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Abstract

Alzheimer’s disease (AD) is the most common form of dementia, whose definitive
clinical diagnosis is only possible after death. Until recently, this disease has been
characterized by two major pathological hallmarks: the extraneuronal deposition of the -
amyloid peptide (AP) and the presence of intraneuronal aggregates of hyperphosphorylated
tau (NFTSs). Currently, neuroinflammation is also considered an important hallmark of AD,
since experimental, genetic and epidemiological data have revealed a crucial role for the
activation of the innate immune system during disease onset and progression. The recent
identification of several new AD risk genes, by genome-wide association studies (GWAS),
found to play a role in immune system responses, provided additional evidence that
immune cell dysfunction contributes to aggravate neuronal and tissue loss. To date, the
therapeutic strategies used to fight or at least delay the progression of this disease are
limited and unsuccessful, in part due to its late diagnosis and to the appearance of clinical
symptoms only in a later stage of the disease. Importantly, at the present, several miRNAs
were found to be deregulated, both locally and systemically, in AD pathology, which brings
forward the possibility of at least part of LOAD cases being linked to miRNA deregulation.

In this context, the main goals of this work included the clarification of the newly
identified AD risk genes contribution to the molecular pathways underlying AD
pathogenesis, by evaluating the expression of these genes under different experimental
variables, including age, immune cell activation state and disease status. Moreover, we also
aimed to better understand the importance and therapeutic potential of mMiRNA modulation
strategies, directed towards mononuclear phagocytes, in the clearance mechanisms
associated with this disease. Taking into consideration the contribution of microglia to brain
tissue homeostasis, the third and last goal of this project involved the re-differentiation of
microglia-like cells (iMGs) from human blood-derived monocytes (BDMs), following a
previously described protocol.

To address these goals, the expression of AD risk genes in blood-derived monocytes
and monocyte-derived macrophages (MDMs) was evaluated in cells from healthy
individuals exposed to different activation states (M0, M1 and M2). The expression of two
risk genes in particular, PICALM and BIN1, was also evaluated in AD patients, mild

cognitive impairment (MCI) patients and age-matched controls, as well in young and

vii



elderly healthy individuals. We concluded that AD risk genes present a differential
expression in the different human cell models, as well as in different activation states.
PICALM and BIN1 expression shows a reduction with age, which is aggravated in
individuals suffering from AD or MCI. Taking into account that the two genes were shown
to be increased in the M2 anti-inflammatory activation state and decreased in M1 pro-
inflammatory state, it suggests that aging and dementia are associated with a shift towards
an inflammatory environment.

The impact of miRNA modulation in PICALM and BIN1 expression and function was
also evaluated in N9 murine microglia cells and in MDMs. A decrease in the expression of
PICALM and BIN, following an increase in miR-155 and miR-31 expression, respectively,
was observed in N9. In addition, N9 cells presented changes in their phagocytic ability and
in the release of several pro- and anti-inflammatory cytokines, following electroporation
with p155, p31 and p200c.

Regarding the re-differentiation of iMGs, our results showed that, following BDM
differentiation with IL-34 and GM-CSF, the levels of several microglia surface markers
and the expression of microglia signature genes do not resemble those of brain-derived
microglia cells.

Overall, the changes observed in AD risk genes, in particular PICALM and BINL1,
show a contribution of these genes to AD pathology. Moreover, we believe that our studies
on miRNA modulation provided insights into the epigenetic mechanisms involved in the
regulation of A clearance, and may pave the way towards the development of new
miRNA-based AD therapies. However, it is important to note that the lack of a good cell
model of human microglia is currently a major obstacle to research in the field of
neuroinflammation, whose resolution will be crucial for a better understanding of the
contribution of the innate immune system to AD and other neurodegenerative and

neurodevelopmental disorders.

Key words: Late-onset Alzheimer’s disease (LOAD); neuroinflammation; risk genes;
PICALM; BIN1; miRNA modulation; phagocytosis.
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Resumo

A doenca de Alzheimer (DA) é a forma mais comum de deméncia e 0 seu
diagndstico clinico é apenas possivel ap6s a morte. Até recentemente, esta doenca era
caracterizada por duas principais caracteristicas patoldgicas: a deposi¢do extraneuronal do
péptido B-amildide (AP) ¢ a presenca de agregados intraneuronais da tau hiperfosforilada.
Atualmente, a neuroinflamacdo é também considerada uma caracteristica importante da
doenca, uma vez que dados experimentais, genéticos e epidemioldgicos tém revelado um
papel crucial para a ativacdo do sistema imunitario inato durante o inicio e a progressao da
doenca. A recente identificacdo de novos genes de risco da DA, através de estudos de
associacao genética de larga escala, com um papel importante nas respostas do sistema
imunitario, forneceu evidéncias adicionais sobre a contribuicao das disfun¢es em células
do sistema imune para o0 agravamento da perda neuronal e do dano tecidular. Até a data, as
estratégias terapéuticas usadas para combater ou atrasar a progressao da doenca sao
limitadas e sem sucesso, em parte devido ao diagnéstico tardio e ao aparecimento de
sintomas clinicos apenas num estadio avancado da doenca. E também importante salientar
que, atualmente, alguns miRNAs foram encontrados desregulados na DA, tanto localmente
como sistemicamente, o que evidencia a possibilidade de pelo menos parte dos casos de
DA estarem ligados a desregulacdes de miRNAs.

Neste contexto, os objetivos principais deste trabalho incluiram a clarificacdo da
contribuicdo dos novos genes de risco da DA nas vias moleculares subjacentes a patogénese
da doenca, através da avaliacdo da expressao destes genes sob diferentes variaveis
experimentais, que incluiram: a idade, o estado de ativacdo das células imunes e o estado
da doenca. Para além disso, um dos objetivos passou também pela compreensdo da
importancia e potencial terapéutico das estratégias que envolvem a modulacdo de miRNAs,
dirigidas a fagocitos mononucleares, nos mecanismos de limpeza associados a doenca.
Tendo em consideracgdo a contribuicdo da microglia para a homeostasia do tecido cerebral,
0 terceiro e Ultimo objetivo deste projeto envolveu a re-diferenciacdo de mondcitos
derivados do sangue humano em células semelhantes a microglia, seguindo um protocolo
ja descrito.

Para concretizar estes objetivos, a expressdo dos genes de risco em mondcitos
(derivados do sangue) e macrofagos (derivados de mondcitos) foi avaliada em células de
individuos saudaveis expostas a diferentes estimulos de ativacdo (M0, M1 e M2). A



expressao de dois genes em particular, PICALM e BIN1, foi também avaliada em pacientes
com DA, pacientes com um défice cognitivo ligeiro e em controlos saudaveis da mesma
idade, assim como em individuos jovens e idosos saudaveis. Concluimos que os genes de
risco da DA apresentam uma expressdo diferencial nos diferentes modelos celulares
humanos usados, assim como em diferentes estados de ativacdo. A expressdo do PICALM
e BIN1 mostrou uma diminuicdo com a idade, que € agravada em individuos com DA ou
com um défice cognitivo ligeiro. Tendo em conta que a expressdo destes dois genes
aumenta no estado de ativacdo anti-inflamatério M2 e diminui no estado pro-inflamatorio
M1, os resultados observados sugerem que o envelhecimento e a deméncia estdo associados
a uma transicdo para um ambiente pro-inflamatorio.

A influéncia da modulagdo dos miRNAs na expressdo e funcdo do PICALM e do
BIN1 foi também avaliada em células da microglia de ratinho (linha celular N9) e em
macrofagos humanos (derivados de mondcitos). Observamos uma diminui¢ao na expressdo
do PICALM e do BIN1 nas células N9, no seguimento de um aumento da expressdo do
miR-155 e do miR-31, respetivamente. Para além disso, as células N9 apresentaram
alteracOes na sua capacidade fagocitica e na libertacdo de algumas citoquinas pro- e anti-
inflamatdrias, apds electroporacdo com os plasmideos p155, p31 e p200c.

Em relacdo a re-diferenciacdo dos mondcitos em células semelhantes a microglia,
0S N0ssos resultados mostraram que, apds exposicao a IL-34 e GM-CSF, os niveis de alguns
marcadores de superficie da microglia e a expressdo de genes unicos da microglia nas
células diferenciadas ndo se assemelham aos da microglia derivada do cérebro.

No geral, as alteracGes observadas em genes de risco da DA, em particular no
PICALM e no BIN1, mostram uma contribuicdo destes genes para a patologia da DA. Além
disso, nds acreditamos que os nossos estudos, dedicados a modulacdo de miRNAs,
forneceram conhecimento sobre mecanismos epigenéticos envolvidos na regulacdo da
limpeza do peptideo AP, o que pode abrir caminho para o desenvolvimento de novas
terapias para a DA baseadas em miRNAs. Contudo, € importante notar que a falta de um
bom modelo celular de microglia humana é atualmente um dos maiores obstaculos para a
investigacdo no campo da neuroinflamac&o, cuja resolucdo sera crucial para um melhor
entendimento da contribuicdo do sistema imunitario na DA e em outras doencas

neurodegenerativas e do desenvolvimento.

Palavras-chave: Doenga de Alzheimer de inicio tardio; neuroinflamacdo; genes de risco;
PICALM; BIN1; modulagdo de miRNAs; fagocitose.
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Introduction

1.1. Alzheimer disease - general remarks

Dementia is a syndrome mainly associated with aging, caused by several brain
disorders. It is described by a decline in mental ability, including impairments in memory,
learning, language, attention, visual-spatial recognition and problem solving skills, severe
enough to interfere with the ability to carry out the simplest tasks (reviewed in 1).
Accordingly to World Health Organization (WHQO), 47.5 million people live with dementia
worldwide and, as a consequence of the prolonged life expectancy, is expected that this
number will triple by 2050. Due to these impressive numbers and to its huge economic
impact on society (about 604 billion US$ in 2010), dementia is now considered a public
health priority?.

Alzheimer’s disease (AD) is the most common form of dementia, accounting for 60
to 80% of all dementia cases [www.alz.org]. This complex, multifactorial and progressive
neurodegenerative disorder is typically characterized by gradual neuronal loss, impairment
of other cognitive functions and inability to perform activities of daily life [WHQ], a feature
that impacts not only the patients but also their families.

Although Alzheimer’s disease is described to have a higher incidence in elderly
people, it may also affect individuals at a younger age. This variation in age of onset led
the disease classification into early (<60 years age) and late (>60 years age) onset forms.
Early onset Alzheimer’s disease (EOAD), which includes familial AD (FAD), is
responsible for less than 5% of all AD cases and is mostly associated with patterns of
inheritance with age-dependent penetrance. Thus, EOAD is believed to be a consequence
of autosomal dominant mutations, some of which have already been identified. This is the
case of mutations in the amyloid precursor protein (APP), presenilin-1 (PSEN1, gene
encoding PS-1) and presenilin-2 (PSEN2, gene encoding PS-2) genes®*. APP mutations
accounts for around 14% of EOAD cases, while mutations in PS1 and PS2 corresponds to
approximately 85% of all familial cases. On the other hand, late-onset Alzheimer’s disease
(LOAD) is much more common, corresponding to 95% of all AD cases. Due to its
multifactorial nature LOAD is believed to be far more complex than EOAD. The
involvement of multiple genes (gene-gene or even gene-environment interactions) and, in
particular, the combination of multiple risk alleles, are proposed to increase the risk of

developing the disease®.
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Until 2009, APOE &4 genotype was considered the only and most relevant genetic
risk factor for LOAD. However, recent genome-wide association studies, performed by
Alzheimer Disease Genetics Consortium (ADGC), pointed other possible risk alleles,
whose identification and characterization may play an important role in the design of new
diagnosis and prognosis strategies for AD.

At the moment, diagnosis and treatment for AD are very limited and patients and
their families have a long road until the definitive diagnosis is established. The clinical
diagnosis comprises cognitive, physical and neurological tests, along with complementary
tests, such as magnetic resonance imaging (MRI), positron emission tomography (PET)
scanning and biomarker analysis in the cerebral spinal fluid (CSF) for quantification of the
AB-amyloid peptide and hyperphosphorylated tau (p-tau)®. Unfortunately, only post-
mortem examination provides a definitive diagnosis, through the identification of the
hallmarks of the disease. Taking these difficulties into consideration, it is easy to
understand the extreme importance of finding strategies to clearly identify the disease at its
early stages and to fight it. Up to now, several tests already allow the distinction of
individuals with an intermediate state between normal aging and dementia, known as mild
cognitive impairment (MCI)’. MCI patients present memory impairments greater than that
expected for their age, but continue to perform normal activities of the daily routine and,
as a result, are not considered demented. Nevertheless, every year, about 12% of MCI cases
progress to AD and, therefore, the follow-up of these patients presents great clinical
importance®.

Presently, therapeutic strategies used to target AD are still limited and mostly
unsuccessful. To date, only cholinesterase inhibitors and N-methyl-D-aspartate receptor
(NMDA) antagonists, which have been used to restrict cognitive impairment and decrease
excitotoxicity, are approved by the USA Food and Drug Administration for the treatment
of AD. Unfortunately, these drugs act in a later stage of the disease, in which neuronal
death already occurred in a great extent and, therefore, they only diminish the symptoms
of the disease.

Three main therapeutic strategies are currently under investigation, including: 1)
reduction of AP production, 2) facilitation of AP clearance and 3) prevention of AB
aggregation (reviewed in®). In the last decade, clinical trials with anti-inflammatory drugs
have also been performed, although with unsuccessfully results (reviewed in'°). Currently,
several clinical trials using active and passive vaccination, which consists of humanized

antibodies to recognize toxic soluble AP oligomers, are being conducted in asymptomatic



Introduction

patients with risk of developing AD, in order to certify if immunotherapy could be used as
a therapeutic approach to prevent or at least delay the progression of the disease (reviewed

inlO,ll)_

1.2. Hallmarks of Alzheimer’s disease

The exact molecular mechanisms underlying Alzheimer’s disease remain unclear. So
far, AD has been mainly characterized by two pathological hallmarks, which are often
accompanied by neuronal damage and death: extraneuronal deposits of f-amyloid peptide,
which contribute to the formation of senile plaques®?, and intraneuronal aggregates of
hyperphosphorylated tau, also known as neurofibrillary tangles (NFTs) (reviewed in'®).
Nevertheless, in the past decades, epidemiological evidences suggest that
neuroinflammation is an important contributor to AD+®. Moreover, it was seen that long-
term use of non-steroidal anti-inflammatory drugs (NSAIDs) reduces the risk of developing
ADY. Moreover, several lifestyle factors, such as obesity, reduced activity and systemic
infection, in addition to some environmental factors, which are known to increase the risk
of developing AD, have been associated with the promotion of an inflammatory
environment, due to an increase in the concentration of inflammatory mediators in the
periphery®®2L. For these reasons, neuroinflammation might be considered the third
hallmark of AD. Furthermore, several authors also suggest that neuroinflammation can act
as a link between early deposition of B-amyloid peptide and tau hyperphosphorylation
(reviewed in??). In the section below, the three hallmarks of AD, as well as the relationship

between them, are described in more detail.

1.2.1.Extraneuronal senile plaques

Amyloid-p deposition, which results from the cleavage of APP, occurs at an early
stage of Alzheimer’s disease and is the main event responsible for the formation of
extraneuronal senile plaques.

APP is a type | transmembrane protein delivered to the plasma membrane after
maturation in the endoplasmic reticulum (ER) and Golgi apparatus. Upon arrival at the cell
surface, APP is internalized in clathrin-coated vesicles, due to the activity of proteins such
as PICALM, BIN1 and CD2AP, and to the presence of the YENP motif, near the carboxyl

terminus of APP32324 After endocytosis, part of APP is recycled to the cell surface, while

5



Chapter 1

significant amounts are degraded in lysosomes?. The recycled APP, once in the plasma
membrane, might be cleaved by the plasma membrane-bound a-secretases, including those
of the ADAM (a disintegrin and metalloproteinase) protease family, being ADAM10 the
prevalent a-secretase in the brain (reviewed in'3%3), This a-secretase-dependent pathway is
designated as the non-amyloidogenic pathway, and is the more predominant pathway for
APP metabolism. On the other hand, depending on the interactions established between
APP and sorting receptors, such as SORL1, APP may be redirected to the retromer
compartment or to the late endosome®®?’. In the late endosomal compartment, APP is in
close contact with B-secretase (also known as BACEL), which is able to process APP
through an alternative pathway, identified as the amyloidogenic pathway. The cleavage
performed by BACEL1 originates an N-terminal fragment (sSAPP) and a membrane-bound
C-terminal fragment (CTFp), instead of sAPPa and CTFo produced in the non-
amyloidogenic pathway. In both cases, C-terminal fragments are subjected to a secondary
proteolysis by the presenilin-containing y-secretase complex, which comprises four
proteins: presenilin 1 (PS1) or presenilin 2 (PS2), nicastrin, aph-1 and pen-22832, The
cleavage by the y-secretase complex leads to the formation of amyloid precursor protein
intracellular domains (AICD), which are released into the intracellular compartment, and
p3 (soluble) or AP peptides (insoluble) with different lengths (from 38 to 42 amino acids)
(in a-secretase or BACEL pathway, respectively), which are released into the extracellular

compartment (Figure 1).

Non-amyloidogenic Amyloidogenic
Late endosomes
sAPPa APP l Ap
SAPPp
Ap
]
(‘Hsecrelase I BACE | -secretase I
CTFa ® ° - l !
CTFp
AICD
ER/Golgi .
secretory || chydlng
pathway endosomes

Figure 1 — APP processing pathways that are either non-amyloidogenic (cleavage by o-secretase and
recycling endosome pathways) or amyloidogenic (cleavage by pB-secretase). After endocytosis, APP is
recycled to the cell surface, where the non-amyloidogenic pathway is prevalent, being APP cleaved by a-,
following y-secretase. Once APP is redirected to the late endosome, the contact with B-secretase, following

y-secretase leads to the cleavage of APP into the AP insoluble peptide. Adapted from Bohm et al. 20152,
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The different lengths of the A peptides are a result of three different cleavage sites
by the presenilin complex (v, €,  site cleavages), being the cleavage at the y-cleavage site,
involved in the formation of APi.40 and APi-42, the most abundant forms in the brain. The
excessive production of AP peptides is responsible for neuronal damage and death, since
these peptides are known to aggregate into neurotoxic oligomers and fibrils, which, in turn,
adhere to each other contributing to the formation of insoluble amyloid plaques (reviewed

in®).

