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Abstract 

Amyotrophic lateral sclerosis (ALS) is the most common motor neuron (MN) disease. 

A poor knowledge of ALS pathophysiology is the major reason for the absence of 

specific diagnostic tests. Many different molecular mechanisms that concur to MNs 

degeneration have been described and among these, inflammatory process seems to 

play a role in disease progression. This work was aimed to reach two objectives: to 

find biomarkers that can help and guide the clinical diagnostic process at an early stage 

of ALS and to study immune system activity in ALS patients. The study was articulated 

in two phases: in the first one, the role of VAPB as a biomarker for ALS was evaluated 

analysing peripheral blood mononuclear cells (PBMCs) isolated from patients affected 

by sporadic ALS, Parkinson’s disease (PD) and healthy subjects (HCs). VAPB is an 

integral membrane protein of endoplasmic reticulum that regulate several cellular 

pathways indispensable to maintain homeostasis. The most common mutation in 

VAPB encoding gene is associated to a rare form of ALS (ALS-8) but, there are 

evidence that suggest the involvement of this protein in ALS pathomechanism. The 

analysis of PBMCs allowed us to identify, for the first time in sALS patients, the 

occurrence of intracellular aggregates of VAPB protein by immunofluorescence 

analysis (IFA) that were not evident in HC subjects and PD patients. This observation 

led us to suppose that VAPB could be misfolded in sALS, hypothesis indirectly 

confirmed by flow cytometry assay (FCA), that showed a reduction of VAPB fluorescent 

signals only in sALS patients. However, our observations were not associated with the 

presence of a genetic mutation or altered gene expression of VAPB and we also 

observed that VAPB aggregates presence does not alters PBMCs ability to response 

to a generic stimulus, as phorbol 12-myristate 13-acetate (PMA). In the second phase 

of the study neuro-inflammatory mediator’s role in disease progression was evaluated 

by chemokines and cytokines quantification in sera of sALS patients. The analysis 

revealed a general increase of these inflammatory mediators in sALS compared to 

HCs. Moreover, chemokines quantification evidenced significant higher expression of 

CXCL8 concentration in sALS compared to PD and CCL2 higher levels in PD 

compared to sALS. The analysis of inflammatory mediators in sera together with the 

identification of VAPB aggregates in PBMCs represent a diagnostic non-invasive, 

simple, fast, cheap tool useful in clinical practice and for studying ALS patho-

mechanisms. 



   
Maria Piera Lucrezia Cadoni - 1 - 

VAPB Aggregates and Peripheral Mediators of Inflammation: New Diagnostic Perspectives for ALS. 
PhD Thesis in Biomedical Sciences 

University of Sassari 

1. Introduction 

1.1 . Neurodegenerative diseases 

Neurodegenerative diseases (NDs) are a diverse set of diseases characterized 

by selective degeneration of neuronal population subset in central nervous system 

(CNS) [1,2]. NDs are usually characterized by late onset and are becoming 

increasingly prevalent, in part because the elderly population has increased in 

recent years [3]. NDs include highly debilitating illnesses, such as Alzheimer’s (AD), 

Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s 

disease, spinocerebellar ataxias, frontotemporal dementia and so on [4]. 

Although these diseases have different clinical manifestations and 

neuropathological features, however they share some common traits [4]. A constant 

hallmark of NDs is the presence of misfolded protein aggregates formation, 

considered one of the first causative event of neuronal death [1,4,5]. 

Proteins misfolding is usually ascribed to the presence of genetic mutation that lead 

to the production of instable proteins and then to their accumulation as insoluble 

aggregates. Proteins involved, the localization of their aggregates (extra-intra 

cellular) and the affected region of the brain, are specific for each NDs (Figure 1): 

[4] amyloid-beta (Aβ ) and/or tau are usually founded in hippocampus and cerebral 

cortex in AD; alpha-synuclein (α-Syn) aggregates characterize PD and are found in 

substantia nigra pars compacta, TAR DNA-binding protein 43 (TDP-43), Super 

oxide dismutase 1(SOD-1), C9Orf71 are the most common protein aggregates 

founded in motor neurons (MNs) of patients affected by ALS; huntingtin protein 

aggregates is located in striatum and cerebral cortex of Huntington disease affected 

Figure 1. Intracellular protein aggregates in histological sections of Huntington disease (HD), 
Alzheimer Disease (AD), Parkinson's Disease (PD) and Amyotrophic lateral sclerosis (ALS) patients. (C. 
Ross et al. 2004) 
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patients [2]. Protein misfolding is not the only one trait that NDs share, in fact these 

diseases are united by the fact that the most of them appear late in life, although 

rarely there are juvenile forms (i.e. ALS, AD); the treatments available serve just to 

cure the symptoms and in general, their causes are not yet fully known and it is 

thought that they originate from multiple concomitant causes: factors genetic, 

hereditary and environmental. 

1.2 .  Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is the third most common adult-onset ND, 

characterized by selective degeneration of MNs in the brain and spinal cord, 

followed by progressive muscle atrophy and/or spasticity [6]. MNs are specialized 

cells of central nervous system (CNS), that regulate all voluntary movements. 

MNs are grouped in upper motor neuron (UMNs), and lower motor neurons (LMNs) 

and together regulate all voluntary movements. UMNs, located in cerebral cortex 

and brainstem, carry information down to activate interneurons and LMNs, located 

in grey matter of the spinal cord and brain stem, which in turn directly signal muscles 

to contract or relax (Figure2). ALS could primarily affect LMNs, showing an initial 

excessive electrical irritability, fasciculation and, as they degenerate, a progressive 

muscular atrophy (PMA), or UMN, causing a primary lateral sclerosis (PLS), 

characterized by muscle stiffness and spasticity. More commonly both UMN and 

LMN are interested by degeneration [6,7]. Symmetrical variants with dominant UNM 

or LMN involvement generally progress slowly, carrying a better prognosis, whereas 

asymmetrical variants with mixed UMNs and LMNs involvement, generally progress 

more rapidly [6,8]. 

Individuals affected by ALS manifest focal weakness that spreads relentlessly to 

involve most muscles (including the diaphragm) and lose the ability to initiate and 

control all voluntary movements [7,9,10]. Typically, death due to respiratory 

paralysis occurs in 3 to 5 years [6]. Factors that predict rapid progression include an 

older age of onset, bulbar site of onset, short duration from first symptom to 

diagnosis, presence of cognitive impairment and genotype[8]. 

The onset of early symptoms depend on which muscles in the body are damaged 

first. About 75% of people with ALS experience "limb onset" [11]. In some of these 

cases, the symptoms initially are felt on one of the legs, or on a hand or an arm. 

https://en.wikipedia.org/wiki/Cerebral_cortex
https://en.wikipedia.org/wiki/Brainstem
https://en.wikipedia.org/wiki/Interneurons
https://en.wikipedia.org/wiki/Lower_motor_neuron
https://en.wikipedia.org/wiki/Neuromuscular_junction
https://en.wikipedia.org/wiki/Skeletal_muscle
https://en.wikipedia.org/wiki/Muscle_contraction
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Approximately 25% of ALS cases 

show "start bulbar" symptoms [12]. 

These patients manifest early 

symptoms characterized by 

dysarthria, anarthria, dysphagia and 

an easy tiredness of the muscles of 

mastication (EUS). This, together 

with dysphagia are often responsible 

for weight loss and malnutrition, for 

that reason it is necessary the use of 

PEG system to allow adequate 

nutrition. 

ALS affects predominantly MNs and 

in most cases the disease does not 

harm the mind, personality, 

intelligence or the patient's memory, 

sensory nerves and the autonomic 

nervous system [7,9,10]. However, a 

small percentage of affected patients 

go on to develop frontotemporal 

dementia (FTD) characterized by 

profound personality changes and 

there are some cases where sensory 

nerves are compromised [7]. The affection of cognitive function could be caused by 

a part of disease process or could be related to insufficient breathing at night 

(nocturnal hypoventilation). ALS and FTD are starting to be recognize as a 

continuum of a broad neurodegenerative disorder, with each presenting in a 

spectrum of overlapping clinical symptoms [13]. 

1.3 .  Epidemiology of ALS  

ALS is one of the most common MNs disease in adults. Recent studies reported 

a world incidence of ALS between 0.6 and 3.8 per 100 000 person-years [14,15].The 

European incidence is higher, ranging from 2.1 to 3.8 per 100 000 person-years, 

while the prevalence is equal to 10 per 100 000 in Western countries [14]. However, 

Figure 2. Schematic representation of motor system 
(Brown et al. 2017) 
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epidemiological studies showed large geographical variations in incidence, but no 

data on MNs disease incidence exist for the most of countries [14]. 

Currently, in Italy there are about 6000 patients and 2000 new cases per year 

(source: www.arisla.it). In this panorama Sardinia presents 3 times higher levels of 

incidence and prevalence compared to the national media (source: www.aisla.it). 

Probably, this increase in incidence could be associated to genetic isolation factors 

that favoured the increase in frequency of genetic variants that predispose to 

disease (source: www.aislasardegna.it). In general, incidence remains constant 

whereas the prevalence increases. This could be related to the improvement of 

care, the general improvement of living conditions of the sick person, to change the 

ethical / cultural towards their own life choices, of everyday life. 

Age is considered as a risk factor for ALS. The media ALS onset age is 50-55 with 

a peak at 70 years age followed by a sharp decrease in incidence [15], while is rare 

before 50 years age. A recent study, conducted by Arthur et al. in 2016, revealed 

that in the next 25 years the number of patients affected by ALS will increase of 

69%. The reason of such increase is predominantly due to ageing of the population, 

particularly among developing nations[16]. 

Both sexes are affected by the disease and it seems that the male/female ratio is 

different in some Countries [14]. However, in sALS cases the ratio of affected males 

to affected females may approach 2:1, while in fALS, the ratio is closer to 1:1 [6,17]  

1.4 .  Aetiology 

Despite ALS was described for the first time in 1860 by the French neurologist 

Jean-Martin Charcot, its pathophysiology is still unclear. ALS is considered as a 

multifactorial disease, on with genetic predisposition play a pivotal role in MNs 

degeneration and environmental factors seem to influence strongly the onset and 

disease course [18]. With the advance in genetic era many different genetic 

mutations have been discovered, permitting to identify the various molecular 

mechanisms that play a role in MNs degeneration. Despite the big variety of genes 

identified, the most of the genetic mutations could be traced to proteostasis 

alteration. 

 

 

http://www.aisla.it/
http://www.aislasardegna.it/
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1.4.1.  Environmental factors 

Observations made in the first decades of twentieth century, in some high 

prevalence areas (the island of Guam in the West Pacific and the Kii Peninsula in 

Japan) led to the suspicion that an environmental cause could be involved in ALS 

pathogenesis [19] working in conjunction with genetic susceptibility (source: 

www.alsa.org).  

Many different environmental factors have been studied and correlated to ALS onset 

such: 

 Toxins: metals, solvents, radiation and electromagnetic fields 

 Pesticides 

 Beta-methylamino-l-alanine (BMAA) 

 Viruses 

 Smoking 

 Exercise 

 Warfare 

 

Despite the initial data positively associated to heavy metals [19–22], extremely low-

frequency electromagnetic fields (ELF-EMFs) and electric shocks exposures [19], 

conflicting and inconclusive results were obtained. In contrast, studies carried out 

on pesticides indicated a strong correlation between exposure to pesticides and ALS 

onset [19,22]. This, in addition to the involvement of pesticides in other 

neurodegenerative diseases such as Parkinson’s disease, leads to the conclusion 

that they are a reliable risk factor for neurodegeneration.  

Another possible widely studied risk factor, is the non-protein amino acid β- N-

methylamino-L-alanine (BMAA), a toxin produced by cyanobacterial order, for which 

there are some in vivo evidence that validates its neurotoxic properties [19,23]. 

Among the various environmental factors related to ALS, human endogenous 

retroviruses (HERVs) have been identified. These viruses represent ∼8% of the 

human genome and environmental factors have reproducibly been shown to trigger 

their expression. The resulting production of envelope (Env) proteins from HERV-W 

and HERV-K appears to engage pathophysiological pathways leading to the 

pathognomonic features of multiple sclerosis and ALS, respectively [19] In particular 
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evidences on sporadic patients affected by ALS, revealed a complete retroviral gene 

activation in brain tissue extracts [24].  

