16 (67%) males and 8 (33%) females were used. The
mean Hcy concentration was 11.122.4 umol/L, with males having a
mean of 11.9+2.4 umol/L, and females 9.5£1.5 umol/L. Females had
significantly lower concentrations than males (Estimate=-2.181, 95%

CI=[-4.238,-0.125], p=0.039).

ANCOVA models showed that controls had significantly higher
concentrations than individuals with DS (Estimate=3.719, 95%
CI=[2.491,4.948], p=3.45¢-08) independently of sex. When stratifying
for sex these differences stayed significant being higher in males
(Estimate=4.117, 95% CI=[2.398,5.837], p=1.4e-05) than in females
(Estimate=3.149, 95% CI=[1.269,5.029], p=0.0016) (Figure 15).
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Figure 15: Hcy concentrations compared between individuals with DS
(white) and controls (light grey).



4.3.3. Effect of genetic polymorphisms and

MeDi compliance on Hcy concentrations

Models fitted for sex, age, and the genetic polymorphisms were
performed to evaluate the effect of such variables on the
concentrations of Hcy. Due to the distribution of MTR genotype the
analysis was performed comparing A homozygotes with G carriers.
No effect of the folate metabolism genotypes could be observed on
Hcy concentrations as well as no differences in the pairwise analysis.

There were no differences on MeDi compliance groups, either.

4.3.4. Associations between Hcy plasma

concentrations and neurocognitive variables of EF

Models were fitted to evaluate the effects of Hey concentrations on
cognition, taking into account several other parameters including age,
sex, and the genotypes of MTHFR, MTR, MTRR, and COMT.
Likelihood ratio tests were performed to eliminate variables that were
superfluous to the analysis, although sex and Hcy were always
included, while age and MTHFR were not. Significant associations
were found between Hcy and several ToLLDx and ABAS-II variables;
with individuals with higher concentrations of Hcy performing worse
in ToLDx and having lower scores in ABAS-II. Similar non-significant

associations were found for Digit Span, SVFT, and DMR (Table 4).
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Table 4: Results from the ANCOVA models.

Estimate  SE P
K-BIT -0.382 0.703  0.59
Digits
Forward Span ~ -0.038 0.033  0.26
Forward Score -0.087 0.056  0.13
Reverse Span -0.094 0.049  0.058
Reverse Score -0.084 0.052 0.11
Total Score -0.178 0.094  0.062
SVFT
Total correct words -0.312 0.186  0.099
ToLDx
Number of solved items -0.309 0.127  0.018
Total number of movements 2.966 1.553  0.0671
Total solving time 33.25 11.95  0.007
Total number of problems with correct movements -0.173 0.059  0.004
ABAS-II
Communication -0.825 0.459 0.078
Community Use -1.156 0.560  0.043
Functional Academics -1.233 0.733  0.097
Home Living -1.006 0.497  0.046
Health and Safety ~ -0.799 0.382  0.04
Leisure -0.634 0.459  0.17
Self-care -0.978 0.314  0.003
Self-direction -1.092 0.573  0.06
Social -0.139 0.486  0.78
Total Score -9.466 4.079  0.023
DMR

Cognitive scores 0.319 0.188  0.094
Social Scores 0.181 0.167 0.28
Total Score 0.529 0.276 0.06

ABAS-II: Adaptive Behavior Assessment Scale Second Edition; DMR: Dementia Questionnaire for
People with Learning Disabilities; K-BIT: Kaufman Brief Intelligence Test; p: p-value; SE: Standard

Error; ToLDx: Tower of London from Drexel University
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4.3.5. Effects of the One Carbon Metabolism
polymorphisms and MeDi compliance on cognition

With the same models used to determine the association between Hey
and cognition, effects of specific genotypes could be observed on
cognition. Such is the case of MTRR on ToLDx Total number of
movements, although pairwise comparisons showed no significant
differences between genotypes (A/G vs. A/A: Estimate=20.739, 95%
CI=[-3.666,45.145], p=0.11; G/G vs. A/A: Estimate=-1.823, 95%
CI=[-31.777,28.130], p=0.99; G/G vs. A/G: Estimate=-22.563, 95%
CI=[-48.761,3.635], p=0.1). In the case of MTR significant differences
could be observed between the G carriers and the A homozygotes in
K-BIT (G/- vs. A/A: Estimate=8.523, 95% CI=[0.278,16.774],
p=0.04), and ABAS-II Health and Safety (G/- vs. A/A: Estimate=-
4.655, 95% CI=[-9.195,-0.115], p=0.045) (Figure 16). According to
these results, G carriers have higher intelligence, but lower

functionality related to Health and Safety.

Neither sex nor age had any significant effect on any of the variables.

96



. |
140 *
: ¢
Q g
& 120 ‘f. .~
= o® b0)
< W‘ %
X100 4 [esetheew %}. o
,.. .:i.
Sog0® !
80 — —oo— —e—
| |
A/A G/-
MTR genotype
*
@ 60
o
(6]
n
= 50
9]
3
e 40
£
$ 30
T
2 |
< 20
<

MTR genotype

Figure 16: Differences between MTR genotypes and cognition. The left panel
represents shows the differences between A homozygotes and G carriers in K-
BIT scores. The right panel shows differences in ABAS-II Health and Safety
scores between A homozygotes and G carriers.
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MeDi had a significant effect on functional variables, those in the
MeDi non-compliance group had lower scores in the ABAS-II
Communication subscale (Estimate=-7.143, 95% CI=[-13.132,

1.1541], p=0.02), and higher scores in DMR Social Scores
(Estimate=4.846, 95% CI=[2.637,7.056], p=0.0001) and the total
DMR Scores (Estimate=6.054, 95% CI=[2.404,9.704], p=0.0010)
(Figure 17). Therefore, individuals who followed the Mediterranean

diet had higher functionality and fewer signs of dementia.
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Figure 17: Differences in functionality depending on MeDi compliance. The panel on the left represents
the differences in ABAS-II Communication Scores, the middle panel represents the differences DMR
Social Scores, and the right panel represents the differences in DMR Total Scores.
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4.3.6. Effects of EGCG on Hcy concentrations

As previously seen in the results of our clinical trial (Annex 1), there is
an effect of treatment on the plasma concentrations of Hcy, with
those in the EGCG group having a higher increase at 12 months than
the ones in the placebo group (Estimate=0.589, SE=0.217, p=0.008)
(Figure 18). Age did not have an effect on the changes and the effect
of sex was non-significant (Females vs. Males: Estimate=0.421,

SE=0.225, p=0.07).
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Figure 18: Changes in Homocysteine concentrations from baseline. On the top graph
changes for the Placebo group are in light grey, while EGCG is in black.
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4.3.7. Effects of EGCG on cognition

Similarly to what we have observed in Chapter I, the only studied
variable in which we could observe an effect of treatment is the
ABAS-II Functional Academics subscale (EGCG vs. Placebo:
Estimate=3.313, SE=1.493, p=0.03) (for graph see Chapter I Figure
13).

4.3.8. Longitudinal Associations between
changes in Hcy concentrations and changes in

cognition

Models fitted for sex, age, and changes in Hcy concentrations
stratified by treatment were performed in order to analyze the specific
associations between changes in cognition and changes in Hcy
concentrations. Results are summarized in Table 5. These results
show how increases in Hcy concentrations in the Placebo group are
associated to increases in both ToLDx solving time and total
movements, reflecting, thus, worse planning skills. On the contrary,
for the EGCG group only one association could be found, in this case
increases in Hcy concentrations were associated to increases in the

ABAS-II Community Use subscale.
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Table 5: Results from the association models between changes in cognition and changes in
Hecy, stratified by treatment.

EGCG Placebo

ToLDx solving time Estimate -8.264 20.561
SE 9.905 10.358

p 0.41 0.05
ToLDx total correct movements Estimate 0.033 0.045
SE 0.077 0.068

p 0.67 0.51
ToLDx total movements Estimate -0.676 2.966
SE 1.532 1.481
p 0.66 0.048
ABAS-II Communication Estimate -0.097 -0.017
SE 0.367 0.396

p 0.79 0.97
ABAS-II Community Use Estimate 0.768 -0.318
SE 0.387 0.325

p 0.05 0.33
ABAS-II Functional Academics Estimate 0.086 -0.047
SE 0.490 0.410

p 0.86 0.91
ABAS-II Home Living Estimate -0.089 -0.243
SE 0.406 0.270

p 0.83 0.4
ABAS-II Health and Safety Estimate 0.031 -0.172
SE 0.379 0.308

p 0.9 0.58
ABAS-II Self-care Estimate 0.359 -0.352
SE 0.417 0.228

p 0.39 0.13
ABAS-II Self-direction Estimate 0.219 0.119
SE 0.409 0.358

p 0.59 0.74
Total ABAS-II Estimate 1.653 -1.263
SE 2.437 1.713

p 0.5 0.46
DMR Cognitive Scores Estimate -0.086 0.162
SE 0.105 0.108

p 0.4 0.14
Total DMR Estimate 0.102 0.173
SE 0.184 0.185

p 0.56 0.35

ABAS-IT: Adaptive Behavior Assessment Scale-II, DMR: Dementia Questionnaire for

people with Learning Disabilities, ToLDx: Tower of London from Drexel University.
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4.4. Discussion

Our study has found an inverse association between EF and Hcy
concentrations in young DS adults, specifically in planning skills and
daily live functionality. This association is seldom affected by the
genetic polymorphisms described to modulate Hey concentrations or
by MeDi compliance, with only the MTR genotype having an effect
on K-BIT scores and functionality and with MeDi having a possible

protective effect on dementia signs.