1.2.2.Intraneuronal neurofibrillary tangles

Neurofibrillary tangles could also have a role in the progression of the disease and is
thought that their formation occurs by multiple steps initiated with the detachment of the
tau protein from microtubules.

Tau protein is a phosphoprotein, encoded by the MAPT (microtubule-associated
protein tau) gene, which is predominantly abundant in the axons of neurons. In the adult
brain, there are six major isoforms of tau, which are obtained by alternative splicing of the
MAPT gene. Tau protein is involved in the stabilization of microtubules and in the
maintenance of structural activity, which is, under physiological conditions, ensured by a
continuous dynamic equilibrium (reviewed in®). This equilibrium is regulated by
phosphorylation of tau, which is determined by kinases and phosphatases. Glycogen
synthase kinase 3 (GSK-3p), cyclin-dependent kinase 5 (Cdk5), p38-MAPK and JNK are
several kinases involved in the phosphorylation of tau, while PP1, PP2A, PP2B and PP2C
are phosphatases to counterbalance the action of kinases. PP2A is considered the major tau
phosphatase, accounting for 70% of tau phosphatase activity®*-*". Under pathophysiologic
conditions this equilibrium is compromised and, as a consequence, the levels of free tau
increase, resulting in alterations in the conformation of tau, which in turn leads to its
aggregation and fibrillization, making it insoluble and cytotoxic (Figure 2). In addition to
the cytotoxic activity of hiperphosphorilated tau, it is important to consider that, once the
machinery responsible for the stabilization of microtubules is impaired, microtubule-
dependent cellular functions will become compromised, including axonal transport and the

neurotransmission (reviewed in®®) (Figure 2).
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1.2.3.Neuroinflammation and the role of microglia and
peripheral-blood mononuclear cells

In the last few years, neuroinflammation, which relies on the activation of microglial
cells in the central nervous system (CNS), emerged as an important contributor to AD
pathology, occupying a place similar to senile plagues and NFTs in the pathophysiology of
the disease (reviewed in'). In the last decades, epidemiologic studies with non-steroidal
anti-inflammatory drugs, such as ibuprofen and indomethacin, reported that these drugs
have a protective effect when used during long periods of time, reducing the risk of
developing AD 6% However, the mechanism of action of these drugs is unknown and
there are some controversy about their efficiency, since clinical trials with these anti-
inflammatory drugs presented unsuccessful results. On the other hand, studies revealed that
the amyloidogenic hypothesis could not completely explain sporadic AD cases, since the
production of AB was found to be similar in AD patients and in some controls*°. Therefore,
it has been suggested that the accumulation of AP can be attributed to the lack of clearance
mechanisms, such as those mediated by immune cells in the brain, which implicates
microglia deregulation as a direct contributor to AD onset and progression“°.

Microglia, are the innate immune cells of the brain, representing around 10% of the
central nervous system population. In 1993, microglia was suggested, for the first time, to
derive from primitive myeloid cells from the yolk sac, but it was only later, in 1996, that
the hematopoietic origin of these cells were established*:“2. More recently, in 2010, it was
shown that microglia do not derive from definitive circulating hematopoietic precursors, as
suggested by Rio Hortega*® but, instead, derive from primitive embryonic precursors,
which migrate from the yolk sac to the brain between embryonic day 8 and 9, before the
formation of the blood-brain barrier (BBB) **#4. The yolk sac precursors of microglia were
identified in 2013, by Kierdorf and colleagues, as early E8 primitive c-kit" erythromyeloid
yolk sac precursors (EMP), which develop into CD45" c-kit-CX3CR1* cells*®. In the same
year, blood monocytes and other bone-marrow progenitors were shown not contribute to
the adult microglia numbers in the CNS, in a healthy environment*. Instead, local
microglia cells were shown to be able to divide and maintain the microglia pool throughout
life.

Microglial cells have important functions in the brain, including maintenance of
tissue homeostasis, neuronal integrity, network functioning in the brain and immune

defense in case of injury (reviewed in??). Depending on their surrounding environment,



Chapter 1

microglia can acquire different morphologies, allowing them to establish different kinds of
immune responses. For instance, under physiological conditions, resident microglia are in
a “surveillance” state, presenting a ramified form with their branches constantly moving to
test the surrounding microenvironment*’. On the other hand, in response to any disturbance
of nervous system homeostasis, microglia are activated and their shape changes to an
amoeboid form, more adapted to chemotaxis and cell movement to the site of injury
(reviewed in *8). The interaction of microglia with neurons, as well with other glial cells,
through secreted mediators, the activation or inhibition of transcription factors and, most
importantly, the regulation of surface and nuclear receptors are several of the mechanisms
identified as being responsible for the activation of microglia (reviewed in*®). This process
occurs mainly through the activation of pattern recognition receptors (PRRs), like Toll-like
receptors (TLRs) and co-receptors, which are expressed on the surface of microglia, and
peroxisome proliferator activated receptors (PPARS), which are nuclear receptors.
Depending on the signal strength, tissue site and environmental conditions, microglia will
respond differently, which allows the classification of these cells into a range of phenotypes
with two well described extreme phenotypes: the alternative (also known as M2) phenotype
and the classical (also designated as M1) phenotype. M2 activation comprises different
subtypes and is induced by IL-4, IL-13, IL-10, glucocorticoid hormones and TGF-p>°-%2
(reviewed in3). It usually induces secretion of neurotrophic factors, proteases and is known
to increase phagocytosis. This type of response leads to the clearance of tissue debris and
resolution of the inflammatory process. Thus, the activation of this phenotype is often
considered an initial defensive response, designed more to repair tissue damage than to
attack pathogens. Nevertheless, if the damage persists, cells can switch from the M2 to a
M1 state, which contributes for the release of pro-inflammatory chemokines and cytokines,
such as IL-1B, IL-12, IL-23, TNF-a and nitric oxide (NO), reactive oxygen species (ROS)
and proteolytic enzymes. This classical inflammatory response aims to destroy any
invading agent or local pathogen but, when left unresolved, can result in chronic

neuroinflammation (Figure 3).
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Figure 3 — Activation of microglia and functions of the different activated states. After microglia activation
through pattern recognition receptors (PRRs), such as Toll-like receptor, microglia change to an amoeboid
form and may respond by enhancing the removal of the stimulant or by secreting inflammatory mediators.
Adapted from Heneka et al. 20142,

Many AD risk factors have been associated with neuroinflammation, including aging,
several lifestyle factors, such as reduced physical activity and obesity. In addition, other
metabolic changes, such as insulin resistance and diabetes, have also been associated with
the release of inflammatory mediators, contributing for a chronic inflammatory response
(reviewed in'%%). It is important to note that these metabolic factors are often found in
parallel with Alzheimer’s disease. For instance, Lee and colleagues saw that APP is up-
regulated in adipocytes in obesity, correlating with the resistance to insulin and with an
increase in the pro-inflammatory components in adipocytes. However, further studies are
needed to acknowledge if increased expression of APP in adipocytes contribute to an
increase in circulating AP peptides®®. Moreover, in APP/PS1 mouse models, an age-
dependent shift from the alternative to the classical phenotype was observed in activated
microglia. At the same time, it has been established that accumulation of soluble AP
oligomers also increases with age®®. Thus, this activation switch could, in part, be induced
by the accumulation of AP, which would be recognized by the receptors in microglia,
leading first to M2 activation and, later, due to the persistence of the stimulus, to M1
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activation, where an increase in the release of pro-inflammatory cytokines, NO and ROS,
would occur, contributing to axonal and synaptic damage, inhibition of mitochondrial
respiration and induction of neuronal apoptosis.

It has been observed that activated microglia develop a different gene expression
pattern that could sustain a chronic type of neuroinflammation in AD. In addition, the
increase in cytokine release was reported to influence the integrity of the BBB (reviewed
in®%). Once this barrier is compromised, it is easier for myeloid cells from the periphery to
infiltrate the AD brain and migrate to the places where plaque formation is occurring,
aiming to counterbalance the deficiencies of microglia function and helping in the clearance
of AB®’. In 2007, ElI Khoury suggested that the recruitment of brain mononuclear
phagocytes is dependent on the chemokine receptor CCR2, which bind the chemokine
CCL2. The authors showed that Ccr2-deficient APP mice have impaired microglia
accumulation, leading to a decrease in AP clearance®. Similar conclusions were obtained
in the study of Guedes and colleagues, which employed blood-derived monocytes. These
authors presented evidences that protein levels of CCR2 are decreased in BDMs of AD and
MCI patients, thus compromising the ability of these cells to migrate to the brain and clear
the deposits of AB®®. Therefore, the hypothesis proposed by Michaud, after studies in mouse
models, which suggests that upon deficiencies in microglia-mediated AP phagocytosis,
blood monocytes infiltrate the brain microenvironment and differentiate into efficient
phagocytes, providing an alternative pathway for AP clearance, must be considered with
caution. It is possible that, in humans, both microglia and blood-derived cells present
disease-related deficiencies that hinder their ability to effectively remove Ap plaques.

Microglia interaction with A remains controversial. On one hand, microglia has the
ability to phagocyte AP peptides, preventing their deposition. On the other hand, the
continuous activation of microglia by AP leads to an increase in pro-inflammatory
mediators, which may be responsible for the switch from M2 state to M1 state and, as a
consequence, for the increase in neuronal damage, contributing to disease progression.

Although controversial, the study of chronic neuroinflammation in the context of
dementia is becoming more and more important, mainly because 1) the amyloid cascade is
not able to explain all AD cases and 2) this feature is observed at relatively early stages of
disease. One strategy to identify if inflammatory processes are pathologically activated in
a dementia setting is by measuring the increase in the expression and release of pro-
inflammatory cytokines in the brain and cerebrospinal fluid. In addition, positron emission

tomography allows the study of neuroinflammation in vivo, by measuring the levels of
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[11C](R)PK11195 ligand [1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-
isoquinoline carboxamide], a marker of neuroinflammatory events, including microglia
activation. Through this technique it has been possible to observe an increase in
[11C](R)PK11195 levels in mild and even early stages of AD, which suggests that
microglia activation is an early event of Alzheimer’s disease, that can take place even
before disease onset®®®’, These observations also suggest that monitoring
neuroinflammation can be an important tool for early diagnosis of the disease, allowing
early interventions that will probably have a more effective outcome.

1.2.4.The link between p-amyloid deposition, neurofibrillary
tangles and neuroinflammation

The timeline of molecular events that define AD is still not well established and
remains a subject of debate. Several authors believe that B-amyloid deposition precedes the
formation of neurofibrillary tangles. For instance, in 2001, Gotz et al. saw that injection of
A4z fibrils in the brain of a mutant tau transgenic mice model, P301L, increases the
formation of NFTs®. Additionally, recent work reported that crossing Ap species with mice
presenting tau pathology aggravates tauopathy®3. Thus, AP accumulation appears to
contribute for tau hyperphosphorylation, but how this happens remains unclear. A currently
accepted hypothesis suggests that the accumulation of AP peptides promotes tau
hyperphosphorylation via activation of GSK-3B, due to an impairment in the insulin
signaling cascade®®. In addition, as already mentioned, insulin resistance is associated with
an increase in inflammatory mediators, contributing to neuroinflammation. According to
these observations, insulin signaling can play a role in all major hallmarks of AD.

There are also several studies pointing to a relationship between local microglia-
driven neuroinflammation and NFT formation. In 2005, Kitazawa showed that after
lipopolysaccharide (LPS) exposure, which is used as a common inducer of CNS
inflammation, tau pathology increases, through CDKS5 activation®. Moreover, it has been
shown that early immunosuppression leads to reduced levels of tau pathology®. The
receptor of the chemokine CX3CL1, CX3CR1, which is highly expressed in microglia,
seems to reduce the phosphorylation of tau, since its knockdown in mice increases tau
pathology. The CX3CL1-CX3CR1 axis downregulates microglial activity and reduces its
toxic effects®. Therefore, these findings support the idea that neuroinflammation functions
as an important link between Ap deposition and NFTSs since, in addition to LPS, 3-amyloid
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aggregates are also able to activate a M1 immune response, leading to an excessive
production and release of pro-inflammatory cytokines, such as IL-1p3. These cytokines will
then bind to their receptors, activating several proteins, such as CDK5 and p38-MAPK and
enhancing the phosphorylation and aggregation of tau (reviewed in??). It is also important
to note that besides fibrillar AP deposits, intraneuronal AP, soluble AP or AP oligomers
may also be responsible for tau pathology.

Taking into consideration the way AP aggregates, hyperphosphorylated tau and
neuroinflammation that interact with each other, the lack of success of AD clinical trials
using anti-inflammatory drugs may be because treatment starts late, at a stage in which A
and inflammation-driven tau pathology and neuronal death had already occurred in a great
extent. Hence, targeting these three hallmarks at early stages might be the answer to fight
the progression of the disease.

1.3. Novel Alzheimer’s disease risk genes

Until 2009, APOE &4 genotype was considered the most relevant genetic risk factor
of LOAD. However, this genotype only accounts for 10-20% of LOAD risk, eliciting the
possibility for the existence of other risk factors®”®8, In fact, more recently, GWAS were
performed in large cohorts of patients and controls and a correlation between common or
rare variants of several genes and an increased/decreased of LOAD risk was established.
These variants result from the presence of single nucleotide polymorphisms (SNPSs) in or
near the coding regions of genes mainly involved in three pathways: endocytosis, immunity
and lipid metabolism. In this regard, GWAS studies have identified common variants of
ABCA7, BIN1, CASS4, CD33, CD2AP, CELF1, CLU, CR1, DSG2, EPHAL, FERMT2,
HLADRB5-DBR1, INPP5D, MEF2C, NMES8, PICALM, PTK2B, SLC24A4-RIN3, SORL1,
ZCWPW1, FRMD4A and MS4A family members, as well as rare variants of TREM2 and
PLD3, as conferring protection or increasing the risk of developing LOAD. The
identification of these variants revealed a new perspective on the molecular pathways
underlying AD disease pathogenesis (reviewed in%7%), since most of these genes are
expressed in non-neuronal cells and some of them are known to play major roles in immune
cells, such as microglia.

The potential mechanisms linking risk genes to AD pathogenesis are presented in
Table 1.
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Table 1 - Potential mechanisms linking genome-wide association studies to AD pathogenesis.
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The most well studied of all the recently disclosed AD risk genes is TREMZ2, a
member of the innate immune receptor TREM family, which is highly expressed in resting
microglial cells’*"2. A strong association, similar in strength to that described for
heterozygous APOE4 genotype, has been established between a rare variant of TREM2, the
rs75932628 (p.R47H), and AD”>"*. However, the mechanisms by which TREM2 missense
mutations influence TREMZ2 function are still unclear. In 2014, Kleinberger and colleagues
showed that several described TREM2 missense mutations, including the R47H, decrease
TREM?2 shedding by protease ADAM10 and impair phagocytosis’. The authors also
observed that a decrease in soluble TREM2 (STREM2) is present in the CSF of patients
with AD, further suggesting that reduced TREM2 function may contribute to increase AD
risk. Interestingly, the levels of STREM2 may serve a role in AD diagnosis and staging,
since, contrarily to what is observed in full blown AD, an increase in STREM2 can be
observed in the plasma’® and CSF’” of MCI patients.

The overexpression of TREM2 has been related with microglia ability to eliminate
dead or dying neurons, with an increase in microglia phagocytic activity and with a
decrease in the production of pro-inflammatory cytokines’®. On the other hand, in the
presence of inflammatory stimulus, such as LPS/interferon-y, the expression of TREMZ2 is
downregulated’®, which has led to the conclusion that TREM2 is related with an anti-
inflammatory phenotype. Although TREM2 is considered a phagocytosis receptor, the
ligand of this receptor is yet to be identified. It has been suggested that TREM2 can mediate
AP phagocytosis by directly binding A, but this hypothesis is still far from being validated.
Two very recent studies implicated TREM2 in the regulation of A levels in vivo, although
with contradictory results. On one hand, TREM2 deficiency increased Ap accumulation in
5XFAD mice due to lack of microglia clustering around senile plaques®. On the other hand,
in another study, TREM2 was shown to be upregulated in Ly6C*CD45"9" cells located
around plaques, and its absence was correlated with the amelioration of amyloid and tau
pathologies®!. Interestingly, in their work, Wang and colleagues also suggested that some
lipids are capable of associating with fibrillar Ap in lipid membranes and could be
recognized by TREM2%°, acting as ligands to this receptor and triggering Ap phagocytosis.

In what concerns humans, TREM2 protein levels were found to be downregulated in
the CAL1 region of the hippocampus of AD patients, with respect to age-matched controls’.
In addition, Guedes and colleagues studied TREM2 mRNA expression in BDMs and
MDMs of AD, MCI patients and controls, and observed that the expression of TREM2 was

upregulated in BDMs and MDMs from MCI patients. This observation was in agreement
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with the higher rate of Ap uptake observed in macrophages from these patients. However,
in AD patients, TREM2 expression was downregulated in BDMs and MDMs and the
internalization of AB seemed to be compromised®. Based on these results, it stands to
reason that the deregulation of TREM2 expression may interfere with the ability of the
brain to clean toxic cellular debris, such as Ap peptides, resulting in A accumulation and
self-aggregation into insoluble plaques.

