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Abstract

Abstract

Alzheimer’s disease (AD) is the most common cause of dementia. Its main
histopathological features are amyloid B (AB) plaques and tau neurofibrillary
tangles. Excessive A3 production and aggregation can trigger tau deposition and
neuroinflammation, which lead to widespread neurotoxicity and dementia
symptoms. Neuroinflammation plays a key role in AD progression, with
inflammation mediators, especially microglia, promoting cytokine release,
oxidative stress, mitochondrial dysfunction, synapse loss and neuronal death.

In this work, we targeted inflammation resolution and microglial function to
study AD pathology and treatment, using in vitro and in vivo models. Additionally,
we developed a triple co-culture with neurons, microglia and astrocytes to study
cellular communication in AB pathology and neurodegeneration.

Firstly, we studied how using lipoxins to enhance resolution of
neuroinflammation could be beneficial for AD. We found that lipoxins in vitro were
able to decrease AB-induced ROS generation and restore mitochondrial function.
Lipoxins also reduced amyloid accumulation, tauopathy and glial activation in a
mouse model of AD, and prevented synapse loss and mitochondrial dysfunction.
These results suggest that lipoxins are interesting therapeutic candidates to
reduce AD pathology and progression.

Second, we analyzed Complement Receptor 3 (CR3) in microglia using
the inhibitor XVA143. CR3 inhibition altered cellular morphology and reduced
microglial migration capacity. It also altered the expression of genes related to
the immune response, including cytokines and the complement system. CR3
seems to play key roles in microglial function, and further research is required to
understand how this receptor affects microglia-mediated AD pathology.

Lastly, we established a triple co-culture model to study cellular
communication. In this triple co-culture, neurons had a more complex
morphology, microglia were less inflammatory, and astrocytes were less reactive
compared to primary cultures. We were also able to recapitulate A pathology,
which will allow us to study neurodegeneration and neuroinflammation processes

relevant to AD in future studies.
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Introduction

1. Alzheimer’s disease pathology.

AD is a neurodegenerative disorder characterized by progressive memory
loss and cognitive impairment. AD is the most common form of dementia with
around 50 million patients worldwide, and estimated to reach over 150 million by
2050 (Breijyeh and Karaman, 2020). Psychiatrist Alois Alzheimer was the first to
report the disease in 1907. He described a patient, 51-year-old woman Auguste
D, who had developed severe memory loss, disorientation and language
impairment. Post mortem analysis of her brain revealed widespread atrophy,
unusual extracellular deposits and intracellular neurofibrillary tangles (Alzheimer
and A., 1907; Strassnig and Ganguli, 2005). Later on, extracellular deposits were
identified as senile plaques made of AR and intracellular tangles were identified
as hyperphosphorylated tau protein (Miyakawa et al., 1982; Grundke-Igbal et al.,
1986) (Figure 1). To this day, senile plaques and neurofibrillary tangles are the
main histopathological features of AD (Long and Holtzman, 2019).

Figure 1. Senile plaques and neurofibrillary tangles in the AD brain. (A) Amyloid
plaques stained with anti-AB4. antibody. Scale bar = 125 uym. (B) Neurofibrillary tangles
with anti-PHF1 antibody. Scale bar = 62.5 ym (adapted from LaFerla and Oddo, 2005).

AD can manifest with diverse cognitive symptoms, although memory loss
is the most prominent (reviewed in Apostolova, 2016). Patients become
incapacitated and complications such as malnutrition, venous thrombosis or
infections ultimately arise. These complications are often the cause of death in
AD patients, generally 5-12 years after the onset of the symptoms.
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The deposition of AR occurs in the AD brain following a distinctive
anatomical pattern. Amyloid deposits start developing in the neocortex, they
spread to cholinergic nuclei, brainstem nuclei and, finally, to the cerebellum (Thal
et al., 2002). Alternatively, neurofibrillary tangles spread following a different
anatomical pattern, starting in the transentorhinal region, all the way into the
neocortex (Braak and Braak, 1995). Six stages of the disease are defined based
on the areas affected by the gradual deposition of fibrillary tangles. Stages I-Il, or
transentorhinal, are preclinical stages with no symptoms. Stages IlI-IV, or limbic,
coincide with incipient and moderate symptoms. Finally, stages V-VI, or
neocortical, are fully developed AD. Several studies have suggested that tau
tangles do not spread into the neocortex in the absence of AB (reviewed in Long
and Holtzman, 2019), so AR might be a prerequisite to develop tau pathology.

The most significant risk factor for AD is aging. The majority of cases
emerge after 65 years of age, constituting late-onset AD (LOAD), while only
around 5% of cases appear before age 65, constituting early-onset AD (EOAD)
(Lanoiselée et al., 2017). Most cases of EOAD are familial, inherited in an
autosomal dominant manner and linked to mutations in genes such as Amyloid
Precursor Protein (APP), y-secretase components Presenilin 1 and 2 (PSEN-1,
PSEN-2), and Apolipoprotein E (ApoE). Mutations in other genes like Clusterin,
or Triggering Receptor Expressed on Myeloid cells 2 (TREMZ2) also increase the
risk of AD, although to a lesser extent. Environmental factors such as infections,
cardiovascular disease or diabetes are also linked with higher risk of AD

(reviewed in Breijyeh and Karaman, 2020).

Since 1984, the standard for AD diagnosis has been the National Institute
of Neurological and Communicative Disorders and Stroke - Alzheimer’s Disease
and Related Disorders Association (NINCDS—ADRDA) criteria, which combines
the clinical history of patients with post mortem neuropathological examinations
(McKhann et al., 1984). However, new techniques such as positron emission
tomography (PET) imaging and cerebrospinal fluid (CSF) and plasma biomarkers
now allow anfe mortem diagnosis with reasonable accuracy (reviewed in Long
and Holtzman, 2019).Brain AR deposits in cognitively normal adults, using PET
amyloid tracer Pittsburgh Compound B (PiB), are associated with high risk of AD
(Morris et al., 2009). Besides, individuals with preclinical or mild AD confirmed by
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PET-PiB have reduced AB42 and increased tau levels in CSF and plasma (Fagan
et al., 2006, 2007; Fossati et al., 2019).

To this day, there is no cure for AD. Although some medications can
stabilize patients and delay cognitive decline. The acetylcholinesterase inhibitors
donepezil, galantamine and rivastigmine, and the N-Methyl-D-Aspartate
Receptor (NMDAR) antagonist memantine were the only medications approved
by the American Food and Drug Administration (FDA) for AD since 2003
(reviewed in Yiannopoulou and Papageorgiou, 2020). However, in 2021 the FDA
approved the first disease-modifying drug Aducanumab, a human monoclonal
antibody that selectively targets AR aggregates (Sevigny et al., 2016). While
promising, the decision has been controversial, because the drug did not prove
robust clinical improvements in two phase lll clinical trials (Knopman et al., 2021).
More than 200 clinical trials for AD have failed in the past (www.clinicaltrials.gov,
accessed January 17, 2022). Possible explanations for this fact could be that
therapies started too late in the disease progression, or that the selected targets
were not adequate (reviewed in Yiannopoulou et al., 2019). Up to the year 2020,
there were 121 ongoing clinical trials for AD, with a progressive shift from A and
tau to alternative targets, such as synapse protection, neurogenesis and

neuroinflammation (Cummings et al., 2020).

1.1. Amyloid cascade hypothesis.

The most accepted hypothesis to explain the onset and progression of AD
is the amyloid cascade hypothesis (Selkoe, 1991; Hardy and Higgins, 1992;
Hardy and Selkoe, 2002; Selkoe and Hardy, 2016). It was based on the discovery
of AB as the main constituent of senile plaques (Glenner and Wong, 1984; Kang
et al., 1987), and the identification of mutations in APP in familial AD (Levy et al.,
1990; Chartier-Harlin et al., 1991). The hypothesis postulates that AD pathology
is ultimately caused by an abnormal accumulation of AR in the brain, due to
enhanced production and/or reduced elimination of the peptide (Hardy and
Higgins, 1992; Dickson, 1997). AB is a 4.5 kDa peptide derived from the
proteolytic processing of APP (Haass et al., 1992).
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APP is a 100-140 kDa transmembrane glycoprotein with a single domain
and a long extracellular N-terminus, which is involved in physiological functions
like brain development, neurite growth and cell migration (Herms et al., 2004;
Young-Pearse et al., 2007). APP is produced and metabolized very rapidly (Lee
et al., 2008), following two main alternative pathways (Figure 2). APP can be
sequentially cleaved by a-secretase and y-secretase following the non-
amyloidogenic pathway, generating APP Intracellular Domain (AICD) and
extracellular peptide p3. Alternatively, APP can be cleaved by (3-secretase and y-
secretase following the amyloidogenic pathway, which generates AICD and A
(reviewed in O’Brien and Wong, 2011). Non-amyloidogenic cleavage is the
dominant pathway, although the amyloidogenic pathway is favored under
pathological conditions (Ehehalt et al., 2003).

APPsa APPspB
AB AaBplaqtue
eposits
I I “.?(\.“““ I
secretase secretase secretase <
S )94 A ;I ~
< o > > >
I | | = =
AICD Cc83 APP C99 AICD
NON-AMYLOIDOGENIC PATHWAY AMYLOIDOGENIC PATHWAY

Figure 2. Diagram of APP processing. In the non-amyloidogenic pathway, the
sequential proteolytic cleavage by a- and y-secretases generates AICD and p3. In the
amyloidogenic pathway, B- and y-secretases generate AICD and AB, which can form
oligomers, fibrils and, ultimately, senile plaques (adapted from Sasmita, 2018).

Depending on the point of cleavage by y-secretase, mainly three forms of
AP can be produced, consisting of 38, 40 or 42 amino acid residues. ABa4o is the
most abundant, while AB42 is more prone to aggregate forming oligomers and
fibrils (Burdick et al., 1992). Thus, increased ARs2/AB4o ratio can rise AR
aggregation and trigger neurodegeneration (Pike et al., 1991; Geula et al., 1998).
According to the amyloid cascade hypothesis, when the ABs2/ABa4o ratio is

increased, AB42 oligomerization and accumulation are favored. This ratio can
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increase by excessive AR production, for example by mutations in APP and
PSEN-1 and -2, or by insufficient AR clearance (Suzuki et al., 1994; Scheuner et
al., 1996). Oligomeric ABa42 alters synaptic function, and senile plaques start to
accumulate and trigger local inflammation and oxidative stress. Disruption of
neuronal homeostasis and altered kinase and phosphatase activities induce tau
hyperphosphorylation and formation of neurofibrillary tangles that, in turn,
contribute to neurotoxicity. The cascade leads to widespread neuronal
dysfunction and cellular death, leading to the onset of dementia symptoms
(reviewed in Haass and Selkoe, 2007).

AB oligomers are more toxic than other aggregated forms, in part due to
the fact that they can interact with a wide variety of targets (reviewed in Kayed
and Lasagna-Reeves, 2013). AB oligomers are present in AD brains, and they
are a better correlate for disease severity than senile plaques (Darocha-Souto et
al., 2011). Soluble AB oligomers are able to induce abnormal synaptic spine
morphology and neuronal death (Lambert et al., 1998; Lacor et al., 2007), induce
oxidative damage (Alberdi et al., 2018), and trigger release of inflammatory
mediators in microglia and astrocytes (White et al., 2005; Kim et al., 2014).

On the other hand, hyperphosphorylated forms of the tau protein are also
highly neurotoxic. Tau, or Microtubule-Associated Protein Tau (MAPT), is
primarily expressed by neurons in the central nervous system (CNS), and it
participates in microtubule assembly and stabilization of neuronal axons
(reviewed in Long and Holtzman, 2019). Hyperphosphorylation, mediated by tau
kinases, changes the protein conformation, causing misfolding and aggregation
(reviewed in Ballatore et al., 2007) that contribute to synapse loss, microglial
activation and neurodegeneration (Yoshiyama et al., 2007). Longitudinal PET
studies have revealed tau as a robust predictor of cognitive impairment
(Hanseeuw et al., 2019), while tau-related cognitive decline is worse in individuals
with high AB levels (Aschenbrenner et al., 2018). Evidence reveals the close
interaction between AB and tau in AD, with A aggregation taking place upstream
of tau, and tau accumulation further spreading the pathology and contributing to
neurotoxicity in collaboration with AB (reviewed in Bloom, 2014).
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1.2. Synaptic dysfunction and synapse loss.

Synapses are specialized structures that allow neuronal communication.
Presynaptic terminals synthesize, store and release neurotransmitters that bind
postsynaptic terminals, also known as spines, in order to transmit electrical

signals or activate signaling pathways (reviewed in Burns and Augustine, 1995).

Impaired synaptic transmission and synapse loss happen in early stages
of AD. Multiple authors have reported synapse loss in neocortex and
hippocampus of AD patients (Davies et al., 1987; Catala et al., 1988; Scheff et
al., 2007), and it is considered the most reliable correlate of memory impairment
(DeKosky et al., 1996; Sze et al., 1997). As aforementioned, there is a strong link
between soluble AB oligomers and synaptic dysfunction, and even picomolar
concentrations of AR oligomers can reduce the density of dendritic spines in
organotypic slices (Shankar et al., 2007). Tg2576 AD mice, which overexpress
APP695 and the Swedish mutation (KM670/671NL), show a drastic inhibition of
long-term potentiation (LTP) with age (Fernandez-Fernandez et al., 2016). Triple
transgenic (3xTg) AD mice, which carry PSEN1M146V, Swedish, and tauP301L
transgenes, also displays a deficit in LTP in the hippocampus as early as 4
months of age (Oddo et al., 2003b; Billings et al., 2005). AB oligomers can also
disrupt glutamate, the most abundant excitatory neurotransmitter in the CNS. A
oligomers can impair glutamate uptake by astrocytes (Han et al., 2016), and also
trigger astrocytic glutamate release (Harkany et al., 2000). This excessive
glutamate accumulates around synapses and can induce excitotoxicity (reviewed
in Tu et al., 2014).

Synaptic transmission relies on mitochondrial energy supply in order to
maintain ion gradients and support neurotransmitter release and reuptake
(reviewed in Cai and Tammineni, 2017). Thus, damaged mitochondria directly
threaten synaptic function. It has been reported that AR induces mitochondrial
swelling and reduces synaptic markers in rat synaptosomes (Mungarro-
Menchaca et al., 2002). AB also impairs mitochondrial recruitment to synapses
by inhibiting axonal transport, resulting in reduced energy availability and further

contribution to synaptic dysfunction in AD (Rui et al., 2006).
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Along with synaptic dysfunction, active elimination of synapses takes place
in the AD brain (reviewed in Cardozo et al., 2019). This elimination can occur
through autonomous neuronal mechanisms, or through glial cells. Cultured
neurons from Tg2576 mice display reduced expression of both pre- and post-
synaptic markers, and a reduction of Glutamate receptor ionotropic 1, which
suggests that AB can induce synapse loss in a cell-autonomous way in neurons

via downregulation of glutamate receptors (Almeida et al., 2005).

Synapses can also be eliminated by the interaction with glial cells.
Astrocytes are involved in synapse elimination during CNS development via
Megf10 and Mertk phagocytic pathways (Chung et al., 2013). Besides, reactive
astrocytes near AB plaques can engulf dystrophic neurites in hippocampus of
APP/PS1 AD mice, which carry Swedish and PSEN1L166P mutations, as well as
AD patients (Gomez-Arboledas et al., 2018). Besides, microglia participate in
synaptic elimination in AD, mainly through components of the complement
system. Schaffer et al. (2012) first reported this process in mammalian CNS
development. Years later, Hong et al. (2016) proved that this microglia-
dependent synaptic loss was also present in pre-plaque J20 AD mice, which carry
APP mutations Swedish and Indiana, and APP/PS1 mice.

Complement components C1q and C3, and receptor CR3 are the main
effectors of microglia-dependent synaptic elimination (Hong et al., 2016) (Figure
3). The presence of AB induces C1q, initiator of the classical complement
cascade, to be recruited to the synapse. This leads to the activation of C3, whose
cleavage product C3b labels the synapse for elimination. Interaction of C3b with
CR3 in the microglia finally results in the engulfment of the synapse (reviewed in
Luchena et al., 2018). Numerous publications have reported that genetic ablation
of C1q, C3 or CR3 is able to prevent AB-induced synaptic loss in AD mouse
models (Hong et al., 2016; Lui et al., 2016; Shi et al., 2017). In addition, C1q and
C3 expression is increased in hippocampus of AD patients (Yasojima et al.,
1999).
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Figure 3. Diagram of microglia-dependent synaptic elimination. In AD, C1q is
recruited to synapses and interacts with AB. This triggers the activation of complement
protein C3, which is cleaved into C3a and C3b. C3a binds to receptor C3aR, linked to
inflammation. C3b labels the synapses and binds to microglial CR3, which leads to the
removal of the synapse (adapted from Luchena et al., 2018).

1.3. Oxidative stress.

Increasing evidence reveals that oxidative stress plays a major role in the
pathophysiology of AD (Huang et al., 2016). The brain has limited antioxidant
capacity in comparison with other organs, in part because it has high oxygen and
energy demands, so it is particularly vulnerable to oxidative damage. There is
evidence of oxidative damage in the brain of AD patients, with increased protein
oxidation (Hensley et al., 1995; Aksenov et al., 2001), lipid peroxidation
(Markesbery and Lovell, 1998), and reduced antioxidant activity in plasma
(Zafrilla et al., 2007).

Byproducts derived from oxygen metabolism are known as reactive
oxygen species (ROS). Among this group of metabolites are hydrogen peroxide
(H202), nitric oxide (NO) and superoxide anion (O27). ROS are constantly
produced in the cell during normal metabolism, and there is a balance between
production and clearance. Oxidative stress occurs when balance is disrupted and
there is an uncontrolled ROS production and/or limited antioxidant activity.
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Excessive ROS leads to cellular damage, driven by protein and enzyme
oxidation, lipid peroxidation, and mitochondrial and nuclear DNA damage. ROS
are mainly generated by mitochondrial oxidative metabolism and Nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases or NOX, while superoxide
dismutases and glutathione are the most prominent detoxification agents
(reviewed in Bresciani et al., 2015).

The human NOX family includes seven isoforms that catalyze the
production of superoxide radicals by transferring electrons from NADPH to
oxygen. NOX2 is the most studied in the brain, mainly expressed by microglia
(Donhi et al., 2010) and, to a lesser extent, by astrocytes (Abramov et al., 2005)
and neurons (Tammariello et al., 2000). NOX2 consists of two transmembrane
proteins, p22P°x and the catalytic subunit gp91P"x and four cytosolic
components, p47Phox, p67°P"x p40Phox and G-protein Rac (reviewed in Brandes
et al., 2014) (Figure 4). Activation of NOX2 requires phosphorylation of p47 and
p67, and the activation of Rac, so that all cytosolic components can translocate
to the membrane. NOX2 is located in the cytoplasmic membrane and can be
activated in lipopolysaccharide (LPS)-induced immunity (Parajuli et al., 2013), or
in response to neurodegeneration stimuli like AR (Della Bianca et al., 1999) and

a-synuclein (Hou et al., 2018).

Figure 4. Structure of enzyme NOX2. NOX2 consists of transmembrane subunits
p22°"°* and gp91P"% and cytosolic components p47P"% p67°"°*, p40°"*™* and Rac.
Recruitment of cytosolic components to the membrane activates the enzyme, producing
superoxide anions (adapted from Brandes et al., 2014).
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In the context of AD neurodegeneration, there is a sustained oxidative
damage triggered by the combination of enhanced ROS production and reduced
antioxidant activity (Cheignon et al., 2018). Besides, NOX2 is activated in AD
patients (Shimohama et al., 2000), and A is a potent enhancer of NOX-mediated
ROS generation (Della Bianca et al., 1999; Shelat et al., 2008). Tg2576 mice
display high levels of ROS in the cortex coincident with the onset of senile
plaques (Apelt et al., 2004). NOX2 is especially relevant in microglia, where it
mediates ROS generation in response to pro-inflammatory cytokines Tumor
Necrosis Factor-a (TNF-a), Interleukin 1B (IL-1B) and Interferon-y (IFN-y) (Yang
et al., 2007). Inversely, ROS can act as secondary messengers activating pro-
inflammatory pathways in microglia (reviewed in Simpson and Oliver, 2020).
Regarding ROS clearance, AD patients display low activity of antioxidant
enzymes SOD and glutathione reductase in plasma (Zafrilla et al., 2007). Genetic
ablation of SOD-2 in J20 mice accelerates behavioural alterations and neuronal
damage (Esposito et al., 2006), while overexpression of the same SOD-2 in
Tg2576 mice reduces superoxide radicals and prevents memory deficits
(Massaad et al., 2009). A number of antioxidants have been tested to reduce
oxidative damage in AD (reviewed in Oliver and Reddy, 2019). For instance,
naturally occurring polyphenols rutin, morin and magniferin are able to reduce
ROS generation, enhance SOD activity and attenuate mitochondrial damage
induced by ABa42 in neurons (Wang et al., 2012; Alberdi et al., 2018).

Glutathione is a thiol-containing molecule that is key in the antioxidant
response to oxidative stress (reviewed in Dringen, 2000). The reduced form GSH
can turn into the oxidized form GSSG during ROS detoxification, and then can be
regenerated in the glutathione redox cycle (Figure 5). Alterations in the
GSSG/GSH balance can leave cells vulnerable to oxidative damage (reviewed in
Pocernich and Butterfield, 2012). Studies have revealed increased levels of
GSSG in cerebrum, cerebellum, hippocampus and blood of APP/PS1 mice with
age (Zhang et al., 2012). In addition, GSSG levels are significantly higher in
erythrocyte and plasma samples of AD and mild cognitive impairment patients,
compared to age-matched controls (Calabrese et al., 2006; Bermejo et al., 2009),
thus GSSG and GSH in blood have been proposed as biomarkers for AD

progression.
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Figure 5. Glutathione cycle of oxidation and reduction. Glutathione protects against
oxidative damage by ROS detoxification. Glutathione peroxidases convert GSH into the
oxidized form GSSG, while glutathione reductases convert GSSG into the reduced form
GSH (adapted from Patel et al., 2014).

1.4. Mitochondrial dysfunction.

Mitochondria play a critical role in brain bioenergetics and metabolism, so
any disruption will significantly contribute to AD pathology (reviewed in Cai and
Tammineni, 2017). Besides, mitochondria are both the main source of ROS
generation in the cell, and one of the organelles most vulnerable to oxidative
damage (reviewed in Sastre et al., 2003). The main function of this organelle is
to generate energy in form of adenosine triphosphate by oxidative
phosphorylation, in which electrons are transferred down the mitochondrial
respiratory chain to power adenosine triphosphate synthase. Mitochondria carry
out many other functions like Ca?* storage, maintenance of the redox balance,
and apoptosis (reviewed in Belenguer et al., 2019). These dynamic organelles
undergo continuous changes in number and shape depending on cellular needs.
Mitochondrial fusion is mainly mediated by proteins Mitofusin-1 (MFN1),
Mitofusin-2 (MFN2) and Optic Atrophy Protein 1 (OPA1), while mitochondrial
fission is mediated by Mitochondrial fission 1 protein (Fis1) and Dynamin-Related
Protein 1 (DRP1) (reviewed in Chan, 2012). Imbalance between fusion and
fission leads to impaired mitochondrial motility and function (Cai and Tammineni,
2017).
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Mitochondrial dysfunction is part of the pathophysiology of AD. Increased
expression of DRP1 and Fis1 and reduced expression of MFN1, MFN2 and OPA1
was found in the frontal cortex of AD patients, indicating excessive mitochondrial
fragmentation (Calkins et al., 2011). Human neuroblastoma cells overexpressing
APP Swedish mutation display increased Fis1 and reduced OPA1, along with
fragmented mitochondria with an abnormal distribution around the perinuclear
area (Wang et al., 2008). Female 3xTg mice also have low levels of MFN2 and
high levels of DRP1 in hippocampus and cortex (Djordjevic et al., 2020).

Together with mitochondrial dynamics, AB can alter normal mitochondrial
metabolism. Several authors have demonstrated that AB42 impairs the activity of
respiratory chain components in vitro (Bobba et al., 2013; Alberdi et al., 2018).
Oxidative phosphorylation is also reduced in 3xTg mice, with alterations in the
expression of respiratory chain complexes (Yao et al., 2009; Djordjevic et al.,
2020). Cytochrome C, IV component of the respiratory chain, is reduced in

Tg2576 mice compared with wild type (WT) littermates (Manczak et al., 20006).

Defective mitochondrial metabolism can be partially explained by an
increase in oxidative stress. AP oligomers increase mitochondrial ROS levels in
rat hippocampal neurons (Wang et al., 2009), and Tg2576 mice accumulate A
oligomers in the inner mitochondrial membrane together with high levels of H-O>
(Manczak et al., 2006). It is also known that enzyme NOX4, found in
mitochondrial membranes, produces H202 and specifically inhibits the activity of
respiratory chain complex | (Koziet et al., 2013).

Some studies suggest that mitochondrial dysfunction precedes the onset
of AD pathology. For instance, in 3xTg mice, impaired mitochondrial respiration
and increased oxidative stress manifest as soon as three months of age, before
the onset of amyloid plaques (Yao et al., 2009). Thus, mitochondrial dysfunction
and AB and tau pathologies would exacerbate each other in a vicious cycle that
ultimately drives AD neurodegeneration (reviewed in Kim and Mook-Jung, 2019).
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2. Neuroinflammation in AD.

Neuroinflammation is a feature that has gained relevance in the
pathophysiology of AD over the last decades. Acute inflammation can take place
in the brain as a defensive response to harmful stimuli like pathogens or injuries
(reviewed in Lyman et al., 2014). However, if the negative stimulus persists,
inflammation is not resolved and becomes chronic, contributing to further tissue
damage. Numerous authors argue that chronic inflammation is key to the
progression of neurodegenerative diseases, and especially AD (reviewed in
Calsolaro and Edison, 2016). Recent studies using PET imaging suggest that
microglial activation is necessary for amyloid pathology to progress to tau
pathology, and that the conjunction of AB, tau and microglial activation is a robust
predictor for cognitive impairment (Pascoal et al., 2021). Over the years, genome-
wide association studies have revealed a number of variants in inflammation-
related genes that are associated with increased risk of AD, such as complement
receptor CR1 and clusterin (Lambert et al., 2009), myeloid cell surface antigen
CD33 (Naj et al., 2011), and TREMZ2 (Sims et al., 2017), among others. Besides,
AD patients display ongoing inflammation in the brain, characterized by reactive
astrocytes or astrogliosis (Kato et al., 1998; Serrano-Pozo et al., 2011), as well
as reactive microglia or microgliosis (Dickson et al., 1988; Vehmas et al., 2003)
concentrated around amyloid plaques. Interestingly, amyloid pathology can act
as both cause and consequence of neuroinflammation. For example, A
oligomers induce the release of IL-13 and TNF-a by microglia in vitro (Weldon et
al., 1998; Parajuli et al., 2013). On the other hand, the expression of APP can be
enhanced in murine neurons after exposure to IL-13 (Forloni et al., 1992). Along
with resident microglia and astrocytes, inflammation in the brain is also joined by
infiltrating leukocytes and monocytes/macrophages due to a disruption of the
blood-brain barrier (BBB) (reviewed in Hohsfield and Humpel, 2015) (Figure 6).
It has been shown that AD patients can display abnormalities in the capillary
endothelium (Stewart et al., 1992), and cerebral amyloid angiopathy (CAA)
(Vinters et al., 2009), where AB deposits in blood vessels walls and leads to
damage and rupture. Tg2576 mice also display CAA and structural disruption of
blood vessels (Christie et al., 2001).
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Figure 6. Neuroinflammation is a key process in AD pathology. Stimuli like AB
deposition, infections or brain injury trigger an inflammatory response. Microglia and
astrocytes become reactive and secrete pro-inflammatory cytokines, and BBB disruption
allows the recruitment of peripheral immune cells to the inflammation site. In AD,
neuroinflammation becomes chronic, which leads to a neurotoxic environment (adapted
from Minter et al., 2016).

Non-cellular mediators of inflammation are widespread in the AD brain.
High levels of pro-inflammatory cytokines are found in plasma of AD patients
(Swardfager et al., 2010), including TNF-a (Gezen-Ak et al., 2013), IL-13 (Honma
et al., 2013) and Macrophage Colony-Stimulating Factor (M-CSF) (Laske et al.,
2010). Besides, in vitro microglia derived from AD patient autopsies increase their
production of cytokines IL-1p3, IL-6, TNF-a and M-CSF after treatment with Af42
aggregates (Lue et al., 2001).

Other well-known non-cellular mediators of inflammation pathways are
inflammasomes. There are four different inflammasome complexes, and
Nucleotide-binding Domain-Like Receptor Protein 3 (NLRP3) has been
extensively studied in the context of neurodegeneration (reviewed in Freeman
and Ting, 2016). NLRP3 inflammasome consists of the sensor protein NLRP3,
the adaptor protein Apoptosis-associated Speck-like Protein containing a
Caspase recruitment domain (ASC) and pro caspase-1. Assembly and activation
of this complex leads to the cleavage of pro IL-13 and pro IL-18 into their bioactive
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forms (reviewed in Gold and EI Khoury, 2015). Caspase-1 and NLRP3 (Saresella
et al., 2016), as well as ASC (Liu and Chan, 2014) are increased in AD patients,
and genetic ablation of either caspase-1 or NLRP3 has positive effects on
memory loss and amyloid deposition in APP/PS1 mice (Heneka et al., 2013).

2.1.Microglia.

Microglia, first described more than a century ago by Spanish researcher
Pio del Rio Hortega, are the principal resident immune cells of the brain. Microglia
make up to 5-12% of the total CNS cells, they originate in the embryonic yolk sac,
and are capable of self-renewal (reviewed in Helmut et al., 2011). These cells
carry out three crucial tasks: they promote neuronal homeostasis and normal
function, they constantly survey their environment in search for external threats
or injuries, and they act as the first defense against such threats to provide
neuroprotection (reviewed in Hickman et al., 2018). Microglia can display diverse
morphologies (reviewed in Olah et al., 2011) (Figure 7). Ramified microglia, with
small cell bodies and numerous processes, are characteristic of healthy or
homeostatic conditions. Meanwhile, hypertrophic microglia are associated with
reactive microglia and can be found after acute injury or around amyloid plaques
in AD. Depending on the authors, hypertrophic microglia can display enlarged
cell bodies with few short ramifications (Shahidehpour et al., 2021), or enlarged
cell bodies with numerous ramifications (Wyatt-dJohnson et al., 2017). Dystrophic
microglia, characterized by cytoplasmic swelling and few discontinuous
processes, can be found in AD and other forms of dementia (Shahidehpour et al.,
2021). Microglia can also adopt an amoeboid shape in conditions of high
phagocytic activity, with completely retracted processes and an almost rounded
soma. There is a fifth microglial morphology known as rod shape, with elongated
cell bodies and very short processes (Taylor et al., 2014). This rod-shaped
microglia has been associated with aging (Bachstetter et al., 2017) and AD
(Wierzba-Bobrowicz et al, 2002), although its function remains poorly
understood.
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Figure 7. Microglial morphology in the human brain, associated with
neurodegeneration (up) and epilepsy (down). Microglia stained with Iba1 in different
morphological states. Big scale bar = 50 um (adapted from Wyatt-Johnson et al., 2017;
Shahidehpour et al., 2021).

In response to stimuli like injury or pathogens, microglia migrate to the
affected area thanks to the release of chemotactic factors such as extracellular
adenosine triphosphate, which microglia can follow (Honda et al., 2001). Once in
the area, microglia will try to remove the negative agent by producing pro-
inflammatory cytokines, generating ROS and inducing phagocytosis (reviewed in
Garden and Modller, 2006). In response to LPS, in vitro microglia become
amoeboid, increase the production of cytokines IL-13, IL-6 and TNF-a, and
generate nitric oxide (Nakamura et al., 1999) due to the upregulation of Inducible
Nitric Oxide Synthase (iNOS) (Possel et al., 2000). LPS-stimulated microglia also
increase their capacity to engulf synaptosomes (He et al., 2021) and apoptotic
neurons (Fricker et al, 2012). This microglial response is considered

neuroprotective and helps the tissue return to physiological conditions.