4.41. Modifiers of Hcy concentrations

As previously described, individuals with DS had significantly lower
concentrations of Hcy than controls (159). Similarly, males had higher
concentrations than females (59), although this difference was only a

trend in individuals with DS.

Although One Carbon Metabolism polymorphisms and diet have
generally been described to have an influence on Hey concentrations,
some studies challenge such influence (58, 163, 167). Our results go in
the same line of these latter studies, with neither polymorphisms nor

MeDi compliance affecting Hey concentrations.

4.4.2. Hcy associations with cognitive tests and

functional variables

Hcy concentrations have shown to be associated with impaired EF in
general population, including working memory, attention, planning,
and mental flexibility (27, 29, 32, 35). In our population, higher

concentrations of Hcy were also associated to worse performance in
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planning skills which translate into worse scores in the ABAS-II
questionnaires. Of the cognitive tasks analyzed, the one that had a
stronger association with Hcy concentrations was ToLDx, which
assesses complex planning-execution capability, showing that
individuals with higher Hcy perform significantly worse in three of the
aspects evaluated in this test, and, thus, confirm a poorer performance
on tasks involving planning skills. Furthermore, several subscales of
the ABAS-II which are tightly related with EF, such as Community
use, Home Living, Health and Safety, Self-care, as well as the total
score, had an important association with Hey in the same direction of
what observed in TOLDX, showing that Hcy concentrations are not
only associated to lower performance in cognitive tasks, but that there
is also an impact on everyday living. Furthermore, even though the
association is non-significant, the fact that higher Hcy concentrations
are associated to higher DMR scores is in accordance with Hcy being
a risk factor for AD in the general population. Despite a previous
study that found a correlation between higher Hcy and lower 1Q in a

DS population (160) we could not replicate such results.

Because several studies have proposed Hcy as a surrogate biomarker
of DYRKI1A activity, and DYRK1A excess of activity is known to be
deleterious on cognitive performance in DS individuals, it could be
expected that subjects with higher Hcy plasma concentrations
performed better in the cognitive tests (10, 13). The fact that Ds
individuals show hypohomocysteinemia and are intellectually impaired
would support this assumption. However, as we have shown, subjects

with higher Hcy plasma concentrations performed consistently worse.
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This may suggest that downstream factors have a more direct effect

on symptom progression.

There are several theories on how Hcy could be affecting cognitive
performance, on one hand there is the possibility that Hcy
concentrations are toxic on themselves (168, 169) by increasing
oxidative stress in the brain, either by producing reactive oxygen
species or by decreasing the endogenous antioxidant response (170).
This increased oxidative state could lead to an increase in the
permeability of the blood-brain barrier (171). Furthermore,
hyperhomocysteinemia has a role in Alzheimer neuropathology, as it
promotes AB and tau deposition (170), as well as increasing the
atrophy generated by amyloid accumulation (169) Additionally, Hcy
could act through other mechanisms, including the excessive
promotion of calcium influx, the promotion of apoptosis, and the
disruption of normal neurotransmission (31, 170), or the alteration of
the vascular system (31, 169). In the case of DS, a model of
methylation status suggested that higher oxidative stress renders
higher Hcy concentrations, in which could be a feedback mechanism

(159).

4.4 3. One Carbon Metabolism associations

with cognition

A previous study seeking to understand the effect of both Hcy and its
related polymorphisms on IQ, in individuals with DS, could only
observe differences in IQ depending on the MTHFR Co677T
genotype, with T carriers having lower 1Q (160). However, we did not

observe any effect of the MTHFR on the associations of Hcy with
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cognition. Of the other polymorphisms related to the One-Carbon
Metabolism, only COMT did not have any effect on cognition, while
G carriers of the MTR allele showed higher K-BIT scores than A
homozygotes, as well as worse scores in the ABAS-II Health and
Safety. MTRR polymorphism did have an effect on the association
between Hcy and the total number of movements in ToLLDx, but
there were no significant differences between genotypes. However, all

these associations need to be confirmed in larger populations.

4.4.4. MeDi compliance and associations with

functionality

Similarly to what we observed in Chapter I, those individuals in the
compliant group presented having lower scores of DMR Social and
Total scores as well as higher scores in ABAS-II Communication
subscale. These results are of interest as we have previously described
that values of both DMR total score and the ABAS-II
Communication subscale as being correlated with cognitive and

peripheral markers of dementia (80).

4.4.5. Changes in Hcy, cognition, and their
treatment-dependent associations

As previously shown in both the pilot study (10) and the Phase II
clinical trial (Annex 1), the treatment with EGCG increased Hcy
concentrations in individuals with DS. This change in the
concentrations is considered to be a biomarker of treatment efficacy
(10, 13) due to the lowering effect on Hcy concentrations of the

overexpression of DYRKIA (49, 50).
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Additionally, EGCG has also proven its efficacy as an enhancer of
cognition and functionality in population with DS (REF). In this case,
as in Chapter I, a significant treatment effect could only be observed

in the ABAS-II Functional Academics subscale.

Because of the associations observed in the baseline and the treatment
effects we wanted to further explore whether Hcy could be a good
biomarker of cognitive change. To this end we performed association
models for the changes found during the 12 months of treatment. Our
results show how, in the case of the placebo group, increases in Hcy
concentrations are associated to worse performance in the ToLDx
planning task, as it has already been observed in the basal conditions.
For the EGCG group, the only association with changes in Hcy
concentrations was for the ABAS-II Community Use subscale, with
increases in Hey concentrations being associated to higher scores in
this subscale. However for this subscale there was no treatment effect.
These results seem to point out that although there is a clear treatment
effect on both Hcy concentrations and functionality that may be
linked to the normalization of DYRKIA activity, there are other

factors affecting both variables.
4.5. Limitations

Because neither oxidative stress nor folate intake were measured we
are unable to evaluate the relationship between these two variables,
Hcy plasma concentrations, and EF. The study of such relationship
would be of importance to better understand the mechanism by which
Hcy leads to worse EF in DS. In the same line, although we have not

experimentally confirmed that DYRKI1A activity is the same in all the
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patients, because all of them carry the complete trisomy, we could
assume that the differences in Hcy are almost negligible, and,
therefore, that other factors are changing Hcy plasma concentrations,
folate intake and oxidative stress may be important determinants.
Additionally, the fact that we could not have all the dietary and genetic
data for all the individuals has probably masked part of the effects of

these variables.

In view of our results, studies in larger populations with DS could be
of interest to understand how Hcy, and potentially its relationship with
the oxidative status, affects EF and adaptive behavior throughout
lifetime. Similarly to with Chapter I, due to our results regarding
MeDi and DMR scores, a longitudinal study on the effects of MeDi
compliance in this population is needed. Finally, longitudinal studies
on how these associations are affected by the administration of

compounds that selectively target DYRKI1A are needed.
4.6. Conclusions

We found that higher Hcy concentrations are associated to worse EF,
specifically to worse performance in planning skills and in daily living
functionality in young adults with DS. These associations are
important due to the deficits in EF and adaptive behavior in this
population. However, we cannot conclude which is the source of such
association, as several of the modifiers of Hey concentrations were not

measured.

Of the modifiers we could measure, none had an effect on Hcy
plasma concentrations, although several did affect cognition (i.e. MTR

genotype with cognition and functionality, and MeDi compliance with
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a better functionality and lower signs of cognitive decline). This latter
association suggests that MeDi compliance has a protective effect on
the development of dementia in this population, as described in

Chapter I.