Also employment causes have been studied to evaluate a possible correlation with 

the risk to contract ALS, founding some professions associated to a positive risk: 

veterinarian, football players, hairdressers, farmers and operators of the armed 

forces[25]. However, we must consider that many environmental factors act more 

frequently on a specific genetic background, on which the genetic component of the 

disease has ever greater weight [25]. 

1.4.2.  Genetic factors 

Genetic factors are the main causative components of ALS. In general, all ALS 

cases are classified in two forms: sporadic ALS (sALS) that represents the 90%, 

where is not evident a family history of the disease, and familial ALS (fALS) that 

represents the remaining 10%, characterized by the transmission of the genetic 

mutation within families. In the most of the cases the mutant genes have dominant 

traits, frequently with high penetrance [26,27]. The distinction between fALS and 

sALS is formal, in fact both pathological forms are often difficult to distinguish for 

several reasons: the family history is not always well known, cases can be 

misdiagnosed and the disease may not occurs because of small family size or 

premature death of some individuals [28]. Moreover, fALS and sALS present 

similarities in their pathological as in their clinical features, suggesting a 

convergence of the cellular and molecular events that lead to MNs degeneration [6]. 

At least 25 genes (all genes involved in ALS can be found in the following web site: 

https://alsod.ac.uk/) have been related to fALS, sALS or both and among these 

C9orf72 [29], SOD1 [30], TAR DNA binding protein (TARDBP) and fused in sarcoma 

(FUS) [31], are founded with higher frequency and account for about 3% of fALS 

and 1.5% of sALS, and 5% of FALS and 1% of SALS, respectively [28,31]. The 

major genes involved in ALS patho-mechanisms may be classified into three 

groups, briefly described here (Figure.3) (for further details see the molecular 

mechanisms section):  

Genes involved in proteostasis and protein quality control: alteration of 

proteostasis is one of the major pathological hallmarks of ALS. Many evidences 

proved the alteration in protein degradation systems where ubiquitin proteasome 

and autophagy play a pivotal role. 

https://alsod.ac.uk/
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Several mutations in many genes involved in these pathways have been found; 

these include ubiquilin-2 (UBQLN2), p62/SQSTM1 (sequestosome 1), optineurin 

(OPTN), vasolin-containing protein (VCP), charged multivesicular body protein 2B 

(CHMP2B), vesicle-associated membrane protein (VAMP)/synatobrevin-associated 

protein B (VAPB), and FIG4 (FIG4 homolog, SAC1 lipid phosphatase domain 

containing protein) [13,32–34]. Ubiquilin2, p62/SQSTM1, OPTN and VCP are 

directly involved in protein degradation [13] and it had been reported that, when 

mutant [35–39] these proteins tend to co-localize with TDP-43, FUS and others 

proteins involved in ALS [35,36,40,41]. 

Genes involved in RNA homeostasis: similar to proteostasis dysregulation, RNA 

homeostasis dysfunction plays a crucial role in ALS pathogenesis. The main 

proteins involved in this process that have been correlate to ALS are TDP43, FUS 

and C9Orf72. TDP-43 and FUS are both RNA-binding proteins able to recognise 

more than five thousand RNA targets [42,43]. More than 40 mutations in sALS and 

fALS are found clustered within the C-terminal glycine region of the protein [28] and 

they mainly affect the ability of TDP-43 to interact with others proteins [44]. Mutant 

TDP-43 forms insoluble aggregates mainly localized in cytoplasm, while also in the 

absence of mutation, ubiquitinate TDP-43 inclusions are found in the majority of ALS 

patients, with the exception of those affected by SOD1 mutations [45]. Mutation in 

FUS encoding gene could be distinguished in two groups: mutations localised in the 

low-complexity/prion-like domain and mutations in the C-terminal nuclear 

localization signal (NLS) associated to ALS juvenile onset and increased 

cytoplasmic localization of FUS respectively [13]. C9Orf72 is the most common 

mutant gene found in ALS, it encodes for C9orf72 protein that is involved in nuclear 

Figure 3. ALS related genes discovered since 1990 until now (Brown et 
al 2017) 
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and endosomal membrane trafficking and autophagy[46]. Physiologically a 

noncoding stretch of six nucleotides is repeated up to approximately 30 times, while 

when this segment is expanded over than hundreds or thousands repetitions, it 

causes fALS [6]. Three different patho-mechanisms have been correlated to this 

protein: haploinsufficiency, caused by GGGGCC repeat expansions; production of 

toxic polydipeptides in each of three reading frames (poly GA, poly GP, poly GR, 

poly PA and poly PR) that have toxic effect on cells and RNA foci formation which 

sequester RNA binding proteins, disabling the RNA processing machinery and 

transcription of, toxic for cells [6,13]. However, there many others genes involved in 

RNA homeostasis correlated to ALS (Table.1) that will be discussed in more detail 

in the section1.5.3. 

Table 1. Mutant genes involved in RNA homeostasis impairment (Sephton, Chantelle et al 2015) 

 

 

 

 

 

 

AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, FTD frontotemporal dementia, FXS fragile X syndrome, HD Huntington’s 

disease, PB processing body, PD Parkinson’s disease, PGD Paget disease, PQE polyQ expansion disease, tRNP transport ribonucleoprotein 

particle granule, SCA2 spinocerebellar ataxia type 2, SG stress granule, SMA spinal muscular atrophy 

Genes that influences cytoskeletal dynamics: dynactin 1 (DCTN1), PFN1, and 

tubulin 4A (TUBA4A) genes mutations have been associated to ALS. DCTN1 

mediates retrograde transport of vesicles and organelles by recruiting and tethering 

dynein to microtubules; PFN1 plays a role in the conversion of globular actin to 

filamentous and TUBA4A is a component of microtubules. All these protein could 

be found in mutant form in ALS, causing alteration in cytoskeletal homeostasis that 

is essential for neuronal homeostasis[47–49]. 

All fALS cases are usually inherited by autosomal dominant manner, while 

autosomal recessive inheritance is rare and frequently seen in patients with juvenile 

onset, primary lateral sclerosis or spastic paraplegia-like symptoms [26]. For what it 
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concerns sALS, its aetiology remains still unknown. Although it is clear that also 

sALS cases are caused by genetic modifications and some of them such SOD1, 

intronic expansions in C9ORF72, TARDBP, FUS, HNRNPA1, SQSTM1, VCP, 

OPTN, PFN1, VAPB are shared whit fALS [26]. Heritability studies show that a 

substantial fraction of sALS cases cannot be attributed to genetics or biologics 

factors; these cases are ascribed to environmental or undefined factors [6]. 

Whit the advance in the DNA sequencing technologies, our knowledge about 

genetic causes have been improved and now more than 100 genes have been 

reported as being associated with ALS [28]. Several of these genes are considered 

“minor genes” for their low risk or very low penetrance [28].  

Interestingly it have been seen that genetic variants can enhance ALS susceptibility 

or influence the clinical phenotype, even if the variants do not themselves cause 

ALS [34]. An important example is the gene that encodes to enzyme ephrin A4 

(EPHA4) that when expressed in lower levels, correlate with longer survival [6]. 

Some genetic variants influence both susceptibility and phenotype. For example, 

progression is accelerated in patients with the common A4V mutation30 of SOD1 

and in patients with the P525L mutation of FUS/ TLS; the latter may lead to 

fulminant, childhood-onset MNs disease [6]. 

1.4.3. Epigenetic factors 

Epigenetic modifications are hereditable alterations in DNA structure (DNA 

methylation and histone modification) that regulate chromatin conformation and 

consequently, DNA accessibility and gene expression. Epigenetic changes can be 

inherited or can be acquired as a result of the complex interactions between the 

genome and the environment. This dynamic interaction can be initiated by different 

factors, including age, exercise, diet toxic environmental exposure and so on. One 

of the emerging epigenetic mechanisms is the RNA editing that, through the action 

of miRNAs, small molecules of non-coding mRNA, regulates gene expression at 

transcriptional and post transcriptional levels [50]. 

In the recent years growing attention to epigenetic process and their potential role 

in pathologies onset have been revolved. Also for what it concerns ALS 

pathogenesis, recent finding evidenced the alteration in epigenetic gene regulation, 

suggesting that transcriptional dysregulation may play a central role in its 

pathogenesis, especially in sALS cases [51]. Preliminary studies, conducted on post 
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mortem brain of ALS patients, reported that DNA methylation is altered compared 

to healthy subjects and that the genes interested by this alteration were involved in 

calcium homeostasis regulation, neurotransmission, oxidative stress and immune 

and inflammation responses [52]. Also aberrant miRNAs regulation in ALS patients 

have been reported, revealing a globally reduction of mature miRNAs [51]. One of 

the possible cause of altered miRNA expression could be associated to TDP-43 

mutation or aggregates formation. In fact, it is known that this protein is also involved 

in the regulation of miRNA expression and evidence revealed that some of them are 

often founded dysregulated in ALS [53]. However, the assessment of epigenetic 

modifications for ALS is still at an early stage and much remains to be evaluated 

and deepen this point could be useful for new therapeutic target findings [51]. 

1.5.  Patho-mechanisms involved in ALS 

ALS is a really complex pathology on which many different factors play a role in 

MNs degeneration. To date it is certain that this pathology is the result of a complex 

interaction between genetic and environmental factors. Many different molecular 

mechanisms that concur in MNs death have been discovered. Among all of them, 

protein aggregates formation and autophagic impairment are the main mechanisms 

observed in ALS, also if the question about the egg or the chicken it still persists. All 

the others molecular mechanism identified appears to be a secondary effect of 

proteostasis alteration.  

1.5.1.  Protein aggregates and unfolded protein response  

Protein aggregates are a constant hallmark of ALS and are often found in 

spinal cord, hippocampus, cerebellum and frontal and temporal cortices of both 

fALS and sALS affected patients [54]. To date the question for whether protein 

aggregation per se causes or merely reflects a consequence of neurodegenerative 

diseases is still debates [13]. Many different conditions can favourite their formation: 

genetic mutations, changes in metal ions, pathological chaperone proteins, pH or 

oxidative stress, macromolecular crowding. Changes in these conditions could 

influence protein solubility, causing their structure destabilization and favouring 

misfolding and aggregation [1,4]. Under physiological conditions, the native protein 

conformation is composed of α-helical and unordered structures. Misfolded proteins 
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conformation is rich in β-sheets [55] that serves to stabilize misfolded intermediates 

in aqueous environment such in cells [1]. 

Protein inclusions could contain many different proteins, some of which may have 

an intrinsic tendency to aggregate following mutation (such as SOD1, TDP-43, FUS, 

VAPB) while others may simply be entrapped in aggregates [1] (Figure 4).  

In general it have been reported that the most of proteins disease-related are 

involved in protein quality control and RNA systems [56] (Figure 4).  

TDP-43 is an RNA binding protein involved in RNA pathway and its inclusions are 

founded in motor cortices and spinal cords of nearly 97% of fALS and sALS patients 

[54]. Of relevance, these aggregates are also present when TDP-43 encoding gene 

is not mutant. In fact TDP-43 aggregates are considered the single greatest unifying 

factor throughout ALS molecular pathology [57] suggesting a possible central role 

of this protein in ALS [56]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TDP-43 inclusions are also prevalent in all patients with the repeat expansion such 

C9Orf72, also involved in RNA regulation [13]. Patients with C9Orf72 dysfunction, 

also showed the presence of dipeptide repeat (DPR) proteins inclusions resulting 

from non-ATG-initiated translation of C9orf72 intronic repeats [54]. Another protein 

involved in RNA metabolism often founded in intracellular inclusions, is FUS. As 

Figure 4. Protein inclusion in lumbar spinal cord and cortex of ALS patients. a TDP-43 aggregates in lumbar 
spinal cord α motor neurons of sporadic ALS patients. b On the left side, TDP-43 aggregates in lumbar spinal 
cord α MNs of patients with C9Orf72 pathologic expansion. The image shows. On the right side poly GA, GR 
and GP dipeptide repeat proteins in cortex of ALS patients with C9orf72 pathology. c FUS protein inclusions in 
lumbar spinal cord α motor neurons and cortex of ALS patients affected by FUS mutation. The staining 
depicted in the image were a kind gift of Doc Anand Goswami, Institute of Neuropathology, Uniklinik Aachen  

Kindly offered by Doc. Anand Goswami 

a 

b 

c 
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already explained above, on the basis of the mutations, FUS pathology could be 

correlated to a juvenile form of ALS, characterized by basophilic inclusions and 

round neuronal cytoplasmic FUS inclusions, whereas late-onset ALS cases are 

characterized by tangle-like FUS-containing inclusions in both neurons and glial 

cells [13]. FUS aggregates are not observed in ALS patients in absence of gene 

mutation [58] and are usually found in sALS patients and in non-SOD-1 fALS cases 

[59]. Therefore, the discovery of ALS-associated mutations in genes encoding for 

proteins involved in protein degradation pathways provided compelling evidence 

towards a model of ALS as a disease of protein homeostatic dysregulation [54]. 

