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SUMMARY 

Alzheimer’s disease (AD), the most common cause of dementia, is characterized by massive 

neuronal damage leading to cerebral atrophy and the loss of cognitive function. Most AD 

cases (˃95%) are sporadic. Sporadic AD is a highly complex disease for which neither the 

causal agents nor the molecular mechanisms behind are well known. Among the 

environmental risk factors, oxidative stress (OS) is intimately linked to aging and thought to 

be crucial to the onset and development of the disease. In addition, persistent brain 

infections, particularly those induced by Herpes Simplex virus type 1 (HSV-1), seem to play 

a key role in AD pathogenesis. Our group works with both factors to simulate the sporadic 

form of AD in vitro. 

AD is characterized by the accumulation of senile plaques, which are predominantly 

composed of β-amyloid peptide (Aβ). Two pathways of proteolytic processing have been 

characterized in detail: amyloidogenic and non-amyloidogenic (currently called canonical 

pathways) that promote or prevent the generation of Aβ peptide from its APP precursor, 

acting in a coordinated and competitive manner. Recent studies describe additional 

pathways of proteolytic processing of APP (non-canonical) that seem to be at least partly 

executed by enzymes of the lysosomal pathway (cysteine proteases, metalloproteinases), 

and generate proteolytic fragments capable of inhibiting neuronal activity in the 

hippocampus. Based on data from our experimental model demonstrating that OS alters the 

lysosomal degradation pathway and the processing / metabolism of APP, we postulate that 

these non-canonical pathways of APP proteolytic processing could, as canonical secretases, 

be altered in the aging induced OS and take part in the mechanisms of neurodegeneration of 

the model. Thus, proteases of the lysosomal pathway modulated by OS and capable of 

acting as APP secretases, would be potential targets to inhibit neurodegeneration. 

The objective of the present study was the identification of proteases that were part of the 

non-canonical processing of APP and were related to lysosomal function. After a whole 

human genome expression microarray study of the cell model, we selected two proteins, 

cathepsin B (CTSB) and matrix metalloproteinase 14 (MMP-14), and we studied their role 

on proteolysis of APP and lysosomal function changes induced by OS and HSV-1. For this, 

we used pharmacological inhibitors and generated human neuroblastoma SK-N-MC cell 

lines with CTSB or MMP-14 silenced. The results indicated that, in cells subjected to OS, 

CTSB participates in the accumulation of APP and a 56 kDa peptide likely corresponding to 



 

4 
 

SUMMARY 

oligomeric forms of Aβ, while MMP-14 mediates the accumulation of an 85 kDa APP 

fragment. In addition, both proteases modify the levels of lysosomal markers induced by 

OS. The HSV-1 virus affects the proteolysis of APP, increasing the amyloid oligomers 

levels and reducing the APP levels when combined with CTSB inhibition. Moreover, we 

observed that the deficiency of MMP-14 significantly inhibited the infection. In addition, we 

generated neurons and neural progenitors derived from iPSCs of patients with sporadic 

Alzheimer's disease carrying the R47H variant in TREM2. The study of the role of these 

proteases in the processing of APP and in the lysosomal dysfunction induced by OS were 

analyzed and confirmed the results obtained in the neuroblastoma model. 

  



 

 

 

 
 
 
 

 
 

RESUMEN 
 
 

  



 

7 
 

RESUMEN 

La enfermedad de Alzheimer (EA) es la causa más común de demencia y se caracteriza por 

un masivo daño neuronal que conduce a la atrofia cerebral y a la pérdida de funciones 

cognitivas. En la gran mayoría de los casos (˃95%), la EA constituye una enfermedad 

compleja cuya causa y mecanismos moleculares aún se desconocen. Entre los factores de 

riesgo ambientales, el estrés oxidativo (EO) asociado al envejecimiento desempeña un papel 

clave en el desarrollo de la enfermedad. Otro factor son las infecciones cerebrales, y en 

particular la infección por el virus herpes simplex 1 (HSV-1). Nuestro grupo trabaja con 

ambos factores para simular la forma esporádica de la EA in vitro. 

La EA se caracteriza por la acumulación de placas seniles, que están compuestas 

predominantemente por péptido β-amiloide (Aβ). Se han caracterizado en detalle dos vías de 

procesamiento proteolítico: amiloidogénica y no amiloidogénica (actualmente denominadas 

vías canónicas) que promueven o previenen la generación del péptido Aβ a partir de su 

precursor APP, actuando de una manera coordinada y competitiva. Estudios recientes 

describen vías adicionales de procesamiento proteolítico del APP (vías no canónicas) que 

parecen ser, al menos en parte, ejecutadas por enzimas de la vía lisosomal (cisteín proteasas, 

metaloproteinasas), y generan fragmentos proteolíticos capaces de inhibir la actividad 

neuronal en el hipocampo. Basándonos en datos de nuestro modelo experimental que 

demuestran que el EO altera la vía de degradación lisosomal y el 

procesamiento/metabolismo de APP, postulamos que estas vías no canónicas de 

procesamiento proteolítico la APP podrían, igual que ocurre con las canónicas, estar 

alteradas en el EO inducido por envejecimiento y ser parte de los mecanismos de 

neurodegeneración del modelo. Así, las proteasas de la vía lisosomal moduladas por EO y 

capaces de actuar como APP secretasas serían potenciales dianas para inhibir la 

neurodegeneración. 

El objetivo del presente estudio era la identificación de proteasas que formaran parte del 

procesamiento no canónico de APP y estuvieran relacionados con la función lisosomal. Tras 

un estudio microarrays de expresión de genoma humano completo del modelo celular, 

seleccionamos dos proteínas, Catepsina B (CTSB) y Metaloproteinasa de matriz 14 (MMP-

14), y estudiamos su papel en los cambios en la proteolisis de APP y en la función lisosomal 

inducidos por EO y HSV-1. Para ello, utilizamos inhibidores farmacológicos y generamos 

líneas celulares del neuroblastoma humano SK-N-MC con CTSB o MMP-14 silenciadas. 
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Los resultados indicaron que, en células sometidas a EO, CTSB participa en la acumulación 

de APP y de un péptido de 56 kDa probablemente correspondiente a formas oligoméricas de 

Aβ, mientras que MMP-14 media la acumulación de un fragmento de APP de 85 kDa. 

Además, ambas proteasas modifican los niveles de marcadores lisosomales inducidos por 

EO. El virus HSV-1 afecta la proteolisis de APP, aumentando los niveles de oligómeros 

amiloides y disminuyendo los niveles de APP cuando se combina con la inhibición de 

CTSB. Además, observamos que la deficiencia de MMP-14 inhibía significativamente la 

infección. Por último, generamos neuronas y progenitores neurales derivados de iPSCs de 

pacientes con Alzheimer esporádico portadores de la variación R47H en TREM2. El análisis 

del papel de estas proteasas en el procesamiento de APP y en la disfunción lisosomal 

inducidas por EO en estas células confirmó los resultados obtenidos en el modelo de 

neuroblastoma. 
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INTRODUCTION 

Alzheimer’s disease (AD) is an age-related progressive neurodegenerative disorder, the 

most common cause of dementia, and it is clinically characterized by cognitive and memory 

dysfunction caused by an irreversible progression of neuronal death. The disease is divided 

into two subtypes based on the genetic background: familial AD (FAD) and sporadic AD 

(SAD). About 99% of the cases correspond to the sporadic form, which result from a 

complex interaction of genetic and environmental factors. Aging is the most important risk 

factor: AD incidence increases exponentially with age from 65 to 90 years and doubles 

approximately every 5 years (Jorm et al., 1998).  

In 1906, the clinical psychiatrist and neuroanatomist Alois Alzheimer described for the first 

time the case of a 50-year-old woman whom he had followed from her admission for 

paranoia, progressive sleep and memory disturbance, aggression, and confusion, until her 

death 5 years later. The neuropathological lesions he observed in the brain autopsy of this 

patient with early-onset dementia were the presence of “striking changes in neurofibrils” 

and the distribution of “minute military foci caused by the deposition of a special 

substance”, which are considered until today the two pathological hallmarks of AD. 

Currently, these features are known as neurofibrillary tangles (NFTs) and senile plaques 

(SPs), respectively. NFTs are intracellular aggregates of hyperphosphorylated microtubule-

associated protein tau (MAPT). SPs are extracellular aggregates primarily composed of β-

amyloid peptides (Aβ), a proteolytic product of the amyloid precursor protein (APP).  

1. The Amyloid Precursor Protein. Metabolism and proteolytic proccessing 

It is widely accepted that the physiopathological functions of APP are far beyond its role as 

the “carrier” of the Aβ peptides (Zheng et al., 2006). Although, not surprinsingly, research 

in AD has focused mostly to the biology of Aβ, increasing evidence continue shifting the 

attention towards the physiological role of APP as key to understand neurodegeneration, and 

it is becoming apparent that APP plays a central role in the mechanisms that guarantee the 

accuracy and the robustness of brain wiring (Soldano et al., 2014). Roles of APP in 

transmembrane transduction, cell adhesion, calcium metabolism, neurite outgrowth, and 

synaptogenesis have been reported (Muller et al., 2017).  

The human APP gene was first identified in 1987 by the isolation and sequencing of a full-

length complementary DNA clone coding for the Aβ peptide (Kang et al., 1987) and 

belongs, together with the APP-like protein 1 (APLP1) and 2 (APLP2), to the APP protein 
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family identified in mammals. All three are type I transmembrane proteins and share a 

single membrane-spanning domain, a large extracellular N-terminal region and a short 

cytoplasmic C-terminal tail (De Strooper et al., 2000). Although they undergo similar 

processing, only APP contains the sequence encoding the Aβ domain. The APP gene 

(ENSG00000142192) is localized on chromosome 21 (21q21.3) and alternative splicing of 

exons 7 and 8 gives rise to three major isoforms: APP695, APP751 and APP770 (containing 

695, 751, and 770 amino acids, respectively) (Kitaguchi et al., 1988). APP751 and APP770 

are ubiquitously expressed (Schmechel et al., 1988) and contain a protease inhibitor KPI 

domain, whereas APP695, devoid of this domain, is predominantly expressed in neurons 

(Tanaka et al., 1988).  

APP is localized at the plasma membrane (PM), in membranes of the endoplasmic reticulum 

(ER), Golgi, trans-Golgi network (TGN), lysosomes, endosomes, and mitochondria (Zhang 

et al., 2011). Figure 1 shows the intracellular trafficking of APP, which is synthesized in the 

endoplasmic reticulum (ER) and transported through the TGN. During its transit from the 

ER to the PM following the constitutive secretory pathway, nascent APP is 

posttranslationally modified by N- and O-linked glycosylation, phosphorylation, and 

tyrosine sulphation. Only a small fraction of nascent APP molecules reaches the PM, 

whereas the majority of APP at steady-state localizes to the Golgi and TGN (Jiang et al., 

2014). APP which is not shed from the cell surface is re-internalized within minutes because 

of the presence of its “YENPTY” internalization motif near the carboxyl terminus (residues 

682–687 of the APP695 isoform) (Lai et al., 1995; Marquez-Sterling et al., 1997). 

Following endocytosis, APP is delivered to endosomes, and a fraction of endocytosed 

molecules is recycled to the cell surface. 
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Figure 1. Intracellular trafficking of APP. APP molecules (black bars) mature through the constitutive secretory pathway 

(1). Once APP reaches the cell surface, it is rapidly internalized (2) and subsequently trafficked through endocytic and 

recycling organelles to the TGN or the cell surface (3). A small fraction is also degraded in the lysosome (image from Haas et 

al., 2012). 

1.1. APP proteolytic processing: Canonical pathways 

The most studied modification of APP is probably its proteolytic processing, which is 

intimately linked with its intracellular trafficking and generates, appart from Aβ peptides, 

multiple fragments with either neuroprotective or neurotoxic capabilities (Nhan et al., 2015). 

APP is mainly processed via the canonical pathways, which includes the amyloidogenic and 

the non-amyloidogenic routes (Figure 2) (Zhang et al., 2011). The latter is more prevalent 

and excludes the generation of Aβ. Here, APP is first cleaved by the α-secretase within the 

Aβ-domain, which results in a large N-terminal ectodomain (sAPPα) and the membrane-

remaining C-terminal fragment (α-CTF), which is subsequently cleaved by the γ-secretase. 

This second cleavage produces the short peptide P3 and the APP intracellular domain 

fragment (AICD or γ-CTF). In contrast, the amyloidogenic pathway leads to the production 

of Aβ because of the sequential cleavage by the β- and γ-secretases. In a first step, the β-

secretase cleaves APP at the N-terminal end of the Aβ domain (carried out by β-site APP-

cleaving enzyme 1 — BACE1) to generate sAPPβ and the 99 amino acid long membrane-

bound C-terminal fragment (β-CTF). Further processing of β-CTF causes Aβ and γ-CTF-

formation. This final step can produce Aβ peptides of different length, between 39 and 42 

amino acids. Non amyloidogenic processing mainly occurs at the cell surface where α-

secretases are present. Amyloidogenic processing involves transit through the endocytic 

organelles where APP encounters β- and γ-secretases (Haas et al., 2012). As the 

amyloidogenic and non amyloidogenic proteolytic pathways likely occur in different cell 
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Amyloidogenic Non-amyloidogenic 

compartments (Soldano et al., 2014), any factor perturbing APP intracellular location could 

alter its proteolytic processing, and this could finally result in neuronal damage and disease. 

 

 

Figure 2. APP canonical processing. It includes the amyloidogenic, formation of Aβ by the sequential cleavage of β- and γ-

secretase, and non-amyloidogenic pathways, cleavage of α- and γ-secretase that prevent the formation of Aβ (image from 

Andrew et al., 2016). 

In this scenario, a shift toward amyloidogenic processing would not only increase the 

production of Aβ but would also deplete the pool of APP undergoing non-amyloidogenic 

processing.  

1.2. APP proteolytic processing: Non-canonical pathways 

Recent studies have revealed the complexity in the proteolytic processing of APP, with new 

secretases and the corresponding proteolytic fragments being identified (Andrew et al., 

2016; Muller et al., 2017). These fragments include APP metabolites that accumulate in the 

brains of AD patients and may contribute to the synaptic dysfunction observed in the 

disease. In addition, numerous proteins that interact with APP, modulating its proteolysis 

and Aβ production are being identified (Andrew et al., 2016). These new APP secretases 

and metabolites, along with the APP interactors, may represent novel therapeutic targets that 

are alternative to direct modulation of the levels of Aβ or of the canonical secretases. The 

most relevant of these new pathways are the δ and η secretases pathways (Zhang et al., 2015 

and Willem et al., 2015). These new secretases can increase Aβ production by initially 

cleaving the full-length APP molecule, making it a better substrate for BACE1 cleavage by 
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reducing the steric hindrance of the large N-terminal ectodomain, as well as generating 

additional neurotoxic fragments. 

Among these non-canonical proteases, cathepsin B, proposed as an alternative β secretase, 

and members of the matrix metalloproteinase family were specially interesting for us, since 

they were modulated in our in vitro models of OS and HSV 1 infection (Kristen et al., 

2018), and they could therefore be good candidates to mediate the alterations in APP 

proteolysis found in these cell models.  

1.2.1. Cathepsin B 

The lysosomal cysteine protease cathepsin B (CTSB) has also been proposed as a putative 

β-secretase (Hook et al., 2014). CTSB belongs to the superfamily of papain-like cysteine 

proteases. The CTSB gene encodes a member of the C1 family of peptidases and is 

localized to chromosome 8p23.1. Alternative splicing of this gene results in multiple 

transcript variants. At least one of these variants encodes a protein that is synthesized as a 

proenzyme of 339 amino acid residues. Activation occurs by cleaving and dissociation of a 

62 residues region. The final proteolytic event is the cleavage between residues 47 and 50 to 

yield a two-chain form of the enzyme, CTSB light and heavy chains, with the excision of a 

dipeptide. This enzyme has both endopeptidase and exopeptidase activities that play a role 

in protein turnover and intracellular degradation. Processing to the mature enzyme form 

occurs in the acidic environment of the trans-Golgi and the lysosome. The presence of a 

signal sequence and N-glycosylation sites indicates that CTSB is targeted to the 

endosomal/lysosomal compartment via the mannose-6-phosphate receptor pathway. 

Moreover, mature and proenzyme forms of CTSB have been identified at early endosomes 

in most cases of AD patients, but only a small proportion at endosomes of normal brains 

(Cataldo et al., 1995). 

The role of CTSB as a β-secretase remains controversial, with conflicting evidence 

indicating that genetic deletion or inhibition of CTSB in APP transgenic mice can either 

enhance or reduce Aβ pathology. Cysteine protease activity was demonstrated as the major 

β-secretase activity in regulated secretory vesicles of neuronal chromaffin cells (Hook et al., 

2005). The cysteine protease activity in these secretory vesicles was identified as CTSB and 

shown to colocalize with Aβ in these vesicles (Hook et al., 2005). Furthermore, the 

inhibition of CTSB in APP transgenic mice resulted in significant improvement in memory 
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deficit, reduced amyloid plaque load in brain and reduced levels of Aβ40, Aβ42 and β-CTF 

when compared with untreated control animals (Hook et al., 2008). 

CTSB cleavage of APP may enhance the production of N-terminally truncated 

pyroglutamylated forms of Aβ (pGlu-Aβ) in which the N-terminal glutamate is cyclized by 

glutaminyl cyclase (Hook et al., 2014). pGlu-Aβ exhibits increased aggregation propensity 

and increased cellular toxicity and disrupts long term potentiation to a greater extent than 

Aβ non-pyroglutamylated species. In addition, recent work has proposed pGlu-Aβ as the 

predominant Aβ species within the brains of AD patients (Portelius et al., 2015), and the 

design of therapeutics specifically targeting this Aβ species have been successful in mouse 

models (Frost et al., 2015). However, evidence for direct proteolysis of APP between 

Ala598-Glu599 (APP695 isoform) by CTSB remains to be provided. 

1.2.2. Matrix Metalloproteinases 

Matrix metalloproteinases (MMPs) are members of the metzincin group of proteases which 

share the conserved zinc-binding motif in their catalytic active site. MMP family can be 

divided into six groups: collagenases, gelatinases, stromelysins, matrilysins, membrane-type 

MMPs, and other non-classified MMPs. MMPs are responsible for collagen and other 

proteins degradation in the extracellular matrix (ECM) (Brinckerhoff et al., 2002). 

Soluble and membrane-bound matrix metalloproteinases (MT-MMPs) have been of interest 

to the AD field due to their capacity to proteolytically cleave APP and Aβ in vitro and in 

vivo (Hernandez-Guillamon et al., 2015). MT-MMPs were also observed in the vicinity of 

Aβ deposits, even co-localizing with senile plaques (Brzdak et al., 2017). 

The matrix metalloproteinase-24 (MMP-24, also named MT5-MMP), postulated to be η-

secretase, was shown to cleave APP between Asn504-Met505 (APP695 isoform). This 

cleavage results in the shedding of an 80–95 kDa soluble fragment (sAPPη) and leaves the 

novel membrane-bound CTF, CTFη (Figure 3), which contributes to the production of Aβ 

and the induction of synaptic dysfunction (Willem et al., 2015). Using a suite of antibodies 

and extensive mass spectrometry analyses, further processing of CTFη by both α- and β-

secretases to produce fragments termed Aη-α and Aη-β was elucidated (Figure 3). η-

secretase cleavage of APP exceded β-secretase cleavage by almost 10-fold in human 

neurons, and accumulation of ηCTFs was also observed in dystrophic neurites surrounding 
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amyloid plaques in the brains of AD patients (Willem et al., 2015). Moreover, genetic and 

pharmacological inhibition of BACE1 activity resulted in the accumulation of CTFη and 

Aη-α. This highlights that therapeutic inhibition of BACE1, as currently underway in 

multiple clinical trials, needs to be carefully monitored to ensure that accumulation of 

alternative neurotoxic APP fragments, such as Aη-α, does not occur under such therapeutic 

intervention (Willem et al., 2015). 

 

Figure 3. η-secretase, a non-canonical APP processing pathway. It generates sAPPη and CTFη, that can be then processed 

by α- or β-secretase to yield Aη-α and Aη-β fragments (image from Andrew et al., 2016). 

The membrane-type matrix metalloproteinase-1, also known as MMP-14 or MT1-MMP is 

another membrane-bound metalloproteinase, phylogenetically close to MMP-24 in relation 

to their catalytic domains that shows cross reaction in substrate recognition (Ratnikov et al., 

2014). Moreover, MMP-14 cleaves the APP at the same site than MMP-24 (Higashi et al., 

2003). The MMP-14 encoding gene (MMP-14, ENSG00000157227) is localized to 

chromosome 14q11.2. The protein consists of 582 amino acids. The 62 kDa active form of 

MMP-14 is processed to 40–44 kDa lacking the catalytic domain through autolytic action. 

MMP-14 appears to be highly expressed in brain regions exhibiting amyloid pathology and 

neuroinflammation. Under non-pathological conditions MMP-14 likely has a secondary role 

in regulation of brain Aβ levels compared with other Aβ-degrading enzymes that are 

constitutively expressed. However, when amyloid deposition and neuroinflammation occur, 

as in AD, reactive astrocytes and vascular smooth muscle cells markedly increase their 

expression of MMP-14 which may then play a significant role degrading soluble and 

deposited Aβ peptides (Liao et al., 2010). 
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The upregulation of the active form of MMP-14 in the hippocampus of the AD mouse 

model 5xFAD at 6 months was uncovered, along with strong accumulation of β-CTF and 

Aβ trimers (Py et al., 2014). MMP-14 overexpression in HEK cells increased the production 

of both Aβ and its precursor β-CTF, suggesting a possible link between increased MMP-14 

activity in vivo and amyloidosis (Py et al., 2014). One possible consequence of APP 

cleavage by MMP-14 would be to stimulate the generation of β-CTF, described as an early 

neurotoxic metabolite of APP that accumulates much earlier than Aβ species (Lauritzen et 

al., 2012). β-CTF can be then processed by γ-secretase resulting in Aβ production. 

Moreover, it has been described that CTSB may change the balance between 

metalloproteinases (MMP) and their inhibitors, and directly activates some of the MMPs 

(Porter et al., 2013). The interaction of these proteses would be of interest in the pathology 

of AD. 

1.3. The “amyloid” and the “amyloid oligomer” hypotheses 

The amyloid hypothesis, which has been the predominant framework for AD research, 

postulates that the accumulation of Aβ acts as the root cause of AD and initiates its 

pathogenesis (Frackowiak et al., 1994; Selkoe et al., 2016). For a long time, it has been 

assumed that insoluble extracellular fibrils (main constituents of amyloid plaques) were the 

most neurotoxic species. However, they are also present in the brain of non-demented 

individuals and the SP density do not correlate with deterioration of cognitive function 

(Aizenstein et al., 2008). Clinical trials that removed SP failed to reverse the damage or stop 

disease progression (Cappai et al., 2008; Hardy, 2009). Focus switched then to soluble Aβ 

aggregates, also called Aβ oligomers, as the primary toxic species. Indeed, the levels of Aβ 

oligomers are better correlated with disease severity than the insoluble fibrils or SP (Tomic 

et al., 2009; Cline et al., 2018). How exactly Aβ oligomers mediate neurotoxicity is still 

unknown. 

The generation of Aβ takes place in different cellular organelles including PM, ER, 

Golgi/TGN, lysosomes, and endosomes. Aβ exists as two major peptide isoforms depending 

on its amino acid length, Aβ40 and Aβ42; the Aβ40 isoform is the most abundant (80-90%), 

whereas Aβ42 is more hydrophobic and fibrillogenic (LaFerla et al., 2007), markedly more 

prone to accumulation and aggregation (Jan et al., 2008). Aβ peptides not only differ in 

length, additional heterogeneity is added by modifications through aminopeptidases, 
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glutaminylcyclases, and other modifications that might contribute to Aβ neurotoxicity 

(Kuperstein, 2010). Monomeric Aβ peptides form low molecular weight oligomers 

(dimer/trimer) and then high molecular weight soluble aggregates. Those finally build 

spherical oligomers composed of 12-24 monomers, which prolong to form protofibrils and 

become insoluble fibrils that form senile plaques (Glabe, 2008) (Figure 4A). Soluble Aβ 

oligomers formed during the first stages of AD are believed to be particularly toxic and 

responsible for early memory failure. Recently, intermediate and large oligomeric Aβ 

assembly states have been associated with both aging and AD (Baker-Nigh et al., 2015). 

 

Figure 4. Classification of brain-derived Aβ oligomers. A. Schematic aggregation pathway of Aβ, based on the dimer and 

trimer as a minimum unit for oligomerization, previous to amyloid fibrils and senile plaques formation (image from Murakami, 

2014). B. Type 2, but not type 1, oligomers have a spatiotemporal and structural relationship with amyloid plaques but do not 

impair cognition, possibly due to spatial sequestration around plaques (image from Liu et al., 2015).  

There are numerous types of potentially toxic oligomers, and little is known about their 

effects when generated in the living brain, although recent work by Liu and colleagues has 

helped to refine the understanding of the pathogenicity of Aβ oligomers in vivo. These 

authors showed that Aβ oligomers can be assigned to two classes (type 1 and type 2) based 

on their temporal, spatial, and structural relationships to amyloid fibrils (Figure 4B). The 

type 2 oligomers are related to amyloid fibrils and represent the majority of oligomers 

generated in vivo, but they remain confined to the vicinity of amyloid plaques and do not 

impair cognition at relevant levels. By contrast, type 1 oligomers are unrelated to amyloid 

fibrils and may have greater potential to cause global neural dysfunction in AD because they 

are dispersed (Liu et al., 2015). 

A B 
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The debate on the pathogenic mechanisms induced by either monomeric or oligomeric Aβ is 

still open, as it is the pathogenic potential of the extracellular and intracellular pools. Several 

studies propose the interaction of soluble extracellular Aβ with receptors of the cell surface 

as causative for neuronal dysfunction and neurodegeneration. Aβ oligomers caused 

functional disruption of the N-methyl-D-aspartate (NMDA) receptor by inducing its 

endocytosis and repressing NMDA-evoked currents in neurons (Snyder et al., 2005). 

Interaction of Aβ with nerve growth factor receptor induces neuronal death (Yamamoto et 

al., 2007) through the p75 neurothrophin receptor, a member of the tumor necrosis factor 

receptor superfamily (Sotthibundhu et al., 2008). Another mechanism by which Aβ might 

induce neurodegeneration is the ability of this peptide to integrate into membranes to form 

membrane channels. These channels permit influx of some ions -including calcium- leading 

to the disruption of calcium homeostasis (Kawahara et al., 2000), increased reactive oxygen 

species (ROS) formation (Yatin et al., 1998) and tau phosphorylation (Takashima et al., 

1993). In addition, it has been reported that amyloid oligomers cause membrane 

permeabilization by affecting the lipid bilayer conductance (Kayed et al., 2004).   