We also observe that although the treatment had an effect on both
Hcy concentrations and functionality, these changes were not
associated to cognitive improvements in the treatment group. This
would indicate that, despite Hcy being a promising cognitive function
biomarker, it cannot be used as a biomarker of cognitive change due

to treatment.
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5. CHAPTER IllI: Years of Education and

dementia markers

5.1. Introduction

Peripheral amyloid concentrations have been studied for their
potential use as tools to predict dementia progression both in general
population (see General Introduction) and in DS. In the case of DS,
there is an increased peripheral concentrations of AR peptides
compared to age matched controls (77-82, 85). These increased
concentrations are related to the triplication of the APP gene which
leads to an elevated production and accumulation of amyloid peptides
(172), which leads not only to increased plasma amyloid
concentrations, but to a buildup of amyloid plaques already by 40
years of age or less (173). Cognitive decline starts as early as 30 years
of age, in some cases, with dementia onset being around 50 years,

although not all individuals with DS develop AD (24).

The study of plasma amyloid concentrations and their association to
dementia risk in old individuals with DS has shown the usefulness of
such biomarkers. In particular, increases of AB,, and decreases in AB,,
and the AB,,/AB, ratio are associated with conversion to dementia
(85). Additionally, longitudinal studies show that subjects with higher
AB,, or AB,, concentrations at baseline are at higher risk to develop
dementia (83, 84). In a previous study we described an association
between AB,, concentrations and cognitive features characteristic of
neurodegeneration in young adults with DS, such as a poorer
performance in SVFT (lower number of correct words and lower

number of switches) and higher scores in the DMR. These results
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indicate that AfB,, can be considered as risk marker for early AD

development in DS population (86).

AD risk clearly increases with age, but can be modified by factors such
as ApoE genotype (see General Introduction) or education. The
latter has been identified as a protective factor for both the incidence
and the prevalence of dementia and AD in the general population
(174-176). Besides, its effects are not limited to cognition as it is
correlated with reduced AP plaque burden, measured through PIB
retention (177), especially in populations at higher risk of AD such as
ApoE &4 carriers (178). Education modulates the concentrations of
CSF t-tau (total-tau) and p-tau (phospho-tau), and the ratios of t-
tau/AB, and p-tau/AB, (179). Contrary to its central effects, the
potential influence of education on peripheral 3-amyloid biomarkers is
not clear. There is evidence showing a trend for subjects with lower
literacy or shorter educational periods to have lower AB,,, AB,, plasma
concentrations ot lower AB,,/AB,, tatio (76, 180), while other studies
have observed lower AB,,/AB, ratios in subjects with higher
educational attainment (181, 182). These ratios have also been

proposed to be predictors for cognitive decline (180, 182).

To our knowledge, only one study has sought to understand the
effects of education in adults with DS; Temple e# a/ observed that
adults with DS (Mean age: 40, range: 29-67) who had attained higher
level of schooling had less symptoms of dementia (183), even though
the implications of education on peripheral B-amyloid biomarkers
were not explored. In fact, the effect of years of education on
cognition or amyloidosis biomarkers has not been studied in young

population, possibly because cognitive decline is an age-related
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process. Nevertheless, it is known that changes in biomarkers precede
the changes in cognition (184) and education could have an effect on
peripheral amyloid concentrations before affecting cognition, as the

DS population has increased APP expression along life.

5.2. Methods

5.2.1. Participants

The sample was drawn from the baseline visit of the TESDAD study
sample as in the previous chapters. From a cohort of 84 subjects 60
were enrolled in this cross-sectional study because they had reliable
AB,, plasma concentrations. Exclusion criteria were the same as

described previously (Chapter I and Chapter II).

Ethical guidelines were as previously described (Chapter I).
5.2.2. Neuropsychological test battery

We used the SVFT (143) as a measure of semantic memory and
executive functioning. These cognitive outcomes were fitted in our
analysis according to their correlation with AD biomarkers we had
observed in a previous study (86). Semantic memory was measured as
the total number of correctly generated words in 60 seconds, and
executive functioning by evaluating clustering and switching measures
to determine the strategies used to perform the task. Definitions of

clustering and switching have been previously described (185).

The intellectual quotient (IQ) was also estimated as previously
(Chapter I). Subjects were further stratified in statistical analyses as

displaying IQQ = or < than 40.
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5.2.3. Dementia onset

The DMR questionnaire was administered as detailed before (Chapter

I).
5.2.4. Years of Education

The variable “years of education” was collected through a caregiver
interview, taking into account years of regular school attendance in

specialized or non-specialized educational centers.

5.2.5. Plasma amyloid peptides concentrations

Plasma samples were obtained as for both Chapter I and Chapter II,
and handled equivalently. The analysis was performed as per
manufacturer protocol (86) using the Inno-bia Plasma Af forms assay
(Innogenetics, Fujirebio) read on a Bio-Plex 200 Systems (Bio-Rad)
instrument. Quantification was performed with the provided software

(Bioplex Manager 6.1).
Detection limits were between 5 and 420 pg/mlL.
5.2.6. ApoE genotyping

ApoE genotyping was performed as described in Chapter I. Five of
the 60 subjects could not be genotyped.

5.2.7. Data analysis

Results are described by means of measures of both central tendency
(mean) and variability (standard deviation and range) for numeric

variables, and absolute and relative frequencies for categorical
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variables. In the case of the 1Q, only the median is reported because
no distinction is made of values below 40. The computation of all
correlations of interest was done using either Pearson or Spearman
correlation coefficients. ANCOVA models were used to study the
associations in between YoE, other cognitive and functional measures,
and AD biomarkers, on one hand, and sex, 1Q, ApoE genotype, and
age, on the other hand. For these analyses, the IQQ was categorized into
two groups: mild/moderate (IQ = 40) and severe (IQ < 40) within the
range of intellectual disability (ID) level.

Statistical significance was set at 0.05. All statistical analyses were
performed using the statistical software package R (Version 3.1.3.; The

R Foundation for Statistical Computing, Vienna, Austria).

5.3. Results

5.3.1. Descriptive demographics

Subjects were young adults (Mean age: 23.35 +4.5 years old), with an
equal distribution in sex (50% females), and most of them (95%)
presented the full trisomy. The rest of demographic characteristics are
summarized in Table 6. When comparing them according to sex,
females were marginally older (p=0.049) than male individuals, but no
other significant difference could be observed. The concentrations of
AB, 4 and ABy ., were directly correlated (R=0.718, p=0.00000009,
95% CI=]0.545,0.832]).
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Table 6: Demogtraphic description of the sample.

Total Males Females p
(n=60) (n=30) (n=30)
Age (years) Mean (#8D) 2335445  22.2+3.9 24.5%4.8 0,049
Range 16-34 16-31 17-34
IQ Median 41.0 40.00 42.5 0.82
K-BIT score Mean (+SD)  103.9+15.0 101.4+159  106.3£13.9 036
Range  80.0-151.0  80.0-1440  80.0-151.0
Categorical IQ <40 24 (40%) 14 (46.6%) 10 (33.3%) 029
>40 36 (60%) 16 (53.3%) 20 (66.6%)
ApoE genotype e2/e3  5(9.1%) 2 (7.1%) 3 (11.1%)
e3/e3 45 (81.8%) 24 (85.7%) 21 (77.7%)  0.74
e3/ed  5(9.1%) 2 (7.1%) 3 (11.1%)
Karyotype Full Trisomy 57 (95%) 29 (96.6%) 28 (93.3%)
Translocation 2 (3.3%) 1(3.3%) 1(3.3%) 0.6
Mosaicism  1(1.6%) 0 (0%) 1 (3.3%)
YoE Mean (£SD)  13.2+1.9 13.4%2.1 12.9%1.7 -
Range 10-18 10-18 10-15
DMR Sum of Mean (+SD) ~ 4.4+54 51463 3.8+4.3
Cognitive scores (SCS) Range 027 027 015 0.51
DMR Sum of Social Mean (+SD)  6.4+3.9 6.614.0 6.3138
Scores (SOS) Range  0-16 0-16 1-15 099
DMR Total Score Mean (£SD)  10.9%7.9 11.6%8.7 10.2%7.1 065
Range 0-43 0-43 2-26
SVFT Number of Mean (+SD) 42424 39427 4.5%2.1
switches Range  0-13 0-13 0-9 053
SVFT Mean cluster Mean (+SD) 1.240.8 1.240.7 1.140.8
size Range  0-3.33 0-2.66 033
SVFT Total correct Mean (£SD)  9.0+4.3 8.5+4.9 9.6%3.6
words Range  0-20 0-17 320 00
ABiao (pg/mL) Mean (SD)  265.6+49.5 258.4+43.5  273.0%54.7 031
Range  174.0-439.3  174.0-344.7  184.2-439.3
AP0 (pg/mL) Mean (SD)  276.8+60.6  274.2+473  279.2%71.9
Range 173.4-435.1 191.5-343.9  173.4-435.1 069

AB: B-amyloid peptide; ApoE: Apolipoprotein E; DMR: Dementia Questionnaire for Persons with

Intellectual Disability; 1Q: Intellectual Quocient; K-BIT: Kaufman Brief Intelligence Test; SD: Standard
Deviation; SVFT: Semantic Verbal Fluency Task; YoE: years of education.
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5.3.2. Correlations between AR, plasma

concentrations and DMR

As previously described, there was an effect of Categorical 1QQ on
DMR Cognitive Scores, with those in the <40 IQ group having a
higher mean score (240 vs. <40: Estimate=-4.802, SE=1.356,
p=0.00084). Therefore, stratified analyses were performed. In the <40
group a significant direct correlation was found for AB,,, and
Cognitive scores (tho=0.526, p=0.014, 95% CI=[0.130,0.800]), but
not for Ay, (tho=0.439, p=0.068, 95% CI=[-0.090,0.854]) (Fig. 1).
In the 240 group no correlations were observed. Thus, lower DMR
Cognitive scores in the <40 group correlated with decreased

concentrations of AR, 4.