Misfolded protein aggregates production is a normal physiological phenomenon, in 

fact cells are equipped of protein quality control systems that degrade misfolded 

proteins [54]:ubiquitin-proteasome system (UPS) and autophagy [13]. ALS 

pathology is characterized by the failure of both these systems or because of the 

high request to degrade proteins or because the protein responsible of their 

functioning are produced in mutant form [1]. Misfolded protein aggregates are one 

of the major contributor that induce cellular toxicity, from the ability to sequester 

proteins required for normal motor neuron function, to the capacity to reduce 

proteasome activity needed for normal protein turnover and to inhibit specific 

organelles function (as mitochondria) by aggregation out or within the same 

organelles [53,55]. A variety of characteristic inclusion types in ALS motor neurons, 

including larger skein-like inclusions reactive for ubiquitin, smaller filamentous 

inclusions containing neuro-filament proteins, dense spheroids with a Lewy body-

like appearance (compact inclusions), and Bunina bodies, small granular inclusions 

of lysosomal origin, have been described [34,53,60]. In all instances, impairment of 

the unfolded protein response (UPR) seems to play a major role [61].  

Endoplasmic reticulum (ER) is the cellular organelle were protein are synthetized, 

assembled and then transported to the site where they are needed. Physiological or 

pathological processes that disturb protein folding in the ER, cause ER stress. The 

initial response of cell to ER stress is the activation of UPR system that causes a 

shut-down of global protein synthesis and activates mechanisms that allow the cell 

to deal with the accumulation of unfolded proteins [60] UPR pathway is aimed to 

restore ER and cellular homeostasis by three different ways: adaptation, alarm and 

apoptosis. During adaptation, the UPR tries to re-establish folding homeostasis by 

inducing expression of chaperones that enhance protein folding. Simultaneously, 
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global translation is attenuated to reduce the ER folding load while the degradation 

rate of unfolded proteins is increased. If these steps fail, the UPR induces a cellular 

alarm and mitochondrial mediated apoptosis program [62] (Figure 5). UPR is a 

complex signalling program mediated by three ER transmembrane receptors: 

 Double-stranded RNA-activated protein kinase (PKR) like ER kinase (PERK) 

 Inositol requiring enzyme 1 (IRE1) 

 Activation transcription factor 6 (ATF6). 

 

 

 

 

 

 

 

 

 

 

 

 

These are the major ER stress sensors that detect accumulation of unfolded 

proteins. IRE1 and PERK, are type I transmembrane proteins with protein kinase 

activity while ATF6 is a type II transmembrane protein, whose cytosolic domain can 

translocate to the nucleus and activate UPR relevant genes [61]. The activation of 

the three transmembrane ER stress transducers is regulated from GRP78, also 

called Bip or HSPA5, that is a master regulator for ER stress. GRP78 it the major 

ER chaperone with anti-apoptotic properties, that regulates UPR signalling 

activation [62,63]. Normally the correct protein fold is ensured by molecular 

chaperones, foldases and lectins. When proper folding cannot be restored, 

incorrectly folded proteins are targeted to ER Associated Degradation (ERAD) 

pathways for processing and if unfolded or misfolded proteins continue to 

accumulate, eukaryotes induce the UPR pathway. 

 

 

Figure 5. Overview of UPR system. Under stress conditions, GRP78 activate 
the tree transmembrane proteins involved in UPR system: PERK, IRE-1 and 
ATF6 that try to restore protein homeostasis. When the attempt fails, IRE-q 
activate apoptotic pathway by TRAF-2 protein (Sheng Kay Hsu et al 2019) 
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1.5.2.  Autophagic dysfunction 

Protein turnover is essential to maintain cellular homeostasis and it is aimed to 

remove defective proteins and to provide a pool of amino acids indispensable to 

synthetize new ones. The autophagic system degrades long-lived proteins working 

in strength association with ubiquitin proteasome system (UPS) [64]. The 

autophagic system is composed by: macro-autophagy that is the pathway used 

primarily to eradicate damaged cells, organelles or unused proteins. Briefly, this 

system consists in the formation of double membrane vesicle known as auto-

phagosome that completely enrols the cytoplasmic constituents that have to be 

degraded. Then, the auto-phagosome membrane fuse with that of a lysosome and 

finally its content is degraded and recycled. 

Each stage of this degradation process is guided by specific molecules involved in 

the various events of conjugation and phosphorylation-dephosphorylation; one of 

the best known and best characterized negative modulators of macro-autophagy is 

mTOR [65,66]. Another component of the autophagic system is micro-autophagy, 

responsible for selective removal of organelles in excess. This process is mediated 

by lysosomes that directly, enrol elements that cells need to degrade but very little 

is known about the molecular mechanisms that regulate this type of autophagy [67].  

The third component is chaperone mediated autophagy (CMA), pathway through 

which cytosolic target proteins, carrying a specific pentapeptidic sequence, are 

recognized and bound by a "chaperone" cytosolic, such as the 70-kDa heat shock 

proteins (HSP-70) that delivers them on the lysosomes membrane were they are 

degraded. This system differs significantly from the other two types of autophagy. 

In fact, CMA is extremely selective about the material that crosses the lysosomal 

barrier and its maximum activation occurs in cellular stress conditions. In particular, 

CMA provides substrates for the synthesis of new proteins in conditions of 

prolonged nutritional deficiency and selectively removes the damaged proteins due 

to oxidative stress and toxic insults of various natures [66].  

The other pathway involved in altered proteins clearance is the UPS, a multienzyme 

complex that degrade structurally altered or short-term proteins [68]. UPS and 

autophagy were long viewed as a two independent and parallel systems, now it is 

known that these two systems are coordinated. Several regulators have emerged 

as important players in mediating this crosstalk like p62/sequestrome that increases  
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in presence of oxidative stress, proteasome impairment and increased misfolded 

proteins. In ALS patients accumulation of p62-positive inclusions in MNs and glia 

have been reported, suggesting insufficient clearance of misfolded and aggregated 

proteins [53]. 

Defects in the autophagy system is correlated with ALS [64]. These defects could 

arise from either one or more events [54] (Figure 6):  

 failure in autophagy initiation;  

 failure in auto-phagosome formation and/or maturation;  

 defects in the transport of cargo within auto-phagosomes;  

 failure in the fusion between auto-phagosomes and lysosomes;  

 defective lysosomal degradation 

 

 

 

 

 

 

 

 

 

Many different ALS related genes have been found to be involved in altered protein 

degradation pathways such TDP-43, that when mutant, tends to forms intracellular 

aggregates and lose its ability to bind and stabilize ATG7 mRNA (autophagy‐related 

gene 7), that promote protein degradation [69]. This indicates that TDP-43  

aggregation in the cytoplasm causes autophagy impairment, or vice versa [54]. Also 

FUS accumulation have been positively correlated with the autophagic flux 

impairment. [70]. Moreover, Farg et al. [71] suggested for C9ORF72 a role in 

endocytic vesicle trafficking and autophagy.  

Subsequently, it was discovered that C9ORF72 is involved in the formation or 

maturation of auto-phagosomes [70] and that it interacts with SQSTM1/ p62 and 

Figure 6. Schematic representation of authopagy impairment and genes involved in this 
pathway in ALS pathology (Peter M. Sullivan, Xiaolai Zhou and Fenghua Hu 2017). 
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OPTN autophagy receptors and with others proteins involved in auto-phagosome 

formation control [72]. These findings suggest that, when altered, C9ORF72 can 

participate in autophagic system impairment [54,73]. Also ALS2/Alsin, associated 

with motor disorders, has been associated with impaired endosomal trafficking, 

decreased lysosome protein degradation and neurodegeneration in mouse models 

[64]. Autophagic activity alteration have been also associated to modifications in 

many different genes that encode for proteins that act as autophagy receptors, like 

SQSTM1/p62 [74], OPTN [41], and Ubiquilin 2 [36]. 

In particular, mutations in SQSTM1/p62 have been associated with disrupted 

autophagic degradation of mutant SOD1 and TDP- 43 [64,75]. Mutations in LC3 

binding region of SQSTM1/p62 have been shown to impair its recruitment into auto-

phagosomes, as well TANK-binding kinase 1 (TBK1) have been associated with 

ALS [70]; TBK1 has been shown to phosphorylate OPTN to promote efficient 

mitophagy and SQSTM1/p62 to allow auto-phagosome maturation [70]. Moreover, 

mutations in the valosin containing protein (VCP) gene, which encodes valosin-

containing protein, are also found in a subset of fALS patients. VCP is essential for 

autophagy and loss of VCP function (either via expression of a not functional mutant 

protein or gene silencing) leads to the accumulation of unfused auto-phagosomes 

and neurodegeneration [53]. All these findings clearly demonstrate the major 

involvement of autophagic system in ALS pathology and at the same time they 

provide various metabolic pathways which can be used as therapeutic targets. 

1.5.3.  Alteration of RNA metabolism  

Since 2006, year when TDP-43 mislocalization from nucleus to cytoplasm have 

been discovered, growing attention to RNA metabolism alterations in ALS have 

been revolved [34,76]. In fact, many other proteins with activity similar to TDP-43 

have been discovered to be impaired such: FUS, TATA box–binding protein–

associated factor 15 (TAF15), Ewing sarcoma breakpoint region 1 (EWSR1), the 

heterogeneous nuclear ribo- nucleoproteins (hnRNPs) hnRNPA1 and hnRNPA2B1, 

and T cell in- tracytoplasmic antigen (TIA1)such FUS [56,57,77,78] (Table 1). All 

these proteins belong to the RNA binding protein (RBPs) family and are small 

nuclear ribonucleoproteins that interact with RNA in all its metabolic phases, 

regulating in this way gene expression. TDP-43 is involved in many aspects of RNA-

related metabolism, including splicing, microRNA (miRNA) biogenesis, RNA 
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transport and translation, and stress granule formation by interacting with numerous 

hnRNPs, splicing factors, and microprocessor proteins [13,57]. Also FUS is able to 

bind RNA and single/double stranded DNA, it plays a role in spliceosome 

machinery, DNA repair, transcription, alternative splicing, translation, RNA transport 

and it is able to interact with more than 5000 mRNA target [13]. EWSR1 plays 

functions similar to FUS, while TAF15 is essential for RNA polymerase II–mediated 

transcription and hnRNPA1 and hnRNPA2B1 regulate alternative splicing, 

metabolism, and transport of nuclear pre-mRNA transcripts [56]. The most of these 

RBPs, when mutant undergo structural modifications, that cause their 

mislocalization from nucleus into cytoplasm were appear as ubiquitinated protein 

inclusions [79]. The culmination of this redistribution is the depletion of RBPs from 

the nucleus that has the potential to cause a relative loss of nuclear function [34] 

and RNA metabolism alteration on a broad scale. For example, loss of nuclear TDP-

43, FUS or hnRNPA1 generate usage of cryptic splice sites [34,79] that, in general, 

may lower levels of correctly spliced protein-encoding mRNAs. Furthermore, the 

fact that TDP-43 auto-regulates its synthesis, establishes the possibility of a feed-

forward mechanism amplifying the impact of partial loss of its function [79]. 

Experiment conducted on transgenic mice showed that FUS and TDP-43, when 

mutant, lose the capacity to regulate miRNA causing an altered RNA silencing. In 

fact, many different studies reported that miRNA are misregulated in ALS [51]. 

Disrupting miRNA biogenesis has the potential to have many downstream 

consequences affecting several cellular pathways. Post mortem human spinal cord 

tissues from ALS subjects were assessed to identify aberrantly regulated 

microRNAs [80]. Recent studies have examined miRNA changes in ALS patients 

and model systems founding a global reduction and alteration in miRNA processing 

[51]. However, many different studies performed on various sources such circulating 

cells, serum, muscular tissue and spinal cord of sALS and fALS patients have been 

conducted [53], but a common set of miRNA alterations was not observed [53] 

probably because of differences in models, cell/tissue types, and analytical methods 

used. 