Numerous authors suggest that intracellular accumulation of Aβ is an event preceding the 

formation of extracellular deposits of Aβ (LaFerla et al., 2007). In this sense, intracellular 

Aβ may contribute to AD pathology through the inhibition of mitochondrial enzymes 

causing a reduction in oxygen consumption (Caspersen et al., 2005), as well as mediating 

the inhibition of proteasome function (Almeida et al., 2006). Furthermore, intraneuronal Aβ 

peptides cause synaptic dysfunction and memory impairment (Billings et al., 2005; Oddo et 

al., 2003). Other studies report Aβ toxicity through the inhibition of cell redox activity 

(Shearman et al., 1994), induction of apoptosis and activation of caspases (Lustbader et al., 

2004), as well as the possible contribution to tau phosphorylation and paired helical filament 

formation (Lewis et al., 2001; Zheng et al., 2002).  

2. Risk factors for Alzheimer’s disease  

AD is divided according to the genetic background into familial and sporadic cases. The 

FAD form is due to autosomal dominant transmitted mutations. In contrast, most of AD 

cases (99%) manifest as a late onset sporadic form. Many genetic and environmental factors 

may contribute to determining the SAD form, being aging the main risk factor. Further, 

other non-genetic factors for AD are female gender (Vina et al., 2010), oxidative stress 
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(Markesbery et al., 1999; Smith et al., 2000) and lipid alterations (Bjorkhem, 2006; Grimm 

et al., 2013). Growing evidence also points to chronic or latent infections of the central 

nervous system (CNS) as a major player in the pathogenesis of AD (Harris et al., 2015; 

Itzhaki et al., 2016). 

2.1. Genetic predisposition  

Genetic researchers could first identify the 3 genes associated with FAD: Amyloid precursor 

protein (APP), Presenilin 1 (PSEN1) and Presenilin 2 (PSEN2). PSEN1 and PSEN2 are 

catalytic subunits of γ-secretase. Mutations of these genes cause autosomal dominant FAD 

with a penetrance of almost 100% (Tanzi et al., 1996). PSEN1 is the most commonly 

involved gene (221 pathogenic mutations reported), accounting for about 80% of autosomal 

dominant FAD cases, mutations in APP for about 15% and PSEN2 for 5%. All these 

mutations are able to increase the aggregation of the Aβ peptide by increasing total 

production or increasing aggregation-prone form of the peptide (Rogaeva, 2002). Although 

mutations in these genes are known to cause FAD, there are additional variants in APP, 

PSEN1, PSEN2 and ADAM10 (the major ɑ-secretase involved in proteolysis of the APP 

ectodomain) that alter the risk in SAD cases (Cruchaga et al., 2012).  

After the discovery of APP, PSEN1 and PSEN2, genetic studies aimed to identify genes 

associated with the more frequent late-onset form of the disease. In this way, twenty-five 

years ago allele 4 of Apolipoprotein E (APOE) was discovered as a genetic risk factor for 

SAD (Corder et al., 1993). The APOE gene is located at chromosome 19q13.2 and encodes 

a highly pleiotropic glycoprotein (Siest et al., 1995). There are three alleles (ε2, ε3, and ε4) 

for the APOE gene, and higher risk and earlier age of onset of AD is associated with APOE-

ε4, whereas the ε2 allele is associated with lower risk of AD and delayed age of onset 

(Corder et al., 1994). Still, the combinations of these four genes (APP, PSEN1, PSEN2 and 

APOE) might explain 30-50% of AD heritability (Cuyvers et al., 2016). Advances in 

genomic technologies and the advent of genome-wide association studies (GWAS) have 

allowed the identification of novel genetic associations. Consortia like the Genetic and 

Environmental Risk in Alzheimer’s Disease (GERAD) and the European Alzheimer’s 

Disease Initiative (EADI) were able to identify genome-wide significant associations with 

single nucleotide polymorphisms (SNPs) in more than twenty loci besides APOE (Lambert 

et al., 2009; Lambert et al., 2011; Lambert et al., 2013). Most of these loci present common 
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variants with a small individual effect on risk (Figure 5), but still have helped to create a 

broader picture of the processes and pathways involved in AD. It has been estimated that 

these variants only modify disease risk by 0.10 to 0.15-fold, whereas the presence of APOE-

ε4 results in an almost 4-fold increase (Bertram et al., 2010). Interestingly, these variants 

can be clustered into a few pathways, being the most prominent lipid metabolism, immune 

response, and endocytosis (International Genomics of Alzheimer's Project, 2015; Karch et 

al., 2015).   

New approaches are currently underway in order to identify new candidates with higher 

risk. Whole-exome and whole-genome chips and sequencing strategies are revealing rare 

coding variants associated with AD (Guerreiro et al., 2013, Cruchaga et al., 2014; Sims et 

al., 2017). Among them, the variant p.R47H in triggering receptor expressed on myeloid 

cells 2 (TREM2) is consistently reported as conferring a higher risk for AD than the 

common variants identified by GWAS.  

TREM2 is differentially expressed by microglia among different brain regions (Schmid et 

al., 2002). Two independent groups found a rare missense variant (db SNP rs75932628), in 

exon 2 of TREM2 (Guerreiro et al., 2013; Jonsson et al., 2013) producing a substitution of 

histidine for arginine at residue 47 (R47H) that increases SAD risk at a magnitude similar to 

that of APOE4. Other groups have found similar associations in Caucasian populations from 

both Europe and North America (Benitez et al., 2013; Giraldo et al., 2013; Gonzalez Murcia 

et al., 2013; Ruiz et al., 2014 and Roussos et al., 2015). This variant has also been associated 

with FAD in a case/control study of Caucasian individuals of French descent (Pottier et al., 

2013). Given the reported anti-inflammatory role of TREM2 in the brain, the R47H 

substitution may lead to an increased predisposition to AD through impaired containment of 

inflammatory processes. 

Despite all efforts, they are still under pressure to explain the missing inheritability, which 

in part might be explained by epistasis, rare variants, and somatic mutations (Karch et al., 

2015; Naj et al., 2016). 
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Figure 5. Genetics of Alzheimer's disease. Rare and common variants contribute to AD risk. The majority of the variants are 

common in the population and have a very low risk. The ones with higher risk are related to FAD and are very rare in the 

population. The new variants in TREM2 and PLD3 are more frequent in the population and have higher risk than common 

variants (image from Karch et al., 2015). 

2.2. Oxidative stress 

Oxidative stress (OS) contributes to neuronal damage and has been associated with neuronal 

cell death in several neurodegenerative diseases (Andersen, 2004; Nunomura et al., 2006). 

Since aging is associated with increased reactive oxygen species (ROS) production and 

decreased ROS clearance in age-related neurodegenerative diseases, like AD, OS is not only 

an early event but also would play an important role in initiating the disease. This is 

performed through activation of cell signalling pathways leading to apoptosis and 

neuroinflammation (Cai et al., 2011). The mechanisms behind the onset of AD are not fully 

known, but there is clear evidence that OS is important in the initiation and development of 

neuronal damage (Nunomura et al., 2001; Gibson et al., 2005; Masters et al., 2015). The 

high oxygen consumption of the human brain makes this organ especially susceptible to OS 

(Shulman et al., 2004). A possible explanation of the disease mechanism has emerged from 

the observations linking mitochondrial dysfunction and increased production of ROS to the 

development of AD.  

The mitochondrial cascade hypothesis states that in sporadic, late-onset AD, loss of 

mitochondrial function associated with age affects the expression and processing of APP 
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initiating Aβ accumulation (Swerdlow et al., 2014). A theory currently gaining favor 

suggests that the SP and NFT represent responses to try to counteract the effects of toxic 

molecules derived from OS. OS results from an imbalance in prooxidant/antioxidant 

homeostasis leading to the generation of toxic ROS. Increased production of ROS associated 

with age, disease-dependent loss of mitochondrial function, altered metal homeostasis, and 

reduced antioxidant defense directly affect synaptic activity and neurotransmission in 

neurons leading to cognitive dysfunction. In the mitochondria, it is estimated that 2-4% of 

oxygen consumption during electron transport is not reduced to water by cytochrome C 

oxidase but that the semiquinone anion is formed and can transfer one or two electrons to 

molecular oxygen with the subsequent formation of the superoxide anion (O2
-). The O2

- is 

converted into hydrogen peroxide (H2O2) through the Fenton reaction with low molecular 

weight complexes of Fe (II) such as citrate Fe (II) or ATP Fe (II) generating hydroxyl 

radicals (OH-). Other sources of O2
- and H2O2 are oxidative enzymes, such as xanthine 

oxidase, NADPH / NADH oxidases, acyl CoA oxidase and cytochromes P-450, and small 

autooxidable molecules such as cotecholamines and the quinones (Dalton et al., 1999; 

Gamaley and Klyubin, 1999). Some exogenous sources generating ROS in organisms are 

antibiotics, drugs (e.g. paracetamol), pollutants (cigarette smoke), chemotherapy and 

exposure to ultraviolet and ionizing radiation (Finkel and Holbrook, 2000).  

Molecular targets of ROS include nuclear and mitochondrial DNA, lipids and proteins, 

affecting seminal cellular functions like calcium homeostasis, mitochondrial dynamics and 

function, cellular architecture, receptor trafficking and endocytosis, and energy homeostasis. 

Abnormal cellular metabolism could therefore influence the production and accumulation of 

Aβ and hyperphosphorylated tau protein by different mechanisms (Cai et al., 2011), which 

in turn could exacerbate mitochondrial dysfunction and ROS production, thereby 

contributing to a vicious cycle. 

Under normal conditions, the amount of ROS produced as a consequence of different 

cellular processes is controlled by antioxidants such as glutathione peroxidase and catalase 

and by non-enzymatic antioxidant molecules such as glutathione, vitamin E, ascorbic acid 

and carotenoids (Bunker, 1992). In relation with AD, an increase of OS markers, including 

RNA/DNA damage and lipid peroxidation, have been reported in AD brains and animal 

models of the disease (Gabbita et al., 1998; Nunomura et al., 1999; Williams et al., 2006). 
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Several studies reported increased activity of the major antioxidant enzymes in cortex and 

hippocampus of AD patients (Pappolla et al., 1992; Zemlan et al., 1989). To study the 

involvement of OS in AD, our group developed a human neuronal cell model of mild OS 

induced by the xanthine/xanthine oxidase (X-XOD) free radical generating system that 

allows the analysis of the events preceding cell death (Recuero et al., 2009). In this model, 

we also showed that OS affects APP proteolytic processing, trafficking and catabolism and 

these effects are mediated by the two main protein degradative pathways: the ubiquitin-

proteasome system (UPS) and the autophagy-lysosomal pathway (Recuero et al., 2010 and 

2013).  

2.3. Infectious hypothesis. Herpes simplex 1 virus in Alzheimer’s disease 

Growing evidence supports that chronic or latent infection of the CNS might be implicated 

in the etiology of AD (see recent reviews in Harris et al., 2015; Itzhaki et al., 2016; Fullop et 

al., 2018; Haas et al., 2018). The idea of the so-called pathogen/infectious hypothesis came 

up in the 1960s and has gained support since then. First evidence came from the fact that 

several microbes can access the CNS, remain there in latent form by evading the host 

immune response, and that they are highly prevalent in the AD brain (Readhead et al., 

2018). Among them, bacteria like Chlamydia pneumonia (Gerard et al., 2006), Helicobacter 

pylori (Kountouras et al., 2007) and several types of spirochaete (Miklossy, 2011), funghi 

(Alonso et al., 2014; Pisa et al., 2015) and herpes viruses such as Herpes simplex virus type 

1 (HSV-1), Epstein Barr Virus (EBV), Cytomegalovirus (CMV), and Human herpes virus 6 

(HHV6) have been associated with AD (Harris et al., 2015 and 2018). The hypothesis states 

that in combination with genetic risk factors, these pathogens participate in the generation of 

the Aβ peptide, tau hyperphosphorylation and inflammation. From the numerous evidences 

provided in the last years, two very recent ones demonstrated that herpesviruses are 

common in human brain and some of them appear to be part of a late-onset Alzheimer’s 

disease associated virome (Readhead et al., 2018). The binding of Aβ to HSV-1 and HHV-6 

surface causes fibrillar Aβ agglutination that can protect against viral challenge (Eimer et 

al., 2018). These findings have refuelled the field leading some researchers to claim for a 

change in the current paradigms relating the causes and mechanisms of AD (Fullop et al., 

2018; Haas et al., 2018). 
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Of all pathogens studied in relation with AD, HSV-1 has emerged as a major factor in the 

etiology of the disease (Itzhaki, 2014 and 2016, Eimer et al., 2018, Harris et al., 2018).  

HSV-1 belongs to the alphaherpesvirus subfamily. Other members of this group are the 

closely related HSV-2 and Varicella zoster virus (Steiner et al., 2007). HSV-1 is a 

ubiquitous neurotropic virus, with a worldwide seroprevalence of more than 80% in adults. 

The virion of all alphaherpesviruses consists of four components: (1) an electron-dense core 

containing lineal viral DNA of approximately 152 kDa, (2) the capsid, an icosadeltahedral 

structure that surrounds the core composed of 6 structural proteins, (3) the surrounding 

tegument, a protein layer composed of 22 viral proteins and (4) an envelope (Owen et al., 

2015). The envelope is derived from cellular membranes and includes viral glycoproteins, 

which are important for the virus adsorption to the cell surface, receptor recognition and 

membrane fusion to enable viral entry into the host cell (Fields et al., 1996).   

HSV-1 usually enters orofacial mucosal epithelia cells where productive infection takes 

place (Figure 6). From there, the virus can spread to neurons of the trigeminal ganglia 

innervating the epithelium where it can establish lifelong latency (Kennedy et al., 2015; 

Nicoll et al., 2012). After primary infection, the virus can replicate or stay latent in the 

neuron cell body until reactivation by diverse stimuli (like stress and immunosuppression). 

When reactivated, the virus travels back to the primary site of infection where it causes the 

so-called cold sores (herpes labialis). Infected peripheral nervous system (PNS) neurons are 

in direct synaptic contact with CNS neurons providing a direct route of spread from the 

periphery (Koyuncu et al., 2013). Once in the CNS, the virus can stay latent until periodical 

reactivation, which could cause neuronal damage. Acute HSV-1 infection is known to cause 

different neurological diseases, like herpes keratitis (Rowe et al., 2013) or encephalitis 

(Bradshaw et al., 2016), and mounting evidence links it to AD.   
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Figure 6. HSV-1 access route to the CNS. Epithelial cells of the orofacial mucosa are initially infected with HSV-1. The 

virus enters sensory neurons by fusion with the plasma membrane or via endocytosis. Once inside the sensory process, viral 

particles undergo long-distance retrograde transport to the neuronal cell body, where the virus replicates or becomes latent. 

When the HSV-1 genome reactivates, newly synthesized virions travel anterograde back to the primary site of infection 

causing recurrent herpes labialis and/or access the CNS. Image modified from Koyuncu et al., 2013. 

Brain autopsies showed that latent HSV-1 is present in a high proportion of SAD and 

normal elderly individuals, and that it was found in the areas most affected by AD, namely 

temporal and frontal cortices and hippocampus (Jamieson et al., 1991). Furthermore, the 

viral DNA seems to colocalize with SPs suggesting an active role of the virus in their 

generation (Wozniak et al., 2009). In contrast, no viral DNA has been found in younger 

brains (Wozniak et al., 2005), suggesting that HSV-1 reaches the CNS at older age when the 

immune system declines. Evidence from epidemiological studies postulate that in synergy 

with the possession of the APOE-ε4 allele, HSV-1 infection represents a risk factor for AD 

(Itzhaki et al., 1997), even though neither of the two factors alone is necessary nor sufficient 

for the development of the disease. In this sense, using mice models, our group previously 

showed that the ApoE dose and genotype determine the viral load in the CNS. The viral 

neuroinvasion was reduced in animals lacking the ApoE gene compared to wildtype animals 

and a direct correlation between HSV-1 concentration and ApoE allelic dose was detected 

(Burgos et al., 2002). In posterior reports, we then showed that during both acute and latent 

infection, ApoE-ε4 was more efficient than ApoE-ε3 in promoting viral colonisation of the 

brain (Burgos et al., 2003; Burgos et al., 2006). Besides APOE, many genes are thought to 

interact with some aspect of HSV-1 infection. Indeed, GWAS identified a set of genes 

associated with SAD which may affect the individual susceptibility to HSV-1 infection 
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(Porcellini et al., 2010). These genes could constitute a genetic fingerprint modulating the 

individual’s susceptibility to HSV-1 infection thereby causing neuronal loss, inflammation 

and Aβ deposition (Licastro et al., 2011; Porcellini et al., 2010). Letenneur and colleagues 

studied the presence of HSV IgG (immunoglobulin of primary infection) and IgM 

antibodies (immunoglobulin of reactivation) in the serum of AD patients and controls. They 

found out that the reactivation of HSV might be highly correlated with the progression of 

the disease (Letenneur et al., 2008). These results were confirmed by Lövheim’s group in an 

independent study (Lovheim et al., 2014). Finally, several researchers, including our group, 

linked HSV-1 to the main neuropathological hallmarks of AD in neuronal and animal 

models of HSV-1 infection: infection leads to an accumulation of intracellular Aβ (Santana 

et al., 2012; Wozniak et al., 2007), autophagic vesicles (Itzhaki et al., 2008; Santana et al., 

2012) and hyperphosphorylated tau protein (Alvarez et al., 2012; Wozniak et al., 2009).  

Despite the evidences and the hundreds of publications indicating the involvement of 

infectious agents in AD pathology, the infectious hypothesis is still not fully accepted, and 

little effort has been made to initiate antiviral/antimicrobial clinical studies in relation to AD 

(Itzhaki et al., 2016).  

2.4. Interaction between oxidative stress and HSV-1  

Several studies also demonstrate an association between acute and latent HSV-1 infection of 

the CNS and oxidative damage (Milatovic et al., 2002; Valyi-Nagy et al., 2000). HSV-1 has 

been described to induce the peroxidation of lipids (Palu et al., 1994). During acute 

infection, HSV-1 provokes encephalitis in mice accompanied by severe inflammation and 

elevated levels of F2-isoprostanes and F4-neuroprostanes, two markers of oxidative damage 

(Milatovic et al., 2002). Latent HSV-1 infection induces oxidative damage of RNA and 

DNA molecules in infected areas of the murine brain (Valyi-Nagy et al., 2000). On the other 

hand, latent infection of HSV-1 in murine models is also associated with persistent and 

chronic inflammation in the brain, and with high levels of proinflammatory cytokines such 

as the tumor necrosis factor α (TNFα) and increased activity of induced nitric oxide 

synthase. These factors may play an important role in preventing the reactivation of HSV-1 

(Koprowski et al., 1993; Marques et al., 2008; Meyding-Lamade et al., 1998). Both TNFα 

and nitric oxide have antiviral activities but can directly generate potent free radicals or 

ROS-mediated oxidative damage through different cell signalling pathways. Therefore, 
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immune system and inflammatory response plays an important role in the generation of 

oxidative damage in the brain during HSV-1 infection (Valyi-Nagy et al., 2005). In 

conclusion, although few reports exist on the interplay of OS and HSV-1 infection, the 

results suggest that OS may promote the neurodegenerative events associated to HSV-1 

infection. 

Our group has been studying the relationships among OS, HSV-1 and neurodegeneration for 

several years. We showed that OS enhances the intracellular accumulation of Aβ mediated 

by HSV-1 infection, and further decreased its secretion to the extracellular medium. 

Furthermore, OS potentiates the accumulation of immature autophagic compartments and 

the inhibition of the autophagic flux induced by HSV-1. At the same time, OS reduced the 

efficiency of HSV-1 infection (Santana et al., 2013). When we studied the molecular 

pathways regulated by OS by means of whole human genome expression microarrys, we 

found a very specific and prominent induction of the KEGG pathway “Lysosome” in human 

neuroblastoma cells infected by HSV 1 or carrying an APP mutation causing FAD. These 

results suggest that the lysosome pathway could account for the molecular mechanisms 

mediating the neurodegeneration process initiated by OS in sensitized neurons (Kristen et 

al., 2018). 

3. The lysosomal system   

The cellular homeostasis requires a highly regulated equilibrium between the synthesis and 

degradation of proteins. Alterations in this balance cause numerous pathological processes. 

There are two main systems involved in the degradation of proteins in mammals: 

proteasome and lysosome. In eukaryotic cells, short-lived proteins are mainly degraded by 

the proteasome, whereas long-lived proteins and protein aggregates are mostly degraded by 

autophagy, the main degradative pathway linked to the lysosome system. This degradative 

process recycles cellular waste and eliminates potentially toxic damaged organelles and 

protein aggregates, like the ones formed during OS. 

Lysosomes were first described in 1955 by Christian de Duve and thought to be just the 

cellular waste bags. They are the major digestive compartments within cells and are 

involved in multiple functions like the degradation and recycling of intra- and extracellular 

material, cholesterol homeostasis and cell death signalling (Appelqvist et al., 2013). 

Lysosomes have an acidic lumen, limited by a 7-10 nm thick phospholipid bilayer 
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membrane, and contain several types of hydrolases for the degradation of substrates. There 

are 25 lysosomal membrane proteins (Lubke et al., 2009) being the lysosome-associated 

membrane proteins (LAMPs) and the lysosomal integral membrane proteins (LIMPs) the 

most abundant ones (Eskelinen et al., 2003). Since the low lysosomal pH provides optimal 

conditions for hydrolase activity, those proteins are protected from cleavage by dense 

glycosylation. Besides being a mechanical border, the lysosomal membrane has many other 

functions, like the maintenance of the pH gradient between lysosomal lumen and cytoplasm, 

the mediation of fusion with endosomes or other organelles, and the selective transport of 

material into or out of the lysosome (Eskelinen et al., 2003; Saftig et al., 2009).   

A constant lysosomal pH between 4.8-5.2 is guaranteed by the action of an ATP-dependent 

proton pump—the vacuolar (V)-ATPase (Toei et al., 2010). V-ATPases are multi-subunit 

protein complexes consisting of a membrane-associated V0 complex that serves as a 

transmembrane pore for protons, and a soluble cytosolic V1 complex. Beside the 

maintenance of lysosomal pH, the V-ATPase also regulates vesicle fusion and is located to 

several membranes including lysosomes, endosomes, Golgi-derived vesicles and sometimes 

even to the PM (Yamamoto et al., 1998; Yoshimori et al., 1991). Several potent and 

selective inhibitors have been identified over the years to interfere with this tightly regulated 

network. Ammonium chloride or chloroquine are lysosomotropic weak bases, which elevate 

the pH by entering the acidic compartment in their unprotonated form and titrating the pH 

upward (Ohkuma et al., 1978). Bafilomycin A1, in contrast, is a specific V-ATPase inhibitor 

(Bowman et al., 1988).   

Inside the lysosome reside more than 60 different soluble hydrolases, including sulphatases, 

glycosidases, peptidases, phosphatases, lipases and nucleases, most of them only active at 

acidic pH. The best-studied hydrolases are the cathepsins (CTSs) which activity is widely 

used as an indicator of functionality of the lysosomes. The CTSs are categorised in three 

groups based on the amino acid at their active site: serine (CTS A and G), cysteine (CTS B, 

C, F, H, K, L, O, S, V, X and W) and aspartic (CTS D and E) (Turk et al., 2012). 

Lysosomal hydrolases are synthesized in the ER as immature and enzymatically inactive 

precursors. They are then transported in vesicles from the ER through the Golgi to the TGN 

and from there to the lysosome. To be targeted to lysosomes, a mannose 6-phosphate (M6P) 

tag is added in the Golgi complex (Rohrer et al., 2001). This signal is recognised by diverse 
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M6P receptors in the TGN (Braulke et al., 2009; Ghosh et al., 2003). There, clathrin-coated 

vesicles are formed containing the receptor-ligand complexes. These vesicles move towards 

the cell periphery and fuse with endosomes. Inside the endosome, the hydrolases are 

dissociated from the receptors because of the low pH (around pH 6) and the receptors will 

be transported back to the TGN (Braulke et al., 2009). The constant trafficking of material 

from the TGN to the endosomes and back is an important feature for the maintenance of 

lysosomal intactness, acidity, and perinuclear localization (Bucci et al., 2000). The 

decreasing intraluminal pH during endosomal maturation initiates hydrolase activity and 

digestion of endocytosed material. However, only after fusion with lysosomes, the 

hydrolases have reached their final destination with maximal proteolytic activity. As 

depicted in Figure 7, the lysosome is the destiny organelle, and there are two routes by 

which material for degradation reaches the lysosome: extracellular material and parts of the 

PM reach the lysosome by endocytosis, whereas intracellular material is transported to the 

lysosome through autophagy.  

 

Figure 7. Schematic representation of the lysosomal pathway. Primary endocytic vesicles were formed at the plasma 

membrane and deliver their cargo to early endosomes where some material will be recycled back to the plasma membrane. 

Maturation from early endosomes (EE) to late endosomes (LE) takes place. Fusion with lysosomes forms hybrid organelles, 

endolysosomes, where degradation of the cargo takes place. The lysosome is the destiny organelle of the endocytic and of the 

autophagic pathways.  Image from Tai et al., 2008. 

3.1. Endocytic pathway  

Endocytosis is a process by which cells internalize the PM along with cell surface receptors 

and soluble molecules (Maxfield et al., 2004). As a first step, the material to be ingested is 
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progressively enclosed by parts of the PM, which invaginates and then pinches off to form 

an endocytic vesicle. These vesicles then fuse with early endosomes, the first sorting station 

of endocytosis. From there, the majority of the cargo is recycled back to the PM via 

recycling endosomes (Steinman et al., 1983). Otherwise, cargo will be retained in the early 

endosomes, which mature into late endosomes, the second sorting station. During 

maturation several events take place, amongst other things the formation of intraluminal 

vesicles (ILVs) from the limiting membrane. The presence of many ILVs inside the late 

endosomes (often up to >30) got them the name of multivesicular bodies (MVBs) (Piper et 

al., 2007). Further, the decrease in luminal pH is taking place during this transformation 

from early (pH 6.8-5.9) to late endosomes (pH 6.0-4.9). The continuous transformation, 

fusion and fission of these organelles make their identification with molecular markers 

difficult. Late endosomes differ from lysosomes by the presence or absence of M6P 

receptors, respectively (Brown et al., 1986). 

3.2. Autophagy 

Autophagy is the process by which cells digest their own cytoplasm to provide material for 

new synthesis. There exist three forms of autophagy in the cell: chaperone-mediated 

autophagy (CMA), microautophagy, and macroautophagy. CMA, as indicated by its name, 

includes the recognition of the substrates via the action of chaperones and the lysosomal 

receptor LAMP2A (Kaushik et al., 2012). The direct engulfment of small cytoplasmic 

material by the lysosomal membrane is called microautophagy (Li et al., 2012). The 

principal form of autophagy, though, is macroautophagy, herein referred to as autophagy.  

Autophagy begins with the formation of a double-layered isolation membrane (also called 

phagophore) that engulfs and sequesters cytoplasmic material in its interior. The elongation 

of this phagophore assures the formation of a double-membraned structure, the so-called 

autophagosome (Nakamura et al., 2017). The most characterized protein associated with 

autophagosomes is the lipidated form of microtubule-associated protein light chain 3 (LC3-

II). The conversion of LC3-I (the non-lipidated form) to LC3-II is the main marker for 

monitoring autophagic flux (Klionsky et al., 2016). The autophagosome subsequently might 

fuse with endosomes or directly with lysosomes for the degradation and recycling of their 

cargo. In this way, the degraded products are released into the cytoplasm to newly 

synthesize macromolecules or serve as energy source. There is always a basal activity of 
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autophagy present to maintain cellular homeostasis acting as an essential mechanism of 

quality control for cellular structures. However, autophagy can be activated through diverse 

stimuli, like stress, low nutrient levels or viral infections, participating in multiple processes 

such as cell differentiation, innate and adaptive immunity and anti-tumoral and anti-aging 

mechanisms (Yin et al., 2016). 