Amyloid and tau act as microglial activators in the context of AD. Reactive
microglia are able to remove fibrillar AB (Koenigsknecht and Landreth, 2004) and
neurons accumulating phosphorylated tau (Brelstaff et al., 2018). However,
persistent production and accumulation of A and tau overwhelm microglia, and
their clearance ability is reduced (Mawuenyega et al., 2010). Some studies also
suggest that microglia can contribute to tau propagation (Asai et al., 2015).

Evidence supports the idea of microglia as a double-edged sword that can
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promote neuroprotection with acute activation, but can become neurotoxic if the
activation is sustained and becomes chronic (reviewed in Kwon and Koh, 2020).
In fact, partial depletion of microglia in 3xTg mice using PLX5622, an inhibitor for
Colony-Stimulating Factor 1 Receptor (CSF1R), resulted in improved learning
and memory (Dagher et al., 2015). Another CSF1R inhibitor, PLX3397, depleted
80% of microglia in 5xFAD mice, rescuing synaptic and neuronal loss and
reducing neuroinflammation (Spangenberg et al., 2016). These studies strongly
suggest that microglia become detrimental in AD, supporting the development of
therapeutics focused on mitigating microglial activation and/or proliferation
(reviewed in Spangenberg and Green, 2016).

AD mouse models like Tg2576 (Benzing et al., 1999), 3xTg (Belfiore et al.,
2019) and 5xFAD (Oakley et al., 2006) display microgliosis, especially in the form
of hypertrophic and amoeboid microglia surrounding amyloid plaques. Besides,
microglial activation markers such as Major histocompatibility complex Il, CDG8,
CD45, Iba1 and CD11b are elevated in AD brains (Hopperton et al., 2017). AB
induces microglia to produce and release pro-inflammatory cytokines IL-13, IL-6
(Meda et al., 1999) and TNF-a (Meda et al., 1995) that have neurotoxic effects.
IL-18 can interfere with neurotrophic factors and reduce neuronal survival (Tong
et al., 2008), while TNF-a inhibits neurite outgrowth (Neumann et al., 2002).
Interestingly, microglial AB phagocytosis is impaired in the presence of IL-13 and
TNF-a in vitro (Pan et al., 2011). Similarly, in APP/PS1 mice there is a reduction
in AB binding receptors like CD36 and Receptor for Advanced-Glycosylation End
products (RAGE) at the same time as IL-13 and TNF-a are increased, suggesting
a negative correlation between cytokine release and AP clearance capacity
(Hickman et al., 2008). Finally, microglia are also a source of oxidative stress in
the AD brain. AB can activate NOX (Zhang et al., 2011) and iNOS (Weldon et al.,
1998) in microglia to produce ROS, leading to impaired mitochondrial respiration
and neuronal death (reviewed in Kaur et al., 2019).
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2.2. Astrocytes.

Astrocytes make up to 20-40% of cells in the CNS, and they participate in
a long list of processes to maintain homeostasis and normal neuronal function
(reviewed in Westergard and Rothstein, 2020). Astrocytes maintain the BBB,
regulate blood flow, provide energy to neurons, and participate in tripartite
synapses regulating neurotransmission (reviewed in Perea et al., 2009). In case
of injury, astrocytes can remove dead cells, release pro-inflammatory mediators
and form a glial scar around areas of tissue damage (reviewed in Kaur et al.,
2019). Astrocytes are morphologically heterogeneous, with as many as nine
distinct groups, depending on their location, their function and their state of
activation (Emsley and Macklis, 2006; Escartin et al., 2021). Protoplasmic
astrocytes are located in the cortical grey matter, distributed uniformly with
minimum overlapping, and they have a complex morphology with numerous fine
processes. In pathological conditions, astrocytes undergo diverse morphological
changes, including elongation, extension toward injuries, and domain overlap
(reviewed in Escartin et al., 2021). Astrocytes can also become hypertrophic, with
enlarged cell bodies, high number of ramifications, and upregulated expression
of Glial Fibrillary Acidic Protein (GFAP) (reviewed in Oberheim et al., 2012).

Hypertrophic astrocytes are associated with amyloid plaques and
neurofibrillary tangles in the neocortex of AD patients, and this astrogliosis
negatively correlates with cortical thickness (Serrano-Pozo et al., 2011).
Astrocytic markers GFAP and S1008 are increased in brain tissue, CSF and
plasma of AD patients (Mecocci et al., 1995; Fukuyama et al., 2001; Wyssenbach
et al., 2016). In addition, astrogliosis can be observed in AD models like 3xTg
(Oddo et al., 2003a) and 5xFAD (Girard et al., 2014). AB-stimulated astrocytes
trigger an inflammatory response increasing the expression of IL-13, TNF-a and
iINOS (Akama and Van Eldik, 2000). AB causes sudden increases in astrocytic
cytoplasmic Ca?* (Alberdi et al., 2013) that are associated with higher NOX-
dependent ROS generation and neuronal death (Abramov et al., 2005).

Similar to microglia, astrocytic activation can be beneficial or detrimental.
On one hand, astrocytes have the capacity to bind and degrade ABas> (Wyss-
Coray et al, 2003), and to release extracellular enzymes like matrix
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metalloproteinases 2 and 9 (MMP2, 9) that contribute to AR clearance (Yin et al.,
2006). On the other hand, reports suggest that astrocytes exacerbate Af
neurotoxicity and promote tau phosphorylation in vitro (Garwood et al., 2011),
and inhibition of astrocytic activation pathway Calcineurin/Nuclear Factor of
Activated T cells results in improved cognition and lower AB levels in APP/PS1

mice (Furman et al., 2012).

2.3.Complement system.

The complement system is a component of the innate immune response
involved in defense against pathogens, and it has over 50 components between
soluble proteins and membrane receptors (reviewed in Ghebrehiwet, 2016). The
complement cascade can be activated by the classical, the lectin and the
alternative pathways (reviewed in Mathern and Heeger, 2015) (Figure 8). The
classical pathway is initiated by C1q, a multimeric protein made up by A, B and
C chains. Activation of C1q leads to the formation of complex C1, which cleaves
C2 and C4 to C2a + C2b and C4a + C4b, respectively. C2b and C4b form the C3
convertase, which cleaves C3 into C3a + C3b. In the lectin pathway, C3 cleavage
is triggered by mannose-binding lectins and ficolins. In the alternative pathway,
complement activation occurs constitutively at low rates thanks to factors B and
D, which act as C3 convertases. C3 cleavage is the central amplification step of
the complement cascade, with multiple C3b products recruiting more C3
convertases. C3 convertases bind C3b products to form C5 convertases, which
in turn cleave C5 into C5a and C5b. Anaphylatoxins C3a and C5a mediate
inflammatory response and immune cell recruitment. C3b participates in
opsonization and phagocytosis, while C5b initiates the formation of the
Membrane Attack Complex (MAC), composed by proteins C5b, C6, C7, C8 and
C9, in order to induce lysis in cell membranes. There are four complement
receptors, CR1-4, that mediate C3b actions on lymphocyte activation,

opsonization and phagocytosis (reviewed in Carpanini et al., 2019).
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Figure 8. The complement cascade. The classical pathway is activated by C1q
through antibody/antigen recognition. Complex C1 generates C3 convertase C4b2a. The
alternative pathway is constitutively active, and it is mediated by factors B and D. Three
pathways converge in C3 cleavage, generating anaphylatoxin C3a, and C3b. C3b takes
part in C5 convertases that cleave C5 into anaphylatoxin C5a and C5b. C3a and Cb5a
bind their respective receptors to recruit immune cells. C5b binds C6, C7, C8 and C9 to
form the MAC. C3b participates in opsonization, phagocytosis and B-cell activation. The
cascade can be stopped in every step by factors like receptor CR1 or clusterin (adapted
from Carpanini et al., 2019).

AB can directly bind and activate C1q (Rogers et al., 1992; Jiang et al.,
1994), which can be found in association with senile plaques in the brain of AD
patients (Ishii and Haga, 1984; Afagh et al., 1996). Expression of components
C1-C9 is increased in temporal cortex and hippocampus (Walker and McGeer,
1992; Shen et al., 1997), and levels of C3 and C4 are elevated in CSF of AD
patients (Daborg et al., 2012). Besides, variants in complement components CR1
and clusterin are linked to increased AD risk (Lambert et al., 2009). In the adult
brain, C1q is mainly produced by microglia (Fonseca et al., 2017), which can
respond to C1q with release of pro-inflammatory cytokines and ROS generation
in a way similar to LPS exposure (Farber et al., 2009). Authors have also found

a steady increase of C1q accumulation in the aging human and mouse brain in
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areas like the hippocampus and localized in the proximity of synapses (Stephan
et al., 2013). Interestingly, genetic ablation of C3 prevented aging-induced
synaptic loss and memory impairment in WT mice (Shi et al., 2015). The role of
the complement system in AD pathology is controversial (reviewed in Luchena et
al., 2018). Some authors argue that the complement has neuroprotective effects.
For instance, aged APP mice lacking C3 have higher levels of AB42 deposition
and increased neuronal loss (Maier et al., 2008). Moreover, soluble complement
receptor-related protein Y, a complement inhibitor, increases AB deposition and
neuronal degeneration in APP mice (Wyss-Coray et al., 2002). On the other hand,
other authors have shown the complement system can be detrimental for
neurons. C3 coming from astrocytes alters synaptic morphology and disrupts
neuronal function in vitro (Lian et al., 2015), and genetic ablation of C1q or C3
reduces synapse loss in J20 and APP/PS1 mice (Hong et al., 2016). As in glial
cells, the apparent dual function of the complement system might be due to
differences in acute and chronic activation. For instance, in primary microglia,
acute C3 activation enhances phagocytosis, whereas chronic C3 activation
attenuates it (Lian et al., 2016). Finally, the complement system is also involved
in tau-induced synaptic loss, with C1q accumulation in synapses and increased
microglial phagocytosis in the mouse model of tauopathy Tau-P301S (Dejanovic
et al., 2018).

2.4.Resolution of inflammation.

Acute inflammation is a protective response against pathogens or injuries
to defend the host and restore homeostasis (reviewed in Lyman et al., 2014). This
response includes the release of cytokines, chemokines and lipid mediators, as
well as the recruitment of neutrophils and monocytes/macrophages. Once the
threat has been removed, the inflammatory response must be stopped so that
tissues can heal. Resolution of inflammation is an active process highly regulated
by specialized pro-resolution mediators (SPMs) including lipoxins, resolvins,
protectins and maresins. Failure to resolve results in chronic inflammation, which
is involved in the pathogenesis of diseases like asthma, arthritis, multiple
sclerosis and AD (reviewed in Whittington et al., 2017).
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Resolution of inflammation takes place when there is a switch in the
production of pro-inflammatory mediators to the production of SPMs (reviewed in
Serhan et al., 2015). Lipoxins are derived from endogenous arachidonic acid,
while resolvins, protectins and maresins are produced from dietary fatty acids
(Figure 9). Lipoxin synthesis can occur through different pathways. The first and
second pathways are led by 5-, 12- and 15-lipoxygenases (5-, 12, 15-LOX), while
the third pathway can be triggered by aspirin, which leads to the acetylation of
cyclooxygenase-2 (COX-2), switching its activity from producing pro-
inflammatory thromboxane and prostaglandins, to lipoxins. On the other hand,
resolvins are synthesized from w-3 fatty acids. Resolvins from the D-series,
protectins and maresins derive from docosahexaenoic acid, while E-series derive

from eicosapentaenoic acid (reviewed in Serhan et al., 2015).
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Figure 9. Resolution of inflammation is mediated by SPMs. Acute inflammation,
driven by leukotrienes and prostaglandins, undertakes resolution, driven by SPMs, in
order to re-establish homeostasis. Lipoxins are biosynthesized from arachidonic acid,
while resolvins, protectins and maresins are derived from eicosapentaenoic acid and
docosahexaenoic acid (adapted from Serhan et al., 2015).

SPMs implement a number of anti-inflammatory functions (reviewed in
Freire and Van Dyke, 2013). For instance, studies report that lipoxins inhibit
neutrophil recruitment and enhance phagocytosis (Serhan et al., 2003; Tobin et

al., 2012). Resolvins reduce prostaglandins and promote tissue healing (Hasturk
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et al., 2006; Norling et al., 2012). Protectins regulate macrophage function
(Duffield et al., 2006) and maresins reduce cell migration (Shinohara et al., 2012).

Neurodegenerative diseases, including AD, are characterized by a state
of chronic inflammation, with high levels of pro-inflammatory mediators (reviewed
in Whittington et al., 2017). An increasing number of publications suggests that
failed inflammation resolution is key to the development of AD. For instance,
Wang et al. (2015a) discovered that senescence-accelerated mice SAMPS8
display high levels of pro-inflammatory markers and low levels of SPMs. They
also found a correlation between SPM-synthesis enzymes and AB and tau.
Besides, levels of maresins, protectins and resolvins are low in the entorhinal
cortex of AD patients compared to controls, while levels of prostaglandin are
higher in AD patients (Lukiw et al., 2005; Zhu et al., 2016). This evidence supports
the idea that SPMs are a potential therapeutic target for AD.

3. Strategies to modulate neuroinflammation.

Given the key role of neuroinflammation in the progression of AD, efforts
are directed towards finding new therapeutic targets that can modulate this
process. Neuroinflammation comprises a wide range of events that are greatly
dependent on each other, which complicates the search for adequate targets
(reviewed in Wenzel and Klegeris, 2018). Nonsteroidal anti-inflammatory drugs
like Naproxen or Rofecoxib have shown disappointing results (Reines et al.,
2004; Breitner et al., 2011). Other approaches, like naturally occurring curcumin
and resveratrol have shown promising preclinical results, but limited efficacy in
clinical trials (reviewed in Bronzuoli et al., 2016). A number of ongoing clinical
trials are focused on modulating microglia (reviewed in Moore et al., 2019). For
instance, Sargramostim, a recombinant form of Granulocyte-Macrophage
Colony-Stimulating Factor (GM-CSF), has shown promising results in a phase |l
clinical trial in reducing cognitive impairment (Potter et al., 2021). Emerging
preclinical evidence targeting inflammation and microglia suggest beneficial
effects in AD, so further research is needed in order to find targets with

translational potential.
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3.1.Lipoxins as inflammation solvers.

Lipoxins are pro-resolving molecules, derived from arachidonic acid, and
secreted by immune cells such as neutrophils and macrophages (reviewed in
Chandrasekharan and Sharma-Wali, 2015). Lipoxins can be synthesized
following three pathways (reviewed in Serhan et al., 2015) (Figure 10). In the first
pathway, arachidonic acid is converted to leukotriene As by 5-LOX, and then
leukotriene A4 is converted to lipoxins A4 and B4 (LXA4, LXB4) by 12- or 15-LOX.
In the second pathway, arachidonic acid is converted to 15-
hydroxyperoxyeicosatetraenoic acid (15-HPETE) by 15-LOX, and subsequently
converted to LXA4 and LXB4 by 5-LOX. The third pathway is triggered by aspirin
via COX-2 acetylation. Acetylated COX-2 turns arachidonic acid into 15-HPETE,
and then 15-HPETE is converted to epi-lipoxins As and B4, also known as aspirin-
triggered lipoxins (ATL), by 5-LOX. Interestingly, aspirin has a sex-dependent
impact on ATL production. ATL increases in plasma of aged women taking low

doses of aspirin, while it decreases in men (Chiang et al., 2006).

5-LO

Nucleus

Figure 10. Lipoxins biosynthesis pathways. Arachidonic acid is converted into
lipoxins by three main lipoxygenases, 5-, 12- and 15-LOX (LO in the image). Aspirin can
also trigger lipoxin synthesis via COX-2 acetylation (adapted from Chandrasekharan and
Sharma-Wali, 2015).
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Lipoxins carry out their anti-inflammatory actions binding the high-affinity
Formyl Peptide Receptor 2 (ALX/FPR2), a G protein-coupled receptor (Romano
etal., 2015; Ge et al., 2020). Binding to ALX/FPR2 triggers numerous cytoplasmic
signaling pathways. For instance, lipoxins control cytokine release through
pathways like NF-kB (reviewed in Chandrasekharan and Sharma-Wali, 2015).

AD is characterized by a deficient resolution of inflammation. AD patients
display lower levels of LXAs in CSF and hippocampus compared to control
individuals, and these levels negatively correlate with Mini-mental state
examination (MMSE) scores. Interestingly, AR has the ability to bind ALX/FPR2
and trigger antagonistic effects (Le et al., 2001). Several authors have
demonstrated that lipoxins can countervail AB-induced pro-inflammatory effects.
In mice injected with AB42, LXA4 reduce the overexpression of IL-13 and TNF-a
in a dose-dependent manner (Wu et al., 2011). The effects of LXA4 and ATL have
been extensively studied in microglia. BV2 cells, a microglia-like murine cell line,
drastically increase pro-inflammatory cytokines and oxidative stress in response
to LPS, while treatment with ATL can reduce expression of INOS, IL-13 and TNF-
a via inhibition of NF-kB nuclear translocation (Wang et al., 2011). ATL is also
capable of reducing LPS-induced ROS generation in BV2 cells by NOX2,
inhibiting the translocation of subunit p47°P"°x to the cell membrane (Wu et al.,
2012b). Lipoxins have anti-inflammatory effects on astrocytes as well. ATL
reduces the production of nitric oxide and prostaglandins in LPS-treated
astrocytes in vitro (Yao et al., 2014), and LXA4 induces astrocyte-mediated
neuroprotection following acute injury in a mouse model of glaucoma (Livne-Bar
et al., 2017).

Several authors have tested the neuroprotective effects of lipoxins in AD
mouse models. In APP/PS1 mice, stimulation of COX-2 acetylation increased the
production of LXA4 and resolvins E1 and D1 (Lee et al., 2020). This increase of
SPMs led to resolution of inflammation, enhanced microglial phagocytosis and
cognitive improvements. 5xFAD mice, which carry APP mutations Swedish,
Florida (1716V), and London (V7171) as well as PSEN1 mutations M146L and
L286V, exhibit low levels of SPMs in the hippocampus. Combined treatment with
resolvin E1 and LXA4 strongly reduced soluble AB levels, amyloid plaque load,
astrogliosis and microgliosis (Kantarci et al., 2018). Treatment also reduced
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levels of pro-inflammatory cytokines IFN-y, IL-18 and TNF-a, among others. On
the other hand, treatment with ATL has also proved positive results. In Tg2576
mice, ATL improved memory, reduced brain A levels and restored synapses
(Medeiros et al., 2013). ATL also reduced astrogliosis and microgliosis, as well
as pro-inflammatory cytokines and chemokines. Later on, the same research
group found that ATL also has a positive effect on cognition, AB levels, tau
phosphorylation and gliosis in 3xTg mice (Dunn et al., 2015). This evidence
supports the idea of lipoxins as a therapeutic option for AD and other
neurodegenerative diseases (reviewed in Martini et al., 2014).

3.2.Complement receptor CR3 as microglial modulator.

Receptor CR3, also known as Mac-1, is a glycoprotein member of the [32
integrin family that, in the intact brain, is exclusively expressed by resident
microglia (Hickman et al., 2013). The B2 integrin family of adhesion molecules
contains four members: a2 (LFA-1, CD11a/CD18), awmB2 (CR3, Mac-1,
CD11b/CD18), axB2 (CR4, CD11¢c/CD18) and apB2 (CD11d/CD18). All of them
form heterodimers that contain one CD18 2 subunit and one CD11 a subunit
(reviewed in Vorup-Jensen and Jensen, 2018). These receptors participate in key
inflammation processes, including cell adhesion and migration. The functionality
of this family does not rely much on upregulation and decay of gene expression,
but rather subunits are stored in the cytoplasm and recruited to the cell membrane
upon activation of immune cells. B2 integrins use outside-in and inside-out
bidirectional signaling. Outside-in refers to the response to ligands by activation
of intracellular signaling, while inside-out refers to the modulation of their activity
by signals generated by other receptors (reviewed in Hynes, 2002).

CR3 is the most promiscuous receptor of the B2 integrin family, with almost
100 reported ligands including fibrinogen, Intercellular adhesion molecule-1, iC3b
and AP (reviewed in Lamers et al., 2021). It mediates migration of immune cells
into inflammation sites, NF-kB activation and phagocytosis of opsonized
complexes (reviewed in Ross, 2002). In response to infections like P. gingivalis,
CR3 induces the release of TNF-a, IL-18 and IL-6 (Hajishengallis et al., 2008).
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CR3is also involved in NOX2 activation. Genetic ablation of CD11b reduces ROS
generation by blocking the recruitment of subunit p47°P"° to the cell membrane in
response to a-synuclein (Zhang et al., 2007; Hou et al., 2018) and AB (Zhang et
al., 2011). Both subunits, CD11b and CD18, are elevated in microglia of AD
patients (Akiyama and McGeer, 1990). Numerous publications have
demonstrated the role of CR3 in AB clearance and complement-mediated
synaptic elimination, not only in AD but other neurological diseases such as West
Nile neuroinvasive disease (Vasek et al., 2016). Genetic ablation of CR3 in vitro
and in vivo results in impaired fibrillar AR uptake by microglia. Czirr et al. recently
demonstrated that even when CR3 absence impairs phagocytic activity in
microglia, AR accumulation is reduced in APP mice due to an increased secretion
of extracellular AR degrading enzymes like tissue plasminogen activator (PLAT)
(Czirr et al., 2017). Other researchers have demonstrated that ablation of CR3
reduces complement-dependent synapse loss in J20 and APP/PS1 mice (Hong
et al., 2016). All of these reports confirm the key role of CR3 in AD pathogenesis,
and its potential as therapeutic target.

Small molecule XVA143, developed by Hoffmann-La Roche (Switzerland),
is an allosteric antagonist of 32 integrins that binds the CD18 subunit and blocks
transmission of activation signals to the CD11 subunit (Yang et al., 2006). This
inhibitor has been used to study immune cells adhesion and migration in
response to pathogens. XVA143 changes cell morphology from polarized to
round shapes in lymphocytes and impairs adhesion and transendothelial
migration in vitro and in vivo (Salas et al., 2004; Yang et al., 2006). In models of
bacterial infections, XVA143 recovers CR3-mediated cytokine production and
CR3-dependent phagocytosis (Hajishengallis et al., 2007; D’Elia et al., 2011).
XVA143 is also capable of blocking microglial phagocytosis in vitro and improving
microglia-mediated pruning of neuronal networks in brain development in mice
(Madore et al., 2020).
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4. In vitro models for the study of A pathology and neurodegeneration.

AD is a multifactorial disease that involves many interacting pathways,
which frequently potentiate each other as the disease progresses (reviewed in
Gong et al., 2018). The contribution of glial cells to the development of the
pathology is becoming more relevant every day, so understanding the crosstalk
between neurons and glial cells is essential in order to identify new pathways with
therapeutic potential. In animal models of AD, targeting glial cells and
neuroinflammation can ameliorate the disease progression. For instance, genetic
ablation of microglial CD11b results in reduced plaque deposition and enhanced
extracellular AR degradation in APP/PS1 mice (Czirr et al., 2017). Selective
deletion of ApoE in astrocytes ameliorates memory deficits and reduced Af
accumulation (Zheng et al., 2017). Pharmacological interventions with anti-
inflammatory drugs also reduce memory deficits and amyloid plaque load
(Gasparini et al., 2005; Ou et al., 2018).

Although in vivo animal models allow researcher to study the full
complexity of neuroinflammation, they are expensive and require long time
frames. Besides, large numbers of animals are required. On the other hand, in
vitro models such as cell lines, primary cultures and, more recently, induced
pluripotent stem cells (iPSCs) require shorter time frames and are more
susceptible to experimental manipulation, but cell cultures of only one cell type
lack the complexity of whole organisms. In order to have in vitro models with a
little bit more complexity, co-culture models were developed in recent years. In
addition, conditioned media have been extensively used to study cell
communication via secreted factors. For instance, conditioned media from
microglia stimulated with AB stimulates neurotoxicity via secreted TNF-a and
NMDA receptors in mouse primary neurons (Floden et al., 2005). Secreted
factors from astrocytes can also affect neuronal function. Conditioned media from
immature astrocytes containing thrombospondins-1 and -2 promotes
synaptogenesis in retinal ganglion cells (Christopherson et al., 2005). In another
study, conditioned media from microglia activated with LPS rich in IL-1a, TNF and
C1q, induced reactive astrocytes that had reduced capacity to promote neuronal
survival (Liddelow et al., 2017). Other researchers have developed co-culture
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models where two different cell populations share the medium but have no
physical contact. For instance, Du et al. (2018) established a co-culture with
iPSC-derived neurons and astrocytes transwell inserts, and they found that
astrocytes rescued mitochondrial dysfunction in neurons treated with
mitochondrial toxins. A relevant advantage of co-cultures is that they can alleviate
the drastic transcriptomic modifications that cells, especially microglia, undergo
due to experimental manipulation. Transcriptome profiling of human and mouse
microglia have shown significant alterations in expression of genes related to
immune signaling and stress responses, among other, in in vitro conditions
compared to ex vivo (Gosselin et al., 2017). Microglia in vitro and in the brain can
also differ in their response to AB. Murine primary microglia display rapid
transcriptional changes in response to AB, that in vivo microglia do not display,
suggesting that primary microglia poorly recapitulate physiological conditions
(McFarland et al., 2021). Fortunately, studies have shown that culturing microglia
with neurons can mitigate this problem. iPSC-derived microglia express key
microglia-specific markers and display dynamic when co-cultured with neurons,
and they also show a more anti-inflammatory cytokine profile than monocultures
(Haenseler et al., 2017).

In recent years, complex co-cultures have been developed with up to three
cell populations in order to study intercellular communication. Park et al. (2018)
developed a triculture model using human neurons, astrocytes, and microglia in
a 3D microfluidic platform. With this model, they could recapitulate AD features
such as AP aggregation, tau phosphorylation, and microglial recruitment. They
were also able to demonstrate neurotoxic effects derived from neuron-glia
interactions. In a different study, a tri-culture system with hiPSC-derived neurons,
microglia and astrocytes was used to study complement component C3
(Guttikonda et al., 2021). They observed that crosstalk between microglia and
astrocytes that resulted in increased C3 in AD conditions. Given that not all
laboratories have access to newly developed iPSC-derived cells, there is a need
for an inexpensive and straightforward murine triple co-culture model that can be
used to study cellular communication in the context of amyloid pathology and

neuroinflammation.
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Hypothesis and objectives

Neuroinflammation, driven mainly by microglia and astrocytes, is a key
feature in Alzheimer’s disease progression that contributes to AB accumulation,
tau hyperphosphorylation and, ultimately, neurodegeneration. Several studies
have reported that oxidative stress can trigger mechanisms that cause
neurotoxicity, and other immune pathways such as the complement system can
directly participate in synaptic elimination. Microglia are central to these events,
which makes these cells an interesting target in the pursuit of new therapeutic
targets. In addition, there are limited in vitro models that allow researchers to
study neuroinflammation in the context of neuron-glia interactions, which would
also be a powerful tool for drug discovery. In this project, we hypothesize that
modulating microglial function and enhancing inflammation resolution can reduce
oxidative damage and glial activation, leading to an improvement of AD
pathology. In order to investigate this hypothesis, we plan to target microglial
function exploring two different pathways, inflammation resolution and the
complement system, using pharmacological interventions. On the other hand, we
aim to advance in vitro models focused on the communication between neurons
and glial cells, which will allow us to better approach neurodegeneration and

neuroinflammation in the context of AD.

To test this hypothesis, the following specific objectives were addressed:

Aim 1. To evaluate the effect of pro-resolving mediator aspirin-triggered
15(R)-lipoxin A4 (ATL) on oxidative stress, mitochondrial dysfunction and glial
activation in Alzheimer’s disease.

Aim 2. To analyze the role of complement receptor CR3 in microglial
function in the context of amyloid B pathology, using the allosteric antagonist
XVA143.

Aim 3. To establish and characterize a triple co-culture model with
neurons, astrocytes and microglia that can be used to study neuroinflammation.
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1. Human samples.

Prefrontal cortex samples of seven control subjects and nine AD patients
were obtained from the Neurological tissue bank Hospital Clinic IDIBAPS
Biobank (Barcelona, Spain) (Table 1). AD samples were classified as Braak
stages V-VI (Braak and Braak, 1995), and as stage C by CERAD classification
(Mirra et al., 1991). Patients signed informed consents for clinical investigations,
which were performed in accordance with the Declaration of Helsinki.

Table 1. Information of control and AD subjects, categorized as Braak stages V-VI and
CERAD stage C. *Time (h) between death and sample extraction.

Case Ref. Braak stage CERAD Botty | A Mean age = Post-mortem
number number (NFT) (senile plaque) + S.E.M. delay*
C1 1378 - - M 78 | 78.5+£3.72 6:00
C2 1491 - - M 83 13:00
C3 1648 - - M 73 79.2+1.3 6:10
C4 1733 - - M 76 11:30
C5 1536 - - M 79 4:45
C6 1423 - - F 82 5:00
c7 695 - - M 80 10:00
AD1 1286 \Y C M 79 76.4 0.6 5:00
AD2 1622 \Y C M 76 5:00
AD3 1392 \ C M 77 5:00
AD4 1445 \ C F 73 3:30
AD5 1456 \ C F 74 3:30
ADG6 1645 \ C F 77 5:30
AD7 1198 \ C F 77 5:00
AD8 1585 \ C F 74 6:30
AD9 1637 \ C M 78 7:00
2. Animals.

All animal experiments were compliant with the requirements of the Animal
Ethic and Welfare Committees of the University of the Basque Country
(UPV/EHU), following the Spanish Real Order 53/2013 and the European
Communities Council Directive 2010/63/EU. Animals were housed with standard
12 h light cycle and ad libitum access to water and food. All possible efforts to

maintain animal wellbeing and to reduce the number of animals used were made.
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Primary cultures and organotypic cultures were obtained from wild-type
Sprague Dawley rats. /In vivo procedures were performed with wild-type 129 mice
and 3xTg mice. 3xTg mice carry the Swedish mutation in the human APP, the
presenilin knock-in mutation (PS1M146V), and TauP301L mutant transgene
(TauP301L) (Oddo et al., 2003b). Both homozygous and heterozygous mice for
the PS1M146V mutation were used. For the treatments with ATL, 16-17 months
old female mice were distributed into four groups: wild-type mice vehicle (N = 4),
wild-type mice treated with ATL (N =4), 3xTg mice vehicle (N = 7) and 3xTg mice
treated with ATL (N = 7). Animals were given a daily intraperitoneal injection for
eight weeks with 10 ug/kg ATL or vehicle (0.05% ethanol), in saline.

3. Cell cultures.
3.1.Primary cultures of cortical neurons.

Neurons were obtained from E18/E19 Sprague-Dawley rat embryos as
previously described (Ibarretxe et al., 2006), with modifications. Cortical lobes
were digested in 0.2% trypsin and 0.02% deoxyribonuclease | in Hanks’ balanced
salts (HBSS) no calcium, no magnesium (Sigma-Aldrich, MO, USA) for 5 min at
37°C. The enzymatic digestion was stopped with neurobasal medium
supplemented with 2% B27 (Gibco, MA, USA) (Brewer et al., 1993), 1% penicillin-
streptomycin (Lonza, Switzerland) and 0.5 mM L-glutamine (referred to as B27
neurobasal from now on), plus 10% fetal bovine serum (FBS) (Gibco, MA, USA).
After incubating 10 min at 37°C, cells were centrifuged for 5 min at 200 g, and the
resultant pellet was resuspended in B27 neurobasal plus 10% FBS. Cells were
mechanically dissociated by trituration (20 strokes with 21, 23 and 25-gauge
needles), filtered through a 41 ym nylon mesh and seeded onto poly-D-lysine-
coated (PDL) (Sigma-Aldrich, MO, USA) plates as needed. After one day, the
medium was replaced by serum-free B27 neurobasal. Cultures were maintained

at 37°C and 5% COs- for eight to nine days in vitro (DIV) before use.