5.3.3. Correlations of AB4 plasma

concentrations with SVFT measures

Similarly to what happened with YoE, only significant correlations
with SVFT measures were observed in the 1Q<40 group. In this case
higher AB,, concentrations correlate with worse performance in the

SVFT (Table 7).

Table 7: Correlations in the IQ<40 group between AB40 concentrations and the different
variables of the SVFT.

AP0 ABN-a0

Number of R -0.484 -0.462

switches p 0.03 0.061
95% CI [-0.763,-0.052] [-0.771,0.023]

Total number of R -0.499 -0.624

correct words p 0.018 0.004
95% CI [-0.760,-0.098] [-0.840,-0.237]

CI: Confidence interval; p: p-value; R: Pearson’s correlation.

115



5.3.4. Associations between YoE and DMR

Scores

Models adjusted for YoE, sex, age, and categorical IQQ show an effect
of YoE on DMR Cognitive scores (Estimate=-0.779, p=0.032, 95%
CI=[-1.490,-0.067]), but no effect of YoE was observed on DMR

Social or Total scores (Figure 19).

The possible effects of sex, age, and Categorical IQ on DMR scores
were also evaluated, but neither sex nor age had an effect on DMR.
Categorical 1Q) does have an effect on DMR scores, with those in the

<40 group having higher scores in Cognitive (<40 vs. =240: Estimate=

-4.802, SE=1.356, p=0.00084) and total DMR (<40 vs. =40: Estimate
=-5.895, SE=2.109, p=0.007). Categorical 1Q stratified analyses were
performed to take into account any possible specific 1Q-dependent
associations, however no significant associations between YoE and

DMR Cognitive scores were observed in these stratified analysis.

On the other hand, although ApoE genotype is a known risk factor
for dementia, it did not have a significant effect on DMR scores

(results not shown).
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Therefore, those in the <40 Categorical IQ group had higher DMR
scores; however higher YoE were associated to lower DMR

independently of Categorical 1Q).
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Figure 19: Correlation graphs for the studied variables. Graphs correspond from
top to bottom and from left to right to: 1) Correlation between ABi4 and years
of education, 2) Correlation between ABN.40 and years of education, 3) Correlation
Correlation between AB1.40 and ABn.o, 4) Correlation between DMR Cognitive
scores and years of education, 5) Correlation between DMR Cognitive scores and
AB1.40, 6) Correlation between DMR Cognitive scores and ARx.40.
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5.3.5. Correlations of YOE with SVFT measures

No associations or correlations could be found between YoE and any
of the SVFT measures used. However, in models adjusted for
Categorical 1Q, sex, age, and ApoE genotype, there were IQ-
dependent differences in mean cluster size, with those in the <40
group producing smaller clusters (<40 vs. 240 Estimate=0.459,
SE=0.222, p=0.04). No significant differences were observed for the
total number of correct words (=40 vs. <40 Estimate=1.987,
SE=1.026, p=0.058). This implies that those in the <40 IQ group
have lower semantic memory, which leads to a trend for a decreased

word production.

Due to these differences observed for Categorical IQ, stratified

analyses were performed. For the 240 group no correlation was found.
On the other hand, for the <40 group correlations were observed
between higher YoE and larger mean cluster size (rho=0.504,
p=0.016, 95% CI=[0.152,0.734]). Therefore, individuals in the <40
group that have had longer educational periods have higher semantic

memory.

Additionally, ApoE had an effect on the SVFT with e2 carriers
performing higher number of switches and producing more correct
words than €3 homozygotes. On the other hand, no differences could
be observed between either of the groups and e4 carriers (Table 8).
These differences show that e2 carriers have higher mental flexibility,
but that this higher flexibility also translates into a better performance

in this task. Due to the sample size of both heterozygotes groups, no
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statistical analyses were performed to further study the correlations

between SVFT and YoE in each subgroup.

Table 8: ANCOVA results for the effect of ApoE genotype on the
performance in the SVFT.

e3/e3vs.e2/e3 e3/edvs.e2/e3 €3/e3 vs.e3/e4

Number of  Estimate -3.365 1.066 -2.299
switches p 0.011 0.599 0.29
95% CI  [-6.067,-0.662]  [1.6033.735]  [5.976,1.378]
Total Estimate -6.482 1.638 -4.843
number of p 0.0019 0.61 0.12

correct words

95% CI  [-10.779,2.183]  [-2.595,5.873]  [-10.696,1.011]

Estimates show the differences between genotypes. CI: Confidence Interval; p: p-

value.

5.3.6. Associations between YoE and AB4o

plasma concentrations

Models adjusted for YoE, sex, age, and categorical I1QQ show an
association between YoE and AP, forms (AR, ,: Estimate=-8.082,
p=0.029, 95% CI=[-15.301,-0.861]; ABy.: Estimate=-13.461,
p=0.003, 95% CI=[-22.347,-4.574]) (Fig. 1), with longer educational

periods being associated to lower concentrations of both forms of

AB4O'

None of the other variables, nor ApoE genotype, had an effect on
AB,, concentrations and therefore no stratified analyses were

performed.

As previously described, there was an effect of Categorical 1QQ on

DMR Cognitive Scores, with those in the <40 IQ having a higher
mean score (240 vs <40: Estimate=-4.802, SE=1.356, p=0.00084).
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Therefore, stratified analyses were performed. In the <40 group a
significant direct correlation was found for AB, ,, and Cognitive scores
(tho=0.526, p=0.014, 95% CI=[0.130,0.800]), but not for AB
(tho=0.439, p=0.068, 95% CI=[-0.090,0.854]) (Fig. 1). In the =40
group no correlations were observed. Thus, lower DMR Cognitive

scores in the <40 group correlated with decreased concentrations of

ABIA()'
5.4. Discussion

In this study we describe the direct associations between AB,, and
early signs of cognitive decline in individuals with 1Q<40.
Furthermore we analyzed the effect of longer educational periods
(YoE) on dementia signs and biomarkers in a young population with
DS. In particular, longer educational periods were associated to lower
scores in DMR, better performance in the SVFT, and lower

concentrations of AB40.

Our results suggest that AP, concentrations can be used as a
biomarker for cognitive decline and that education can impact

cognition and functionality before the dementia onset in DS.

54.1. AB4o plasma concentrations

As it has been previously described (1806, 187), no correlation between

age and amyloid plasma concentrations could be observed.

The plasma concentrations of Af, ,, we have obtained are comparable
to the ones observed in studies with both older (186) and younger

subjects with DS (77). The only study performed in a population of an
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age closer to our study population reported lower concentrations than
those of our study (78). Differences in the antibodies used in these
measurements may explain these discrepancies. To our knowledge
there are no other studies evaluating concentrations of ARy, in young

DS adults.

No effect of ApoE genotype on the peripheral biomarkers could be
observed in our sample, possibly due to the low frequency of the e2
and e4 alleles, and to our sample size. However, this lack of effect has
been previously described both in non-demented individuals with DS

(186), and in young healthy adults (75).

5.4.2. Associations between AB4 plasma
concentrations and cognitive markers of cognitive

decline

In a previous study, we already described the correlations between
both DMR and SVFT with AB,, (80), those individuals with higher
plasmatic concentrations of AfB,, having worse performance in the
SVFT and higher DMR scores. Because AB,, plasma concentrations
have been identified as a risk factor for the development of dementia
in DS population (83, 84), so that older subjects with DS with
dementia have significantly higher plasma concentrations of this
peptide than non-demented subjects (84), we were interested in
exploring the associations of this particular peptide and our previously
established cognitive markers in young adults. Specially, as there is no
previous data on correlations between AB,, and cognitive decline signs

in subjects with DS (79, 186).
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In young adults, all the observed associations and correlations were
1Q-dependent, and only significant in the <40 group. Similar to the
results of previous study with Af,,, higher concentrations of AB,, were
correlated to higher DMR Cognitive Scores and to worse performance
in the SVFT. In this latter case, both the full and the truncated form
of AB,, correlated to the number of words produced, however only
the full form significantly correlated to the number of switches and
therefore to lower mental flexibility and lower capacity to access the

semantic memory.