3.3. Lysosomal alterations and neurodegeneration  

Neurons especially rely on functional lysosomal degradation (endocytic and autophagic 

pathways) since they live extremely long without cell division. It is therefore not surprising 

that defects in autophagy and endocytosis are relevant to neurodegenerative diseases, in 

particular to AD (Whyte et al., 2017). Indeed, altered endocytosis is one of the earliest 

neuropathologic features observed in AD preceding Aβ accumulation (Cataldo et al., 2000). 

The presence of autophagic vesicles was detected in dystrophic neurites of cortex and 

hippocampus in brains of transgenic mice expressing human APP (Yu et al., 2005). These 

vesicles contained APP, different Aβ peptides, and β- and γ-secretases necessary for their 

generation (Yu et al., 2004). In this sense, autophagic activation significantly increases Aβ 

production in mouse fibroblasts (Yu et al., 2005) and in rat neurons (LeBlanc et al., 1996). 

The generated Aβ is targeted to the lysosome for degradation by cathepsins. Thus, efficient 

autophagy plays a protective role against Aβ-induced neurotoxicity in human neuroblastoma 

cells (Hung et al., 2009). Further evidence came from the discovery of genetic risk factors 

and their molecular mechanisms. FAD-causing mutations in PSEN1 severely compromise 

autophagy-mediated recycling of proteins, affecting autophagy-dependent processes such as 

APP processing and Aβ accumulation (Nixon, 2006). Finally, several studies point to 

lysosomal acidification defects in different AD models causing a failure in lysosomal 

proteolysis (Avrahami et al., 2013; Nixon et al., 2011; Torres et al., 2012).  

Support also comes from knowledge about lysosomal storage diseases (LSDs). LSDs are a 

family of disorders that result from recessively inherited gene mutations that perturb 

lysosomal homeostasis. Age of onset and clinical features vary, depending on the nature of 

accumulating substrate and the cell types affected. Common to LSDs is the initial 

accumulation of specific macromolecules or monomeric compounds inside organelles of the 

endosomal-autophagic-lysosomal system (Platt et al., 2012). Almost all LSDs present 

pathology of the CNS, and in some cases, neurodegeneration occurs in multiple brain 
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regions (thalamus, cortex, hippocampus, and cerebellum). For example, CTSD deficiency 

causes neuronal ceroid lipofuscinosis, a severe neurodegenerative disorder (Siintola et al., 

2006). Niemann-Pick type C disease (NPC) is provoked by alterations of cholesterol 

trafficking and other lipids by the defective function or even absence of either two 

endosomal proteins, NPC1 or NPC2. This leads to an accumulation of autophagic vesicles 

and finally neuronal death. Interestingly, NPC patients show typical AD lesions like NFTs, 

intracellular Aβ42 accumulation and endosome deficits (Malnar et al., 2014). Indeed, LSD 

and AD display strong phenotypic overlap, including neuronal accumulation of autophagic 

or lysosomal vesicles, dystrophic axons, ectopic dendrites, cognitive deficits, and 

neurodegeneration. Many researchers claim that AD should be included in the group of 

LSDs due to these similarities (Nixon, 2005; Wolfe et al., 2013).   

4. Induced pluripotent stem cells as Alzheimer’s disease model 

Induced pluripotent stem (iPS) cells have revolutionized the fields of in vitro models of 

human diseases. The iPS-derived differentiated cells allow researchers to study the impact 

of specific cell types in health and disease as well as performing therapeutic drug screens on 

a human genetic background. In particular, some of the potential reasons behind the clinical 

trials failure in AD are the species gap involved in proceeding from initial discoveries in 

rodent models to human studies, and the inadequate understanding of the biology of AD, 

starting therapies too late in the development due to the lack of phenotypic and genetic 

markers (Cummings et al., 2018). iPS cells overcome these obstacles and are allowing 

researchers to conduct in depth characterization of neural cells from both familial and 

sporadic AD patients. In contrast with the limited availability of viable neuronal cells from 

AD patients because of ethical and practical reasons, patient-derived skin or blood cells are 

an easily accessible source for reprogramming to human induced pluripotent stem (iPSCs) 

cells. These allows the subsequent differentiation to generate clinically relevant neuronal 

cells in vitro that can be used to investigate the pathogenesis of neuronal disorders, like AD 

(Yagi et al., 2011; Israel et al., 2010; Hossini et al., 2015). iPSC derived neurons are reliable 

models, not only for better understanding the etiopathological process of AD, but also for 

efficient anti-AD drugs screening. More importantly, human-sourced iPSCs may also 

provide a beneficial tool for cell-replacement therapy against AD (Yang et al., 2016). 



 

43 
 

  

INTRODUCTION 

Several groups have independently developed human iPSC neuronal differentiation 

protocols, often adapted from existing protocols for human embryonic stem cells (ESCs) or 

mouse iPSCs/ESCs (Zeng et al., 2010). These protocols are constantly being improved and 

revised, creating a plethora of techniques to differentiate hiPSCs to neuronal fates. The 

ability to differentiate, culture, and manipulate human neurons is of tremendous interest to 

labs seeking to study human neurodevelopment and neurological diseases (Srikanth et al., 

2014). Many groups have taken advantage of somatic cell reprogramming technology to 

generate patient-specific iPSC lines in order to model neurodegenerative and 

neurodevelopmental disorders. Furthermore, there have been many advancements in 

protocols to create neurons of a particular identity like motor neurons, dopaminergic 

neurons or interneurons (Takazawa et al., 2012, Li et al., 2005). For the differentiation of 

iPSCs to forebrain neurons, two base protocols are often utilized: an embryoid aggregate-

based technique and a monolayer dual SMAD inhibition method (Muratore et al., 2014). 

Neuronal cultures derived of iPSC from AD patients produced more ROS and displayed 

higher levels of DNA damage. Furthermore, patient-derived cells showed increased levels of 

oxidative phosphorylation chain complexes, whereas mitochondrial fission and fusion 

proteins were not affected. Surprisingly, these effects neither correlated with Aβ nor 

phosphorylated and total tau levels. Synaptic protein levels were also unaffected in SAD 

derived neuronal cells. The increased ROS production may have an integral role in the 

development of SAD prior to the appearance of amyloid and tau pathology (Birnbaum et al., 

2018). 

Moreover, neurons from patients with FAD or SAD showed increased phosphorylation of 

tau protein at all investigated phosphorylation sites. Relative to the control neurons, neurons 

derived from patients with FAD and patients with SAD exhibited higher levels of 

extracellular amyloid-β 1-40 (Aβ1-40) and amyloid-β 1-42 (Aβ1-42). However, 

significantly increased Aβ1-42/Aβ1-40 ratios, which is one of the pathological markers of 

FAD, were observed only in samples of patients with FAD. Additionally, a significant 

upregulation of amyloid precursor protein (APP) synthesis and APP carboxy-terminal 

fragment cleavage was detected. Moreover, elevated sensitivity to oxidative stress, as 

induced by amyloid oligomers or peroxide, was detected in both FAD- and SAD-derived 

neurons (Ochalek et al., 2017). 
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In the field of treatment development, drug screenings have been performed in neurons from 

FAD and SAD patients (from a human iPSC-based platform), like the one leading to the 

selection of as a synergistic combination of bromocriptine, cromolyn, and topiramate as a 

cocktail showing a potent anti-Aβ effect (Kondo et al., 2017). 

In light of these antecedents, we decided to generate iPSC-derived neurons from AD 

patients –who carried the AD associated TREM2 R47H variant– as a relevant model in 

which to validate the results obtained from the neuroblastoma cell line. 
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The causes of sporadic Alzheimer's disease (SAD) are still unknown. However, it has been 

described that the oxidative stress (OS) associated with aging is an important risk factor for 

AD. Although the mechanisms that connect OS with neurodegeneration are not clear, there 

is evidence that the alteration of protein degradation systems can be part of these 

mechanisms. Lysosomal dysfunction is an early pathogenic event in the cascade that leads 

to neuronal death from different triggers, for example infectious agents capable of 

colonizing the brain such as Herpes Simplex virus 1 (HSV-1). The endo-lysosomal system 

is the preferential place where the amyloidogenic processing of APP takes place, raising the 

possibility that proteases related to this system could act as non-canonical APP secretases 

and constitute novel therapeutic targets for AD. 

To analyze the role of lysosome related proteases on the metabolism and processing of the 

APP and on the functional changes of the lysosomal pathway induced by OS in the absence 

and presence of HSV-1, the following objectives were proposed: 

 

1. Study of APP expression and processing in the presence or absence of the radical 

generating system X-XOD to select APP derivatives differentially expressed as a response 

to OS. 

2. Selection of proteases modulated by OS whose cleavage specificities are compatible with 

the pattern of APP derivatives from objective 1. Study of their roles in the proteolytic 

processing of APP and in the lysosomal pathway alterations induced by OS. 

3. Analysis of the effect of HSV-1 in the alterations on the processing of APP and the 

lysosomal pathway induced by OS. Involvement of the selected proteases. 

4. Analysis of the processing of APP and of the lysosomal pathway in response to OS, in 

induced pluripotent stem cells (iPSCs) derived neurons from SAD patients. 
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1. Cell lines and cell culture 

SK-N-MC human neuroblastoma cells (HTB-10) were obtained from the American Type 

Culture Collection (ATCC). Cells were cultured as monolayer in minimal Eagle’s medium 

(MEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 1 mM sodium 

pyruvate, non-essential amino acids (NEAAs), 2 mM glutamine, and 50 µg/mL gentamycin, 

at 37°C in a humidified 5% CO2 atmosphere. Exponentially growing cells, at 80–90% 

confluence, were splitted into multiwell culture plates one day before treatment. On the day 

of treatment, cells were placed in fresh medium 1 h before addition of the compounds. 

Culture medium components were purchased from Gibco Laboratories. 

2. Generation of cell lines with stable gene-silencing of MMP-14 or CTSB  

For the generation of cell lines with a stable knockdown of MMP-14 or CTSB, cells were 

transfected with a short hairpin RNA (shRNA) clone specific to MMP-14 or CTSB and with 

a scrambled control shRNA clone (Mission control shRNA library from Sigma, Figure 8) 

Sequences of shRNA are described in Table 1. Transfections were performed with jetPEI 

reagent according to the manufacturer’s recommendations (Polyplus transfection). Briefly, 

SK-N-MC cells were cultured in 6 well plates until 70% confluency and then transfected by 

the mixture of 3 µg DNA and 6 µL jetPEI transfection reagent, both diluted in 150 mM 

NaCl. The mixture was incubated for 30 min at room temperature (RT) and was then added 

to the cells (200 µL per well). 48 h after transfection, cells were trypsinized and re-plated at 

low densities (dilutions 1:50, 1:500, 1:5.000) in P100 dishes with the selection antibiotic 

puromycin at a final concentration of 0.25 µg/mL. The effective concentration was 

previously determined in a dose-response experiment of SK-N-MC cells with puromycin 

concentrations between 0 and 10 µg/mL. Medium supplemented with puromycin was 

replaced every 2-3 days. Clones were picked manually and expanded until enough cells 

were available for generating a frozen stock and for isolating total RNA and protein extracts 

for analysis. Finally, clones with a low expression of MMP-14 or CTSB were selected for 

further analyses. 
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Figure 8. MISSION shRNA clone. Constructed within the lentivirus plasmid vector pLKO.1-puro from Sigma. 

Table 1. Mission control shRNA DNA clone sequences 

Item Number Sequence   

TRCN0000003658 CCGGGCTGGTCAACTATGTCAACAACTCGAGTTGTTGA 
CATAGTTGACCAGCTTTTT CTSB 

TRCN0000050855 CCGGCGATGAAGTCTTCACTTACTTCTCGAGAAGTAAG 
TGAAGACTTCATCGTTTTTG MMP-14 

SHC005 CCGGTACAACAGCCACAACGTCTATCTCGAGATAGAC 
GTTGTGGCTGTTGTATTTTT Control 

 

3. Induction of oxidative stress  

Induction of mild oxidative stress was performed as previously used by our group (Recuero 

et al., 2009) through the addition of xanthine (10 µM) - xanthine oxidase (50 mU/mL) (X-

XOD) to fresh medium (mechanism in Figure 9). In case of combination with HSV-1, X-

XOD was added after the virus adsorption and maintained until the end of infection. The 

effects of their addition were measured 24 h later. Xanthine (X) was purchased from Sigma 

and xanthine oxidase (XOD) from Roche. 
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Figure 9. Generation of ROS. Mild oxidative stress generation system xanthine-xanthine oxidase 

4. Infection conditions 

The HSV-1 strain KOS 1.1 was obtained, propagated and titered on a monolayer of Vero 

cells following described methods (Carrascosa et al., 1982) and stored at -70°C. For 

infection experiments, cells were seeded in complete media at 70-80% confluency and 

exposed to HSV-1 at 37°C for 1 h. Control infections were performed using a virus-free 

suspension. In order to remove unbound virus, the medium was changed, and cells were 

incubated in complete medium at 37ºC. Multiplicity and time of infection (moi - expressed 

in plaque forming units per cell [pfu/cell]) were moi 1 analyzed at 24 hpi (hours post 

infection). The infectious titers of HSV-1 were determined by plaque assays with Vero cells 

as previously described (Santana et al., 2012). 

5. Inhibitors 

CA-074 Me (CTSB inhibitor) and GM6001 (MMPs inhibitor) were purchased from Enzo 

and NSC405020 (MMP-14 inhibitor) from APExBIO. For CA-074 Me treatments (usually 

used at a concentration of 5 µM, if changes it is indicated in each experiment), the inhibitor 

was added for 1 h and the cell cultures then placed in fresh medium for the rest of the 

experiment. For NSC405020 treatments (used at a concentration of 100 µM), the inhibitor 

was added for 24 h. For GM6001 treatments (used at a concentration of 10 µM), the 

inhibitor was added for 24 h. The concentration of DMSO (vehicle) in the cell culture was 

0.1% or lower. 
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6. Analysis of cell viability 

Cell injury was evaluated using the 3-(4,5-dimethyl-thiazol-2-yl)-2,5diphenyl tetrazolium 

bromide (MTT; Sigma) assay (Hansen et al., 1989) as previously used by our group 

(Recuero et al., 2009). Briefly, cells were seeded in 96 well plates, and 2 h before the end of 

treatment incubated with 0.5 mg/mL MTT at 37ºC. The MTT/formazan released from the 

cells during overnight (ON) incubation at 37ºC with 100 µL extraction buffer (20% sodium 

dodecyl sulphate [SDS], 50% formamide adjusted to pH 4.7 with 0.02% acetic acid and 

0.025 N HCl) was determined. Optical densities were measured at 550 nm using a 

microplate reader (Bio-Rad, Model 680).  

7. Western blot analysis 

Treated cells were washed in PBS and lysed in the lysis buffer containing PBS, 1% Triton 

X-100 and the Complete Mini protease inhibitor cocktail (Roche) on ice for 30 min, 

vortexing every 10 min. Supernatants were collected after centrifugation at 13,000 g for 30 

min at 4°C. CTSB was analyzed in the lysates used in the enzyme activity experiments 

(described in point 13). The protein concentration of the lysates was quantified by the 

bicinchoninic acid assay (BCA) according to the manufacturer’s instructions (Pierce). Cell 

lysates were mixed with Laemmli loading buffer (25 mM Tris-HCl pH 6.3, 10% glycerol, 

2% SDS, 5% betamercaptoethanol [β-ME], and 0.01% bromophenol blue) and incubated at 

100°C for 3 min. Protein separation was performed using Laemmli discontinuous SDS-

polyacrylamide gel electrophoresis with acrylamide concentrations of the resolving gel 

adjusted to the molecular weight of the protein of interest. To define the size of the proteins 

separated by electrophoresis the molecular weight markers Precision Plus Protein Standards 

Dual Color (Bio-Rad) were loaded. Proteins were then transferred by semi-dry transfer (30 

min at RT, 20V) to a nitrocellulose membrane with a pore-size of 0.45 µm (Bio-Rad). Total 

protein stain with Ponceau S was performed to check for transfer efficiency. Membranes 

were subsequently blocked ON at 4ºC in 3% BSA and 0.2% Tween-20 in phosphate-

buffered saline (PBS). The primary antibody diluted in PBS, 1% BSA and 0.1% Tween-20 

was incubated for 2 h at RT. After washing in PBS, 0.05% Tween-20, the blots were 

incubated with the corresponding horseradish peroxidase (HRP)-coupled secondary 

antibodies (Vector; dilution 1:50.000) for 2 h at RT. Alternatively, blots were blocked ON at 

4ºC in 5% milk and 0.1% Tween-20 in tris-buffered saline (TBS) and incubated with the 
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primary and secondary antibody diluted in TBS, 5% milk and 0.1% Tween-20. All primary 

used antibodies and their dilutions are listed in Table 2. Immunodetection was performed 

using ECLTM Western blotting Detection Reagents according to manufacturer’s instructions 

(GE Healthcare Life Sciences). To quantify the intensity of protein band, densitometric 

analysis was performed using the Quantity One® Software (Bio-Rad).  

The APP antibodies used in the present study were: anti-AβPP (22C11) directed against 

amino acids 66-81 of AβPP, 6E10 directed against amino acids 1-16 of human Aβ, anti-

oligomer A11 and anti-C-terminal against amino acids 676-695 (Figure 10). The ability of 

each antibody to recognize different metabolites according to their epitope location in AβPP 

has been described (Recuero et al., 2010). 

 

Figure 10. Scheme and table of APP antibodies against different regions. 

8. Immunocytochemistry 

Cells grown on coverslips were fixed with 4% formaldehyde for 20 min protected from light 

at RT and washed 3 times with PBS for 10 min. Fixed cells were then permeabilized and 

blocked ON at 4ºC with a blocking solution containing 0.2% Triton X-100 and 2% horse 

serum in PBS (pH 7.4), followed by incubation with the corresponding primary antibody 

(Table 2 and 3) for 2 h at RT diluted in blocking solution and protected from light. After 3 

washing steps in blocking solution for 10 min at RT, cells were incubated with Alexa Fluor-

coupled secondary antibodies (Invitrogen; dilution 1:1.000). for 90 min at RT and protected 
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from light. Cells were counterstained with Dapi (5 µg/mL) in PBS for 10 min at RT to 

visualize the nuclei, followed by 3 more washing steps in PBS. Afterwards, coverslips were 

washed in water and dehydrated in 100% EtOH. Finally, coverslips were mounted with 

Mowiol mounting medium (Sigma) on a microscope slide. 

Cells were examined using a LSM 710 laser scanning confocal microscope (Zeiss) coupled 

to a vertical M2 AxioImager (Zeiss) equipped with a 63X/1.4 Plan-Apochromat oil 

objective lens, or using a Zeiss Axiovert 200 fluorescence microscope equipped with a 63 X 

oil-immersion objective. Pictures were taken with a Spot RT digital camera (Diagnostic) 

using Zeiss ZEN 2010 imaging system software. Images were processed using Adobe 

Photoshop CS3. 

9. Primary antibodies 

Table 2. Primary antibodies used for Western blot and immunocytochemistry 

Antigen Clonality Host 
Dilution 

Reference 
WB IF 

22C11 monoclonal mouse 1:4000 1:50 Millipore (MAB348) 
6E10 monoclonal mouse 1:500 1:50 Covance (SIG-39300) 

C-terminal polyclonal rabbit 1:1000 1:100 Sigma (A8717) 
A11 polyclonal rabbit 1:500 1:100 Origene (TA326459) 

MMP-14 monoclonal rabbit 1:2000 1:100 Abcam (ab51074) 
CTSB polyclonal rabbit 1:200 --- SantaCruz (sc-6493) 
CTSB polyclonal goat --- 1:200 SantaCruz (sc-6493) 
CD222 monoclonal mouse --- 1:50 BioLegend (315902 
CD63 monoclonal mouse 1:100 1:50 DSHB (H5C6) 
EEA1 monoclonal mouse 1:1000 1:50 BD Biosciences (610457) 

LAMP2 monoclonal mouse 1:1000 1:50 DSHB (H4B4) 
Rab7 monoclonal rabbit 1:1000 1:100 Cell Signaling Technology (9367) 

Tubulin monoclonal mouse 1:10000 --- Sigma (T5168) 

Table 3. Primary antibodies used for characterization of iPSCs-derived cells by immunocytochemistry  

Antigen Clonality Host Dilution Reference 
Nestin polyclonal rabbit 1:200 Sigma Aldrich (N5413) 
MAP2 polyclonal rabbit 1:200 SySy (188002) 
GFAP polyclonal guinea pig 1:200 SySy (173004) 

Doublecortin polyclonal guinea pig 1:200 Millipore (AB2253) 
β-III-tubulin monoclonal mouse 1:200 Cell Signaling (4466S) 
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10. Cell fractionation for endo-lysosome and cytosol enrichment  

The partial purification of lysosomes was performed as previously described by Avrahami 

with minor modifications (Avrahami et al., 2013). Briefly, cells were washed once in PBS, 

collected with washing buffer (125 mM KCl, 30 mM Tris pH 7.5, 5 mM MgOAc, 1 mM β-

ME) and centrifuged at 800g for 5 min. Cells were resuspended in hypotonic buffer (10 mM 

KCl, 30 mM Tris pH 7.5, 5 mM MgOAc, 1 mM β-ME, Complete Mini protease inhibitor 

cocktail (Roche)) and broken with a 23G needle by 15 strokes (fraction F0: total cellular 

lysate). Homogenates were centrifuged at 1,000g for 5 min to precipitate nuclei. The 

supernatants (nuclei-free lysate: fraction F2) were again centrifuged at 100,000g for 1 h at 

4ºC. The supernatant was stored (fraction Cyt) and the pellet (membrane fraction including 

lysosomes and endosomes: fraction L/LE) was lysed in RIPA buffer containing protease and 

phosphatase inhibitors. Western blot analysis was then performed with the different 

fractions. 

11. Immunoprecipitation 

Immunoprecipitation of cell lysates was performed in PBS containing 1% Triton X-100, 

employing the SureBeads™ Protein G Trial Kit (BioRad), following the manufacturer’s 

instructions. Briefly, the magnetic beads were incubated with the antibody (2 µg) for 30 

min, then washed three times with PBS- 0.1%Tween-20 and incubated with the lysates (100 

µg) for 2 h, washed again three times with PBS- 0.1%Tween-20 and then what attached to 

the beads was eluted with 90 µL of Laemmli buffer for 10 min at 70 ºC. This elution was 

charged in an SDS-polyacrylamide gel and analyzed by Western blot. 

12. Quantification of mRNA by reverse transcription followed by real-time PCR 

(RTqPCR)  

Total RNA was purified with the High Pure RNA Isolation kit according to the 

manufacturer’s instructions (Roche) as previously described (Recuero et al., 2009). To 

determine the RNA quantity, samples were analyzed with a NanoDrop® ND-1000 

(NanoDrop Technologies). Complementary DNA (cDNA) was obtained from 0.5 µg of 

RNA by reverse transcription using the High Capacity RNA to cDNA Kit (Applied 

Biosystems). Real-time PCR was carried out with an ABI Prism 7900HT SD® (Applied 

Biosystems) using TaqMan assays or specific primers for the genes listed in Table 4. The 
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target-specific primer sequences were designed by using the ProbeFinder Assay Design 

Software (Roche). Samples were normalized with respect to the value obtained for the 18S 

or GAPDH gene due to its constant expression. 

Table 4. Specific primers and TaqMan assays for real-time PCR 

Gene Primer Sequence (5'-3') 
Human  
CTSB 

forward TGGAGGGAGCTTTCTCTGTG 
reverse TGACGTGTTGGTACACTCCTG 

Human 
MMP-14 

forward CAGGAATGAGGATCTGAATGG 
reverse CCGAGGGGTCACTGGAAT 

  

 

 

 

13. CTSB activity assay 

The enzymatic activity of CTSB was assessed following the method described by Porter 

(Porter et al., 2013), with minor modifications. Cells were washed in PBS and lysed with 

200 μL of lysis buffer (50 mM sodium acetate (pH 5.5), 0.1 M NaCl, 1 mM EDTA, and 

0.2% Triton X-100) for 1 h at 4°C with shaking. Lysates were centrifuged at 13,000 g for 10 

min and the supernatant (clarified lysate) used to determine proteolytic activity. For the 

activity assays, 50 μg of clarified lysate were incubated at 37°C for 90 min in lysis buffer 

(100 μL) in the presence of 20 μM z-RR-AMC fluorogenic substrate (P-137; Enzo Life 

Sciences). This synthetic substrate has a 7-amino-4-methylcoumarin (AMC) tag next to the 

cleavage site. While attached to the substrate, its fluorescence is quenched. Cleavage of the 

AMC peptide generates strongly fluorescent AMC that can be monitored fluorometrically. 

The fluorescence of AMC released as a result of proteolytic activity was quantified with an 

Infinite 200 microplate reader (Tecan Trading AG), with excitation at 360 nm and 

emission at 430 nm, measuring each 30 min. 

14. MMP-14/MMP-11 activity assay 

The enzymatic activity of MMP-14/MMP-11 was assessed with the SensoLyte 520 kit 

(AnaSpec) following the manufacturer’s instructions with minor modifications. Cells were 

washed in PBS and lysed with 200 μL of lysis buffer (component D) for 1 h at 4°C with 

Gene TaqMan assay ID 
18S Hs99999901_s1 

GAPDH Hs02758991_g1 
APP HS00169098_m1 
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shaking. Lysates were centrifuged at 13,000 g for 10 min and the supernatant (clarified 

lysate) used to determine proteolytic activity. For the activity assays, 25 μL of clarified 

lysate were incubated at 37°C for 90 min with the fluorogenic substrate MCA-PLA-

C(OMeBz)-WAR(Dpa)-NH2 (Calbiochem) diluted in 25 μL of lysis buffer. This synthetic 

substrate has a 7-amino-4-methylcoumarin (AMC) tag next to the cleavage site. Cleavage of 

the AMC peptide generates strongly fluorescent AMC that can be monitored 

fluorometrically. The fluorescence of AMC released as a result of proteolytic activity was 

quantified with an Infinite 200 microplate reader (Tecan Trading AG), with excitation at 

320 nm and emission at 400 nm, measuring each 30 min. 

15. LysoTracker fluorogenic assay  

Lysosomal burden was evaluated using the acidotropic probe Lysotracker® Red DND-99 

(LTR; Molecular Probes). 1 h before the end of treatments, cells were labelled with 1 µM 

LTR for 1 h at 37°C in culture medium and were then washed with PBS. Cells were lysed 

with RIPA buffer for 45 min at 4ºC and the lysates were centrifuged at 13,000g for 10 min. 