3.2.Primary cultures of cortical glia.

Mixed glial cell cultures were prepared from the cortical lobes of PO/P1

Sprague-Dawley rat pups as described elsewhere (McCarthy and De Vellis,
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1980). Cortical lobes were incubated with 0.2% trypsin and 0.01%
deoxyribonuclease | in HBSS for 15 min at 37°C. The digestion was stopped by
adding Iscove’s modified Dubecco’s medium (IMDM) (Gibco, MA, USA) with 1%
antibiotic-antimycotic, plus 10% HyClone™ FBS (Cytiva, MA, USA). Cells were
centrifuged for 6 min at 250 g, and the pellet was resuspended in IMDM plus 10%
HyClone™ FBS. This pellet was mechanically dissociated by trituration (20
strokes with 21 and 23-gauge needles) and recentrifuged. Cells were
resuspended in IMDM plus 10% HyClone™ FBS and plated onto PDL-coated 75
cm? flasks (about four cortices per flask). One day later, the medium was replaced
by fresh IMDM plus 10% HyClone™ FBS for primary astrocytes, or by Dulbecco's
modified Eagle medium (DMEM) high glucose, pyruvate (Gibco, MA, USA) with
1% penicillin-streptomycin plus 10% FBS for primary microglia. Cultures were
maintained at 37°C and 5% CO: for one week to collect astrocytes, or for two
weeks to collect microglia.

Primary astrocytes were obtained from source mixed glial cultures as
previously described (McCarthy and De Vellis, 1980; Alberdi et al., 2013). After
one week of incubation, medium was removed and flasks were washed twice with
HBSS. Cells were trypsinized by incubating with trypsin and Ethylenediamine
tetraacetic acid (EDTA) 0.05% (Gibco, MA, USA) for 5 min at 37°C. IMDM plus
10% HyClone™ FBS was added to stop the enzymatic reaction and cells were
centrifuged for 5 min at 300 g. The cell pellet was resuspended in IMDM plus
10% HyClone™ FBS, and astrocytes were plated onto PDL-coated plates as
needed. Serum-free medium was added one day prior to experimentation.

Cultures were maintained at 37°C and 5% CO..

Primary microglia were also obtained from source mixed glial cultures as
previously described (Majumdar et al., 2011). After growing for two weeks,
microglia were harvested by orbital shaking for 1 h at 400 rpm in DMEM plus 10%
FBS. Cells were centrifuged for 6 min at 250 g, and plated onto PDL-coated
plates as needed. Serum-free medium was added one day prior to
experimentation. Cultures were maintained at 37°C and 5% CO..
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3.3. Triple co-culture procedures.

In order to obtain all possible combinations of neuron-glia co-cultures
(neuron-astrocyte, neuron-microglia and neuron-astrocyte-microglia), primary
cell cultures were prepared as stated above. Adequate conditions for the co-
cultures were optimized based on previous publications (Hernangémez et al.,
2012; Correa et al., 2013). The co-cultures started by plating astrocytes onto
PDL-coated plates. Three days later, when a monolayer of astrocytes was
obtained, neurons were plated in a proportion of 5 neurons to 2 astrocytes. After
24 h, the medium was replaced by serum-free B27 neurobasal, and antimitotic
agents 5-Fluoro-2'-deoxyuridine and Uridine (FAU/U) (Sigma-Aldrich, MO, USA)
were added at a concentration of 10uM to control glial proliferation. Cells were
incubated at 37°C and 5% CO2, and more FdU/U could be added every two days
for further control of proliferation. After six days, microglia were added to the
cultures in a proportion of 1 microglia to 5 neurons (Figure 11). Cultures were
ready to process for analysis two days later. The co-cultures were maintained for
a total of 13 DIV at 37°C and 5% COo.. In order to make all conditions comparable,
serum-free B27 neurobasal medium was added to the cultures one day prior to
experimentation. For experiments with oligomeric AB1-42 (0AB), a treatment of 3
MM oA for 24 h was used.
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Figure 11. (A) Representative image of the triple co-culture model. MAP2 was used to
mark neurons, GFAP to mark astrocytes and Iba1 to mark microglia. Scale bar = 50 pm.
(B) Protocol diagram. Triple co-cultures started with a monolayer of astrocytes. Neurons
were plated three days later (ratio: 5 neurons to 2 astrocytes), and microglia were added
six days after that (ratio: 1 microglia to 5 neurons). Cultures were incubated for a total of
13 DIV before analysis.
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3.4.BV2 cell line.

The immortalized murine microglia-like cell line BV2 was maintained in
DMEM medium plus 10% FBS and 1% penicillin-streptomycin at 37°C and 5%
CO2. When cultures were 80-90% confluent, they were incubated with trypsin-
EDTA 0.05% for 5 min at 37°C. DMEM plus 10% FBS was added to stop the
enzymatic reaction and cells were centrifuged for 3 min at 300 g. The cell pellet
was resuspended in DMEM plus 10% FBS and plated onto PDL-coated plates,
or tissue culture Petri dishes for further passages. One day prior to

experimentation, serum-free medium was added to the cells.

3.5.0rganotypic cultures.

Organotypic cultures were obtained from P5/P6 Sprague-Dawley rat pups
and prepared as previously described (Stoppini et al., 1991; Ortiz-Sanz et al.,
2020), with modifications. Brains were extracted in ice cold HBSS, and chopped
into 400 pm thick slices using a vibratome (VT 1200S, Leica, Germany).
Corticostriatal and hippocampal slices were isolated under a dissection
microscope, and transferred onto Millicell culture inserts with 30 mm in diameter
(EMD Millipore, MA, USA). In the lower compartment of the inserts, neurobasal
medium was added (supplemented with 25% horse serum (HS), 22% HBSS, 1%
D-glucose 550 mM, 1% L-glutamine 200 mM and 1% antibiotic-antimycotic).
Slices were maintained for 14-15 DIV at 37°C and 5% CO2, and the medium was
renewed every other day. One day before treatment, medium was replaced by
neurobasal supplemented with 1% HS, 25% HBSS, 1.8% D-glucose 550 mM, 1%
L-glutamine 200 mM and 1% antibiotic-antimycotic. For experiments with 0Ap,
slices were treated with 3 uM oA for 24 h.

4. Conditioned media experiments.

Primary neurons, astrocytes and microglia were seeded separately, at a
density of 1x10° cells in Petri dishes, 60 mm in diameter. One day later, medium
was replaced by serum-free B27 neurobasal, and cells were incubated for three
days at 37°C and 5% CO.. Supernatants were collected, stored at -80°C and

filtered with a 22 ym nylon mesh before use.
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5. Preparation of soluble oligomeric AB1.42.

Synthetic ApB oligomers were prepared as previously reported (Dahlgren et
al.,, 2002; Alberdi et al., 2010). Briefly, AB142 (Bachem, Switzerland) was
dissolved in hexafluoroisopropanol (HFIP) (Sigma-Aldrich, MO, USA) to an initial
concentration of 1 mM. It was distributed into aliquots and HFIP was removed
under vacuum in a speed vac system before the peptide film was stored dry at -
80°C. For the aggregation protocol, the peptide was resuspended in anhydrous
dimethylsulfoxide (DMSO) (Invitrogen, MA, USA) to a concentration of 5 mM.
Hams F-12 pH 7.4 (Biowest, France) was added to reach the final concentration
of 100 uM. Oligomers were obtained after incubating at 4°C for 24 h.

6. Reagents.

For cell-based assays, the following compounds were used: ATL
(5(S),6(R),15(R)-trihydroxy-7,9,13-trans-11-cis-eicosatetraenoic acid) (#90415,
Cayman Chemical, MIl, USA); peptide Boc-2 (Boc-Phe-Leu-Phe-Leu-Phe) (10
MM, #072-01, Phoenix Pharmaceuticals, CA, USA); NOX2 inhibitor gp91 ds-tat
(1 uM, #AS-63818, Anaspec, Belgium) and scrambled gp91 ds-tat (1 uM, #AS-
63821, Anaspec, Belgium); general NOX inhibitor diphenyleneiodonium chloride
(DPI1) (0.5 pM, D2926, Sigma-Aldrich, MO, USA); serine and cysteine protease
inhibitor leupeptin (100 uM, #78435, Thermo Fisher Scientific, MA, USA); and
XVA143 (1 uM, kindly provided by Hoffmann-La Roche). 0.05% ethanol was used

as vehicle for ATL.

7. Cellular viability and toxicity assays.
7.1.Calcein AM and Ethidium homodimer-1 quantification.

Cell viability assays were performed as previously described (Davenport
et al., 2010), with modifications. After treatment with compounds of interest for 24
h, cells were stained with Calcein AM (Thermo Fisher Scientific, MA, USA) to
obtain the number of live cells, and NucBlue™ (Hoechst 33342) (Invitrogen, MA,
USA) to stain nuclei and normalize the data. Cells were incubated with 1 nM
Calcein AM and 4% NucBlue™ for 30 min at 37°C, and then washed twice with
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1X phosphate-buffered saline (PBS) (125 mM NaCl, 19 mM Na:HPO4, 8 mM
KH2PO4 in double distilled water (ddH20), pH 7.4). Fluorescence was detected
using a microplate reader Synergy HT and the software KC4 (BioTek, VT, USA).
Excitation/emission ranges were 485/530 nm for Calcein AM and 360/460 nm for
NucBlue™.

For cytotoxicity assays, primary microglia and BV2 cells were treated with
increasing concentrations of XVA143 for 24 h. Then, they were incubated for 30
min at 37°C with 2 yM Calcein AM and 4 uM Ethidium homodimer-1 (Thermo
Fisher Scientific, MA, USA) to obtain the number viable and dead cells,
respectively. Cultures were washed twice with 1X PBS and fluorescence was
detected using the excitation/emission ranges 485/530 nm for Calcein AM and
530/645 nm for Ethidium homodimer-1.

7.2. Propidium iodide quantification.

Corticostriatal slices were treated with 100 nM ATL and 3 uM oAB for 24
h, being ATL added 1 h before the oAB. Cell death was analyzed by quantifying
the uptake of propidium iodide (PI). Slices were incubated with 10 uM PI for 2 h
at 37°C, and washed twice with neurobasal medium. Then, slices were washed
with 1X PBS and slices were imaged using a fluorescence microscope Cell
Observer Z1 (Zeiss, Germany) and captured using an EM CCD camera C9100-
13 (Hamamatsu, Japan). Pl was excited with 510-560 nm light and images were
acquired at 610 nm. Images were analyzed using open source ImageJ/Fiji
software, and the Pl uptake was expressed as the mean integrated density per
total area of each slice.

8. Measurement of Reactive Oxygen Species.

Primary neurons, primary microglia and corticostriatal slices were treated
with 3 yM oAB for 1 h and the corresponding reagents. Reagents were added 1
h before oAB. Probes for ROS detection were added in the last 30 min of
incubation. 5,6-chloromethyl-2’7dichlorodihydrofluorescein diacetate acetyl ester
(CM-H2DCFDA) (30 uM, Invitrogen, MA, USA) was used to assess intracellular
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ROS levels, and MitoSOX™ Red (5 uM, Invitrogen, MA, USA), to asses
mitochondrial superoxide radicals. 4% NucBlue™ was also added for
normalization. After the incubation, cultures were washed twice with 1X PBS and
fluorescence was measured using a microplate reader Synergy HT and the
software KC4. Excitation/emission ranges were 490/520 nm for CM-H2DCFDA,
510/580 nm for MitoSOX™, and 360/460 nm for NucBlue™.

Isolated mitochondria (50 ul per sample) were plated on a PLD-coated 48-
well plate and centrifuged at 2,000 rpm (equivalent to approx. 300 g) for 20 min
at 4°C. Once attached to the plate, isolated mitochondria were incubated in Buffer
A (composition below, section 15) with 1 uM MitoSOX™ at 37°C for 30 min. The
plate was washed twice with Buffer A and read using a microplate reader at
510/580 nm.

9. Measurements of oxygen consumption rate.

Oxygen consumption rate (OCR) in primary neurons and microglia was
analyzed using an XF96 Extracellular Flux Analyzer and the XF Cell Mito Stress
Test kit (Seahorse Bioscience, Agilent Technologies, CA, USA) as described
previously (Alberdi et al., 2018), and according to manufacturer’s instructions.
Before the addition of inhibitors, the baseline cellular OCR was measured, from
which basal respiration (BR) was derived by deducting non-mitochondrial
respiration. Then 2 yM oligomycin, which is a complex V inhibitor, was added and
OCR was measured again. ATP-linked respiration (ATP), was calculated by
deducting the oligomycin rate from the baseline cellular OCR, as well as proton
leak respiration (PL), by deducting non-mitochondrial respiration from the
oligomycin rate. Next, 2 pM carbonyl cyanide-p-trifluoromethoxyphenyl-
hydrazone (FCCP), which is an uncoupling agent that collapses the proton
gradient, was added. Maximal respiratory capacity (MUR) was derived by
deducting non-mitochondrial respiration from the FCCP OCR rate. Lastly, 0.5 yM
rotenone/antimycin A (Rot/AA), inhibitors of complexes | and Il respectively, were
added to derive non mitochondrial respiration (Figure 12).
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Primary neurons and primary microglia (2x10* — 3x10* cells per well) were
seeded and cultured according to methods stated above, on PDL-coated XF96
plates (Seahorse Bioscience, Agilent Technologies, CA, USA). Cells were treated
with 50 nM ATL and 3 pM oA in serum-free B27 neurobasal medium for 24 h.
One hour before the OCR measurements, cells were incubated at 37°C in
absence of CO. with XF Base medium (Seahorse Bioscience, Agilent
Technologies, CA, USA), supplemented with 1 mM pyruvate, 2 mM glutamine
and 10 mM glucose. Baseline recordings of OCR were made, followed by the
sequential addition and recordings of 2 yM oligomycin, 2 yM FCCP and 0.5 yM
rot/AA. Measurements were normalized to the number of cells per well by staining

nuclei with NucBlue™ like detailed above (section 6.1).
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Figure 12. Mitochondrial respiration parameters, with Seahorse XF96 Extracellular Flux
Analyzer. Basal respiration is calculated by deducting non-mitochondrial oxygen
consumption to the baseline OCR (dashed line) rate. ATP-linked respiration is calculated
by deducting the OCR rate after oligomycin to the baseline. Proton leak is calculated by
deducting non-mitochondrial respiration from the oligomycin rate. Maximal respiratory
capacity is calculated by deducting non-mitochondrial respiration from the OCR rate after
FCCP. Non-mitochondrial oxygen consumption is the OCR rate after Rot/AA.

10.Superoxide dismutase activity assay.

Superoxide dismutase (SOD) activity was measured using a colorimetric
assay based on tetrazolium salt WST-1 (ab65354, abcam, UK), following
manufacturer’s instructions. Primary neurons (2x10° per condition) and primary
microglia (5x10° per condition) were treated with 100 nM ATL and 3 uM oA for
2 h, being ATL added 1 h before oAB. Then, cells were harvested and lysed using
Pierce™ RIPA buffer with Halt™ Protease & Phosphatase Inhibitor Cocktail
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(Thermo Fisher Scientific, MA, USA), and centrifuged at 14,000 g for 5 min at
4°C. Supernatants were collected for the colorimetric assay. Blanks and samples
were added to a 96-well plate. 200 uyl of WST working solution and 20 pl of
enzyme working solution were added, and the plate was incubated at 37°C for 20
min. Output was measured at OD450 nm on a microplate reader Synergy HT and
the software KC4. SOD activity was also measured in isolated mitochondria and

cytosolic fractions extracted from mouse brains, following the same protocol.

11.Scratch wound assay.

Cellular migration was assessed using scratch wound assay as previously
described (Xu et al., 2016). Primary microglia and BV2 cells were cultured in
monolayer until 90-95% confluent. One day prior to the assay, serum-free
medium was added to avoid more proliferation. The day of the assay, a scratch
wound was produced in the center of each well using a 200 pl pipette tip. Cells
were imaged at time point 0 h, using an EVOS® FL Cell Imaging System (Thermo
Fisher Scientific, MA, USA). Immediately after, cultures were treated with 1 yM
XVA143 for 16 h. Images were taken again at time 16 h, and the number of cells

migrated to the wound were counted using open source ImageJ/Fiji software.

12. Transwell migration assay.

Transwell migration assay was performed as previously described (Choi
et al., 2015), with modifications. Primary microglia and BV2 cells (4x10* — 5x10*
cells per condition) were seeded onto Corning® Transwell membrane inserts (8
um pore, Sigma-Aldrich, MO, USA). One day prior to the assay, serum-free
medium was added to avoid proliferation. 1 yM XVA143 was put in the lower
chamber and cells were incubated for 16 h. Cells that did not migrate from the
top surface of the transwells were removed using a cotton swab. Cells that
migrated to the bottom surface were fixed with 100% methanol for 10 min, then
washed with 1X PBS and stained using Hematoxylin solution (Sigma-Aldrich,
MO, USA) for 20 min. After washing twice with ddH20, cells were imaged using
EVOS® FL Cell Imaging System. The number of cells that migrated to the bottom

surface of the transwells were counted using open source ImageJ/Fiji software.
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13.RNA extraction and RT-qPCR.

Primary microglia were cultured in 24-well plates (1x10° cells per
condition) according to methods stated above. One day prior to treatment, serum-
free B27 Neurobasal was added. Cells were treated with 1 yM XVA143 and 3 uM
oAB for 24 h. XVA143 was added one hour before oAB. Then, cells were
harvested using 300 pl of TRIzol™ reagent (Invitrogen, MA, USA) and kept at -
80°C before use.

RNA extractions and RT-gPCR were performed at the Unit of Gene
expression, Service of genomics and proteomics, Sgiker General research
services of the University of the Basque Country (UPV/EHU). RNA was extracted
from the samples using chloroform and isopropanol, with glycogen RNA grade
(Thermo Fisher Scientific, MA, USA) as carrier. Then, samples were washed
twice with 75% ethanol, and pellet was resuspended in RNAse-free ultrapure
H20. RNA quantity was measured using a fluorimeter QuBit 2.0 and the QuBit
RNA BR Assay (Invitrogen, MA, USA). RNA quality and integrity was analyzed
using LabChip GX Touch (PerkinElmer, Germany), in combination with a
Standard RNA Reagent kit.

For the synthesis of cDNA, Fluidigm Reverse Transcription master mix kit
(Fluidigm, CA, USA) was used. 10 ng of RNA were added, following the kit
instructions, to obtain a final cDNA concentration of 2 ng/ul. Preamplification of
the cDNA samples was required prior to qPCR. Multiplex PCR Kit (Qiagen,
Germany) was used for preamplification, adding 1.25 pul of the original cDNA and
50 nM of primers in order to obtain a final volume of 5 ul per sample. The
preamplification PCR protocol was: 15 min at 95°C, 14 cycles of 15 s at 95°C, 4
min at 60°C and 4°C «. After preamplification, samples were treated with
Exonuclease | (Thermo Fisher Scientific, MA, USA) to remove unincorporated
primers. The Exonuclease | protocol was: 30 min at 37°C (digestion), 15 min at
80°C (Exonuclease | inactivation), and 4°C «. Finally, samples were diluted 1:5
with low EDTA TE buffer (10 mM Tris, 0.1mM EDTA, pH 8.0) prior to analysis.

The gene expression analysis was performed with BioMark HD nanofluidic
gPCR kit (Fluidigm, CA, USA) in combination with 48.48 Dynamic Array™ |FC
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(Fluidigm, CA, USA). Specific pairs of primers were designed using NCBI Primer-
BLAST tool (Table 2).

Table 2. Primers used for RT-PCR.

# ((Sre;r:)e NI(E)BI ‘ Forward (5’ > 3’) Reverse (5’ > 3) ‘
1 B2M 24223 CACCGAGACCGATGTATATGCTT TTACATGTCTCGGTCCCAGG

2 UbC 50522 CCTGACAGGCAAGACCATCAC ACACCATTGAAAATGTCAAGGCA
3 GAPDH 24383 GAAGGTCGGTGTCAACGGATTT CAATGTCCACTTTGTCACAAGAGAA
4 HPRT1 24465 ATGGACTGATTATGGACAGGACTGA ACACAGAGGGCCACAATGTG

5 CicA 308435 CAAAGTTCCAAAGACAGCAGAAAA CCACCCTGGCACATGAATC

6 ITGAM 25021 TACTTTGGGCAGTCTCTGAGTG ATGGTTGCCTCCAGTCTCAGCA
7 ITGB2 309684 AGTCCCAGTGGAACAACGAC AGCACTGGGGCTAGCTGTAA

8 IL1B 24494 TGTCTTGCCCGTGGAGCTT AGGTCGTCATCATCCCACGA

9 TNFA 24835 GGTGTCTGTGCCTCAGCCTCTT GCCATGGAACTGATGAGAGGGAG
10 IL10 25325 CTGCGACGCTGTCATCGATTT AGTAGATGCCGGGTGGTTCAA
11 IFNg 25712 TAACTATTTTAACTCAAGTGGCATAGATGTG GCCAGTTCCAGATATCCTCCAAG
12 CD40 171369 AAGGTGGTCAAGAAACCAAAGGA GCTGACACCCATGCAACGTC
13 CD74 25599 GGACCCGTGAACTACCCACA TGTCCAGTGGCTCTTTAGGTGG
14 TGFBA1 59086 TGCCAACTTCTGTCTGGGGC TGCGACCCACGTAGTAGACG
15 TGFB3 25717 AATCTGTTCCGGGCGGAGTT GCGCTGCTTGGCTATGTGTT
16 MRC1 4360 AGGTTCCGGTTTGTGGAGCA AGAGCCATCCATCTGACCGC
17 CD33 690492 GAGCAGGCGTCACTGTGGAA TCAGGAGCTTGACTGCTGCC
18 CD36 29184 TGGCTAGCTGATTACTTCTGTGTAG TGCAGCAGAATCAAGGAAGAGCA
19 AGER 81722 GCTATCGGAATTGTCGATGAGG GCTGTGAGTTCAGAGGCAGGAT
20 PLAT 25692 ATCAGCTCAGCGCCAAGGAGAAG TTTTGCTCCCCGTTTCTTCCGT
21 MMP2 81686 ATGCCTTTGCTCGGGCCTTA CCGTCCTTGCCGTCAAATGG
22 MMP9 81687 AAAGGCCATTCGTTCACCGC GCGGCAAGTCTTCGGTGTAG
23 IDE 25700 CAAACCTCTCCTTCCAAGTCAGC TGTTCTCCGAGGTGCTCTGCAT
24 LAMP1 25328 GCCTACCTGCCGAGTAGCAA GGGTTTGTGGGCACAAGTGG
25 C1QA 298566 CAAAGGAGAGAGAGGGGAGCC GGTCCCTGATATTGCCCGGAT
26 C1QB 29687 AACCAGGCACTCCAGGGATAAA TTGTAGTCTCCAGAGCCACCTT
27 c1QC 362634 GATGGACTTCAGGGGCCCAA CATGGGGCCGTTTTTCCCAC
28 C2 24231 TGGGCATCAGTCGGAACAGA CTCTCGCCGTCCTTCTTGGA
29 C3 24232 GAAGATCCTGAGTGCGCCAAG CTTTGTCCATCCTCCTTTCCATCA
30 C4A 24233 GTCCTGTTGCAAGTTTGCTGAG CGCACGAGAATGTCATCTTCATC
31 TYROBP 361537 TTCCTGTCCTCCTGACTGTGG AGGAACATTCGCATCCTGGGTAA
32 SPI1 366126 TGGAGACAGCCATAGCGATCA CAGCTCCGTGAAGTGGTTCT
33 STAT1 25124 GGAAGCACCAGAACCGATGGA ATGGGAAGCAGGTTTTCTGTGC
34 IRF8 292060 CGTCCCCGAGGAAGAGCAAA GCCACACTCCATCTCCGTGA
35 MSR1 498638 GACGCACGTTCCATGACAGC AGAGCGACGAGGGCAACTTT

Detection of each amplification was performed using the non-specific

fluorochrome EvaGreen® Master Mix SsoFastTM Supermix with Low ROX (Bio-

Rad Laboratories, CA, USA). The final concentration of primers, both forward and

reverse, was 200 nM. The RT-PCR protocol was: Stage 1, Hot Start 1 min at
95°C, Ramp rate 5.5°C/s; Stage 2, Ramp rate 5.5°C/s, 30 cycles of 5 s at 96°C,
20 s at 60°C; Stage 3 (melting curve), 3 s at 60°C, 60°C-95°C Ramp rate 1°C/3
s. The software used to obtain Ct (cycle threshold) data was Real-Time PCR
Analysis Software 4.1.3 (Fluidigm, CA, USA).
candidates were evaluated using GenEx vs 6.1 software (MultiD Analyses,

Five housekeeping gene

Sweden). The most stable housekeeping genes were B2M and UbC, so their

geometric means were used to normalize the Ct data from the target genes.
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14.Sample collection from mice.

After the corresponding treatments, biological samples were harvested
from mice (Figure 13). First, cerebrospinal fluid (CSF) was extracted from the
cisterna magna, which is the space between the cerebellum and the dorsal
surface of the medulla oblongata. Briefly, mice were anesthetized and placed on
a platform with the head forming a 60° angle with the body. Layers of muscles in
the back of the neck were carefully dissected using forceps and micro scissors.
If bleeding occurred, cotton swabs were used to help stop it. Once the dura over
the cisterna magna was exposed, a sharpened glass capillary (#3-000-203-G/X,
Drummond Scientific Company, PA, USA) was inserted at a 35-45° angle.
Typically, 2-10 pl of CSF were obtained, and stored at -80°C. In the next step,
blood was extracted from the heart and the mouse was transcardially perfused
with 0.9% saline solution. Typically 400-700 pl of blood were obtained. Blood
samples were collected in EDTA-coated tubes and centrifuged at 3,000 g for 15
min at 4°C. Plasma (supernatants) and erythrocyte (pellets) samples were stored
at -80°C for further analysis. After this, brain hemispheres were dissected. One
hemisphere was fixed by immersion in 4% paraformaldehyde (PFA) for 24 h at
4°C, and sectioned into 40 pm thick slices using a vibratome (Leica VT 1200S).
Slices were kept at -20°C in storage solution (30% glycerol, 30% ethylene glycol,
10% PB 0.4M and 30% ddH20) until use for immunohistochemical staining. The
other hemisphere was dissected into cortex, hippocampus, entorhinal cortex and
cerebellum, frozen in dry ice and stored at -80°C until use for protein extraction.
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Figure 13. Diagram of the sample collection protocol in mice, and the experimental use
of each sample. First, CSF was extracted from the cisterna magna. Then, blood samples
were collected from the heart and mice were perfused with 0.9% saline solution. After
centrifugation of blood samples collected in EDTA-coated tubes, plasma (supernatants)
and erythrocyte (pellets) samples were obtained. After this, brains were dissected. One
hemisphere was fixed in 4% PFA and sectioned into slices, and the other was dissected
into cortex, hippocampus, entorhinal cortex and cerebellum and stored fresh. CSF and
plasma samples were used to quantify AR and tau, erythrocytes were used to quantify
levels of oxidized/reduced glutathione. Brain slices were used for immunohistochemistry,
and fresh brain tissue was used to isolate mitochondria, and to perform western blot
(WB) and ELISA assays.

15. Mitochondria isolation from mouse brain.

Mitochondria were isolated from mouse brains as previously described (Xu
et al., 2018). 100-200 mg of brain tissue were washed twice with cold 1X PBS,
and homogenized in 800 pl of 1X PBS with a glass homogenizer. Samples were
centrifuged at 800 g for 5 min at 4°C. Supernatants (~0.5 ml) were transferred to
new tubes containing 1.5 ml of cold Buffer A (0.5 mM EGTA, 250 mM mannitol,
5 mM HEPES, 0.1% bovine serum albumin (BSA), 1% Halt™ Protease &
Phosphatase Inhibitor Cocktail in ddH20, pH 7.4), and centrifuged at 15,000 g for
10 min at 4°C. Supernatants were collected as cytosolic fractions, and pellets
were collected as mitochondrial fractions. Mitochondrial fractions were washed
twice with 1 ml of Buffer A, recentrifuged at 15,000 g for 10 min at 4°C, and
resuspended in 0.5 ml of Buffer A. Protein concentrations were determined by
DC Protein Assay (Bio-Rad Laboratories, CA, USA), based on the Lowry assay.
Samples were immediately used to perform ROS detection assays, and the rest
was stored at -80°C for further analysis. For western blotting, samples were
diluted in 2X sodium dodecyl sulfate (SDS) sample buffer and boiled at 95°C for

5 min before use.

16. Glutathione quantification in erythrocyte samples.

Total glutathione (y-L-glutamyl-L-cysteinylglycine) and its oxidized form
were quantified in mouse erythrocyte samples using a colorimetric assay based
on 5,5-dithiobis-(2-nitrobenzoic acid) (#38185, Sigma-Aldrich, MO, USA),
following manufacturer’s instructions. Erythrocyte samples were centrifuged at
1,000 g for 10 min at 4°C. Supernatants were discarded, and four times the
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sample volume of 5% 5-sulfosalicylic acid (SSA) was added to lyse the
erythrocytes. Samples were centrifuged at 8,000 g for 10 min at 4°C, and
supernatants were transferred to new tubes. Ten times the sample volume of
ddH20 was added to reduce the concentration of SSA to 0.5%, and samples were
used at a 1:10 dilution for the assay. Two sets of samples were prepared (200 pl
each); one to measure oxidized glutathione (GSSG), and the other to measure
total glutathione. The first set was treated with 4 ul of masking solution to mask
reduced glutathione (GSH), while the other set was untreated. Standard curves
for GSSG and GSH were prepared. 40 pl of standard solutions and the two sets
of samples were added to a 96-well plate, and incubated with 120 pl of Buffer
solution at 37°C for 1 h. Then, 20 pl of substrate, 20 pl of coenzyme and 20 pl of
enzyme were added to each well. After incubation at 37°C for 10 min, absorbance
was read at 412 nm using a microplate reader Synergy HT and the software KC4.
GSSG and GSH concentrations in each sample were calculated using the
equation of the best-fit straight line through the standard points for each case.
Total glutathione concentration was calculated as the sum of GSSG plus GSH.

17.Protein extraction and detection by western blotting.
17.1. Protein extraction from cell cultures.

Lysates from cell cultures were prepared using a cell scraper (Corning,
NY, USA) and Pierce™ RIPA buffer, with Halt™ Protease & Phosphatase
Inhibitor Cocktail and 0.5 M EDTA solution (Thermo Fisher Scientific, MA, USA).
Protein concentrations were determined by DC Protein Assay. Samples were
diluted in 2X SDS sample buffer and boiled at 95°C for 5 min before use.

17.2. Biotinylation of cellular membranes.

Biotinylation assays were performed in order to examine proteins localized
on the cell surface, as described previously (Arancibia-Carcamo et al., 2006).
Primary microglia were seeded as described above (2x10° cells per condition).
One day prior to treatment, serum-free medium was added to the cultures. Cells
were treated with 100 nM ATL or 1 yM XVA143, and 3 uM oAB for 24 h. ATL and

XVA143 were added one hour before oAB. After the treatment, cells were cooled
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on ice to prevent receptor endocytosis during the biotinylation protocol, and
washed three times in cold rinsing buffer (1 mM CaClz, 0.5 mM MgClz in 1X PBS
pH 7.4). Then, cultures were incubated in rinsing buffer containing 1 mg/ml sulfo-
NHS-SS-biotin (Thermo Fisher Scientific, MA, USA) for 30 min at 4°C with gentle
agitation. After the biotinylation step, cells were washed three times in cold
quenching buffer (50 mM glycine, 0.5% BSA in rinsing buffer), and incubated with
quenching buffer for 30 min at 4°C with gentle agitation, in order to remove non-
incorporated biotin. After the quenching step, cells were washed twice with 1X
PBS and lysed using Pierce™ RIPA buffer, with Halt™ Protease & Phosphatase
Inhibitor Cocktail and 0.5 M EDTA (100 pl per condition). Lysates were
transferred to tubes and incubated for 1 h at 4°C using a rotating mixer.
Afterwards, samples were centrifuged at 12,000 g for 20 min. 10 pl of the
supernatant was used as total lysate fraction. The remaining 90 ul were incubated
with NeutrAvidin™ UltraLink™ Resin beads (Thermo Fisher Scientific, MA, USA)
overnight at 4°C (30-35 pl per sample) using a rotating mixer. Samples were
washed twice with Pierce™ RIPA buffer, twice with high-salt Pierce™ RIPA buffer
(500 mM NacCl in RIPA pH 7.5), and twice with 1X PBS, each step followed by a
quick centrifugation at 1,000 rpm (equivalent to approx. 200 g), for 1 min. Finally,
biotinylated proteins were eluted with 2X SDS sample buffer by heating at 95°C
for 5 min, and centrifuged at 15,000 g for 5 min. Biotinylated fractions were

normalized using a-tubulin in their corresponding total lysate fractions.