Despite being the most well studied, TREM2 is not the only immune-related AD risk
gene under current discussion. For instance, CD33 (also known as Siglec-3) was already
studied in microglial cells and circulating monocytes. CD33 is a transmembrane protein
mainly expressed in immune cells, including mature monocytes, macrophages and
microglia and in hematopoietic cells®>®3, CD33 functions as a lectin, with immunoreceptor
tyrosine-based inhibitory motifs that are involved in the inhibition of cellular activity,
including immune response (reviewed in®¥). In 2013, Griciuc and Bradshaw reported that
CD33 activity in microglia and monocytes might impact Alzheimer’s disease, since the
expression of CD33 risk allele rs3865444° was increased in AD patients. This increased
expression was correlated with the accumulation of activated, but less functional microglia
cells, which, in turn, were implicated in a reduction of AP42 internalization and,
consequently, in an increase in plaque burden®?82,

Hence, it can be concluded that the identification of common or/and rare gene
variants may provide new insights into AD pathogenesis. However, the functional
contribution of these genes to the mechanisms of disease is, for the most part, still unknown,
as well as their potential for further therapeutic development in the context of this disease.
For this reason, in this study we chose to play a special attention to two new risk genes and
their encoded proteins, PICALM and BIN1, which will be described in more detail in the

next sections.

1.3.1.PICALM: an overview

PICALM (Phosphatidyl Inositol Clathrin Assembly Lymphoid Myeloid) encodes the
CALM protein, which is ubiquitously expressed but is most prominent in neurons. This
protein, which is involved in clathrin-mediated endocytosis, has two major domains: the
AP180 N-terminal homolog (ANTH) domain and the clathrin-binding domain at its N-
terminal region and C-terminus, respectively®. The last domain was seen to bind to clathrin

and also to the AP2 adaptor complex, which emphasizes the role of PICALM on the
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formation of clathrin-coated pits and, consequently, in the initial step of clathrin-mediated
endocytosis®®. On the other hand, the ANTH domain has been shown to interact with R-
SNARE (Soluble NSF Attachment Receptors) proteins, such as VAMP2, VAMP3 and
VAMPS, which regulate cargo docking during vesicle fusion processes®’.

PICALM is one of the risk genes presenting SNPs that have been associated with a
reduction of AD risk. Two examples of these SNPs are the minor allele of rs10792832 near
PICALM® and rs3851179%.

Depending on the cell type studied, PICALM can have different, and even
contradictory roles. In 2013, Ando and colleagues saw that PICALM is highly expressed
in microglial cells of LOAD brains compared to controls, which was suggested to be a
result of microglia activation. In addition, the authors also reported that, in AD brains, full-
length PICALM (75 kDa) was decreased, while two lower molecular weight species (50
and 25 kDa) were increased, as a consequence of proteolytic cleavage by calpains and/or
caspase-3. However, whether PICALM cleavage is a result of deregulated microglia
activity or due to chronic activation of microglia is not yet known. A fact is that cleaved
PICALM, observed in AD brains, has been associated with synaptic and vesicle sorting
defects, as a consequence of endocytic dysfunctions®.

Studies in PICALM * and wild-type mice brains, as well in Neuro2a and HeLa cells
transfected with small interfering RNAs (siRNAs) against CALM, showed that loss of the
CALM protein is correlated with a decrease in AB42 at the level of y-secretase cleavage. It
was seen that y-secretase is recognized as endocytic cargo by PICALM and is internalized
by clathrin-mediated endocytosis in a PICALM-dependent manner. Thus, the authors
showed that when PICALM is depleted, y-secretase accumulates more at the cell surface
and less in the late endosome and, as a consequence, the production of AB42 decreases.
However, a change in AP total levels was not detected®. Xiao et al., using N2a-APP695
cells (neuroblastoma N2a cells overexpressing APP695) and brain tissues of APP/PS1
mice, also proposed a role for PICALM in APP endocytosis. Following PICALM knock-
down, changes were observed in APP internalization and processing, leading not only to a
decrease in AB42 but also in AB40 levels, which correlates with a reduction in amyloid
plaque load®.

Aside from the role of PICALM on A production, evidences for its involvement in
-amyloid clearance through the autophagic pathway have been growing. In 2013, Tian and
colleagues showed that the adaptor protein 2 (AP2) binds to LC3-I1 (which is targeted to

elongate preautophagosomal structures, remaining on mature autophagosomes until
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degradation by fusion with lysosomes), functioning as an intermediate to connect APP-
CTF and LC3, thus contributing for the fusion of vesicles containing APP-CTF with LC3-
containing autophagosomes. Silencing AP2 in N2a cells, stably expressing APP at full
length, led to an increase in the levels of APP-CTF and AB40. Based on these results, the
existence of a complex involving LC3, AP2 and PICALM has been proposed. The goal of
this complex would be to remove APP-CTF from the cell surface, through the fusion of
autophagosomes and endosomes, leading to the degradation of APP-CTF and,
consequently, to the reduction of AB levels (Figure 4)%. Although the exact role of
PICALM on autophagy is not well elucidated, studies by Moreau in HeLa and HEK293
cells suggested that PICALM affects autophagosome formation in its initial steps, during
the maturation and enlargement of phagophore precursors. However, the authors not only
reported changes in autophagosome formation, but also in its degradation, since the
knockdown of PICALM deregulates VAMPS8, which is known to regulate autophagosome-
lysosome fusion. Hence, PICALM deficiency seems to have a dual effect on autophagy.
Additionally, the modulation of PICALM has also an impact in the clearance of tau levels
by autophagy and PICALM overexpression is associated with tau accumulation®. In
addition to autophagy, other mechanisms involving PICALM have been proposed.
Recently, Zhao and colleagues presented a mechanism of A clearance through blood-brain
barrier transcytosis (Figure 5)%, in primary brain endothelium cells and PICALM-deficient
APPS"0 mice. In this study, the authors showed a decrease in AP clearance across the BBB
when PICALM levels were reduced, which consequently led to an increase in AP
pathogenesis. This increase was rescued by delivery of an adenovirus expressing the
PICALM gene. Moreover, the authors saw that rs3851179 SNP is associated with a
decrease risk of AD, since cells carrying these protective allele showed higher PICALM
levels and, consequently, enhanced A clearance®.

Importantly, besides it direct link with APP processing and A clearance, PICALM
is also required for cellular cholesterol homeostasis, since alterations in PICALM levels,
can lead to cholesterol homeostasis perturbation®®. Accordingly, and taking into
consideration the role of cholesterol in AD, the ability of PICALM to modulate cholesterol

homeostasis points to an additional mechanism by which PICALM may contributes to AD.
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Figure 4 — Representative diagram of AP2 and PICALM targeting APP-CTF to autophagosomes for
degradation. The adaptador complex AP2/PICALM recognizes and binds to the APP- BCTF of APP. Upon
induction of autophagy, AP2 and PICALM shuttle BCTF to autophagosomes through binding of LC3 with
the LC3-interacting region motif of AP2. Following sequestration of BCTF by autophagosomes, AP-2 and
PICALM are released for recycling. From Tian et al. 20138,
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leading to AP endothelial transcytosis and clearance across the BBB. From Zhao et al. 2015%.
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1.3.2. BIN1: an overview

Bridging Integrator 1 (BIN1), also designated as amphiphysin 2 (Amphll), is a
member of the amphiphysin family of proteins. Originally, BIN1 was identified as a protein
mainly expressed in muscle tissue, which was required for T-tubule formation®® and,
therefore, was associated with myopathies. Indeed, misregulated alternative splicing of
BIN1 was seen to perturb calcium homeostasis, interfering with excitation and contraction
processes, leading to muscle weakness®” and to heart failure, due to t-tubule deregulation®®.
However, nowadays, it is known that BIN1 is ubiquitously expressed and presents different
cellular functions. BIN1 has been involved in the curvature of the membrane, regulation of
actin filaments and endocytosis (reviewed in®®). Like PICALM, BIN1 has two domains:
the N-terminal Bin-Amphiphysin-Rvs (BAR) domain, which has been implicated in the
regulation of membrane curvature and tubulation, and a SH3 (Src homology 3) C-terminal
domain, mainly related with the recruitment of dynamin, which is a GTPase necessary for
scission of the endosome from the plasma membrane (reviewed in'®).

BIN1 is another one of the recently identified AD risk genes, and according to the
Alzgene database (http://www.alzgene.org/) is the most important genetic susceptibility
locus in LOAD after APOE. However, up to now, little is known about its expression and
involvement in AD. Similarly to what has been described for PICALM, there are different
thoughts concerning the expression and the role of BIN1 in this disease, which is only
natural, if we take into consideration the high number of interaction domains and isoforms
described for the BIN1 protein (reviewed in'®?). As mentioned above, BIN1 appears to play
a role in endocytosis and BIN1 CNS specific isoforms contain a clathrin and AP2 adaptor
complex binding domain (CLAP), which is associated with clathrin-mediated endocytosis.
This points to a role of BIN1 in the traffic of membrane proteins associated with AD and
has led to research concerning BIN1 involvement in amyloid precursor protein metabolism
and B-amyloid production. Additionally, BIN1 expression has also been associated with tau
pathology by several authors.

In 2013, Elizabeth Glennon showed that BIN1 protein levels were decreased in
temporal cortex samples collected from sporadic AD patients. Nevertheless, no effect was
observed in APP expression, in the production of sAPPa or sAPPP and in the levels of Ap
peptides following BIN1 knockdown by siRNAs in SH-SY5Y cells (a neuroblastoma cell
line)1%2. In contrast, Chapuis et al. reported that the levels of BIN1 mRNA were increased

in AD brains. Moreover, they saw that increased levels of Amph, the BIN1 Drosophila
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ortholog, are associated with tau pathology, but not with amyloid load. Thus, the authors
suggested that BIN1 may modulate  microtubule stability and tau
phosphorylation/aggregation in the earlier stages of the disease'®. Although not much is
known concerning the molecular and cellular mechanisms involving BIN1%, last year
Sottejeau found that BIN1 interacts with the proline-rich domain of tau through its SH3
domain. This interaction can have a direct impact in the early stages of AD. More recently,
Miyagawa and colleagues suggested BIN1 could act as a regulator of BACEL levels and
AP production!®. When knocking down BIN1 in neuronal and non-neuronal cells, the
authors observed an increase in BACEL levels, as well as an increase in BACEL activity,
leading to an increase in AP production. In their work, the authors suggest a role for BIN1
in the intracellular trafficking of BACE1 from the early endosomes to the lysosomal
pathway, or even to the cell surface, since in BIN1 depleted cells the trafficking of BACE1
was compromised and, as a consequence, an increase in A} production was observed.

In contrast to PICALM, there are no studies linking BIN1 to Af clearance. However,
different studies from Gold and colleagues!®®%” in RAW-TT10 cells (a mouse macrophage
cell line) and in murine resident peritoneal macrophages, showed that Amphll is associated
with early phagosomes and cells expressing mutant amphiphysin present impairments in
phagocytosis at the stage of membrane extension around the particles, since Amphll
mutants fail to bind dynamin and, as a consequence, the membrane extension does not
occurl®, Later, Gold reported that Chlamydia pneumonia, which is an intracellular
pathogen responsible for respiratory tract infections, is not effectively killed by
macrophages. The authors state that this is due to the ability of bacteria to retain
amphiphysin 11, disrupting the maturation of macrophage phagosomes*’. Therefore, these
last studies point towards a possible involvement of BIN1 in AP clearance through
phagocytosis.

Taking a closer look to the studies concerning PICALM and BINL it is clear that both
proteins are involved in AD through different mechanisms and pathways. It is, therefore,
crucial to clarify their true contribution to AD onset and progression and to further

investigate their therapeutic potential as targets in the context of AD and other dementias.

23



Chapter 1

1.4. MiRNAs

MicroRNAs (miRNAs) are abundant, endogenous and small non-coding RNAS
responsible for the post-transcriptional regulation of gene expression. In the last two
decades miRNAs have been shown to play important roles in development and
homeostasis-related processes, including cell proliferation, migration, differentiation and
death, and also in a vast number of human pathologies, including cancer, diabetes,
neurodegenerative disorders, cardiovascular diseases and immune conditions.

Despite the fact that only 2588 mature miRNA sequences have been identified so far
in the human genome (registered at miRBase [http://www.mirbase.org]), miRNAs are
considered major regulators of gene expression, since a single miRNA might regulate
multiple mMRNAS, being able to modulate more than 60% of the human transcriptome!,
Thus, miRNA biogenesis requires very strict regulation, in order to prevent the

development of human diseases.

1.4.1.MiRNAs biogenesis and function

MiRNAs are = 20 to 25 nucleotides long oligonucleotides that arise from intragenic
or intergenic chromosomal DNA regions (Figure 6). They are transcribed by RNA
polymerase Il (RNA Pol 1), into long RNA precursor molecules known as primary
miRNAs (pri-miRNAs) which go through several stages of processing, including
cleavage by the microprocessor complex of Drosha and DGCRS8, originating double
stranded hairpin structures (pre-miRNAs) that are exported to the cytoplasm by exportin-
5. Alternatively, a less known mechanism of miRNA biogenesis has been described, in
which miRNAs originate from intronic sequences called mirtrons, through splicing, in a
pathway that is independent of Drosha (reviewed in''!). In both cases, once in the
cytoplasm, pre-miRNAs are processed by the endoribonuclease Dicert'?, which removes
their hairpin structure and originates miRNA duplexes of = 20-25 nucleotides in length.
These duplexes, which are very similar to SIRNAs, can interact with trinucleotide repeat-
containing gene 6 protein (TNRC6) and with Argonaute (AGO) family members, two
essential constituents of the miRISC. Once the miRISC complex is formed, the double
stranded miRNA loses one of its strands and the remaining one (guide strand) guides this
enzymatic complex to mRNA transcripts that present sequence motifs fully or partly

complementary to each miRNA (reviewed in''®). After biogenesis, miRNAs are able to
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Figure 6 — Canonical and non-canonical pathways of miRNA biogenesis. In the canonical biogenesis
pathway, miRNAs are transcribed by the RNA Polymerase Il (Pol 1) to originate primiRNAs, which are
processed by the RNase Il Drosha and its cofactor DGCR8 to form pre-miRNAs. The pre-miRNA is then
exported to the cytoplasm by exportin 5. In the non-canonical pathway, pre-miRNASs arise in a Drosha- and
DGCR-8-independent manner deriving from intronic regions of protein-coding genes that are processed by
splicing. Pre-miRNAs undergo maturation in the cytoplasm by the action of Dicer and TRBP, followed by
loading onto argonaute (AGO) proteins to form an effector complex called RNA-induced silencing complex
(RISC), which will bind to mRNASs repressing their translation or inducing degradation. Adapted from
Rottiers et al. 201214 and Li et al. 20145,

miRNA (canonical sites) tends to induce permanent mRNA degradation and to present high
evolutionary conservation!®, Nevertheless, there are other types of binding sites that induce
more modest changes in gene expression, such as the marginal sites, which only present a

six-nucleotide complementarity within the seed region, and the non-canonical sites, which
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do not conform with the localization and type of motif binding described in the initial
paradigms*?’.

Hence, due to their conserved binding sites across species, their relative low number
and their ability to bind more than one mRNA, it has been established that miRNAs exert
crucial biological functions. The extreme consequences observed following knockout and
silencing of different proteins involved in miRNA biogenesis, including Dicer and miRISC
components, seems to strengthen this hypothesis'!8, However, it remains difficult to
understand how these small molecules can orchestrate extremely complex events, such as
the differentiation of immune lineages or the development of neuronal circuits. In this
context, and in addition to translation repression and mRNA degradation, recent studies
have suggested that miRNAs may be involved in other epigenetic mechanisms, including
the direct regulation of nuclear transcription, through blocking of transcription factor
binding sites, the triggering of enhancer regions'!® and the targeting or recruitment of

chromatin remodeling machinery!?,

1.4.2.MiRNASs in Alzheimer's disease

1.4.2.1. MIRNA deregulation in the brain parenchyma

Many miRNAs are expressed in the brain and some are proposed to function in
neuronal activities, such as spine development, neuronal differentiation, memory and
synaptic plasticity!?!. Consequently, alterations in miRNA expression in the brain
parenchyma may contribute to neurodegenerative diseases.

Currently, high-throughput functional screenings are lacking in the context of
neurodegenerative disorders, but in the last few years several interesting reports have been
published concerning changes in miRNA levels and their targets in different forms of
dementia, including AD*?, Different studies, employing post-mortem brain samples from
AD patients, such as the work of Hébert and colleagues'?®, have revealed changes in the
miRNA profile of sporadic AD patients, giving a great contribute to the understanding of
the potential role of miRNAs in the pathogenic mechanisms of AD. Hébert and coworkers
identified different miRNAs that were downregulated in AD brains, compared to aged-
matched controls, some of which were predicted to target APP (let-7, miR-101, -15a, and -
106b) or BACEL (miR-15a, -29b1, -9 , and -19b). In this study, BACEL expression was

also evaluated and a subgroup of sporadic AD patients were shown to display increased
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levels of immature and mature BACEL protein, compared to the control group. However,
BACE1 mRNA levels remained basically unchanged in AD samples, suggesting that
increased BACE1L expression was due to alterations in posttranscriptional regulatory
mechanisms, implying the potential regulation of BACEL expression by miRNAs. Using
the luciferase assay, the authors showed that miR-29a and miR-29b1 bind to BACEL in
HelLa cells. Furthermore, mutations in the seed region of BACEI 3°’UTR led to abrogated
repression of luciferase expression by miR-29a. Moreover, a decrease in miR-29a/bl
expression was identified in the subgroup of AD with higher BACEL levels, with respect
to the control group and to a non-AD demented group. Additionally, upon treatment with
miR-29a/b1 or anti-miR-29a/b1 mimics, the authors showed that BACE1 activity decreased
and increased, respectively. Thus, these results indicate that miR-29a/b1 cluster may be a
crucial suppressor of BACEL protein expression and that the deregulation of both these
miRNAs might contribute to increased BACE1/B-secretase expression in sporadic AD%,

A study from Boissonneault and colleagues also addressed the possible miRNA-
mediated regulation of BACEL expression. According to these authors, an inverse
correlation between BACEL protein and miR-298 and miR-328 could be observed in a
mouse model of AD and biochemical validation confirmed that these two miRNAs are able
to target the 3°UTR of BACE1'%,

In a different study, Hébert and colleagues also found that miR-106b was
significantly decreased in sporadic AD samples compared to aged-matched controls!?,
Therefore, the possibility of miR-106b regulating APP expression in vitro and at the
endogenous level was evaluated and the binding of miR-106b to the 3’UTR of APP was
validated by the luciferase assay. In addition, the transient transfection of miR-106b led to
a decrease in APP protein expression in the mouse brain. These data suggest that miR-106b
may regulate APP and that abnormal miR-106b expression may contribute to changes in
APP levels in the AD brain.