The protein concentration of the lysates was quantified by the BCA method and the 

fluorescence of 25 µg of total protein was recorded using a FLUOstar® OPTIMA 

microplate reader (BMG LABTECH) with excitation at 560 nm and emission at 590 nm. 

The LysoTracker® probe, which consist of a fluorophore linked to a weak base that is only 

partially protonated at neutral pH, is freely permeant to cell membranes and typically 

concentrate in acid spherical organelles.  

16. Induced pluripotent stem cells (iPSCs) culture and differentiation to neurons 

iPSCs were cultured in iPSC media (composed by mTeSR1, mTeSR1 supplement from 

StemCell Technologies and Penicillin/Streptomycin from Invitrogen). Cells were 

maintained at 37°C/5% CO2 and were split as necessary based on colony growth (∼6 days). 

iPSCs were manually groomed by removing any colonies with irregular borders, 

spontaneous differentiation or transparent centres, prior to splitting. 

To obtain iPSCs-derived neurons from SAD patients we tried two protocols: an embryoid 

aggregate protocol based on methods developed for human embryonic stem cells (hESCs), 

and another protocol based on a dual SMAD inhibition cultured in monolayer. 
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16.1. Embryoid aggregate differentiation protocol  

 

Figure 11. Time course of differentiation for embryoid aggregates. iPSC colonies were dissociated from mouse embryonic 

fibroblasts at day 1 (D1) and cultured as aggregates in suspension. Aggregates were plated onto culture dishes at day 7 (D7), 

forming primitive neuroepithelial (NE) structures. By day 17 (D17), definitive NE structures were present; NE structures were 

manually isolated and further cultured in suspension. Cells were plated for final differentiation at day 24 (D24). Arrows 

indicate media changes across differentiation. Boxes indicate differentiation state (image from Muratore et al., 2014). 

Figure 11 shows the schematic timeline for the aggregate protocol. For the induction of 

forebrain neurons, iPSCs were differentiated using an embryoid body-based protocol (Zeng 

et al., 2010). Colonies with irregular borders, spontaneous differentiation or transparent 

centres were removed prior to splitting. Aggregates were formed by dissociating iPSCs as 

large clusters at day 1, followed by suspension in culture for five days in serum-free iPS 

media (without FGF2), with media changes every day. At day 5, aggregates were washed 

with N2 neural induction media and then fed with N2 neural induction media. On day 7, 

aggregates were plated on Matrigel® at about 20–30 aggregates/well for the formation of 

primitive neuroepithelial cells in N2 neural induction media. At day 17, neural rosette 

structures were selected, with STEMDiff neural rosette selection reagent from plates (used 

per the manufacturer’s instructions, StemCell Technologies), added 1 h at 37°C, and 

suspended in non-adherent culture flasks for another week in N2/B27 neural induction 

media with cAMP and IGF-1, changing media every 2 days. This step aims to select for 

definitive neuroepithelial cells since many non-neuroepithelia cell types adhere to the flask. 

At day 24, aggregates were plated on Matrigel® (10 aggregates/well of 6 well plate) and 

allowed to mature for an additional 15–30 days in neural differentiation media with ROCK 

inhibitor (Stem RD, 10 µM). A full media change was performed every 2–3 days. 
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16.2. Dual SMAD inhibition differentiation protocol 

Figure 12. Time course of differentiation using dual-SMAD inhibition. iPSC colonies were dissociated at day 1 (D1) and 

plated as a monolayer. Small molecules and growth factors were added as indicated. At day 11 cells were split and replated in 

neural differentiation media (image modified from Muratore et al., 2014). 

Figure 12 shows the schematic timeline for the dual SMAD inhibition monolayer protocol, 

an alternate method for the induction of forebrain neurons. iPSCs were differentiated using a 

monolayer protocol (Chambers et al., 2009). iPSCs were manually groomed by removing 

any colonies with irregular borders, spontaneous differentiation or transparent centers. To 

initiate differentiation, cells were dissociated with TrypLE (Invitrogen) for 5 min at 37°C. 

The cells were then disaggregated to form a single cell suspension, centrifuged 100g for 5 

min and plated as a monolayer (day 0) with a concentration of 20,000 cells/cm2 in iPSCs 

media (mTeSR1). After cells reached 90% confluency (D1), media was changed to N2/B27 

neural induction media supplemented with Dorsomorphin (200 ng/mL) and SB431542 (10 

mM). Cells were split at day 11 using TrypLE and re-plated in neural differentiation media 

onto 6-well plates coated with Matrigel®. 

16.3. iPSCs differentiation media 

Culture medium components were purchased from Gibco Laboratories. 

N2 neural induction medium. DMEM/F12, N2 supplement, MEM-NEAA (Lonza), 

Penicillin/Streptomycin (Invitrogen) and Heparin (Sigma-Aldrich). 

N2/B27 neural induction medium. DMEM/F12, N2 supplement, B27 supplement, MEM-

NEAA (Lonza), Penicillin/Streptomycin (Invitrogen) and Heparin (Sigma-Aldrich), with the 

addition of fresh cAMP (Sigma, 1 µM) and IGF1 (Immuno Tools, 10 ng/mL) to the 

medium. 

+ Dorsomorphin 

D1 
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Neural differentiation medium. Neurobasal medium, N2 supplement, B27 supplement, 

MEM-NEAA (Lonza) and Penicillin/Streptomycin (Invitrogen), with the addition of fresh 

cAMP (Sigma, 1 µM), BDNF, GDNF, and IGF-1 (all ImmunoTools, 20 ng/mL) to the 

medium. 

17. Statistical analysis 

Graph values are expressed as mean ± standard error of the mean (SEM) or standard 

deviation (SD). Unless otherwise indicated in specific experiments, differences between 

groups were analyzed using the 2-tailed Student t test. Significance was recorded as 

*p<0.05; **p<0.01; ***p<0.001. 
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1. Analysis of APP processing in the presence of oxidative stress 

Besides the canonical pathway, recent studies describe additional routes of proteolytic 

processing of APP (non-canonical) that seem to be, at least partly, executed by enzymes of 

the lysosomal pathway (cysteine proteases, metalloproteinases), and generate proteolytic 

fragments capable of inhibiting neuronal activity in the hippocampus (Willem et al.2015). 

Based on data from our experimental model demonstrating that OS alters the lysosomal 

degradation system and the processing/metabolism of APP (Recuero et al., 2013), these new 

proteolytic processing routes of APP could, as with canonical pathways, be altered in aging 

and thus be part of the pathogenic mechanisms of neurodegeneration. Proteins involved in 

these alterations, and in particular the proteases of the lysosomal pathway capable of acting 

as APP secretases, would be potential targets to regulate neurodegeneration. 

With the aim of analyzing the effects of OS on APP processing, SK-N-MC human 

neuroblastoma cells were treated with the free radical generating system xanthine/xanthine 

oxidase (X-XOD), that produces a mild OS in these cells (Recuero et al., 2009).  

As a previous step the cell damage induced by this system was monitored by phase contrast 

microscopy, and the apoptotic cellular death was controlled analyzing by fluorescence 

microscopy the nuclear morphology of the cells stained with 4’, 6-diamidino-2-phenylindole 

(DAPI). As previously reported by our group in this cell model, at 24 hours no adverse 

effects were observed, but at 48 hours a high proportion of cells showed condensed nuclear 

chromatin, revealing the apoptosis induced by X-XOD that was still undetectable at 24h 

(Recuero et al., 2010). These results confirmed that the behavior of the cells allows the 

performance of all the studies under conditions of minimal cell damage, previous to the 

outcome of the apoptotic death. 

1.1 APP proteolytic fragment pattern induced by OS 

Probably the most studied modification of APP is its proteolytic processing, which is 

intimately linked with its intracellular trafficking and generates, apart from Aβ peptides, 

multiple fragments with either neuroprotective or neurotoxic capabilities (Nhan et al., 2015). 

In our cell model the levels of Aβ are low due to the lack of APP transfection, therefore we 

decided to study the levels of amyloid oligomers, that are more neurotoxic, with the A11 

antibody, a structural antibody that recognizes oligomers. 
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To study the proteolytic processing of APP we performed Western Blot analysis of SK-N-

MC cell lysates with anti-APP antibodies: anti N-terminal (22C11), anti C-terminal and anti 

β amyloid (6E10). Given that amyloid oligomers are more neurotoxic we also used an anti-

oligomer antibody (A11). The results revealed specific bands corresponding to APP (full 

length APP - blue arrow), higher molecular weight bands probably corresponding to post-

translational modifications (e.g. glycosilation), and lower molecular weight bands probably 

representing proteolytic fragments. In Figure 13 the specific bands that significantly change 

in X-XOD treated cells are noted with red arrows: the most prominent one has an 

approximate molecular weight of 85 kDa and would correspond to a N-terminal part of APP 

since it is recognized only by 22C11; furthermore, the sequencing of this band revealed us 

that it contains APP N-terminal sequences, but not the Aβ or CTF parts. In addition, there 

was an increase of CTFs (band of around 15 kDa recognized by anti C-terminal antibody) 

that we have studied previously (Recuero et al., 2013), and a band of around 56 kDa 

recognized by A11 (anti oligomer).  

 

Figure 13. APP processing changes induced by OS. X-XOD induces three derivatives of APP of about 85 kDa, 56 kDa and 

15 kDa CTF (previously studied). SK-N-MC cells were treated with X-XOD. After incubation for 24 h, cells were lysed and 

western blotting was performed using anti-N terminal APP (22C11), anti-C terminal APP (Ct), anti-Aβ (6E10) and anti-

oligomer (A11) antibodies. α-tubulin blot is shown as loading control.  

In summary, OS induced two prominent bands recognized by APP specific antibodies that 

will be the focus of our subsequent studies in this thesis: one of 85 kDa recognized by the 

N-terminal specific antibody 22C11 (herein referred to as APP85) and another one of about 

56 kDa recognized by the oligomer specific A11 antibody.  
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1.2. Subcellular location of APP derived products  

Because APP is majoritarily located in membranes of the lysosomal system, and its 

processing takes place mainly in the endo-lysosomes (Soldano et al., 2012), we decided to 

explore the subcellular location of the APP derivatives that accumulate under OS conditions. 

For this purpose, cells were fractionated, following the method of Avrahami (Avrahami et 

al., 2013), to separate out a fraction enriched in lysosomes and late-endosomes (L/LE). APP 

was preferentially located in the L/LE fraction, as well as the oligomeric form (56 kDa) 

recognized by A11, whereas the APP85 band recognized by 22C11 was evenly distributed 

in both fractions (Cyt and L/LE). In the X-XOD treated cells, all the bands, including APP 

and their derivatives and the endo-lysosomal markers LAMP1, Rab7 an EEA1 were clearly 

increased. We also analyzed the location of the two candidate proteases that will be studied 

in this thesis (CTSB and MMP-14, see next chapter for the selection process), which were 

also located in the L/E fraction. MMP-14 levels increased in X-XOD treated cells, whereas 

CTSB was clearly reduced. 

 

Figure 14. APP, amyloid oligomers and selected proteases were located in L/LE fraction. SK-N-MC cells were treated 

with X-XOD for 24 h and then fractionated by differential centrifugation. Western blotting was performed using anti-oligomer 

(A11), anti-APP (22C11), anti-CTSB, anti-MMP-14, anti-LAMP1, anti-Rab7 and anti-EEA1 antibodies. The protein quantity 

determined by a BCA assay was used as the loading control. A representative blot of three independent experiments is shown. 

Cyt: cytosol fraction; L/LE: lysosome-late endosome fraction. 
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1.3. Identification of the 56 kDa band induced by OS as oligomeric Aβ 

Since products of APP containing the whole Aβ peptide are the result of the amyloidogenic 

pathway, classically considered as the pathogenic one, we considered of high interest to 

follow these amyloid-containing products. The direct detection of the peptide is not possible 

in our cells due to its very low levels (Santana et al., 2013), and that was the initial reason 

why we decided to take advantage of the A11 antibody. This antibody specifically detects 

soluble amyloid assemblies distinct from fibrillar Aβ; it is claimed to recognize a peptide 

backbone epitope that is common to amyloid oligomers, but is not found in native proteins, 

amyloid monomer or mature amyloid fibrils (datasheet from Origene, TA326459). Because 

A11 is able to cross-react with amyloid structures of proteins different from Aβ and APP 

fragments, immunoprecipitation assays were carried out to assure that the 56 kDa band 

recognized by this antibody correspond to Aβ oligomers.  

Immunoprecipitation of the A11 band with the monoclonal antibody 6E10 (which 

recognizes Aβ, βCTF and APP), but not with the C-terminal APP antibody, indicated it to be 

an Aβ oligomeric form derived from APP proteolysis (Figure 15). Based on its 

electrophoretic migration, this amyloid oligomer probably corresponds either to the 56 kDa 

soluble Aβ assembly known as Aβ*56 (detected in brain of AD transgenic rat model by 

Lesne et al., 2006) or to the more recently described oligomeric Aβ assemblies found in both 

aging and AD brains (Baker-Nigh et al., 2015). 

 

Figure 15. Immunoprecipitation of the A11-recognized band with 6E10 and C-terminal antibodies. SK-N-MC cells were 

treated with X-XOD. After incubation for 24 h, immunoprecipitation was performed using the 6E10 antibody and the anti-APP 

C-terminal fragment antibody, followed by Western blotting with antibody A11. A representative blot of three independent 

experiments is shown.  
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2. Involvement of candidate proteases in APP processing and in lysosomal 

function 

Increasing evidence indicate that the lysosomal system is altered in AD. Lysosomal 

hydrolase-containing compartments are massively accumulated in atrophic and degenerating 

neurons or their processes, and they are released into the extracellular space where they then 

contribute to senile plaque formation (Cataldo et al., 1991). Increased expression of 

lysosomal enzymes is observed during the early stages of AD (Cataldo et al., 1996). It has 

been reported that, in neuronal cells, APP is enriched in the lysosomes, and that it is rapidly 

and directly trafficked toward this compartment (Haas et al., 2012). Thus, the 

endosomal/lysosomal system may play a central role in the pathophysiology of AD, and the 

type of proteolysis that APP undergoes may be related to the mechanism by which the 

protein is mobilized to the lysosomes (Lorenzen et al., 2010). 

In order to study the role of non-canonical secretases capable of mediating the changes in 

the processing of APP and in the lysosomal pathway induced by OS in our cellular model, 

we chose candidate proteases based on the following criteria: i) their recognition sites in 

APP should be compatible with the proteolytic fragments observed in Figure 13, ii) their 

expression should be modulated by OS and iii) they should be located or related with the 

endo-lysosomal system. These criteria were applied to the APP secretases previously 

described in the literature (see a scheme in Figure 16), that were expressed in the SK-N-MC 

cells and modulated in our model of OS (Table 5). Moreover, we analyzed their intracellular 

location, being of relevance their presence in lysosomes, in accordance with studies of our 

group that revealed the profound impairment of the lysosome system induced by OS in 

SK-N-MC cells infected with HSV-1 (Kristen et al., 2018). 
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Figure 16. Scheme of APP (APP695 isoform) cleavage by canonical (red arrows) and non-canonical secretases (blue 

arrows). Cysteine proteases are represented at the upper part of the figure and metalloproteinases at the bottom part of the 

figure. The residue by which APP is cleaved is indicated in brackets. 

Table 5. Modulation of metalloproteinases and cysteine proteases expression by OS. 

Gene fold 24h fold 36h  Gene fold 24h fold 36h 
MEP1A 0,96 0,94  CTSA 1,39 1,50 
MMP1 1,02 4,85  CTSA 1,07 1,54 

MMP11 1,07 1,04  CTSB 0,74 0,60 
MMP14 1,37 2,01  CTSC 0,89 1,30 
MMP15 0,88 1,20  CTSC 0,84 0,68 
MMP17 0,90 0,95  CTSC 0,78 0,92 
MMP19 0,87 1,10  CTSD 0,79 1,19 
MMP19 0,91 1,13  CTSE 0,90 0,98 
MMP21 1,00 0,97  CTSF 1,51 1,18 

MMP23B 0,80 0,92  CTSG 0,85 0,89 
MMP25 0,90 0,86  CTSH 0,95 0,73 
MMP25 1,08 0,94  CTSK 1,15 0,94 
MMP28 0,70 0,84     
MMP9 1,11 1,11     
LGMN 0,89 1,17      

SK-N-MC cells were treated with X-XOD for 24 h or 36 h. mRNA levels were analyzed in whole human genome expression 

microarrays. Candidate genes with basal expression levels above a given threshold (4.0 arbitrary units) were selected. 

Expression is shown as the fold change of X-XOD treated compared to control cells at 24 and 36 hours. 

With these criteria, cathepsin B and Matrix metalloproteinase 14 were selected as the 

strongest candidates. Their enzymatic activity and protein levels were modulated by 

pharmacological inhibition or by gene silencing and their involvement on the APP 

processing and on the lysosomal pathway changes induced by OS were studied. 
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2.1 Cathepsin B 

Cathepsins reside in the endo-lysosome system where β-secretase activity mainly occurs 

(Soldano et al., 2014). Cathepsin B (CTSB) is a cysteine protease with the ability to cleave 

APP at the same site than β–secretase (Hook et al., 2005) and degrades the Aβ42 peptide, 

starting at its C-terminal (Mueller-Steiner et al., 2006). Moreover, mature and proenzyme 

forms of CTSB have been identified at early endosomes in most cases of AD patients, but 

only a small proportion at endosomes of normal brains (Cataldo et al., 1995). In this way, it 

likely plays an important role in the formation of the amyloid oligomers that we have 

detected in our model of mild OS. 

2.1.1. Pharmacological inhibition of CTSB 

CA-074 Me is an epoxysuccinyl peptide that acts as a potent and specific irreversible cell 

permeable cathepsin B inhibitor. Methyl ester (Me) is hydrolyzed by intracellular esterases 

releasing the active inhibitor. CA-074 Me action mechanism is not fully characterized, but 

some authors have described that its specificity for CTSB would be explained if it binds to 

CTSB in a substrate-like mode (Buttle et al., 1992). 

2.1.1.1 Effect of OS or CA-074 Me on CTSB  

Cathepsin B (CTSB) activity was assessed in SK-N-MC cells treated with the X-XOD free 

radical generating system for 24 h. To compare the effect of mild OS with the 

pharmacological inhibition of CTSB, cells were treated with CA-074 Me. CTSB activity 

was quantified using a fluorimetric assay. X-XOD treated cells showed CTSB activity to be 

reduced by up to 58% (Figure 17A) (p<0.001 compared to control culture). CA-074 Me 

reduced CTSB activity in a dose-dependent manner (Figure 17B) - by 97% (p<0.001) at its 

highest concentration (5 μM), 71% (p=0.0012) at an intermediate concentration (1 μM), and 

48% (p=0.011) at the lowest concentration (0.2 μM).  
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Figure 17. X-XOD and CA-074 Me reduce CTSB activity. SK-N-MC cells were treated with X-XOD or with the indicated 

concentrations of CA-074 Me. After incubation for 24 h, CTSB activity induced by OS (A) and CTSB inhibitor (B) were 

measured. Proteolysis of the fluorogenic substrate z-RR-AMC was used to monitor CTSB activity. The graphs show the mean 

(±SEM) fluorescence values expressed as a percentage of the control or vehicle value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-

test, n=3).  

To deepen in the effect of these treatments on CTSB, the active enzyme levels were 

examined by Western blotting in the same cell lysates, using a CTSB-specific antibody that 

recognizes the enzyme (25 kDa) and its precursor (pro-enzyme, 37-42 kDa). CTSB is 

synthesized as a pre-proenzyme, following removal of the signal peptide the inactive pro-

enzyme undergoes further modifications including removal of the pro region to result in the 

active enzyme. X-XOD (Figure 18A) induced a significant reduction in CTSB 

mature/active-form levels (0.61±0.08-fold vs. control; p=0.098). The CTSB inhibitor CA-

074 Me (Figure 18B) also induced significant reductions (0.45±0.04-, 0.61±0.16- and 

0.59±0.01-fold vs. control at 5 (p<0.001), 1 (p=0.049) and 0.2 (p=0.006) μM respectively).  

 

Figure 18. X-XOD and CA-074 Me reduce CTSB levels. SK-N-MC cells were treated with X-XOD or with the indicated 

concentrations of CA-074 Me. After incubation for 24 h, CTSB protein levels induced by OS (A) and CTSB inhibitor (B) were 

measured. Western blotting was performed using the anti-CTSB antibody. α-tubulin blot is shown as loading control. The 
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bands correspond to the pro-enzyme (top) and active enzyme (down) forms of CTSB. The data show the mean (±SEM) 

densitometry values (normalized by α-tubulin). Control or vehicle values were set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-

test, n=4). 

To confirm that the reduced activity was not due to any treatment-caused lessening of cell 

viability, MTT reduction assays were performed. Figure 19 (A and B) shows that none of 

the treatments reduced cell viability at 24 h of culture. 

 

Figure 19. Cell viability is not affected by X-XOD or CA-074 Me. The cells were treated with X-XOD or with the indicated 

concentrations of CA-074 Me. After incubation for 24 h, cell injury was analyzed via the MTT reduction assay. Values are 

expressed relative to the optical density of the control at 550 nm. Each value represents the mean of three replicates ± S.E.M. 

2.1.1.2. Effect of OS or CA-074 Me on APP processing 

The effect of mild OS on soluble amyloid oligomer levels was examined in cell lysates by 

Western blotting (Figure 20) using the polyclonal antibody A11. This antibody specifically 

detects soluble amyloid assemblies distinct from fibrillar Aβ. Since the amyloid oligomer 

derives from APP proteolytic processing, APP protein was analyzed in the same cell lysates 

by Western blotting using the 22C11 antibody which recognizes full-length APP and APP 

fragments containing the N-terminal region (sAPP). Figure 20A shows that treatment with 

X-XOD for 24 h led to a 3.85±1.07-fold increase in cellular APP levels (p=0.037) and a 

significant increase in a single band at 56 kDa (1.36±0.06-fold; p<0.001). The above results 

indicate that, during that period just before the transmission of cell death signals (24 h), the 

X-XOD system increases APP levels and intracellular soluble amyloid oligomer. 
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Figure 20. X-XOD and CA-074 Me increase amyloid oligomers levels. SK-N-MC cells were treated (A) with X-XOD or 

(B) with the indicated concentrations of CA-074 Me. After incubation for 24 h, Western blotting was performed using anti-N 

terminal APP antibody (22C11) and anti-oligomer antibody (A11). Representative blots for X-XOD (A) and CA-074 Me (B) 

treatments are shown. α-tubulin blot is shown as loading control. In the upper panel the band corresponds to high molecular 

weight amyloid oligomer, in the intermediate panel to APP, and in the lower to α-tubulin. The data show the mean (± SEM) 

densitometry values (normalized by α-tubulin). Control or vehicle values were set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-

test, n=4). 

The effect of the CTSB inhibitor CA-074 Me was also examined. Figure 20B shows that in 

the presence of CA-074 Me, the levels of amyloid oligomer were also increased, by 

1.32±0.07- and 1.53±0.40-fold at the (p=0.005) and 1 μM (p>0.05) concentrations of the 

inhibitor respectively, resulting to be significant only for the higher concentration.  In 

contrast, the levels of APP protein were not significantly affected by CA-074 Me treatment. 

Together, these results show that the inhibition of CTSB activity via mild OS or the 

pharmacological inhibitor leads to increased levels of amyloid oligomers, suggesting that 

the CTSB pathway is a participant in the formation of amyloid oligomers. 

2.1.1.3. Effect of CA-074 Me on the CTSB enzymatic activity produced by OS 

The mechanisms by which OS and the inhibitor works are different as deduced above. To 

deepen into it, we decided to analyze their effect together studying X-XOD treated cells in 

presence of CA-074 Me. Firstly, the quantification of CTSB activity with both treatments 

together (Figure 21) revealed a complete inhibition (up to 98%; p<0.001 vs. control culture), 

whereas the results with X-XOD or CA-074 Me alone were similar to those described above 

(Figure 17).  
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Figure 21. X-XOD combined with CA-074 Me reduces CTSB activity almost completely. SK-N-MC cells were treated 

with X-XOD in the presence or absence of CA-074 Me. After incubation for 24 h, CTSB activity was analyzed. Proteolysis of 

the fluorogenic substrate z-RR-AMC was used to monitor CTSB activity. The graph shows the mean (±SEM) fluorescence 

values expressed as a percentage of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4) 

The MTT reduction assay was performed to confirm that there was not a treatment-induced 

lessening of cell viability by the combination of the treatments (Figure 22). 

 

Figure 22. Cell viability is not affected by the combination of X-XOD with CA-074 Me. The cells were treated with X-

XOD) in the presence or absence of CA-074 Me. After incubation for 24 h, cell injury was analyzed via the MTT reduction 

assay. Values are expressed relative to the optical density of the control at 550 nm. Each value represents the mean of three 

replicates ± S.E.M. 

2.1.1.4. Effect of CA-074 Me on the APP processing induced by OS 

Although the two treatments (X-XOD system and the CTSB inhibitor) induced an increase 

of amyloid oligomer species, their effect on APP levels was different; whereas X-XOD 

increases APP levels, CTSB inhibitor does not (Figure 20). This suggested that X-XOD 

induced OS and the CTSB inhibitor modulate APP metabolism by different mechanisms. To 
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deepen in that complexity of APP metabolism modulation, the effect on the levels of 

amyloid oligomers and APP of mild OS in the presence of the CTSB inhibitor was then 

examined by Western blotting, using the A11 and 22C11 antibodies respectively. Figure 

23A shows that the increase in the 56 kDa amyloid oligomer induced by X-XOD was 

attenuated, in the presence of CA-074 Me (0.65±0.15-fold over X-XOD alone, p=0.05). The 

increase in APP protein induced by X-XOD was, however, significantly enhanced in the 

presence of CA-074 Me (3.03±0.57-fold over X-XOD alone; p=0.0083). The effect of both 

treatments together on soluble APP (sAPP) secretion was also examined by Western 

blotting using the 6E10 antibody, which recognizes secreted APP derived from non-

amyloidogenic α-cleavage (sAPPα). Figure 23B shows a 1.25±0.03-fold increase in sAPPα 

at the culture medium of cells treated for 24 h with X-XOD compared to control cells 

(p=0.011). This increase was further enhanced in the presence of CA-074 Me (1.37±0.05-

fold over X-XOD alone; p=0.027). These results indicate that the APP processing induced 

by mild OS is modulated by inhibiting CTSB, leading to an increase in intracellular APP 

and secreted sAPPα. 

 

Figure 23. CA-074 Me varies the APP metabolism/processing response to X-XOD. SK-N-MC cells were treated with X-

XOD in the presence or absence of CA-074 Me. After incubation for 24 h, cell cultures were examined A) intracellularly and 

B) extracellularly. (A) Intracellular: Western blotting analysis was performed using anti-N-terminal APP antibody (22C11) and 

the anti-oligomer antibody A11. A representative experiment is shown. α-tubulin blot is shown as loading control. In the upper 

panel, the band corresponds to high-molecular weight amyloid oligomer, in the intermediate to APP, and in the lower panel to 

α-tubulin. The data show the mean (± SEM) densitometry values (normalized by α-tubulin). Values for X-XOD were set at 1. 