1.5.4. Mitochondrial dysfunctions  

Mitochondria play a central role in cell survival and metabolism through ATP 

production, phospholipid biogenesis, calcium homeostasis and apoptosis. The 
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activity of these organelles are particularly important in neurons because of their 

high metabolic requirements and, especially, because their functioning is closely 

related to calcium buffering. 

Many ALS-related genes have a role in mitochondrial-associated functions such 

SOD-1, ALS2, FUS, VAPB, TDP-43, OPTN, VCP, SIGMAR1, C9ORF72 [81] and 

their alteration cause mitochondria impairment trough different mechanisms such: 

calcium homeostasis alteration, production of reactive oxygen species (ROS), 

disruption of ER–mitochondria contacts, reduced mitophagy-related gene 

expression; impairment of mitochondrial architecture and mitochondrial DNA 

transcription and so on [81]. Mitochondrial abnormalities such as swelling and 

vacuolization are considered pathological hallmarks in spinal cords of ALS patients 

and transgenic mouse models [82]. Misfolded and aggregated SOD1 mutants on 

outer mitochondrial membrane (cytoplasmic face) have been reported to impair 

electron transport chain in either transgenic mice and ALS patients’ spinal cord [83]. 

Mitochondria shape appears altered in the most of ALS models and in affected 

patients. Since have been reported that their alterations occurs at early stage of the 

pathology [81], it is thought that they could reflect an upstream source of 

degeneration rather than a consequence. Mitochondria are also involved in the 

apoptotic intrinsic pathway, where caspase 9, a member of caspase family of 

cysteine proteases, has a main role in the cascade activation process [84]. At this 

regard, it seems that misfolded SOD1 monomers and oligomers are able to interact 

with the pro-survival factor Bcl-2, leading neurons to apoptosis [82]. 

1.5.5.  Oxidative, Inflammatory and Excitotoxic Insults 

ROS are reactive oxygen species mainly produced by the electron transport 

chain as of oxidative phosphorylation. The main species of ROS are superoxide 

anion (O2•−), H2O2 and hydroxyl radical (• OH). The most reactive of these species 

is hydroxyl radical. Either (O2•−) and (• OH), if not inactivated, are capable to 

damage membranes lipids, DNA and proteins. Dismutation of O2•−, is catalysed by 

SOD1 and SOD2 and gives rise to H2O2 which can further generate hydroxyl anions 

(OH•) by partial reduction. O2•− can also react with nitric oxide (NO•) to form 

peroxynitrite (ONOO−), another free radical specie. The production of such radicals 

in cells is normal, in fact they are provided of systems, called scavengers, that are 
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responsible of the radical species conversion in product less toxic or of their 

inactivation. 

Increased levels of ROS and ROS-associated damage have been widely reported 

in ALS [85]. Increased markers of ROS damage have been found in bio-fluids 

[86,87] as well as in post-mortem tissues of patients with sALS [81]. Similarly, 

increased ROS levels were reported in lymphoblasts of fALS cases with SOD1 

mutations and fibroblasts of patients with C9orf72 G4C2 repeat expansions [81] 

Oxidative damage has been proposed to promote protein aggregates formation 

[88,89]. The production of ROS and other reactive species can be attributed to 

different causes: it can be caused by cellular stress conditions in presence of protein 

misfolding accumulation or, it can be caused by an inflammatory state that is now 

known to take part in the pathological process of ALS. In fact, neurons, astrocytes, 

and microglia are all cells capable to secrete pro-inflammatory cytokines and other 

inducers of cellular stress. Activated microglia promote nitric oxide synthase (iNOS), 

prostaglandins and nitric oxide (NO) production [82]. Neuro-inflammatory and 

excitotoxic insults from microglia and astrocytes are thought to primarily affect 

disease progression rather than representing a primary trigger of disease. However, 

the inflammatory process involved in ALS will be discussed well further. 

Another mechanism involve in cellular damage is excessive glutamate-induced 

stimulation in postsynaptic glutamate receptors [82]. Prolonged hyper stimulation by 

glutamate induces death primarily by allowing persistent calcium influx through the 

Ca2+-permeable α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) 

receptors, which are specifically enriched in motor neurons [82]. MNs are selectively 

vulnerable to excitotoxic stress due to their abundance of AMPA receptors and low 

calcium-buffering ability. Glutamate excitotoxicity acts synergistically with protein 

aggregation and mitochondrial/ER dysfunction causing motor neurons stress and 

activating apoptosis in SOD1-related fALS. 

1.5.6. Calcium homeostasis alteration 

Calcium (Ca2+) is one of the most important intracellular messengers in CNS 

where, it regulates several metabolic pathways. MN are particularly rich of Ca2+ 

receptors because this ion regulates the release of neurotransmitters at 

neuromuscular junctions. Defects in cellular Ca2+ signalling are involved in the 

pathogenesis of many neurodegenerative diseases, including ALS [90]. 



   
Maria Piera Lucrezia Cadoni - 20 - 

VAPB Aggregates and Peripheral Mediators of Inflammation: New Diagnostic Perspectives for ALS. 
PhD Thesis in Biomedical Sciences 

University of Sassari 

Deregulation of intracellular calcium homeostasis in the spinal MNs of ALS animals 

as well as in the terminal motor axons of sALS and fALS patients has been reported 

[90]. Several evidence support the idea that deregulation of glutamate 

neurotransmission by increasing extracellular glutamate levels, may trigger Ca2+ 

entry in MNs leading to Ca2+ homeostasis alteration [90]. Furthermore, many 

different pathway associated to ALS converge in Ca2+ impairment that is 

considered a final common pathway of MN injury [91]. Prolonged stimulation by 

glutamate induces an excess calcium influx in AMPA receptors, amplifying 

excitotoxicity [92], accumulation of misfolded proteins activate UPR pathway that 

sometimes collimates with apoptosis mediated by calcium release from ER [63]. 

Elevated intracellular levels of Ca2+ also lead to mitochondrial Ca2+ overload, that 

is deeply interconnected with mitochondrial dysfunctions resulting in ROS 

production, oxidative stress and eventually to apoptosis or necrosis [93]. On the 

other hand, Ca2+ depletion in ER, which occurs under deregulated ER MCC 

conditions, leads to protein folding dysfunction and proteasome impairment, 

resulting in ER stress and apoptosis [63,93]. Moreover it is note that many different 

proteins associated to ALS pathomechanism interact directly or indirectly with Ca2+ 

[93]. One of these is VAPB protein, involved in ALS-8, that is directly engaged in 

Ca2+ exchange between the ER and mitochondria. When mutant, this proteins 

disrupts Ca2+ homeostasis leading to a perturbation of mitochondrial anterograde 

axonal transport and affecting the Miro1/kinesin-1 interaction with tubulin [94]. 

Others proteins involved in Ca2+impairment are Alsin, Matrin 3, Ataxin 2, FUS, TDP-

43 and SOD-1 [95–99]. 

1.5.7. Apoptotic pathway 

Apoptosis a complex cellular process, genetically controlled, that play an 

essential role in several biologic events, including morphogenesis, cell turnover, 

removal of harmful cells. Apoptosis could be activated by extrinsic and the intrinsic 

(also called the mitochondrial pathway) mechanisms strength regulated by a series 

of proteases called caspases. Both of them collimate in Caspase 3 effector 

activation that it is respectively activated by caspase-8 in receptor pathway and by 

caspase-9 in mitochondrial pathway [100].  

The extrinsic pathway is activated by external stimuli (i.e. pro-apoptotic cytokines 

such TNF, Fas-L) initiated by patrolling natural killer cells or macrophages [100]. 
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When these cytokines bind their specific receptor present on cell surface, lead to 

the activation of death domain (DD) that in turn actives Caspase 8. Once activated, 

Caspase 8 cleave the other caspases leading to apoptosis chain reaction. The main 

protagonists of the intrinsic pathway are Caspase 9 mitochondria. These organells, 

in presence of negative signal (such absence of cytokines, hormones and growth 

factors) or positive signals (hypoxia, toxins, radiation, reactive oxygen species, 

viruses and a variety of toxic agents), release pro‐apoptotic proteins (including 

cytochrome c, Smac/Diablo and HtrA2/ Omi) able to leak from the mitochondria into 

the cytoplasm and activate apoptosis [101].  

Many different molecular mechanisms related to ALS lead to apoptosis; 

mitochondrial depletion in calcium-buffering ability may directly cause cell death by 

activating the apoptotic cascade [82]; aberrant localization to the intermembrane 

space and matrix [82] disrupts the structural integrity of the organelle, resulting in 

release of the apoptotic trigger cytochrome. Protein misfolding and accumulation of 

misfolded protein and the failure of UPR system in ERAD provoke apoptosis. Also 

Glutamatergic excitotoxicity that cause calcium homeostasis alteration provoke 

apoptosis for the entry of Ca2+ into the mitochondria contributes to establish the 

chronic depolarization of the mitochondrial membrane, which consequently 

determines the release of pro-apoptotic proteins and the activation of enzymes able 

to activate other cell death pathways [61,63] Moreover, there is evidence that 

revealed sustained ER stress in SOD1 mutant mice that leads to the activation of 

ASK1, an apoptotic protein kinase [102].  

Recently the role of the immune system and the process of neuro inflammation in 

the disease course has started to be considered. The high levels of TNF-α, founded 

in the serum of ALS patients [103], could be another factor that induce apoptosis, 

though it is not a particularly strong inducer of cell death [104]. 

1.5.8. Impaired Axonal Transport 

Motor neurons are highly polarized cells characterized by long axons (more than 

1 m). These cellular protrusions mainly work to transmit nerve impulses by two 

routes: fast axonal transport, performed by cytoplasmic dynein molecular motors, it 

transports the impulses from the periphery to the soma, and slow axonal transport, 

conducted by microtubule-dependent kinesin, that mediates the transport from the 

synapses to NMJs [105]. The combination of polarity, high energetic demand, and 
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extreme axon length, makes axonal integrity paramount to motor neuron viability 

[82]. Axonal transport in ALS patients is compromised and its dysregulation cause 

accumulation of neurofilaments, mitochondria and auto-phagosomes [106]. Studies 

conducted on SOD-1 transgenic mice revealed the impairment of both anterograde 

and retrograde transports from the early stage of the pathology, visible before 

neurodegeneration [85]. This alteration could be ascribed to neurofilaments 

abnormalities [82,107]. 

Neurons, through axons, transport organelles, proteins, lipids and all of the 

necessary components for translation (e.g., mRNA, ribosomes and translation 

factors) to distal sites for local protein synthesis [106]. The spatial distribution of 

mRNAs depends upon proper microtubule-dependent transport that is regulated by 

some RBPs (TDP-43, FUS and hnRPA1). When these proteins are produced in 

mutant forms, axonal transport results impaired [108]. Many different ALS 

associated-genes, in both fALS and sALS cases, are involved in axonal transport 

pathway [34,105]. Mutation in those genes lead to an altered interaction between 

cytoskeletal proteins and microtubules, impairing axon trafficking. For example, 

mutation in Alisin [105] encoding gene, associated to fALS (ALS2), impairs 

endocytic trafficking and endosomes signalling; Dynactin 1 mutation, associated 

either sALS and fALS, causes altered axonal transport and vesicle trafficking and 

impairs signalling endosome trafficking [109]; VAPB mutation, associated to ALS-8 

(fALS), entails transport of mitochondria and vesicles [94]. 

Several other mechanisms by which axonal transport may be perturbed in sALS and 

fALS with mutations in non-axonal transport genes have been proposed, mostly 

based on studies of mutant SOD1-related ALS. These include abnormal 

accumulations of mitochondria and lysosomes; reductions in microtubule stability; 

mitochondrial damage, pathogenic signalling that alters phosphorylation of 

molecular motors to regulate their function or of cargoes such as neurofilaments to 

disrupt their association with motors, and protein aggregation [105].  

1.6. Diagnosis 

ALS pathogenesis is extremely complex and characterized by heterogeneity in 

clinical signs and symptoms. This rend very difficult to have a reliable and fast 

diagnosis. The diagnostic process of ALS is very long, it varies from 13 to 18 

months, and it is performed by excluding the presence of other pathologies that can 
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affect UMNs and LMNs [5,106]. To now are not present specific diagnostic test that 

can provide a definitive diagnosis that is primarily based on the observation of 

symptoms and signs and on a series of tests that are needed to rule out other 

diseases. The complete medical history of the patient is examined and are 

conducted neurological exams at regular intervals to assess whether symptoms 

such as muscle weakness, the atrophy of muscles, hyperreflexia, and spasticity are 

getting progressively worse [106]. The main tests used are: electromyography 

(EMG); magnetic resonance imaging (MRI); tests on blood and urine samples and 

genetic tests (source: www.asla.com). In addition to these tests, clinicians also use 

diagnostic criteria of “El Escorial criteria”, “Airlie house criteria” and “Awaij 

criteria”[106] useful to evaluate the level of disability. 