In 2008, Wang and colleagues studied miRNA expression profiles during AD
progression, using RNA brain samples from four patients groups: elderly non-demented
with negligible AD-type pathology, non-demented with incipient AD pathology, MCI with
moderate AD pathology, and AD. Microarray analysis showed that the majority of miRNA
expression patterns were stable across the different clinical states and approximately 200
different miRNAs were expressed at levels below background. For instance, miR-107 was
found to be significantly and consistently decreased among AD-related cases, even in

patients at the earliest stages of the pathology. Unsurprisingly, considering that this miRNA
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is predicted to target the 3°UTR of BACEL1 in at least five different regions, the luciferase
reporter assay supported that miR-107 is able to bind and regulate BACEL translation
through at least one 3’UTR microRNA response element (MRE). Thus, and as expected,
data indicated that BACE1 mRNA levels and miR-107 levels were inversely correlated
during the progression of AD, and that the decrease of this miRNA was associated with an

acceleration of AD progression'?®

. In addition, other studies supported the previous
observations, since a correlation between the levels of miR-107 and the amount of senile
plaques (P<0.07) and neurofibrillary tangles (P<0.04) was also established*?’.

Regarding AD risk genes, until now TREM2 has been the only novel risk gene whose
deregulation has been associated with faulty miRNA control. The downregulation of
TREMZ2 has been suggested to depend on pro-inflammatory miRNAs, such as miR-34a,
which is enriched in microglia and is under the control of the proinflammatory nuclear
factor-xB (NF- xB)'?8129 Using a reporter plasmid encoding the 3’UTR of TREM2 mRNA
and employing the luciferase reporter assay, Zhao and co-workers observed that, in the
presence of exogenous anti-miR-34a, the luciferase signal increased, indicating the
presence of a positive mMiIRNA:mRNA match between miR-34a and TREM2 mRNA. The
authors also reported that inhibiting this miRNA reverted the effect, bringing TREM2 back
to homeostatic levels'®.

Overall, the above-mentioned studies show how, in the last decade, significant
advances have been achieved regarding miRNA expression profiles and miRNA
deregulation in the brain parenchyma during the course of AD pathology. However, the
possibility that miRNA levels can be subject to artifact changes, resulting from brain
processing post-mortem?3! is an important limitation present in these studies, which has to
be taken into consideration during data interpretation. Nevertheless, this issue does not
exclude the relevance of further high-throughput functional analysis, designed to obtain
more reliable results, since this type of studies is crucial not only to understand how
miRNAs are involved in the pathological mechanisms of AD, but also to identify new
biomarkers and therapeutic targets.
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1.4.2.2. MiRNAs in the local and peripheral immune system

MiRNAs have long been studied in the context of immunity. As mentioned before,
the innate immune system constitutes our first line of defense against most impending
threats and is an integral part of the overall immune organization, comprising cells and
mechanisms which primarily protect the host against infections by external organisms. This
system also plays an important role in the presence of deregulated internal signals, since its
activation usually allows the organism to deal with these endogenous triggers, preventing
the development of pathological states. However, the exact contribution of immune cells
to neurodegenerative diseases, including AD, is still a matter of great debate, owing to their
neurotoxic or neuroprotective role in AD. Nevertheless, it is now accepted that
neuroinflammation is an important component of this disorder and, as such, a prime target
towards the development of novel therapeutic strategies.

MiRNAs are invaluable regulators of inflammatory pathways and are known to
control both the differentiation and activation of immune cells**2*3, Some miRNAs in
particular, such as miR-155, miR-146a, miR-145, miR-124 and miR-21, play important
roles in the regulation of inflammation, either by enhancing its propagation or by limiting
its development (reviewed in**%). For instance, an increase in the M1 activation state is
accompanied by an increase in miR-155 expression and a reduction in miR-124 expression.
On the other hand, the maintenance of the homeostatic balance (MO) is characterized by
high levels of miR-124, while an increase in miR-145 expression has been related with the
M2 activation state'®®. Therefore, these miRNAs may help to identify the activation
phenotypes in different disease settings and their modulation may allow to shift these
phenotypes to more favorable states that potentiate tissue recovery and reduce cell damage.

In addition to microglia, monocytes and macrophages have also been tightly
associated with AD progression. This is due to their similarities with microglia, in terms of
ontology and function, and because peripheral monocytes have been shown to travel from
the blood to the brain parenchyma in AD animal models, infiltrating the tissue and
contributing to the clearance of Ap**®. Despite the similarities between AD mice models
and the human disease, monocytes and macrophages from AD patients exhibit significant
deficits in chemotaxis and phagocytosis, when compared to control subjects. These
observation suggest that, in contrast to what happens in AD mice models, in human patients
these cells constitute a poor defense mechanism to fight AD progression®. Of note is that

part of these deficits can be attributed to miRNA deregulation in these cells. In fact, Guedes
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et al. has observed that several immune-related miRNAs, predicted to target proteins
associated with the innate immune response and chemotaxis, are significantly altered in
peripheral monocytes of AD patients. These miRNAs include miR-155, miR-27b, miR-
200b and miR-128%. Interestingly, the results reported by Guedes et al. concerning miR-
128 confirmed the observations reported by Tiribuzi and colleagues in 20147, where miR-
128 was found to be upregulated in monocytes and lymphocytes from AD patients, with
respect to age-matched control subjects, and its expression was shown to regulate the
production of lysosomal enzymes implicated in the degradation of AB peptides, such as
cathepsin B, This study showed that, similarly to what occurs in the AD brain*®, the
distribution of lysosomal proteases is also altered in peripheral cells, reinforcing the idea
that most cellular mechanisms responsible for myeloid function in the periphery also have
an important role in the function of brain cells. In what concerns miR-155, this miRNA was
previously shown to be highly upregulated in microglia cells exposed to lipopolysaccharide
(LPS) and to modulate the expression of the suppressor of cytokine signaling 1 (SOCS-
1)!3 an inhibitor of the JAK/STAT and NF-kB signaling pathways. In addition, miR-155
was shown to be associated with AD pathology, since it was found to be upregulated in the
brain of 3xTg AD mice, correlating with the downregulation of SOCS-1 observed in these
animals’®. Hence, has become clear that this miRNA presents a pro-inflammatory activity
in the AD brain that helps to propagate neuroinflammation. Regarding miR-200b, as well
as miR-200c, studies in the THP-1 cell line (a macrophage-like human monocytic cell line)
reported the involvement of these miRNAs in the regulation of innate immune responses,
through the regulation of TLR4 signaling and consequent NF-xB activation'*®. The
exogenous introduction of miR-200b and -200c resulted in a decrease of NF-kB activity
and in a decrease of IL-6, CXCL9 and TNF-a after exposure to LPS%,

In addition to the study performed by Guedes and colleagues, which concerned
circulating monocytes, several miRNAs were also found to be deregulated in the serum of
AD patients with respect to controls. miRNA-146a, -93, -143 and -31 were found to be
decreased in the serum of AD patients®!. Interestingly, miR-146a has also been shown to
be deregulated in different mouse models of AD and in the human brain. However,
contrarily to what was described in serum, this miRNA was found to be upregulated in the
AD brain, instead of downregulated. The upregulation of miR-146 was shown to result in
the concomitant downregulation of two miRNA-146a molecular targets: i) the interleukin-
1 receptor-associated kinase 1 (IRAK1)!?, an adaptor of toll-like receptors (TLRs) that

initiates diverse downstream signaling pathways, eventually leading to the induction of pro-
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inflammatory transcription factors, such as the nuclear factor-xB (NF-xB) and ii) the
complement factor H (CFH), an important repressor of the inflammatory response in the
brain'#2. Importantly, the expression of this miRNA is upregulated in vitro, in human
microglia cells activated with AP, suggesting that, at least in part, miR-146a increased
expression in AD derives from the activation of microglia'*®. To best of our knowledge,
studies concerning miRNA-31 in the context of AD are not known so far. However, there
are other studies relating this miRNA with inflammation. miR-31 may play a role in the
regulation of inflammatory mediators, such as TGF-B, which, in turn, increases miR-31
expressiont#414,

So far, all evidences suggest that the presence of miRNAs in various body fluids
makes these circulating molecules promising biomarkers for AD diagnosis and prognosis.
Nevertheless, to date, there are no standardized and accepted miRNA biomarkers for this
disease.

Overall, it is now undeniable that neuroinflammation is, indeed, a hallmark of AD.
Thus, in the future, this feature should be considered as a potential therapeutic target in the

search for new treatment options for AD, including miRNA-based therapies.

1.4.2.3. MIRNAs as potential therapeutics for AD

Since miRNAs deregulation is associated with AD pathology, these small non-coding
RNAs could also be used as potential therapeutic targets or therapeutic molecules in AD.
There are two possible approaches to the development of miRNA-based therapeutics: i) the
use of miRNA inhibitors, which block the activity of a certain miRNA, potentially
increasing the levels of miRNA target proteins and ii) the increase of the amount of a
specific miRNA in the cytoplasm of the target cells, through the use of miRNA mimics or
expression vectors, with the ultimate goal of downregulating miRNA target proteins.

Up to now, oligonucleotide therapeutics in the context of dementia have only been
accomplished in animal models and have been designed to target AD-relevant genes. These
strategies seem to offer beneficial effects, although they still need to be optimized in terms
of pharmacokinetics and pharmacological activity. Due to the charged nature of nucleic-
acids, this optimization faces specific challenges that can be overcome through the use of
viral and non-viral delivery vectors, which provide chemical and electrostatic stabilization
of oligonucleotides, improve their circulation time in vivo and allow the specific targeting

of certain cell types. In addition, for some approaches, these vectors must also allow the
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crossing of the BBB, in order to efficiently deliver their cargo into the brain parenchyma,
increasing their bioavailability within the CNS (reviewed in*'%).

Most miRNA-related studies in AD have been focused on the use of miRNAs to
modulate the APP processing pathway, due to the importance of APP itself, as well as
BACEL, in Ap overproduction and tau pathology. For instance, a study reported the use of
a lentiviral-mediated miR-101 overexpression cassette to decrease APP expression and,
consequently, reduce AP accumulation in the mouse brain*®. Additionally, Zhang and
colleagues showed that miR-188, which targets BACEL1 in vivo, is downregulated in AD
and that the overexpression of this miRNA in the hippocampus (through stereotaxic
injection of a lentivirus expressing miR-188) reduced AP deposition and
neuroinflammation and prevented deterioration of hippocampal basal synaptic
transmission, long-term potentiation, spatial learning and memory in 5XFAD mice#’.

Despite the fact that viral vehicles are the most widely employed carriers in gene
therapy studies, due to their high efficiency, they are also associated with high toxicity, as
well as with immune response activation. Because of this, the use of non-viral carriers, such
as nanoparticles and liposomes, has been increasing steadily over the last few years
(reviewed in'*8). For instance, the above mentioned study on miR-128 was performed using
the transfection reagent lipofectamine2000. In this study miR-128 upregulation resulted in
a decrease of AP phagocytosis by monocytes of healthy subjects, whereas miR-128
inhibition improved the ability of monocytes of AD patients to degrade AP, which is in
agreement with the idea of a positive contribution of blood monocytes to Ap degradation,
both in the periphery and in the brain (following their infiltration into the brain
parenchyma)®®’.

Hence, miRNAs, owing to their role as regulators of gene expression, may provide
relevant insights into the cellular mechanisms regulating the expression or inhibition of AD
related genes, allowing us to better understand the causes and consequences of this disease
at a molecular level. Therefore, the discovery of new miRNAs in the context of dementia,
as well as the validation of their targets, is crucial for the development of miRNA-based
biomarkers and therapies, which could change the course of the disease, either by allowing
an earlier diagnosis or by ameliorating or delaying disease symptoms. However, it is
important to take into account that most studies referred above have been performed in
vivo, in animal models of AD. Therefore, the employment of miRNA-based therapeutic
strategies is still in a very premature phase, and further preclinical studies will be necessary

to properly address the true potential of these approaches.
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2.1. Objectives

In contrast to what is known concerning EOAD, which is usually a consequence of
autosomal dominant mutations in APP, PSEN1 or PSEN2 genes, LOAD causes are much
further from being completely clarified, mainly due to the multiplicity and complexity of
risk factors associated to this form of dementia. At present, and thanks to recent GWAS
studies, new genetic risk factors have been identified for LOAD, pointing to an important
role of the immune system and neuroinflammation in the development of this form of AD.
In this context, the main goal of the present work was to study the new AD risk genes,
focusing on two genes in particular, BIN1 and PICALM, previously related with immune
cell function. We approached this study from a mechanistic point of view, in order to
understand how these genes are associated with LOAD and what is the influence of miRNA
deregulation in the expression and function of BIN1 and PICALM. We believe that this
knowledge is crucial to pave the way for future miRNA-based therapies designed to
modulate the expression of these genes and recover their normal function.

Towards this purpose, this work was divided into three major tasks, each associated
with a specific goal:

1) The first task of this project involved the evaluation of the expression of the
new AD risk genes in blood-derived monocytes and monocyte-derived macrophages. The
major aim of this task was to clarify the conditions driving the expression of the different
risk genes in innate immune cells, including the effects of cell type, activation state, age
and disease stage of the cell donors.

2) In the second task, and taking into consideration previous studies performed
in our lab showing that several immune-related miRNAs were deregulated in monocytes
from AD patients, we evaluated the impact of miRNA modulation in AD risk gene
expression and function. Towards this purpose, we transfected MDMs and electroporated
a murine microglia cell line (N9 cells) to increase the expression of specific miRNAs. We
then evaluated changes in BIN1 and PICALM expression, as well as changes in several
other functional parameters related with the innate immune response, including the
expression of pro- and anti-inflammatory cytokines and phagocytosis.

3) Currently, there is no easily available cell model of human microglia. This
constitutes a serious drawback when studying neuroinflammation, since mouse and human

microglia cells show considerable differences. Therefore, in the third task of this project,
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we aimed to establish a new protocol to isolate and differentiate microglia-like cells from
human blood-derived monocytes, according to a recently published protocol. In order to
fully characterize these cells we investigated the levels of several surface markers, as well

as the expression of several microglia signature genes.
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3.1. Patient selection

Young healthy volunteers, with an age range between 22 to 33 years old, were
recruited at the Center for Neuroscience and Cell Biology of University of Coimbra.

Patient samples were recruited at Neurology Department, Coimbra University
Hospital, in previous work, as described by Guedes et al*®. Subjects included age-matched
healthy controls (controls), MCI patients (MCI) and AD patients (AD), whose diagnostic
comprised varied exams, including the standard clinical evaluation, routine laboratory
tests, imaging studies (computed tomography [CT] or MRI), SPECT, APOE allele
genotyping and TREM2 genotyping for R47H mutation in exon 2 (associated with higher
AD risk™) for AD and MCI patients. PET, cerebrospinal fluid analysis and genetic studies
were more restricted, although considered in younger patients. A comprehensive cognitive-
functional-psychological assessment battery was carried out by a team of
neuropsychologists, following a standard protocol, and comprising several tests and scales:
1) Cognitive instruments as the MMSE'®, the MoCA° the ADAS-Cog'®! and a
comprehensive neuropsychological battery validated for the Portuguese population
(Battery of Lisbon for the Assessment of Dementia®®?) were used to explore memory and
other cognitive domains; 2) The Clinical Dementia Rating (CDR)**® was used for global
staging and 3) The Geriatric Depression Scale (GDS-30)** was used to exclude major
depression. All MCI patients were classified at the global CDR staging of 0.5 (no functional

’s1%5 and Petersen’s criterial®®. The

impairment) and were selected according to Albert
standard criteria for the diagnosis of AD patients were the Diagnostic and Statistical
Manual of Mental Disorders — fourth edition (DSM-IV-TR) and the National Institute of
Neurological and Communicative Disorders and Stroke-Alzheimer’s Disease and Related
Disorders (NINCDS-ADRDA)'. The AD group included patients with mild disease
(CDR =1) or moderate to severe (CDR =2 and 3). The control group comprised cognitively
healthy adults belonging to the local community (recruited among the patients’ spouses,
hospital or university staff or their relatives), that were age, education, and gender matched
to the patients. Controls had normal MMSE scores (> 24) and were fully autonomous in
daily life activities (CDR) according to the information obtained through a general
practitioner, and/or an informant. Moreover, to be eligible for this study, subjects (patients
and controls) should be in a stable condition, without acute significant events or

recent/undergoing changes in medication. Exclusion criteria were: 1) significant motor,
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visual or auditory deficits which could influence the neuropsychological performance; 2)
neurological/psychiatric conditions other than MCI or AD; 3) CT or MRI demonstration
of significant vascular burden®®®; 4) diagnosis of diabetes, chronic inflammatory, neoplastic
diseases or prescription of anti-inflammatory drugs; 5) major depression indicated by a
GDS score of 20 or more points; 6) active smokers; 7) patients suffered from uncontrolled
hypertension. Informed consent was obtained from all participants and the study was
conducted in accordance with the tenets of the Declaration of Helsinki with the approval
of the local ethics committee.

3.2. Sample collection and isolation of peripheral blood mononuclear
cells fraction

As performed previously for AD and MCI patients and age-matched controls, a total
of 40 mL of blood was collected from young healthy individuals (at least n=13), ranging
from 22 to 33 years old, in sterile 10 mL EDTA-coated tubes. Afterwards, the blood was
diluted with a solution of phosphate-buffered saline (PBS) and peripheral blood
mononuclear cells (PBMCs) were isolated by density gradient centrifugation [800 g
without brake, 20 min at room temperature (RT)] using Histopaque-1077 (Sigma, USA).
The PBMC:s fraction was collected and washed 2 times with PBS [600 g, 6 min at RT] for
further experiences, including isolation of blood-derived monocytes and differentiation into

monocyte-derived macrophages and microglia-like cells.