∗∗∗p<0.001 (t-test, n=5). (B) Extracellular: secreted APP in the culture medium, derived from nonamyloidogenic α-cleavage 
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(sAPP α), was analyzed by Western blotting with the 6E10 antibody. The data show the mean (± SEM) densitometry values. 

Values for control or X-XOD were set at 1. ∗p<0.05, ∗∗∗p<0.01 (t-test, n=4). 

An immunofluorescence assay was performed to observe the intracellular pattern of APP 

with these treatments. As it was described previously by this group, APP was mainly 

localized in endolysosomal compartments (Recuero et al., 2013). APP immunoreactivity 

increase in the presence of OS and we can observe some condensed pattern (Figure 24). 

Moreover, the levels in cells treated with OS and CA-074 Me are even higher, which 

correlates with the results obtained by Western blot. 

 

Figure 24. CA-074 Me promotes the APP accumulation induced by X-XOD. SK-N-MC cells treated with X-XOD, in the 

presence or absence of CA-074 Me, for 24 h were examined by confocal microscopy. The representative panel shows 

immunofluorescence images for (A) the 22C11 (green) and (B) anti-C-terminal (red) antibodies. Original magnification: 63×. 

Scale bar: 10 μm. No staining was observed when the primary antibodies were omitted. 

These data indicate that the inhibition of CTSB increase the APP levels induced by OS and 

that CTSB modulates the APP processing at various levels, including the formation of 

amyloid oligomers. 

2.1.1.5. Effect of CA-074 Me on the lysosomal pathway changes induced by OS 

The autophagy–lysosomal pathway (ALP) is involved in the degradation of long-lived 

proteins. Deficits in the ALP result in protein aggregation, the generation of toxic protein 

species, and accumulation of dysfunctional organelles, which are hallmarks of AD. In AD 

defects in endocytosis and lysosomal function appear at the earliest stages of disease 

development, preceding the classical neuropathological hallmarks, and progress to 

widespread failure of intraneuronal waste clearance, neuritic dystrophy and neuronal cell 

death. Several genetic factors that cause or increase AD risk are also direct causes of 
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endosomal-lysosomal dysfunction, underscoring the essential partnership between this 

dysfunction and APP metabolites in AD pathogenesis. 

To analyze the lysosomal pathway, representative markers were measured by Western blot 

using antibodies specific for LAMP2 (lysosome membrane-associated protein) and CD63 

(lysosomal membrane integral protein). As shown in Figure 25, the levels of lysosomal 

proteins increased in X-XOD treated cells, being the increase even higher in combination 

with the CA-074 Me inhibitor. The effect of the inhibitor by its own was also an increase of 

lysosomal markers. 

 

Figure 25. CA-074 Me potentiates the increase in lysosomal markers induced by X-XOD. SK-N-MC cells were treated 

with X-XOD, in the presence or absence of CA-074 Me. After incubation for 24 h, Western blotting was performed using (A) 

anti-LAMP2 and (B) anti-CD63 antibodies. Representative experiment is shown. α-tubulin blot is shown as loading control. 

The data show the mean (± SEM) densitometry values (normalized by α-tubulin). Control value was set at 1. ∗p<0.05, 

∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=3) 

The lysosomal burden was measured using LysoTracker® that is a fluorescent acidotropic 

probe for labeling and tracking acidic organelles. As shown in Figure 26, in the fluorimetric 

assay of cells in the absence (black) or in the presence of the inhibitor CA-074 Me (grey) the 

lysosomal burden increase significantly in X-XOD treated cells by up to 183,6 % without 

inhibitor (p=0.001) and even more, by up to 239%, in the presence of CTSB inhibitor 

(p<0.001). 
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Figure 26. CA-074 Me favors the increase of lysosomal burden induced by X-XOD. SK-N-MC cells were treated with X-

XOD in the presence or absence of CA-074 Me. After incubation for 24 h, lysosomal quantity was analyzed by fluorimetric 

measurement of LysoTracker. The graph shows the mean (±SEM) fluorescence values expressed as a percentage of the control 

value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4) 

To analyze the intracellular location pattern of endolysosomal vesicles, immunofluorescence 

assays with the LysoTracker probe and LAMP2, CD63 and Rab7 specific antibodies were 

performed. As it is observed in Figure 27, all the markers increase in the presence of OS, 

being that increase even higher in cells treated with X-XOD together with CA-074 Me, as 

was especially evident for CD63 (Figure 27C). These results correlate with the Western blot 

data (Figure 25), confirming the increase in lysosomal burden induced by OS and CTSB 

inhibition.  
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Figure 27. CA-074 Me favors the accumulation of lysosomes induced by X-XOD. SK-N-MC cells treated with X-XOD, in 

the presence or absence of CA-074 Me, for 24 h were examined by confocal microscopy. The representative panel shows 

immunofluorescence images for (A) LysoTracker probe, (B) anti-LAMP2, (C) anti-CD63 and (D) anti-Rab7 antibodies. 

Original magnification: 63×. Scale bar: 10 μm. No staining was observed when the primary antibodies were omitted. 

Taken together, the results support the involvement of CTSB in the regulation of APP 

metabolism induced by mild OS and its role on the lysosomal pathway, and support the 

potential relevance of CTSB in AD. 

2.1.2. Gene silencing of CTSB 

To study the role of CTSB in the APP processing and in the lysosomal dysfunction induced 

by OS in a more stable cell model, we decide to generate SK-N-MC cells stably transfected 

with a shRNA specific for CTSB, as described in Methods. Cells were transfected and 

several CTSB deficient clones were selected, expanded and analyzed. 
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2.1.2.1. Characterization of CTSB deficient cell line 

To characterize the transfected cell lines CTSB activity and levels analysis were performed, 

and the clones with lower activity and expression were selected for the subsequent studies. 

Figure 28A shows that in some clones CTSB activity decreased significantly, which was 

corroborated by Western blot analyses (Figure 28B). The clone 14 had consistent results in 

both assays, therefore it was selected to work with. In comparison with SK-N-MC cells, the 

CTSB-deficient cell line 14 showed a clear reduction in activity and protein levels 

(approximately 75% reduction in both assays). The cell line transfected with a scrambled 

shRNA (clone 8) showed no decrease in CTSB. Determination of the CTSB mRNA levels 

by RT-qPCR confirmed the results obtained by Western blot as shown in Figure 28C. 

Moreover, mRNA levels of APP were also measured to take into account the possible 

changes in APP basal levels in the studies of APP processing (Figure 28D). A moderate 

decrease in the mRNA levels of APP (around 20%) was observed in the selected clone 14. 

 

Figure 28 Selection of CTSB deficient clones. (A) Analysis of the clones by CTSB activity. (B) Analysis of the clones by 

Western blot with an anti-CTSB antibody. (C) Analysis of the clones by RT-qPCR of CTSB and (D) APP. 

Once selected the clone to work with, CTSB deficient cells and non-deficient cells were 

treated with X-XOD. CTSB activity of deficient cells decreased by up to 80% (p<0.001) in 

comparison to non-deficient cells (black). A reduction of activity by up to 78 % (p=0.0035) 

in comparison to untreated deficient cells was observed (Figure 29), similar to the results 
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obtained in the non-deficient (71% of reduction, p<0.001) and in the SK-N-MC parental 

cells (previous chapter).  

 

Figure 29. X-XOD reduces the residual CTSB activity in deficient cells. CTSB deficient cells (grey) were treated with X-

XOD. After incubation for 24 h, CTSB activity was analyzed. Proteolysis of the fluorogenic substrate z-RR-AMC was used to 

monitor CTSB activity. The graph shows the mean (±SEM) fluorescence values expressed as a percentage of the untreated 

non-deficient cells (black) value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

2.1.2.2. Effect of OS on APP processing in CTSB deficient cells 

To study the effect of CTSB deficiency on APP processing induced by mild OS, deficient 

cells were treated with X-XOD and APP fragments were examined in cell lysates by 

Western blotting using the antibody 22C11 (Figure 30). We observed a significant increase 

of APP in the presence of X-XOD. The increase in APP induced by OS was higher in the 

CTSB deficient (2.5 fold) than in the clone 8 (1.7) although the difference didn’t reach 

statistical significance.  
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Figure 30. X-XOD induces higher increase of APP levels in CTSB deficient cells. CTSB deficient cells were treated with 

X-XOD. After incubation for 24 h, Western blotting was performed using anti-N terminal APP antibody (22C11). A 

representative experiment for X-XOD treatment is shown. α−tubulin blot is shown as loading control. The data show the mean 

(± SEM) densitometry values (normalized by α-tubulin). Control value was set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, 

n=3). 

The immunofluorescence assay of these cells with antibodies specific for APP, N-terminal 

(22C11) and for the C-terminal (anti-Ct) (Figure 31), revealed an increase of the levels of 

immunofluorescence and a more punctate pattern in the presence of X-XOD in the CTSB 

deficient cells. A similar effect was observed in X-XOD treated non-deficient cells. 

Comparing deficient cells with non-deficient cells, there was an increase of APP markers 

fluorescence associated to the CTSB deficiency. 

 

Figure 31. CTSB deficiency helps to the APP accumulation induced by X-XOD. CTSB deficient cells treated with X-XOD 

for 24 h were examined by confocal microscopy. The representative panel shows immunofluorescence images for the 22C11 

(green) and anti-C-terminal (red) antibodies. Original magnification: 63×. Scale bar: 10 μm. No staining was observed when 

the primary antibodies were omitted. 
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2.1.2.3. Study of lysosomal pathway changes in CTSB deficient cells  

As described in chapter 2.1.1.5, lysosomal markers were measured by Western blot using 

the antibodies specific for LAMP2 and CD63. X-XOD treated CTSB deficient cells showed 

higher levels of lysosomal proteins, especially CD63, than X-XOD treated non-deficient 

cells, indicating that CTSB deficiency promotes the increase of lysosomal markers induced 

by OS. 

 

Figure 32. CTSB deficiency cooperates to the lysosomal markers levels increase induced by X-XOD. CTSB deficient 

cells were treated with X-XOD. After incubation for 24 h, Western blotting was performed using anti-LAMP2 (A) and anti-

CD63 (B) antibodies. Representative experiment for X-XOD treatment is shown. α-tubulin blot is shown as loading control. In 

the upper panel the bands correspond to LAMP2 or CD63 and in the lower to α-tubulin. The data show the mean (± SEM) 

densitometry values (normalized by α-tubulin). Control value was set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=3) 

The lysosomal burden was measured with LysoTracker probe. As shown in Figure 33, 

LysoTracker basal levels decreases slightly but significantly (20% decrease, p=0.029) in 

deficient cells compared to non-deficient cells. As for the effect of OS, X-XOD treatment 

increased the lysosomal burden in both lines to similar levels with respect to their respective 

untreated cells (220% in clone 8 and 200% in clone 14, Figure 33). 
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Figure 33. CTSB deficiency decrease lysosomal burden. CTSB deficient cells were treated with X-XOD. After incubation 

for 24 h, lysosomal quantity was analyzed by fluorimetric measurement of LysoTracker. The graph shows the mean (±SEM) 

fluorescence values expressed as a percentage of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=3) 

The immunofluorescence assay of the CTSB deficient cells with the markers specific of the 

lysosomal pathway, LysoTracker probe and CD63, revealed an increase of their 

immunoreactivity in the presence of X-XOD in CTSB deficient cells in comparison to non-

deficient ones (Figure 34). The levels of lysosomal markers in immunofluorescence 

correlated with those obtained with Western blot analysis. 

 

Figure 34. CTSB deficiency improves the lysosomal accumulation induced by X-XOD. CTSB deficient cells were treated 

with X-XOD for 24 h and were examined by confocal microscopy. The representative panel shows immunofluorescence 

images for LysoTracker probe and anti-CD63 antibody. Original magnification: 63×. Scale bar: 10 μm. No staining was 

observed when the primary antibodies were omitted. 

In summary, the analysis of the lysosomal pathway indicated that, in the CTSB deficient 

cells, all the markers increased in the presence of OS to levels higher than those of the non-
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deficient cells, with the exception of Lysotracker probe analyzed by fluorimetry. These 

results are, therefore, in agreement with those obtained with the CTSB inhibitor CA-074 

Me. 

2.2. Matrix metalloproteinase 14 

Matrix metalloproteinase 14 (MMP-14 or MT1-MMP) was the first MMP to be identified as 

an integral membrane protein with a single transmembrane domain and a short cytoplasmic 

C-terminal tail. MMP-14 is expressed in a variety of tissues including brain and is inhibited 

by the endogenous tissue inhibitor of MMPs 2 (TIMP2). MMP-14 might be responsible, 

considering its potential cleaveage sites, of the APP85 that appears in our model of mild OS. 

2.2.1. Pharmacological inhibition of MMP-14 

There is a high structural homology between MMP catalytic domains which difficult the 

design of specific inhibitors of MMP-14. The modifications of other regulatory sites (e.g. 

linker or hemopexin domain) of the enzyme that affect the optimal conformation are 

becoming better tools (Sela-Passwell et al., 2010). 

NSC405020 is a cell-permeable pentanylbenzamide compound that acts as an allosteric, 

reversible, and selective inhibitor of the collagenolytic activity of MMP-14. It specifically 

targets the hemopexin (PEX) domain but not the catalytic domain of MMP-14, therefore it 

does not inhibit directly the catalytic activity of MMP-14, but influences the enzyme 

activity. NSC405020 directly interacts with and binds to PEX in a vicinity of Met-328, Arg-

330, Asp-376, Met-22 and Ser-470 of the druggable pocket in the full-length MMP-14 

structure, which affects the conformation and flexibility of blades I to IV of the β-propeller 

resulting in the decrease of the PEX-dependent homodimerization of cellular MMP-14 

(datasheet from APExBIO, A4051). 

2.2.1.1. Effect of NSC405020 on MMP-14 enzymatic activity induced by OS 

Metalloproteinase 14 (MMP-14) activity was assessed in SK-N-MC cells treated with the X-

XOD free radical generating system for 24 h. To compare the effect of mild OS with the 

pharmacological inhibition of MMP-14, cells were treated with NSC405020 (a specific 

inhibitor of this protease) or with GM6001 (a broad-spectrum hydroxamate inhibitor of 

MMPs). MMP-14 activity was quantified using a fluorimetric assay with a substrate for 
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MMP-14 and MMP-11, given that we did not find a more specific tool to analyze the 

activity of this metalloproteinase (although herein referred to as MMP-14 activity). X-XOD 

treated cells showed MMP-14 activity similar to control, whereas the generic matrix 

metalloproteinases inhibitor GM6001, alone or in combination with OS, reduced MMP-14 

activity by 15% (p=0.0136). In contrast, the NSC405020 inhibitor increased the MMP-14 

activity by 30% (p<0.001), possibly due to its lack of direct action on the catalytic pocket of 

the enzyme and/or a compensatory activation of MMP-11 (Figure 35). 

 

Figure 35. NSC405020 increases MMP-14 activity. SK-N-MC cells were treated with X-XOD in the presence or absence of 

NSC405020 or of GM6001. After incubation for 24 h, MMP-14 activity was analyzed. Proteolysis of the fluorogenic substrate 

MCA-PLA-C(OMeBz)-WAR(Dpa)-NH2 was used to monitor MMP-14 activity. The graph shows the mean (±SEM) 

fluorescence values expressed as a percentage of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4) 

To confirm that there was not any treatment-caused lessening of cell viability, MTT 

reduction assays were performed. Figure 36 shows a reduction of cell viability induced by 

NSC405020 at 24 h of culture.  

 

Figure 36. Cell growth is inhibited by NSC405020. The cells were treated with X-XOD in the presence or absence of 

NSC405020 or of GM6001. After incubation for 24 h, cell injury was analyzed via the MTT reduction assay. Values are 

expressed relative to the optical density of the control at 550 nm. Each value represents the mean of three replicates ± S.E.M. 

∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 
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Although there was a decrease of cell viability, when cells treated with this compound were 

observed at the microscope there was not cell death. This phenomenon may be due to a 

standby of cell growth. The cells stopped growing when this compound was added to the 

culture media, probably due to the role of NSC405020 as an anti-tumoral drug, able to 

repress the growth of tumor cells through its binding to the PEX domain of MMP-14 

(Remacle et al., 2012). 

MMP-14 protein levels were then examined by Western blotting, using an MMP-14-specific 

antibody that recognizes the monomeric form (active enzyme), the dimeric form and some 

degraded forms of MMP-14 (Figure 37). The levels of the monomeric form, which is the 

active enzyme, increased significantly in cells treated with X-XOD as well as in cells treated 

with X-XOD and GM6001. In cells treated with X-XOD and NSC405020 the increase was 

impaired. The inhibitors had not significant effects on protein levels by themselves. 

 

Figure 37. X-XOD increases MMP-14 levels, but when combined with NSC405020 impairs the increase. SK-N-MC cells 

were treated with X-XOD in the presence or absence of NSC405020 or of GM6001. After incubation for 24 h, Western 

blotting was performed using anti-MMP-14 antibody. α-tubulin blot is shown as loading control (lower panel). Representative 

experiment is shown. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

The immunofluorescence assay of these treated cells with an antibody specific for MMP-14 

revealed a different location pattern in the presence of X-XOD, more punctated. A more 

condensed pattern was observed in the presence of the NSC405020 inhibitor, probably due 

to its role on conformation and dimerization of the MMP-14 protein. Similar effect to 

NSC405020 was observed in GM6001 treated cells in the presence of X-XOD, suggesting 

that the effect of the inhibitors on MMP-14 levels and in the intracellular location pattern is 

increased by the induction of OS. 
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Figure 38. MMP-14 accumulates in the presence of X-XOD combined with NSC405020. SK-N-MC cells treated with X-

XOD, in the presence or absence of NSC405020 or of GM6001, for 24 h were examined by confocal microscopy. The 

representative panel shows immunofluorescence images for anti-MMP-14 antibody. Original magnification: 63×. Scale bar: 10 

μm. No staining was observed when the primary antibodies was omitted. 

2.2.1.2. Effect of NSC405020 on APP processing induced by OS 

Regarding the APP processing, the effect of mild OS and the inhibitor NSC405020 on APP 

fragments was examined in cell lysates by Western blotting using the antibody 22C11 

(Figure 39). The most striking effect of the inhibitor was a marked decrease of the APP85 

induced by X-XOD (as observed in Figure 13) in the SK-N-MC cells. This decrease (80%) 

is higher than that of APP levels in X-XOD combined with NSC405020 treated cells 

compared to X-XOD alone (less than 40%) indicating that it is due to an alteration in APP 

proteolysis more than a mere result of APP level changes. No effect on the levels of APP or 

APP85 was observed in cells treated with the broad-spectrum inhibitor GM6001, indicating 

that the inhibition of APP85 induced by OS was MMP-14 specific. 
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Figure 39. NSC405020 prevents the formation of the 85kDa APP fragment induced by OS. SK-N-MC cells were treated 

with X-XOD in the presence or absence of NSC405020 or of GM6001. After incubation for 24 h, cell cultures were examined 

by Western blot using the anti-N-terminal APP antibody (22C11). A representative experiment is shown. In the upper panel, 

the bands correspond to APP and APP fragments, and in the lower panel to α-tubulin. The data show the mean (± SEM) 

densitometry values (normalized by α-tubulin). Values for control were set at 1 in APP. Values for X-XOD were set at 1 in 

APP85. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

The immunofluorescence assay of these treated cells with antibodies specific for APP 

(22C11 for the N-terminal (A) and Ct for the C-terminal (B)) revealed an increase of the 

levels of immunofluorescence and a different pattern in the presence of X-XOD, more 

punctated (Figure 40). In the presence of X-XOD and the NSC405020 inhibitor a decrease 

of immunofluorescence with respect to X-XOD alone was observed. These correlated with 

the Western blot where APP band decreased and the APP85 even disappeared. No 

additional effect of GM6001 in signal intensity was observed in X-XOD treated cells, but a 

reorganization of APP seemed to appear. 

 

Figure 40. NSC405020 reduces the accumulation of APP induced by OS. SK-N-MC cells treated with X-XOD, in the 

presence or absence of NSC405020 or of GM6001, for 24 h were examined by confocal microscopy. The representative panel 

shows immunofluorescence images for (A) the 22C11 (green) and (B) anti-C-terminal (red) antibodies. Original magnification: 

63×. Scale bar: 10 μm. No staining was observed when the primary antibodies were omitted. 
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Taken these results together, they support the involvement of MMP-14 in the regulation of 

APP metabolism by mild OS. The inhibition of MMP-14 decreases the levels of APP85, 

what suggest to be the η secretase in our cell model, and supports the role of MMP-14 in 

AD pathogenesis. 

2.2.1.3. Effect of NSC405020 on lysosomal pathway changes induced by OS  

The lysosomal markers were measured by Western blot using the antibodies specific for 

LAMP2 and CD63 (Figure 41). The lysosomal markers increased in cells treated with X-

XOD, and also in X-XOD and GM6001 treated cells. In contrast, cells treated with X-XOD 

and NSC405020 decreased its levels of lysosomal proteins compared to X-XOD alone. 

These results suggest that MMP-14 has a role in the lysosomal pathway. The inhibition of 

MMP-14 decreased the lysosomal markers induced by OS, parallely to the results observed 

with these treatments on the APP85. 

 

Figure 41. NSC405020 diminishes the lysosomal markers levels increase induced by OS. SK-N-MC cells were treated 

with X-XOD in the presence or absence of NSC405020 or of GM6001. After incubation for 24 h, cell cultures were examined 

by Western blot using the anti-LAMP2 and anti-CD63. α-tubulin blot is shown as loading control. A representative experiment 

is shown. The data show the mean (± SEM) densitometry values (normalized by α-tubulin). (n=4). 

The lysosomal burden was measured using the acidotropic probe LysoTracker®. As shown 

in Figure 42, X-XOD treated cells increased significantly the LysoTracker fluorescence 

(increased by 183%, p=0.0014). Although the increase in cells treated with X-XOD and 

NSC405020 in comparison to control cells was still significant (increased by 57%, 

p<0.0001), its level decreased significantly in comparison to X-XOD alone (p=0.0087), 

impairing the increase of the lysosomal burden. GM6001 and NSC405020 had no 

significant effect on the lysosomal burden. 
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Figure 42. NSC405020 impairs the increase of lysosomal burden induced by X-XOD. SK-N-MC cells were treated with 

X-XOD in the presence or absence of NSC405020 or of GM6001. After incubation for 24 h, lysosomal quantity was analyzed 

by fluorimetric measurement of LysoTracker. The graph shows the mean (±SEM) fluorescence values expressed as a 

percentage of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

To analyze the intracellular location pattern of the endolysosomal markers, 

immunofluorescence assays were performed. As it is observed in Figure 43, all the markers 

increased in the presence of OS, but this increase was impaired in cells treated with X-XOD 

in combination with NSC405020. No effect was observed in the presence of the GM6001 

inhibitor. These results correlate with the ones obtained by Western blot (Figure 41) and 

with the fluorimetric quantification of LysoTracker, indicating that MMP-14 inhibition 

avoid the increment of lysosomal burden induced by OS. 
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Figure 43. NSC405020 impairs the accumulation of lysosomes induced by X-XOD. SK-N-MC cells treated with X-XOD, 

in the presence or absence of NSC405020 or of GM6001, for 24 h were examined by confocal microscopy. The representative 

panel shows immunofluorescence images for (A) LysoTracker, (B) anti-LAMP2, (C) anti-CD63 and (D) anti-Rab7 antibodies. 

Original magnification: 63×. Scale bar: 10 μm. No staining was observed when the primary antibodies were omitted.  

Taken all the above results together, MMP-14 seems to be part of the mechanism mediating 

the connection between lysosomal alterations and APP proteolysis, specially the 

disappearance of the APP85, that mild oxidative stress induces in our SK-M-NC 

neuroblastoma cell model. 

2.2.2. Gene silencing of MMP-14 

To study the role of MMP-14 on APP processing and on the lysosomal dysfunction induced 

by OS our next step was to generate a suitable cell model. To achieve this, SK-N-MC cells 

were stably transfected with a shRNA specific for MMP-14. Several MMP-14 deficient 

clones were selected, expanded and analyzed by Western blot. The clone with lower 

expression (clone 3) was selected for the following studies. Moreover, cells were transfected 

with a scrambled shRNA (clone 8). 
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2.2.2.1. Characterization of MMP-14 deficient cell line – MMP-14 enzymatic 

activity 

MMP-14 activity was quantified as described before (chapter 2.2.1.1) The deficient clone 3 

showed a significant reduction in comparison to non-deficient clone 8 cells (by up to 28%, 

p=0.00157) (Figure 44A). The activity did not decrease as much as expected probably due 

to the substrate, that is processed by MMP-11 and MMP-14, as previously mentioned. 

However, the Western blot showed a significant decrease of MMP-14 levels (Figure 44B), 

approximately a 75% reduction, confirming the silencing of MMP-14. X-XOD treatment did 

not produce significant changes, although a trend for an increase in the protein levels was 

observed in both cell lines, in accordance with the effects observed in the SK-N-MC 

parental cell line. Determination of the relative MMP-14 mRNA levels by RT-qPCR 

confirmed the results obtained by Western blot as shown in Figure 44C. Moreover, mRNA 

levels of APP were also measured to take into account the possible changes in APP basal 

levels in the studies of APP processing (Figure 44D). There was no changes on mRNA 

levels of APP in MMP-14 deficient cells compared to control clone 8. 

 

Figure 44. Characterization of MMP-14 deficient cells. (A) Analysis of the clones by MMP-14 activity, (B) Analysis of the 

clones by Western blot with an anti-MMP-14 antibody, (C) Analysis of the clones by RT-qPCR of MMP-14 and (D) APP. SK-

N-MC deficient cells were treated with X-XOD. After incubation for 24 h, MMP-14 activity or expression was analyzed. A. 
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Proteolysis of the fluorogenic substrate MCA-PLA-C(OMeBz)-WAR(Dpa)-NH2 was used to monitor MMP-14 activity. The 

graph shows the mean (±SEM) fluorescence values expressed as a percentage of the control value. ∗p<0.05, ∗∗p<0.01 and 

∗∗∗p<0.01 (t-test, n=4). B. Western blot analysis with anti-MMP-14 antibody. α-tubulin blot is shown as loading control. The 

data show the mean (± SEM) densitometry values (normalized by α-tubulin). Values for control were set at 1. 

2.2.2.2. Characterization of APP proteolytic fragments induced by OS in MMP-14 

deficient cells 

Regarding the APP processing, the effect of mild OS in deficient cells was examined in cell 

lysates by Western blotting using the antibody 22C11 (Figure 45). We observed a 

significant decrease of the APP85 that appears in the presence of X-XOD in non-deficient 

cells. 