5.4.3. Effects of YOE on cognitive markers of

cognitive decline

One of the main characteristics of our population were the differences
in both SVFT performance and DMR scores between categorical 1Q
groups. Individuals in the <40 group had higher DMR Cognitive and
total scores, and worse performance in the SVFT. A previous study in
older patients with DS showed differences in the pattern of
appearance of dementia signs depending on the severity of the ID
(188). Additionally, different cutoff values of DMR Cognitive scores
for dementia diagnosis depending on IQ) scores have been established,
so that those with an IQ between 50 and 70 would be considered to
have dementia with a score of 7 or higher, while those with an 1Q
between 25 and 50 should present a score of 20 or higher (189).
According to this criterion, most of the individuals in our study and
the mean of our group are not demented. However, one individual
with an IQ of <40 and a score of 27, and another with an IQ of 70

and a score of 7 fulfill this criterion of dementia. The fact that
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different cutoff wvalues exist depending on IQ strengthens our

observation for higher DMR scores in patients in the <40 group.

We also evaluated the potential impact of age and sex on cognitive
decline, but no effect was found. In the case of age, this lack of effect
is probably due to both the mean age and the age range of our sample,

as all individuals were young.

Furthermore, the possible ApoE effect on cognition was also
examined. Previous research in DS and cognitive decline showed
disparities, with some works describing no effect of ApoE genotype in
the progression to dementia (190), while other studies found a faster
decline for e4 carriers (191) as well as an association of this same allele
with AD-DS (192). Our results, however, show no ApoE-dependent
differences in DMR Scores, although this could be due to the sample
size and frequencies of the alleles. Although the sample is different
from that in Chapter I, we observe the same effect of the ApoE
genotype on SVET with €2 carriers performing better. However, due
to our sample size and genotype distribution, it is possible that larger

samples render other results.

Independently of any of the possible confounding factors, we have an
inverse association between YoE and DMR cognitive scores, with
each extra year of education translating into a decrease of 0.779 in the
score of the DMR cognitive scale. The scale of this impact is probably
subclinical, but of enough interest to be taken into account. In the
case of SVFT, YoE directly correlated to cluster size, indicating a
more preserved semantic memory. However, this correlation was only

significant in the 1QQ <40 group.
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Both DMR and SVFT are considered to be indicators of cognitive
decline in DS. In the case of DMR its use is widespread. The SVFT
has been used as an early sign of cognitive decline in general
population, and we have previously proposed it as a tool to evaluate
cognitive decline in young population with DS (86). Therefore, putting
our data in context, higher YoE correlates to lower early cognitive
decline signs. The fact that the effect of YoE on SVFT is 1Q
dependent could be related to the differential IQ-dependent cognitive

decline that we and others detected in population with DS (188).

These results would be in the same line to what has been described for
DS, with subjects with higher level of schooling being associated to
lower dementia symptoms (183), or elsewhere for the general
population, with longer educational periods being protective against

the development of AD (174-176).

544, Correlations and associations between

YoE and A4 plasma concentrations

In the field of AD, intensive efforts have been put forward to
obtaining a peripheral biomarker of disease development. Due to its
role in the pathogenesis of AD, AR was considered to be the ideal
candidate. However, it still has not proven to be adequate and its
usefulness is extensively discussed (67). In DS, on the other hand, the
use of this peripheral biomarker is more spread. One of the possible
reasons for this is that individuals with DS have increased plasma Af
concentrations throughout their lifetime due to the APP
overexpression (77-81, 85). Additionally, plasma concentrations have

shown to be predictive of cognitive decline and dementia conversion

124



in several studies (83-85), underscoring the usefulness of these

biomarkers in this at risk population.

No data are available on the effects of YoE on amyloid concentrations
in DS. In the general population the results are inconclusive (76, 180-
182), adding more doubt about the usefulness of these biomarkers in
AD. In our work, we observe that YoE are inversely associated to
AB,, concentrations, the effects being higher in the truncated form
that in the full form, but significant in both cases. It is worth noting
that, although the differences in concentrations are significant, the
concentrations of AB,, would still be higher than in age-matched
euploid population. Nevertheless, considering the predictive effect on
dementia conversion of these biomarkers, this described association
between YoE and AB,, could allow a better understanding of dementia

risk in DS.
5.5. Limitations

One of the main limitations of this study is the small sample size and
the ApoE allelic frequency that did not allow us to obtain enough
carriers of the two minoritary alleles to fully assess the effect of ApoE
in both cognition and peripheral biomarkers. Furthermore, this study
is cross-sectional, and therefore it is not possible to assess whether the
observed effects of YoE on plasma biomarkers and cognition are
stable throughout time, or whether YoE are indeed protective against
the AD-associated cognitive decline. To this end longitudinal and
interventional studies should be performed in older and similar

populations.
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5.6. Conclusions

Amyloid peptides suitable biomarkers for cognitive decline in young
individuals with DS, potentially allowing for an earlier detection of
dementia risk in this population. Additionally, longer educational
periods, that have been described as protective against dementia
development, are associated to lower concentrations of plasmatic AB,,
as well as to fewer early cognitive markers of cognitive decline.
Because of the intercorrelations of each of these variables with each
other and to cognitive decline itself, it is possible that YoE could
modify dementia risk in population with DS. Additionally, the fact that
education can also modify peripheral amyloid concentrations could

show the potential of this biomarker as biomarker of efficacy.

It is of particular interest that some of these correlations are only
observed in the <40 IQ group pointing to either a different pattern in
early cognitive decline or to an eatlier onset of the early cognitive

decline signs.

With this study we underline the importance of long educational
periods as modulators of the early signs of cognitive decline.
Furthermore, we reinforce the utility of both peripheral amyloid
concentrations and SVFT to assess cognitive decline in young DS
adults. Finally, we present a possible cognitive decline biomarker for

young non-demented populations with DS.
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6. CHAPTER IV: ONPCs as biomarkers

6.1. Introduction

One of the main difficulties when studying brain diseases or
alterations in brain functions is our inability to obtain neuronal cells
from live patients (112). This is particularly problematic when trying to
assess the neuronal effects of a treatment in a clinical trial. The
development of the induced pluripotent stem cells (iPSCs) technology
has allowed obtaining neurons from live patients. However, this
process requires the manipulation and differentiation of cells with a
different fate and therefore it is lengthy and its efficiency is,
sometimes, hampered (193). An alternative to i1PSCs in
neuropsychopharmacology studies are ONPCs that are of potential
interest because they already have a neuronal fate and because many
diseases of the central nervous system course with olfactory signs,

proving that these cells are also affected (112).

There are two ways to obtain ONPCs from live patients, one is
through biopsy of the nasal epithelium (194), and the other, developed
by Dr. Benitez-King, is through the exfoliation of the olfactory
neuroepithelium of the lower and medium turbinate (109). The
advantages of the exfoliation method over the biopsy are that it is
minimally invasive, painless, does not require a surgeon, and it requires
less sample processing (109). This method has been already
successfully used in schizophrenia and bipolar disorders (195), and in

Williams syndrome (196)..
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This chapter was developed during a research stay in Dr. Benitez-King
laboratory with the objective to learn the sampling technique as well as
the cell culture protocol and to assess whether the nasal exfoliate on

itself could be used as a biomarket.

The adaptation of this technique to our laboratory has been lengthy.
On one hand we first needed to validate the extraction method and
the adequate interdental brushes to extract the sample, then we sought
the approval of protocol by the Ethical Committee (CEIC), and finally
we had to adapt and standardize the whole protocol to the conditions
of our facilities. These delays have made it impossible to use this
protocol in our study population, however it is being applied in other

neuropsychopharmacology studies.

6.2. Methods

6.2.1. Sampling technique

Samples were obtained from young healthy volunteers during the
morning. Patients were asked to clean their upper airways and a water
nebulizer was used to humidify the nasal cavity. After the
humidification, a sterile interdental brush was used to clean the lower
part of the nasal cavity from one nostril, a second brush was used for
further cleaning and sampling from the lower turbinate, finally a third
brush was used to obtain sample from the middle turbinate. These
two last brushes were placed inside Eppendorf tubes with 250uL of
supplemented medium. The same procedure was performed for the
other nostril. This protocol has been approved by the CEIC-PSMAR
(2015/6979/1).
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6.2.2. Cell culture

The Eppendorf tubes containing the brushes were kept in ice until
sample processing. Such processing consisted on a first dislodgment
of the sample by mechanical friction against a cut-off pipette tip,
followed by a mechanical dissociation with micropipettes. Once the
sample was dissociated, 50pL. of the cell solution were seeded at an
unknown concentration in 24-well plates, using different rows for the

different nostril.