17.3. Protein extraction from mouse tissue.

Brain tissue was homogenized using Pierce™ RIPA buffer, with Halt™
Protease & Phosphatase Inhibitor Cocktail and 0.5 M EDTA. Tissue samples
were homogenized in 200 ul of RIPA with a glass homogenizer, and sonicated
with an ultrasonic cell disrupter (25 pulses, 80% amplitude and 0.6 cycle). Then,
tubes were centrifuged at 12,000 g for 15 min at 4°C. Supernatants (RIPA
fractions) were transferred to new tubes and pellets were further processed for
insoluble AR detection. Pellets were extracted with 400 pl 2% SDS buffer and
sonicated (10 s, 80% amplitude and 12% power). Samples were heated for 5 min
at 90°C and centrifuged at 100,000 g for 30 min. Supernatants (SDS fractions)
were ftransferred to new tubes and stored at -80°C until use. Protein
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concentrations were determined by DC Protein Assay in the RIPA fractions.
Samples were diluted in 2X SDS sample buffer and boiled at 95°C for 5 min

before use for western blotting.

17.4. Western blotting.

Protein lysates were separated by SDS-PAGE. For a low number of
samples, Bolt™ 4 to 12%, Bis-Tris, mini protein gels and Bolt™ MES SDS
Running buffer (Invitrogen, MA, USA) were used for electrophoresis, and
transferred to iBlot™ 2 PVDF or nitrocellulose membranes (Invitrogen, MA, USA),
followed by immunoblotting. For a high number of samples, Any kD™ Criterion™
TGX Stain-Free™ midi protein gels (Bio-Rad Laboratories, CA, USA) and Tris-
Glycine buffer (25 mM Tris pH 8.3, 192 mM glycine, 0.1% SDS in ddH20) were
used. Gels were transferred to Trans-Blot Turbo Midi Nitrocellulose transfer
packs (Bio-Rad Laboratories, CA, USA).

Membranes were blocked in 1X tris-buffered saline (TBS) (20 mM Tris,
137 mM NaCl in ddH20 pH 7.4), with 0.05% Tween-20 (TBS-T) (Acros organics,
Belgium) and 5% fat-free milk for 1 h at room temperature (RT). Membranes were
incubated overnight with primary antibodies in the same solution at 4°C, then
washed three times with TBS-T and incubated with horseradish peroxidase-
linked (HRP) secondary antibodies for 1 h at RT (Table 3). Finally, membranes
were washed three times with TBS-T. Immunoreactive bands were detected
using enhanced electrochemical luminescence SuperSignal™ West Dura or
Femto (Thermo Fisher Scientific, MA, USA) and a ChemiDoc™ MP Imaging
System (Bio-Rad Laboratories, CA, USA). Band intensities were quantified using
the company’s Image Lab® software. All protein intensities were divided by the
corresponding a-tubulin  or Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) measurement for normalization, unless otherwise stated. In the case
of protein samples from isolated mitochondria, target proteins were normalized
using mitochondrial marker voltage-dependent anion channel 1 (VDAC1). When
needed, membranes were stripped of antibodies using Restore™ Western Blot
Stripping Buffer (Thermo Fisher Scientific, MA, USA) for 15-20 min at RT,
followed by two washes with 1X TBS and reblotting. Quantification of respiratory
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chain components was carried out using Total OXPHOS rodent WB antibody
cocktail (abcam, UK) and AffiniPure Goat secondary antibody according to

manufacturer’s instructions.

Table 3. Antibodies used for Western blotting.

Antibody Supplier Cat. # | Conc. RRID
Rabbit anti-CD11b abcam ab128797 1:500 Not found
Mouse anti-IL13 Cell Signaling #12242 1:500 AB_2715503
Rat anti-Caspase 1 (4B4.2.1) Gift by Genentech - 1:1,000 Not found

Mouse anti-NLRP3 AdipoGen AG-20B-0014 | 1:1,000 | AB_2490202
Rabbit anti-ASC/TMS1 Cell Signaling #67824 1:1,000 | AB_2799736
Mouse anti-a Tubulin abcam ab7291 1:2,000 AB_2241126
Mouse OXPHOS WB Cocktail abcam ab110413 1:250 AB_2629281
Rabbit anti-VDAC Cell Signaling #4866 1:500 AB_2272627
Mouse anti-DRP1 Santa Cruz Bio. sc-271583 1:200 AB_10659110
Mouse anti-MFN2 abcam ab56889 1:500 AB_2142629
Rabbit anti-CD18 Invitrogen PA5-95027 1:500 AB_2806833

Rabbit anti-PSD95 abcam ab18258 1:500 AB_444362

Mouse anti-VGlut1 Synaptic Systems #135511 1:750 AB_887879
Rabbit anti-MRC1 abcam ab64693 1:1,000 | AB_1523910
Mouse anti-Argl Santa Cruz Bio. sc-166920 1:200 AB_10609486

Rabbit anti-lba1 Wako 016-20001 1:500 AB_839506
Mouse anti-GAPDH Sigma-Aldrich MAB374 1:2,000 | AB_2107445

HRP Sheep anti-mouse IgG Sigma-Aldrich A6782 1:5,000 AB_258315
HRP Goat anti-rabbit IgG Cell Signaling #7074 1:5,000 | AB_2099233
AffiniPure Goat anti-mouse IgG Jackson Immuno 115-035-003 1:5,000 | AB_10015289

18.Preparation of tissue extracts from human samples.

Frozen samples from human prefrontal cortex (Table 1) were lysed with
the non-denaturing buffer Lysis Buffer 3 (IS007, Cloud-Clone Corp., TX, USA).
They were rinsed in cold 1X PBS and weighed. Lysis Buffer was added in a 1:20
ratio (1 ml of Lysis Buffer for 20 mg of tissue). Samples were homogenized with
a glass homogenizer and sonicated with an ultrasonic cell disrupter (25 pulses,
80% amplitude and 0.6 cycle). Homogenates were centrifuged at 10,000 g for 5
min at 4°C, and supernatants were collected. Protein concentrations were

determined by DC Protein Assay.
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19.ELISA Assays.
19.1. Quantification of IL-1B in cell culture supernatants.

Pro-inflammatory cytokine IL-13 present in supernatants was measured
using an appropriate ELISA kit (ab100767, abcam, UK), following manufacturer’s
instructions. Supernatant samples from cell cultures (density of 1x10% - 1x108
cells) were used undiluted. In brief, 100 ul of standards and samples were added
into a 96-well plate pre-coated for rat IL-1B and incubated for 2.5 h at RT with
gentle shaking. The plate was washed with Washing solution, and 100 pl of
Biotinylated IL-1B detection antibody were added to each well. After incubating
for 1 h at RT with gentle shaking, the plate was washed again, and 100 pl of HRP-
Streptavidin solution were added to each well. The plate was incubated for 45
min at RT with gentle shaking and washed before adding 100 pl of TMB One-
Step substrate reagent to each well. After a 30 min incubation at RT with gentle
shaking in darkness, 50 ul of Stop solution were added and the plate was read
immediately in a fluorimeter at 450 nm. The standard curve was obtained plotting
the standard concentration (pg/ml) on the x-axis and absorbance on the y-axis.
IL-18 concentrations in each sample were calculated using the equation of the
best-fit straight line through the standard points.

19.2. Quantification of TGF-B1 in cell culture supernatants.

Transforming Growth Factor-1 (TGF-1) in supernatants was measured
by an ELISA kit (ab119558, abcam, UK), following manufacturer’s instructions.
Amicon® Ultracel® 3K centrifuge filters (EMD Millipore, MA, USA) were used to
concentrate the amount of proteins present in the cell culture supernatants
(density of 1x10° - 1x10° cells), due to low levels of TGF-B1. For the ELISA assay,
20 pl of all samples were prediluted with 180 pl of Assay buffer plus 20 ul of 1N
HCI for 1h, and then neutralized with 20 yl 1N NaOH. 100 pl of standards and
samples were added into a 96-well plate pre-coated for rat TGF-B1 and incubated
for 2 h at RT with gentle shaking. The plate was washed with Washing solution,
and 100 pl of Biotin-Conjugated Antibody were added to each well. After
incubating for 1 h at RT with gentle shaking, the plate was washed again, and

100 pl of Streptavidin-HRP solution were added to each well. The plate was
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incubated for 30 min at RT with gentle shaking and washed before adding 100 pl
of TMB Substrate Solution to each well. After a 30 min incubation at RT with
gentle shaking in darkness, 100 pl of Stop solution were added and the plate was
read immediately in a fluorimeter at 450 nm. The standard curve was obtained
plotting the standard concentration (pg/ml) on the x-axis and absorbance on the
y-axis. TGF-B1 concentration in each sample was calculated using the equation

of the best-fit straight line through the standard points.

19.3. Quantification of AB42 in culture supernatants and mouse

synaptosomes.

Supernatant samples from cell cultures (density of 1x10° - 1x10° cells) and
supernatants from organotypic cultures (two slices per well) were quantified. AB-
42 was also measured in post-synaptic synaptosomal fractions (PSD fractions)
previously extracted from human cortices (Table 1) by Dr. Carolina Ortiz-Sanz
(samples were diluted between 1:1 and 1:5 for the assay). Concentrations of
human AB1.42 were measured using an ELISA kit (KHB3441, Invitrogen, MA,
USA), following manufacturer’s instructions. In brief, 50 pl of standards and
samples and 50 pl of human A2 detection antibody were added into a pre-
coated 96-well plate and incubated for 3 h at RT with gentle shaking. The plate
was washed with Washing solution, and 100 ul of anti-rabbit IgG HRP antibody
were added to each well. After incubating for 30 min at RT with gentle shaking,
the plate was washed again, and 100 pl of Stabilized chromogen solution were
added to each well. The plate was incubated for 30 min at RT with gentle shaking
in the dark. Finally, 100 ul of Stop solution were added and the plate was read
immediately in a fluorimeter at 450 nm. The standard curve was obtained plotting
the standard concentration (pg/ml) on the x-axis and absorbance on the y-axis.
AB1-42 concentrations in each sample were calculated using the equation of the

best-fit straight line through the standard points.

19.4. Quantification of AB42 in mouse brain tissue.

Concentrations of human AB+.42 present in 3xTg mouse entorhinal cortex

and hippocampus homogenates were measured using an ELISA kit (EZHS42,
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EMD Millipore, MA, USA), following manufacturer’s instructions. In brief, 50 pl of
standards, quality controls and tissue homogenates (1 ug/ul per sample) plus 50
ul of Antibody Conjugate Solution were added into a pre-coated 96-well plate and
incubated overnight at 4°C without shaking. Next day, the plate was washed with
Washing solution, and 100 ul of Enzyme Conjugate Solution were added to each
well. After incubating for 30 min at RT with gentle shaking, the plate was washed
again, and 100 pl of Substrate Solution were added to each well. The plate was
incubated for 20-30 min at RT with gentle shaking in the dark. Finally, 100 pl of
Stop solution were added and the plate was read immediately in a fluorimeter at
450 nm and 590 nm. Absorbance was calculated as the read at 450 minus the
read at 590 nm. The standard curve was obtained plotting the standard
concentration (pg/ml) on the x-axis and absorbance on the y-axis. AB1.a2
concentrations in each sample were calculated using the equation of the best-fit
straight line through the standard points.

19.5. Multiplex quantification of cytokines in mouse brain tissue.

Pro-inflammatory cytokines IL-1p3, IL-5, IL-6, KC/GRO and TNF-a were
measured in mouse cortex and hippocampus using an MSD® Multi-spot panel
based on electrochemiluminescence (K15048D, V-PLEX, Meso Scale Discovery,
MD, USA), following manufacturer’s instructions. Tissue homogenates (samples
in Pierce™ RIPA buffer) were diluted 1:1 with Diluent 41. 50 pl of standards and
samples were added into a pre-coated 96-well plate and incubated with shaking
at room temperature for 2 h. Next, the plate was washed with 1X PBS plus 0.05%
Tween-20, and 25 pl of Detection Antibodies were added to each well. After
incubating with shaking at room temperature for 2 h, the plate was washed again,
and 150 ul of 2X Read Buffer T were added per well. The plate was analyzed on
a MESO QuickPlex SQ 120 (Meso Scale Discovery, MD, USA), which calculated
the concentration of each target (pg/ml) using supplied in-assay standard curves.

19.6. Quantification of lipoxin LXA4 in human samples.

Levels of endogenous lipoxin LXA4 were measured in human cortices by
an ELISA kit (CEB452Ge, Cloud-Clone Corp., TX, USA) based on competitive
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inhibition, following manufacturer’s instructions. For a total protein concentration
range of 1-15 ug/ul, a dilution of 1:5 was performed before the assay. For the
ELISA assay, 50 ul of standards and samples plus 50 ul of Detection Reagent A
were added into a pre-coated 96-well plate, and incubated for 1 h at 37°C. The
plate was washed with Washing solution, and 100 pl of Detection Reagent B were
added to each well. After incubating for 30 min at 37°C, the plate was washed
again, and 90 pl of Substrate solution were added to each well. The plate was
incubated for 20 min at 37°C in darkness. Finally, 50 pl of Stop Solution were
added and the plate was read in a fluorimeter at 450 nm. The standard curve was
obtained plotting the standard concentration (log pg/ml) on the x-axis and
absorbance on the y-axis, taking into account that the intensity of color developed
was inversely proportional to the concentration of LXAs. LXA4 concentration in
each sample was calculated using the equation of the best-fit straight line through
the standard points. Data was normalized using the weight of each tissue sample.

20.SIMOA Triplex assay in animal plasma and CSF samples.

EDTA plasma and CSF samples were thawed at RT and centrifuged at
10,000 g for 5 min at 4°C prior to analysis. Levels of AB4o, AB42 and total Tau
(tTau) were measured using the Simoa® Human Neurology 3-Plex A assay
(N3PA) (Quanterix, MA, USA) and the automated Simoa® HD-1 analyzer
(Quanterix, MA, USA), and following the manufacturer’s instructions. Plasma
samples were loaded undiluted, and CSF samples were diluted 1:200 before
loading. All samples went through a 1:4 on-board automated sample dilution, so
that the final dilutions were 1:4 for plasma samples and 1:800 for CSF. All
samples were analyzed in duplicate.
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21.Immunofluorescence.

21.1.

Cell culture immunostaining.

Experimental procedures

Cell culture coverslips were fixed in 4% PFA for 10 min, and washed twice
with 1X TBS. Then, they were permeabilized and blocked in 1X TBS with 1%
BSA, 0.5% normal goat serum (NGS) (Palex Medical, Spain) and 0.1% saponin

for 1 h. Coverslips were incubated overnight at 4°C in the same blocking solution

with the corresponding primary antibodies (Table 4), washed with TBS-T and

incubated with Alexa fluorophore-conjugated secondary antibodies at a dilution

of 1:500 for 1h at RT (Invitrogen, MA, USA). Samples were mounted using
Fluoromont-G (SouthernBiotech, AL, USA).

Table 4. Antibodies used for immunocytochemistry (ICC) and immunohistochemistry

(IHC).
Antibody Supplier Cat. # Applic. Conc. RRID
Mouse anti-AT8 Invitrogen MN1020 IHC 1:500 AB_223647
Chicken anti-Synaptophysin | Synaptic Systems #101006 IHC 1:500 AB_2622239
Rabbit anti-Homer1 Synaptic Systems #160003 ICC, IHC 1:500 AB_887730
Rabbit anti-C1q abcam ab182451 ICC, IHC | 1:500 AB_2732849
Rabbit anti-S1003 Dako GA50461-2 IHC 1:400 AB_2811056
Rabbit anti-GFAP Dako 20334 IHC 1:4,000 | AB_10013382
Rat anti-mouse CD11b Bio-Rad MCA711 IHC 1:250 AB_321292
Rabbit anti-lba1 Wako 019-19741 IHC 1:1,000 AB_839504
Guinea pig anti-lba1 Synaptic Systems #234004 ICC 1:500 AB_2493179
Rabbit anti-CD11b abcam ab128797 ICC 1:500 Not found
Texas Red™-X phalloidin Invitrogen T7471 ICC 1:100 Not found
Mouse anti-AB [6e10] BioLegend 803015 ICC 1:500 AB_2565328
Mouse anti-rat CD11b Bio-Rad MCA275 IHC 1:500 AB_321300
Mouse anti-Synaptophysin BioLegend #837101 ICC, IHC | 1:1,000 | AB_2565370
Mouse anti-GFAP Sigma-Aldrich MAB3402 ICC 1:1,000 AB_94844
Mouse anti-MAP2 Sigma-Aldrich M9942 ICC 1:1,000 AB_477256
Rabbit anti-CD18 Invitrogen PA5-95027 ICC 1:500 AB_2806833
Mouse anti-iINOS BD Biosciences #610329 ICC 1:200 AB_397719
Mouse anti-AMIGO2 Santa Cruz Bio. sc-373699 ICC 1:250 | AB_10920216
Rabbit anti-C3 abcam ab11887 ICC 1:100 AB_298669
Rabbit anti-PSD95 abcam ab18258 IHC 1:500 AB_444362

21.2,

Organotypic cultures immunostaining.

Organotypic hippocampal slices were fixed in 4% PFA for 40 min, and

washed twice with 1X PBS. Samples were permeabilized and blocked for 3 h at
RT in 1X PBS with 5% NGS and 0.5% Triton-X. Then, they were incubated
overnight at 4°C in 1X PBS 1% NGS and 0.1% Triton-X with primary antibodies
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(Table 4), washed with 1X PBS and incubated with Alexa fluorophore-conjugated
secondary antibodies at a dilution of 1:500 for 2h at RT. Slices were mounted
using a bridge mounting technique (Yoon et al., 2010), where two 22 mm x 22
mm coverslips were glued to each end of a glass slide. Organotypic slices were
mounted using Fluoromont-G, and a 40 mm x 22 mm coverslip was placed to

bridge the gap between the two coverslips without smashing the samples.

21.3. Mouse tissue immunostaining.

Free floating sections of brain tissue were washed three times with 0.1 M
PB (23 mM Na:HPO4, 90 mM NaH2PO4 in ddH:0, pH 7.4). They were
permeabilized and blocked in 0.1 M PB with 4% BSA and 0.25% Triton-X for 1 h,
and then incubated overnight at 4°C in 0.1 M PB with 4% BSA with the
corresponding primary antibodies (Table 4). Next, sections were washed with 0.1
M PB and incubated with Alexa fluorophore-conjugated secondary antibodies at
a dilution of 1:500 for 1h at RT. Samples were mounted using Fluoromont-G. In
the case of staining with Thioflavin S (ThS) (Sigma-Aldrich, MO, USA), slices
were incubated with 0.001% ThS in PB for 15 min, and then washed twice with

PB before mounting.

22.Confocal microscopy and image processing.

Images were acquired using Leica TCS STED CW SP8X confocal
microscope (Leica, Germany). In experiments with multiple fluorophores,
channels were scanned sequentially to avoid crosstalk. The same settings were
applied to all images within the same experiment. All analyses were carried out
using open source ImagedJ/Fiji software.

221. Synaptic marker analysis.

Synaptic markers were quantified in neuritic segments of primary neurons.
In each condition, images were acquired on random fields, and neuritic segments
(20 pym in length) were selected from areas where a single process could be
outlined. After the background was subtracted and a threshold was applied,
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integrated density of each neuritic segment was quantified. For each condition,
individual segments were grouped and averaged per field, and all the per field
averages were used to calculate the group mean and standard deviation for each
condition and experiment. A macro was developed in ImageJ/Fiji software to
automate the analysis.

For synaptic puncta colocalization studies, random fields in hippocampal
organotypic slices were imaged with the 63X objective and 4X zoom in Leica TCS
STED CW SP8X confocal microscope. Each image was deconvoluted to better
distinguish synaptic puncta using Huygens Professional software (Scientific
Volume Imaging, Netherlands). The number of pre-synaptic, post-synaptic and
colocalized puncta (spots where the two synaptic channels overlapped) was
determined for each image. The values from each image were averaged to obtain
the group mean and standard deviation for each condition and experiment. A
macro was developed in ImageJ/Fiji software to automate the analysis.

For synapse quantification in mouse brain tissue, hippocampal CA1 areas
were imaged with the 63X objective and 2X zoom in Leica TCS STED CW SP8X
confocal microscope. Each image was deconvoluted with Huygens Professional
software. The integrated density and the area occupied by the staining were
determined for each image. The values from each image were averaged to obtain
the group mean and standard deviation for each condition and experiment.

22.2, Neuronal morphology.

For neuronal morphology analyses, Microtubule-Associated Protein 2
positive (MAP2*) cells were used. Single neurons were selected in areas where
a single cell could be identified. Images were converted to binary and then
skeletonized. The function Summarize skeleton in ImageJ/Fiji software was used
to obtain the average branch length, the number of branches and the number of
junctions in each neuron. The values of each individual cell were used to obtain

the group mean and standard deviation for each condition and experiment.
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22.3. Glial morphology.

In order to study astrocytic morphology in vitro, GFAP was used to stain
astrocytes. They were selected in areas where a single astrocyte could be
identified. After images of individual cells were transformed into binary, the tool
Outline was used to automatically draw the cell shape. Morphology parameters
like density (number of pixels of foreground color divided by the total number of
pixels in the convex hull), span ratio (a measure of shape, as ratio of major and
minor axes for the convex hull) and circularity were quantified using the Fractal
Analysis FracLac plugin available in ImageJ/Fiji software as previously described
(Young & Morrison, 2018). The values from individual cells were averaged to

obtain the group mean and standard deviation for each condition and experiment.

For glial morphology in mouse brain tissue, GFAP™* astrocytes and |Iba1*
microglia were quantified. Stack images were taken in hippocampal CA1 areas,
and they were deconvoluted using Huygens Professional software. Next,
maximal projections of the stack images were obtained, and individual cells were
cropped. These crops were converted to binary and then skeletonized. The
function Summarize skeleton in ImageJ/Fiji software was used to obtain the
average branch length, the number of branches and the number of junctions in
each cell. The same crop images were used to obtain the cells’ outlines and
measure morphological parameters using the FracLac plugin as described
above. The values of each individual cell were used to obtain the group mean
and standard deviation for each condition and experiment.

224. Quantification of areas and intensities.

To quantify the expression levels of targets in cell cultures, the specific
markers MAP2, GFAP and Iba1 were used to identify and define the area
occupied by neurons, astrocytes and microglia, respectively. Then, the integrated
density of each target was measured inside that delimited area. Images were
acquired on random fields. A minimum of 20 individual cells were analyzed per
condition. The integrated density of individual cells was averaged and divided by
the total number of cells to obtain the integrated density per cell group mean and

standard deviation for each condition and experiment.
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In order to quantify the area occupied by astrocytes (marked with S1008
and GFAP) and microglia (marked with CD11b and Iba1) in mouse brain tissue,
as well as C1q puncta, stack images of hippocampal CA1 area and cortex were
taken and then deconvoluted using Huygens Professional software. Mean
projections of the stacks were used to determine area occupied and integrated

density data.

For ThS stainings, stack images of the subiculum area were taken.
Maximal projections of the stacks were used to determine the number of Ap
plaques and the area occupied by those plaques. In the case of AT8 stainings,
images of the hippocampal pyramidal layer were used to determine area and
integrated density.

23. Statistical analysis.

GraphPad Prism 8 software was used to perform all statistical analyses
(GraphPad Software, CA, USA). In graphs, data were presented as mean
standard error of the mean (SEM), and scaled so that the average value for the
corresponding control was 100%. Each independent experiment was coded with
a different color for better visualization in the case of experiments with paired sets
of data. All data sets were tested for normality and homoscedasticity. Two-tailed
Student’s t test was used to compare two experimental groups. Comparisons
between more than two groups were performed by one-way Analysis of variance
(ANOVA), followed by post hoc test. If one or more data points were missing
when comparing more than two groups, mixed-effect model was used to perform
the analysis. Statistical significance was represented as p<0.05 (*), p<0.01 (**),
p<0.001 (***) and p<0.0001 (****).
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1. Pro-resolving mediator ATL reduces oxidative stress, mitochondrial
dysfunction and AD neuropathology.

1.1. AB1.42 oligomers increase ROS generation through NOX2 enzyme.

AB oligomers induce ROS generation in neurons and glial cells via
nicotinamide adenine dinucleotide phosphate oxidases (NOX), mainly NOX2
(Shelat et al., 2008; Li et al., 2013). In order to validate this, we used primary
cultures of neurons and microglia to measure intracellular ROS generation after
treatment with oAB and two different NOX inhibitors. DPI is a potent inhibitor of
the NOX family that engages their heme and flavin cofactors, while peptide gp91
ds-tat is a specific NOX2 inhibitor that blocks the interaction between the
transmembrane domain and its activator p47°"* (Reis et al., 2020). In primary
neurons, we found that 3 uM oA for 1 h significantly increased intracellular ROS
generation compared with controls (135.1 £ 9.6 vs 100 = 6.0%; p<0.01; n = 5),
while the presence of 1 yM gp91 ds-tat and 0.5 uM DPI prevented this increase.
Besides, oAB was still able to increase ROS generation in the presence of
scrambled peptide gp91 ds-tat (113.2 £ 13.3 vs 85.5 + 11.3%; p<0.01; n = 5),
which confirmed the specificity of this inhibitor (Figure 14A). We made similar
observations in primary microglia, where oA significantly increased intracellular
ROS (130.1 £ 6.8 vs 100 + 3.3%; p<0.05; n = 5), and treatment with gp91 ds-tat
and DPI blocked this effect. With scrambled gp91 ds-tat, oAB still increased
intracellular ROS (125.6 £ 9.6 vs 104.1 £ 5.6%; p<0.05; n = 5) (Figure 14B).
These results support the idea that oA stimulates ROS production mediated by
NADPH oxidase NOX2, both in neurons and microglia.
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Figure 14. AB1.42 increases ROS generation by enzyme NOX2 in primary neurons
and microglia. Quantification of intracellular ROS with fluorescent probe CM-H2DCFDA
in (A) primary neurons (n = 5) and (B) primary microglia (n = 5). ROS were measured
after treating cells for 1 h with 3 uM 0AB, 1 uM gp91 ds-tat, 1 uM scrambled gp91 ds-tat,
and 0.5 uyM DPI. Values were normalized with the number of cells per condition. Each
bar represents the mean £ SEM. * p<0.05; ** p<0.01; ™ not significant; mixed-effect
model. gp91 = gp91 ds-tat; sc gp91 = scrambled gp91.

1.2.Lipoxin ATL ameliorates AB-induced ROS accumulation by
reducing their production and enhancing their elimination.

Oxidative stress and neuroinflammation can potentiate each other under
pathological conditions, so we hypothesized that facilitating inflammation
resolution could have a positive effect on AB-induced ROS accumulation. In order
to test this hypothesis, we focused our attention on lipoxins. We used aspirin-
triggered 15-epi-LXA4 or ATL (5(S),6(R),15(R)-trihydroxy-7,9,13-trans-11-cis-
eicosatetraenoic acid), which is a stable and potent analog of LXA4 (Fierro et al.,
2003). The main lipoxins receptor is ALX/FPR2 (Wang et al., 2011; Romano et
al., 2015), so we included ALX/FPR2 antagonist Boc-2 in the experimental design

in order to confirm the specificity of our target.

Firstly, we performed cell viability assays to ensure non-cytotoxic
concentrations of ATL and Boc-2. None of the analyzed concentrations reduced
the viability of either neurons or microglia (Figure 15A, B), so we decided to
choose 100 nM for ATL and 10 uM for Boc-2, based on previous publications (Wu
et al., 2012b; Zhou et al., 2020). Once we decided the working concentrations,
we analyzed the effect of ATL on AB-induced ROS generation. We quantified
intracellular ROS in primary neurons and microglia after treatment with 3 uM oA,

70



Results

100 nM ATL, or 100 nM ATL together with 10 uM for Boc-2 for 1 h. In primary
neurons, we observed that oAB significantly increased ROS generation
compared with controls (132.8 £ 5.6 vs 100 + 5.8%; p<0.01; n = 4), while ATL
prevented this increase. Boc-2 effectively blocked ATL effect, so oA was still
able to increase ROS compared with Boc-2 alone (136.7 + 5.4 vs 111.0 £ 5.5%;
p<0.01; n = 4) (Figure 15C). In the case of primary microglia, intracellular ROS
was increased with 0AB (134.8 + 11.2 vs 100 £ 18.8%; p<0.05; n = 4), while ATL
prevented this increase. Boc-2 blocked the action of ATL, which allowed oA to
increase ROS generation (130.6 £ 14.5 vs 100.7 £ 19.9%; p<0.05; n = 4)
compared with Boc-2 alone (Figure 15D).
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Figure 15. Lipoxin ATL prevents AB-induced ROS generation in a receptor-specific
manner. (A) Toxicity assay for ATL using fluorescent probe Calcein AM in primary
neurons and microglia 24 h after treatment (n = 3). Paired one-way ANOVA. (B) Toxicity
assay for Boc-2 with Calcein AM in primary neurons and microglia 24 h after treatment
(n =3). Paired Student’s t test. (C, D) Quantification of intracellular ROS with fluorescent
probe CM-H2DCFDA in primary neurons and primary microglia, respectively. Cells were
treated with 3 uM oAB, 100 mM ATL, and 10 uM Boc-2 for 1 h (n = 4). Values were
normalized with the number of cells per condition. Paired one-way ANOVA. Each bar
represents the mean + SEM. * p<0.05; ** p<0.01; " not significant;
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In addition to primary cultures, we analyzed the effects of ATL in
corticostriatal organotypic cultures, given that previous work in our lab
demonstrated that oAB induces ROS generation and cellular death in organotypic
slices (Alberdi et al., 2018). We measured intracellular ROS after treating
organotypic slices with 3 yM oAB and 100 nM ATL for 1 h. We observed that oA
significantly increased ROS production (130.4 £ 7.2 vs 100 £ 1.5%; p<0.05; n =
5), while ATL prevented this increase (Figure 16A, B). In addition, we assessed
AB-induced cell death by measuring Pl uptake. Treatment with 3 uM oA for 24
h significantly increased P| uptake compared with control slices (147.4 £ 19.8 vs
100 + 6.2%; p<0.05; n = 5). ATL was able to reduce AB-induced cell death to
levels slightly below its control (83.9 + 5.7 vs 96.8 + 6.9%; p = 0.0527; n = 5),
although it was not statistically significant (Figure 16C, D).
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Figure 16. ATL reduces AB-induced ROS generation and cell death in
corticostriatal organotypic cultures. (A) Representative image of intracellular ROS
detected with CM-H2DCFDA in organotypic slices. Scale bar = 40 um. (B) Quantification
of intracellular ROS after treatment with 3 uM oAB and 100 nM ATL for 1 h (n = 5). (C)
Representative image of Pl uptake as measure of cell death in organotypic slices. The
area delimited by yellow lines was quantified to avoid nonspecific signal in slice edges.
Scale bar = 1000 um. (D) Quantification of Pl uptake after treatment with 3 yM oA and
100 nM ATL for 24 h (n = 5). Values were normalized with the total area of each slice.
Each bar represents the mean + SEM. * p<0.05; ™ not significant; paired one-way
ANOVA.