Many different studies have been conducted aimed to find a reliable biomarker 

through different sources analysis such cerebrospinal fluid (CSF) proteins 

[110,111], fatty acid and lipids composition [112], serum [113] and peripheral blood 

mononuclear cells (PBMCs) proteins [114]. A study conducted by Udaya Geetha 

Vijayakumar et al. suggest an interesting diagnostic approach based on a panel of 

biomarker that contemporary reflects neuronal, muscles and inflammatory status. 

[113]. In the same study the also reported some candidate biomarkers useful in ALS 

diagnosis [113]. Therefore, the need of biomarker is very urgent as to obtain a faster 

diagnosis before that clinical symptoms appear, as to have a tool useful in the 

evaluation of possible therapies. At this regard it is important to mention the data 

obtained from the present work, where our group found in VAPB-ER aggregates a 

promising early diagnostic biomarker for ALS pathology [115]. 

1.7 Therapy  

To date there is not a specific medication to treat ALS. The only two drugs 

approved by Food and Drug Administration (FDA) are riluzole and edavarone, 

palliative medications that respectively suppress excessive motor neuron firing and 

oxidative stress [6]. Currently, there are many trials of varying phases in ALS [116], 

but actually we are far from have a specific and effective cure for this pathology. 

One of the main causes of this is the complex nature of ALS that rends difficult the 

identification of a specific therapeutic target that is able to act on all the different 

pathway involved in it pathophysiology.  
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2. Vesicle Associated Protein B (VAPB) 

2.1 Physiologic function of VAPB protein 

VAPB (vesicle-associated membrane protein-associated protein B) is an 

endoplasmic reticulum (ER)-resident tail-anchored adaptor protein involved in 

several mechanisms among which, the major is the lipids transport (Figure 7) [117].  

VAPB belongs to the family 

of VAPs proteins (Vesicle 

Associated Protein), highly 

conserved from yeast to 

human [117,118]. Human 

VAPs family is composed 

by VAPA and VAPB, 

proteins type II integral 

membrane proteins 

ubiquitously expressed that 

are mainly localized in ER 

and pre-Golgi 

intermediates.  

In addition, these proteins 

are also founded in 

membranes of recycling 

endosomes, tight and 

neuromuscular junctions 

and plasma membrane. All these different locations could represent the different 

membranes contact sites (MCSs) or joints of ER. MCSs are close apposition sites 

between ER membranes and those of other cellular organelles that would permit to 

facilitatate non-vesicular transport of small molecules such as Ca2+ and lipids [119]. 

VAPs are differently expressed in human tissues and of note they are particularly 

abundant in MNs. Both VAPA and VAPB not always co-localize in the same part of 

ER; i. e. in skeletal muscle, VAPB is seen predominantly in the I-bands and T-region 

while VAPA is located in A and H bands and Z-line [120,121]. 

Structurally VAPB is composed by three prominent domains: a N-terminal domain, 

of approximately 120 amino acids, called MSP for the highly homology with 

Figure 7. Schematic representation of VAPB interaction with other 
cellular proteins. (source: STRING) 
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nematode major sperm protein; a central domain, amphipathic and predicted to form 

a coiled-coil structure and C-terminal domain composed by 20 amino acids that are 

hydrophobic and act as an intracellular membrane anchor (Figure 8). 

Through MSP domain VAPB performs its main functions; the regulation of cellular 

lipid homeostasis by direct interaction with lipid transfer, -binding, or -sensing 

proteins through their two phenylalanines in an acidic tract (FFAT) [117,122], 

facilitating lipid-transport between ER and other cellular membranes or organelles. 

In this way VAPs FFAT motif consists of the consensus amino acid sequence 

EFFDAxE, identified because of its conservation in several lipid-binding protein 

families implicated in lipids transfer process [117]. VAPB have been implicated in 

many others cellular processes, including membrane trafficking, organelle transport 

on microtubules and membrane docking interactions for cytoplasmic factors [122]. 

Evidence also suggest a pivotal role of VAPB in inositol metabolism, in maintenance 

of ER structure, in proteins transport and in the IRE1/XBP1 signalling activation of 

UPR system [117,120]. At this propose, it is known that through MSP domain, VAPB 

also interacts with ATF6, another protein involved in UPR system activation [122]. 

Studies demonstrated that over expression or altered form of VAPB, attenuates the 

activity of ATF6/XBP1 regulated promoter, so it is possible that interaction between 

VAPB and ATF6 may represent a previously uncharacterized mechanism of ER 

homeostatic and stress response regulation [118]. Misregulation of ER stress 

response and homeostatic regulatory systems may contribute to the pathological 

mechanism of degenerative MNs disease associated with VAPB mutation [94,122]. 

According to several studies that have been conducted, it seems that VAPB also 

has an important role in calcium homeostasis maintenance and in axonal transport 

regulation [94]. 

ER and mitochondria are important stores of intracellular Ca2+ and exchange of 

Ca2+ between these organelles is crucial for cellular homeostasis maintenance. To 

facilitate this exchange, up to 20% of the mitochondrial surface is close to ER 

membranes. These ER domains associated with mitochondria are termed MAM 

(Mitochondrial Associated Membranes). VAPB interacts with the outer mitochondrial 

Figure 8. Schematic representation of VAPB protein domains 
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membrane protein PTPIP51 (protein tyrosine phosphatase-interacting protein-51) 

and both are involved in the regulation of intracellular Ca2+ homeostasis; in 

particular, siRNA loss of VAPB or PTPIP51 reduces [Ca2+]m following release of 

Ca2+ from ER stores [94]. Given the various cellular molecular mechanisms in 

which VAPB is involved, it is easy to understand how the alteration of one of the-se 

pathways can have serious consequences on neuronal homeostasis. There is a 

form of fALS, ALS-8, which is characterized by a genetic alteration of VAPB that 

leads its misfolding. Moreover, many evidences suggest the VAPB involvement also 

in sALS, making suppose that this protein could be involved in ALS 

pathomechanism. 

 

2.2 VAPB mutation and ALS-8  

A dominantly inherited familial form of MNs disease associated with a missense 

mutation in the human VAPB gene was shown, in patients from eight related 

Brazilian families of Portugal and then in patients from an unrelated German family 

[123,124]. Not so long ago, the same mutation, was discovered in a Chinese family 

spanning three generations with ALS-8 [125]. Affected individuals can manifest 

three different pathological conditions; a late onset slowly progressing spinal 

muscular atrophy (SMA), a slowly progressing late on-set atypical amyotrophic 

lateral sclerosis, that is ALS-8, and a typical severe rapidly progressing ALS [124]. 

ALS-8 is characterized by C to T substitution within exon 2 of VAPB encoding gene, 

replacing a proline residue with a serine in MSP domain, causing protein misfolding 

[122]. The resulted misfolded protein, VAPB-P56S, causes obvious biochemical 

changes and biological properties of VAPB-Wt (Wild Type). Mutant VAPB tends to 

form insoluble aggregates in cytosol and also promotes the aggregation of co-

expressed VAPB-Wt [120]. VAPB-P56S aggregates, in contrast to other aggregates 

founded in protein accumulation pathologies, are easily measurable in micrometer 

scale [117]. This datum demonstrates the high affinity between VAPB-P56S and 

VAPB-Wt and the high concentration of VAPB-P56S in the cytosol. VAPB-P56S 

aggregates have been described as tubules that appear clearly distinct from the ER 

but in continuity with it, characterized by an electron-dense aspect [117]. Therefore, 

these aggregates affect ER inserting first in its membrane on which form clusters 

that tend to merge rise to larger and larger structures, leading to a radical ER 
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restructuring. This in turn cause the block of all proteins into ER, that form rows of 

cisterns piled into the cytoplasm [120]. 

In general, accumulation of misfolded proteins within the cell causes ER stress, so 

their presence leads to the activation of one of the ER stress sensors, UPR system.  

UPR may be activated by three routes: XBP1, ATF6 and PPERK. VAPB is 

physiologically involved in the activation process of XBP1 and ATF6. When present 

in mutant form, VAPB determines the impairment of XBP1 and ATF6 ability to 

mediate the activation UPR as well the incapacity of VAPB-Wt to perform this 

function because it is entrapped in the cytosolic aggregates. The inability of VAPB-

P56S to interact with XPB1, as well the alteration of all pathways where this protein 

is involved, are the major consequence of MSP domain alteration [120]. Moreover, 

the inhibitory action of VAPB-P56S on ATF6 may not be due simply to a reduction 

of ATF6 availability. In response of misfolded proteins accumulation, ATF6 moves 

from ER to Golgi where it is processed by a protein complex which makes it able to 

interact with DNA [120]. ATF6 work as a sensor of unfolded protein accumulation 

through interaction of its rule luminal -COOH terminal with them. VAPB does not 

have a luminal location, so it is more probable that it interact indirectly with ATF6 

[122]. Various hypotheses have been proposed: it is thought that since VAPB 

regulates traffic of membranes, may disrupt the translocation of ATF6 from ER to 

Golgi locking it directly or indirectly, or acting on ATF6 after translocation into the 

Golgi [120,122]. The presence of VAPB-P56S aggregates, besides affecting ER 

homeostasis, also determines alteration of the proteasome, Golgi fragmentation and 

sequestration of chaperone and UPS modulators, leading to destruction of cellular 

protein homeostasis and MNs death by apoptosis [126]. Another consequence of 

MSP alteration is represented by the inability of VAPB-P56S to interact with FFAT 

reasons, altering the lipid transport. Hyperlipidaemia is in fact one of -the typical 

clinical signs of ALS family type [112].  

Misfolding of VAPB has big repercussions on Ca2+ homeostasis, ion very important, 

especially for the neuronal cell, as it is the basis of the mechanisms neuro-excitatory 

neuron. Alteration of calcium homeostasis is common in neurodegenerative 

diseases. ER and mitochondria are important stores of Ca2+ and the exchange of 

this ion takes place in the region where ER and mitochondria are closely in contact, 

called MAM. VAPB regulates the concentration of Ca2+ interacting with a protein of 

the outer mitochondrial membrane, PTPIP51 but, in its mutant form, loses this ability 
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thereby altering the absorption of calcium by the mitochondria after being released 

by the ER [127]. VAPB-P56S impairs also mitochondrial axonal anterograde 

transport, regulated by kinesin-1. In presence of high calcium concentration, 

determined by VAPB-P556S, the kinesin 1 is linked by a protein sensor of calcium 

levels, Miro.1. This is present on the outer mitochondrial membrane and its link with 

kinesin-1 stops anterograde axonal transport of mitochondria [70].  

Studies performed on transgenic mice, have shown that, SOD-1[33], TDP-43 [32] 

and C9Orf72 [38] are associated with VAPB-positive aggregates. Another possible 

cause of TDP-43 aggregates formation together with VAPB may be explained with 

the alteration of membrane trafficking that can cause loss of TDP-43 transport from 

the ER, where it is produced, to the nucleus, where it is required to perform its 

function [128]. Studies in transgenic animals showed that VAPB-P56S tend to 

accumulates in soma and dendrites of corticospinal neurons and in spinal motor 

neurons (SMNs), where significant increases of ER-stress marker, UPR and up 

regulation of pro-apoptotic protein C / EPB are founded. Moreover VAPB-P56S 

aggregates, and not VAPB-Wt, have been reported at C-bouton where they can 

influence the ability to bind other molecular structures important for the orientation 

of the C-post-synaptic bouton [67]. 
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3. The Immunity System activity in Central nervous system 

3.1 Brief overview of Immune System 

The immune system is a complex integrated network of chemical and cellular 

mediators, biological structures and processes that together work to defend the 

body from any form of chemical, traumatic or infectious insult. Immune system acts 

through two forms of immunity defence: innate and adaptive. Innate immune 

response represents the first line of defence implemented by our body and it is 

constituted by skin epithelial barriers and mucous tissues that together represent a 

physic and chemic barrier aimed to block entrance and invasion of pathologic 

microorganisms. In fact, tissues and mucous secrete natural substances with 

antibiotic activity. If this defence barrier fails and microbes penetrate into the tissues 

or in blood circulation, innate immune system act through specialized cells 

(phagocytes, mastocytes, dendritic cells and natural killers (NK)) and by many 

plasma proteins including those of complement system. Moreover, in addition to 

Innate immunity also works to enhance adaptive immunity. 