Cell medium was composed by DMEM/F-12 medium supplemented
with 10% FBS, 2% glutamine, and 1% Antibiotic-Antimycotic.
Medium was changed one week after seeding. Cells were maintained in
the 24-well plate for one month or until confluence was reached.
Once the cells were confluent, they were passaged. For the passage
each well was first treated with 0.3mL 0.1% EDTA followed by 0.3mL
0.1% Trypsin to allow detachment for the plate. The reaction was
neutralized with 1mL supplemented medium and cells were collected
into 5mL Eppendorf tubes and centrifuged for 5 minutes at 1,000
rpm. After the centrifugation the medium was discarded and the cell
pellet was resuspended in ImL fresh supplemented medium. The cell
solution was seeded in T25 flasks until confluency, the medium was

changed every three days or as often as needed.

6.2.3. Nasal exfoliate staining protocol

In order to evaluate the utility of the nasal exfoliates as a primary
biomarker, two experiments were conducted. For the first experiment

exfoliates were seeded and fixed after 15-days in culture. In the second
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experiment, a 14-day time course was performed fixing the cells every
two days. Sampling and culture was performed as described, however
cells were seeded on glass coverslips treated with Poly-L-lysine. Cells
for the first experiment were fixed in 4% paraformaldehyde in day 7
vitro (DIV) 15, and stained for anti-nestin or for Anti-B-III tubulin
with or without rhodamine-phalloidin staining, nuclei were stained
with DAPI. Cells for the second experiment were fixed at DIV,
DIV2, DIV4, and DIV6. Double staining with anti-cytokeratin and
phalloidin, and with anti-3-1II tubulin and anti-nestin were performed.

In both cases nuclei were stained with DAPI.

6.2.4. Serum deprivation protocol

Cells in passage 2 were seeded on poly-L-lysine treated coverslips,
60,000 cells were seeded per well with supplemented fresh medium.
After four hours the medium was changed to serum free medium
(DMEM-F12, 2% glutamine, 1% antibiotic-antimycotic). Cells were
kept for 12 days, and fixed at DIV1, DIV4, and DIVS. Double
staining with B-III tubulin and nestin was performed, with the nuclei

being stained with DAPIL.

6.3. Results

6.3.1. 15-day cell culture on coverslips

Nasal exfoliates were cultured in treated coverslips to evaluate the
feasibility of using it as biomarker. Staining with anti-3-III tubulin and
anti-nestin was performed to characterize the cells present in the
sample. Almost all the cells expressed B-III tubulin, although some

had higher expression levels than others (Figure 20, panel A, arrow),
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being such cells also larger, suggesting a later differentiation state.

nestin expression was also ubiquitous; however the expression levels

were similar across cells.

Figure 20: Immunohistochemical images of nasal exfoliate culture at DIV15. (A) Double
staining with anti-3-III tubulin (green) and DAPI (blue) at 20x magnification. (B) Triple staining
with anti-B-IIT tubulin (green), phalloidin (red), and DAPI (blue) at 20x magnification. (C)
Double staining with anti-nestin (green) and DAPI (blue) at 40x magnification. (D) Triple
staining with anti-nestin (green), phalloidin (red), and DAPI (blue) at 40x magnification.

6.3.2. Nasal exfoliates

After assessing the feasibility of using the nasal exfoliates as
biomarkers, our interest was to determine which was the eatliest time-
point in which they could be employed. Staining with Anti-3-III
tubulin and anti-nestin, and with anti-cytokeratin and phalloidin were

performed at DIV1, DIV2, DIV4, and DIV6. On DIV1 few cells are
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adhered to the coverslip, and most is debris produced during the
sampling and processing (Figures 21 and 22, panel A). On DIV2
small groups of cells can be observed, expression of both -III tubulin
and nestin is low (Figure 21, panel B), while most cells seem to
express cytokeratin (Figure 22, panel B). On both DIV4 and DIVG,
B-III tubulin and nestin expression seems to increase (Figure 21,
panels C and D), although there are cells negative for both antigens
(nuclei signaled by arrows); in the case expression of cytokeratin seems

to decrease as the culture advances (Figure 22, panels C and D).

C D
->
<
Figure 21: 20x magnification images of triple staining with Anti-B3-IIT tubulin (green), Anti-

Nestin (red), and DAPI (blue). (A) Sample after 24 hours (DIV1). (B) Sample after 48 hours
(DIV2). (C) Sample at DIV4. (D) Sample at DIVG.
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Figure 22: 20x magnification images of triple staining with anti-cytokeratin (green), phalloidin

(red), and DAPI (blue). (A) Sample after 24 hours (DIV1). (B) Sample after 48 hours (DIV2). (C)
Sample at DIV4. (D) Sample at DIV6.

6.3.3. Serum deprivation experiment

In order to assess differentiation, cells were cultured in serum free
medium. Staining with anti-3-III tubulin and anti-nestin was
performed. After 24-hours (DIV1) cells had attached to the coverslip
and had an elongated morphology (Figure 23, panels A and B) that
was maintained and increased on DIV4 and DIV8 (Figure 23, panels

from C to F). At all time-points cells were positive for both antigens.
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Figure 23: 20x magnification images of triple staining with anti-3-III tubulin (red), anti-nestin
(green), and DAPI (blue). (A and B) Serum deprived cells at DIV1. (C and D) Serum deprived
cells at DIV4. (E and F) Serum deprived cells at DIV8.
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6.4. Discussion

We have developed and validated a methodology for the procurement
of ONPCs and nasal exfoliates and their further differentiation. The
usefulness of these cells as potential source of biomarkers in clinical

trials.is pending of further evaluation.

6.4.1. Nasal exfoliate as a source of neuronal

biomarkers

Previous research using ONPCs obtained from nasal exfoliates had
focused on exfoliates as a source of ONPCs rather than a biomarker
on its own (109). In this study we have proven that nasal exfoliates
cultured for 15 days on Poly-L-lysine coverslips have cells expressing
both nestin and B-IIT tubulin. B-III tubulin has been described to be
expressed mainly in immature and mature olfactory sensory neurons,
while nestin is usually considered a neural progenitor marker, although
its expression in ONPCs has been discussed (112). Our cells after 15
days in culture expressed both nestin and B-III tubulin. However, due
to the low availability of sample in this experiment, we could not
perform double staining experiments and we could not identify if cells
were positive for both markers. Nevertheless, we could observe that
some cells had a stronger B-III tubulin staining than others while at
the same time being larger. Both of these signs suggest that those cells
were at a later differentiation state, although their presence was
anecdotic. Regardless, the generalized expression of B-III tubulin
seems to indicate that on DIV15 most of the cells are indeed of
neuronal lineage. Furthermore, the expression of nestin would imply

that they are in fact progenitors.
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In order to pinpoint the earliest time point in which those cells could
be used for biomarker studies, a time-course experiment of the nasal
exfoliate was performed. Cells were fixed at DIV1, DIV2, DIV4, and
DIVS. Not surprisingly, at DIV1 there were not enough cells attached
to the coverslips and only debris could be observed. Whether it was
because cells had not attached or because the attachment was too
weak, remains to be determined. Starting from DIV2 there were cells
attached to the coverslip. Double immunostaining with $-III tubulin
and nestin shows that at DIV2 some of the cells express nestin, with
few of them expressing both. Additionally, DAPI nuclei staining
showed how there were some cells that were not positive for any of
the markers and are possibly cells that are not of neuronal lineage,
although that cannot be discarded. At this same DIV, cytokeratin
staining was predominant for all the cells, showing the epithelial
character of these cells. Both at DIV4 and DIV8 cells expressed both
B-1II tubulin and nestin, highlighting the presence of cells of neuronal
lineage in the sample. As with the DIV2 staining, there were cells
negative for both markers, often in the same growth regions as the
neuronal lineage cells, on DIVS the nuclei of these cells look smaller
than the neighboring positive cells. On the same period, cells were still
positive for cytokeratin, although the staining seemed to diminish as
the culture advanced. Based on these observations our culture was
formed by both neuronal and non-neuronal cells, however we cannot
assess whether any of the cells expressed both neuronal and epithelial
markers. This time course experiment allowed us to determine that
from DIV4 these cells could already be used to identify potential

biomarkers.
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6.4.2. Serum deprivation effect on ONPCs