3.3. Blood-derived monocytes isolation from PBMCs fraction

Magnetic-activated cell sorting (MACS) was used to isolate the CD14*
subpopulations, recognized as monocytes, from the PBMC fraction. Briefly, the PBMC
pellet was resuspended and incubated with rotation, for 15 min at 4°C, in 80 ulL/107 cells
of beads buffer [PBS containing 0.5% bovine serum albumin (BSA), 2 mM EDTA, pH 7.2]
and 7,5 pL/107 cells of magnetic microbeads associated with an anti-human CD14 antibody
(#130-050-201, Miltenyi Biotec, Germany). After a brief centrifugation to remove the
excess of microbeads, cells were resuspended in 500 pL of beads buffer and applied into
the LS MACS column (Miltenyi Biotec), placed under the magnetic field of a
MidiMACS™ Separator (Miltenyi Biotec). The column was washed 3 times to remove

unlabeled cells and the retained CD14" cells were further eluted with the beads buffer, upon
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column removal from the magnetic field. CD14" cells were used for subsequent
experiments, including RNA extraction for gqRT-PCR analysis and differentiation into
monocyte-derived macrophages.

The purity of CD14" monocytes was determined by flow cytometry, using a
monoclonal anti-CD14-FITC antibody (Sigma, USA), and was shown to be around 99%.

3.4. Primary cultures of monocyte-derived macrophages and microglia-
like cells

CD14" cells were plated in 12 MW Costar plates at a density of 8 x 10°cells/well,
with RPMI-1640 culture medium without fetal bovine serum (FBS) [10 mL/L Pen/Strep,
10 mM HEPES, 12 mM Sodium Bicarbonate, 2 mM L-Glutamine, 1 mM Sodium Piruvate].
After overnight incubation, the cells were supplemented with 10% FBS and 50 ng/mL of
the recombinant human Macrophage Colony-Stimulating Factor (M-CSF; Peprotech) to
promote differentiation into MDMs.

Microglia-like cells (iMGs) were obtained from PBMCs according to the protocol
described by Ohgidani et al. in 2014, Briefly, PBMCs were plated with RPMI-1640
culture medium without FBS, in T25 flasks and 12 MW costar plates at a density of 3 x
106cells/well. In the following day, culture supernatant and non-adherent cells were
removed. The adherent cells (which correspond to monocytes) were cultured with RPMI-
1640 [10% inactivated FBS, 10 mL/L Pen/Strep, 10 mM HEPES, 12 mM Sodium
Bicarbonate, 2 mM L-Glutamine, 1 mM Sodium Piruvate] supplemented with 10 ng/mL of
the recombinant human Granulocyte Macrophage Colony-Stimulating Factor (GM-CSF;
Peprotech) and 100 ng/mL of the recombinant human Interleukin-34 (IL-34; Peprotech).
This protocol was performed in parallel to MDM differentiation from PBMCs, as described
above.

The cells were cultured in standard conditions (37°C, 5% CQO>) for 7 or 14 days to
promote differentiation into MDMs and 14 days to promote differentiation into iMGs, with
medium and differentiation factors replaced every 3-4 days.

The iMGs profile were characterized by flow cytometry analysis, using a monoclonal
anti-CD14-FITC antibody (Sigma, USA) and an anti-human/mouse TREM2 PE-
conjugated monoclonal antibody (R&B Systems, USA), and by gRT-PCR, using unique
microglial signature genes, including P2ry12, Hexb, Cx3crl and the transcription factor
PU.1.
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3.5. Stimulation of M1 and M2-like activation states in monocyte-derived
macrophages

The MDMs obtained from CD14" differentiation (n=4) were activated, after 7 days
of differentiation, by exposure for 24h to LPS (100 ng/mL) and IFN-y (20 ng/mL), to induce
the M1 activation state, or IL-4 (20 ng/mL), to induce the M2 activation state. In the next

day, cells were frozen at -80°C until RNA extraction for gqRT-PCR experiments.

3.6. Transfection of MDMs with miR-mimics

After the 7 days of MDM differentiation from PBMCs, miRIDIAN microRNA
mimics of miR-154, miR-31, miR-200c and miR-497, as well as the double stranded
oligonucleotide control (all acquired from Dharmacon) were used for transfection
experiments. MDMs were transfected using miRNA mimics complexed with DLS
liposomes, prepared as described by Trabulo et al'®. Briefly, 1 mg of
dioctadecylamidoglycylspermidine (DOGS) (Promega, Wisconsin) and 1 mg of dioleoyl
phosphatidylethanolamine (DOPE) (Sigma, Germany) were dissolved in 40 uL of 90%
ethanol, followed by the addition of 360 uL of sterile H2O, leading to a total lipid
concentration of 5 mg/mL (2.5 mg/mL of DOGS and 2.5 mg/mL of DOPE). The solution
was homogenized by a short vortex and incubated for 30 min at room temperature to allow
liposome formation. After this period, the DLS lipoplexes were prepared by mixing a
certain volume of DLS solution with a certain volume of miRNA mimic, taking into
consideration an optimal ratio of 95 ug of lipid per 10 ug of oligonucleotide, in order to
obtain a final concentration of 50 nM of oligonucleotide/well. The lipoplex mixture
(DLS+mimic) was incubated 30 min at room temperature before administration. 50 pL of
lipoplexes were added to the cells in 450 pL of RMPI1-1640 medium without FBS [10 mL/L
Pen/Strep, 10 mM HEPES, 12 mM Sodium Bicarbonate, 2 mM L-Glutamine, 1 mM
Sodium Piruvate] in 12 MW plates (Costar). Following 4h of incubation in culture
conditions, the medium was replaced by fresh RPMI-1640 medium [10% inactivated FBS,
10 mL/L Pen/Strep, 10 mM HEPES, 12 mM Sodium Bicarbonate, 2 mM L-Glutamine, 1
mM Sodium Piruvate]. 24 h after transfection, cells were subjected to the AlamarBlue®
assay to evaluate cell viability and conclude on the toxicity of the transfection protocol. 48
h after transfection cells were frozen at -80°C for further mMRNA extraction and qRT-PCR

of target mRNA levels.
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3.7. Evaluation of cell viability

Cell viability was assessed by AlamarBlue® assay 24 h post-transfection. Briefly,
cells were incubated in standard conditions with RPMI-1640 culture medium containing
the resazurin dye (Sigma-Aldrich) in a dilution of 1:150. After reduction of resazurin to
resorufin by metabolically active cells, 150 pL of medium, collected from each well, were
transferred into a 96-well plate for absorbance measurement at 570 nm (reduced form) and
600 nm (oxidized form), in a SpectraMax Plus 384 microplate reader (Molecular Devices).
In the end, the percentage of cell viability was calculated with respect to non-transfected
cells, according to the equation:

Cell viabilit AAbs transfected cells-AAbs negative control
_ X
VIR = “AAbs positive control-AAbs negative control

AADbs = Abss7onm — AbSsoonm

Transfected cells — Cells transfected with the respective miRNA mimic

%

Negative control — Resazurin in RPMI-1640 medium, without cells

Positive control — Non-transfected cells

3.8. Microglia cell line and culturing conditions

N9 cells (a murine microglia cell line) were cultured at 37°C in a humidified
atmosphere containing 5% CO2 and maintained in RPMI-1640 medium [5% heat
inactivated fetal bovine serum (FBS), 1% Penicillin/Streptomycin (Pen/Strep), 23.8 mM
Sodium Bicarbonate, 30 mM glucose]. N9 microglia cells were plated in the day of each
electroporation experiment, at a density of 80 000 cells/well in 12-well multi-well plates
and/or at a density of 20 000 cells/well in p-slide 8-well ibiTreat chamber slides and
maintained in culture conditions for 48 h. After 48 h, the cells were used for further
experiments, including: extraction of RNA, cDNA synthesis and gRT-PCR. Phagocytosis

assays were also performed, employing both flow cytometry and confocal microscopy.

3.9. Plasmid preparation

Four different plasmids were used in electroporation experiments: pMIR-31, pMIR-
155, pMIR-200c¢ and pControl. The plasmids were amplified in super competent DHS5a
cells (previously treated with rubidium chloride) and purified using the NucleoBond® Xtra

43



Chapter 3

plasmid purification kit (Macherey-Nagel, Germany), according to the manufacturer’s
recommendations. Briefly, after cell transformation, pre-inoculum and inoculum culture,
bacterial cells were harvested by centrifugation (6000 g, 10 min). The cell pellet was
resuspended and then lysed by the addition of lysis buffer. Afterwards, the cell suspension
was neutralized, loaded into an affinity purification column and the plasmid DNA was
washed and then eluted with elution buffer. For plasmid concentration and desalting,
NucleoBond® Finalizer Large filters were used. The pDNA concentration was quantified
in a Nanodrop 2000 spectrophotometer (Thermo Scientific).

3.10. Electroporation of N9 cells with pMIR-155, pMIR-200c, pMIR-31 and
pControl

N9 cells were electroporated following a modified version of the protocol described
by Chu et al*®. First, cells were detached from culture flasks and a cell suspension of 10 x
106 cells was prepared per experimental condition. After a brief centrifugation to pellet the
cells (5min, 1200 rpm), 12.5 ug of each plasmid were diluted in a final volume of 400 pL
of PBS 1x and added to the cells (the volume of plasmid used was calculated using the
Promega Biomath Calculator, according to the equation):

660 1
Py % Hg

1 DNA X
pmo pmol  10°pg

XN =pg DNA

N — Number of nucleotides

660pg

ool Average molecular weight of a nucleotide pair

The cell suspension was placed into 0.4 cm Gene Pulser®MicroPulser™
electroporation cuvette (Bio-Rad #1652081) and incubated for 5 min at room temperature.
Immediately prior to electroporation, the contents of the cuvette were gently mixed and
then subjected to electric pulses (Volts = 0.23 kV; Capacitance = 500 pF). After the
exposure to electric pulses, cells were incubated for 10 min on ice and then 5 mL of growth
medium was added. Subsequently, viable cells were counted with Trypan Blue and plated
with RPMI-1640 medium in p-slide 8-well ibiTreat chamber slides (ibidi) at a density of
2 x 10* cells/well, for microscopy analysis, or in 12 MW plates, at a density of 8 x 10*
cells/well, for flow cytometry analysis and RNA extraction, and further cultured for 48h.
Following this period, cells were analyzed by confocal microscopy and flow cytometry in
order to assess p155 and pEGFP transfection efficiency, since these two plasmids presented
green fluorescent tags. Electroporated cells were also employed in phagocytosis assays,
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using fluorescent-labelled latex beads, and in qRT-PCR experiments, designed to evaluate

miRNA-mediated modulation of target mMRNA levels.

3.11. Latex beads phagocytosis assay

MDMs transfected with mimic miRNAs and electroporated N9 cells were incubated,
48h after transfection, with 4 pL and 2 pL (in 12MW plates and 8-well ibiTreat chamber
slides, respectively) of carboxylate-modified red fluorescent latex beads with a mean
diameter of 2 um (L3030, Sigma-Aldrich), during 2h30min, in culture conditions. After
this period, cells were washed twice with PBS and analyzed by flow cytometry and
confocal microscopy to estimate the number of cells able to perform phagocytosis, as well

as the mean number of latex beads ingested by each cell.

3.12. Immunocytochemisiry of MDMs and N9 cells

In order to label cells for confocal analysis, following incubation with red fluorescent
latex beads, immunocytochemistry labelling B-actin was performed in N9 cells in p-slide
8-well ibiTreat chamber slides, according to established protocols. Succinctly, after two
washes with PBS, cells were fixed in 4% paraformaldehyde (PFA) in PBS during 20 min
at room temperature. The cells were then permeabilized for 2 min with 0.2% Triton X-100
and non-specific binding epitopes were blocked by incubating cells for 30 min with a 3%
BSA solution prepared in PBS. Cells were incubated overnight at 4°C with the primary
antibody against f-actin (1:1000), prepared in PBS with 3% of BSA. Following two
washing steps with PBS, cells were incubated for 2 h at room temperature with the
secondary antibody anti-mouse Alexa Fluor-488 conjugate, diluted 1:200 in PBS with 3%
BSA. Subsequently, cells were rinsed twice in PBS and incubated with the DNA-specific
Hoescht 33342 (1 pug/mL) for 5 min in the dark. Finally, cells were again rinsed twice in
PBS and then kept in PBS at 4°C until observation in a point scanning confocal microscope
Zeiss LSM 710 Meta (Zeiss, Germany).

3.13. Extraction of total RNA and cDNA synthesis

Total RNA (including small non-coding RNA) was extracted from N9 cells, BDMs,
MDMs and iMGs using the miRCURY™ RNA Isolation Kit (Exigon, Denmark),

according to the manufacturer’s recommendations for cultured cells. In brief, cells were
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firstly lysed with the lysis buffer (containing 10 uL of B-mercaptoethanol per milliliter),
then the total RNA adsorbed to a silica matrix, incubated with DNase solution (On-column
DNase | digestion set, Sigma-Aldrich), washed with the recommended buffer and eluted
with 35-40 pL of elution buffer.

Once extracted, total RNA was quantified in a Nanodrop 2000 spectrophotometer
(Thermo Scientific). cDNA synthesis for evaluation of gene expression was performed
using the NZY First-Strand cDNA Synthesis Kit (Nzytech, Portugal). Up to 1000 ng of
total RNA in 12 pL of reaction volume were used for cDNA synthesis, according to the
following protocol: 10 min at 25°C, 30 min at 50°C and 5 min at 85°C for reverse
transcriptase inactivation. In the end, samples were incubated for 20 min at 37°C with NZY
RNase H (E. coli) to degrade the RNA template in cDNA:RNA hybrids after first-strand
cDNA synthesis. The synthetized cDNA was further diluted up to 50 times with RNase-
free water and stored at -20°C until required. For evaluation of miRNA expression, cDNA
synthesis was carried out using the Universal cDNA Synthesis Kit (Exigon). cDNA was
obtained from 5 ng of total RNA in a reaction of 10 pL, according to the following protocol:
1 h at 42°C, followed by 5 min at 95°C for heat-inactivation of the reverse transcriptase.
The resulting cODNA was diluted 40 times with RNase-free water and stored at -20°C until

required.

3.14. Quantitative real time PCR of mRNA and miRNA

Quantitative polymerase chain reaction (qRT-PCR) was accomplished in a
StepOnePlus thermocycler (Applied Biosystems) using 96-well low-profile microtitre
plates and employing the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), for
mRNA quantification, or the miRCURY LNA™ Universal RT microRNA PCR system
(Exigon), for miRNA quantification. All primers employed for mRNA quantification were
designed through the Ensembl and Primer-Blast softwares, with the exception of the
reference gene hypoxanthine phosphoribosyltransferase 1 (HPRT1) primer, which was
previously designed with Beacon Designer software and idtDNA primer design tools and
the TREM2 and APOE primers, which were purchased from Invitrogen (primer sequences
are listed in table 2). The primers of TNF-a, IL-1p, TGF-1p and IL-10 were purchased from
Qiagen (QuantiTect Primer, Qiagen, Hilden, Germany). For each primer set, a master mix
was prepared, consisting of 5 uL of SYBR Green Supermix and 1 pL of primer, to yield a
final concentration of 1uM. All reactions were performed in duplicate with 6 pL of the
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prepared master mix and 4 uL of template cDNA. PCR cycle conditions consisted of
polymerase activation and well-factor determination for 30 seconds at 95°C, followed by
45 amplification cycles of 5s at 95°C (denaturation), 20s at 60°C (annealing) and 5s at 65°C
(elongation).

For miRNA quantification, the miRCURY LNA™ Universal RT microRNA PCR
system (Eqgixon) was used in combination with pre-designed primers (Exigon) for miR-155
and reference RNAs: SNORD110 and SNORDA44, for Mus musculus samples and Homo
sapiens samples, respectively. Each reaction, performed in duplicate, contained 4 pL of
template cDNA and a master mix comprising 5 pL of SYBR GREEN and 1 pL of the
primer mix (1 uM for each primer pair). Reaction conditions consisted of enzyme activation
and well-factor determination at 95°C for 10 min, followed by 45 cycles of: 10s at 95°C
(denaturation) and 60s at 60°C (annealing and elongation). In all qRT-PCR experiments, a
melting curve protocol started immediately after amplification, consisting of 1 minute
heating at 55°C followed by 0.5°C increments in temperature (80 steps of 10 seconds) until
a maximum of 95°C. Threshold value for threshold cycle determination (Ct) was set at
10000 and the baselines adjusted for each primer set. The No Template Control (NTC) and
the No Reverse Transcriptase Control (NRT) were always performed for each primer set,
in every gRT-PCR run. Relative miRNA and mRNA levels were determined following the
Pfaffl method*®?, taking into consideration the different amplification efficiencies of each

primer, obtained from a standard curve of serial sample dilutions.
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Table 2 — List of primer sequences used for gRT-PCR analysis and respective melting

temperatures (Tm) and product sizes.