 

Figure 45. MMP-14 deficiency precludes the formation of an X-XOD induced APP85. MMP-14 deficient cells were 

treated with X-XOD. After incubation for 24 h, cell cultures were examined by Western blot using the anti-N-terminal APP 

antibody (22C11). α-tubulin blot is shown as loading control. A representative experiment is shown. In the upper panel, the 

bands correspond to APP and APP fragments, and in the lower panel to α-tubulin. The data show the mean (± SEM) 

densitometry values (normalized by α-tubulin). Values for control were set at 1 in APP. Values for X-XOD were set at 1 in 

APP85. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

As shown in Figure 46, the immunofluorescence assay of these treated cells with an 

antibody specific for the N-terminal region of APP (22C11) revealed an increase of the 

levels of APP and a different pattern in the presence of X-XOD, and apparently no 

differences between deficient and non-deficient cells. 
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Figure 46. MMP-14 deficiency does not modify APP accumulation induced by X-XOD. MMP-14 deficient cells were 

treated with X-XOD for 24 h were examined by confocal microscopy. The representative panel shows immunofluorescence 

images for 22C11 (anti-N-terminal of APP) antibody. Original magnification: 63×. Scale bar: 10 μm. No staining was observed 

when the primary antibodies was omitted. 

2.2.2.3. Study of the lysosomal pathway changes in MMP-14 deficient cells 

Representative lysosomal markers were measured by Western blot using the specific 

antibodies for LAMP2 and CD63. X-XOD increased the levels of both markers, but to a 

lesser extent in the MMP-14 deficient cells. 

 

Figure 47. MMP-14 deficiency impairs the increase of lysosomal markers induced by OS. MMP-14 deficient cells were 

treated with X-XOD in the presence or absence of NSC405020. After incubation for 24 h, cell cultures were examined by 

Western blot using the anti-LAMP2 (A) and anti-CD63 (B) antibodies. α-tubulin blot is shown as loading control. A 

representative experiment is shown. The data show the mean (± SEM) densitometry values (normalized by α-tubulin). (n=4). 

The lysosomal burden was measured as described before. Figure 48 shows that LysoTracker 

fluorescence of untreated deficient cells decreased significantly in comparison to untreated 

non-deficient cells (by up to 45%, p=0.011). There is also a significant decrease in X-XOD 

deficient treated cells in comparison to X-XOD non-deficient treated cells (by up to 57%, 

p<0.001), although the relative LysoTracker fluorescence in X-XOD treated compared to 

untreated cells was similar in both deficient and non-deficient cells (between 2 - 2.2 fold) . 

MMP-14 deficiency impairs the increase of lysosomal markers induced by OS. 
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Figure 48. MMP-14 deficiency shows a diminution of the lysosomal burden. MMP-14 deficient cells were treated with X-

XOD. After incubation for 24 h, lysosomal quantity was analyzed by fluorimetric measurement of LysoTracker. The graph 

shows the mean (±SEM) fluorescence values expressed as a percentage of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 

(t-test, n=4). 

In summary, the analysis of stable silenced cells reinforces the results obtained with 

NSC405020 inhibitor, indicating that MMP-14 is part of the lysosomal system and is 

involved in the proteolysis of APP, specifically in the generation of APP85 induced by OS. 
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3. Effect of Herpes Simplex virus 1 in the APP processing and in the lysosomal 

pathway changes induced by OS 

Growing evidence support that chronic or latent infection of the CNS might be implicated in 

the etiology of AD (Miklossy, 2011). The idea of the so-called pathogen/infectious 

hypothesis came up in the 1960s and has gained support since then. First evidence came 

from the fact that several microbes can access the CNS, remain there in latent form by 

evading the host immune response, and that they are highly prevalent in the AD brain 

(Harris et al., 2015). The hypothesis states that in combination with genetic risk factors, 

these pathogens participate in the generation of the Aβ peptide, tau hyperphosphorylation 

and inflammation. Of all studied pathogens in relation with AD, HSV-1 has emerged as a 

major factor in the etiology of the disease (Itzhaki, 2014 and 2016). Moreover, HSV-1 is a 

ubiquitous neurotropic virus, with a worldwide seroprevalence of more than 80% in adults. 

It usually enters orofacial mucosal epithelia cells where productive infection takes place. 

From there, the virus can spread to neurons of the trigeminal ganglia innervating the 

epithelium where it can establish lifelong latency (Kennedy et al., 2015; Nicoll et al., 2012). 

After primary infection, the virus can replicate or stay latent in the neuron cell body until 

reactivation by diverse stimuli, like stress and immunosuppression associated with aging. 

Our group has reported that OS modulates the lysosomal pathway in infected cells and that 

HSV-1 is able to induce the accumulation of Aβ. When OS is induced in infected neurons, 

the alterations in the lysosomal pathway and in amyloidogenesis are mutually potentiated 

(Kristen 2018). 

 

To study the role of HSV-1 in relation with the candidate genes studied in the previous 

chapters, all the experiments were repeated in infected cells. Previously, we assess the 

multiplicity of infection (moi) at 24 h needed for infecting the majority of the cells without a 

massive cell lose. Immunofluorescence assay was performed with an HSV-1 specific 

antibody in cells infected at a moi ranging from 0.1 to 1 pfu/cell (Figure 49). 

Immunofluorescence analysis confirmed that almost all cells were infected at the maximum 

viral dose for that time of infection, and that X-XOD decreased the infection, as had been 

previously described by our group (Santana et al., 2013). So, a moi of 1 pfu/cell will be used 

for all the experiments. 
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Figure 49. Dose curve of HSV-1 infection. SK-N-MC cells were infected with HSV-1 at different moi, from 0,05 to 1 

pfu/cell, and treated with X-XOD. After incubation for 24 h were examined by confocal microscopy. The panel shows 

immunofluorescence images for the anti-HSV-1 antibody. Original magnification: 63×. Scale bar: 10 μm. No staining was 

observed when the primary antibodies were omitted. 

3.1. Involvement of Cathepsin B 

To study the interplay between OS and the virus to modulate APP processing and the 

lysosomal pathway markers, as well as the potential role of CTSB in these events, cells were 

studied as described in previous chapters (2.1.1 and 2.1.2) but adding HSV-1 to the 

treatments. To investigate the possible participation of CTSB in the results obtained, 

SK-N-MC cells treated with the specific inhibitor and the stable cell line silenced for CTSB 

(Clone 14), along with the control cell line (Clone 8) were examined. Because the studied 

effects were almost identical in the cells treated with the inhibitor CA-074 Me or genetically 

silenced for CTSB, we present the experiments performed with the inhibitor here and the 

results of silenced cells are attached as Annex I to the thesis. 

3.1.1. Effect of HSV-1 on CTSB enzymatic activity 

The effect of HSV-1 alone or in combination with X-XOD was analyzed in SK-N-MC cells 

in the absence or presence of the CTSB inhibitor CA-074 Me. CTSB activity was quantified 

using the same fluorometric assay, used in previous chapters. SK-N-MC cells infected with 

HSV-1 displayed a reduction of CTSB activity in infected cells that was similar in the 

absence (23%; p=0.016) or presence of OS (23%; p=0.018) compared to their uninfected 

partners (control and X-XOD treated cells respectively) (Figure 50). The CTSB inhibitor, as 
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previously described, decreased the activity by up to 96% (p<0.001) consequently the effect 

of the infection was undetected in the cells treated with the inhibitor. 

Figure 

50. HSV-1 reduces CTSB activity. SK-N-MC cells were infected with HSV-1 and treated with X-XOD in the presence (grey) 

or absence (black) of CA-074 Me. After incubation for 24 h, CTSB activity was analyzed. Proteolysis of the fluorogenic 

substrate z-RR-AMC was used to monitor CTSB activity. The graph shows the mean (±SEM) fluorescence values expressed as 

a percentage of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

In summary, the effect of HSV-1 infection was a reduction of CTSB activity. Since HSV-1 

is known to inhibit the transcription of numerous cellular genes, CTSB mRNA levels were 

measured by RT-qPCR to determine if the changes in activity were attributable to 

transcriptional changes. As it is observed in Figure 51, the levels of CTSB mRNA do not 

change in the presence or absence of HSV-1, therefore there were no transcriptional effects 

responsible for the results obtained by Western blot. 

 

Figure 51. HSV-1 does not change CTSB mRNA levels. SK-N-MC cells were infected with HSV-1 in the presence or 

absence of X-XOD and the inhibitor CA-074 Me for 24 hours. The mRNA transcribed from CTSB was quantified by RT-

qPCR (as described in Methods) and normalized in terms of the GAPDH RNA levels. The relative quantity with respect to 

control cultures was determined by the ΔΔCt method using the RQ manager 1.2.1. software (Applied Biosystems). Error bars 

represent the 95% confidence interval. 
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3.1.2. Effect of HSV-1 on APP processing 

The effect of HSV-1 infection on the levels of APP and amyloid oligomers induced by mild 

OS were studied in the absence or presence of the CTSB inhibitor by Western blotting, 

using the 22C11 and the A11 antibodies. Figure 52 shows that the levels of APP protein 

slightly decreased by HSV-1 infection in comparison to not infected cells. This inhibition 

was more evident in cells treated with X-XOD or CA-074 Me.  Interestingly, in the presence 

of the inhibitor CA-074 Me the amyloid oligomers increased significantly in HSV-1 

infected cells whereas APP was decreased, suggesting that CTSB modulates APP 

metabolism at several levels and the possible interaction od CTSB and HSV-1. 

 

Figure 52. HSV-1 promotes the accumulation of amyloid oligomers induced by CTSB inhibition. SK-N-MC cells were 

infected with HSV-1 and treated with X-XOD. After incubation for 24 h, cell cultures were examined by Western blot using 

the anti-N-terminal APP antibody (22C11). Tubulin blot is shown as loading control. A representative experiment is shown. In 

the upper panel, the bands correspond to APP and APP fragments, and in the lower panel to α-tubulin. The data show the mean 

(± SEM) densitometry values (normalized by α-tubulin). Values for control were set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-

test, n=4). 

APP mRNA levels were measured by RT-qPCR to assess if the results obtained by Western 

blot were due to transcriptional changes. As it is observed in Figure 53, the levels of APP 

mRNA do not change in the presence or absence of HSV-1, therefore there were no 

transcriptional effects responsible for the results obtained by Western blot. 
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Figure 53. HSV-1 does not change the levels of APP mRNA. SK-N-MC cells were infected with HSV-1 in the presence or 

absence of X-XOD and the inhibitor CA-074 Me for 24 hours. The mRNA transcribed from APP was quantified by RT-qPCR 

(as described in Methods) and normalized in terms of the GAPDH RNA levels. The relative quantity with respect to control 

cultures was determined by the ΔΔCt method using the RQ manager 1.2.1. software (Applied Biosystems). Error bars represent 

the 95% confidence interval. 

An immunofluorescence assay was performed to analyze the effect of these treatments in 

HSV-1 infected cells on the subcellular distribution of APP (Figure 54). HSV-1 reorganizes 

the location of APP in the cell, condensing the fluorescence at some brilliant points. This 

condensation could be the reason why the levels of immunofluorescence not always seemed 

to decrease in the presence of HSV-1 (lower panel) as in the results obtained by Western 

blot (Figure 53). This reorganization is similar in all the treatments, suggesting no 

interactions with HSV-1. 

 

Figure 54. HSV-1 reorganizes the intracellular location of APP. SK-N-MC cells were infected with HSV-1 and treated with 

X-XOD in the presence or absence of CA-074 Me. After incubation for 24 h were examined by confocal microscopy. The 

representative panel shows immunofluorescence images for the 22C11 (anti N-terminal) antibody. Original magnification: 

63×. Scale bar: 10 μm. No staining was observed when the primary antibodies were omitted. 
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3.1.3. Effect of HSV-1 on the lysosomal pathway changes 

To analyze the lysosomal pathway some representative markers were measured by Western 

blot using the antibodies specific for LAMP2 and CD63 (Figure 55). A decrease of 

lysosomal proteins in the infected cells was observed in comparison to non-infected. In the 

presence of X-XOD the reduction is even higher suggesting that the HSV-1 infection 

reduces the number of vesicles of the lysosomal pathway. 

 

Figure 55. HSV-1 impairs the increase of the lysosomal markers induced by OS. SK-N-MC were infected with HSV-1 

cells and treated with X-XOD in the presence or absence of CA-074 Me. After incubation for 24 h, cell cultures were examined 

by Western blot using the anti-LAMP2 and anti-CD63 antibodies. Tubulin blot is shown as loading control. A representative 

experiment is shown. The data show the mean (± SEM) densitometry values normalized by α-tubulin (n=4). 

The lysosomal burden was measured using the acidotropic probe LysoTracker®. In the 

fluorometric assay the cells without the inhibitor (black) and the cells treated with the 

inhibitor CA-074 Me (grey) did not change the burden of acidic vesicles by the effect of 

HSV-1 infection (Figure 56). The effect of CA-074 inhibitor without infection is higher than 

its control, as it had been described above (Figure 25). According to this assay, this result is 

in disagreement with the Western Blot data of LAMP2 and CD63, probably due to their 

different targets; LAMP2 and CD63 are antibodies against lysosomal membrane and 

Lysotracker is a probe with affinity for acid pH. 
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Figure 56. HSV-1 does not change the lysosomal burden. SK-N-MC infected with HSV-1 cells were treated with X-XOD in 

the presence (grey) or absence (black) of CA-074 Me. After incubation for 24 h, lysosomal quantity was analyzed by 

fluorometric measurement of LysoTracker. The graph shows the mean (±SEM) fluorescence values expressed as a percentage 

of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4) 

To analyze the intracellular location pattern of the endolysosomal markers, 

immunofluorescence assays were performed. As it is observed in Figure 57 (A-LTR, B-

LAMP2 and C-CD63) there is a fluorescence decrease of the lysosomal markers in cells 

infected (lower panel) in comparison to not infected (higher panel), especially in LAMP2 

and CD63 immunofluorescence. These results correlate with the ones obtained by Western 

blot. 



 

105 
 

 

RESULTS 

 

 

Figure 57. HSV-1 impairs the accumulation of lysosomes induced by OS. SK-N-MC cells infected with HSV-1 were 

treated with X-XOD, in the presence or absence of CA-074 Me, for 24 h and were examined by confocal microscopy. The 

representative panel shows immunofluorescence images for (A) LysoTracker probe, (B) anti-LAMP2 and (C) anti-CD63 

antibodies. Original magnification: 63×. Scale bar: 10 μm. No staining was observed when the primary antibodies were 

omitted. 

Taken the results together, we conclude that the HSV-1 infection in the modulation of CTSB 

has effect on APP processing at different stages, although the APP levels are reduced, 
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surprisingly, there is an increase of the Aβ aggregation. Regarding the lysosomal pathway, 

HSV-1 infection reduces CTSB activity and lysosomal markers but does not produce 

changes in the lysosomal burden. 

3.2. Involvement of Matrix metalloproteinase 14 

To study the potential role of MMP-14 in the interplay between OS and the virus to 

modulate APP processing and the lysosomal pathway markers, cells were studied as 

described in previous chapters (2.2.1 and 2.2.2) but adding HSV-1 to the treatments. To 

investigate the possible participation of MMP-14 in the results obtained, SK-N-MC cells 

treated with the specific inhibitor and the stable cell line silenced for MMP-14 (Clone 3), 

together with the control cell line (Clone 8) were examined. Because the studied effects 

were almost identical in the cells treated with the inhibitor or genetically silenced, we 

present the experiments performed with the inhibitor here and the results of MMP-14 

silenced cells are added as an Annex I. 

3.2.1. Effect of HSV-1 on MMP-14 enzyme levels  

MMP-14 levels were analyzed by Western blotting, using the MMP-14-specific antibody 

(Figure 58). The levels of the monomeric form (active) showed a trend to be decreased in 

infected cells, although differences were small and not significant.  

 

Figure 58. HSV-1 impairs the increase of MMP-14 levels induced by OS. SK-N-MC cells were infected with HSV-1 and 

treated with X-XOD in the presence or absence of NSC405020. After incubation for 24 h, cell cultures were examined by 

Western blot using the anti-N-terminal APP antibody (22C11). Tubulin blot is shown as loading control. A representative 

experiment is shown. In the upper panel, the bands correspond to APP and APP fragments, and in the lower panel to α-tubulin. 

The data show the mean (± SEM) densitometry values (normalized by α-tubulin). Values for control were set at 1. ∗p<0.05, 

∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 
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MMP-14 mRNA levels were analyzed by RT-qPCR to observe if the results obtained by 

Western blot were attributable to transcriptional changes (Figure 59). The inhibitor 

NSC405020 produced transcriptional changes that increased in the presence of X-XOD, 

therefore the results obtained by Western blot with the inhibitor NSC405020 may be due to 

these transcriptional changes. In contrast, in the absence of the inhibitor there was no 

transcriptional changes, neither HSV-1 had effect on mRNA levels. 

 

Figure 59. HSV-1 does not affect the levels of MMP-14 mRNA. SK-N-MC cells were infected with HSV-1 in the presence 

or absence of X-XOD and the inhibitor NSC405020 for 24 hours. The mRNA transcribed from MMP-14 was quantified by 

RT-qPCR, as described in Methods, and normalized in terms of the GAPDH RNA levels. The relative quantity with respect to 

control cultures was determined by the ΔΔCt method using the RQ manager 1.2.1. software (Applied Biosystems). Error bars 

represent the 95% confidence interval. 

In contrast with the previous data, immunofluorescence assay with an antibody specific for 

MMP-14 revealed an apparent increase of immunofluorescence levels, even higher in cells 

infected in the presence of X-XOD, with a more condensed pattern (Figure 60). In the 

presence of the inhibitor NSC405020 this increase is lower, especially in infected cells 

treated with X-XOD, in contrast to the results obtained in MMP-14 Western blot. The clear 

change in MMP-14 pattern induced by the virus, and the inhibition of this change in the 

presence of NSC4050250 make us suspect the existence of direct interactions between 

MMP-14 and HSV-1. 
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Figure 60. HSV-1 induces the intracellular accumulation of MMP-14 that decreases with NSC405020. SK-N-MC 

infected cells were treated with X-XOD, in the presence or absence of NSC405020, for 24 h and were examined by confocal 

microscopy. The representative panel shows immunofluorescence images for anti-MMP-14 antibody. Original magnification: 

63×. Scale bar: 10 μm. No staining was observed when the primary antibodies was omitted. 

3.2.2. Effect of HSV-1 on APP processing 

Regarding the APP processing, the effect of the HSV-1 infection on APP proteolysis was 

examined in cell lysates by Western blotting using the antibody 22C11 (Figure 61). We 

observed in infected cells a decrease of APP together with a significant decrease of the 

APP85 that appears in the presence of X-XOD. This decrease was higher in the presence of 

the inhibitor NSC405020, suggesting again a possible interaction between MMP-14 and 

HSV-1.  
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Figure 61. HSV-1 decreases the levels of APP and APP85 induced by OS. SK-N-MC cells were infected with HSV-1 and 

treated with X-XOD in the presence or absence of NSC405020. After incubation for 24 h, cell cultures were examined by 

Western blot using the anti-N-terminal APP antibody (22C11). A representative experiment is shown. In the upper panel, the 

bands correspond to APP and APP fragments, and in the lower panel to α-tubulin. The data show the mean (± SEM) 

densitometry values (normalized by α-tubulin). Values for control were set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, 

n=4). 

APP mRNA levels by RT-qPCR were analyzed to observe if the results obtained by 

Western blot were due or not to transcriptional changes (Figure 62). The inhibitor 

NSC405020 increased the mRNA levels of APP in the presence of X-XOD but no changes 

were observed in infected cells. The effect observed in APP processing by MMP-14 was not 

due to transcriptional changes. 

 

Figure 62. HSV-1 does not change the APP mRNA levels. SK-N-MC cells were infected with HSV-1 in the presence or 

absence of X-XOD and the inhibitor NSC405020 for 24 hours. The mRNA transcribed from each gene APP was quantified by 

RT-qPCR, as described in Methods, and normalized in terms of the GAPDH RNA levels. The relative quantity with respect to 

control cultures was determined by the ΔΔCt method using the RQ manager 1.2.1. software (Applied Biosystems). Error bars 

represent the 95% confidence interval. 
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An immunofluorescence assay was performed with 22C11, the antibody specific for the N-

terminal region of APP, to observe the intracellular pattern of APP in these HSV-1 infected 

cells (Figure 63 - lower panel). HSV-1 reorganizes the location of APP in the cell, 

condensing at some points. This might be the reason why the levels of immunofluorescence 

in NSC405020 treated cells did not seem to decrease in the presence of HSV-1 (lower panel) 

as in the results obtained by Western blot.  

 

Figure 63. HSV-1 accumulates intracellular APP. SK-N-MC infected cells were treated with X-XOD, in the presence or 

absence of NSC405020, for 24 h and were examined by confocal microscopy. The representative panel shows 

immunofluorescence images for 22C11 (anti-N-terminal) antibody. Original magnification: 63×. Scale bar: 10 μm. No staining 

was observed when the primary antibodies was omitted. 

3.2.3. Effect of HSV-1 on the lysosomal pathway changes 

The lysosomal markers were measured by Western blot using the specific antibodies for 

LAMP2 and CD63 (Figure 64). The lysosomal markers decreased in HSV-1 infected cells in 

the presence of X-XOD. Apparently, the presence of the inhibitor in infected cells decrease 

the levels of LAMP2 but not the levels of CD63. However, the results observed previously 

without infection are better reproduced with anti-CD63 antibody. 
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Figure 64. HSV-1 alters the lysosomal levels induced by OS. SK-N-MC infected with HSV-1 cells were treated with X-

XOD in the presence or absence of NSC405020. After incubation for 24 h, cell cultures were examined by Western blot using 

the anti-LAMP2 and anti-CD63. Tubulin blot is shown as loading control. A representative experiment is shown. The data 

show the mean (± SEM) densitometry values (normalized by α-tubulin) (n=4). 

The lysosomal burden was measured as described above using the acidotropic probe 

LysoTracker®. Fluorometric assay was performed and the infected cells did not change the 

burden of acidic vesicles in comparison to X-XOD treated cells (Figure 65). In the absence 

of X-XOD, the levels of infected cells in the presence of the inhibitor NSC405020 (grey) 

were higher than in control cells without the inhibitor (black). 

 

 

Figure 65. HSV-1 does not affect the lysosomal burden. SK-N-MC infected cells were treated with X-XOD in the presence 

(grey) or absence (black) of NSC405020. After incubation for 24 h, lysosomal quantity was analyzed by fluorometric 

measurement of LysoTracker. The graph shows the mean (±SEM) fluorescence values expressed as a percentage of the control 

value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4) 
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To analyze the intracellular location pattern of endolysosomal markers, 

immunofluorescence assays were performed. As it is observed in Figure 66 (A-LTR, B-

LAMP2 and C-CD63) all the markers decrease in infected cells, especially LAMP2 and 

CD63. These results correlate with the ones obtained by Western blot (Figure 75).  

 

Figure 66. HSV-1 decreases the levels of lysosomes induced by OS. SK-N-MC infected with HSV-1 cells were treated with 

X-XOD, in the presence or absence of NSC405020, for 24 h and were examined by confocal microscopy. The representative 
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panel shows immunofluorescence images for (A) LysoTracker probe, (B) anti-LAMP2 and (C) anti-CD63 antibodies. Original 

magnification: 63×. Scale bar: 10 μm. No staining was observed when the primary antibodies were omitted. 

3.2.4. Effect of MMP-14 on HSV-1 infection  

Since data of the previous chapter suggested an interaction between MMP-14 and HSV-1, 

the efficency of HSV-1 infection was assesed in cells treated with NSC405020 or deficient 

for MMP-14. Interestingly, the levels of glycoprotein B (gB, envelope glycoprotein of HSV-

1) were undetectable in cells treated with the inhibitor NSC405020 (Figure 67A). The same 

effect was seen in the MMP-14 deficient clone 3 (Figure 67B), although the effect was less 

pronounced than with the inhibitor  

 

Figure 67. MMP-14 inhibition decreases HSV-1 gB protein levels. SK-N-MC infected with HSV-1 cells were treated with 

X-XOD in the presence or absence of NSC405020. After incubation for 24 h, cell cultures were examined by Western blot 

using the anti-gB antibody (envelope glycoprotein of HSV-1). Tubulin blot is shown as loading control. A representative 

experiment is shown. The data show the mean (± SEM) densitometry values (normalized by α-tubulin) (n=4). 

To confirm these results, immunofluorescence assay was performed using an anti-HSV-1 

antibody. As it is observed in Figure 68, NSC405020 strongly decreased the number of 

HSV-1 infected cells. These data indicate that MMP-14 plays a role in the HSV-1 capacity 

of infection in our neuroblastoma cell model. 
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Figure 68. NSC405020 decreases the efficiency of HSV-1 infection. SK-N-MC infected with HSV-1 cells were treated with 

X-XOD, in the presence or absence of NSC405020, for 24 h were examined by confocal microscopy. The representative panel 

shows immunofluorescence images for anti-HSV-1 antibody. Original magnification: 63×. Scale bar: 10 μm. No staining was 

observed when the primary antibodies were omitted. 
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4. iPSCs derived neurons obtained from SAD patients 

We wanted to analyze the effect of OS on APP processing and on the lysosomal pathway in 

a more physiological model, for that we used iPSC-derived cells, a more suitable model 

given that has a background of AD patients. The discovery of iPS cells generation from 

somatic adult cells using a cocktail of four transcription factors (Takahashi and Yamanaka, 

2006) paved the way to model diseases by using patient-derived cells which can then be 

differentiated into disease relevant cell types. Furthermore, considering the unavailability 

of in vitro human disease models, human iPS cells could help to provide large numbers of 

patient-specific neuronal cells for research and clinical objectives. To complement the 

findings obtained in the SK-N-MC neuroblastoma model, we decided to take advantage of 

this technology to get a cell model closer to the physiological state in which to validate the 

previous results. As the starting material, we used iPSCs generated from T lymphocytes, 

thanks to a collaboration with Dr. Adjaye’s laboratory (Martins et al., 2018). 

4.1. iPSCs differentiation to neurons 

For this purpose, we started with six iPS cell lines: two controls and four AD patients 

bearing the AD risk variant R47H in TREM2. These lines were previously derived from 

lymphoblasts and characterized by Dr. James Adjaye’s group. Their basic characteristics are 

summarized in Table 6.  
Table 6. iPSCs lines characteristics. 
iPSC internal 

code 
Disease 
status TREM2 genotype APOE 

genotype Age Age at 
onset Gender 

106 Control wt 34 69 - M 
116 Control wt 33 75 - F 
125 AD TREM2 p.R47H 34 67 65 M 
105 AD TREM2 p.R47H 44 65 60 M 
126 AD TREM2 p.R47H 44 74 74 M 
120 AD TREM2 p.R47H 24 67 64 F 

 

Disease status, TREM2 and APOE genotypes, as well as the age at examination and at disease onset, and gender of the 

lymphocyte donors is shown. 

With the aim to obtain differentiated neurons from iPSCs of controls and SAD patients, we 

used two stablished differentiation protocol, described in detail in Methods. As observed in 

the table, two of the AD donors were APOE4 homozygous, and all of them were carriers of 

the risk variant p.R47H of TREM2. This variant, whose functional study constitutes one of 
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the main interests of Dr Adyaje’s group, is claimed to increase SAD susceptibility to levels 

similar to that associated to the APOE ε4 allele, probably by mechanisms involving 

inflammation-induced bystander damage of neurons or the regulation of phagocytic 

pathways responsible for the removal of neuronal debris (Jiang et al., 2013). The aim of 

using these cell lines in the thesis was to check the similarities between the neuroblastoma 

cell model and iPS derived neurons in terms of their response to OS. 