The final experiment of this chapter was done to examine the effect of
serum deprivation on passage 2 cells. Numerous differentiation
protocols have been used on cells obtained from the nasal epithelium,
and serum deprivation is one of them. Serum deprivation has proven
to increase expression of B-III tubulin (112). Thus, cells were deprived
of serum for 6 days and fixed at DIV1, DIV4, and DIVS. At all time-
points they expressed both B-III tubulin and nestin, although their
morphology changed considerably with their nuclei being larger and
the cells being more elongated. However, we could not fully assess the
degree of differentiation of these cells using only these two markers.
Nevertheless, we have proven that cells obtained through nasal
exfoliation are able, under serum deprivation conditions, to acquire

morphology consistent with later stages of neuronal differentiation.
6.5. Limitations

Despite being a fast and generally reliable method, it still has several
limitations. The efficacy of the method greatly depends on the ability
to obtain enough precursor cells from the volunteer, which cannot be
assessed until the cells have been in culture for some days and it is
difficult to implement due to interindividual variability. Additionally,
due to the nature of the source tissue, contaminations happen
frequently, despite the use of antibiotics and antimycotics. Special care
needs to be taken when handling primary cultures and usually
separated cultures for each volunteer are kept in order to preserve the
original culture. In some cases the cell culture does not succeed,

having cells die before first passage, or immediately after. We are
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currently working on improving sampling and culture method. So far
we have introduced the use of local anesthesia to increase the comfort
of the volunteers, and we have implemented measures to avoid

contamination and cross-contamination of the samples.
6.6. Conclusions

Nasal exfoliate cultures provide cells from neuronal lineage at DIV15
and can be used as biomarker source as soon as DIV4. Furthermore,
serum deprivation has shown to affect the morphology of the ONPCs
and this could be used as differentiation protocol. In conclusion, we
demonstrated that both nasal exfoliates and ONPCs are suitable

sources for biomarker studies in clinical trials.
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7. GENERAL DISCUSSION

There is limited knowledge on the associations between peripheral
biomarkers and cognition in individuals with ID. This knowledge
would be of vital importance because specific biomarkers have been
identified as risk factors for cognitive decline in the general
population, and such factors can be modified before the decline
appears. These biomarkers could also be used as treatment efficacy
markers in the framework of clinical trials. With this work we describe
the relationship between cognitive and functional variables and
peripheral biomarkers in DS. Additionally, we explore the usefulness
of ONPCs as a proxy of neural tissue to explore them as biomarkers

of treatment efficacy and as cellular disease model.

In our first study (Chapter I), we examine the associations between
EF and lipid profile, both at baseline and after a one-year treatment
with EGCG and cognitive training. An altered lipid profile has long
been identified as a risk factor for cognitive decline in the general
population (98-103, 120, 121), and has been associated to specific
cognitive  domains  throughout lifetime (98-100, 104-1006).
Furthermore, catechins of green tea and specifically EGCG have
proven to modify the peripheral lipid concentrations in several
different conditions (119, 128-133) and in our studies in population

with DS (10, 13).

The results of the clinical trial also showed the capacity of this
therapeutic approach to improve the performance in tasks related to
EF (13). Due to these effects of the treatment we evaluated the

associations between lipid profile and EF. One of our main findings
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was that these associations were sex dependent. This fact can be
explained because females have higher concentrations of HDLc and
better performance in planning tasks. Our results also showed that a
visuo-spatial attention task is associated to a better lipid profile in
males, particularly in those displaying higher HDLc and lower TC
concentrations. This same lipid profile is associated to better planning
skills in females. All these observations translate into associations in
functionality, as measured by the ABAS-II, with higher HDLc
concentrations being related to better adaptive behavior (Results are
summarized in Figures 24 and 25). Specific relations with other
components of the lipid profile could be observed. On one hand,
oxLLDL concentrations were associated to better verbal attention, in
males, and better functionality, regardless of sex. Such effect has never
been described before and it could be related to the association of
oxLLDL with fT, concentrations, although thyroid hormones had no
influence on the association between oxLDL and cognition. Also,
higher concentrations of TC were associated to better scores in the
Self-Care subscale of ABAS-II. In this case, the scores of this subscale
were higher in the MeDi compliant group and this could explain the
association between TC and functionality, even if there was no
association between TC and MeDi compliance. Potential modifiers of
the lipid profile such as MeDi and ApoE were analyzed for their
effects on both lipid profile and cognition. No effect of any of them
could be observed in lipid profile which could be due to our limited
sample size. Nevertheless, they did have an influence on cognition; in
particular e2 carriers of the ApoE genotype had a better performance

in the SVFT (which can also be seen in Chapter III) and MeDi
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compliance was associated to better adaptive behavior and fewer

dementia signs (also in Chapter IT)(Figures 25 and 26).
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Figure 24: Schematic representation of the main findings with regards to
peripheral biomarkers and executive functions. The results for the lipid profile
are further detailed in the two boxes in the left (top: females, bottom: males).

When analyzing the results from the longitudinal part of this study we
observed that EGCG treatment is able to modify the lipid profile in a
sex-dependent manner, and to improve a specific functional domain in
a sex-independent manner. Longitudinal associations in the placebo
group show that changes in lipid profile were also associated with
changes in planning skills and in functionality, although these effects
were only observed in females. The treatment with EGCG and CT
annulled some of these associations while giving rise to new ones in
which decreases in TC and LDLc concentrations were related to

increases in ABAS-II Functional Academics.

Taking together these results, the lipid profile shows a clear
association to cognition meaning that it has the potential to become a
biomarker of cognitive function also in DS. Furthermore, and
especially due to its association with cognitive changes in the EGCG

and cognitive training-treated group, it could also be used as a
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biomarker for the cognitive changes caused by the treatment.

However, all these associations tend to be sex-dependent.

Following the results from this first study, we explored the
associations between EF and Hcy in Chapter II. Individuals with DS
have lower concentrations of Hcy than age-matched controls (159),
and we have successfully used Hcy as efficacy biomarker in our clinical
trials with EGCG (10, 13), where increases of Hcy showed a possible
reduction of DYRKI1A activity. However, previous research in DS,
showed that Hcy inversely correlated with 1Q (160), and in general
population Hcy concentrations are known to be associated to worse
EF (27, 29, 32, 35). Consequently, we were interested in understanding
the basal associations between EF and Hcy concentrations in our
population. Furthermore, because of the effect of EGCG and
cognitive training on both cognition and Hcy concentrations, we
wanted to assess whether these changes were associated in a

longitudinal study.

| Hey Lipid profile: MeDi
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Figure 25: Schematic representation of the main
findings with regards to peripheral biomatkers, other
modifiers, and functionality.

Our results show that higher concentrations of Hcy are associated to

worse planning skills and worse functionality including Total ABAS-II
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score (Figures 24 and 25). As discussed in the chapter, we were not
expecting such results due to the known secondary effect of DYRKI1A
activity on Hcy concentrations, therefore potential modifiers of Hcy
concentrations were analyzed. Diet and genetic polymorphisms of the
One Carbon Metabolism are known modulators of Hcy
concentrations. However, we could not observe any effect of these
confounders in our sample. In the cognitive function we observe an
effect of the MTR polymorphism on both IQ raw scores and
functionality. Additionally, and as in Chapter I, MeDi was associated

to functionality and cognitive decline scores (Figure 26).

In this study, there were fewer longitudinal associations than for
Chapter 1I, and only one of them was found for the EGCG and
cognitive training group. This lack of associations compared to basal
conditions suggests that, although Hcy is a good biomarker of

efficacy, it is not of cognitive change derived from EGCG treatment.

The first two chapters have shown an association between MeDi
compliance and eatly signs of dementia. In Chapter IIT we analyzed
the association between amyloid peripheral biomarkers and early signs
of cognitive decline, and the influence of years of education. In the
general population, it has long been described that longer educational
periods and higher educational attainments are associated to lower risk
of dementia (174-176). The effects of education in peripheral
amyloidosis biomarkers are less clear (76, 180-182) and the utility of
such biomarkers is still under consideration (67, 71). In individuals
with DS, plasma amyloid concentrations have proven to be predictive
of AD risk (82-84). In our population, higher AB,, concentrations

were associated to higher early dementia signs, while longer
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educational periods were to lower scores in the DMR and better
performances in the SVFT, and lower peripheral amyloid
concentrations (Figure 26). Similarly to what we did for Chapter I,
ApoE role was investigated for these variables, in this case, as
previously, ApoE genotype only had an effect on the SVFT

performance.

This last chapter, allows us to consider the use of plasma amyloid
concentrations as cognitive decline biomarkers, and, due to the effect
of YoE on them, to suggest that they could be used as efficacy

biomarkers.

1 AByo Education MeDi

compliance

| Cognitive decline

Figure 26: Schematic representation of the main
findings with regards to peripheral biomarkers, other
modifiers, and cognitive decline.