Adaptive immune response is mediated by lymphocytes B and T that respectively 

mediate humoral and cell-mediated immune responses both finalized to eliminate 

intra and extracellular microorganisms. B and T cells work together to eliminate the 

cause of damage and to provide immunological memory. These cells have different 

capacity to recognise dangerous elements: the most of T cells are capable to 

recognize only protein microbial antigens, while B cells trough the production of 

specific antibodies, are capable to interact and recognize several molecules as 

proteins, carbohydrates and lipids (source: book Abbas Abul K “Immunologia 

cellular e molecolare”).  

3.1.1 Systemic inflammation and its mediators 

Inflammation is a protective response, mediated by immune system, that occurs 

in presence of pathogens, chemical, physical and biological tissue damages. Its 

purpose is to eliminate the initial cause of the injury and to promote tissue healing 

by restoring normal functionality of the interested region. The main protagonists of 

inflammatory response are leucocytes, blood vessels and molecular mediators that, 

through different process mediate immunity cells migration to the site of damage.  
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Inflammatory process is distinguished in: 

 Acute: characterized by rapid and short-lived onset and formation of exudate 

(edema) accompanied by migration of leukocytes to the site of damage 

(especially neutrophils). 

 Chronic: is characterized by presence of lymphocytes and macrophages, 

blood vessels proliferation and tissue destruction 

Acute inflammation events could be resumed in the following phases: an initial 

phenomenon of vasodilatation with a consequent gain of haematic flux; the increase 

in vascular permeability accompanied by leakage into extravascular tissue of liquids 

that lead to deceleration of haematic flux aimed to promote neutrophils accumulation 

in vascular endothelia. This phase is followed by a series of interactions (rolling, 

margin and adhesion) between leucocytes and endothelial cells that promote the 

diapedesis. The main actors of all these process are cytokines produced by tissue 

macrophages, mastocytes and endothelial cells. The cascade of pro inflammatory 

agents can be summarized as follows; histamine and PAF (platelets activation 

factor), released by endothelial cells, promote expression of a series of membrane 

protein that permit the interaction between leucocytes and endothelial cells. For 

each phase of rolling, margin and adhesion different membrane protein surface are 

expressed. IL-1 and TNF are produced by macrophages and act on endothelial 

cells, promoting the adhesion of leucocytes to endothelial cells and the chemokines, 

as IL-8, arachidonic acid metabolites (leukotriene B4), component of complement 

system as C5a, further the chemotaxis. In the first 24 hours, the main components 

of inflammatory exudate are neutrophils, subsequently substituted by monocytes. 

(source: Robbins & Cotran Pathologic Basis of Disease - 9th Edition. Print Book & 

E-Book. ISBN 9781455726134, 9780323296397).  

3. 2 Glia cells 

Glial cells, together with neurons and blood vessels form nervous system. They 

perform support, trophic functions and intervene in reparative processes, 

inflammatory response and immune processes in brain (source book Colombo R, 

Olmo E. Biologia dei tessuti. 2009. Casa editrice: Edi Ermes). Glia cells are ten 

times as numerous as neurons, and unlike these, they are not excitable:  

Glia cells can be grouped into three categories: 
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 macroglia, which includes astrocytes and oligodendrocytes 

 ependymal cells 

 microglia 

 

Astrocytes: are star-shaped cells, distinguished in protoplasmatics, localized 

mainly in the grey matter and fibrosis, located in the white matter. 

They support neurons and metabolic functions, play an important role in 

regulation of extracellular CNS fluids and in reparative processes. Astrocyte also 

form the blood brain barrier (BBB) and are able to modify its permeability by 

producing substances such as cytokines and arachidonic acid, whose 

metabolites have vasoactive effects. 

Oligodendrocytes: are small cells which represent 75% of the glial population. 

Their function is similar to that of Schwann cells at the peripheral level, i.e. the 

production of myelin. However, they differ from the latter by ability of a single 

oligodendrocyte to form myelin sheaths around portions of multiple axons and by 

the different chemical structure of myelin produced. 

Ependymal cells: are epithelial cells that line brain ventricles and spinal cord 

central ducts. On the apical side they are equipped with eyelashes that facilitate 

cerebrospinal fluid (CSF) movement, with the exception of cells at cerebral 

ventricles level, where they have microvilli. Ependymal cells together with blood 

vessels participate in choroidal plexuses formation, vascular structures of the brain 

responsible for CSF formation (Rosati P, Colombo R, Maraldi. Istologia, 2009. Casa 

editrice: Edi Ermes; (pag. 577-579).  

Microglia: are specialized macrophages of CNS. They play an important role in 

brain's response to endogenous and exogenous insults and are the primary 

effectors of CNS immune response [129,130]. Microglia could be activated by any 

type of pathological event or change in brain homeostasis and strongly influence 

pathological outcome or response to a stressor due to cytokines, chemokines and 

growth factors release [131]. 

3.3 The Blood-Brain Barrier 

The blood-brain barrier (BBB) is an anatomical-functional unit that "isolate" 

nervous tissue from blood compartment. BBB limits and selectively regulates 

exchanges between blood and cerebral parenchyma and it protects CNS from toxins 
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and pathogens [132]. This barrier is formed by endothelial cells of capillary wall, 

astrocyte end-feet unsheathing capillary and pericytes embedded in the capillary 

basement membrane [133]. The tight junctions between endothelial cells play a 

fundamental role, in fact, by restricting the passage of solutes, they limit and control 

BBB permeability. However, the mechanisms of transport that allow soluble and 

cellular elements of immune system to pass through the BBB and contribute to the 

process of neuroinflammation, have recently been identified. In particular, cytokines 

and chemokines play an indispensable role: cytokines weaken bond between tight 

junctions of capillary epithelial cells and allowing leukocytes entry through the barrier 

that is regulate by chemokines [134]. 

3.4 Immune system activity in central nervous system 

The CNS is considered an 'immune-privileged' organ, due to some of its 

anatomical and physiological characteristics, which lead to singular interactions 

between the elements that constitute it and the various components of immune 

system. As previously mentioned, the BBB limits the migration of molecules, cells 

and ions to the cerebral parenchyma, maintaining in this way the biochemical 

balance and allowing the correct functioning of neurons [135]. At the same time, 

BBB also limits the passage of antibodies, immunocompetent cells from the 

systemic circulation, and soluble inflammation mediators [136–138]. Another 

important anatomical characteristic of CNS is the absence of lymphatic tissue in the 

parenchyma and then the absence of specialized antigen-presenting cells (APC), 

pro-inflammatory elements, lymphatic vessels, and consequently the absence of 

lymphatic drainage from cerebral parenchyma towards lymph nodes [139]. The 

absence of pro-inflammatory elements, on the other hand, is very important, as 

these can modify the expression of transport proteins through the BBB [140]. It is 

also interesting to note the local production of TGF-β and IL-10, anti-inflammatory 

mediators that abound in brain parenchyma and contribute to neurons and glial cells 

survival [141,142]. Despite all these 'protection' systems, it has been shown that 

under appropriate circumstances, T cells can be recruited into the brain parenchyma 

from the bloodstream [143]. So BBB can therefore be considered as a dynamic 

barrier, as its properties can be modulated by local secretion of cytokines and 

chemokines, which induce expression of adhesion molecules, allowing cellular 

traffic through the post capillary venules [143]. Furthermore, astrocytes and 
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microglia represent the innate immune system in brain parenchyma. Microglia, in 

response to pathological changes, can be activated and behave like non-

professional APCs, secreting cytokines [144–146].  

It is not yet clear whether microglia cells are responsible for neuroprotection or 

neurodegeneration, there are evidences that support both hypotheses. Following 

interaction with some cells, i.e. T cells or astrocytes, microglia cells can in fact shift 

from an inflammatory phenotype, called M1, to an anti-inflammatory one, called M2 

[147] (Figure 9). 

Interaction with T cells can also influence microglia activity, depending on whether 

they are T cells secreting pro-inflammatory (Th1) or anti-inflammatory (Th2) cytokine 

patterns. Some cytokines, such as IL-10, IL-4 and TGF-β, have anti-inflammatory 

properties, and are able to enhance the neuroprotective function of microglia, while 

others, such as IL-6 and TNF alpha, have pro-inflammatory activity [148]. 

Also astrocytes are able to secret complement components, cytokines and 

chemokines, and in case of damage or inflammation, they can migrate to the 

affected site and determine the formation of a glial 'scar'. When activated, they 

induce up-regulation of MHC II molecules, but are apparently unable to act as APC, 

due to the lack of costimulatory molecules [148]. Cytokines and chemokines 

produced by activated T cells weaken the BBB, and facilitate the infiltration of 

Figure 9. M1 and M2 phenotype in microglia cells during ALS pathology. 
The image shows the main cytokines involved in these pathways (Geloso et 
al. 2017). 
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peripheral immune cells; in addition, activated CD4 + T cells, polarized towards the 

Th2 profile, secrete IL-4, which supports the B cell response. So, despite the initial 

observations, it is now established that inflammation occurs at CNS level and it is 

implicated in neurodegeneration processes, but its function is not clearly 

understood. The role of inflammation at onset of neurodegenerative diseases is 

supported by epidemiological observations on the protective role of anti-

inflammatory drugs [140]. On the other hand, several studies report that therapies 

that stimulate immune system can improve the prognosis of patients suffering from 

neurodegenerative pathologies, and that this is worse in patients suffering 

simultaneously from different types of immuno deficiencies [149]. 

Based on the data discussed above, it can be assert that inflammation constitutes 

the physiological response of the organism that allows the clearance of harmful 

agents and damage repair. Nonetheless, it can prove deleterious if excessive or 

uncontrolled [140]. 

3.5 Cytokines and chemokines, the molecules of neuroinflammation 

3.5.1 Cytokines  

Cytokines are biological molecules that act as soluble mediators of natural 

immunity. They are a group of proteins or glycoproteins, with low molecular weight 

(generally less than 20 kD) which during the effector phase of natural and specific 

immunity, mediate and control the immune response, the inflammatory reaction, 

phagocytosis and the systemic response in acute and chronic diseases 

(source:http://www.medicalsystems.it). Moreover, cytokines take part in other 

important biological activities such haematopoiesis, homeostasis, tissue repair, cell 

growth and development [150]. 

In CNS these molecules are produced by astrocytes and microglia following a 

harmful stimulus, or subsequently to an ischemic insult or an inflammatory state. In 

all these cases there is a significant increase in pro and anti-inflammatory cytokines 

concentration. However, their action is not always positive, and their role is still being 

studied [131]. 

Interleukine-1 (IL-1): is a critical component of neuroinflammation and is one of the 

effectors of inflammatory response, as at local as at general level [151]. IL-1 
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classically refers to a 17 kDa polypeptide existing in two distinct isoforms, IL-1α and 

IL-1β, although other members of the IL-1 family have recently been proposed [152]. 

IL-1 is produced by many different cell types within the CNS [152] such astrocytes, 

endothelial cells, infiltrating leukocytes, neurons and oligodendrocytes [152,153]. In 

turn, IL-1 can feed back on its original cellular sources but is thought to exert its 

primary actions on microglia, astrocytes and endothelial cells [153]. 

IL-1 stimulation on neuroglia and endothelial cells causes a myriad of signalling 

molecules production such pro-inflammatory cytokines, chemokines, adhesion 

molecules, prostaglandins, reactive oxygen species, nitric oxide, and matrix 

metalloproteases. Moreover IL-1 also induces expression of other pro-inflammatory 

cytokines such tumor necrosis factor alpha (TNF-α) and Interleukin-6 (IL-6) as well 

as the enzyme cyclooxygenase-2 (COX-2) in both astrocytes and microglia in 

culture [151,152]. These inflammatory mediators have been implicated in the 

propagation of a number of CNS injuries and diseases. Other ways, several studies 

ascribed to IL-1 beneficial effects in nervous cells. These studies in fact revealed 

the ability of IL-1 to mediate in part the production of survival signals such as nerve 

growth factor (NGF) in rodent primary neuron culture [152,154] or participation in re-

mielination pathway of the CNS after cuprizone demyelination injury by inducing 

oligodendrocyte proliferation [152]. Both mutant SOD1 and TDP-43 are reported to 

activate microglia through the inflammasome, upregulating IL-1β [155]. 