Primer Primer sequence (5°->3°) Tm (°C)  Product
length (bp)

MS4A4A FW: TGGATGGCATGGTGCTCC 59.7 112
RV: AGAATTAACACAACCCCACC 55.5

MS4A6E FW: CGAAAAGGATATACCAACCA 52.7 140
RV: CTAGGCAGAACTCCAACA 534

BIN1 FW: TTCTCCCAAAGATTAGGT 49.2 99
RV: AACTCAACTAGAGGACAC 50.3

SORL1 FW: CTGAATATGTGTCCTTGA 48.4 110
RV: AGAATGATACTTGTGGTTA 48.0

CR1 FW: GACAGGTGCAGACGTAAATC 56.6 83
RV: CCGAACTGGATGCCTTTGATC 59.3

CLU FW: CTCATGGGAAGAACAGAAT 51.8 103
RV: AAGCAGCAACTCAACATA 51.7

INPP5D FW: GAAAAGAAACTCAGGCGAAACC 58.4 110
RV: AAGAGGTGCGTGAAGCGGTG 63.3

TREM2 FW: ATGATGCGGGTCTCTACCAGTG 61.9 151
RV: GCATCCTCGAAGCTCTCAGACT 61.9

APOE FW: GGGTCGCTTTTGGGATTACCTG 61.5 124
RV: CAACTCCTTCATGGTCTCGTCC 60.7

PICALM FW: CCATAATCAGTAACCTATCAAG 51.6 91
RV: AGGACACAGTTCTTCTCT 51.8

CD33 FW: TGTTCCACAGAACCCAACAA 57.5 165
RV: TTCCTCCTGTGGGTCTTCA 57.4

CASS4 FW: CCCTACTGCCCAAGTCTATG 57.1 98
RV: GCGTGAGGATGGCCTGTTTTG 62.4

HPRT FW: TGACACTGGCAAAACAATGCA 59.5 94
RV: GGTCCTTTTCACCAGCAAGCT 61.1
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3.15.Flow cytometry analysis

CD14 and TREMZ2 surface expression in BDMs, MDMs and iMGs was analyzed by
flow cytometry, using a monoclonal anti-CD14-FITC antibody (Sigma, USA) and an anti-
human/mouse TREM2 PE-conjugated monoclonal antibody (R&B Systems, USA),
respectively, and the corresponding isotype controls. BDMs were analyzed immediately
after isolation, while iMGs and MDMs were analyzed in the last day of the differentiation
protocol. Briefly, the cells were washed once with PBS 10% FBS and incubated with each
antibody (10 pL/5 x 105cells and 5 pL/5 x 10°cells for CD14 and TREMZ2, respectively)
diluted in 100 pL of PBS 3% BSA, in the dark with rotation, for 30 min at 4°C. After this
period, cells were washed twice with PBS and analyzed in a FACS Calibur flow cytometer
(BD Biosciences, USA). Fluorescence intensity and the % of CD14" and TREM2" cells
was assessed in the FL-1 and FL-2 channels, for FITC and PE-conjugated antibodies,
respectively. For each experience, depending on the cell number, a total of 5000 — 20000
events was collected in the established gate.

To evaluate electroporation efficiency in N9 cells, 48h after electroporation with
p155 or pEGFP, cells were washed twice with PBS and immediately analyzed in a FACS
Calibur flow cytometer (BD Biosciences, USA). The fluorescence signal associated with
the expression of GFP was assessed in the FL-1 channel, through the collection a total of
10000 events in the established gate.

For the phagocytosis assay, fluorescence due to ingestion of red fluorescence latex
beads was also assessed in the FL-1 channel, in a FACS Calibur flow cytometer (BD
Biosciences, USA), trough the collection a total of 20000 events in the established gate,
with each peak assumed to equal an additional bead.

All data were analyzed using the Cell Quest software (BD Biosciences, USA).

3.16. Confocal microscopy analysis

To access electroporation efficiency following delivery of p155 and pEGFP, cells
were fixed in PBS with 4% PFA during 20 min and then stained 5 min, in the dark, with
DNA-specific Hoescht 33342 (1 pg/mL) and washed twice with PBS. Images were
acquired in a point scanning confocal microscope Zeiss LSM 710 Meta (Zeiss, Germany),

using a 63 x oil objective and the Blue (405 nm) and Green (488 nm) lasers. Image
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acquisition was performed using the Zen Black software and acquisition settings were kept
constant between experiments.

For phagocytosis evaluation, following B-actin labelling by immunocytoschemistry,
images were acquired in a point scanning confocal microscope Zeiss LSM 710 Meta (Zeiss,
Germany), using the 63 x oil objective and the Blue (405 nm), Green (488 nm) and red
(568 nm) lasers. For each experiment and experimental condition, 10 representative images
were taken and the total number of cells as well as the total number of cells with internalized
beads was determined to establish the phagocytosis index.

3.17. Statistical analysis

All data are expressed as mean * standard deviation (SD) and were analyzed for
statistical significance using One-way ANOVA followed by Tukey’s post hoc test, One-
way ANOVA followed by Dunnet’s test and Two-way ANOVA followed by Sidak’s test
for multiple comparisons. In the case of risk genes expression quantification in BDMs Vs.
MDMs and in iMGs Vs. MDMs, the unpaired t test, assuming Gaussian data distribution,
was used. Differences were considered statistically significant for P values < 0.05.
Calculations were performed using the standard statistical software GraphPad Prism 6 (La
Jolla, USA).
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Results and discussion

4.1. Expression profile of the newly identified AD risk
genes

AD is a complex and devastating disease for which, currently, there is no perfect
animal model. In order to overlay pathologies and allow the study of hallmark interactions,
double or triple transgenic mouse models have been generated, taking advantage of the
different mutations found in the familiar and early-onset AD cases. However, currently
there is no mouse model that mimics the most common late onset AD and exhibits all
features of human AD (cognitive and behavioral deficits, amyloid plaques, NFTs, gliosis,
synapse loss, neuron loss, neuroinflammation and neurodegeneration). Therefore, care
should be taken in the interpretation of the results provided by the existing animal models
(reviewed in'®%) and new models of sporadic AD should be developed to overcame this
handicap. In this context, studies in human primary cultures of AD patients, such as cells
from the myeloid lineage, may provide significant information, particularly concerning the
recently described contribution of the immune system and neuroinflammation to this
disease.

Cells from the myeloid lineage have an important role during the initial host response,
leading to the activation of different defense mechanisms. In Alzheimer’s disease mouse
models, BDMs have been shown to play a beneficial role, infiltrating the brain parenchyma
and helping in the clearance of AP deposits®"®. However, the role of these cells, as well
as of MDMs, which are differentiated from BDMs, in AD patients, is yet poorly explored.
In this context, our group has recently shown that these cells are compromised in AD
patients, presenting impairments in important immune system functions, including
chemotaxis and phagocytosis®. To achieve a better understanding of the role played by
BDMs and MDMs in AD, and taking into consideration the recent GWAS studies
correlating several immune genes with AD risk, we decided to employ these human cell
models to clarify the contribution of some of the newly identified risk genes in AD

development.
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4.1.1. Isolation and characterization of BDMs and differentiation into
MDMs

BDMs were isolated from the blood of healthy young volunteers by MACS,
according to the surface expression of CD14 (Figure 7). CD14 is a 55 kDa membrane-
bound glycoprotein mainly expressed by monocytes and macrophages, considered by
several authors as the universal marker of monocytes'®*1%°, Importantly, this glycoprotein
is involved in the activation of immune cells in response to exogenous and endogenous
signals'®*. The yield of the isolation procedure was around 10% and the purity of BDMs,
evaluated by flow cytometry, was around 99% (Figures 7B and 7C). These results, which
are in agreement with previous results obtained in our group®®, point to a specific and
effective isolation process, which allows the recovery of most monocytes in circulation and

generates a CD14"9" homogenized cell population.
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Figure 7 — Isolation of blood-derived monocytes from PBMCs by magnetic-activated cell sorting.
The expression levels of the CD14* surface marker was evaluated by flow cytometry, in the FL-1 channel,
after magnetic cell sorting using anti-CD14 magnetic beads. (A) Representative dot plot of the CD14*
population. (B) Representative histogram of CD14* surface expression. (C) Percentage of sorted cells

expressing CD14*, following histogram analysis. The results are expressed as percentage of total cells.
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Following isolation, the CD14" cell population was cultured overnight in RPMI-1640
culture medium without FBS, in order to facilitate cell adhesion, and was supplemented
with 10% FBS and M-CSF (50 ng/mL) 24h later, in order to initiate the differentiation
process into MDMs, since M-CSF is a glycoprotein involved in survival, proliferation and
differentiation of mononuclear phagocytes, in particular of resident macrophages'®®. The
differentiation process, which takes approximately 7 days¢”1% |eads to profound changes

in cell morphology, as can be observed in Figure 8.

A Day 1 - BDMs B Day 7 - MDMs

Figure 8 — Morphology of BDMs and MDMs isolated from PBMCs. Representative images showing
the morphology of (A) BDMs 24h after isolation and plating, immediately before the addition of M-CSF
(50 ng/mL) and (B) MDMs, obtained following 7 days of differentiation in the presence of M-CSF (50
ng/mL). The images were acquired in a light microscope equipped with the 20x objective. Results are

representative of ann = 4.

4.1.2. Comparative analysis of AD risk gene mRNA expression in BDMs
and MDMs of young healthy individuals

The identification of new genetic risk factors for AD has come to shed new light into
the molecular pathways underlying AD disease pathogenesis. Some of identified risk genes
are known to be highly expressed in cells of the immune system, including monocytes and
macrophages, and to be involved in innate immune responses, lipid metabolism and
endocytosis/cytoskeleton remodeling processes. This opens the possibility of a direct
involvement of some of these genes in AP production and clearance pathways.

Nevertheless, up to now, little is known about the functional contribution of the newly
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identified AD risk genes towards disease mechanisms, as well as their therapeutic potential
in the context of AD pathology.

To the best of our knowledge, the relative expression of the majority of the new AD
risk genes has not been evaluated systematically in mononuclear phagocytes, including
BDMs and MDMs. Therefore, in this study, we employed gRT-PCR to quantify the
expression levels of 13 genes in freshly isolated BDMs and in MDMs kept in the absence
of cell activators (Figure 9A). We also performed a similar quantification in MDMs
following induction of the classical activation state (M1-like) and the alternative activation
state (M2-like) (Figure 9B), obtained through exposure to LPS (100 ng/mL) and IFN-y (20
ng/mL) or to IL-4 (20 ng/mL), respectively.
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Figure 9 — Risk genes expression in BDMs and MDMs. (A) Total RNA was extracted from freshly
isolated BDMs or from MDMs MO obtained after 7 days of differentiation in the presence of M-CSF (50
ng/mL). The expression of 13 risk genes was quantified by gRT-PCR. Results are expressed as mRNA
fold change with respect to MDMs MO, normalized to the reference gene HPRT, and are representative
of an n = 4. Unpaired t test, following Gaussian distribution with * p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001 with respect to MDMs MO. (B) MDMs were further incubated with LPS (100 ng/mL)
and IFN-y (20 ng/mL) to induce the M1-like state or IL-4 (20 ng/mL) to induce the M2-like state,
respectively. The same risk genes were quantified by gqRT-PCR in the M0, M1 and M2 states. Results are
expressed as MRNA fold change with respect to MDMs MO, normalized to the reference gene HPRT, and
are representative of an n = 4; One-way ANOVA, following Tukey’s post hoc test; * p < 0.05, ** p <
0.01, *** p < 0.001 and **** p < 0.0001 with respect to MDMs MO; ## p < 0.01, ### p < 0.001 and ####
p < 0.0001 with respect to MDMs M1. All values are presented as mean + SD.

As it can be observed in Figure 9A, the expression of the selected AD risk genes is
different in BDMs and MDMs, although statistically significance is only achieved for 8
genes. The genes from the MS4A family (MS4A6E and MS4A4A) and BIN1 are decreased
in BDMs, while CD33, SORL1, CR1, CD2AP and PICALM are increased, with respect to
MDMs. Importantly, when comparing the expression profile of MDMs in different
activation states, significant differences can be observed when cells assume a pro-
inflammatory (M1-like state) or an anti-inflammatory phenotype (M2-like state).
Interestingly, for the majority of these genes, a decrease in expression has been observed
in the M1-like state, accompanied by an increase in the expression of the same gene in the
M2-like state, which suggests that most risk genes play an anti-inflammatory role during
cell activation and immune response. This is in agreement with previous data obtained for
genes like TREMZ2, BIN1 and PICALM, showing that these genes play a role in endocytosis
and phagocytosis’>8086.92105.107 ‘nrgcesses typically associated with the M2 phenotype. The
opposite was verified only for CLU and CD2AP, which show a clear increase in expression
in the M1-like state, suggesting that their expression is required during a pro-inflammatory
response.

Taking into consideration that AD and other dementias have been related with
changes in innate immunity and with a chronic neuroinflammatory response that promotes
the M1 state, these results indicate that genes upregulated in M2, such as MS4A6E, SORL1,
CR1, MS4A4A, TREMZ2, CASS4, INPP5D, PICALM and BIN1, play a protective role in AD

and may be dowregulated in the context of dementia. On the other hand, genes such as CLU
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and CD2AP, which present higher expression in the M1-like state, may be related with

disease progression and are expected to be upregulated in AD patients.

4.1.3. Comparative analysis of PICALM and BINT mRNA expression in
MDMs of MCI patients, AD patients and age-matched controls

Taking into consideration the results presented above, we decided to evaluate the
expression of several risk genes in the context of AD. For this purpose we selected 2 risk
genes, PICALM and BIN1, whose expression was observed to be decreased in the M1-like
state and increased in the M2-like state (Figure 9B). The choice of these two genes was
also motivated by the presence, in their 3’UTR regions, of binding sites for various
miRNAs already known to be deregulated in AD patients, with respect to age-matched
controls®. This previous finding, together with their possible involvement in endocytosis
and phagocytosis events, suggested that both these genes may hold interesting potential as
therapeutic targets in miRNA-modulation strategies designed to improve AB clearance.
Since AP phagocytosis is mostly mediated by fully differentiated mononuclear phagocytes,
such as macrophages, we choose to evaluate gene expression in MDMs from AD patients,
MCI patients and healthy age-matched controls (Figure 10). Table 3 presents the clinical

data for each of the experimental groups.

Table 3 —Characteristics of patient and control study populations.

Variable Controls AD MCI
Number of patients (n) 5 8 10
Gender (F/M) 213 6/2 2/8
Age (years) 71.2+98 779 +8.9 71.2+89
MMSE score >24 16.9+6.4 27.0 £ 3.4***
MoCA score -- 145+ 10.6 19.0+4.38
ADAS-cog score -- -- 100+44
Stage of disease (CDR) (%)
Mild -- 75.0 -
Moderate -- 25.0 --
Severe -- -- --
APOE genotype ¢4, % 70 70 60

NOTE. Data are expressed as mean + SD, except for gender (expressed in percentage of females—F [%] and
males—M [%]), stage of disease (CDR; expressed in percentage of total), and APOE genotype €3, €4
(expressed in percentage of &4 carries). For MMSE and MoCA, higher scores correspond to better
performance and for the ADAS-cog, higher scores indicate greater impairment. MoCA and ADAS-cog were
only performed in patients with CDR < 1. One-way ANOVA was used to compare age between groups,
followed by Tukey’s post hoc test. Two-tailed t test was used to compare MMSE, MoCA, and ADAS-cog
scores, and Fisher’s exact test was used for APOE genotype. ***P < 0.001 with respect to AD.
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Figure 10 — Quantification of PICALM and BIN1 mRNA levels in AD patients, MCI patients and
age-matched controls. Following total RNA extraction from MDMs isolated and differentiated from
CD14* BDMs of AD patients, MCI patients and age-matched controls, the levels of (A) PICALM and (B)
BIN1 mRNA were quantified by gRT-PCR. Results are expressed as mRNA fold change with respect to
the mean of control subjects, normalized to the reference HPRT, and are representative of at leastn =5
per group; One-way ANOVA, following Tukey’s post hoc test, * p < 0.05 with respect to control. Values
are presented as mean + SD.

As expected, we observed a decrease in the mRNA levels of both genes in MDMs of
AD and MCI patients, pointing once again to a protective role of PICALM and BIN1 in AD
pathology. However, only MCI patients achieve significance. This may be due to the
inherent variability of the control group and to the low number of control subjects in this
study. Therefore, in order to further confirm the observed tendencies, the number of
subjects in each experimental group, and in particular in the control group, should be
increased.

To the best of our knowledge, this is the first time that a relation is established
between mononuclear phagocytes, risk genes PICALM and BIN1 and AD. Interestingly,
the protective role observed for PICALM is in accordance with the studies of Tian®®, Zhao%

and Moreau®, that suggested the involvement of PICALM in AP clearance.

4.1.4. Comparative analysis of PICALM and BINT mRNA expression in
MDMs of young and elderly subjects

It is believed that genes linked to age-related diseases, such as AD, also have an
important role in the aging process itself. However, up to now, only genotype studies using

SNPs in the most significant risk genes were performed in the context of aging and, apart
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from APOE, none of the other gene loci demonstrated association with this process®. In
order to ascertain whether PICALM and BIN1 risk genes are associated with aging and
cellular senescence, their expression levels were assessed by gRT-PCR in MDM s of young
and elderly healthy control subjects (Figure 11).
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Figure 11 — Quantification of PICALM and BIN1 mRNA levels in elderly and young healthy
subjects. Following total RNA extraction from MDMs isolated and differentiated from CD14* BDMs of
young and old healthy subjects, the levels of (A) PICALM and (B) BIN1 mRNAs were quantified by gRT-
PCR. Results are expressed as mRNA fold change with respect to the mean of young subjects, normalized
to the reference HPRT, and are representative of at least n = 4 per group; One-way ANOVA, following
Tukey’s post hoc test, * p < 0.05 and *** p < 0.001 with respect to young subjects. Values are presented

as mean * SD.

The results in Figure 11 show a decrease in the expression of both PICALM and BIN1
in older subjects with respect to younger subjects, suggesting that changes in the expression
of both these genes may be a cause or consequence of the aging process.

Aging is known to be affected by genetic factors and, accordingly to GenAge
database (http://genomics.senescence.info/genes/) over 250 genes possibly associated with
aging have already been identified. Altered expression of mMRNA levels in old mice with
respect to adult mice were already observed'’®. Notably, some of the observed responses
were similar to those found in human neurodegenerative disorders, including the activation
of lysosomal proteases, such as cathepsin D that have been associated with APP processing
to AB’°. Interestingly, it has been proposed that the expression profile found in aged mice
and human cells is indicative of an inflammatory response, suggesting that aging causes a
systemic shift towards M1 immune responses'’%"t, This is in accordance with our results,

observed in Figure 9B and also in Figure 11, that point to an anti-inflammatory function of
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PICALM and BIN1, which is significantly impaired in old age. Moreover, and taking in
consideration the results of Figure 10, it is plausible to assume that this decrease in both
BIN1 and PICALM expression is worsened in a dementia setting, where chronic exposure
to endogenous peptides, such as AB, contributes to the overactivation of TLR signaling
pathways and to the production of several pro-inflammatory mediators that, in turn,

generate a pro-inflammatory environment that potentiates neuronal damage.
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4.2. Impact of miRNA modulation in AD risk genes
expression and function

miRNAs play key roles in a wide range of biological processes, including cell
division and differentiation, immune cell activation and neuronal activity. In addition, it is
already known that several miRNAs are deregulated in AD patients, both at the level of the
brain parenchymal??123 and in the local and peripheral immune system*2. In fact, recently,
our group showed for the first time that specific immune-related miRNAs are deregulated
in BDMs of AD and MCI patients, with respect to healthy age-matched controls®. In
addition, using bioinformatics tools, we were able to predict that some of the new AD risk
genes present at least one possible binding site for the miRNAs shown to be differentially
expressed in AD patients. Taking these data into consideration, we decided to investigate,
in vitro, the predicted interaction between these miRNAs and the new AD risk genes
presented in Table 4. Through this study, we hope to clarify if the modulation of specific
miRNAs can influence the levels of AD risk genes and promote beneficial functional
effects in the context of AD. We believe that, if successful, our experiments could constitute
an important step to develop a future miRNA-based therapy towards this type of dementia.