 

The first differentiation protocol we tried was an aggregate protocol based on methods 

developed for hESCs (Zeng et al., 2010). Briefly, aggregates were formed by dissociating 

iPSCs into large clusters, followed by suspension in serum-free iPS media (hES). 

Aggregates were then plated on Matrigel for the formation of primitive neuroepithelial cells 

in N2 neural induction media. Neural rosette structures were selected with STEMDiff 

reagent from plates and suspended in flasks in N2/B27 neural induction media. Aggregates 

were plated on Matrigel and allowed to mature in neural differentiation media. Although we 

obtain neurons (positive for MAP2 and Doublecortin, markers for neurons) as shown in 

Figure 69, the number of cells was not enough for performing any experiment. 

 
Figure 69. Neurons obtained with the embryoid aggregate protocol. Immunofluorescence of neurons obtained with the 

aggregate differentiation protocol, showing positive staining for MAP2 (green) and Doublecortin (red). Original magnification: 

10x. Scale bar: (n=1). 

We then moved to another protocol, based on a dual SMAD inhibition culture in monolayer 

(Chambers et al., 2009); for that, iPSCs cells were dissociated and plated to grow as a 
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monolayer in mTeSR1 media. After cells reached 90% confluency, media was changed to 

neural induction media supplemented with Dorsomorphin and SB431542. Cells were re-

plated in neural differentiation media onto plates coated with a special Matrigel that 

promotes the adhesion and generation of NPCs. As a result of this protocol we were able to 

obtain neurons from the iPS cell line 105 and neural progenitor cells (NPCs, an intermediate 

differentiation step to neurons) from the iPS cell line 126 (Figure 70), both derived from AD 

patients, which were used on the following experiments. 

 

 

 

 

 

 

 
Figure 70. iPSCs differentiation during the dual SMAD inhibition protocol. iPSCs, NPCs (iPS cell line 126) and neurons 

(iPS cell line 105) images taken in phase contrast microscope are shown from left to right. Original magnification: 10x. 

4.1.1. Characterization of the iPSCs derived cells 

The neural progenitor cells (NPCs) obtained from iPSC 126 had the typical morphology of 

this cell type at the microscope. Its characterization was confirmed using antibodies specific 

for nestin, a marker for ectoderm differentiated cells and doublecortin. Nestin is an 

intermediate filament protein originally described as a neural stem cells marker that appears 

during development of the central nervous system (CNS) and is required for survival, 

renewal and mitogen-stimulated proliferation of neural progenitor cells. Doublecortin is a 

microtubule-associated protein that is required for normal migration of neurons into the 

cerebral cortex. As shown in Figure 71 the cells derived from iPSC 126 were positive for 

nestin and doublecortin, therefore they were considered as NPCs. 
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Figure 71. Neural progenitor cells (NPCs) obtained by the SMAD inhibition protocol. Immunofluorescence positive for 

nestin and doublecortin. Nuclei stained with DAPI. Original magnification: 63×. Scale bar: 25 μm. 

We were also able to obtain cells differentiated to a more advanced stage, from the iPSC 

line 105. In this case, a mix of cell morphologies corresponding to different cell types 

similar to what APPens in the brain, the so-called brain microenvironment, was observed in 

the cultures (Figure 72A and B). As shown in Figure 72C, in the immunofluorescence assay 

with antibodies specific for MAP2 (neurons), GFAP (astrocytes) and beta III tubulin (nerve 

cells, including neurons and astrocytes), these different cell types could be identifyed. 

 

Figure 72. Advance stages of differentiation to brain microenvironment, obtained by the SMAD inhibition protocol. (A) 

Neurons images taken in microscope obtained from dual SMAD inhibition protocol. Original magnification: 10x. (B) 

Magnification of image A (20x). There are different cell types in the differentiated cells; neurons (yellow circles), astrocytes 

(red circles) and microglia (orange circle). (C) Immunofluorescence positive for MAP2, β-III tubulin and GFAP, markers for 

neurons and astrocytes respectively. 
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4.2. Analysis of the role of CTSB and MMP-14 on APP processing and on 

lysosomal pathway in neural iPSC derived cells 

4.2.1. Modulation of CTSB and MMP-14 in the presence of OS 

Differentiated cells derived from iPSCs were subjected to OS as it was performed 

previously in SK-N-MC cells, in the absence or presence of the inhibitor of CTSB, CA-074 

Me, or the inhibitor of MMP-14, NSC405020. Besides the study of the effect of OS on the 

candidates, we also analyzed potential cross regulation between both proteins, previously 

described in the bibliography, by analyzing the activity of CTSB in cells treated with the 

MMP-14 inhibitor, and viceversa. 

4.2.1.1. Effect of the inhibitors on CTSB activity in iPSCs derived cells 

CTSB activity was assessed in NPCs and neurons treated with the free radical generating 

system X-XOD (black) and the inhibitors of CTSB and MMP-14, CA-074 Me (light grey) 

and NSC405020 (dark grey) respectively, for 24 hours. In NPCs (Figure 73A), X-XOD 

reduced CTSB activity by up to a 70% and CA-074 Me decreases the activity almost 

completely, very similar to what had been observed in SK-N-MC. In neurons (Figure 73B), 

the reduction of CTSB activity in X-XOD treated cells reached a 90%, an effect even higher 

than in the SK-N-MC cell model. Interestingly, NSC405020 inhibitor increased the CTSB 

activity almost an 80% suggesting the interaction between CTSB and MMP-14, at least in 

the most differentiated cells. 
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Figure 73. X-XOD and CA-074 Me reduces CTSB activity. NPCs (A) and neurons (B) were treated with X-XOD in the 

presence or absence of CA-074 Me or of NSC405020. After incubation for 24 h, CTSB activity was analyzed. Proteolysis of 

the fluorogenic substrate z-RR-AMC was used to monitor CTSB activity. The graph shows the mean (±SEM) fluorescence 

values expressed as a percentage of the control value (NPCs n=2, neurons n=1). 

4.2.1.2. Effect of the inhibitors on MMP-14 levels in iPSCs derived cells 

MMP-14 activity was assessed in NPCs in the presence or absence of X-XOD (black) and 

the inhibitors CA-074 Me (light grey) and NSC405020 (dark grey) for 24 h (Figure 74). X-

XOD treated cells showed similar MMP-14 activity to control, and NSC405020 increased as 

it had been described previously in our cell model SK-N-MC (Figure 35). Interestingly, CA-

074 Me inhibitor decrease the MMP-14 activity by up to 20% suggesting again the 

interaction between CTSB and MMP-14. 
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Figure 74. NSC405020 increases MMP-14 activity. NPCs were treated with X-XOD in the presence or absence of CA-074 

Me or of NSC405020. After incubation for 24 h, MMP-14 activity was analyzed. Proteolysis of the fluorogenic substrate 

MCA-PLA-C(OMeBz)-WAR(Dpa)-NH2 was used to monitor MMP-14 activity. The graph shows the mean (±SEM) 

fluorescence values expressed as a percentage of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

The levels of MMP-14 protein (monomeric active form) were measured by Western blot. 

Cells treated with X-XOD presented a marked increase in protein levels (Figure 75), 

similarly to the effect observed in SK-N-MC (Figure 37). This increase was lower in 

NSC405020 treated neurons, where the X-XOD effect seemed to be bigger, whereas the 

CTSB inhibitor CA-074 Me had no effect on MMP-14 protein levels. 

 

Figure 75. CA-074 Me and NSC405020 increase MMP-14 levels induced by OS. NPCs (A) and neurons (B) were treated 

with X-XOD in the presence or absence of CA-074 Me or of NSC405020. After incubation for 24 h, Western blotting was 

performed using anti-MMP-14 antibody. Tubulin blot is shown as loading control. In the upper panel the band corresponds to 

MMP-14 and in the lower to α-tubulin (NPCs n=3, neurons n=1) 

MMP-14 was also analyzed by immunofluorescence assays and revealed the same effect in 

X-XOD treated cells than the ones obtained in Western blot (Figure 76). As it had been 

observed in SK-N-MC (Figure 38), MMP-14 accumulated in the presence of X-XOD 

combined with the inhibitor NSC405020. Further, CA-074 Me treatment seemed to increase 
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the immunofluorescence levels in comparison to its controls, in the presence or absence of 

X-XOD. 

 
Figure 76. CA-074 Me and NSC405020 accumulates MMP-14 iduced by OS. NPCs treated with X-XOD, in the presence 

or absence of CA-074 Me or of NSC405020, for 24 h were examined by confocal microscopy. The representative panel shows 

immunofluorescence images for anti-MMP-14 antibody. Original magnification: 63×. Scale bar: 10 μm. No staining was 

observed when the primary antibodies was omitted. 

In summary, the activity, the protein levels and the immunofluorescence of CTSB and 

MMP-14 showed the same response to the modulation of CTSB and MMP-14 in the iPSC 

derived NPCs and neurons than in our SK-N-MC cells. Furthermore, these results suggest 

an interaction between CTSB and MMP-14. The changes obtained with the inhibitors in 

both enzymatic activities respectively was not expected due to their specifity, but 

interestingly we observed a cross reaction of these proteases. 

4.2.2. Effect of the inhibitors on APP proteolytic processing in iPSC derived cells 

Regarding the APP processing, the effect of mild OS and the inhibitors CA-074 Me or 

NSC405020 were examined in cell lysates by Western blotting using the antibody 22C11 

(Figure 77). No effect of the inhibitors was observed, in accordance with the SK-N-MC 

model (Figures 23 and 39). We observed an increase of APP in the presence of OS, more 

pronounced in its combination with CA-074 Me, specially in NPCs. In contrast, a decrease 

of APP in X-XOD treated cells combined with NSC405020, both in NPCs and in neurons, 

as well as a decrease of APP85, that appears in the presence of X-XOD, was observed. 

Although this decrease in neurons (Figure 77B) was lower than the previously observed in 

our SK-N-MC model, this result is not conclusive, given that was performed only in one AD 
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patient derived cell line, and our cell model support firmly the involvement of MMP-14 in 

the APP85 formation. 

 

Figure 77. X-XOD induces the increase of APP and the appearance of APP85. CA-074 Me favors whereas NSC405020 

prevents these effects. NPCs (A) and neurons (B) were treated with X-XOD in the presence or absence of CA-074 Me or of 

NSC405020. After incubation for 24 h, Western blotting was performed using 22C11 (anti-N-terminal) antibody. Tubulin blot 

is shown as loading control. In the upper panel the band corresponds to APP and its fragments and in the lower to α-tubulin 

(n=1). 

To analyze the intracellular location and pattern of APP, immunofluorescence assays were 

performed in NPCs (Figure 78) with antibodies corresponding to different regions of the 

APP (A- 22C11– N-terminal, B- 6E10, and C- C-terminal). The levels of APP increased in 

the presence of X-XOD alone or together with the inhibitors, especially in the presence of 

the CTSB inhibitor (CA-074 Me). Moreover X-XOD treated cells accumulated APP in a 

different pattern. This increase and accumulation were not equally observed with the three 

antibodies probably due to the fact that each antibody recognizes entire APP but different 

APP fragments (sAPP, CTFs, etc.). These results were similar to that observed previously in 

SK-N-MC. With 6E10 and C-terminal antibodies we observed better the accumulation of 

APP pattern and their changes with the modulation of the proteases as expected. The 22C11 

antibody had more background. 
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Figure 78. CA-074 Me or NSC405020 accumulate APP induced by OS. NPCs cells treated with X-XOD, in the presence or 

absence of CA-074 Me or of NSC405020, for 24 h were examined by confocal microscopy. The representative panel shows 

immunofluorescence images for (A) 22C11, (B) 6E10 and (C) Ct antibodies. Original magnification: 63×. Scale bar: 10 μm. 

No staining was observed when the primary antibodies were omitted. 

We conclude that CTSB and MMP-14 modulate the APP processing although in different 

ways. The inhibition of CTSB in combination with OS, increase the APP levels whereas the 

inhibition of MMP-14 in combination with OS, impairs the increase of APP levels and the 

formation of the APP85 observed in X-XOD treated cells, as it had been observed 

previously in SK-N-MC. The inhibitors by themselves does not have also any effect on APP 

processing. 

4.2.3. Effect of the inhibitors on lysosomal pathway changes in iPSCs derived cells 

To analyze the lysosomal pathway LAMP2 was measured by Western blot (Figure 79). 

There was a slight increase of the lysosomal marker LAMP2 in cells treated with X-XOD, 

but lower than the observed in SK-N-MC (higher in X-XOD treated cells in the presence of 

the inhibitor CA-074 Me). However, the inhibitor NSC405020 did not decrease the levels of 
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LAMP2 in comparison to their controls, as it had been observed in SK-N-MC (Figures 25 

and 41). Surprisingly, X-XOD had no effect on LAMP2 levels in neurons (Figure 79B). 

 

Figure 79. CA-074 Me or NSC405020 increases LAMP2 levels induced by OS. NPCs (A) and neurons (B) were treated 

with X-XOD in the presence or absence of CA-074 Me or of NSC405020. After incubation for 24 h, cell cultures were 

examined by Western blot using the anti-LAMP2 (lysosomes) and anti-CTSB (hydrolase of the lysosomes). Tubulin blot is 

shown as loading control (n=1). 

In contrast, the lysosomal marker CD63 showed the expected results, similar to the ones 

obtained in SK-N-MC (Figure 80). There was an increase of protein levels in X-XOD 

treated cells, higher in combination with CA-074 Me, and lower in combination with 

NSC405020. 

 

Figure 80. CA-074 Me increase CD63 levels whereas NSC405020 impairs the increase induced by OS. NPCs were treated 

with X-XOD in the presence or absence of CA-074 Me or of NSC405020. After incubation for 24 h, Western blotting was 

performed using CD63 antibody. Tubulin blot is shown as loading control. In the upper panel the band corresponds to CD63 

and in the lower to α-tubulin (n=2). 

The lysosomal burden was measured using the acidotropic probe LysoTracker®. The acidic 

vesicles increased (in number or in size) in the presence of X-XOD, even more in 

combination with CTSB and MMP-14 inhibitors (Figure 81). Moreover, the effect on 
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lysosomal burden of NSC405020 in NPCs was higher than the obtained in our SK-N-MC 

model. 

 

 

Figure 81. CA-074 Me and NSC405020 increase the lysosomal burden induced by OS. NPCs were treated with X-XOD in 

the presence or absence of CA-074 Me or of NSC405020. After incubation for 24 h, lysosomal quantity was analyzed by 

fluorometric measurement of LysoTracker. The graph shows the mean (±SEM) fluorescence values expressed as a percentage 

of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

To analyze the intracellular location pattern of some endolysosomal markers, 

immunofluorescence assays were performed. As it is observed in Figure 82 (A-LTR, B-

LAMP2 and C-CD63) an increase in the presence of X-XOD was observed, as well as in the 

combination with both inhibitors, especially in the presence of CTSB inhibitor (CA-074 

Me). These correlates with the results obtained in Western blot with anti-CD63 antibody and 

with the ones previously described in SK-N-MC. 



 

127 
 

 

RESULTS 

 

 

Figure 82. CA-074 Me and NSC405020 increase the accumulation of lysosomes induced by OS. NPCs cells treated with 

X-XOD, in the presence or absence of CA-074 Me or of NSC405020, for 24 h were examined by confocal microscopy. The 

representative panel shows immunofluorescence images for (A) LysoTracker probe, (B) anti-LAMP2 and (C) anti-CD63 

antibodies. Original magnification: 63×. Scale bar: 10 μm. No staining was observed when the primary antibodies were 

omitted. 

Taken these results together, it suggests that both inhibitors, CA-074 Me and NSC405020, 

produces changes on the lysosomal system induced by OS, indicating the role of CTSB and 

MMP-14 in the lysosomal pathway. Moreover, a parallel effect is observed on the APP 

processing, in which both inhibitors respectively alters the APP levels or the APP85.
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1. Involvement of OS in APP processing and in lysosomal function 

1.1. APP processing induced by OS 

Numerous risk factors have been associated with the onset of AD, being one of them the 

aging-associated OS (Nunomura et al. 2001; Bonda et al., 2010). In addition to altering APP 

metabolism, OS affects protein degradation pathways including the proteasomal and 

lysosomal systems (Kiffin et al., 2006). Delving into this topic, we had previously reported 

the involvement of the ubiquitin-proteasome and the lysosome protein degradation systems 

in the regulation of APP metabolism/processing by the X-XOD free radical generating 

system (Recuero et al., 2013). 

In this work, we aimed to identify proteases responsible for the connection between the 

alterations of the lysosomal system and those on APP proteolysis in the presence of OS. To 

do that, we focused on two bands recognized by APP specific antibodies whose quantity 

increased significantly in the presence of OS: one of 85 kDa recognized by the N-terminal 

specific antibody 22C11 and another one of about 56 kDa recognized by the oligomer 

specific A11 antibody. 

Since A11 antibody is able to recognize oligomeric structures derived from several proteins, 

we assessed that the peptide of 56 kDa was indeed composed of Aβ oligomers, since it was 

immunoprecipitated by the Aβ specific antibody 6E10. This moiety probably corresponds to 

the previously described as Aβ*56, a dodecamer of Aβ peptide (Lesne et al., 2006). Aβ 

peptides are produced during the sequential proteolytic processing of APP via canonical and 

non-canonical secretases (Andrew et al., 2016). Their capacity to aggregate can lead to the 

formation of neurotoxic oligomers and to the accumulation of insoluble deposits in AD 

brains (Viola et al., 2015), which constitutes one of the hallmarks of the disease. It is widely 

accepted that Aβ oligomers are more potent neurotoxins than amyloid fibrils (Liu et al., 

2015), and several have been isolated and studied in detail (Murakami et al., 2014). 

Recently, large oligomeric assembly states of Aβ have been associated with both aging and 

AD (Baker-Nigh et al., 2015).  

APP85 has been recognized as an sAPP fragment, it was stained only by anti APP N-

terminal antibodies and contained APP but not Aβ nor C-terminal sequences of APP. Most 

probably comes from a cleavage at the same site than the non-canonical η secretase that 
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results in shedding of an 80–95 kDa soluble fragment (sAPPη) and leaves a novel 

membrane-bound CTF, CTFη. This cleaveage is claimed to contribute to the production of 

Aβ and to the induction of synaptic dysfunction (Willem et al., 2015). Moreover, this new 

secretase cleavage of APP exceded β-secretase cleavage by almost 10-fold in human 

neurons, and accumulation of ηCTFs was also observed in dystrophic neurites surrounding 

amyloid plaques in the brains of AD patients (Willem et al., 2015). 

Recent studies have revealed the complexity of the proteolytic processing of APP, with new 

secretases and the corresponding proteolytic fragments being identified (Andrew et al., 

2016; Muller et al., 2017). These fragments include APP metabolites that accumulate in the 

brains of AD patients and may contribute to the synaptic dysfunction observed in the 

disease. Among these non-canonical proteases, our results suggested that cathepsin B, 

proposed as an alternative β secretase, and matrix metalloproteinase 14, similar to η 

secretase, were especially interesting for us as the potential responsible for the generation of 

the 56 and 85 kDa bands, respectively. 

1.2.  Lysosomal dysfunction induced by OS 

OS contributes to neuronal damage and has been associated with neuronal cell death in 

several neurodegenerative diseases. The link between lysosome dysfunction and 

neurodegeneration has been evidenced by numerous research groups and is still under 

intense investigation because of its great potential as pharmacological target (Appelqvist et 

al., 2013; Whyte et al., 2017). Neurons are especially vulnerable to lysosome dysfunction 

and rely deeply on functional autophagic and endocytic pathways because these postmitotic 

cells are otherwise unable to dilute debris and undigested material through cellular divisions. 

Abnormalities of the lysosomal system in AD include very early-appearing endosome 

enlargement, accumulation of autophagic vesicles, increased lysosome biogenesis and 

lysosomal proteolysis deficits (Nixon et al., 2011). Interestingly, it has also been shown that 

in AD and Down's syndrome these activated or enlarged endosomes containing soluble Aβ 

appear prior to the deposition of amyloid plaques (Cataldo et al., 2004). 

In addition, the lysosomal pathway is altered similarly to what APPen in LSDs, a group of 

disorders that are caused by dysfunction of lysosomal hydrolases or in a lesser extent by 

defective lysosomal membrane proteins (Filocamo et al., 2011). These abnormalities have 

also been reported in AD models and in our cell model of HSV-1 infection and OS (Santana 
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et al., 2013, Kristen et al., 2018), highlighting the implication of the lysosomal system in 

CNS pathologies and supporting the hypothesis that lysosomal dysfunction can cause the 

neurodegeneration induced by HSV-1 and OS. 

The subcellular fractionation of the SK-N-MC cells revealed the presence of APP, the 56 

kDa oligomer in the cell fraction enriched in endo-lysosomal vesicles, whereas the APP85 is 

equally present in both fractions (Cyt and L/LE). Moreover, the results also showed that the 

candidate proteases CTSB and MMP-14 were mainly localized in the endo-lysosome 

enriched fraction, as reported by other authors (Ishidoh et al., 2002, Mori et al., 2016). This 

observation reinforced the idea of its involvement in the formation and/or degradation of 

amyloid oligomers and in the formation of APP85, respectively.  

2. Effect of the selected proteases on APP processing and on lysosomal pathway 

2.1. Effect of CTSB on APP processing and on lysosomal pathway changes 

Changes in the concentration, activity and localization of the endo-lysosomal cathepsins are 

habitually seen in aging neurons, and are thought to be of age-related neuropathological 

significance (Nakanishi et al., 2003; Cermak et al., 2016). Interestingly, CTSB, a cysteine 

protease that has been associated with AD since it can be found together with Aβ peptides in 

the extracellular amyloid plaques of AD brains (Cataldo et al., 1990). Furthermore, it has a 

potential role in the formation and in the clearance of Aβ peptides since it is claimed to have 

APP β-secretase activity and Aβ degradative activity (Hook et al., 2005; Mueller-Steiner et 

al., 2006). 

In nice agreement with these data, the results of this tesis support the involvement of CTSB 

in the regulation of amyloid oligomer levels. Western blotting with the A11 antibody (which 

recognizes oligomeric structures) showed both X-XOD, that inhibits CTSB, and CA-074 Me 

to affect the levels of soluble amyloid oligomers, revealing a significantly increased large 

molecular weight soluble amyloid oligomer (~56 kDa). This oligomer is formed by Aβ since 

it was recognized by the 6E10 monoclonal antibody (which attaches to Aβ) and was not 

recognized by the APP C-terminal specific antibody. Thus, the 56 kDa band induced by OS 

in our model coud be the Aβ*56 described previously (Lesne et al 2006; Cheng et al., 2011). 

Our results suggested also that the modulation of APP metabolism/processing by X-XOD 

induced OS or by the CTSB inhibitor CA-074 Me occurs via different mechanisms. For 
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example, although both treatments increased the 56 kDa oligomers, the levels of full lenght 

APP were increased by X-XOD but not by the CTSB inhibitor. Moreover CTSB did not 

affect APP85. In our aim to further characterize the APP metabolism modulation, we then 

studied the role of CTSB in the changes of amyloid oligomer and APP levels induced by X-

XOD combining both treatments. If X-XOD modulates oligomer levels via the same 

mechanism as CA-074 Me, a higher increase in oligomer levels after the combination of 

both treatments would be expected. Nonetheless, we observed no effect on the oligomer 

levels, which reinforced our above mentioned conclusion that the modulation of APP 

metabolism/processing by both treatments takes place via different mechanism. However, 

we found a marked increase in intracellular APP and extracellular sAPPα levels when cells 

were treated with X-XOD in the presence of CA-074 Me. 

In the light of these results, we propose that the modulation of APP metabolism by mild OS 

is partly mediated by CTSB, but that most probably involve additional mechanisms. These 

mechanisms could include its involvement on the ubiquitin proteasome pathway (Recuero et 

al., 2013), or its general effect on the lysosomal function (Santana et al., 2013; Kristen et al., 

2018) that we reported previously. Although the mechanisms underlying the relations 

among Aβ aggregation, free radical damage and cell death remain unclear, it is interesting a 

recent report by Taneo and colleagues (Taneo et al., 2015) which shows that the induction of 

inflammatory response by Aβ oligomers is dependent on CTSB and reactive oxygen species 

(ROS). This work suggests that CTSB could serve as a therapeutic target for the treatment 

of AD, and support previous studies in cellular and animal models of the disease (Hook et 

al., 2005; Cho et al., 2013).  

Our results in CTSB inhibited, or deficient cells, revealed an increase of lysosomal vesicles 

induced by OS observed with LysoTracker probe and of lysosomal markers observed by 

Western blot, and an enlargement of this vesicles observed by immunocytochemistry, but a 

decrease of degradation capacity as it is shown in the CTSB activity assays. 

However, the fluorimetric measurement of LysoTracker with the CTSB deficiency resulted 

in lower levels than the results obtained with the CTSB inhibitor. The lysosomal burden 

appears to increase less in X-XOD treated deficient cells (clone 14), that changes 2 fold, 

than in SK-N-MC cells treated with the inhibitor CA-074 Me, that changes 3.2 fold. This 

might be due to the bigger effect that cause the CA-074 Me inhibitor on CTSB activity (the 
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remaining CTSB activity in the cells treated with the inhibitor is a 5% or less), whereas gene 

silencing in clone 14 is not complete and leaves a residual CTSB activity nearby 20%. 

Our results about the increase of lysosomal burden and proteins are in concordance with the 

effect described when lacking CTSB expression increased the lysosomal levels via the 

increase in levels of the gene encoding TFEB. CTSB cleaves the calcium channel 

MCOLN1/TRPML1 in the lysosomes, maintaining suppression of the transcription factor 

TFEB and reducing expression of lysosomal and autophagy-related proteins. CTSB reduces 

the bioavailability of lysosomes and autophagosomes, and might have a physiological 

consequence in AD pathogenesis. This response controls the number of lysosomes and 

autophagosomes in the cell (Man et al., 2016).  

Moreover, it is noteworthy that Cermak and colleagues (Cermak et al., 2016) have recently 

reported CTSB and CTSL (major regulators of lysosomal function) to possibly play an 

important role in the degradation of the key AD proteins, Aβ peptides and C-terminal 

fragments of the APP, and in degradation of β-secretase (BACE1). And revealed a 

significant reduction of the degradation capacity of lysosomes and substantially enlarged 

and increased lysosomal number upon CTSB inhibition. 

2.2. Role of MMP-14 on the APP processing and on the lysosomal pathway 

The abilities of several MMPs to degrade APP leading to aggregation of Aβ, as well as the 

increased expression of MMPs in postmortem brain tissue of AD patients, indicates that 

MMPs play an important role in the pathogenesis of AD (Wang et al., 2014). Their activities 

are determined through the induction of transcription by inflammatory mediators, through 

posttranslational modification by free radicals or cytokines and through inhibitory proteins 

such as tissue inhibitors of metalloproteinases (TIMPs) (Wang et al., 2014). 

There is no much known about the MMP-14 in relation to the APP processing and the 

lysosomal pathway, therefore we wondered if this metalloproteinase would have any effect 

on it, once confirmed that it was transcriptionally altered by the induction of OS in our 

neuroblastoma cell model and its similarity with the MMP-24.  