After we demonstrated that ATL is able to reduce intracellular ROS
generation in neurons and microglia, we asked ourselves whether ATL could be
modulating NOX2 upstream mechanisms in microglia. Previous reports have
linked complement receptor CR3 to NOX2 activation. Antibody neutralization or
genetic ablation of CR3 subunit CD11b attenuates NOX2 assembly and
activation induced by a-synuclein (Hou et al., 2018). With this in mind, we
analyzed the potential effect of lipoxin ATL on microglial CD11b expression. We
treated primary microglia with 3 yM oA and 100 nM ATL for 24 h and performed
a biotinylation protocol to obtain fractions enriched in membrane proteins to
analyze CD11b expression in the cell surface. We found that oA increased
CD11b both in the cell surface (133.8 £ 2.8 vs 109.9 + 3.3%; p<0.05; n = 3) and
total lysates (119.7 £ 15.7 vs 100 = 17.2%; p<0.05; n = 3), compared with
controls. Additionally, ATL significantly reduced CD11b in the cell surface (98.7
+ 8.3 vs 109.9 £ 3.3%; p<0.05; n = 3) and total lysates (79.5 + 11.5 vs 100 %
17.2%:; p<0.05; n = 3), compared with oAB alone (Figure 17A, B). These results
suggest that ATL is able to reduce the AB-induced expression of CD11b, which
in turn would mediate NOX2 activation and ROS generation in microglia.
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Figure 17. ATL reduces AB-induced CD11b in the cell membrane of primary
microglia. (A) Western blot image of microglial activation marker CD11b in cellular
surfaces and total lysates of primary microglia. (B) Quantification of CD11b after
treatment with 3 uM oAB and 100 nM ATL for 24 h (n = 3). Raw data was normalized
using a-tubulin in the total lysate fraction. Each bar represents the mean + SEM. *
p<0.05; ™ not significant; paired one-way ANOVA.

Once we observed that ATL is able to reduce ROS generation, we asked
whether ATL would also have a positive effect on ROS elimination. Primary
neurons can reduce SOD activity in the presence of oAB (Alberdi et al., 2018),
and previous reports suggest that LXA4 can stimulate SOD after spinal cord injury
(Liu et al., 2015). Here, we wanted to analyze the effect of ATL on AB-induced
SOD activity impairment. We treated primary neurons and microglia with 5 yM
oAB and 100 nM ATL for 2 h and then measured the activity of the enzyme. In
primary neurons, we observed a significant reduction of SOD activity with oAB
compared to controls (83.7 + 7.7 vs 100 £ 7.4%; p<0.05; n = 5), while ATL
prevented this reduction (Figure 18A). We found similar results in primary
microglia, where oAR significantly reduced SOD activity (64.4 + 7.1 vs 100 %
9.3%; p<0.01; n = 5), and ATL kept it in levels similar to controls (Figure 18B).
Considering these results, ATL effectively decreases AB-induced oxidative stress
by reducing NOX2-mediated ROS generation and enhancing SOD-mediated
ROS detoxification.
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Figure 18. AB142 impairs SOD activity, but ATL restores it to control levels in
primary neurons and microglia. (A, B) Quantification of SOD activity in primary
neurons and primary microglia, respectively. Cells were treated with 5 yM oAB and 100
nM ATL for 2 h before measuring SOD activity (n= 5). Each bar represents the mean *
SEM. * p<0.05; ** p<0.01; " not significant; paired one-way ANOVA.

1.3.ATL reduces AB-induced ROS in the mitochondria and restores

impaired respiration.

It has been reported that LXA4 can reduce mitochondrial ROS and restore
mitochondrial respiration in a rat model of gastric ulcer (Madi et al., 2020), so we
hypothesized that lipoxin ATL could prevent Ap-induced mitochondrial
dysfunction in the 3xTg model. In order to test our hypothesis, we analyzed Ap-
induced mitochondrial ROS generation. First, we quantified mitochondrial
superoxide radicals in primary neurons and microglia, after treatment with 3 yM
oAB, 100 nM ATL, or 100 nM ATL together with 10 uyM for Boc-2 for 1 h.
Regarding primary neurons, we observed that oA significantly increased
superoxide radicals compared with controls (130.9 £ 7.8 vs 100 £ 7.7%; p<0.05;
n = 4), while ATL prevented this increase. With ATL antagonist Boc-2, oA was
still able to increase superoxide radicals (123.2 £ 5.9 vs 109.4 £ 2.5%; p<0.05; n
= 4) (Figure 19A). In primary microglia, oA also increased superoxide radicals
(113.2 £ 8.5 vs 100 = 8.2%; p<0.01; n = 4) compared with controls, and ATL
restored it to levels similar to controls. Boc-2 effectively blocked ATL, and oAB
was still able to increase superoxide radicals (113.6 £ 1.8 vs 96.2 + 0.5%; p<0.01;
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n = 4) (Figure 19B). In addition to primary cultures, we analyzed AB-induced
mitochondrial ROS in corticostriatal organotypic slices. After treating slices with
3 UM oA, 100 nM ATL, or 100 nM ATL together with 10 uM Boc-2 for 1 h, we
saw an increase of mitochondrial superoxide radicals with oAB (129.2 + 14.2 vs
100 £ 11.1%; p<0.05; n = 3), that was prevented by ATL (Figure 19C, D).
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Figure 19. Lipoxin ATL decreases Ap-induced superoxide radicals in the
mitochondria of neurons and microglia, as well as in corticostriatal organotypic
cultures. (A, B) Quantification of superoxide radicals in the mitochondria with
fluorescent probe MitoSOX™ in primary neurons and primary microglia, respectively.
Before quantification, cells were treated with 3 uM oAB, 100 nM and 10 uM Boc-1 for 1
h (n = 4). Values were normalized with the number of cells per condition. (C)
Representative image of MitoSOX™ in corticostriatal organotypic slices. Scale bar = 40
um. (D) Quantification of mitochondrial superoxide radicals after treatment with 3 uyM
oAB and 100 nM ATL for 1 h (n = 3). Values were normalized with the total area of each
slice. Each bar represents the mean + SEM. * p<0.05; ** p<0.01; " not significant; paired
one-way ANOVA.
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Once we corroborated that ATL effectively reduced mitochondrial ROS
generation, we considered whether this could be reflected on mitochondrial
function. To investigate this, we treated cultures with 3 uyM oAB and 50 nM ATL
for 1 h, and then analyzed respiration parameters using Seahorse XF96
Extracellular Flux Analyzer to measure OCR as detailed in Experimental
procedures, section 8. In primary neurons, we observed that oAB significantly
impaired basal respiration (14.8 + 1.7 vs 20.9 £ 1.1 pmol/min; p<0.001; n = 6)
and maximal respiration capacity (22.5 + 4.1 vs 39.2 + 4.3 pmol/min; p<0.01; n =
6), compared with controls. ATL was able to recover basal respiration to control
levels, and maximal respiration capacity to levels slightly lower than its control
(32.0 £ 6.2 vs 39.8 £ 6.7 pmol/min; p<0.05; n = 6) (Figure 20A, B). OCR linked
to ATP production and proton leak were also significantly lower with oAB (9.8
1.9 vs 14.0 £ 1.8 pmol/min; p<0.01; n = 6) and (4.9 + 0.8 vs 6.8 £ 1.0 pmol/min;
p<0.01; n = 6), respectively, while ATL returned both parameters to control levels
(Figure 20C). We made similar observations in primary microglia, where oA
significantly reduced basal respiration (13.6 £ 1.6 vs 18.7 £ 1.6 pmol/min; p<0.05;
n = 7) and maximal respiration capacity and (35.8 £ 7.9 vs 46.7 + 8.7 pmol/min;
p<0.05; n =7), compared with controls. ATL recovered both parameters to control
levels (Figure 20D, E). Finally, OCR liked to ATP production was significantly
reduced with oAB (8.1 £ 1.3 vs 11.9 £ 1.2 pmol/min; p<0.05; n = 7), and ATL
prevented this reduction (Figure 20F).

G

(A) (B) e

FCCP ok *

-
S

Oligomycin

20

OCR (pmol/min) in Neurons
OCR (pmol/min) in Neurons
OCR (pmol/min) in Neurons

0 T T 1
0 20 40 60 80

Time (min)

(D)

m

FCCP Rotan
80
-e~ Control
3uMAB
- 50 nMATL

60
Oligomycin
40

ATL +AB
=3 50 nMATL

3 ATL+AB
8

77

20

OCR (pmol/min) in Microglia
OCR (pmol/min) in Microglia

OCR (pmol/min) in Microglia

v T T T 1
0 20 40 60 80
Time (min)




Results

Figure 20. ATL recovers respiration parameters altered by ABi42 in primary
neurons and microglia. Analysis of mitochondrial respiration using Agilent Seahorse
XF Cell Mito Stress Test. Data was normalized with the number of cells per condition.
(A) Oxygen consumption rate (OCR) over time in primary neurons treated with 3 yM 0A3
and 50 nM ATL for 1 h. (B) Quantification of OCR linked to basal respiration (BR) and
maximal respiration capacity (MUR) in primary neurons (n = 6). (C) Quantification of
OCR linked to ATP production (ATP) and proton leak (PL) in primary neurons (n=6). (D)
OCR over time in primary microglia treated with 3 uM oAB and 50 nM ATL for 1 h. (E)
Quantification of BR and MUR in primary microglia (n = 7). (F) Quantification of ATP and
PL in primary microglia (n = 7). Each bar represents the mean + SEM. * p<0.05; **
p<0.01;*** p<0.001; "™ not significant; paired one-way ANOVA.

All of these results suggest that ATL can counteract AB-induced ROS
generation and respiratory chain impairment in the mitochondria. Together with
our previous observations, ATL seems to have the capacity to reduce ROS
accumulation and oxidative damage in the mitochondria in primary neurons,

microglia and organotypic cultures.

1.4.Endogenous LXA, is low and inversely correlates with synaptic A

levels in prefrontal cortices of AD patients.

Previous studies have linked low LXA4 levels with neurodegenerative
diseases. LXA4 is reduced in CSF and hippocampi of AD patients, and it positively
correlates with MMSE scores (Wang et al., 2015b). In order to complement
previous reports, we analyzed LXA4 levels in cortical samples of a cohort of
control individuals and AD patients in V-VI Braak stages of the disease. We found
that LXAs was significantly reduced in AD patients compared with control
individuals (25.2 + 3.1 vs 34.5 + 2.6 pg/mg; p<0.05; n = 7-9/group) (Figure 21A).
Next, we asked ourselves whether LXAs levels would be linked to Ap
accumulation. To answer this question, we used post-synaptic fractions from the
same cohort of patients (previously isolated by Dr. Carolina Ortiz-Sanz in our
laboratory) to quantify the accumulation of AB1.42. Linear regression analysis
revealed a statistically significant negative correlation between LXA4 levels in the
cortex and AB accumulation in post-synapses (R =-0.57; p = 0.021 n = 7-9/group)
(Figure 21B). In summary, we found low levels of lipoxin LXA4 in the cortex of

AD patients, which negatively correlate with AB+1.42 in post-synapses.
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Figure 21. Endogenous lipoxin LXA; is reduced in cortical samples of AD patients.
(A) Quantification of LXA4 in cortical samples of control individuals and AD patients in V-
VI Braak stages (n = 7-9/group). Data were normalized using the weight (mg) of each
tissue sample. Each boxplot represents the median and its respective quartiles. * p<0.05;
unpaired Student’s t test. (B) Negative correlation between LXA4 levels and AB1.42
accumulated in post-synaptic fractions. Orange dots = controls; Blue dots = AD V-VI
patients; PSD fraction = post-synaptic fraction. The dashed lines in the regression
analysis represent 95% confidence intervals.

1.5. Effects of ATL treatment in the 3xTg mouse model.

Since we observed that lipoxin LXAs is reduced in AD patients, and that
ATL is able to reduce ROS generation and mitochondrial dysfunction in vitro, we
decided to study the effect of ATL in the 3xTg mouse model of AD, focusing on
glial activation and mitochondrial function. Based on existing in vivo studies
where ATL was administered alone (Medeiros et al., 2013), or in combination with
other pro-resolving mediator (Kantarci et al., 2018), we treated female WT 129
and 3xTg animals, 16-17 months old, with one daily intraperitoneal injection of 10
pug/kg ATL or venhicle (0.05% ethanol) in saline for two months (Figure 22).
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Figure 22. Diagram of ATL treatment in 3xTg female mice. Animals were treated with
one daily intraperitoneal injection of 10 ug/kg ATL or 0.05% ethanol in saline for two
months. Four groups were used: WT mice with vehicle (n = 4), WT mice with ATL (n =
4), 3xTg mice with vehicle (n = 7) and 3xTg mice with ATL (n =7). IP = intraperitoneal.

1.5.1. ATL reduces amyloid and tau pathology.

First, we analyzed the effect of ATL on amyloid pathology. Previous reports
with higher doses of this lipoxin revealed that ATL reduces A oligomers, fibrils
and senile plaques in mouse models of AD (Medeiros et al., 2013; Kantarci et al.,
2018). Thus, in our 3xTg model, we quantified ThS positive plaques, as well as
AB levels in entorhinal cortex, hippocampus, CSF and plasma samples. We found
a drastic ~80% reduction in the number of ThS* amyloid plaques per area in the
subiculum of the animals treated with ATL compared to vehicles (122.0 + 83.9 vs
808.0 * 293.3 plaques/um?; p<0.05; n = 7/group) (Figure 23A, B). We also found
that soluble AB+.42, mainly monomeric and oligomeric forms soluble in RIPA
buffer, was reduced in the entorhinal cortex of ATL treated mice (194.9 £ 59.8 vs
362.3 + 41.4 pg/ml; p<0.05; n = 7/group), compared with vehicles (Figure 23C).
Insoluble AB1-42 in the hippocampus, which was extracted using 2% SDS buffer,
was significantly reduced in ATL treated 3xTg mice (17.4 £ 0.5 vs 20.0 £ 0.1
ng/ml; p<0.001; n = 7/group), compared to vehicles (Figure 23D). Finally, levels
of AB4o and AB42, as well as the ratio AB42/AB4o were analyzed in CSF and plasma
samples using Quanterix Simoa® HD-1 analyzer. Neither the individual levels
(data not shown) nor the AB42/AB4o ratio were altered with the ATL treatment
(Figure 23E, F).
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Figure 23. Lipoxin ATL reduces plaque load and A4 in 3xTg mice. (A)
Representative images of amyloid plaques in the subiculum area, stained with ThS.
Scale bar =1 mm. (B) Number of plaques per unit of area in animals treated with ATL or
with vehicle (n = 7/group). (C) ELISA quantification of soluble AB1.42 (RIPA fractions) in
the entorhinal cortex (n = 7/group). (D) ELISA quantification of insoluble AB+1.42 (SDS
fractions) in the hippocampus (n = 7/group). (E, F) SIMOA quantification of AB42/ABa4o
ratio in CSF and plasma samples, respectively (n = 7/group). Each bar represents the
mean = SEM. Each boxplot represents the median and its respective quartiles. * p<0.05;
*** p<0.001; "™ not significant; unpaired Student’s t test. Veh = vehicle.

Previous studies using the same 3xTg model and higher doses of this
lipoxin demonstrated that ATL reduces tau phosphorylation (Dunn et al., 2015).
Based on this information, we quantified tau phosphorylation in the CA1
hippocampal area using antibody AT8. We found that the area occupied by AT8
was significantly reduced by ~0.5 fold in ATL treated animals compared with
vehicles (3.9 £ 0.7 vs 6.3 + 0.7 ym?; p<0.05; n = 7/group) (Figure 24A, B). In
addition to phosphorylated tau in the hippocampus, total tau in CSF is a good
indicator of tau pathology in AD mouse models. For instance, previous reports
have shown a steady increase of total tau in CSF with age in APP/PS1 mice
compared to non-transgenic littermates (Schelle et al., 2017; Kaeser et al., 2021).

Considering this, we assessed total tau levels in CSF and plasma samples using
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Quanterix Simoa® HD-1 analyzer. Total tau levels in CSF were reduced by ~80%
in 3xTg animals treated with ATL (112.6 £ 29.2 vs 642.2 + 160.8 pg/ml; p<0.01;
n = 7/group), compared with animals treated with vehicle (Figure 24C). No

differences were found in total tau levels in plasma samples (Figure 24D).
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Figure 24. ATL reduces phosphorylated tau in hippocampus and total tau levels in
CSF of 3xTg mice. (A) Representative images of phosphorylated tau in hippocampus
stained with AT8. Scale bar = 1 mm. (B) Quantification of the area occupied by AT8 in
hippocampus of animals treated with ATL or vehicle (n = 7/group). (C,D) SIMOA
quantification of total tau in CSF and plasma samples, respectively (n = 7/group). Each
bar represents the mean + SEM. Each boxplot represents the median and its respective
quartiles. * p<0.05; ** p<0.01; " not significant; unpaired Student’s t test. Veh = vehicle.

In summary, all of these results suggest that ATL effectively reduces
soluble and insoluble forms of A, as well as senile plaque deposition and tau

pathology in the brain and CSF of 3xTg mice.
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1.5.2. Hippocampal synaptic loss is prevented by ATL.

Along with amyloid and tau pathology, synaptic loss is a key pathological
feature of AD. Sustained neuroinflammation contributes to synaptic dysfunction
and elimination, and it has been proposed as a therapeutic candidate to reduce
AD-related synaptic loss by reducing pro-inflammatory cytokines and microglial
activation (reviewed in Ardura-Fabregat et al., 2017). Microglia can directly
participate in synaptic elimination via the complement cascade and C1q
deposition in synapses (Hong et al., 2016; Bie et al., 2019). Thus, we wanted to
study in detail the effects of lipoxin ATL on synaptic loss in the 3xTg mouse
model. We quantified pre-synaptic marker Synaptophysin, post-synaptic marker
Homer scaffold protein 1 (Homer1) and synapse-associated C1q in hippocampal
CA1 and cortex of WT and 3xTg mice treated with ATL or vehicle. In CA1, we
found that the area occupied by Synaptophysin puncta was significantly reduced
by ~0.5 fold in 3xTg compared with WT animals (57.8 + 3.7 vs 100 + 2.5%;
p<0.001; n = 4-7/group). In addition, Synaptophysin area increased in 3xTg mice
treated with ATL (99.7 £ 6.6 vs 57.8 + 3.7%; p<0.001; n = 7/group) compared
with vehicles (Figure 25A, B). We also observed that the area occupied by
Homer1 puncta was reduced by ~0.5 fold in 3xTg (54.8 + 3.0 vs 100 £ 3.1%;
p<0.001; n = 4-7/group), compared with WT mice. ATL recovered Homer1 area
in 3xTg animals (82.8 £ 2.6 vs 54.8 £ 3.0%; p<0.001; n = 7/group) compared with
vehicles (Figure 25C, D). Regarding C1q, we found a significant increase in CA1
in the area occupied by C1q puncta in 3xTg (173.4 £ 8.1 vs 100 + 1.8%; p<0.001;
n = 4-7/group), compared with WT mice. ATL reduced C1q area in 3xTg mice
(94.3 £ 4.6 vs 173.4 = 8.1%; p<0.001; n = 7/group) compared with 3xTg mice
treated with vehicle (Figure 25E, F).

In addition to CA1, we quantified synaptic markers and C1q in the cortex.
Unfortunately, we did not see any differences in Synaptophysin, Homer1 or C1q
levels between 3xTg and WT animals. Accordingly, we could not observe any
differences between vehicle and ATL treatments (Figure 26A-F).
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Figure 25. Lipoxin ATL recovers synaptic loss and lowers C1q puncta in 3xTg
mouse hippocampi. (A) Representative images of pre-synaptic marker Synaptophysin
in CA1 hippocampal area. Scale bar = 20 ym. (B) Quantification of the area occupied by
Synaptophysin puncta in WT and 3xTg mice treated with vehicle or ATL (n = 4-7/group).
(C) Representative images of post-synaptic marker Homer1 in CA1. Scale bar = 20 um.
(D) Quantification of the area occupied by Homer1 puncta (n = 4-7/group). (E)
Representative images of C1q staining in CA1. Scale bar = 40 uym. (F) Quantification of
the area occupied by C1q puncta (n = 4-7/group). Each bar represents the mean + SEM.
*** p<0.001; **** p<0.0001; "™ not significant; one-way ANOVA. Syn = Synaptophysin.
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Figure 26. No synaptic loss in the cortex of 3xTg mice. (A) Representative images
of Synaptophysin in cortex of WT and 3xTg mice treated with ATL or vehicle. Scale bar
= 20 um. (B) Area occupied by Synaptophysin puncta (n = 4-7/group). (C)
Representative images of Homer1 in cortex. Scale bar = 20 ym. (D) Area of Homer1
puncta (n = 4-7/group). (E) Representative images of C1q. Scale bar = 40 ym. (F) Area
occupied by C1q puncta (n = 4-7/group). Each bar represents the mean + SEM. "™ not
significant; one-way ANOVA. Syn = Synaptophysin.

In summary, we found a noteworthy complement-related synaptic loss in
the hippocampus of 3xTg mice, with reduction of Synaptophysin and Homer1,
accompanied by increased C1q puncta. Our treatment with ATL was able to lower

C1q deposition, and recover synaptic loss.
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1.5.3. ATL reduces pro-inflammatory markers in brain and blood.

As part of their anti-inflammatory functions, lipoxins can regulate the
production and secretion of cytokines. Previous publications have reported that
ATL can lower LPS-induced production of cytokines IL-183 and TNF-a in BV2 cells
(Wang et al., 2011). Similarly, LXA4 reduces the expression of IL-18 and TNF-a
in AB-stimulated BV2 cells and in AD mouse models (Wu et al., 2011; Medeiros
et al., 2013). Taking this into account, we decided to evaluate both inflammatory
cytokines and the inflammasome, key mediator if the inflammatory response. In
order to address this, | stayed for 3 months at the German center for
neurodegenerative diseases DZNE (Bonn, Germany) in the laboratory of Dr.
Michael T. Heneka, expert in neuroinflammation in AD.

First, we quantified several pro-inflammatory cytokines (IL-13, KC/GRO,
TNF-a, IL-5 and IL-6) in hippocampus and cortex samples of the WT and 3xTg
animals treated with ATL or vehicle. In hippocampus, IL-13 showed a ~2 fold
increase in 3xTg (0.27 £ 0.05 vs 0.10 £ 0.02 pg/mg; p<0.05; n = 4-7/group)
compared with WT mice. This increase was significantly reduced with the ATL
treatment compared with vehicles (0.10 £ 0.02 vs 0.27 £ 0.05 pg/mg; p<0.01; n =
7/group) (Figure 27A). KC/GRO was increased in 3xTg mice compared with WT
(2.6 £ 0.3 vs 1.4 £ 0.1 pg/mg; p<0.05; n = 4-7/group), and ATL showed a trend to
decrease it, although it was not statistically significant (Figure 27B). 3xTg mice
also displayed a ~7 fold increased in TNF-a levels compared with WT mice (0.21
+ 0.05 vs 0.02 + 0.003 pg/mg; p<0.01; n = 4-7/group). ATL was able to
significantly reduce TNF-a in 3xTg animals compared with vehicles (0.03 + 0.01
vs 0.21 + 0.05 pg/mg; p<0.01; n = 7/group) (Figure 27C). Cytokines IL-5 and IL-
6 did not show any differences between any of the groups (Figure 27D, E).
Regarding cortex, 3xTg mice showed a ~2 fold reduction of IL-13 (0.11 £ 0.02 vs
0.3 £ 0.06 pg/mg; p<0.01; n = 4-7/group) compared with WT, and ATL did not
have any effect (Figure 28A). KC/GRO showed a non-significant trend to
increase in 3xTg mice compared with WT, and ATL did not have any effect
(Figure 28B). Cytokines TNF-a, IL-5 and IL-6 did not reveal any differences
between any of the groups (Figure 28C-E).
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Figure 27. Lipoxin ATL reduces cytokines IL-1f and TNF-a in 3xTg mouse
hippocampi. Analysis of pro-inflammatory cytokines in tissue extracts, using a multiplex
system MSD® Multi-spot panel. Data were normalized using protein concentrations.
Quantification of cytokines (A) IL-1B, (B) KC/GRO, (C) TNF-qa, (D) IL-5, and (E) IL-6 in
WT and 3xTg animals treated with ATL of vehicle (n = 4-7/group). Each boxplot
represents the median and its respective quartiles. * p<0.05; ** p<0.01; " not significant;
one-way ANOVA.
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Figure 28. Lipoxin ATL does not alter cytokines in 3xTg mouse cortex. Analysis of
pro-inflammatory cytokines in cortical tissue extracts, using a multiplex system MSD®
Multi-spot panel. Data were normalized using protein concentrations. Quantification of
cytokines (A) IL-1B, (B) KC/GRO, (C) TNF-a, (D) IL-5, and (E) IL-6 in WT and 3xTg
animals treated with ATL of vehicle (n = 4-7/group). Each boxplot represents the median
and its respective quartiles. ** p<0.01; "™ not significant; one-way ANOVA.

Next, we analyzed inflammasome NLRP3, which is a protein complex
consisting of NLRP3, ASC and cleaved caspase-1. NLRP3 is activated by Ap,
and it is associated with senile plaques in AD patients (reviewed in Venegas and
Heneka, 2019). Several publications have suggested that lipoxins can inhibit the
function of the inflammasome. For instance, LXA4 can reduce the expression of
NLRP3 and caspase-1 in in vitro LPS-treated macrophages (Zhao et al., 2021).
Thus, we asked ourselves whether ATL could modulate inflammasome NLRP3
in our model. We quantified ASC, NLRP3 and cleaved caspase-1 in cortex and
hippocampus of WT and 3xTg mice treated with ATL or vehicle. Unfortunately,
we found little evidence of inflammasome activation in 3xTg animals. There was
a significant increase of ASC in 3xTg mice compared with WT, both in cortex
(135.9 £ 11.1 vs 100 % 3.2%; p<0.05; n = 4-7/group) and hippocampus (149.3 +
7.9 vs 100 = 7.7%; p<0.05; n = 4-7/group), although ATL did not have an effect
in any of the groups (Figure 29A-C). Quantification of NLRP3 did not reveal
differences between 3xTg and WT animals, neither in cortex nor in hippocampus
(Figure 29A, D, E). No differences were found in cleaved caspase-1 levels
between any of the groups analyzed (Figure 29F-H).

All of these results suggest that, even though ATL did not have a direct
effect on inflammasome NLRP3 in our conditions, it was able to dramatically
reduce the production of pro-inflammatory cytokines IL-18 and TNF-a in

hippocampi of 3xTg mice.
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Figure 29. ATL does not have an effect on inflammasome activation in 3xTg mice.
(A) Western blot image of inflammasome components NLRP3 and ASC in cortex and
hippocampus. (B, C) Quantification of ASC in cortex and hippocampus, respectively (n
= 4-7/group). (D, E) Quantification of NLRP3 in cortex and hippocampus, respectively (n
= 4-7/group). (F) Western blot image of cleaved caspase-1. (G, H) Quantification of
cleaved caspase-1 in cortex and hippocampus, respectively (n = 4-7/group). Raw data
was normalized using a-tubulin. Each bar represents the mean £ SEM. * p<0.05; " not
significant; one-way ANOVA.

Once we analyzed the anti-inflammatory properties of ATL in the brain, we
wanted to know if we could see an effect on the general redox state of the
animals. Previous reports suggested the use of glutathione oxidized form GSSG
as biomarker of AD, given the high GSSG levels found in erythrocyte samples of
AD patients (Bermejo et al, 2009). With this in mind, we quantified total
glutathione and GSSG levels in erythrocyte samples from WT and 3xTg mice
treated with ATL or vehicle. Although we found no differences in total glutathione

levels in any of the animal groups (Figure 30A), there was a significant increase
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of GSSG in 3xTg mice compared to WT (6.6 £ 0.3 vs 4.9 + 0.4 ymol/l; p<0.05; n
= 4-7/group). Besides, ATL significantly reduced the levels of GSSG in 3xTg
animals compared with 3xTg vehicles (5.1 £ 0.3 vs 6.6 £ 0.3 pmol/l; p<0.01; n =
7/group) (Figure 30B).
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Figure 30. ATL reduces the amount of oxidized glutathione in peripheral
erythrocytes of 3xTg mice. (A) Quantification of total glutathione in erythrocyte
samples (n = 4-7/group). (B) Quantification of oxidized glutathione GSSG in erythrocyte
samples (4-7/group). Each bar represents the mean + SEM. * p<0.05; ** p<0.01; " not
significant; one-way ANOVA.

These results suggest that, as well as cytokines IL-13 and TNF-a in the
hippocampus, ATL can reduce GSSG in the blood. This emphasizes the anti-
inflammatory properties of lipoxin ATL and its potential to treat inflammation and

oxidative stress driven neurodegeneration.

1.5.4. ATL reduces microgliosis and astrogliosis in hippocampus.

Previous publications have demonstrated that lipoxin ATL can reduce
gliosis markers such as GFAP*, CD11b* and CD45" immunoreactivity in Tg2576
and 3xTg mice (Medeiros et al., 2013; Dunn et al., 2015). In order to further
explore the effects of ATL on gliosis, we quantified microgliosis and astrogliosis
markers in the CA1 hippocampal area of WT and 3xTg mice treated with ATL or

vehicle, focusing our attention in morphological alterations.
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Firstly, we analyzed microglia using markers CD11b and Iba1. We found
that the area occupied by CD11b was increased in 3xTg mice compared with WT
(151.8 £ 8.7 vs 100 £ 9.9%; p<0.001; n = 4-7/group). 3xTg animals treated with
ATL significantly reduced this area compared with vehicles (105.7 £ 3.9 vs 151.8
+ 8.7%; p<0.001; n = 7/group) (Figure 31A, B). Likewise, the area occupied by
Iba1 was higher in 3xTg mice compared to WT (140.8 + 6.8 vs 100 + 17.0%;
p<0.05; n = 4-7/group), and ATL reduced this area in 3xTg mice (106.2 £ 6.3 vs
140.8 + 6.8%; p<0.05; n = 7/group) compared with vehicles (Figure 31C, D).
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Figure 31. Lipoxin ATL reduces the area of microglial markers CD11b and Iba1 in
3xTg mouse hippocampi. (A) Representative images of microglial marker CD11b in
CA1 hippocampal area. Scale bar =40 uym. (B) Quantification of area occupied by CD11b
in WT and 3xTg mice treated with ATL or vehicle (n = 4-7/group). (C) Representative
images of microglial marker Iba1 in CA1. Scale bar = 40 ym. (D) Quantification of Iba1
area (n = 4-7/group). Each bar represents the mean + SEM. * p<0.05; *** p<0.001; " not
significant; one-way ANOVA.
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Once we confirmed that CD11b* and Iba1™ microglia were reduced with
ATL, we asked ourselves whether this lipoxin could also affect microglial
morphology. We noticed that 3xTg mice presented rod-shaped microglia in CA1,
with elongated cellular bodies and short processes (Taylor et al., 2014). Thus, we
wanted to know if ATL was able to revert this morphology. Using Z-stacks of Iba1*
microglia, we isolated individual cells and measured several morphological
parameters (Figure 32A) as described in Experimental procedures, section 21.3.
We found several morphological alterations in the microglia of 3xTg mice,
compared with WT animals. The mean number of branches per cell was
increased in 3xTg mice compared with WT, although it was not statistically
significant. Nonetheless, ATL did significantly reduce the number of branches in
3xTg mice compared with vehicles (81.7 £ 8.5 vs 114.8 £ 7.5%; p<0.05; n =
7/group) (Figure 32B). The mean number of junctions per cell also increased in
a non-significant way in 3xTg mice compared with WT mice, and ATL significantly
reduced this number of junctions in 3xTg compared with vehicles (110.2 + 9.6 vs
189.4 + 19.3%; p<0.05; n = 7/group) (Figure 32C). The mean branch length was
significantly increased by ATL in 3xTg mice compared with vehicles (114.4 + 4.8
vs 94.5 + 2.5%; p<0.01; n = 7/group) (Figure 32D). Another parameter that was
measured was the circularity of the cells. Microglia of 3xTg mice had significantly
reduced circularity compared with WT (91.5 + 2.0 vs 100 + 1.7%; p<0.05; n = 4-
7/group), and ATL was able to restore this circularity (98.3 £ 1.5 vs 91.5 + 2.0%;
p<0.05; n = 7/group) (Figure 32E). The span ratio, which is an inverse parameter
of circularity, was significantly increased in microglia of 3xTg mice compared with
WT (127.2 £ 7.4 vs 100 £ 2.6%; p<0.05; n = 4-7/group). ATL reduced this span
ratio in 3xTg mice compared with vehicles (99.3 £ 5.4 vs 127.2 £ 7.4%; p<0.01;
n = 7/group) (Figure 32F). In summary, we found that lipoxin ATL significantly
reduced microgliosis and restored morphological alterations in hippocampi of
3xTg mice.
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Figure 32. ATL reverts morphological alterations in hippocampal microglia of 3xTg
mice. (A) Representative images of Iba1* microglia in CA1 hippocampal area of WT and
3xTg treated with ATL of vehicle (n = 4-7/group). The outline of individual cells, as well
as their skeletons, were used to quantify morphological parameters. Scale bar = 20 um.
(B) Mean number of branches per Iba1” cell. (C) Mean number of junctions per lba1*
cell. (D) Mean branch length in Iba1* cells. (E) Quantification of Iba1* cells circularity. (F)
Quantification of span ratio of Iba1® cells. Each bar represents the mean + SEM. *
p<0.05; ** p<0.01; " not significant; one-way ANOVA.