In this study, the modulation of miRNAs was performed in MDMs collected from
healthy young subjects and also in the N9 cell line, since microglia is the most prominent
immune cell type present in the brain, contributing directly to neuroinflammatory events
and presenting important similarities with other mononuclear phagocytes from the
periphery, such as monocytes and macrophages*®. Although mouse and human microglia
cells show considerable differences, which renders N9 cells far from being the perfect cell
model, the homology of PICALM and BIN1 risk genes in Homo sapiens and Mus musculus
is very high (Table 5). Furthermore, these two genes, which are predominantly expressed
by microglia in mice brain, share a significant number of 3’UTR binding sites in mice and
in humans (Table 6 and Table 7), which makes it possible to study the functional

consequences of miRNA-mediated modulation of PICALM and BIN1 also in N9 cells.
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Table 4 — Several miRNAs predicted to regulate AD risk genes in Homo sapiens.
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mMiRNA

Risk gene

154

CR1

27b

200b

BIN1

3p

128

155

PICALM

3p

SORL1

MS4A4A

CD33

CD2AP

CLU

TREM?2

APOE

INPP5D

CASS4

MS4AGA

MS4A4E

MS4A6E

miR-154, -27b, -200b, -128 and -155 are immune-related miRNAs differentially expressed in AD patients. 3p and 5p refers to the precursor miRNA arm that give rise to the

mature miRNA.

Four miRNA prediction algorithms were used: microT4, miRanda, miRWalk and TargetScan. The colors correspond to the number of databases where the risk gene was

predicted to be regulated by each specific miRNA. Green — 4 databases; yellow — 3 databases; orange — 2 databases and red — 1 database
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Table 5 — Homology between AD risk genes in Homo sapiens and Mus musculus.

Risk gene % ldentity (protein)* % ldentity (cDNA)*
CLU 76 81
CD33 40 46
SORL1 93 88
BIN1 93 88
MS4A4A 56 64
TREM2 57 65
APOE 71 76
CD2AP 84 85
PICALM 98 94
CASS4 56 63
INPP5D 88 85

*Data were acquired using the orthologs comparative genomics of Ensembl.

Table 6 — Several miRNAs predicted to regulate PICALM and BIN1 risk genes in Mus musculus.

mMiRNA

Risk gene
PICALM

BIN1

miR-154, -27b, -200b, -128 and -155 are immune-related miRNAs differentially expressed in AD patients. 3p and 5p refers to the precursor miRNA arm that give rise to the
mature miRNA.
Four miRNA prediction algorithms were used: microT4, miRanda, miRWalk and TargetScan. The colors correspond to the number of databases where the risk gene was

predicted to be regulated by each specific miRNA. Green — 4 databases; yellow — 3 databases; orange — 2 databases and red — 1 database.
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Table 7 — Commonly miRNAs predicted to regulate PICALM and BIN1 risk genes in Homo sapiens and Mus musculus.

mMiRNA
154 27b 200b 128 155 31 200c 497
Risk gene

PICALM

(hsa/mmu) V J J V V l
BIN1

(hsa/mmu) v v
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4.2.1. Evaluation of electroporation efficiency in N9 cells

In our first attempt to achieve miRNA modulation in N9 cells, we transfected N9
cells with miR-154, miR-31, miR-200c or miR-497 mimic oligonucleotides complexed
with DLS cationic liposomes (data not shown), previously developed in our laboratory.
However, this system showed very low transfection efficiency, probably due to the high
division rate of N9 cells, which causes a rapid decrease in the cytoplasmic concentration of
each mimic. Therefore, we decided to test an alternative transfection strategy in this cell
line and MiRNA delivery to N9 cells was performed by electroporation, using miRNA

precursors cloned into plasmids.
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Figure 12 — Electroporation-mediated internalization of pMiRs vectors in N9 cells. After
electroporation with pMiRs, cells were maintained for 48h in culture conditions. (A) The resulting GFP
signal was evaluated by confocal analysis, following nuclei staining with DNA-specific Hoescht 33342.
The panel shows representative images of control, pEGFP and p155, obtained in a Zeiss LSM 710 Meta
confocal microscope equipped with the 63x oil objective. (B) The number of cells expressing GFP were
assessed by flow cytometry in a BD Facs Calibur flow cytometer. Results are expressed as the % of cells
GFP*and are representative of an n = 3 (C) The expression levels of miR-200c were quantified by gRT-
PCR following total RNA extraction. Results are expressed as miRNA fold change with respect to control
cells and , normalized to the reference gene SNORD110, and are representative of an n = 2. Values are

presented as mean + SD.
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Electroporation allows the delivery of oligonucleotides with direct and rapid access
to their cytoplasmic or nucleic targets, thanks to the electrophoretic forces!’®. To evaluate
the efficiency of miRNA delivery through this technique, pEGFP and p155, two plasmids
presenting green fluorescent tags, were electroporated into N9 cells and the GFP signal
obtained 48h after transfection was analyzed by confocal microscopy (Figure 12A) and
flow cytometry (Figure 12B).

According to our results (Figure 12B), the efficiency of the electroporation process
was around 40% for both plasmids, which can be considered a promising result, since
microglial cells are usually very difficult to transfect'’. Confocal microscopy experiments
also showed the presence of green labelled cells in both experimental conditions, further
confirming the efficiency of this strategy. However, as can be observed in Figure 12A, the
fluorescence intensity obtained for pEGFP in confocal microscopy experiments was higher
than the one obtained for p155. This may be due to the different promoters found in both
plasmids: the T7 promoter for p155 and CMV promoter for pEGFP and also to the
fluorescent protein itself, since p155 contains the wild-type GFP sequence, while pEGFP
contains the enhanced version of GFP (EGFP) that is 35 times brighter than the wild-type,
greatly increasing the sensitivity of the reporter protein®™.

Importantly, to evaluate the expression levels of the pMiRs, we performed an
additional experiment in which N9 cells were electroporated with pmiR-200c and the levels
of miR-200c were evaluated by gRT-PCR 48 h after transfection (Figure 12C). As can be
observed in Figure 12C, an increase in the levels of miR-200c of around thirty-fold, with
respect to control cells, was observed after electroporation of N9 cells with p200c. One
important issue to take into consideration is that the efficiency of the electroporation
process may differ between experiments, even for the same plasmid, since the time constant
obtained in each round of electroporation is always different and these differences are
reflected in the standard deviations obtained. Nevertheless, taken together, our results
suggest that electroporation is the most efficient transfection option available for miRNA
delivery to N9 cells.
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4.2.2. MiRNA modulation in N9 cells and its impact on target mRNA
levels

We recently showed that several immune-related miRNAs are upregulated in AD and
MCI patients with respect to age-matched controls, including miR-154, miR-27b, miR-
200b, miR-128 and miR-155°. This data, together with the fact that some of these miRNAs
are predicted to bind to the 3’UTR of PICALM and BIN1 mRNA, led us to hypothesize that
these miRNAs may play a role in the modulation of PICALM and BIN1 expression, at least
in mononuclear phagocytes. To test this theory, we modulated the levels of three miRNAs:
miR-155, miR-200c and miR-31 in N9 cells and evaluated, employing gRT-PCR, the
impact of miRNA upregulation on target mRNA levels 48h after electroporation (Figure
13).
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Figure 13 - Quantification of PICALM and BIN1 mRNA levels in N9 cells, following
electroporation with p31, p155 or p200c. N9 cells were maintained for 48h in culture conditions
following electroporation with pMiRs. After this period and following total RNA extraction, the levels
of (A) PICALM and (B) BIN1 mRNA were quantified by gRT-PCR. Results are expressed as mMRNA
fold change with respect to control cells , normalized to the reference gene HPRT, and are representative
of at least n = 3; One-way ANOVA, following Dunnett’s test, * p < 0.05, ** p < 0.01 and **** p <
0.0001 with respect to control cells; # p < 0.05 and ## p < 0.01 with respect to pCT cells. Values are

presented as mean * SD.

Since miRNAs are known to bind to the 3’UTR of their target mRNAs, it is
predictable that a true mRNA:miRNA interaction will lead to a decrease in mRNA
expression, since the ribosome machinery will becomes temporarily or permanently unable
to complete mRNA translation. Thus, and taking into account that PICALM is a predicted

target of miR-200c and miR-155, it was expected that the expression of this gene would
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decrease upon electroporation of N9 cells with p200c and p155. Indeed, a decrease in
MRNA levels of PICALM with respect to non-electroporated cells was observed following
electroporation with p31, p155 and p200c. However, only p155 showed a significant
decrease in PICALM expression with respect to the control plasmid. Concerning BIN1,
which is a predicted target of miR-31, we only observed a significant decrease following
electroporation with p31, once again with respect to non-electroporated cells and to pCT.
Upregulation of miR-155 also resulted in a reduction of BIN1 mRNA levels, but only with
respect to the non-electroporated cells.

Our results are in full agreement with the bioinformatic predictions obtained using
the microT4, miRanda, miRWalk and TargetScan algorithms. Nevertheless, it is important
to take into consideration that this experiment does not completely exclude the hypothesis
of an indirect effect of the miRNASs on both genes. To validate a direct interaction of each
miRNA with the 3’UTR of PICALM and BIN1 mRNAs, a different kind of assay should
be performed, such as the luciferase validation assay or the pull-down for analysis of

biotinylated miRNA mimics following cell transfection.

4.2.3. MiRNA modulation in N9 cells and its impact on phagocytosis
activity

Since microglia are described as the brain-resident macrophages, it is natural to
consider these cells specialized phagocytes, whose major function, under homeostatic
conditions, is the cleaning of neurotransmitters, synaptic debris and also apoptotic cells. In
the context of dementia-associated neurodegeneration, microglia cells have also been
proposed to phagocyte misfolded proteins and protein aggregates. However, some authors
have suggested that, in AD mouse models, microglia presents impairments in its phagocytic
activity®®17®, Also in this context, Guedes et al. studied chemotaxis and phagocytosis, at
the systemic level, in AD and MCI patients and observed impairments in both these
functions®®. The authors associated these findings with the deregulation of specific
miRNAs in AD patients®®. Taking into consideration these reports, we decided to study
how the modulation of miR-31, miR-155 and miR-200c influences phagocytosisin N9 cells.
To accomplish this purpose, flow cytometry and confocal microscopy experiments

employing fluorescently-labelled latex beads were performed (Figure 14).
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Figure 14 — Phagocytosis of latex beads by N9 cells, following electroporation with p155, p200c or
p31. N9 cells were maintained for 48h in culture conditions following electroporation with pMiRs. After
this period, the cells were further incubated for 2h30min with red fluorescent latex beads and beads
internalization was evaluated by (A, B) flow cytometry, using a BD Facs Calibur cytometer and (C, D,
E) confocal microscopy, after fixation with PFA, immunocytochemistry labelling B-actin and staining
with DNA-specific Hoescht 33342. (A) Percentage of cells that perform phagocytosis (at least n = 3). (B)
Percentage of cells that ingested 1, 2 or more than 2 beads (at least n = 3). (C) The panel shows
representative images of N9 control cells or cells electroporated with pCT, p155, p200c or p31 observed
under a Zeiss LSM 710 Meta microscopy equipped with the 63x oil objective. For each experimental
condition (n = 2), 10 images were taken and, in each image, (D) the percentage of cells with internalized
beads and (E) the mean number of latex beads ingested by each cell was determined. One-way ANOVA,
following Dunnett’s test, * p < 0.05 ** p < 0.01 *** p < 0.001 and **** p < 0.0001 with respect to control

cells and ### p < 0.001 with respect to pCT cells. Values are presented as mean + SD.

These studies revealed that the modulation of the selected miRNAs leads to
alterations in the phagocytic ability of N9 cells. The first striking observation that can be
taken is that electroporation seems to increase the phagocytic ability of N9 cells by itself,
since all electroporated plasmids, including the control plasmid show an increase in the
number of internalized beads, with respect to control cells. Moreover, although only
tendencies could be observed through flow cytometry analysis with respect to the plasmid
control, confocal studies showed that N9 cells overexpressing miR-155 present a
significant reduction in phagocytosis with respect to cells electroporated with the control
plasmid. This result can be explained taking into consideration previous observations that
miR-155 is essential for M1-like activation in N9 cells. The M1 phenotype is usually
considered to be more pro-inflammatory, leading to the overexpression of inflammatory
cytokines and to a decrease in phagocytosis activity'3°. Therefore, it is plausible that miR-
155 overexpression following electroporation would lead to a decrease in the number of
internalized beads. In addition, this result can also be correlated with the increased
expression of miR-155 observed in BDMs of AD patients®. Finally, in this study we also
observed changes in miR-155 expression following activation of human MDMs towards
the different activation states. Similar to what was previously observed in N9 cells, miR-
155 expression was also increased in the pro-inflammatory state (M1), with respect to both
MO0 and M2 (Figure 15). No changes were observed for miR-200c or miR-31 expression in
those conditions (data not shown).

Interestingly, a slight, although not statistically significant, increase in phagocytosis

was observed following overexpression of both miR-31 and miR-200c with respect to the
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plasmid control (Figure 14). Taking into consideration our results concerning PICALM and
BIN1 expression following miRNA modulation and the role played by these proteins during
endocytosis, one would expected to see a decrease in phagocytosis. However, such decrease
was only observed upon overexpression of miR-155, which is not surprising if we take into
account that each miRNA has multiple possible targets. Thus, upon overexpression of miR-
200c and miR-31, it is possible that other genes beyond PICALM and BIN1 could have
become downregulated, leading to an increase in phagocytosis.

Taken together, ours results shown that miRNA modulation can interfere with the
phagocytic ability of mononuclear phagocytes, which opens the way to new miRNA-based
therapeutic strategies aiming at improving clearance of protein aggregates or other

undesirable cellular debris.
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Figure 15 — miR-155 expression levels in M0, M1 and M2 MDMs. Total RNA was extracted from MO
MDMs obtained after 7 days of differentiation in the presence of M-CSF or from M1 MDMs (incubated
with LPS (100 ng/mL) and IFN-y (20 ng/mL)) or M2 MDMs (incubated with IL-4 (20 ng/mL)). The
levels of miR-155 in MDMs were quantified by gRT-PCR. Results are expressed as miRNA fold change
with respect to MO MDMs and were normalized to the reference gene SNORD44. Results are
representative of an n = 3; One-way ANOVA, following Tukey’s post hoc test, * p < 0.05 with respect
to MO MDMs. Values are presented as mean * SD.
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4.2.4. MiIRNA modulation in N? cells and its impact on cytokines
expression

In the presence of a disturbance in the nervous system, microglia is responsible for
initiating the innate immune response aiming at recovering tissue homeostasis. This
response will be different depending on the surrounding environment and specific signals
released by local cells. As mentioned in the first chapter, there are two possible extreme
activation phenotypes: the M1 state and the M2 state. The M2 state is usually activated as
an initial defensive response and is characterized by the release of anti-inflammatory
cytokines, such as IL-4, IL-13 and IL10 and by the production of specific proteins with a
trophic and protective role, such as arginase 1 (Argl) and TGF-B. However, it is important
to clarify that in the presence of continuous damage, the M2 state tends to switch to the M1
state, leading to the release of pro-inflammatory cytokines, including IL-1p, IL-6 and TNF-
o and to the production of nitric oxide and ROS (reviewed in®3). It is already known that
certain miRNAs, such as miR-155, are master regulators of microglia and macrophage
activation, helping to establish a specific activation phenotype by regulating the expression
of proteins involved in immune-related pathways*3®. Therefore, in this study, we decided
to investigate how the modulation of miR-155, miR-200c and miR-31 could influence the
basal expression of M1 and M2-related cytokines (Figure 16).
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Figure 16 — Quantification of IL-10, TGF-B, TNF-a and IL-1 mRNA levels in N9 cells following
electroporation with p31, p155 or p200c. N9 cells were maintained for 48h in culture conditions, after
electroporation with pMiRs. Following total RNA extraction, the mRNA levels of (A) IL-10 (B) TGF-B
(C) TNF-a and (D) IL-1p were quantified by qRT-PCR. Results are expressed as mRNA fold change with
respect to control cells, normalized to the reference gene HPRT, and are representative of at least n = 3,
except for (A) p31 and p155 with an n =1 and n = 2, respectively and (C, D) p200c with an n = 2; One-
way ANOVA, following Dunnett’s test, * p < 0.05 and ** p < 0.01 with respect to control cells, # p < 0.05

with respect to control plasmid. Values are presented as mean + SD.

Taking into consideration the results presented above, concerning phagocytosis
experiments (Figure 14) and the fact that phagocytosis has been more associated with the
M2 state (reviewed in’"), it would be expected to observe an increase in IL-10 and TGF-
expression following electroporation with p200c and p31. However, this increase was only
observed for p31. Regarding the expression of pro-inflammatory cytokines, an increase in
the expression levels of TNF-o was observed for all pMiRs, including the control plasmid,
which suggests an unspecific effect due to the electroporation process per se. On the other
hand, the expression levels of IL-1p increased after miR-155 and miR-31 overexpression
and decreased after electroporation with p200c. With the exception of p31, the observed
fold changes are in agreement with the decrease and increase of phagocytic ability
presented in Figure 14 in the case of p155 and p200c, respectively. Interestingly, a previous
work has demonstrated that transfection of THP-1 cells (a macrophage-like human
monocytic cell line) with miR-200b and miR-200c mimics leads to a decrease in the
expression levels of pro-inflammatory cytokines, such as TNF-a and IL-6 in response to
the TLR4 agonist, LPS (an inducer of M1 state)*4°.