Interleukine-2 (IL-2):  is a growth, survival and differentiation factor of T 

lymphocytes and it plays a fundamental role in the activation of T cell response and 

in immune responses control. IL-2 is not always expressed but is produced after T 

lymphocytes activation that induces the IL-2 synthesis. This cytokine acts through 

an autocrine or a paracrine type mechanism. Furthermore, its action stimulates the 

synthesis of other cytokines, such as INF-γ, NK cells growth, B cells proliferation 

and consequently antibodies production. A study where transgenic mSOD1 mice 

were treated with an interleukin-2 [156], demonstrated that this cytokine can 

promote Treg activity and the switch from pro-inflammatory status to anti- 

inflammatory. 

Interleukine-4 (IL-4): is pleiotropic cytokine that modulate immune response acting 

on various cell types, such as T lymphocytes, B lymphocytes, macrophages, 

endothelial cells and others. IL-4 performs many functions: growth induction and T 

helper 2 (Th2) differentiation, increase in the expression of MHC II antigens on B 
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cells, induction of the isotypic "switch" for IgE and IgG synthesis in B lymphocytes, 

inhibition of IL-6, IL-1, TNF-α and IL-8 production. It also participates in the recall of 

inflammatory cells through by modulating the expression of adhesion molecules (V-

CAM-1) of the endothelial cells [154]. Thus, the main action of IL-4 is to modulate 

the inflammatory status, promoting the expression of anti-inflammatory cytokines. A 

study conducted in transgenic mice affected by multiple sclerosis, revealed IL-4 

capacity to mitigate inflammatory status reducing clinical signs in affected animals 

[157]. 

Interleukine-5 (IL-5): is responsible for stimulating proliferation, differentiation and 

activation of eosinophils; it represents the main link between the latter and T 

lymphocytes activation and the inflammatory responses that involve them. 

Interleukine-6 (IL-6): is a pro-inflammatory cytokine, important in acute 

inflammatory responses with both local and systemic effects. IL-6 is considered a 

marker of inflammation, in fact is the main activator of lymphocytes differentiation 

into plasmacells and IgA producing cells; it induces cell cycle in the hematopoietic, 

megakaryocytopoietic and myelopoietic progenitors and hepatocyte stimulator in 

acute phase proteins production. A recent study conducted on sALS patients and 

sex age matched healthy subjects, revealed an increase of IL-6 in astrocyte-derived 

exosomes positively associated with the disease progression rate [158]. Elevated 

systemic levels of IL-6 together with others pro-inflammatory cytokines has been 

identified in ALS [159]. IL-6 has a bivalent role in inflammation, pro and anti-

inflammatory action. However, it is known that peripheral IL-6 upregulation 

corresponds to an inflammatory cell response exacerbating endothelial cells 

damage in BBB and it is thought that IL-6 could have a role in this process [159]. 

Interleukine-10 (IL-10): is an anti-inflammatory cytokine, whose function is to inhibit 

the pro-inflammatory cytokines production, IL-1, TNF and IL-2, in macrophages and 

dendritic cells. It therefore constitutes an excellent negative feedback regulation 

mechanism, as systemic as at brain level, of inflammatory state [160,161]. A study 

conducted in ALS models showed overexpression IL-10 in pre-symptomatic disease 

microglial cells. Blocking IL-10 increased inflammation and precipitated clinical 

disease onset, whereas overexpression ofIL-10 in microglia using a gene therapy 

approach significantly delayed disease onset and increased survival of ALS mice 

[162]. 
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Tumor necrosis factor alpha (TNF-α): this cytokine plays a fundamental role in 

immune system by mediating inflammation and keeping it localized. The main 

producer of TNF-α are mononuclear phagocytes, lymphocytes, NK cells and mast 

cells.  

In CNS, is a pro-inflammatory cytokine that exerts both homeostatic and 

pathophysiological roles [163]. TNF-α is considered a pro-inflammatory cytokine 

involved in the innate immune response. It mediates neuroinflammation 

upregulating the production of other pro-inflammatory interleukins such IL-1, IL-6 

and interferons-γ (IFN-γ) [164]. 

TNF-α is produced by microglia and astrocytes and plays a role in BBB permeability 

regulation, induction of feverish state, glutamatergic transmission and synaptic 

plasticity [165]. TNF-α overexpression has neurotoxic effects: elevated levels of this 

cytokine in serum of Alzheimer's, Parkinson's and Multiple Sclerosis patients have 

been observed [166]. Moreover, TNF-α is also capable to potentiate glutamate-

mediated cytotoxicity by two complementary mechanisms: indirectly, by inhibiting 

glutamate transport on astrocytes, and directly, by rapidly triggering the surface 

expression of Ca+2 permeable-AMPA receptors and NMDA receptors, while 

decreasing inhibitory GABAA receptors on neurons. In this way the toxic effect of 

TNF-α in CNS, could be relates to ALS pathology [163]. 

Interferon-γ (INF-γ): is a potent pro-inflammatory cytokine proposed to contribute 

to MNs death [129,167]. To date, there is little knowledge concerning how IFN-γ is 

associated with ALS progression and conflicting data about the role of this cytokine 

in neuroinflammation. In fact, several studies reported that IFN-γ could play an 

important role in ALS because of its increased level in CSF of ALS patients and that 

treatment with a neutralizing anti-IFN-γ antibody can delay motor neuron decline 

[167]. On the other hand, others authors reported that IFN-γ was not detectable in 

ALS patients [167]. 

3.5.2 Chemokines 

Chemokines are a large group of low molecular weight proteins (6-14 kDa) that 

belong to cytokine family. Some chemokines are produced in response to 

exogenous stimuli, while others, which regulate migration through the tissues, are 

produced constitutively by cells present in the same tissues. 



   
Maria Piera Lucrezia Cadoni - 38 - 

VAPB Aggregates and Peripheral Mediators of Inflammation: New Diagnostic Perspectives for ALS. 
PhD Thesis in Biomedical Sciences 

University of Sassari 

The main functions of chemokines are aimed to improve endothelial adhesion of 

circulating leukocytes and to stimulate chemotaxis.  

In humans, approximately 50 chemokines have been identified. On the basis of the 

number and location of N-terminal cysteine residues (responsible for disulfide 

bridges formation), chemokines are grouped into four subfamilies: CC, CXC, C, 

CX3C. In CNS, several signal pathways can regulate chemokines synthesis, 

resulting in a rapid increase in their concentration, followed by leukocyte infiltration 

and immediate inflammatory response (source: book Abbas Abul K “Immunologia 

cellulare e molecolare”). 

Monocyte Chemoattractant Protein-1 (MCP-1): belongs to the family of CC 

chemokines. It plays a fundamental role in monocytes, T cells and NK cells. In CNS, 

MCP-1 synthesis by astrocytes and microglia, regulates the increase in leukocytes 

influence, which occurs following axonal damage or in association with neuro-

inflammatory diseases, such as autoimmune encephalopathy, a model of sclerosis 

multiple induced in the rat [168]. This chemokine is also often founded improved in 

CSF of ALS patients [169].   

Regulated upon Activation Normal T-cell Expressed and Secreted or CCL5 

(RANTES), belongs to the family of CC-chemokines. It is produced by circulating 

CD8 + T lymphocytes, endothelial cells, fibroblasts, platelets and in the brain by 

microglia and astrocytes. Its main function is to recruit leukocytes to inflammatory 

sites; it also activates the release of eosinophilic cationic proteins by eosinophils. 

Furthermore, it increases the adherence of monocytes to endothelial cells and 

selectively supports the migration of monocytes and T lymphocytes that express 

CD4 markers on the surface. Finally, it activates the basophils and it causes the 

release of histamine. The increase in its expression is associated with many 

inflammatory diseases and seems to have an important role in the antiviral response 

[170]. Following an inflammatory state in the brain, including that which occurs 

during cerebral ischemia, it contributes to the recruitment of inflammatory cells in 

the parenchyma [171]. Moreover, the upregulation of this protein has been attributed 

to a protective role in Alzheimer’s disease [172]. 

Interferon inducible Protein 10 (IP-10 or CXCL10) is a member of CXC 

chemokines family. IP-10 expression is induced by INF-γ that act on different cell 

types, such as monocytes, endothelial cells, keratinocytes, fibroblasts and 

microglia. This chemokine has chemoattractant activity, for monocytes and T cells 
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in humans, and promotes the adhesion of T cells to endothelial cells; in vivo, 

moreover, it is able to inhibit angiogenesis and demonstrates antitumor activity 

[170]. In the brain it is mainly produced by microglia and contributes to exacerbate 

the inflammatory state and its neutralization or depletion turns out to be 

neuroprotective. 

Interleukin 8 (IL-8 / CXCL8) is a chemotactic factor on leukocytes, during 

inflammation it induces neutrophils degranulation and mediates polymorphonuclear 

cells adhesion to the endothelium. 

The Chemokine (C-X-C motif) ligand 9 (CXCL9 / MIG) is part of the CXC 

chemokines and its synthesis is induced by the INF-γ. Its chemotactic function is 

aimed at the recruitment of T lymphocytes but not to that of neutrophils, and is strictly 

regulated by two other chemokines such as CXCL10 and CXCL11. 
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4. ALS and lipid metabolism: fatty acid 

Frequently patients affected by ALS present altered metabolic process, 

including lipids metabolism [173]. Recently, disturbed energy metabolism, in terms 

of altered body mass index (BMI), energy intake and fat consumption, before the 

onset of motor symptoms, has been demonstrated in ALS patients [173,174]. Many 

of these alteration have been also correlated to the pathology course that cause 

malnutrition, increased resting energy expenditure and weight loss [175]. 

The origin of the hyper-metabolism in ALS is currently unknown, although recent 

studies have pointed to the altered function of hypothalamic neurons involved in the 

regulation of food intake and energy homeostasis [176]. 

Lipids are the major energy source for muscles, and muscle energy alteration is 

frequently observed in ALS patients [177,178]. Many different studies in patients 

and animal models affected by ALS have been performed and increased levels of 

total cholesterol, low-density lipoprotein (LDL), triglycerides (TG), high-density 

lipoprotein (HDL) have been shown to be more prevalent in patients with ALS than 

in controls [173,179].  

It has recently been shown that approximately 20% of the total energy requirement 

of the brain is met through the oxidation of fatty acids, and that this fatty acid 

oxidation may take place entirely in astrocytes [178].  

Fatty acids (FA) are monomeric essential component of lipids composed by carbon 

chain that terminates in carboxylic acid functional group. FA are classified in: short 

(2-4 C), medium (6-12 C), long (14-18 C) and very long (>18 C), on the basis of the 

C atoms numbers. Our body is not able to synthetize all fatty acids, some of them 

in fact are taken by the diet (essential fatty acid) and act as substrate for the 

synthesis of others fatty acid useful for cellular metabolic process. 

Based on the numbers of double bond in the carbon chain, FA are also classified in 

saturated, when there are not double bonds, and unsaturated that, depending on 

the number of double bounds presents in the chain, are called mono unsaturated 

fatty acid (MUFA) or poly-unsaturated fatty acid (PUFA). 

Among these two groups, PUFA are particularly relevant for the brain activity, where 

they are used for signalling or to replace membrane structures [180]. It is known that 

dried brain weight is composed by 50% of PUFA and that the 35% of them are  
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Arachidonic acid (AA) and Docosahexaenoic acid (DHA) [181]. Studies revealed 

that neurological disorders present an alteration on PUFA components that could 

be linked to neurodegeneration [181]. To date is not known how these molecules 

are able to cross the BBB [178]. However, PUFA, given their function, need to cross 

it. It is also known that during neuropathological disorder the BBB permeability is 

altered [133], so this, together with other molecular mechanisms involved in ALS, 

could contribute to neurodegenerative process. 