After addressing microgliosis, we focused our attention on astrogliosis. In
AD patients, astrocytes become hypertrophic, with increased ramifications and
high expression of GFAP (Beach and McGeer, 1988; Simpson et al., 2010; Zhou
et al., 2019). Based on this, we quantified astrocytic markers S1008 and GFAP
in the CA1 area of WT and 3xTg animals treated with ATL or vehicle. We found
that the area occupied by S1003 was higher in 3xTg mice compared with WT
(125.5 £5.9vs 100 £ 5.7%; p<0.03; n = 4-7/group). ATL reduced the S100(3 area
in 3xTg mice compared with vehicles (85.5 £ 5.1 vs 125.5 £ 5.9%; p<0.001; n =
7/group) (Figure 33A, B). In addition, the area occupied by GFAP was
significantly higher in 3xTg mice (158.6 + 7.7 vs 100 + 4.2%; p<0.001; n = 4-
7/group) compared with WT, while ATL was able to reduce this GFAP area in
3xTg mice (107.5 £ 5.2 vs 158.6 + 7.7%; p<0.001; n = 7/group) (Figure 33C, D).
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Figure 33. ATL reduces the area occupied by astrocytic markers S1008 and GFAP
in 3xTg mouse hippocampi. (A) Representative images of astrocytic marker S1008 in
CA1 hippocampal area. Scale bar = 40 uym. (B) Quantification of S100B area (n = 4-
7/group). (C) Representative images of astrocytic marker GFAP in CA1. Scale bar = 40
pum. (D) Quantification of area occupied by GFAP staining (n = 4-7/group). Each bar
represents the mean + SEM. * p<0.05; *** p<0.001; **** p<0.0001; " not significant; one-
way ANOVA.

As with microglia, we thought that ATL would also have a positive effect
on astrocytic morphological alterations. We used Z-stacks of GFAP* astrocytes
and followed the same protocol to quantify morphological parameters (Figure
34A). We found that the mean number of branches per cell was significantly
increased in 3xTg mice compared with WT (160.4 £ 15.2 vs 100 £ 3.5%; p<0.01;
n = 4-7/group). ATL was able to reduce this number of branches in 3xTg mice
compared with vehicles (96.0 + 7.7 vs 160.4 + 15.2%; p<0.01; n = 7/group)
(Figure 34B). The mean number of junctions per cell was also significantly higher
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in 3xTg compared with WT mice (165.8 £ 16.9 vs 100 £ 3.4%; p<0.01; n = 4-
7/group), and ATL was able to decrease this number compared with vehicles
(96.4 £ 8.4 vs 165.8 + 16.9%; p<0.01; n = 7/group) (Figure 34C). The mean
branch length was reduced in 3xTg mice compared with WT (88.4 + 3.2 vs 100 %
1.9%; p<0.05; n = 4-7/group). ATL restored this value in 3xTg mice compared
with vehicles (102.0 £ 1.8 vs 88.4 + 3.2%; p<0.01; n = 7/group) (Figure 34D).
Parameters such as the circularity and the span ratio of astrocytes were not
altered in any of the animal groups analyzed (Figure 34E, F).
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Figure 34. ATL prevents morphological alterations in hippocampal astrocytes of
3xTg mice. (A) Representative images of GFAP™ astrocytes in CA1 hippocampal area
of WT and 3xTg mice treated with ATL or vehicle (n =4-7/group). The outline of individual
cells, as well as their skeletons, were used to quantify morphological parameters. Scale
bar = 20 ym. (B) Quantification of the mean number of branches per GFAP* cell (D)
Mean branch length of GFAP” cells. (E, F) Quantification of circularity and span ratio of
GFAP? cells, respectively. Each bar represents the mean £ SEM. * p<0.05; ** p<0.01; "
not significant; one-way ANOVA.

All of these results suggest that ATL effectively reduces microgliosis and
astrogliosis. This lipoxin is also able to avoid morphological alterations such as

rod-shape microglia and hypertrophic astrocytes in 3xTg mice.
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1.5.5. ATL restores mitochondrial dynamics and ROS generation.

Our previous results with in vitro models suggest that lipoxin ATL has a
direct effect on mitochondrial function. Impaired mitochondrial respiration has
been reported in female 3xTg mice, together with increased ROS production (Yao
et al., 2009; Djordjevic et al., 2020). Considering this, we isolated mitochondria
from WT and 3xTg mice treated with ATL or vehicle, and analyzed the respiratory
chain components, as well as mitochondrial ROS accumulation. First, we
quantified the expression of respiratory chain complexes [|-V. Regarding
complexes I, Il and |Il (NDUFB8, SDHB and UQCRC2, respectively), we found a
tendency to be reduced in 3xTg mice compared with WT mice, although it was
not statistically significant (Figure 35A-D). Complex IV (MTCO1) was
significantly reduced in 3xTg mice compared with WT (70.9 £ 4.8 vs 100 £ 14.6%;
p<0.05; n = 4-7/group). However, ATL did not recover its expression (Figure
35E). Complex V (ATP synthase ATPS5A) was also significantly reduced in 3xTg
compared with WT mice (67.1 £ 8.6 vs 100 £ 8.0; p<0.05; n = 4-7/group), although
ATL did not recover its expression compared with vehicles (Figure 35F).
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Figure 35. ATL does not have an effect on the expression of respiratory chain
components in 3xTg mice. (A) Western blot of respiratory chain components (I-V) in
isolated mitochondria from whole brain fractions. (B-F) Quantification of complex I,
complex Il, complex Ill, complex IV and complex V. Raw data was normalized with
mitochondrial marker VDAC (n = 4-7/group). Each bar represents the mean + SEM. *
p<0.05; "™ not significant; one-way ANOVA.

Next, we asked ourselves whether ATL could have an effect on
mitochondrial ROS. To answer that question, we quantified both superoxide
radical generation and SOD activity in the mitochondria. We observed
significantly higher levels of superoxide radicals in the mitochondria of 3xTg mice
compared with WT (122.9 + 3.4 vs 100 £ 2.5%; p<0.05; n = 4-7/group). In
addition, ATL treatment reduced this ROS production compared to vehicles
(101.4 £ 8.5 vs 122.9 £ 3.4%; p<0.05; n = 7/group) (Figure 36A). On the other
hand, SOD activity was lower in 3xTg mice than in WT mice, although not
statistically significant. ATL did increased SOD activity in 3xTg mice compared to
vehicles (126.5 + 14.4 vs 78.4 + 4.3%; p<0.05; n = 7/group) (Figure 36B). No

differences were found in SOD activity in cytosolic fractions (Figure 36C).
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Figure 36. Lipoxin ATL reduces ROS production and enhances SOD activity in
mitochondria of 3xTg mice. (A) Quantification of superoxide radicals with MitoSOX™
probe in isolated mitochondria (n = 4-7/group). (B, C) Quantification of SOD activity in
isolated mitochondria and cytosolic fractions, respectively (n = 4-7/group). Each bar
represents the mean + SEM. * p<0.05; " not significant; one-way ANOVA.

In addition to respiration, mitochondrial dynamics are also altered in the
3xTg model, with favored mitochondrial fission (Djordjevic et al., 2020). In order
to see the effect of ATL on mitochondrial dynamics, we quantified fission marker
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DRP1 and fusion marker MFN2 in isolated mitochondria of WT and 3xTg mice
treated with ATL or vehicle. We found that DRP1 was increased in 3xTg
compared with WT (155.6 £ 13.5 vs 100 £ 10.9%; p<0.05; n = 4-7/group), while
ATL significantly lowered its expression (90.9 + 9.8 vs 155.6 + 13.5%; p<0.01; n
= 7/group) (Figure 37A, B). On the other hand, MFN2 was significantly reduced
in 3xTg mice compared with WT mice (74.3 £ 2.3 vs 100 + 4.5%; p<0.01; n = 4-
7/group), while ATL recovered its expression compared to vehicles (96.1 £ 5.3 vs
74.3 £ 2.3%; p<0.01; n = 7/group) (Figure 37C, D).
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Figure 37. ATL restores the balance between mitochondrial fusion and fission
processes in 3xTg mice. (A) Western blot of fission marker DRP1 in isolated
mitochondria from WT and 3xTg mice treated with ATL or vehicle, and (B) quantification
(n = 4-7/group). (C) Western blot of fusion marker Mitofusin 2 in isolated mitochondria
and (D) quantification. Raw data was normalized using mitochondrial marker VDAC.
Each bar represents the mean + SEM. * p<0.05; ** p<0.01; " not significant; one-way
ANOVA. MFN2 = mitofusin 2.

In summary, 3xTg mice display reduced expression of respiratory
complexes IV and V, along with increased mitochondrial ROS and high
mitochondrial fission. ATL was able to reduce ROS generation and increase ROS

detoxification, and it recovered mitochondrial fission/fusion balance.
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In this first part of the thesis, we studied the effect of pro-resolution
mediator lipoxin ATL on neuroinflammation, mitochondrial dysfunction and AD
pathology (Figure 38). Using in vitro and in vivo models, we found that ATL
reduces AD neuropathological features such as plaque deposition, tau
hyperphosphorylation, synaptic loss and pro-inflammatory cytokine release. ATL
is also able to reduce the activation of microglia and astrocytes, as well as their
pathology-associated morphological alterations. Lastly, ATL restores ROS

accumulation in the mitochondria, and rebalances fusion/fission dynamics.
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Figure 38. Lipoxin ATL attenuates AD pathology, gliosis and mitochondrial
dysfunction in 3xTg mice. (Left) 3xTg mice display AD neuropathological features
such as senile plaques, hyperphosphorylated tau and synapse loss. There is extensive
microgliosis (rod-shape microglia) and astrogliosis (hypertrophic astrocytes) in the
hippocampi of these animals, along with increased levels of pro-inflammatory cytokines
IL-1B8, KC/GRO and TNF-a. In addition, mitochondrial dynamics are altered, with
increased mitochondrial fission and elevated ROS generation. (Right) 3xTg mice treated
with lipoxin ATL exhibit low plaque deposition and tau hyperphosphorylation, as well as
reduced C1qg-dependent synaptic elimination. Mice treated with ATL also display lower
levels of pro-inflammatory cytokines IL-13 and TNF-a, along with significantly reduced
microgliosis and astrogliosis. Finally, ATL restores mitochondrial fusion/fission balance,
and decreases ROS generation.
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2. Microglial complement receptor CR3 inhibition with small molecule
XVA143 reveals transcriptomic changes and alterations in cellular

migration and AB internalization.

Complement receptor CR3 participates in diverse inflammation processes
(reviewed in Ricklin et al., 2010), and both subunits CD11b and CD18 are
elevated in the cortex of AD patients (Akiyama and McGeer, 1990). Genetic
ablation of CD11b reduces uptake of fibrillar AB1-42 (Fu et al., 2012; Czirr et al.,
2017), and also diminishes microglia-mediated synaptic elimination (Hong et al.,
2016; Merlini et al., 2019). These studies support the crucial role of CR3 in AD
progression and, consequently, its potential as therapeutic target. To explore this
premise, we evaluated the relationship between CR3 and microglial function.

2.1.Compound XVA143 effectively reduces complement receptor CR3

in the cell membrane of primary microglia.

As a tool to analyze how CR3 could modulate microglial function, we used
XVA143, an allosteric CR3 antagonist that binds to CD18 subunit (Shimaoka et
al., 2003). Firstly, we performed cell viability and cell death assays to ensure non-
cytotoxic concentrations of the compound, both in primary microglia and the BV2
cell line. After treating cells with 1 and 5 yM XVA143 for 24 h, we measured cell
viability using Calcein AM, and cell death using Ethidium homodimer-1. We found
that only 5 uM XVA143 significantly reduced cell viability in primary microglia
(86.6 £9.9vs 100 = 11.9%; p<0.05; n = 5), while it did not affect BV2 cells (Figure
39A). Accordingly, 5 yM XVA143 increased cellular death in primary microglia
(129.3 £ 12.3 vs 100 £ 11.8%; p<0.05; n = 5), and it did not affect BV2 cells
(Figure 39B). Thus, 1 yM XVA143 was used in the following experiments,
agreeing with previous studies performed in human lymphocytes (Salas et al.,
2004). Next, we asked ourselves whether XVA143 was able to reduce the
expression of CR3. To answer this question, we quantified subunits CD11b and
CD18 at the gene expression and protein expression levels. We did not observe
any changes in the gene expression of either CD11b (ITGAM gene) or CD18
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(ITGB2 gene) with 1 yM XVA143 for 24 h (n = 4) (Figure 39C, D). At the protein
level, we quantified both subunits in total lysates and in cell membrane samples,
extracted by biotinylation, after treatment with 1 yM XVA143 for 24 h. We also
added 3 pM OAB to induce a basal increase of CR3. We found that oA
significantly increased CD11b both in total lysates (161.7 £ 30.5 vs 100 + 11.7%;
p<0.05; n = 5) and the cellular membrane compared with controls (302.9 + 49.3
vs 226.4 + 51.3%; p<0.05; n = 5). At the same time, XVA143 drastically reduced
CD11b in total lysates (20.6 £ 13.9 vs 100 £ 11.7%; p<0.01; n = 5) and the cell
membrane (71.9 = 26.9 vs 226.4 + 51.3%; p<0.05; n = 5) (Figure 39E, F).
Regarding CD18, oA increased its expression only in the cellular membrane
(222.7 £ 43.8 vs 122.6 £ 24.4%; p<0.05; n = 6), compared with controls. XVA143
significantly reduced CD18 by ~0.5 fold in total lysates (44.2 + 9.9 vs 100 %
28.8%; p<0.05; n = 6) and the cell membranes (48.1 + 15.3 vs 122.6 £ 24.4%;
p<0.05; n = 6), compared with controls. Additionally, oAB still increased CD18 in
the cell membrane (91.0 £ 14.4 vs 48.1 £ 15.3%; p<0.05; n = 6) in the presence
of XVA143 (Figure 39E, G). These results suggest that XVA143 can effectively
reduce CR3 in the cell surface of primary microglia, while it does not alter gene

expression.
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Figure 39. XVA143 reduces CR3 subunits CD11b and CD18 in primary microglia.
(A) Cell viability assay for XVA143 using fluorescent probe Calcein AM in primary
microglia and the cell line BV2, 24 h after treatment (n = 5). (B) Cell death assay for
XVA143 using fluorescent probe Ethidium homodimer-1 in primary microglia and BV2
cells, 24 h after treatment (n = 5). Data was normalized with the number of cells per
condition. Paired one-way ANOVA. (C) Gene expression of ITGAM/CD11b and (D)
ITGB2/CD18 in primary microglia after 1 yM XVA143 for 24 h (n = 4). RNA relative
expression was represented as fold change. Paired Student’s t test. (E) Western blot of
CD11b and CD18 in cellular surfaces and total lysates of primary microglia. (F, G)
Quantification of CD11b (n = 5) and CD18 (n = 6), respectively, after treatment with 3
MM oAB and 1uM XVA143 for 24 h. Raw data was normalized using a-tubulin. Each bar
represents the mean £ SEM. * p<0.05; "™ not significant; paired one-way ANOVA. XVA
= XVA143.

2.2.XVA143 alters microglial morphology and migration capacity.

After we proved that 1 uM XVA143 does not reduce cellular viability, and
that it reduces CR3 expression, we wanted to know if this small molecule could
affect microglial morphology and motility. CR3 is part of the integrin 2 family, and
it takes part in cell adhesion, cytoskeleton support and migration processes
(reviewed in Fagerholm et al., 2019). Previous studies have reported that
XVA143 induces a round morphology and reduces adhesion in monocytes and
lymphocytes (Yang et al., 2006), so we analyzed the effect of the compound in
primary microglia. First, we quantified microglial morphology after treating the
cells with 1 uM XVA143 for 24 h. We observed a significant reduction of the area
occupied by Iba1* cells with XVA143 (77.0 £ 5.9 vs 100 £ 11.1%; p<0.05; n = 5)
compared to controls (Figure 40A, B). The number of Iba1* cells per area unit
was also significantly lower in the presence of XVA143 (77.4 £ 6.8 vs 100 + 5.8%;
p<0.05; n = 5) (Figure 40A, C). To evaluate changes in the cytoskeleton, we
stained microglia with phalloidin to detect filamentous actin (F-actin). We found
that the area occupied by F-actin per CD11b* cell was significantly reduced by
~0.5 fold with XVA143 (41.7 £ 6.6 vs 100 £ 15.9%; p<0.01; n = 5), compared with
controls (Figure 40D, E). Finally, and in agreement with Yang et al., the circularity
of CD11b* cells was significantly increased with XVA143 (166.1 £ 23.6 vs 100 +
14.4%; p<0.05; n = 5), compared with controls (Figure 40D, F).
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Figure 40. XVA143 induces morphological alterations in primary microglia. (A)
Representative image of Iba1® primary microglia. Scale bar = 200 uym. (B, C)
Quantification of the area per Iba1* cell and the number of Iba1* cells, respectively, after
treatment with 1 uM XVA143 for 24 h (n = 5). Paired Student’s t test. (D) Representative
image of CD11b" primary microglia stained with phalloidin for F-actin. Scale bar = 40 ym.
(E) Area occupied by F-actin per cell after treatment with 1 yM XVA143 for 24 h (n = 5).
(F) Circularity of CD11b" cells (n = 5). Each bar represents the mean + SEM. * p<0.05;
** p<0.01; paired Student’s t test.

Several authors have reported that, along with morphology alterations,
XVA143 can reduce lymphocyte rolling adhesion and migration (Salas et al.,
2004; Yang et al., 2006). Thus, we analyzed cellular migration in both primary
microglia and the BV2 cell line, using the scratch wound assay and the transwell
migration assay after treating the cells with 1 yM XVA143 for 16 h. In primary
microglia, XVA143 was able to significantly reduce cellular migration compared
with controls, both in the scratch wound assay (61.9 £ 12.0 vs 100 + 25.6%;
p<0.05; n = 4) (Figure 41A, B), and the transwell migration assay (54.1 + 6.8 vs
100 £ 13.4%; p<0.01; n = 4) (Figure 41C, D). We made the same observations
in BV2 cells, where XVA143 effectively reduced cellular migration compared with
controls both in the scratch wound assay (56.8 + 10.5 vs 100 £ 5.6%; p<0.05; n
=4) (Figure 41E, F) and the transwell assay (50.1 + 11.3 vs 100 + 28.3%; p<0.01;
n = 3) (Figure 41G, H).
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Figure 41. XVA143 impairs cellular migration in primary microglia and BV2 cells.
(A, B) Representative image of the scratch wound assay and quantification in primary
microglia (n = 4), after treatment with 1 yM XVA143 for 16 h. Scale bar = 50 um. (C, D)
Transwell migration assay and quantification in primary microglia (n = 4), after treatment
with 1 yM XVA143 for 16 h. Scale bar = 100 um. (E, F) Representative image of scratch
wound assay and quantification in the BV2 cell line (n = 4), after treatment with 1 yM
XVA143 for 16 h. Scale bar = 50 ym. (G, H) Transwell migration assay and quantification
in BV2 cells (n = 3), after treatment with 1 yM XVA143 for 16 h. Scale bar = 100 ym.
Each bar represents the mean + SEM. * p<0.05; ** p<0.01; paired Student’s t test.

In summary, we found that the inhibition of CR3 by XVA143 changes
microglial morphology to a more rounded shape, and impairs cellular migration
both in primary microglia and BV2 cells.

2.3.Characterization of transcriptomic changes induced by XVA143 in

primary microglia.

Several studies performed in peripheral immune cells involve CR3 in the
regulation of anti-inflammatory cytokines, so we analyzed the expression of
inflammation-related genes. After we treated primary microglia with 1 yM XVA143
for 24 h, we quantified gene expression for pro-inflammatory cytokines IL-1y,
TNF-a and IFN-y, and anti-inflammatory cytokines IL-10, TGF-1 and TGF-33.

We also included in the analysis markers typically associated with pro-
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inflammatory microglia, CD40 (tumor necrosis factor receptor superfamily,
member 5) and CD74 (HLA class Il histocompatibility antigen y chain); as well as
markers typically associated with anti-inflammatory microglia, MRC1 (Mannose
Receptor C-type 1) and CD33 (sialic acid-binding Ig-like lectin 3). We found that
XVA143 significantly upregulated the expression of IL-13 by ~4 fold (5.0 £ 1.8 vs
1.0+ 0.0 a.u.; p<0.05; n = 5), compared with controls. CD40 was also upregulated
with XVA143 compared with controls, although it was not statistically significant
(1.5 £ 0.2 vs 1.0 £ 0.0%; p = 0.06; n = 5). Expression of TNF-a, IL-10, IFN-y,
CD74, TGF-B1, TGF-3, MRC1 and CD33 was not changed with XVA143
(Figure 42A, B).
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Figure 42. XVA143 upregulates the gene expression of IL-1B in primary microglia.
(A) Heat map of inflammation-related gene expression in microglia control and treated
with 1 yM XVA143 for 24 h. (B) Relative expression of genes IL1B, TNFA, IL10, IFNG,
CD40, CD74, TGFB1, TGFB3, MRC1 and CD33. Data represented as fold change from
controls (n = 5). Statistical analysis was performed with raw logarithmic data
independently for each gene. Each bar represents the mean + SEM. * p<0.05; paired
Student’s t test.

As it was mentioned before, CR3 is involved in A3 clearance. To figure out
whether XVA143 could affect AB elimination, we analyzed the gene expression
of several membrane receptors associated with AR internalization and
extracellular degrading enzymes associated with extracellular AR degradation.
We quantified CD36 (scavenger receptor B) and AGER (RAGE, Receptor for
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Advanced Glycosylation End-products), implicated in AB binding and
internalization, as well as LAMP1 (Lysosomal Associated Membrane Protein 1),
involved in lysosomal AB degradation. We also quantified extracellular AB-
degrading enzymes PLAT, MMP2, MMP9 (Matrix metalloproteinases 2 and 9),
and IDE (Insulin Degrading Enzyme). XVA143 significantly downregulated AGER
compared with controls (0.5 £ 0.02 vs 1.0 £ 0.0 a.u.; p<0.01; n = 3). MMP2 also
displayed a downregulation trend with XVA143, although it was not statistically
significant (0.6 £ 0.1 vs 1.0 £ 0.0 a.u.; p = 0.068; n = 5). Expression of CD36,
PLAT, MMP9, IDE and LAMP1 was not altered (Figure 43A, B).
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Figure 43. XVA143 downregulates the gene expression of AGER in primary
microglia. (A) Heat map of AB clearance-related gene expression in microglia control
and treated with 1 uM XVA143 for 24 h. (B) Relative expression of genes CD36, AGER,
PLAT, MMP2, MMP9, IDE and LAMP1. Data represented as fold change from controls
(n = 5). Statistical analysis was performed with raw logarithmic data independently for
each gene. Each bar represents the mean + SEM. * p<0.05; paired Student’s t test.

Finally, we addressed if modulation of CR3 had an effect on other
components of the complement system. Given that the inhibition with XVA143
drastically reduced the expression of CR3 itself on the cell surface, we asked
whether it could also affect the expression of components of the complement
cascade. To answer this, we quantified the gene expression of C1gA, C1qgB,
C1qC, C2, C3, C4a and TYROBP (Tyrosine kinase-binding protein or DAP12),
which is an adapter for CR3 (Haure-Mirande et al., 2017). We also analyzed
transcription factors SPI1 (or PU.1), STAT1 (Signal Transducer and Activator of
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Transcription 1) and IRF8 (Interferon Regulatory Factor 8), which have been
reported to mediate C1q transcription (Chen et al., 2011). We observed that
XVA143 significantly downregulated the expression of C4a compared with control
microglia (0.6 + 0.1 vs 1.0 £ 0.0 a.u.; p<0.05; n = 4). TYROBP was also
downregulated with XVA143 compared with controls (0.9 £ 0.04 vs 1.0 £ 0.0 a.u.;
p = 0.07; n = 5), although it was not statistically significant. Interestingly, XVA143
induced a non-significant downregulation of C1gA, C1gB and C1qC, and a
statistically significant downregulation of their transcription factor IRF8 (0.7 + 0.09
vs 1.0 £ 0.0 a.u.; p<0.05; n = 5). Expression of C2, C3, SPI1 and STAT1 was not
altered with XVA143 compared with control microglia (Figure 44A, B).
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Figure 44. XVA143 downregulates gene expression of complement component
C4a and transcription factor IRF8 in primary microglia. (A) Heat map of complement-
related gene expression in microglia control and treated with 1 uM XVA143 for 24 h. (B)
Relative expression of genes C1gA,B,C, C2, C3, C4a, TYROBP, SPI1, STAT1 and IRF8.
Data represented as fold change from controls (n = 5). Statistical analysis was performed
with raw logarithmic data independently for each gene. Each bar represents the mean
+ SEM. * p<0.05; paired Student’s t test.

In summary, these results suggest that XVA143 induces some
transcriptomic changes in primary microglia related to the inflammatory response,
AB clearance and the complement cascade. CR3 inhibition resulted in the
upregulation of cytokine IL-13, the downregulation of AGER, and the
downregulation of C1q transcription factor IRF8.
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2.4.XVA143 reduces extracellular AB1.s2 levels in primary microglia

cultures while impairing its internalization.

Once we discovered that CR3 inhibition causes relevant modifications in
microglial transcriptome, as well as alterations in morphology and migration
capacity, we studied the effect of XVA143 in the context of amyloid pathology.
CR3 deficiency reduces AB deposition in APP mice (Czirr et al., 2017), so we
hypothesized that XVA143 inhibition would also reduce oligomeric AB in our in
vitro conditions. To test this hypothesis, we treated primary microglia and
hippocampal organotypic cultures with 3 uM oA and 1 uM XVA143 for 24 h and
then quantified extracellular AB142 levels. In the case of primary microglia, we
found that AB1.42 was significantly reduced in supernatants with XVA143 (2786 +
201.3 vs 3327 + 312.5 ng/ml; p<0.05; n = 4), compared to controls (Figure 45A).
In organotypic cultures, there was also a significant reduction in AB1.42 levels in
supernatants with the XVA143 treatment (1942 + 210.6 vs 2337 + 195.5 ng/ml;
p<0.05; n = 7), compared to controls (Figure 45B). Once we saw that XVA143
was able to reduce extracellular AB142, we tried to figure out what mechanisms
would be involved in this AB clearance. First, we checked A internalization. We
quantified AB integrated density inside Iba1* microglia after treatment with 3 yM
oAB and 1 yM XVA143 for 24 h. Interestingly, we found a significant reduction of
AB inside microglial cells with XVA143 (75.5 £ 4.5 vs 100 + 10.5%; p<0.05; n =
4), compared to controls. To differentiate between internalization and
degradation, we blocked degradation using 100 uM leupeptin, an inhibitor of
lysosomal cysteine proteases. AR inside Iba1* cells was significantly higher with
leupeptin compared with non-treated cells (152.7 + 18.1 vs 171.2 £ 13.8%;
p<0.001; n = 8), and we found no differences in the leupeptin group between
control microglia and microglia treated with XVA143 (Figure 45C, D).
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Figure 45. XVA143 reduces AB1.42 levels in culture supernatants and reduces its
internalization. (A, B) ELISA quantification of AB142 in microglia supernatants (n = 4)
and organotypic culture supernatants (n = 7), after treatment with 3 uM oAB and 1 uM
XVA143 for 24 h. Paired Student’s t test. (C) Representative images of Iba1™ microglia
and AB using 6E10. Scale bar = 200 um. (D) Integrated density of 6E10 inside Iba1” cells
after treatment with 3 uM o0AB, 1 uM XVA143 and 100 uM leupeptin for 24 h (n = 4).
Paired one-way ANOVA. Each bar represents the mean £ SEM. * p<0.05; *** p<0.001;
"® not significant. IntDen = integrated density.

Next, we quantified the gene expression of AR internalization receptors
MSR1 (Macrophage Scavenger Receptor 1), CD36 and AGER, and lysosomal
marker LAMP1 after treatment with 3 uM oAB and 1 yM XVA143 for 24 h. We did
not find any differences in MSR1 and CD36, although CD36 showed a non-
significant trend to increase in XVA143 treated microglia with oAl compared with
XVA143 alone (2.3 £ 1.1 vs 1.5+ 0.9 a.u.; p = 0.08; n = 4). XVA143 significantly
downregulated AGER (0.5 £ 0.02 vs 1.0 £ 0.0 a.u.; p<0.01; n = 3), although oA
did not have any effect. Finally, the expression of LAMP1 showed a trend to
decrease with oAB (0.9 £ 0.03 vs 1.0 £ 0.0 a.u.; p = 0.06; n = 5) compared with
control microglia, but it was not statistically significant (Figure 46A, B).
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Figure 46. AB+142 does not alter the gene expression of internalization-related
receptors with the presence of XVA143 in primary microglia. (A) Heat map of A
internalization and degradation genes in microglia treated with 3 uM oAB and 1 uM
XVA143 for 24 h. (B) Relative expression of genes MSR1, CD36, AGER and LAMP1.
Data represented as fold change from controls (n = 5). Statistical analysis was performed
with raw logarithmic data independently for each individual gene. Each bar represents
the mean + SEM. * p<0.05; " not significant; paired Student’s t test.

We found a reduction in AR internalization with XVA143, as well as a
downregulation of AB-binding receptor AGER. This reduction in internalization
agrees with previous studies reporting that CR3 deficiency impaired phagocytosis
of fibrillar AR (Fu et al., 2012), so we hypothesized that the reduction in
extracellular AB that we observed could be due to increased secretion of
extracellular degrading enzymes. To test this hypothesis, we quantified the gene
expression of enzymes IDE, MMP2, MMP9 and PLAT, after treatment with 3 yM
oAB and 1 yM XVA143 for 24 h. We found that IDE was significantly
downregulated in XVA143 treated microglia with oA compared with AB alone
(0.9 £0.08 vs 1.1 £ 0.05 a.u.; p<0.05; n = §5). MMP2 displayed a non-significant
downregulation trend with XVA143 (0.6 £ 0.1 vs 1.0 £ 0.0 a.u.; p = 0.07; n = 5)
compared with controls, and it was not altered with oAB. We did not find any
differences in MMP9 and PLAT expression in any of the conditions analyzed
(Figure 47A, B).
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Figure 47. AB1.42 does not alter the gene expression of extracellular degradation
enzymes with XVA143 in primary microglia. (A) Heat map of extracellular enzyme
genes in microglia treated with 3 yM oAB and 1 pM XVA143 for 24 h. (B) Relative
expression of genes IDE, MMP2, MMP9 and PLAT. Data represented as fold change
from controls (n = 5). Statistical analysis was performed with raw logarithmic data
independently for each individual gene. Each bar represents the mean + SEM. * p<0.05;
"® not significant; paired Student’s t test.