It is, however, important to note that in contrast to what normally happens, the
expression levels of these cytokines were evaluated in basal conditions, instead of in the
presence of M1 and M2 phenotype inducers, which may explain the low expression values
and non-significant differences observed. Thus, to better understand the involvement of
each miRNA in the activation process, similar experiments should be performed in the

presence of LPS or IL-4.
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4.2.5. MiRNA modulation in MDMs and its impact on target mRNA
levels

In addition to the work performed with the murine cell line N9, in this study we also
aimed to investigate the effects mediated by specific miRNASs, previously shown to be
upregulated in AD and MCI patients, in the expression of risk genes BIN1 and PICALM, in
human mononuclear phagocyte cells. For this purpose, and since human microglia cells are
not easily available, we transfected human MDMs, obtained through differentiation of
blood-derived monocytes of healthy young donors, with miRNA mimic oligonucleotides.

Since MDMs are a primary cell culture, with a low vyield at the end of the
differentiation process, the upregulation of miRNA levels in these cells was performed
using miRNA mimics complexed with DLS cationic liposomes, instead of through
electroporation, since this technique requires a high cellular yield and leads to significant
cell death. The choice of the delivery vehicle for these experiments was based on previous
work performed in our group®*®. Nevertheless, and in order to fully assess transfection-
associated toxicity, MDM cell viability was evaluated 24h after transfection through the
Alamar Blue assay (Figure 17). As can been observed in Figure 17, there was no significant
toxicity associated with the transfection process in MDMs, which reinforces the idea that
DLS lipoplexes are a highly biocompatible transfection system, even when working with

primary human cells.
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Figure 17 — Cell viability following transfection with miR-154, miR-31, miR-200c or miR-497
mimics. MDMs were incubated with miR-154/miR-31/miR-200c/miR-497 mimics or the negative

Cell Viability
(% of control cells)

control oligonucleotide (final concentration of 50 nM/well) complexed with DLS for 4h. At the end of
this period the cell medium was changed and cells were further incubated for 24h with fresh medium.
Cell viability was assessed by Alamar Blue assay. For this purpose, cells were incubated for
approximately 1h with the Resazurin dye and the absorbance was measured at 570 nm and 600 nm.
Results are expressed as the percentage of cell viability with respect to non-transfected cells (control),

and are representative of at least n = 3; Values are presented as mean + SD.
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In what concerns the expression of BIN1 and PICALM, no significant differences
were observed in PICALM and BIN1 mRNA levels in MDMs following transfection
(Figure 18).
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Figure 18 — Quantification of PICALM and BIN1 mRNA levels in MDMs following transfection
with miR-154, miR-31, miR-200c or miR-497 mimics. MDMs were incubated with miR-154/miR-
31/miR-200c/miR-497 mimics or with a negative control oligonucleotide (final concentration of 50
nM/well) complexed with DLS for 4h. Following this period, the cell medium was replaced and the cells
were further incubated for 48h with fresh medium. Following total RNA extraction, the expression levels
of (A) PICALM and (B) BIN1 mRNA were quantified by gRT-PCR. Results are expressed as mRNA fold
change with respect to non-transfected cells (control cells), normalized to the reference gene HPRT, and
are representative of at least n = 3, except for miR-154 and miR-200c mimic with an n = 2; Values are

presented as mean + SD.

Nevertheless, a non-significant reduction in BIN1 mRNA levels was observed in the
presence of miR-31 mimics. These results are in agreement with our observations in N9
cells, following electroporation with p31 (Figure 13) and suggest that miR-31 may truly
bind to the 3’UTR of BIN1 mRNA, modulating the expression of this gene at the post-
transcriptional level, in both mouse and human cells.

Two other key aspects must also be mentioned in the context of this experiment. First,
we observed an unexpected reduction in BIN1 expression upon transfection with the control
mimic, with respect to the control and with respect to miR-154, -200c and -497 mimics,
whose delivery did not change the mRNA levels of this gene. Since this effect cannot be
associated with transfection toxicity (Figure 17), this suggests an unspecific effect of the

mimic sequence. Therefore, it would be important to repeat the transfection experiments in
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MDMs employing a new negative control sequence, to validate the results obtained with
the miR-31 mimic. Secondly, we must take into consideration that the lack of significant
changes in the expression of both genes may also be due to the low transfection efficiency
of the DLS system in MDMs. The inefficient delivery of miRNA mimics to the
differentiated macrophages might be explained by their entrapment and quick degradation
in the lysosomes, since macrophages are known to have a very high lysosomal activity,
when compared to other immune cells, such as microglia and dendritic cells. The efficient
escape from the lysosome is a critical step in transfection mediated by lipid-based delivery
systems and failure to achieve this goal can result in low mimic availability in the
cytoplasm?’®
which could lead to preferential binding of the mimic to the 3°’UTR of other mRNAs that

. Another relevant explanation could be the unexpected target competition,

present higher affinity towards the mimic sequence. This would avoid efficient modulation
of BIN1 and PICALM mRNA levels by the delivered mimics.
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4.3. Re-differentiation of BDMs into microglia-like cells

As mentioned before, microglia play an important role in brain homeostasis, helping
to maintain neuronal integrity, supporting neuronal network functioning and inducing
immune defense responses when appropriate (reviewed in??). Since they are the most
relevant immune cells of the brain and their activity, or lack thereof, has been associated
with chronic neurodegeneration!’®, their study has been an important topic in neuroscience
research, particularly in what concerns CNS innate immune responses and their
contribution to disease onset and progression.

Currently, there is no easily available primary cell model of human microglia, which
restricts the study of neuroinflammation in several brain disorders. Therefore, in this study,
we aimed to establish and validate a new protocol to isolate and differentiate microglia-like
cells from human blood-derived monocytes, according to a recently published protocol*°.
In order to fully characterize these cells, the levels of several surface markers, as well as
the expression of several microglia signature genes, were investigated and compared to
those of MDM:s,
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4.3.1. Isolation and characterization of iMGs from PBMCs of young
healthy subjects

In order to obtain iMGs, PBMCs were firstly isolated from the blood of healthy young
volunteers using Histopaque-1077 density gradient centrifugation. Afterwards, the whole
PBMC population was cultured overnight in RPMI-1640 culture medium without FBS, in
order to facilitate cell adhesion, as mentioned in the section 4.1.1. In the following day cells
were supplemented with 10% FBS and while half of the cells was supplemented with M-
CSF (50 ng/mL), the other half received a mixture of GM-CSF (10 ng/mL) and IL-34 (100
ng/mL), to initiate the differentiation process into MDMs and iMGs, respectively.

M-CSF, GM-CSF and IL-34 are three cytokines involved in the differentiation of
cells of the mononuclear phagocyte system. However, the activity of these molecules in the
mononuclear phagocyte system is still under study. M-CSF and GM-CSF have different
receptors at the cell surface (M-CSF receptor and GM-SCF receptor a, respectively), while
IL-34 shares its receptor with M-CSF*®°, Nevertheless, since the structure of M-CSF and
IL-34 is relatively different and the domains they bound are different, their biological
activity and signal activation is not necessarily identical*®'-182, Still regarding M-CSF, this
molecule is known to regulate tissue macrophage and monocyte populations without
altering their "activation" state, while GM-CSF is mostly produced in inflammatory
conditions, inducing the activation of monocytes and/or macrophages and also mediating
monocyte differentiation into other cell types that participate in immune responses, in
particular dendritic cells (reviewed in8),

According to Ohgidani and colleagues, after 14 days of differentiation, using IL-34
and GM-CSF, monocytes should acquire a morphology similar to that of microglial cells,
with a large number of ramifications. Surprisingly, in our study, we failed to observe the
small soma bodies with numerous ramifications described by the authors (Figure 19).
Actually, our MDMs, differentiated by exposure to M-CSF, presented more ramifications
after 14 days in culture than our iMGs, differentiated through exposure to GM-CSF and IL-
34.
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A Day 14 - MDMs B Day 14 - iMGs

Figure 19 — Morphology of MDMs and iMGs isolated and differentiated from BDMs. Representative
images showing the morphology of (A) MDMs, obtained following 14 days of differentiation in the
presence of M-CSF (50 ng/mL) and (B) iMGs, obtained following 14 days of differentiation in the
presence of GM-CSF (10 ng/mL) and IL-34 (100 ng/mL). The images were acquired in a light microscope

equipped with the 20x objective. Results are representative of an n = 4.

Unfortunately, the discrimination between macrophages and microglia cells is still
challenging, due to the lack of useful and specific membrane markers. Therefore, in order
to characterize the obtained iMG cells, we decided to evaluate a set of markers using both
flow cytometry and qRT-PCR. Similarly to Ohgidani and colleagues, we started by
evaluating, employing flow cytometry, the expression of the monocyte surface marker
CD14 (Figure 20E), whose surface levels should decrease upon monocyte differentiation
to microglia-like cells'®*!84 In addition, the expression of the innate immune receptor
TREMZ2 was also evaluated in our study (Figure 20F), since this receptor is known to be

expressed in resting microglial cells’"2,
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Figure 20 — Characterization of iMGs isolated from PBMCs. The expression levels of CD14*and
TREM2 surface markers was evaluated in MDMs and iMGs by flow cytometry, in the FL-1 and FL-2
channel, respectively. (A, B) Representative dot plot of MDMs and iMGs, respectively. (C, D)
Representative histogram of (C) CD14* and (D) TREM2 surface expression. (E, F) Percentage of sorted
cells expressing (E) CD14* and (F) TREM2, following histogram analysis. Results are expressed as
percentage of total cells and as mean + SD. Two-way ANOVA, following Sidak’s test; * p < 0.05 and **
p < 0.01, with respect to MDMs MO.

The obtained results show that MDMs present a heterogeneous profile (Figure 20A),
since we could observe cells with different sizes and complexity. On the contrary, iMGs
show a more homogeneous profile (Figure 20B). Our results also unveiled the existence of
two types of iIMGs cells in what concerns CD14 expression: the cells that express high
levels of CD14* (CD14* M9") and cells expressing low levels of CD14* (CD14* ') (Figure
20C). As described by some authors, the expression of CD14" is lower in microglia cells,
which is in agreement with our results that show a decrease in the percentage of iMGs cells
expressing high levels of CD14, with respect to MDMs. This decrease in the CD14* Mo
population occurs in parallel with the appearance of a CD14* ' population only in iMGs
(Figure 20E).

Concerning the innate immune receptor TREM2, no changes were observed in iMGs
and MDMs. This result, together with the lack of a ramified morphology led us to question
the validity of the protocol described by Ohgidani.

Recently, Hickman and colleagues used direct RNA sequencing (DRS), fluorescent

dual in situ hybridization, quantitative PCR and proteomic analysis to characterize and
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compare the transcriptome and proteome of mouse microglia and peritoneal
macrophages’*. This study found 70% of similarity between microglia and macrophage
transcripts. The study also provided a unique molecular signature that defines microglia
cells and distinguishes them from other types of tissue-resident macrophages, based on the
expression of P2ryl2, P2ryl3, Tmem119, Gpr34, Siglech, Trem2, Cx3crl and HexB,
several genes found to be exclusively present in microglia’. In addition, employing gene
profiling analysis and quantitative mass spectrometry analysis, Butovsky confirmed the
expression of several unique microglial genes and showed that P2ry12, Gpr34, Merkt,
Clga, Prosl and Gas6 were uniquely or highly expressed in human microglia and not in
mouse microglia. Importantly, this second study compared the expression of the identified
genes in microglia and in other cells of the CNS, including neurons, astrocytes and
oligodendrocytes. The authors found that genes such as Fcrls, Olfm13, Tmem119, P2ry12,
Hexb and Tgfbrl were only expressed in microglia, reinforcing their designation as unique
microglial genes®,

In order to further conclude on the effectiveness of the re-differentiation protocol
proposed by Ohgidani, we decided to evaluate the expression of several of the new
microglia signature genes in iIMGs and MDMs. We employed gRT-PCR to quantify the
levels of Cx3crl, P2ry12, HexB and Spi | (Figure 21). Spi | is encoded by PU.1, which was
identified as the most significant transcription factor of microglia'®.
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Figure 21 — Quantification of microglia signature genes in iMGs and MDMs. Total RNA was
extracted from MDMs and iMGs obtained after 14 days of differentiation in the presence of M-CSF (50
ng/mL) or GM-CSF (10 ng/mL) and IL-34 (100 ng/mL), respectively. The expression of Cx3crl, P2ry12,
HexB and Spi | was quantified by qRT-PCR. Results are expressed as mRNA fold change with respect to
MDMs MO, normalized to the reference gene HPRT, and are representative of an n = 4. All values are

presented as mean £ SD.

The results presented in Figure 21 show that the expression of the selected genes is
slightly increased in iMGs with respect to MDMs, although without statistically
significance, due to the variations obtained in each independent experiment. In addition,
the differences observed between iMGs and MDMs are not identical to the ones observed
by Hickman and Butovsky %18, which were much more pronounced. Actually, in his work,
Butovsky already suggested that recruited monocytes do not acquire the microglia
signature. Thus, taking into consideration that microglia do not derive from definitive
circulating hematopoietic precursors, but from primitive embryonic precursors from the
yolk sac**** and considering recent studies showing that blood monocytes and other bone-
marrow progenitors do not contribute to the adult microglia pool in the CNS*6, we do not
find it surprising that the obtained iMG cells do not resemble microglia cells. For that
reason, we believe that the protocol established by Ohgidani is not sufficient to generate a
cellular model that can mimic human microglia in culture, despite the fact that these cells
were shown to present low expression of CD14, an increase in the expression of CX3CR1
and phagocytic ability®™®. We also believe that the expression of microglia signature genes
is crucial to elucidate the cell type obtained after isolation and differentiation and should

be taken in consideration in future protocols designed to obtain human microglia cells.
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Conclusions and future directions

5.1. Conclusions

The study of chronic neuroinflammation is gaining increased importance in AD, since
this feature can be observed at relatively early stages of the disease. Recently, new AD risk
genes were identified through GWAS studies and some of these genes were found to play
a role in immune system responses, providing additional evidence that neuroinflammatory
and neuroimmune events should be explored in the context of the design of new diagnosis
and therapeutic strategies for AD. This is also true for miRNAs, since several members of
the miRNA family have been shown to play an important role in AD pathophysiology, both
locally and peripherally.

Our results showed that the newly identified AD risk genes present differential
expression in the two opposite activation states of MDMSs, pointing to a protective role of
genes upregulated in the M2-like state (MS4A6E, SORL1, CR1, MS4A4A, TREM2, CASS4,
INPP5D, PICALM and BIN1) and a possible involvement in disease progression of genes
upregulated in the M1-like state (CLU and CD2AP). The observed decrease in PICALM
and BIN1 mRNA levels in AD and MCI patients, with respect to healthy age-matched
individuals, reinforces the protective role of these two genes in healthy condition, pointing
once more to their involvement in A clearance mechanisms. Importantly, a decrease in the
expression of these genes was also observed in elderly healthy individuals, though
worsened in a dementia setting, indicating that age, by itself, influences immune cell
function.

In this work, we also showed that the modulation of miRNAs in N9 cells, in particular
miR-155 and miR-31, induced a decrease in the expression of the target genes PICALM
and BIN1, respectively. Despite the lack of statistical significance, a similar result was
observed in MDMs for miR-31 and BIN1. These results, which are in agreement with
bioinformatics predictions, suggest that these miRNAs regulate risk gene expression, in
both mouse and human cells. Additionally, we observed that an increase of miR-155 leads
to a decrease in phagocytosis, while an increase in miR-31 and -200c leads to the contrary
effect, establishing that miRNA modulation interferes with the phagocytic ability of
mononuclear cells. Taken together, our results support the involvement of PICALM and
BIN1 in AD pathophysiology and strengthen the hypothesis that miRNA dysfunction, as
previously reported by our group in AD and MCI patients, may be directly related with the
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dysfunction of AP clearance mechanisms observed in these patients, further suggesting that
miRNA modulation strategies may be worth exploring in the context of AD therapeutics.
Apart from these results, we performed experiments to evaluate the possibility of
using re-differentiated human monocytes, prepared according to a previously described
protocol, as an in vitro model of microglia-like cells. After evaluating the levels of several
surface markers, as well as the expression of several microglia signature genes, we
concluded that cells obtained through this protocol do not mimic human microglia cells,
which is not surprising taking in consideration that microglia cells and circulating
monocytes do not share a direct precursor. Given the growing importance of microglia cells
in the regulation of brain homeostasis and neuronal development, these results stress once
again the urgent need to establish new protocols to obtain human microglia-like cells that

efficiently mimic, from a molecular point of view, microglia in their native environment.
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5.2. Future directions

The results presented in this study revealed new intervenients in AD pathophysiology
and opened new avenues in the design of AD therapeutics. However, further studies should
be performed in order to clarify the major functions of PICALM and BIN1 AD risk genes
in cells of the immune system and to inform on the possibility of using miRNA modulation
strategies to revert PICALM and BIN1 loss in the context of aging and dementia. For
example, the direct interaction of each miRNA with the 3’UTR of PICALM and BIN1
MRNAs should be validated by the luciferase validation assay or through the miRNA-biotin
pull down assay. Furthermore, and in order to overcome the low transfection efficiency of
microglia and macrophage cells, virus-mediated overexpression of the selected miRNAs
should be performed in N9 cells and in human macrophage cells, with the intention of
generating a more stable cell lines for the validation of the obtained miRNA modulation
and phagocytosis results.

In addition, and taking into consideration the autophagic studies performed by some
authors, it would be interesting study how the modulation of miRNAs influences the role
of BIN1 and PICALM proteins in endocytosis and autophagy. Importantly, PICALM and
BIN1 should be silenced using a more specific strategy, such as siRNA-mediated RNA
interference, in order to clarify if these genes have indeed a direct role in AP clearance

mechanisms, such as phagocytosis and autophagy.
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