The study of MMP-14 activity is not conclusive, just indicative of its regulation in our cell 

model, due to the substrate inespecifity, that is not only recognized and cleavage by MMP-

14 but also by MMP-11, but it is the better tool that we had to analyze it. In the MMP-14 
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deficient cells, although MMP-14 was silenced at a 90% (in terms of mRNA) its activity did 

not decrease in accordance with that reduction; in fact, it only decreased a 30%. 

Furthermore, the MMP-14 inhibitor (NSC405020) does not decrease activity probably 

because the mechanism of this inhibitor does not affect directly the catalytic pocket, it 

affects MMP-14 optimal conformation, due to interactions of the hemopexin domain, or 

there could be also a compensative effect of MMP-11. For dilucidate this, new activity 

assays with a specific subtrate of MMP-11 could be used, given that the MMP-11 is also 

highly expressed in our cell model. 

Regarding the APP processing, the inhibition or silencing of MMP-14 causes a significant 

decrease or even makes disappear the APP85 induced by OS. This effect is similar to that 

described for MMP-24, as responsable for an APP fragment of a very approximate 

molecular weight (Willem et al., 2015). Moreover, the levels of APP are not altered, 

therefore the alteration is not due to less amount of APP able to process. 

The mechanism of action of MMP-14 on the APP processing may be direct with APP acting 

as a substrate of MMP-14, or indirect through the effect that produces MMP-14 on others 

MMPs, given that MMP-14 is very upstream in the activation cascade of other MMPs, and it 

would be a mediator in the APP processing (Murphy et al., 2008; Buache et al., 2014). 

The role of MMP-14 in Aβ degradation was analyzed comparing GM6001 and TIMP-2, and 

similar effects among them were observed (Liao et al., 2010). In contrast, we compared 

GM6001 and NSC405020 in our cell model, and at least in the results related to APP 

processing and lysosomal pathway were not similar. Although we are comparing at different 

levels of the APP processing this could be probably due to the specifity of the inhibitors, 

GM6001 and TIMP-2 are not specific only for MMP-14 while NSC405020 is specific only 

for MMP-14. 

Regarding the lysosomal pattway, we observed in our cell model that lacking MMP-14 

decreases the lysosomal burden and the lysosomal markers, but no effect on lysosome size 

was observed in comparison to the enlargement observed by the OS induction. However. it 

has been described that MMP-14 KO mice displayed significant increase in total endocytic 

and autophagic organelles. The size of lysosomes was also significantly larger in MMP-14 

silenced mammary epithelial cells, which suggests that MMP-14 might be involved in 

regulating vesicle formation either in fusion or in division (Mori et al., 2016). 
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Analyses of other mechanisms in AD as autophagy, accumulation or aggregation of Aβ are 

needed in cells treated with the inhibitor NSC405020 and MMP-14 deficient cells. In this 

way, it would be of great interest to confirm the effect of MMP-14 on the whole system and 

not only on APP processing, being a possible therapeutic target. 

2.3. Interaction of CTSB and MMP-14 

Cathepsins participate in ECM degradation and remodelling and thus influence important 

cellular processes such as cell transformation and differentiation, motility, adhesion, 

invasion, angiogenesis, and metastasis. Also, cathepsins are involved in cell signalling and 

are capable of activating specific cell receptors and growth factors or liberating them from 

the ECM (Obermajer et al., 2008).  

An effect of the CTSB inhibitor in MMP-14 activity was observed as well as an effect of the 

MMP-14 inhibitor in CTSB activity, in the neuroblastoma cell line and in the iPSC derived 

cells, suggesting a cross-link between these two proteases. Several studies have shown the 

ability of CTSB to degrade extracellular matrix (ECM) either intracellularly, extracellularly, 

or both by initiating a proteolytic cascade that involves urokinase plasminogen activator 

(uPA), plasminogen/plasmin, and MMPs. In vivo zymography showed the intralysosomal 

degradation of ECM components associated with active CTSB (Porter et al., 2013) 

demonstrating that phagocytic challenge promotes increased ECM degradation by 

mechanisms involving activation of proteases of at least three classes (cysteine proteases, 

serine proteases, and MMPs).  

The relation between CTSB and MMPs has been also described in cancer research. CTSB 

has previously been shown to activate pro-urokinase plasminogen activator (pro-uPA), a 

serine protease and member of the plasminogen cascade involved in ECM degradation, 

matrix metalloproteinase (MMP) activation, and tumor cell invasión.; Rao and colleagues 

have shown that downregulation of CTSB and MMP9 more effectively reduces invasion of 

prostate tumor cells in vitro and tumor growth in vivo than downregulation of either 

cathepsin B or MMP9, and also their collaborative effect (Nalla et al., 2010). While many 

protein levels were decreased, immunodetection corroborated increased levels of matrix 

metalloproteinase, MMP2. Re-expression of CTSL rescues MMP2 abundance. CTSL and to 

a much lesser extent CTSB are able to degrade MMP2 at acidic and neutral pH. Addition of 

active MMP2 to the MEF secretome degrades proteins whose levels were also decreased by 
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CTSB and CTSL double deficiency. These results suggest a degradative CTSL-MMP2 axis, 

resulting in increased MMP2 levels upon cathepsin deficiency with subsequent degradation 

of secreted proteins such as collagen α-1 (Tholen et al., 2014). 

3. Role of the proteases CTSB and MMP-14 in cells infected with HSV-1 

Oxidative stress and HSV-1 infection play critical roles in the pathogenesis of AD (Harris et 

al., 2015; Persson et al., 2014; Tonnies et al., 2017). Over the last years, our group has 

contributed to the growing number of experimental evidence supporting the damaging 

relationship of both factors. To study the molecular mechanisms involved in AD, we 

developed a neuronal cell model of mild OS and HSV-1 infection. We showed that HSV-1 

induces the main AD-like neurodegenerative events, such as aberrant tau phosphorylation 

(Alvarez et al., 2012), autophagy impairment, altered trafficking and metabolism of APP 

protein and the accumulation of the β-amyloid peptide (Santana et al., 2012). Moreover, OS 

is able to enhance the neurodegenerative events associated with HSV-1 infection (Santana et 

al., 2013). 

In the present work, we have observed that the Aβ aggregation induced by the inhibition of 

CTSB is enhanced by the HSV-1 infection, even more in the presence of X-XOD. The 

levels of amyloid oligomers increase in infected cells in the presence of CA-074 Me 

analyzed by Western blot. Moreover, the infection caused a slight decrease of APP levels 

induced by the X-XOD or by itself, which increase when combine with the inhibition of 

CTSB. This increase might be due to a synergetic effect of HSV-1 and CA-074 Me in the 

formation of amyloid oligomers or to a response against the infection, as it had been 

described by Tanzi and colleagues. They observed that the infection can seed and accelerate 

β-amyloid deposition and that Aβ oligomers bind herpesvirus surface glycoproteins, 

accelerating β-amyloid deposition and leading to protective viral entrapment 

Regarding the lysosomal system, the infection of HSV-1 caused a significant decrease of the 

degradative activity and impairs the increase of the lysosomal markers induced by OS. 

However, the infection does not affect the lysosomal burden and had no additional effect 

when combine with the inhibition of CTSB. 

As it has been demontrated by numerous groups, HSV-1 is responsible for some of the 

neurodegenerative events observed in AD. Surprisingly, modulation of MMP-14 caused a 
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significant decrease in the infection of HSV-1. As a first characterization step, the effect of 

MMP-14 inhibition and MMP-14 deficiency on HSV-1 infection was evaluated and showed 

a reduction of HSV-1 infection efficiency. In MMP-14 modulated cells a reduction of 

infection was observed; less viral proteins by Western blot as well as less infected cells by 

immunocytochemistry, suggesting that MMP-14 might affect the HSV-1 viral cycle. Further 

experiments need to be done in order to confirm this hypothesis but impairment of HSV-1 

infection induced by MMP-14 deficiency could affect the neurodegenerative events induced 

by the virus. No similar effects were observed with the modulation of CTSB. 

It has been described previously the effect of MMP-14 on other viral infections; 

extracellular matrix proteolysis by MT1-MMP contributed to Influenza-related tissue 

damage and mortality, and selective inhibition of MT1-MMP protected the tissue from 

infection-related structural and compositional tissue damage (Talmi-Frank et al., 2016). 

Moreover, it has been described the effect of related MMPs with HSV; an early increased 

MMP-9 expression was involved in the evolution of herpes simplex encephalitis by 

facilitating the development of cerebrovascular complications (Martinez-Torres et al., 

2004). 

It will be of great interest to study the involvement of MMP-14 in the mechanisms of entry 

and replication of the HSV-1 and especially the implication on the main neuropathological 

hallmarks observed in HSV-1 infected cells as the accumulation of intracellular Aβ (Santana 

et al., 2012; Wozniak et al., 2007), autophagic vesicles (Itzhaki et al., 2008; Santana et al., 

2012) and hyperphosphorylated tau protein (Alvarez et al., 2012; Wozniak et al., 2009).  

HSV-1 infection does not affect APP levels neither the lysosomal levels induced by OS in 

the presence of the inhibition of MMP-14. 

4. Validation of findings in SAD patients derived iPSCs 

The development of methods to generate iPSCs from adult tissues (Takahashi et al., 2007) 

was particularly important for diseases of the central nervous system, since it allows the 

potential to provide a virtually limitless supply of cell types resembling human brain cells 

which were previously unattainable.  

AD typically begins with loss of episodic memory, but ultimately leads to additional cortical 

symptoms related to language, attention, and visuospatial orientation. Amyloid plaque 
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deposition, neuritic plaques, neurofibrillary tangles and neuronal loss are extensive in the 

cerebral cortex. Therefore, studies modeling AD with iPSCs often begin with the generation 

of forebrain neurons. Differentiation to forebrain neuronal fates is referred to as the 

“default” for neuronal differentiation strategies, as differentiation to the neural lineage in the 

absence of exogenous patterning factors typically leads to neurons expressing markers of 

cortical neuronal fates (Sullivan et al., 2017). The base protocols used for these 

differentiations include dual-SMAD inhibition in a monolayer culture (Chambers et al., 

2009), an embryoid body or aggregate method (Eiraku et al., 2008) or more recently, the 

formation of cerebral organoids (Lancaster et al., 2013). 

While much progress has been made in generating a number of cell types found in the brain, 

further work is required to truly recapitulate the full repertoire of cells found in the mature 

brain (Sullivan et al., 2017). iPSCs will allow screening to occur in a disease-relevant 

context with the potential to enable a more rapid transition from the bench to the clinic. The 

ability to culture cells from SAD and FAD backgrounds will further permit more tailored 

treatment strategies by delineating the differences between and within these disease sub-

types.  

In this thesis, AD-TREM2 iPSC lines obtained from AD patients expressing the TREM2 

R47H variant (Martins et al., 2018) were differentiated and used to validate the SK-N-MC 

neuroblastoma cell model. The p.R47H variant of TREM2 is a widely supported AD risk 

factor, with an associated risk for AD comparable to that of APOE ε4, although TREM2 

variants are more rare (13% and 0.3% allelic frequency in Caucasian populations, 

respectively; Jiang et al., 2013). TREM2 encodes the triggering receptor expressed on 

myeloid cells 2 protein and is upregulated in plaque-associated microglia. The TREM2 risk 

variant impairs protein function, limiting its ability to clear amyloid and cellular debris, 

suggesting that the link between this gene and pathology is an imbalance in cellular 

protection mechanisms (Guerreiro et al., 2013). 

When compared with the SK-N-MC cells, these iPSC-derived neural cell lines (NPCs and 

neurons), showed a very similar response to OS and to the modulation of CTSB and MMP-

14. However, it will be necessary to confirm some interesting results suggesting different 

behavior in iPSC derived and neuroblastoma cells. These include the higher decrease in 

CTSB activity provoked by OS in neurons, in comparison to NPCs or neuroblastoma cell 
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line, or the apparent cross-modulation between CTSB and MMP-14 observed in NPCs. We 

have initiated the study of this cross-talk in SK-N-MC cells, and the preliminary results 

confirm this interaction. 

The differentiation of these cells was not technically as straight forward as expected; 

therefore it would be also very interesting to increase the number of iPSC lines of patients 

that carry this variant to work with. This would increase the percentage of success to 

differentiate into more brain cell types. Moreover, it would be necessary to increase the 

number of experiments with these iPSCs cells with the R47H variant to dilucidate the 

implication of TREM2 not only in APP processing and lysosomal pathway markers but also 

in other neuropathological hallmarks of the disease, as the accumulation of intracellular Aβ 

and hyperphosphorylated tau protein, the impairment of autophagy, etc. 

On the one hand, this model would be useful to compare SAD patients with controls. In 

preliminar studies with iPSCs (non-differentiated cells) we observed some changes in CTSB 

activity, which seems to be lower in AD patients derived cells. LysoTracker measures were 

also different between AD patients and controls. More experiments in the differentiated cell 

lines, but also in the non-differentiated cells, have to be done to confirm these preliminary 

results.  

On the other hand, these cell lines may be used to characterize the response of neuron-like 

cells to HSV-1 infection alone or combined with OS. We would evaluate if there are 

differences in the APP processing, lysosomal alterations and AD-like neurodegenerative 

events induced by HSV-1 and OS between control- and patient-derived cells. 
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CONCLUSIONS 

The experimental work carried out in this thesis has made it possible to obtain the following 

conclusions: 

 

1. OS produces an alteration on the processing of APP, increasing the levels of two APP 

derivatives: an amyloid oligomer of 56 kDa and an N-terminal fragment of APP of 85 

kDa (APP85). 

 

2. The inhibition of CTSB increases the levels of APP induced by OS confirming the 

role of CTSB in the processing of APP. Moreover, the lysosomal levels are increased, 

although the degradative activity of the lysosomal system is decreased, suggesting a 

relation between the effects of CTSB on APP processing and lysosomal pathway. 

 

3. The inhibition of MMP-14 decreases the levels of APP85 induced by OS, confirming 

the role of MMP-14 in the processing of APP.  Moreover, the lysosomal levels are 

decreased. suggesting a relation between the effects of MMP-14 on APP processing 

and lysosomal pathway. 

 

4. In cells infected with HSV-1 there is an increase of Aβ oligomers when combined 

with the inhibion of CTSB whereas the levels of APP decrease. Moreover, the 

infection decreases the degradative activity of the lysosomal system. 

 

5. The inhibition of MMP-14 decreases the viral infection, suggesting that MMP-14 has 

a fundamental role in the mechanism of infection by HSV-1. 

 

6. There is an interaction between the CTSB and the MMP-14. Inhibition of one has 

effects on the levels and activity of the other, and the other way around. 

 
7. In neurons and NPCs derived from iPSC of patients with sporadic AD, the same 

results as in the SK-N-MC neuroblastoma model are observed, confirming the utility 

of this model for the study of APP processing and lysosomal pathway. 
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CONCLUSIONES 

El trabajo experimental realizado en esta tesis ha permitido obtener las siguientes 

conclusiones: 

 

1. El EO produce una alteración el procesamiento de APP, aumentando los niveles de 

dos derivados de APP: un oligómero amiloide de 56 kDa y un fragmento N-terminal 

de 85 kDa (APP85). 

  

2. La inhibición de CTSB aumenta los niveles de APP inducidos por el EO confirmando 

el papel de CTSB en el procesamiento de APP. Además, los niveles lisosomales 

aumentan, aunque disminuye la actividad degradativa de los lisosomas, lo que sugiere 

una relación entre los efectos de CTSB en el procesamiento de APP y la vía 

lisosomal. 

 

3. La inhibición de MMP-14 disminuye los niveles de APP85 inducido por el EO 

confirmando el papel de MMP-14 en el procesamiento de APP. Además, los niveles 

lisosomales disminuyen, lo que sugiere una relación entre los efectos de MMP-14 en 

el procesamiento de APP y la vía lisosomal. 

 

4. En células infectadas con HSV-1 hay un aumento de los oligómeros de Aβ cuando se 

combina con la inhibición de CTSB, aunque los niveles de APP disminuyen. Además, 

la infección disminuye la actividad degradativa del sistema lisosomal. 

 

5. La inhibición de MMP-14 disminuye la infección viral, sugiriendo que la MMP-14 

tiene un papel fundamental en el mecanismo de infección del HSV-1. 

 

6. Existe una interacción entre la CTSB y la MMP-14. La inhibición de una tiene efecto 

sobre los niveles y actividad de la otra, y viceversa. 

 
7. En neuronas y progenitores neurales derivados de iPSC de pacientes con EA 

esporádica se observan los mismos resultados que en el modelo de neuroblastoma 

SK-N-MC, confirmando la utilidad de este modelo para el estudio del procesamiento 

de APP y de la vía lisosomal. 
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Effect of HSV- 1 in CTSB deficient cells 

Effect of HSV-1 on CTSB enzymatic activity 

In CTSB deficient cells, the HSV-1 infection in the presence of X-XOD caused a reduction 

of activity by up to 95% (p<0.001) in comparison to untreated non-deficient cells (Figure 

83), similar to the results obtained above in the presence of the inhibitor CA-074 Me in SK-

N-MC cells (Figure 51). The pattern of the treatments was similar in both cell lines, with 

lower CTSB activity in the CTSB deficient cells. 

 

Figure 83. HSV-1 reduces CTSB activity in CTSB deficient cells. CTSB deficient cells were infected with HSV-1 and 

treated with X-XOD. After incubation for 24 h, CTSB activity was analyzed. Proteolysis of the fluorogenic substrate z-RR-

AMC was used to monitor CTSB activity. The graph shows the mean (±SEM) fluorescence values expressed as a percentage 

of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

Effect of HSV-1 on APP processing 

In CTSB deficient cells, the effect of HSV-1 in deficient cells on APP proteolysis was 

examined in cell lysates by Western blotting using the antibody 22C11 (Figure 84). We 

observed a significant increase of APP in X-XOD treated cells in comparison to non-

deficient cells that is impaired in infected cells. The levels of APP in infected cells 

decreased as described above for CA-074 Me treated cells. 
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Figure 84. HSV-1 decrease the levels of APP and APP fragments. CTSB deficient cells were infected with HSV-1 and 

treated with X-XOD. After incubation for 24 h, cell cultures were examined by Western blot using the anti-N-terminal APP 

antibody (22C11). Tubulin blot is shown as loading control. A representative experiment is shown. In the upper panel, the 

bands correspond to APP and APP fragments, and in the lower panel to α-tubulin. The data show the mean (± SEM) 

densitometry values (normalized by α-tubulin). Values for control were set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, 

n=4). 

As shown in Figure 85, the immunofluorescence assay of these CTSB deficient cells with 

specific antibodies for APP, 22C11 for the N-terminal (A) and Ct for the C-terminal (B), 

revealed a decrease of the levels of immunofluorescence in HSV-1 infected cells, especially 

in the presence of X-XOD, in comparison to control cells. The levels of APP are higher in 

CTSB deficient cells in comparison to non-deficient cells. 
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Figure 85. HSV-1 levels increases APP levels in CTSB deficient cells induced by OS. CTSB deficient cells were infected 

with HSV-1 and treated with X-XOD for 24 h, and were examined by confocal microscopy. The representative panel shows 

immunofluorescence images for (A) 22C11 (N-terminal) and (B) anti-C-terminal antibodies. Original magnification: 63×. 

Scale bar: 10 μm. No staining was observed when the primary antibodies were omitted. 

Effect of HSV-1 on lysosomal pathway changes 

In CTSB deficient cells, the HSV-1 infection in the absence or presence of X-XOD induced 

higher levels of lysosomal proteins than in non-deficient X-XOD treated cells (Figure 86). 

Moreover, HSV-1 infected cells decrease their levels of lysosomal proteins in comparison to 

not infected cells. 
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Figure 86. HSV-1 decreases the lysosomal levels induced by OS. CTSB deficient cells were infected with HSV-1 and 

treated with X-XOD. After incubation for 24 h, cell cultures were examined by Western blot using anti-LAMP2 and anti-CD63 

antibodies. Tubulin blot is shown as loading control. A representative experiment is shown. In the upper panel, the bands 

correspond to LAMP2 or CD63, and in the lower panel to α-tubulin. The data show the mean (± SEM) densitometry values 

(normalized by α-tubulin). Values for control were set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 

The lysosomal burden was measured also as described for CTSB inhibition. LysoTracker 

levels of control deficient cells decreases in comparison to untreated non-deficient cells. 

There was no effect of the HSV-1 infection in X-XOD treated cells on the lysosomal 

burden, neither in CTSB deficient cells nor in non-deficient. However, a significant increase 

of the burden in HSV-1 infected cells, in comparison to untreated of non-deficient cells, was 

observed (Figure 87). 

 

 

Figure 87. HSV-1 does not affect the lysosomal burden in CTSB deficient cells. CTSB deficient cells were infected with 

HSV-1 and treated with X-XOD. After incubation for 24 h, lysosomal quantity was analyzed by fluorometric measurement of 

LysoTracker. The graph shows the mean (±SEM) fluorescence values expressed as a percentage of the control value. ∗p<0.05, 

∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4) 
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As shown in Figure 88, the immunofluorescence assay of these infected cells with specific 

antibodies of lysosomal pathway, LysoTracker probe (A) and CD63 antibody (B), revealed 

a decrease in the levels of immunofluorescence of HSV-1 infected cells in the presence or 

absence of X-XOD, in comparison to X-XOD or control treated cells, respectively. Showing 

higher fluorescence of these lysosomal markers in HSV-1 infected CTSB deficient cells in 

comparison to non-deficient. 

 

Figure 88. HSV-1 increases the lysosomal markers in CTSB deficient cells. CTSB deficient cells were infected with HSV-1 

and treated with X-XOD for 24 h and were examined by confocal microscopy. The representative panel shows 

immunofluorescence images for (A) LysoTracker probe and (B) anti-CD63 antibody. Original magnification: 63×. Scale bar: 

10 μm. No staining was observed when the primary antibodies were omitted. 
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Effect of HSV-1 in MMP-14 deficient cells 

Effect of HSV-1 on MMP-14 enzyme levels 

In MMP-14 deficient cells, HSV-1 infected cells showed similar MMP-14 activity to non-

deficient cells (Figure 89), being lower in the presence of OS. The Western blot showed a 

significant decrease of MMP-14 levels in infected cells, approximately a 72% reduction in 

deficient cells in comparison to control non-deficient cells, and a reduction of 50% in 

comparison to infected non-deficient cells. Moreover, no reduction on MMP-14 levels was 

observed in deficient infected cells in comparison to untreated deficient cells. 

 

Figure 89. HSV-1 does not affect MMP-14 activity/levels in MMP-14 deficient cells. MMP-14 deficient cells were infected 

with HSV-1 and treated with X-XOD. After incubation for 24 h, (A) MMP-14 activity was analyzed. Proteolysis of the 

fluorogenic substrate MCA-PLA-C(OMeBz)-WAR(Dpa)-NH2 was used to monitor MMP-14 activity. The graph shows the 

mean (±SEM) fluorescence values expressed as a percentage of the control value. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, 

n=4) and (B) Western blot was analyzed with anti-MMP-14 antibody. Tubulin blot is shown as loading control. The data show 

the mean (± SEM) densitometry values (normalized by α-tubulin). Values for control were set at 1 (n=4). 

As shown in Figure 90, the immunofluorescence assay of these infected cells with MMP-14 

antibody revealed a reduction of MMP-14 immunofluorescence and a different pattern in 

HSV-1 infected cells in MMP-14 deficient cells, in comparison to non-deficient cells. 

Reinforcing the idea of an interaction between MMP-14 and HSV-1. 



 

185 
 

ANNEX I 

 

Figure 90. HSV-1 accumulates MMP-14 in a different pattern in MMP-14 deficient cells. MMP-14 deficient cells were 

infected with HSV-1 and treated with X-XOD for 24 h, and were examined by confocal microscopy. The representative panel 

shows immunofluorescence images for anti-MMP-14 antibody. Original magnification: 63×. Scale bar: 10 μm. No staining 

was observed when the primary antibodies was omitted. 

Effect of HSV-1 on APP processing 

In MMP-14 deficient cells, the effect of HSV-1 infection on APP proteolysis was examined 

in cell lysates by Western blotting using the antibody 22C11 (Figure 91). We observed in 

infected deficient cells a significant decrease of APP together with APP85. 

 

Figure 91. HSV-1 decreases the levels of APP and APP fragment in MMP-14 deficient cells induced by OS. MMP-14 

deficient cells were infected with HSV-1 and treated with X-XOD. After incubation for 24 h, cell cultures were examined by 

Western blot using the anti-N-terminal APP antibody (22C11). Tubulin blot is shown as loading control. A representative 

experiment is shown. In the upper panel, the bands correspond to APP and APP fragments, and in the lower panel to α-tubulin. 

The data show the mean (± SEM) densitometry values (normalized by α-tubulin). Values for control were set at 1. ∗p<0.05, 

∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4). 
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The immunofluorescence assay of these infected MMP-14 deficient cells with the 22C11 

antibody revealed a decrease of the levels of APP (Figure 92), which correlated with the 

results obtained by Western blot. The same condense pattern of reorganization previously 

described was observed in HSV-1 infected cells. 

 

Figure 92. HSV-1 decreases APP levels in MMP-14 deficient cells. MMP-14 deficient cells were infected with HSV-1 and 

treated with X-XOD, in the presence or absence of NSC405020, for 24 h and were examined by confocal microscopy. The 

representative panel shows immunofluorescence images for anti-MMP-14 antibody. Original magnification: 63×. Scale bar: 10 

μm. No staining was observed when the primary antibodies was omitted. 

Effect of HSV-1 on lysosomal pathway changes 

In MMP-14 deficient cells the lysosomal markers were measured by Western blot using the 

specific antibodies for LAMP2 and CD63 (Figure 93). The levels of lysosomal proteins 

decreased in infected deficient cells in comparison to infected non-deficient cells. 
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Figure 93. HSV-1 decreases the lysosomal levels in MMP-14 deficient cells induced by OS. MMP-14 deficient cells were 

infected with HSV-1 and treated with X-XOD. After incubation for 24 h, cell cultures were examined by Western blot using 

anti-LAMP2 and anti-CD63 antibody. Tubulin blot is shown as loading control. A representative experiment is shown. In the 

upper panel, the bands correspond to LAMP2 or CD63 and in the lower panel to α-tubulin. The data show the mean (± SEM) 

densitometry values (normalized by α-tubulin). Values for control were set at 1. ∗p<0.05, ∗∗p<0.01 and ∗∗∗p<0.01 (t-test, 

n=4). 

The lysosomal burden was measured in MMP-14 deficient cells. LysoTracker levels of 

infected deficient cells decreased significantly in comparison to non-deficient cells 

(p=0.00157). Moreover, there was a general decrease of lysosomal burden in the deficient 

cell line in comparison to each treatment of non-deficient cells (Figure 94). 

 

Figure 94. HSV-1 decreases the lysosomal burden in MMP-14 deficient cells. MMP-14 deficient cells were infected with 

HSV-1 and treated with X-XOD. After incubation for 24 h, lysosomal quantity was analyzed by fluorometric measurement of 

LysoTracker. The graph shows the mean (±SEM) fluorescence values expressed as a percentage of the control value. ∗p<0.05, 

∗∗p<0.01 and ∗∗∗p<0.01 (t-test, n=4) 
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