Summarizing, we found that CR3 blockage significantly reduced
extracellular AR in primary microglia and organotypic slices. At the same time,
XVA143 lowered AP internalization and downregulated the gene expression of

receptor AGER and extracellular enzyme IDE.

2.5.XVA143 reduces CD11b and complement component C1q in

organotypic slices.

With the transcriptomic analysis, we found a novel relationship between
CR3 and C1qg. XVA143 inhibition of CR3 downregulated C1q components and
IRF8, which partially regulates C1qg gene expression. To confirm this finding, we
used hippocampal organotypic slices. After treating the slices with 3 yM oA and
1 uM XVA143, we quantified CD11b and C1q by immunofluorescence. Treatment
with oA significantly increased both the area occupied by CD11b (131.5+ 11.4
vs 100 = 5.7%; p<0.05; n = 4) and its integrated density (137.7 + 12.3 vs 100
10.2%:; p<0.05; n = 4), compared with control slices. XVA143 was able to reduce
both parameters to control levels (Figure 48A-C). In the case of C1q, we found
that oA increased both the density of C1q puncta (113.3 £ 6.5 vs 100 * 2.6%;
p<0.05; n = 4) and its integrated density (126.6 £ 8.3 vs 100 £ 10.2%; p<0.05; n
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= 4), compared with controls. In addition, XVA143 reduced C1q puncta density
to levels lower that controls (92.2 + 2.7 vs 100 £ 2.6%; p<0.001; n = 4), and the
integrated density by ~0.5 fold (42.9 + 10.5 vs 100 + 10.2%; p<0.05; n = 4)
(Figure 48D-F).
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Figure 48. XVA143 reduces AB-induced CD11b and C1q levels in hippocampal
organotypic slices. (A) Representative images of CD11b area in organotypic slices,
after treatment with 3 yM oAB and 1 yM XVA143 for 24 h. Scale bar = 40 uym. (B, C)
Quantification of the area occupied by CD11b and its integrated density, respectively (n
= 4). (D) Representative images of C1q puncta in organotypic slices. Scale bar = 5 ym.
(E, F) Quantification of the density of C1q puncta and puncta integrated density,
respectively (n = 4). Each bar represents the mean £ SEM. * p<0.05; *** p<0.001; " not
significant; paired one-way ANOVA. IntDen = integrated density.

These results, together with the gene expression data, suggest that
XVA143 inhibition of CR3 induces a retrograde signaling that results in reduced
expression of complement component C1q.
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In this second part of the thesis, we analyzed the effects of XVA143 on
microglial function (Figure 49). CR3 inhibition resulted in morphological
alterations and impaired cellular migration, which supports the key role of CR3 in
microglial response to injury and disease. Our results also suggest that XVA143
reduces AP internalization, at the same time that it reduces the levels of
extracellular AB. Finally, our results indicate that CR3 could be involved in
modulation of complement component C1q, a novel discovery that needs further

investigation.
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Figure 49. CR3 inhibition induces transcriptional changes and reduces cellular
migration and A internalization. The inhibition of CR3 with allosteric antagonist
XVA143 results in alterations at multiple cellular levels in primary microglia. XVA143
reduces the recruitment of CR3 subunits CD11b and CD18 to the cellular surface. With
XVA143, microglia becomes more rounded, and cellular migration is impaired. CR3
inhibition also induces changes at the transcriptional level, with increased IL-18 and
reduced AGER and C4a. It also downregulates transcription factor IRF8, along with the
expression of C1q components. The mechanism by which this regulation takes place is
yet unknown. Finally, XVA143 seems to reduce both extracellular A levels and AR
internalization. This finding also needs further investigation to find an alternative
mechanism for A elimination.
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3. A neuron, microglia and astrocyte triple co-culture model to study
Alzheimer’s disease.

After studying the role of lipoxins and complement receptor CR3 in AD
neuroinflammation, we realized that available and affordable in vitro models to
study neuron-glia interactions are limited. Thus, we decided to establish an in
vitro model where we could study neuroinflammation in the context of neuron-glia
communication. We established and characterized a straightforward murine triple
co-culture model with neurons, astrocytes and microglia and added oA in order
to recapitulate amyloid pathology and neurodegeneration (this work was
accepted for publication on March 7, 2022 in the journal Frontiers in Aging
Neuroscience, under the title "A neuron, microglia, and astrocyte triple coculture
model to study Alzheimer’s disease".

3.1.Neurons increase synaptic markers and develop a more complex

morphology when co-cultured with glial cells.

First of all, we performed a characterization of each cell type in the co-
culture compared with primary cultures. Synapse formation and stabilization is
promoted in vitro by astrocytes through secretion factors (Christopherson et al.,
2005). Thus, we analyzed whether neurons would develop more synapses in the
triple co-culture environment. To do so, we quantified pre- and post-synaptic
markers in our co-cultures. We found that post-synaptic markers Post-Synaptic
Density protein 95 (PSD-95) (130.0 £ 9.1 vs 100 + 7.1%; p<0.05; n = 4) and
Homer1 (136.5 + 10.5 vs 100 £ 11.9%; p<0.01; n = 6) were increased in the triple
co-culture compared with primary neurons alone (Figure 50A-D). Both microglia
and astrocytes had to be present to see this increase, because Homer1 was not
altered in neuron-microglia or neuron-astrocyte co-cultures. Meanwhile, pre-
synaptic markers Vesicular glutamate transporter 1 (VGlut1) and Synaptophysin
were not different in the triple co-culture compared to primary neurons (Figure
50E-H).
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Figure 50. Neurons increase the expression of post-synaptic markers PSD-95 and
Homer1 in the triple co-culture model. (A, B) Western blot of post-synaptic marker
PSD-95 in total lysates and quantification in primary neurons and the triple co-culture (n
= 4). Raw data was normalized using a-tubulin. Paired Student's t test. (C)
Representative images of post-synaptic marker Homer1 in neuronal processes. In each
condition, a zoom on a single neuronal process is displayed. Scale bar = 40 ym. (D)
Quantification of Homer1 (n = 6). Mixed-effect model. (E, F) Western blot image of pre-
synaptic marker VGIut1 in total lysates and quantification in primary neurons and the
triple co-culture (n = 4). Paired Student’s t test. (G) Representative images of pre-
synaptic marker Synaptophysin in neuronal processes. In each condition, a zoom on a
single neuronal process is shown. Scale bar = 40 pm. (H) Quantification of
Synaptophysin (n = 6). Mixed-effect model. Each bar represents the mean + SEM. Each
scatter plot represents the mean + SEM. * p<0.05; ** p<0.01; " not significant. Neu =
neurons; MG = microglia; Astro = astrocytes; Syn = Synaptophysin.

Studies carried out using dual co-cultures have suggested a change in
neuronal morphology in the presence of microglia (Zhang and Fedoroff, 1996).
Accordingly, we analyzed cellular morphology using the neuronal marker MAP2.
In the triple co-culture, neurons displayed a higher number of branches (158.6
23.3 vs 100 £ 16.3%; p<0.05; n = 4), as well as a higher number of junctions
(162.6 £ 24.2 vs 100 £ 16.6%; p<0.05; n = 4). These branches were also
significantly longer than primary neurons alone (112.8 £ 11.5 vs 100 + 10.5%;
p<0.05; n = 4) (Figure 51). Interestingly, astrocytes alone showed a trend to
increase the number of branches and junctions in neurons, although it was not

statistically significant.
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Figure 51. Neurons develop more and longer branches when co-cultured with glial
cells. (A) Representative images of cellular morphology using the neuronal marker
MAP2 and the function Skeletonize in FIJI software. Scale bar = 20 ym. (B, C, D)
Quantification of the number of branches, the number of junctions and the mean branch
length, respectively, in primary neurons and co-cultures (n = 4). Each bar represents the
mean + SEM. * p<0.05; paired one-way ANOVA. MG = microglia; Astro = astrocytes.

In summary, our results reveal that the conditions generated in the triple
co-culture increase the number of post-synapses in neurons, as well as their

cellular complexity.

3.2.Microglia becomes less inflammatory in the triple co-culture
compared with primary microglia.

After observing that neurons exhibit different characteristics when glial
cells are present, and given that microglial transcriptomic profiles are very
dependent on the cellular environment (Schmid et al., 2009), we analyzed the
possible phenotypic changes that microglia could undergo in our triple co-culture.
We quantified the expression of commonly used markers for pro- and anti-
inflammatory microglial polarization. The typically anti-inflammatory marker
Arginase | (Argl) displayed a ~ 8-fold increase in the triple co-culture (898.2 +
142.7 vs 100 £ 24.3%; p<0.01; n = 4), as well as in the microglia-neuron co-
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culture (846.2 £ 147.3 vs 100 + 24.3%; p<0.05; n = 4) compared with primary
microglia alone (Figure 52A, B). No changes were found in the case of anti-
inflammatory marker MRC1 (Figure 52C). We also found a ~ 2-fold increase in
TGF-B1 in triple co-culture supernatants (422.2 + 64.4 vs 182.7 £ 30.2 pg/ml;

p<0.01; n = 5) compared with primary microglia supernatants (Figure 52D).
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Figure 52. Microglia increase the expression of anti-inflammatory markers Argl
and TGF-B1 in the triple co-culture. (A) Western blot of microglial anti-inflammatory
markers in total cell lysates. (B, C) Quantification of Argl and MRC1 in primary microglia
and co-cultures (n = 4). Data was normalized using the marker Iba1 in order to selectively
control for microglia. (D) ELISA assay for TGF-B1 in supernatants of primary cultures
and co-cultures (n = 5). Each bar represents the mean + SEM. * p<0.05; ** p<0.01; " not
significant; paired one-way ANOVA. Neu = neurons; MG = microglia; Astro = astrocytes.

On the other hand, microglia decreased the secretion of pro-inflammatory
cytokine IL-1B in the triple co-culture compared to primary microglia alone (18.6
+ 6.1 vs 47.1 £ 6.7 pg/ml; p<0.01; n = 5) (Figure 53A). No changes were found
in microglial markers CD18 and Iba1 (Figure 53B-D). There was also a decrease
of pro-inflammatory marker iNOS in the triple co-culture (56.6 £ 7.6 vs 100 %
8.9%; p<0.01; n = 4) and the astrocyte-microglia co-culture compared with
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microglia alone (66.3 *

11.3 vs 100 + 8.9%; p<0.05; n = 4). No changes were

observed in microglial activation marker CD11b (Figure 53E-G).
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Figure 53. Microglia reduce the expression of pro-inflammatory markers IL-1f and
iNOS in the triple co-culture model. (A) ELISA quantification of cytokine IL-18 in
culture supernatants (n = 5). (B) Representative images of CD18 and Iba1 inside
microglia. Scale bar = 10 ym. (C,D) Quantification of CD18 and Iba1 integrated density
in primary microglia and co-cultures (n = 4). (E) Representative images of iINOS and
CD11b in microglia. Scale bar = 10 ym. (F, G) Integrated density of iNOS inside CD11b*
cells and CD11b in primary microglia and co-cultures (n = 4). Each bar represents the
mean + SEM. * p<0.05; ** p<0.01; " not significant; paired one-way ANOVA. Neu =
neurons; MG = microglia; Astro = astrocytes; IntDensity = integrated density.

In conclusion, microglia had a less inflammatory phenotype in the triple co-
culture model compared with primary culture conditions, revealed by an increase
of anti-inflammatory markers Argl and TGF-B1, and a decrease of pro-

inflammatory markers IL-18 and iNOS.

118



Results

3.3. Astrocytes undergo morphological changes and lower the

expression of activation markers in the triple co-culture.

Once we observed that microglia were less inflammatory in the triple co-
culture, we addressed astrocytic activation in the model. Besides, reactive
microglia are necessary to induce neurotoxic reactive astrocytes in vitro via
secreted signaling molecules (Liddelow et al., 2017). Firstly, we analyzed
astrocytic morphology as a measure of their activation state. We used the
astrocytic marker GFAP to obtain morphological parameters. We observed that,
in the triple co-culture, astrocytes significantly increased the parameters of
density (118.9 £ 3.7 vs 100 £ 3.5%; p<0.05; n = 4) and span ratio (124.9 + 6.4 vs
100 + 1.5%; p<0.05; n = 4), while they reduced their circularity (88.1 £ 2.3 vs 100
t+ 1.3%; p<0.05; n = 4) compared with primary astrocytes (Figure 54). These
parameters in the triple co-culture reflect an increase in cellular ramifications,
which resembles better the physiological resting state. The presence of neurons
was enough to see a morphological change in astrocytes, although it was not
statistically significant.
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Figure 54. Astrocytes display a ramified morphology in the triple co-culture. (A)
Representative images of the quantification of astrocytic morphology using GFAP and
Fractal Analysis in FIJI Software. In each condition, a zoom of an individual cell and its
outline are represented. Scale bar = 20 ym. (B, C, D) Quantification of density, span ratio
and circularity, respectively, in primary astrocytes and co-cultures (n = 4). Each bar
represents the mean £ SEM. * p<0.05; paired one-way ANOVA. Neu = neurons; MG =
microglia; Astro = astrocytes.
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We also quantified the expression of two astrocytic activation markers;
Adhesion molecule with Ig like domain 2 (AMIGO2) and C3. In the triple co-
culture, GFAP* astrocytes significantly decreased the expression of AMIGO2
compared with microglia-astrocyte co-culture (75.4 £ 13.4 vs 99.1 + 13.9%;
p<0.05; n = 3) and primary astrocytes (75.4 + 13.4 vs 100 + 12.6%; p<0.05; n =
3) (Figure 55A, B). In addition, C3 expression decreased in all of the co-cultures;
in the microglia-astrocyte co-culture (57.1 £ 6.4 vs 100 + 3.6%; p<0.05; n = 3), in
the neuron-astrocyte co-culture (70.9 £ 12.3 vs 100 + 3.6%; p<0.05; n = 3) and
in the triple co-culture (67.1 £ 3.3 vs 100 = 3.6%; p<0.05; n = 3) compared with
primary astrocytes (Figure 55C, D). In order to analyze if astrocytic C3 was
modulated via cell-to-cell contact or via secreted factors, we incubated primary
astrocytes with conditioned media from neurons (NCM) or from microglia (MCM)
and then quantified C3. We found no changes in C3 levels with NCM or MCM, so
physical contact between cells was required to reduce C3 (Figure 55E, F).
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Figure 55. Astrocytes reduce activation markers AMIGO2 and C3 when co-cultured
with microglia and neurons. (A) Representative images of marker AMIGO2. In each
condition, a zoom on a single cell is displayed. Scale bar = 40 ym. (B) Quantification of
AMIGO?2 in primary astrocytes and co-cultures (n = 3). (C, D) Representative image of
C3 and quantification (n = 3). Scale bar = 40 um. (E, F) Representative image of C3
inside GFAP* astrocytes and quantification after conditioned media treatment. Scale bar
= 40 ym. Each bar represents the mean + SEM. * p<0.05; " not significant; paired one-
way ANOVA. Neu = neurons; MG = microglia; Astro = astrocytes; NCM = neuron
conditioned media; MCM = microglia conditioned media; IntDen = integrated density.
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In conclusion, astrocytes are less reactive in the triple co-culture
environment, with a more ramified morphology and reduced expression of A1
markers AMIGO2 and C3.

3.4.Oligomeric AB1.42 induces synaptic loss and microglial activation in
the triple co-culture model.

Once we characterized the triple co-culture, we used it to establish a model
where we could study AD in vitro, without the limitations of single primary cultures.
We used oAB as the stimulus to induce neurodegeneration, since oligomers
seem to be the most neurotoxic amyloid species (reviewed in Glabe, 2006). We
treated our triple co-cultures with 3 uM oAB for 24 h, and then analyzed
neurodegeneration features such as synaptic loss and neuroinflammation. We
quantified pre- and post-synaptic markers in the neuronal processes using
immunofluorescence and found that both Synaptophysin and Homer1 were
reduced with the oA treatment (91.2 £ 8.1 vs 100 + 6.2%; p<0.05; n = 5) and
(83.3 £ 6.4 vs 100 = 7.8%; p<0.05; n = 5) respectively, compared with controls
(Figure 56A-D). Along with synapse loss, inflammation characterized by
microglial CD11b increase is another key feature of Ap-induced
neurodegeneration (Zhang et al., 2011). For that reason, we analyzed CD11b in
total lysate samples with WB, as a measure of microglia-related inflammation.
We observed that, while Iba1 expression did not change, CD11b increased in
microglia with the oA treatment compared with controls (116.0 £ 14.2 vs 100 +
16.5%; p<0.01; n = 4) (Figure 56E-G). Besides, there was a trend to decrease of
anti-inflammatory cytokine TGF-B1 levels in the triple co-culture, although not
statistically significant (Figure 56H).
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Figure 56. Oligomeric AB1.42 reduces pre- and post-synaptic puncta and increases
microglial marker CD11b in the triple co-culture model. (A) Representative image of
Synaptophysin in neuronal processes. Scale bar = 40 um. (B) Quantification of
Synaptophysin after treatment with 3 uM oA for 24 h (n = 5). (C) Representative images
of Homer1 in neuronal processes. Scale bar = 40 ym. (D) Quantification of Homer1 after
treatment with 3 uM oA for 24 h (n = 5). (E) Western blot of microglial markers in total
lysates. (F, G) Quantification of CD11b and Iba1 in triple co-cultures after treatment with
3 UM oA for 24 h (n = 4). Raw data was normalized using GAPDH. (H) ELISA assay for
TGF-B1 in triple co-culture supernatants (n = 4). Each bar represents the mean + SEM.
* p<0.05; ** p<0.01; ™ not significant; paired Student’s t test. Syn = Synaptophysin;
IntDen = integrated density.

To confirm our findings in the triple co-culture using a model with higher
complexity, we used hippocampal organotypic cultures. We treated these
organotypic cultures with the same conditions (3 uM oA for 24 h) and analyzed
synaptic loss and neuroinflammation. Treatment with oA reduced the integrated
density of Syn* pre-synaptic puncta (78.9 £ 12.4 vs 100 £ 7.6%; p<0.05; n = 4)
and PSD-95" post-synaptic puncta (61.8 £ 12.8 vs 100 £ 11.4%; p<0.05; n = 4)
compared with controls (Figure 57A, B). The puncta density was also decreased
in the case of Synaptophysin (80.7 + 6.4 vs 100 + 2.2%; p<0.05; n = 4), which
caused a reduction in the overall colocalization puncta (82.0 £ 8.1 vs 100 £ 4.5%;
p<0.05; n = 4) (Figure 57C). Regarding microglial activation, we quantified
CD11b* microglia in the organotypic slices. We found that oA increased both
the area occupied by CD11b (131.5 + 11.4 vs 100 £ 5.7%; p<0.05; n = 4) and its
integrated density (137.7 = 12.3 vs 100 + 10.2%; p<0.05; n = 4) compared to
controls (Figure 57D-F).
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Figure 57. Oligomeric AB1.42 decreases synaptic puncta and increases microglial
CD11b in hippocampal organotypic slices. (A) Representative image of pre- and post-
synaptic puncta in hippocampal organotypic slices. Scale bar = 10 ym. (B) Quantification
of the integrated density of Synaptophysin and PSD-95 after treatment with 3 yM oA
for 24 h (n = 4). (C) Density of Synaptophysin®, PSD-95" and colocalization puncta after
treatment with 3 uM oA for 24 h (n = 4) (D) Representative images of CD11b staining
in hippocampal organotypic slices. Scale bar = 40 um. (E, F) Quantification of CD11b
occupied area and integrated density, respectively, after treatment with 3 uM oA for 24
h (n = 4). Each bar represents the mean + SEM. * p<0.05; paired Student’s t test. Syn =
Synaptophysin.
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In conclusion, we were able to recapitulate AB-induced synaptic loss and
microglial activation in our triple co-culture, and we confirmed these findings using

hippocampal organotypic slices.
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In this final part of the thesis, we developed a murine triple co-culture
model including neurons, microglia and astrocytes, that holds physiological
characteristics that are not present in classical primary cultures (Figure 58).
Microglia are less inflammatory, astrocytes are less reactive and neurons display
a more mature morphology than in individual primary cultures. With this model,
we were able to recapitulate Ap-induced AD pathological features like synaptic
loss and microglial activation, which will allow us to study neurodegeneration and

neuroinflammation processes relevant to AD progression.
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Figure 58. A neuron, microglia and astrocyte triple co-culture model to study
Alzheimer’s disease. (A) Classical individual primary cultures often exhibit significant
alterations in comparison with cells in physiological conditions. Neurons and astrocytes
display low morphological complexity, and both microglia and astrocytes increase the
expression of pro-inflammatory markers iNOS, IL13 and C3, AMIGO2 respectively. (B)
In our triple co-culture, neurons develop more complex morphologies and increase post-
synaptic markers PSD-95 and Homer1. Microglia reduce their expression of pro-
infammatory markers such as iNOS and IL-13, and increase anti-inflammatory markers
Arg | and TGF-B1. Lastly, astrocytes reduce the expression of pro-inflammatory markers
C3 and AMIGO2, while they develop ramifications that resemble physiological
conditions. (C) In the triple co-culture, AB1.42 oligomers are able to induce synaptic loss
and increase microglial marker CD11b, which makes this triple co-culture a suitable
model to study amyloid pathology associated changes in vitro. Blue cells = neurons;
Purple cells = microglia; Green cells = astrocytes.
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Discussion

1. Pro-resolving mediator ATL reduces oxidative stress, mitochondrial
dysfunction and AD neuropathology.

In the first part of this study, we explored the therapeutic potential of
inflammation resolution in AD, mediated by aspirin-triggered 15-epi-LXA4 or ATL.
Using in vitro and in vivo models, we demonstrated that ATL ameliorates a
number of neuropathological features including synapse loss, glial activation,
oxidative stress and mitochondrial dysfunction, suggesting that enhancing
inflammation resolution may be useful to prevent AD progression.

1.1.Lipoxin ATL reduces AB-induced oxidative stress, targeting ROS

production and detoxification.

ROS accumulation and oxidative stress are key to AD progression, and
can be both triggered and enhanced by neuroinflammation (Simpson and Oliver,
2020). Given this close interaction, we hypothesized that resolution of
inflammation would have a positive impact on oxidative stress stimulated by

amyloid pathology.

First, we observed that ARs4> oligomers directly upregulated ROS
generation through the activation of NOX2 in primary neurons and microglia. This
agrees with previous studies where, using the same NOX inhibitors that we used
(DPI and gp91 ds-tat), authors demonstrated that AR oligomers induced NOX-
mediated ROS production in cortical neuronal cultures (Shelat et al., 2008) and
microglia-like BV2 cells (Li et al., 2013). Next, we analyzed the effect of ATL on
this NOX2-mediated ROS generation. We found that ATL reduced ROS
production triggered by AB42 oligomers in primary neurons and microglia, as well
as in organotypic cultures. This happened in a receptor-specific manner, given
that Boc-2, antagonist of the main lipoxin receptor ALX/FPR2, blocked this effect.
Besides, ATL has been shown to reduce NOX2 activation and ROS generation
triggered by LPS in BV2 cells (Wu et al., 2012b). Thus, ATL seems capable of
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reducing ROS production triggered by LPS and AB42 oligomers, suggesting a
similar mechanism for NOX2 activation by both stimuli. Lipoxins can interact with
diverse receptors in the CNS (Martini et al., 2014). For instance, LXA4 is an
allosteric enhancer of CB2 cannabinoid receptors. Further investigation of the
possible effects of ATL on receptors other than ALX/FPR2 is necessary to better

understand its mechanisms of action.

Lipoxins can also have an effect on astrocytes, given that they express
receptor ALX/FPR2 (Svensson et al., 2007; Tiberi and Chiurchiu, 2021), and that
they can release lipoxins LXA4 and LXB4 to induce neuroprotection (Livne-Bar et
al., 2017). Previous studies have demonstrated that, in LPS-stimulated
astrocytes, ATL inhibits the production of nitric oxide and prostaglandins (Yao et
al., 2014), as well as the expression of inflammation marker aquaporin 4 and
cytokines IL-1 and TNF-a (Wu et al., 2019). In our study, we focused on neurons
and microglia because our working concentration of ABs2 oligomers was not
enough to trigger ROS production in primary astrocytes (data not shown).
Previous studies in our laboratory did observe AB-induced ROS generation in
astrocytes, although they used higher concentrations of AR42 oligomers
(Wyssenbach et al., 2016). In future studies using astrocytes, it may be
necessary to stimulate cells with higher concentrations of AB oligomers, or in
combination with LPS, to be able to study ATL effects.

NOX2 activation is especially relevant for microglial immune response.
LPS and pro-inflammatory cytokines like IL-13 and TNF-a can induce NOX2 via
microglial activation (Yang et al., 2007; Parajuli et al., 2013). Previous studies
have demonstrated that CR3, one of the receptors involved in microglial
activation, can lead to NOX2-mediated ROS production in response to o-
synuclein (Hou et al., 2018). In our study, ABs42 oligomers increased the
expression of CR3 subunit CD11b in the cell surface of primary microglia, while
treatment with ATL reverted this increase. This observation suggests that, in
microglia, ATL could indirectly reduce AB-mediated NOX2 activation via inhibition
of CR3. In their studies with a-synuclein, Hou et al. (2018) proposed that CR3
could be acting on NOX2 via Src-ERK and Rho signaling pathways, so more
analyses will be needed in order to find how CR3 and NOX2 communicate with
each other in the context of amyloid pathology.
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In addition to excessive ROS generation, oxidative stress can happen due
to a defective ROS elimination. AB oligomers impair the activity of ROS
detoxification enzymes like catalase and SOD in primary neurons (Alberdi et al.,
2018). In our case, SOD activity was indeed reduced both in primary neurons and
microglia in response to ABs2 oligomers, and ATL was able to restore this activity
to control levels. This agrees with a previous study where LXAs; treatment
stimulated SOD after spinal cord injury (Liu et al., 2015). In summary, ATL was
able to reduce ROS production by NOX2 and enhance ROS elimination by SOD,
resulting in an effective reduction of AB-induced oxidative stress.

1.2. Resolution of inflammation ameliorates AD pathology.

Lipoxins have potent pro-resolution properties and researchers have
reported low levels of this lipid mediator in situations of chronic
neuroinflammation, like patients with post-stroke cognitive impairment (Wang et
al., 2021). Levels of LXA4 also decline progressively with age (Gangemi et al.,
2005). In our study, we found a significant reduction of LXA4 levels in the
prefrontal cortex of AD patients compared to control individuals. These results
agree with a previous study where researchers found lower levels of LXA4 in the
hippocampus and CSF of AD patients compared to controls, and LXA4 positively
correlated with MMSE scores (Wang et al., 2015b). However, the same
researchers also found no differences in LXA4levels in the entorhinal cortex (Zhu
et al., 2016), and another publication found no differences in LXA4 levels in
plasma and CSF of AD patients (Fraga et al., 2019). These last studies displayed
high variability within experimental groups, which would explain the discrepancy.
It is also likely that lipoxin levels may vary depending on the brain area, the stage
of the disease and other factors. In our study, we observed that LXAs levels
negatively correlated with AB42 deposited in post-synaptic compartments in the
prefrontal cortex of AD patients. Given that AB42 accumulation in post-synaptic
terminals is linked to the initiation of tau pathology and synaptic dysfunction
(Takahashi et al., 2010), our results highlight the link between unsuccessful

resolution of inflammation and AD progression.
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Given the low levels of LXA4 we found in AD patients, and the positive
results that we obtained with ATL in vitro, we studied the effects of lipoxin ATL in
the AD mouse model 3xTg. We observed that ATL effectively reduced the
number of amyloid plaques in the brain, as well as the levels of soluble and
insoluble ABa42 in the entorhinal cortex and hippocampus, respectively. On the
contrary, we did not observe changes in the levels of ABa2, ABaso, or the AB42/ABao
ratio in CSF and plasma samples. These results might suggest that the reduction
of AB accumulation in the brain could occur via CSF-independent mechanisms,
for instance by enhanced microglial phagocytosis or extracellular enzymatic
degradation. In fact, BV2 cells treated with ATL increase AB42 phagocytosis in a
dose-dependent manner (Medeiros et al., 2013). Regarding tau protein, ATL
reduced the area occupied by phosphorylated tau in the hippocampus, and the
levels of total tau in CSF samples. It is well established that individuals with high
levels of total tau in the CSF have higher risk of developing AD (Fagan et al.,
2007), and that tau is a strong predictor of neurodegeneration and cognitive
decline in patients (Hanseeuw et al., 2019). Thus, ATL ability to lower total tau in
the CSF of 3xTg animals may suggest a reduction of neurodegeneration in these

animals.

Synapse loss is also key to AD pathology, given that it is the best correlate
of memory impairment in patients (DeKosky et al., 1996; Sze et al., 1997). In our
study, we observed that 3xTg mice displayed significantly lower levels of pre- and
post-synaptic markers in the CA1 hippocampal area, along with increased levels
of complement C1q puncta. This observation agrees with previous studies where
authors identified complement-related synapse loss in AD mouse models (Hong
et al., 2016). We also observed that ATL treatment recovered both pre- and post-
synaptic markers to levels similar to WT mice and simultaneously reduced C1q
puncta in the same area. These results suggest that ATL may be able to reduce

synapse loss, which is partly mediated by the complement pathway.

Altogether, the reduction of amyloid and tau pathology, and the
improvement of synapse loss with ATL are consistent with previous studies. In
the first study performed with lipoxins in a mouse model of AD, Medeiros et al.
(2013) discovered that ATL recovers pre- and post-synaptic markers in the

cortex, and reduces amyloid plaques and soluble and insoluble AB4o and ABa4zin
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the brain of 12 months old male Tg2576 mice. In a publication by the same
research group, ATL also reduced amyloid plagues and soluble and insoluble
ABao and AB42 in 14 months old 3xTg mice. The lipoxin treatment also reduced
tau phosphorylation epitopes AT8, AT100, AT180, AT270 and PHF-1 (Dunn et
al., 2015). In a different publication using LXA4 in combination with resolvin E1,
ABaoand AB42 were reduced in 3 months old 5xFAD animals, although the effects
were subtle (Kantarci et al., 2018). In general, our results agree with previous
publications that used diverse AD mouse models and different doses of ATL
used. Medeiros et al. (2013) and Dunn et al. (2015) performed subcutaneous
injections twice a day, with 15 pg/kg ATL for two months, while Kantarci et al.
(2018) performed intraperitoneal injections three times a week, with 1.5 pg/kg
LXA4 for two months. We used an intermediate dose, giving one intraperitoneal
injection per day with 10 ug/kg ATL for two months. We were fairly confident that
this administration method was sufficient to deliver lipoxin to the brain, since
intraperitoneal injections of a lower dose of LXA4 significantly increased the
amount of lipoxin in the hippocampus of 5xFAD animals (Kantarci et al., 2018).
With these conditions, we were able to obtain similar results to Dunn et al. (2015)
using a 66% lower dose, thus reducing the cost of the treatment and its possible
side effects. One should take into account that increasing the lipoxin synthesis
pathway has the risk of increasing apoptosis via N-acetyl sphingosine, an enzyme
responsible for COX-2 acetylation (Lee et al., 2020). In the future, quantification
of caspases will be necessary to make sure that our ATL treatment does not

induce apoptosis.

1.3. ATL reduces gliosis and pro-inflammatory mediators.

Neuroinflammation is key to the progression of AD, and it is characterized
by excessive secretion of pro-inflammatory cytokines (Lue et al., 2001;
Swardfager et al., 2010). In a mouse model of amyloid pathology using ABa2
intracerebroventricular infusion, LXA4 reduced gene expression and release of
IL-18 and TNF-a (Wu et al., 2011). Besides, ATL reduces cytokines IL-13, TNF-
a, IL-6, M-CSF and IFN-y in Tg2576 and 5xFAD mice (Medeiros et al., 2013;
Kantarci et al., 2018). In line with these results, we observed that 3xTg mice
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display higher levels of cytokines IL-13, KC/GRO and. TNF-a than WT mice in
the hippocampus, and IL-13 and TNF-a were significantly reduced with the ATL
treatment. These observations confirm that lipoxins regulate production and
secretion of cytokines as part of their pro-resolution functions. In our study, we
also analyzed pro-inflammatory cytokines in the cerebral cortex of 3xTg mice,
although we only found a reduction of IL-1B compared to WT mice. This
discrepancy could be explained because the methodology used for quantification
is not specific for the active and inactive forms, so changes in the ratio of the two
forms could not be detected.