With the results of these three studies, we observe that the
associations between peripheral biomarkers and cognition in
individuals with DS are similar to those already observed in the
general population. In brief, the lipid profile, and in particular HDLc
concentrations, is associated to executive functions, as are Hcy
concentrations. Furthermore, peripheral amyloid concentrations
correlate to early dementia signs, underlining their usefulness to assess

dementia risk in DS. Nevertheless, we found specific associations
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between peripheral biomarkers and cognition such as the one between
oxLDL and functionality that had never been observed in the general
population; which could be related to both thyroid hormones and

oxidation.

Such associations between peripheral biomarkers and cognition allow
us to demonstrate the potential of these biomarkers as markers of
cognition, cognitive change, and /or efficacy. Furthermore, we have
proven that specific interventions can affect biomarkers, cognition,

and/or their association.

However, the results of these first three studies rely on peripheral
biomarkers concentrations which are, sometimes, a poor readout of
what is really happening in the brain. In order to address this problem
we have explored new sources of biomarkers in Chapter IV. ONPCs
have been used to study specific neurological diseases and as a source
of neuronal precursors. We evaluated the possibility of using them as
biomarkers by determining the availability of neuronal lineage cells on
the cell culture as soon as DIV4. Furthermore, we have also assessed
the potential of these cells to differentiate in serum free media,
although the results were not conclusive. Regardless, ONPCs would
provide a novel and accurate biomarker to analyze the effects that a
pharmacological treatment is having on neurons in an easy and non-

invasive way.
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8. LIMITATIONS AND FUTURE DIRECTIONS

The main limitations of this thesis are derived from the characteristics
of the clinical trial in which it is nested. On one hand, we are limited
by the number of patients that were recruited, although it is the largest
reported. For this reason some genetic alleles were insufficiently
represented to fully understand the modulating effects they could be
having on our variables. Furthermore, the fact that we could not
obtain the MeDi compliance questionnaire for all individuals supposed
that interactions between genetic polymorphisms and dietary patterns
on any other variables could not be calculated. One last consequence
of the reduced number of individuals was that we could not adjust our
alpha risk for multiple comparisons, for this reason we considered
these studies to be exploratory. Additionally, Chapter III has focused
only on the transversal associations between amyloidosis biomarkers
and cognition, when a longitudinal analysis could have helped to better
understand the effects of the biomarkers on cognition, or the effects
of external factors on cognition. It is worth noting that for the
amyloid biomarkers, longitudinal concentrations were obtained,
however they were dismissed due to wvariability between assays.
Furthermore, in none of the cases have we explored the effect of basal
concentrations of biomarkers on the changes of cognition, which
would be useful as it would give us a predictive biomarker. In the case
of Chapter IV our limitations were mostly due to technical difficulties
with the culture technique and the specificity of the antibodies in
Mexico City and with setting up the method in our laboratory. It
meant that the time-course experiments and specific staining to

further characterize the cells could not be performed as planned.
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The results of this thesis open an avenue for further research. On one
hand, further studies are needed to fully understand the effects of our
biomarkers in individuals with DS, not only on EF, but also on
dementia risk. To this end a longitudinal study would be required
following individuals for most of their lifespan and assessing cognition
and cognitive decline. Following the same line, a study to determine
whether treatments that modify peripheral lipid concentrations also
have an effect on cognition could provide with new enhancing
treatments in DS. Additionally, we have observed effects of education
on early signs of dementia and peripheral amyloidosis markers and it is
possible that cognitive stimulation programs could have a similar
effect. Related to the results of the clinical trial, studies in both
pediatric and older population are needed to assess the eatly effects of
an intervention in cognition in children with DS and the possible
protective effect of EGCG on cognitive decline. Regarding the
possibility of using the ONPCs as biomarkers, there is a need to fully
optimize the method while assessing the rate of cells obtained from
patients with DS. Once these two aspects have been addressed,
ONPCs could start to be analyzed on the search of new biomarkers in

a neural surrogate tissue.
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9. CONCLUSIONS

L In Down syndrome young adults the lipid profile is associated
with executive function being higher concentrations of HDLc and
lower concentrations of total cholesterol associated to better
executive function.

a. These associations are different in males and females,
specifically regarding executive functions, while adaptive
behavior showed no sex-dependent differences.

b. Neither ApoE nor compliance with a Mediterranean diet affect
lipid profile probably due to the reduced sample size.
Nevertheless, both factors modulate cognitive performance of
individuals. While ApoE genotype of subjects affects verbal
fluency of subjects (Semantic Verbal Fluency Task), compliance
with a Mediterranean diet has a protective effect on early signs
of dementia and cognitive decline and improves adaptive
behavior in this population.

IL. EGCG treatment modifies the concentrations of total
cholesterol, LDLc, oxLLDL, and triglycerides in a sex-dependent
manner. Additionally it improves the scores of the Functional
Academics ABAS-II subscale in a sex-dependent manner. Lipid
profile can also be used as a cognitive-change biomarker.

111 Higher homocysteine concentrations are a good cognition
biomarker since they are associated to worse executive function
independent of gender, one carbon genetic polymorphisms, and
Mediterranean diet compliance. However, EGCG treatment

increases homocysteine concentrations while improving specific
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functional domains, suggesting additional modulating factor in
regulatory mechanisms.

IV. Amyloid biomarkers are associated to early cognitive decline
being both reduced by longer educational periods. This would imply
that education has a potential protective effect against cognitive
decline.

V. ONPCs express neuronal markers and prove the potential of
these cells as a source for biomarkers.

VL In conclusion, our study has identified biomarkers of cognitive
performance in young Down syndrome individuals. Some of them
show a clear sexual dimorphism that is also detected in the cognitive
profile of the Down syndrome population. Some are useful as
cognitive markers in baseline condition but may not reflect the

cognitive changes induced by therapeutic interventions.
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Annex 3: Mediterranean Diet Compliance
Questionnaire (PREDIMED)
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CUESTIONARIO DE ADHESION A LA DIETA MEDITERRANEA (14 PUNTOS DE PREDIMED, SOLO GRUPO CONTROL)

1. ;Usa usted el aceite de oliva como principal grasa para cocinar?:  Si= 1 punto

2. ;Cudnto aceite de oliva consume en total al dia?: (incluyendo el

4 0 mds cucharadas= 1 punto

usado para freir, comidas fuera de casa, ensaladas, etc.) L

3. ;Cudntas raciones de verdura u hortalizas consume al dia?: 2 o mds (al menos una de ellas en
(las guarniciones o acompanamientos= 1/2 racién)1 racién= 200 g. ensalada o crudas)= 1 punto =

4. ;Cudntas piezas de fruta (incluyendo zumo natural) consume al

dia?:

5. ¢Cudntas raciones de carnes rojas, hamburguesas, salchichas o

3 o mas al dia= 1 punto

Menos de 1 al dia= 1 punto

embutidos consume al dia?: (racion= 100 - 150 g.) e

6. ;Cudntas raciones de mantequilla, margarina o nata consume al

dia?: (porcién individual=12 g.)

7. ;Cudntas bebidas carbonatadas y/o azucaradas (refrescos, colas,

tonicas, bitter) consume al dia?:

8. ;Bebe usted vino? ;Cudnto consume a la semana?: 7 0 mds vasos a la semana= 1 punto -

9. ¢;Cudntas raciones de legumbres consume a la semana?: (1 plato

o racion de 150 g.)

Menos de 1 al dia= 1 punto

Menos de 1 al dia= 1 punto

3 o mds a la semana= 1 punto

10. ;Cudntas raciones de pescado - mariscos consume a la semana?:

(1 plato, pieza o racién= 100 - 150 g. de pescado 0 4 - 5 piezas 0 3 o mds a la semana= 1 punto

200 g. de marisco)

11. ;Cudntas veces consume reposteria comercial (no casera) como

Menos de 2 a la semana= 1 punto

galletas, flanes, dulces o pasteles a la semana?: -

12. ;Cudntas veces consume frutos secos a la semana?: (racion 30 g.) 3o mds a la semana= 1 punto

13. ;Consume usted preferentemente carne de pollo, pavo o conejo

en vez de ternera, cerdo, hamburguesas o salchichas?: (carne de Si= 1 punto

pollo= 1 pieza o racién de 100 - 150 g.)

14. ;Cudntas veces a la semana consume los vegetales cocinados, la

pasta, arroz u otros platos aderezados con salsa de tomate, ajo,

2 0 mds a la semana= 1 punto

cebolla o puerro elaborada a fuego lento con aceite de oliva —

(sofrito)?:

PUNTUACION TOTAL: 0

2526145577
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Nenugalek. Do not defeat.

Nesigink. Do not fight back.
Nepasiduok. Do not surrender.
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