Another neuroinflammation mechanism that lipoxins are capable of
regulating is the activation of inflammasome NLRP3 (Zhao et al., 2021). We
analyzed each of the inflammasome components, although this analysis gave us
limited results. Based on previous studies demonstrating that NLRP3 is involved
in amyloid and tau pathology in mouse models (Heneka et al., 2013; Ising et al.,
2019), we expected to find a robust activation of NLRP3 in 3xTg mice.
Unfortunately, we only observed a significant increase of inflammasome
component ASC in cortex and hippocampus of 3xTg mice compared to WT mice.
We could not detect changes in NLRP3 protein or in cleaved caspase-1, and we
could not see an effect of ATL in any of the components. This analysis was
performed using western blotting in total tissue lysates, so it might be possible
that the technique could not detect small changes in the inflammasome
components. An analysis using more precise techniques such as

immunohistochemistry could improve detection in the future.

In addition to measuring mediators of inflammation in the brain, we
analyzed the effect of ATL on oxidative stress in the animals. We chose to
measure the levels of oxidized glutathione in erythrocytes, based on the
availability of the samples and the fact that oxidized glutathione is increased in
AD patients in erythrocyte and plasma samples compared to controls (Calabrese
et al., 2006; Bermejo et al., 2009). In our study, 3xTg mice displayed slightly
higher levels of oxidized glutathione than WT mice, and ATL treatment was able
to reduce this levels. A recent study has shown that LXA4 can increase levels of

the reduced form of glutathione in a rat model of skin transplantation (Xin et al.,
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2020). Although, to our knowledge, our study is the first to link lipoxin ATL to a
reduction in glutathione oxidation in the context of neurodegenerative diseases.

The main cellular mediators of neuroinflammation are microglia and
astrocytes, and it is usual to find reactive microglia and astrocytes around senile
plaques in AD patients (Vehmas et al., 2003; Serrano-Pozo et al., 2011). Since
both cell types are susceptible to modulation by lipoxins, we analyzed the effects
of ATL on microglia and astrocytes in the hippocampus of 3xTg animals.
Specifically, we focused on the CA1 area, where we saw the greatest changes
with our treatment. Both microglia and astrocytes occupied significantly more
area in 3xTg mice compared to WT mice, as revealed by the microglial markers
CD11b and Iba1, and the astrocytic markers S10083 and GFAP. All of these glial
markers were drastically reduced with ATL. Medeiros et al. (2013) and Dunn et
al. (2015) also found a reduction of GFAP* astrocytes and CD11b*, CD45" and
Iba1* microglia in the brains of Tg2576 and 3xTg mice treated with ATL compared
to mice treated with vehicle, although neither of the publications compared
transgenic mice with their wild type counterparts (Medeiros et al., 2013; Dunn et
al., 2015). Kantarci et al. (2018) did confirm an increase of GFAP and Iba1
staining in the cortex and hippocampus of 5xFAD mice compared to WT mice.
Interestingly, gliosis was only reduced with the combination of ATL plus resolvin
E1, and not with ATL alone, which could be explained by the low dose of ATL
used in this study (Kantarci et al., 2018). In a rat model of cerebral ischemia, LXA4
reduced the area occupied by GFAP* astrocytes after the lesion, further

supporting the role of lipoxins on reduction of glial activation (Wu et al., 2012a).

In addition to changes in the area occupied by glial cells, we noticed
differences in cellular morphology. Both astrocytes and microglia can display
diverse morphologies depending on their function and their state of activation.
(Oberheim et al., 2012; Paasila et al., 2019). In AD patients, microglial
ramifications are reduced in number and length, and Iba1 labelling in those
ramifications appears discontinuous (Davies et al., 2017; Paasila et al., 2019).
The AD mouse model TgCRNDS8, which carries Swedish and Indiana APP
mutations, also shows microglia with small cell bodies and reduced number of
branches in the proximity of senile plaques (Plescher et al., 2018). On the
contrary, in our study we noticed that 3xTg mice displayed a rod-shape microglia
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in the hippocampal CA1 area. These microglia had long cell bodies, all set in the
same direction, with very short ramifications compared with WT mice. All of these
parameters were restored to values similar to WT mice with the ATL treatment,
suggesting that lipoxins are capable of reverting morphological alterations in
microglia. One previous publication discovered that overexpression of
sphingosine kinase type 1, an enzyme which acetylates COX-2 and stimulates
the production of lipoxins and resolvins, induced the formation of amoeboid
microglia in APP/PS1 mice (Lee et al., 2018). This morphological change from
ramified to amoeboid microglia does not agree with our study, which revealed a
switch from rod-shape to ramified microglia. A possible explanation for this would
be that Lee et al. (2018) analyzed microglia surrounding senile plaques, while we
analyzed microglia in CA1, where no plaques were detected. This might suggest
that microglia would undergo different morphological changes in response to
lipoxins depending on their local environment. In addition, the question of what
phenotypic modifications are associated with lipoxin-induced morphological

changes in microglia requires further investigation.

Astrocytes also undergo morphological alterations under pathological
conditions. In AD, reactive astrocytes are characterized by the overexpression of
GFAP, and by adopting a hypertrophic morphology with enlarged cell bodies and
increased number of ramifications (Serrano-Pozo et al., 2011; Perez-Nievas and
Serrano-Pozo, 2018). In the 3xTg mouse model, GFAP increases in the
hippocampus after the onset of senile plaques (Oddo et al., 2003a; Olabarria et
al., 2010). In our study, we found astrocytes with hypertrophic morphology and
increased GFAP in CA1 of 3xTg animals that were clearly in a post-plaque stage,
which agrees with these previous publications. Quantitatively, hypertrophic
astrocytes in 3xTg mice had significantly higher numbers of junctions and
branches, and these branches were significantly shorter compared to WT mice.
Treatment with ATL reversed all of these parameters to values similar to WT
mice, suggesting that lipoxins are able to reduce astrocytic activation and revert
morphological alterations associated with AD.
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1.4.Lipoxin ATL ameliorates mitochondrial dysfunction.

Mitochondrial dysfunction is a key hallmark of AD, and many of the
physiological functions of this organelle, such as energy production, become
compromised in early stages of the disease (reviewed in Cenini and Voos, 2019).
Mitochondria are especially vulnerable to oxidative damage, and A3 can increase
ROS production and accumulation in this organelle (Manczak et al., 2006; Wang
et al., 2009). In the context of AD, there is also excessive mitochondrial
fragmentation and defective mitochondrial fusion, events that lead to
mitochondrial impairment (Cai and Tammineni, 2017) In this study, we focused
on how ATL could tackle oxidative stress and mitochondrial dynamics in AD.

Previous studies have demonstrated that APs. oligomers increase
mitochondrial ROS in primary hippocampal neurons (Wang et al., 2009), and
3xTg mice display increased mitochondrial H202 production and lipid peroxidation
(Yao et al., 2009). In agreement with these publications, we observed a significant
increase in mitochondrial ROS generation, specifically in superoxide radicals, in
response to APs42 oligomers in primary neurons, primary microglia and
organotypic cultures. We also observed an increase in mitochondrial ROS in
3xTg mice isolated mitochondria compared to WT mice. In all of the models,
treatment with ATL reverted the excessive ROS generation. Besides, in the 3xTg
animals, ATL restored SOD detoxification activity in the mitochondria, suggesting
once again that lipoxins are able to ameliorate oxidative stress by targeting both
ROS production and detoxification. Excessive ROS is linked to reduced energetic
performance by mitochondria (Cortassa et al., 2014). We found that ABa42
oligomers significantly impaired the normal function of oxidative phosphorylation,
reducing basal respiration, maximal respiration capacity and ATP production in
primary neurons and microglia. These results agree with previous work in our
laboratory, where primary neurons showed reduced mitochondrial respiration in
response to AB42 oligomers, and it was recovered using antioxidant agents
(Alberdi et al., 2018). In our case, treating the cultures with ATL reduced ApB-
mediated ROS accumulation in the mitochondria, and recovered respiration
parameters back to control levels. In addition to oxidative stress and impaired

metabolism, mitochondrial dynamics are altered in AD, with inadequate fusion
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and excessive fission (Wang et al., 2008; Calkins et al., 2011). In a previous
publication, authors reported impaired mitochondrial respiration, as well as low
levels of fusion marker MFN2 and high levels of fission marker DRP1 in cortex
and hippocampus of 14 months old female 3xTg mice (Djordjevic et al., 2020). In
our study, we observed the same increase of DRP1 and decrease of MFN2 in
3xTg mice, and the treatment with ATL was able to restore both markers to levels

similar to WT mice.

To the best of our knowledge, the role of lipoxins in mitochondrial
regulation has not been addressed in AD as it has been in other pathologies. In
a mouse model of glaucoma, lipoxin LXB4 protects neurons from apoptosis
caused by alterations in mitochondrial membrane potential (Livhe-Bar et al.,
2017). LXA4 also inhibits the activation of mitochondria-mediated apoptosis and
attenuates ROS generation in macrophages, via the PI3K/Akt and ERK/Nrf-2
pathways (Prieto et al., 2010). More recently, a publication has demonstrated that
LXA4 reduces mitochondrial ROS, restores mitochondrial membrane potential
and respiration, and enhances mitochondrial fusion in a rat model of gastric ulcer
(Madi et al., 2020). A new preprint study (not peer reviewed) also suggests that
LXA4 improves mitochondrial fission caused by neonatal hyperoxia in pulmonary
endothelial cells (Preprint B et al., 2021). Our own results seem to go in line with
these publications, with ATL recovering mitochondrial dynamics and function.
This is the first time that ATL was used to reverse AB-induced mitochondrial
damage, adding a new potential therapeutic target for lipoxins in the context of

AD pathology that is worth investigating in depth.

2. Microglial complement receptor CR3 inhibition with small molecule
XVA143 reveals transcriptomic changes and alterations in cellular

migration and AB internalization.

The other therapeutic strategy explored in this thesis was complement
receptor CR3 and its diverse roles in microglial function. In order to study this
receptor, both in physiological and AD pathological conditions, we used small
molecule XVA143, an allosteric CR3 antagonist.
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Hoffmann-La Roche (Switzerland) developed this inhibitor more than a
decade ago, but it has not been used in microglia until very recently. We
performed a characterization of the compound in microglia, and found that
XVA143 alters cellular migration and CR3 recruitment, and that it regulates the
expression of a number of genes related to the inflammatory response. CR3
inhibition also modulates A internalization and elimination by microglia, making
XVA143 an interesting intervention to understand microglial activation and
function in the context of AD and other neurodegenerative diseases.

2.1.CR3 inhibition alters multiple cellular functions in microglia.

Compound XVA143 has been extensively characterized from the
biochemical point of view, mainly using human cell lines of lymphocytes and
monocytes. XVA143 binds to the I-like domain of the 2 chain (CD18 subunit) in
receptor CR3 and the rest of the B2 integrin family, specifically in the Metal lon-
Dependent Adhesion Site or MIDAS (Welzenbach et al., 2002; Shimaoka et al.,
2003). This binding induces conformational changes that block transmission of
activation signals to the a domain (CD11 subunit) (Schurpf and Springer, 2011).
However, given the lack of publications that we found about the use of XVA143
in the CNS, we performed an initial characterization of the potential effects of this
compound in microglia. First, we determined a suitable working concentration for
in vitro cultures, both for primary microglia and for the immortalized BV2 cell line.
Next, we observed that XVA143 induced a drastic reduction in the protein levels
of both CR3 subunits CD11b and CD18, in total lysates and in the cell membrane
of primary microglia. This reduction was not accompanied by a downregulation
of the genes ITGAM and ITGB2, which encode for CD11b and CD18 respectively.
Activation of receptor CR3, like the rest of the B2 integrin family, requires the
recruitment of its subunits from the cytoplasm, where they are stored under basal
conditions, to the cell membrane (Sengelgv et al., 1993; Vorup-Jensen and
Jensen, 2018). Thus, our results suggest that XVA143 might reduce CR3 levels
and recruitment of CR3 to the cell membrane by mechanisms different from gene
expression. Further research is necessary to validate our observations, and to
search for the mechanisms that mediate XVA143 modulation of CR3 expression.
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Several authors have used XVA143 to study integrin-mediated cell
adhesion and migration in the immune response against microbial infections. In
order to explore these processes in microglia, we examined cellular morphology
and migration in the presence of XVA143. The compound caused changes in cell
morphology, with primary microglia adopting a round shape, and a reduction in
the number of cells per area. A previous publication described a similar effect on
XVA143-treated human lymphocytes, where cells reduced spreading and
polarization and adopted a round morphology that reduced cell adhesion (Yang
et al., 2006). Numerous studies have confirmed that XVA143 promotes a
reduction in cell firm adhesion in lymphocytes (Salas et al., 2004; Chen et al.,
2006; Morin et al., 2008), and in monocytes ability to bind adhesion ligands like
intercellular adhesion molecule-1 and fibrinogen (Harokopakis et al., 2006). In
parallel with reduced adhesion, XVA143 promotes cell rolling in vitro (Salas et al.,
2004; Chen et al., 2006; Yang et al., 2006) and neutrophil migration in response
to respiratory infections in vivo (Wilson et al., 2017). In our study, we observed
that XVA143 reduced cellular migration both in primary microglia and BV2 cells,
which seems to contradict existing reports. Nonetheless, this difference could be
explained by the methodologies used for quantification. We used scratch wound
and transwell migration assays, and quantified the number of cells present before
and after the XVA143 treatment. These methodologies rely on the capacity of the
cells to remain attached to the analyzed surface after migrating. On the other
hand, existing publications used methodologies that directly quantified migrating
or rolling cells (Salas et al., 2004; Chen et al., 2006; Yang et al., 2006). Therefore,
our results would further confirm that XVA143 is capable of effectively reducing
cellular adhesion, and more experimentation is required to elucidate the specific
effect of XVA143 on microglial migration. It is worth mentioning that XVA143 has
affinity for other members of the family apart from CR3, given that it binds the
common subunit CD18. In addition to CR3, microglia constitutively express CR4
(CD11¢c/CD18) and LFA-1 (CD11a/CD18) (Kim and De Vellis, 2005), although
recent research suggests that CD11a/CD18 is only expressed by peripheral
immune cells and not by microglia (Shukla et al., 2019). XVA143 is capable of
inhibiting the function of LFA-1 and CR4 (Salas et al., 2004; Nishida et al., 2006),
which participate in cell adhesion and phagocytosis in immune cells, so we
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cannot completely rule out that compound XVA143 does not have an effect on

these integrins in microglia.

In addition to cellular adhesion and migration, CR3 participates in a
number of signaling pathways related to the immune response (Ross, 2002). For
instance, in response to oral infections with P. gingivalis, CR3 promotes the
release of pro-inflammatory cytokines TNF-a, IL-13 and IL-6 (Hajishengallis et
al., 2008), and XVA143 inhibition enhances pathogen clearance mediated by
anti-inflammatory cytokine IL-12, via inhibition of the ERK1/2 pathway
(Hajishengallis et al., 2007). XVA143 also reduces the secretion of chemokine
monocyte chemoattractant protein-1 in response to infection with F. tularensis
(D’Elia et al., 2011). Based on this information, we performed a transcriptomic
analysis in primary microglia treated with XVA143, in order to search for potential
links between CR3 inhibition and expression of genes related to the inflammatory
response, phagocytosis and the complement system. We analyzed the
expression of ~25 genes, and found that XVA143 upregulated the expression of
cytokine IL-1B, and downregulated the expression of AGER, IRF8 and C4a.
These results are preliminary and will need to be validated by protein
quantifications. Interestingly, a previous publication already observed that
XVA143 reduced AGER expression in a model of lung injury inflammation
(Parmley et al., 2007). AGER encodes for the Receptor for Advanced Glycation
End-products or RAGE, a receptor linked to AR binding and internalization
(Donahue et al., 2006).

Regarding the complement system, we observed a statistically significant
reduction of IRF8 and C4a gene expression, but also a downregulation trend of
C1q components A, B and C. IRF8 is a transcription factor regulated by IFN-y
that mediates the expression of gene networks related to microglial activation
(Masuda et al., 2012). It has been demonstrated that IRF8 participates in the
synchronized transcription of the three C1q subunits (Chen et al., 2011; Earley et
al., 2018), thus our results might suggest that CR3 inhibition using XVA143
reduces the transcription of C1q subunits via the inhibition of transcription factor
IRF8. We also obtained evidence for this signaling between CR3 and C1q using
organotypic cultures. We observed a significant increase in the area occupied by
CD11b accompanied by an increase in C1q puncta in response to AB42 oligomers
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that was prevented by XVA143. To the best of our knowledge, this is the first time
that a relationship between the inhibition of CR3 and the downregulation of C1q
expression was reported, so more research needs to be done regarding the axis
CR3, IRF8 and C1q.

Our results point towards the relevance of receptor CR3 in microglial
activation through various cellular processes that need to be characterized in
depth. In our particular case, XVA143 seems like a very useful tool for the study
of amyloid pathology.

2.2.Relevance of CR3 modulation in AD pathology.

Once we characterized the effects of CR3 inhibition on microglia using
compound XVA143, we performed preliminary studies in the context of amyloid
pathology using AP42 oligomers. Receptor CR3 actively participates in
complement-mediated synapse elimination (Hong et al, 2016) and AP
phagocytosis (Fu et al., 2012), In fact, Madore et al. (2020) reported that XVA143
blocks microglial phagocytosis in vitro, and reduces complement-mediated
synaptic elimination during post-natal development in mouse pups (Madore et al.,
2020). Thus, we hypothesized that CR3 inhibition by XVA143 would have a
positive effect on AB clearance. In line with our hypothesis, we observed that
XVA143 treatment significantly reduced the levels of extracellular ABs2 in primary
microglia and organotypic cultures. This reduction could be due to several
processes. One possibility could be that, with the inhibition of CR3, microglia
increased their ability to internalize extracellular AB. Microglia express receptors
that promote clearance and phagocytosis of AR (Hickman et al., 2008). However,
we did not detect any changes in the gene expression of internalization receptors
MSR1, CD36 and AGER after treatment with ABs2 oligomers. CR3 itself has been
associated with the internalization of fibrillar A (Fu et al., 2012), and we observed
that CR3 inhibition with XVA143 significantly reduced AP internalization by
microglia. This observation also agrees with Czirr et al. (2017), who discovered
that genetic ablation of CR3 resulted in reduced A deposition, although this CR3
deficiency also reduced microglial phagocytic activity. Authors reported that, even
though AB phagocytosis was impaired, microglia increased the secretion of
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extracellular degrading enzymes that were able to degrade AR without
internalization. In order to test this, we analyzed the expression of extracellular
degrading enzymes IDE, MMP2, MMP9 and PLAT at the transcriptomic level, but
did not find any differences between controls and cells treated with A or with
XVA143. Therefore, our results suggest that pharmacological inhibition of CR3
might be beneficial for AB clearance, although the mechanism by which XVA143

accomplishes its effect requires further investigation.

3. A neuron, microglia and astrocyte triple co-culture model to study
Alzheimer’s disease.

In order to provide a tool to study the complexity of neuroinflammation and
neurodegeneration, we developed a murine triple co-culture model including
neurons, microglia and astrocytes, which holds physiological characteristics that
are lost in classical primary cultures. Microglia are less inflammatory, astrocytes
are less reactive and neurons display a more mature morphology than in
individual primary cultures. With this model, we were able to recapitulate ApB-
induced pathological features like synaptic loss and microglial activation, which
will allow us to study neurodegeneration and neuroinflammation processes

relevant to AD progression.

3.1.The triple co-culture is a straightforward and versatile model to

study the communication between neurons and glial cells.

First, we optimized a straightforward triple co-culture with neurons,
microglia and astrocytes. Previous studies have developed protocols for triple co-
cultures where neurons were plated first, and glial cells were added after neuronal
maturation (Lange et al., 2018; Guttikonda et al., 2021). In our hands, when
neurons were plated first, adhesion of astrocytes to the plate was not optimal. On
the contrary, when astrocytes were plated first, they were able to form a
monolayer. Once we plated astrocytes first, we tried different proportions of each
cell type. We decided to use a proportion of five neurons per two astrocytes, given
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that lower numbers of neurons compromised their survival, and higher numbers
of neurons would form big clusters of cells that did not allow adequate
immunostaining and analysis (data not shown). Regarding microglia, previous
publications with neuron-microglia co-cultures have used diverse ratios, ranging
from two to thirty neurons per microglia (Zujovic et al., 2000; Hernangémez et al.,
2012). We decided to use a proportion of five neurons per microglia, so that the
number of microglia was not too high compared to physiological conditions.
Nonetheless, given that the different cell types are added sequentially, the model
allows the use of various cell ratios depending on the experimental needs.

Once the model was established, we characterized each cell type. In our
triple co-culture, neurons developed a higher number of post-synapses, while
pre-synapses remained unchanged. This finding would align with previous work
indicating that astrocyte-secreted factors such as thrombospondins promote
synaptogenesis (Christopherson et al., 2005). Our model would allow further
functional studies of neuronal activity, as well as the identification of glial factors
with potential synaptogenic activity. We also observed that the presence of both
microglia and astrocytes in the culture stimulated significant morphological
change in neurons, which developed a higher number of branches that were also
longer. These findings, along with previous studies demonstrating that the
presence of astrocytes increases neuronal viability in vitro (Aebersold et al.,
2018), support our co-culture as a relevant system to study neuronal function in
AD and other neurodegenerative diseases.

Microglial genomic and proteomic profile is very dependent on the
environment. Previous studies have shown a differential gene expression in
primary microglia as opposed to the adult CNS, revealed by a dedifferentiation of
microglia in culture (Schmid et al., 2009). The use of serum as a way to stimulate
cell proliferation and survival in vitro also causes relevant phenotypic changes in
microglia. Bohlen et al. (2017) demonstrated that serum induced significant
alterations in microglial morphology and intrinsic phagocytic capacity, and that
these alterations could be avoided using serum-free astrocyte conditioned media
containing CSF-1/IL-34, TGF-B2, and cholesterol (Bohlen et al., 2017). In the
case of our triple co-culture model, we used serum-free neurobasal medium,

which allowed us to avoid serum-related changes while maintaining neuronal
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viability. In these serum-free co-culture conditions, microglia decreased the
expression of pro-inflammatory markers iINOS and IL-13, while increased the
expression of anti-inflammatory marker Argl. Anti-inflammatory cytokine TGF-31
was also reduced. We consider that both the serum-free conditions and the
presence of neurons and astrocytes, contributed to maintain microglia in a less
reactive state compared with primary cultures. Previous studies performed with
a triple co-culture that included microglial cells N11, neuroblastoma N2A cells
and brain microvascular endothelial MVEC(B3) cells in a transwell system
showed that microglial stimulation with LPS induced inflammatory pathways that
resulted in neuron apoptosis and damaged endothelial integrity (Zheng et al.,
2021). Therefore, future studies including neuroinflammation induction (e.g. with
LPS) would be required to have a more extensive phenotypic characterization of

microglia in our model.

In our model, we observed that, microglia being less reactive, astrocytes
had a ramified morphology and decreased the expression of activation markers
AMIGO2 and C3. We did not observe any expression changes in astrocytic C3
with conditioned media. Liddelow et al. (2017) reported that condition media from
LPS activated microglia, but not from control microglia, strongly induced reactive
astrocytes. Our results go in line with these observations since under
physiological conditions, without any external inflammatory stimulus such as LPS
or oligomeric AB, only the soluble factors present in the microglial condition media
are not enough to modified astrocytic C3 expression. However, our results seem
to contradict a previous report that, using a tri-culture system with hPSC-derived
microglia, astrocytes, and neurons, found an increase in astrocytic C3 in the
presence of microglia and microglia conditioned media (Guttikonda et al., 2021).
This discrepancy could be explained because the authors quantified secreted C3,
while we quantified C3 within astrocytes. Also, both optimal platting rates and the
incubation time that cells and/or condition media were in contact with each other
differ between our murine triple co-culture and the one derived from hPSCs,
parameters that could also lead to different cellular responses. Thus, a more

exhaustive analysis will be necessary to understand cellular communication.

Our model is complementary to existing triple models of
neuroinflammation, and displays certain advantages. The morphological changes
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that we observed in astrocytes were also reported in a previous publication that
used rat triple co-cultures to model LPS and injury-induced neuroinflammation.
In this publication, the triple co-culture was obtained from a pool of dissociated
cortex tissue (Goshi et al., 2020). In our case, we first cultured each cell type
separately, which allows a better control over the number of cells seeded. A
recently published triple co-culture model of LPS-induced neuroinflammation
used immortalized cell lines in transwells, which allowed control over cell
numbers, but did not allow physical contact between the cells (Zheng et al.,
2021). In our model, physical interaction between cells can be studied and
compared with conditioned media. More advanced triple co-cultures use human
PSCs. Guttikonda et al. (2021) developed a triple co-culture using PSC-derived
neurons, astrocytes and microglia carrying the APP Swedish mutation to study
complement C3 regulation by glial cells reciprocal signaling. Park et al. (2018)
also used human PSCs with AD mutations to establish a 3D triple co-culture
model in which they studied microglia migration and neurotoxicity. These models
have the advantage of better recapitulating AD pathology in patients. However,
human PSCs maintenance and 3D culture setups are more difficult and require
more resources than murine cultures. Besides, the differentiation of each cell type
is very time consuming, most of the time taking up to months. In comparison, our
murine triple co-culture is easy to implement because it does not require
sophisticated setups and needs reasonably short times, while it still allows
studying AD pathology and cellular interactions.

3.2. Study of neurodegeneration and neuroinflammation using the triple

co-culture model.

We used oligomeric AB1-42 to model AD conditions. Exogenous addition of
AB has been widely used in primary cultures to study amyloid pathology. Both A
oligomers and fibrils reduce neuronal viability (Ryan et al., 2010; Janefjord et al.,
2014), and AB oligomers induce alterations in synaptic spine numbers and
morphology in primary neurons (Calabrese et al., 2007; Lacor et al., 2007). AB
oligomers also increase pro-inflammatory cytokine release (Li et al., 2013) and
activate the inflammasome in microglia cultures (Lucitnaité et al., 2020). CD11b
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increase has been reported in AD patients and in cultured microglia in response
to AB fibrils (Akiyama and McGeer, 1990; Jana et al., 2008; Zhang et al., 2011),
and it has been associated as potential AD risk gene (Salih et al., 2019). Severity
of microglial activation is reflected by the increased on CD11b expression in LPS
induced inflammation (Roy et al., 2008). In primary astrocytes, AB oligomers can
reduce cell viability and increase activation markers like GFAP (Hou et al., 2011;
Alberdi et al., 2013). In our triple co-culture, addition of exogenous A3 oligomers
promoted pre- and post-synaptic loss, as well as an increase in microglial marker
CD11b. Guttikonda et al. (2021) reported that astrocytes secrete high levels of
C3 upon LPS stimulation in the triple AD co-culture derived from human PSC.
Interestingly, our results are complementary to those ones, since we report high
levels of CD11b, one of the subunits of C3 receptor CR3. Both microglia and
astrocytes can participate in synaptic elimination via the complement system
(Hong et al., 2016) and MEGF10/MERTK pathways (Chung et al., 2013),
respectively. Therefore, our model could be useful to further study the role of
these pathways in AB-induced synaptic loss. We used a more complex model
such as hippocampal organotypic cultures to confirm our findings and observed
the same negative effects of oligomeric AB on synaptic loss and
neuroinflammation. Compared with organotypic cultures, our triple co-culture
model has a defined concentration of each cell type that can be easily
manipulated, becoming a complementary model for mechanistic studies.

Altogether, our findings suggest that the neuron, microglia, and astrocyte
triple co-culture model we developed is reliable, affordable and a useful tool for
the study of mechanisms implicated in AD neurodegeneration. In agreement with
previous reports with in vitro models, ours also closely mimics the in vivo
environment, where the cross talk between neurons and glial cells contributes to
neuroinflammation processes (Goshi et al., 2020), and where alterations in glial
cells can lead to neurodegeneration (Lange et al., 2018). Our model can also be
potentially used in high throughput screening setups, so we expect that it will help
finding new therapeutic targets for AD and other neurodegenerative diseases.
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4. Concluding remarks.

With this work, we have provided evidence that strongly supports the
essential role of neuroinflammation in AD progression in a variety of experimental
models. Neuroinflammation is a multifactorial process that encompasses
numerous cell types, soluble mediators and signaling pathways, and microglia is
one of the main actor in this process (Rubio-Perez and Morillas-Ruiz, 2012;
Heneka et al., 2015). In this study, we have taken two different approaches to
tackle exacerbated inflammatory response and prevent the progression of AD,
paying especial attention to AB-induced alterations. Our first approach was to
restore resolution of inflammation using lipoxin ATL. This strategy was protective
against AD pathology and synapse loss, it reduced pro-inflammatory mediators
and reactive glial cells, and prevented oxidative stress damage and mitochondrial
dysfunction. Together with the existing literature, our results suggest that
enhancing the pro-resolution lipoxin pathway may be an effective therapeutic
approach to treat AD progression. Our second strategy was to target microglia
using CR3 inhibitor XVA143. This inhibitor drastically reduced the expression of
CRa3 itself, associated with microglial activation, and produced transcriptional and
morphological changes that may affect microglial function. In addition, XVA143
enhanced A clearance, and allowed us to observe a novel link between CR3
receptor and complement pathway initiator C1q that will be an important objective
for future research. Finally, given the lack of available models to study the
complexity of neuroinflammation, we developed a triple co-culture model
consisting of neurons, astrocytes and microglia. This in vitro model, which retains
cellular physiological characteristics that are lost in primary cultures, allowed us
to recapitulate amyloid pathology and will be a useful tool to study the crosstalk
between neurons and glial cells in order to understand the relationship between

neuroinflammation and neurodegeneration.
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Conclusions

1.1. ATL ameliorates AB-mediated oxidative stress and mitochondrial
dysfunction by inhibiting NOX2 ROS production and enhancing SOD
detoxification, which results in a recovery of oxidative phosphorylation and

a rebalance of mitochondrial dynamics.

1.2. ATL reduces amyloid pathology, tau pathology and synapse loss mediated

by the complement pathway C1q-CR3 axis in in vitro and in vivo AD models.

1.3. ATL mitigates neuroinflammation in the 3xTg AD mouse model by reducing
pro-inflammatory mediators, inhibiting gliosis and reverting morphological
alterations in astrocytes and microglia.

2.1. Inhibition of microglial CR3 using small molecule XVA143 alters cellular
morphology, reduces migration capacity, induces transcriptomic changes in
genes related to inflammation and phagocytosis, and modulates the
expression of complement components C1q and C4.

2.2. XVA143 inhibition of CR3 impairs microglial internalization of A4

oligomers and reduces extracellular levels of ABasz in vitro and ex vivo.

3.1. In the triple co-culture model, neurons and glia display characteristics
similar to physiological conditions that are not preserved in primary cultures.
Neurons develop a more mature morphology, microglia are less

inflammatory and astrocytes are less reactive.

3.2. The addition of AB42 oligomers to the triple co-culture model recapitulates
AB pathology and neuroinfammation, and allows the study of
communication between neurons and glial cells in the context of

neurodegeneration.
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This thesis provides evidence supporting the key role of
neuroinflammation in the onset and progression of AD. We have investigated the
effect of lipoxin ATL on the resolution of inflammation, which is impaired in AD
patients, and we have demonstrated that this anti-inflammatory mediator has
positive effects on the disease at multiple levels. In addition, we have
characterized one of the most relevant receptors for microglial activation, CR3,
with the help of a compound only recently used in the CNS. Finally, we have
developed an in vitro model to study cell communication in the context of AD
pathology. Our results highlight the relevance of microglia and neuroinflammation

as therapeutic targets for AD, and let the door open to future research.
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