Moreover many other mechanisms have been identified such the alteration in 

stearoyl-CoA desaturase 1 (SCD-1) gene, a key enzyme in fatty acid metabolism 

regulation, that has been implicated in ALS, especially in the alteration of β-oxidation 

level that occur in the mitochondria [178]. Others data, obtained by cultured 

astrocytes cells, revealed a possible connection between fatty acid activity and 

inflammatory status [182]. Therefore, in this perspective, it seems important to study 

the possible connection between the alteration in fatty acid composition and 

neurodegeneration.  
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5. Aim of the study 

ALS pathology is complex and poorly understood. One of the main problem of this 

devastating disease is the absence of a specific and immediate diagnostic test that 

could be ascribed to the extreme complexity of this pathology, where many different 

molecular mechanisms concur to MNs degeneration. This work was aimed to: 

(i) find biomarkers that can help and guide the clinical diagnostic process at an 

early stage of ALS by the study of VAPB, an integral protein of ER involved 

in the regulation of many different pathways indispensable to homeostasis 

maintenance. VAPB mutation is associated to a rare form of ALS (ALS-8) 

but, there are also evidence that let to suppose the involvement of this protein 

in ALS patho-mechanism. Preliminary data in ours possess obtained by the 

study PBMCs isolated from sALS patients, allowed us to identify, for the first 

time, the occurrence of intracellular aggregates of VAPB protein in these 

cells. Therefore, the first objective was: (i.i) to confirm our preliminary data 

enrolling a major number of sALS and PD and HC controls and to 

characterize genetically all sALS patients to deepen if our observation were 

related to a genetic modification or to an up/down regulation of VAPB gene. 

Based on the PBMC observation, the second objective was (i.i.i) to evaluate 

if VAPB aggregates could affect PBMC normal ability to answer to a generic 

stimulus as phorbol 12-myristate 13-acetate (PMA). 

(ii) evaluate the role of cytokines and chemokines as neuro-inflammatory 

mediators in ALS patho-mechanism. Cytokines and chemokines are the main 

mediators of inflammatory process. Growing evidences suggest that 

inflammation as at CNS level as well at peripheral level, strongly contribute 

to ALS patho-mechanism, revealing abnormalities in T cells, chemokines, 

cytokines and others markers of inflammation. Based on these evidence we 

quantified sera chemokines and cytokines in sALS patient to evaluate the 

role these mediators in neurodegeneration. Moreover, we also focused our 

attention in the study of others mediators as fatty acids, in fact evidence 

obtained in neuronal cells cultures, revealed the interaction between fatty 

acids and inflammatory status. For this reason, we studied fatty acid 

composition in sera of sALS patients with the aim to evaluate the presence 

of cross-talk between them with inflammatory mediators. 
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6. Material and methods 

6.1  Patients and control subject’s recruitment 

The study cohort consisted of 24 sALS patients with definite diagnosis, 14 

patients with PD, and 24 Cs (Table 2). Patients with sALS and PD were enrolled at 

the Neurological Clinic and Pneumological Clinic of the University Hospital of 

Sassari and the ATS (Azienda Tutela Salute) clinic of the local health district, 

specialized in home care for ventilated patients. The Blood Transfusion Centre of 

Sassari provided HC subjects. All methods were performed in accordance with 

relevant guidelines and standards. 

Table 2. Demographic and clinical characteristics of patients with amyotrophic lateral sclerosis 
(ALS) and with Parkinson’s disease (PD) and healthy controls (HCs). 

 sALS PD HC 

Number 24 14 24 

Mean age ± SD 66.1 ± 6 71.3 ± 9.6 63.2 ± 5.8 

Mean age at onset ± SD 59.7 ± 10.6 63 ± 11.9  

Males/Females ratio 16/8 8/6 16/8 

Disease duration ± SD 1 4.6 ± 4.1 8.3 ± 4.8 - 

Signs at onset: spinal 19 cases - - 

Signs at onset: bulbar 5 cases - - 

H&Y score, median ± SD - 3 ± 1.2 - 

ALSFRS-R, median ± SD 36 ± 5.1 - - 
1 Disease duration is expressed in year. 

6.2  PBMCS Isolation 

For each patient and each control subject, 20 mL of peripheral venous blood 

was collected in sodium heparin tube tests. A total volume of blood was mixed with 

an equal volume of Ficoll Histopaque® (Sigma-Aldrich, St. Louis, MO, USA). After 

centrifugation at 300× g for 20 min, plasma was recovered for the dosage of 

cytokines and chemokines and PBMCs ring was collected, washed twice in a 

phosphate-buffered saline (PBS) solution and centrifuged for 10 min at 300× g. The 

supernatant was discarded by inversion, and the PBMCs pellet was resuspended in 

PBS for cell counting in a Burker counting chamber (Sigma-Aldrich).  

6.3.  Cells cultures  

6.3.1.  HeLa Cells Transfection and Cultures 
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HeLa cells were transfected, when 60–70% confluence was achieved. 

Overexpression of enhanced green fluorescent protein (EGFP), VAPB-Wt, and 

VAPB-P56S was obtained using the Lipofectamine 2000 transfection reagent (0.70 

Μl; Thermo Fisher Scientific, Waltham, MA, USA) in combination with an Opti-MEM 

(25 μL) medium according to the manufacturer’s protocol. Genomic DNA was diluted 

in Opti-MEM to achieve a final concentration of 0.01 μg/μL. A mixture 

(Lipofectamine, medium, and plasmid-DNA) was added, and cells were incubated 

at 37 °C for 4 h. Next, cells were cultured in a mixture of DMEM + 10% fetal bovine 

serum (FBS) at 37 °C, and successful transfections were verified by western blot. 

Details of plasmid construction were described in an initial study performed [183]. 

Briefly, VAPB cDNA was sub-cloned in the pCDNA3.1/myc-HIS expression vector, 

and the point mutation P56S was introduced into a full-length DNA sequence of 

VAPB. These plasmids then were sub-cloned further in the EGFP-N1 vector. 

6.3.2.  Primary cutaneous skin fibroblasts 

Primary cutaneous fibroblasts from five patients with sALS, (two with an A382T 

mutation in TDP-43-encoding gene and the remaining three without mutations in the 

most common ALS-related genes (SOD1, FUS, C9orf72, and TDP-43) and sex and 

age-matched healthy donors were cultured in DMEM with 10% FBS under 

conditions of 5% CO2 and 37 °C until use. All these cells were kindly shared with 

us by our collaborator Prof. Sandro Orrù, the Department of Medical Genetics of 

Cagliari University, from a cell bank financed by the foundation AriSLA for “Progetto 

Eugenio”. 

6.4.  Immunofluorescence 

Cells were fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich) at room 

temperature and permeabilized with PBS/0.1% Triton X‐100. Cells then were 

washed using PBS/1% bovine serum albumin (BSA) and stained separately with a 

primary antihuman VAPB monoclonal antibody (PBS/1% BSA (1:500); Abcam, 

Cambridge, the United Kingdom) and an antihuman VAPB custom-made rabbit 

polyclonal antibody (1:500). Next, cells were washed in PBS/1% BSA and incubated 

with a secondary antibody (anti-mouse IgG, (1:500) PBS/1% BSA conjugated with 

fluorescein isothiocyanate (FITC) or FITC anti-rabbit IgG, (1:500); Sigma-Aldrich).  
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Approximately 2 × 104 cells were used for the staining, and cover glasses were 

mounted with 4’,6-diamidino-2-phenylindole (DAPI) (ProLong Gold antifade 

reagent; Molecular Probes, Eugene, Oregon, the United States). Fluorescent 

signals were acquired with a confocal microscope (Leica Microsystems Srl, Milan, 

Italy), and digital images were assembled using Adobe Photoshop. For each 

sample, 20 fields were analysed. A ratio of the number of cells with VAPB 

aggregates to the original total number of cells used for the assay (2 × 104) was 

determined for each subject. Of note, a monoclonal antibody used for this assay 

(clone number: MM0949-33M9) recognizes the N-terminal domain of VAPB (aa 2-

130) called major sperm protein (MSP) domain, which guides the correct folding of 

the protein [121] (Figure 10, while a polyclonal antibody was made using the N-

terminal amino-acid sequence (NH2-VEQVLSLEPQHEC-CONH2) of human VAPB. 

 

 

 

 

6.5.  VAPB protein quantification by Flow Cytometry Assays 

As for the IFA studies, around 2 × 106 cells were fixed in 4% PFA, permeabilized 

with PBS/0.05% saponin and incubated for 30 min with either a custom-made 

primary polyclonal antihuman VAPB (1:500) or an antihuman VAPB monoclonal 

antibody (1:500; Abcam, Cambridge, the United Kingdom). After incubation, cells 

were washed with PBS/0.05% saponin and incubated in a secondary antibody (FITC 

anti-rabbit IgG (1:500) or FITC anti-mouse IgG (1:500); Sigma-Aldrich). Cells were 

then analysed by a flow cytometer FACSCanto (Becton Dickinson, Franklin Lakes, 

NJ, USA). Flow cytometer was set to acquire 3 × 104 total events. Data analysis was 

carried out using BD FACSDiva™ software 6.1.3. The fluorescence signal was 

expressed as a mean fluorescence intensity (MFI). 

6.6.  VAPB mRNA Expression Gene 

RNA was isolated from PBMCs using the TriPure isolation reagent (F. 

Hoffmann-La Roche AG, Basel, Switzerland) and the PureLink RNA Mini Kit 

Figure 10. Schematic representation of the vesicle-associated membrane-protein-associated 
protein B (VAPB). The arrow indicates the recognition site for an anti-VAPB monoclonal 
antibody (2-130 aa) used for flow cytometry assays (FCAs). This site includes the N-terminal 
domain (8-111 aa) of the protein, called MSP that can be affected by P56S mutation 
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(Thermo Fisher Scientific) following the manufacturers’ protocols. The concentration 

and the quality of RNA were evaluated with the Thermo Scientific ™ NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific). Total RNA was reverse-transcribed 

into cDNA using Maxima reverse transcriptase (Thermo Fisher Scientific) and 

analysed by (q)PCR analysis using SYBR Green mix (Kapa Biosystems, 

Wilmington, MA, USA) and gene-specific primers (forward 5′-3′ 

TGTAAGAGGCTGCAAGGTGA; reverse 5′-3′ ATGCTGAAATGGGGCTGTTG). 

Relative mRNA expression levels were calculated by the 2−ΔCt method using 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. 

6.7.  Genomic Analysis 

Genomic DNA from patients and controls was extracted using the QIAamp DNA 

Mini Kit (QIAGEN S.r.l., Milan, Italy). Each DNA sample were resuspended and 

quantified by a fluorimetric method (Qubit 4 Fluorometer; Thermo Fisher Scientific). 

Genetic analysis was performed by studying the major genes known to be involved 

in ALS pathogenesis: SOD1, FUS, TARDBP, C9Orf72, and VAPB-encoding gene. 

Specific primers for long-range (LR) PCR were designed to amplify all parts of the 

genes SOD1, FUS, TARDBP, and VAPB-encoding genes (Table 3). Primers were 

designed using Primer-BLAST [184]. LR PCR was carried out using PrimeSTAR® 

GXL DNA Polymerase kit (Takara, Shiga, Japan) and then 50 ng of genomic DNA. 

LR PCR products were used to prepare libraries for next-generation sequencing 

(NGS) assays using Nextera DNA Library Prep Kit (Illumina, San Diego, California, 

the United States). Libraries were normalized at a 3–4 nM fragment concentration, 

and denaturation in 0.1 N NaOH were sequenced in a MiSeq instrument (Illumina, 

San Diego, California, the United States). Five hundred cycles of sequence were 

applied for the sequencing run. Variants were found using the MiSeq Reporter 

software package v2.6 and annotated by the software Illumina Variant Studio 3. The 

characterization of a hexanucleotide-repeated region of the C9orf72 gene was 

obtained utilizing a protocol described by De Jesus et al. (2011) [185]. The repeating 

number was quantified by a fragment analysis obtained with capillary 

electrophoresis in an ABI PRISM® 3500 sequencer and the software GeneMapper  

 (Thermo Fisher Scientific). 
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Table 3. Pairs used for next-generation sequencing (NGS) assays 

6.8.   Cytokines and phenotyping antibodies 

Monoclonal antibodies (mAbs) CD3 FITC, CD8 APC H7, CD19 PE, TNF/ IFN-γ 

Pe Cy7 and IL-6 APC were used for the analysis of B and T lymphocytes, while NK 

and monocytes were detected using: CD3 FITC, CD8 APC H7, CD56/CD16 PE, 

CD14 PerCp Cy 5.5, IFN-γ Pe Cy7, MIP1-α PE, MCP1 APC. The antibodies are 

used at the manufacturer's recommended concentrations (BD Biosciences, San 

Diego CA) (Table 4). 

 

. 

 

 

 

 

 

 

6.9.  PBMCs preparation and stimulation 

PBMC maximal stimulation is aimed to re-propose in vitro T lymphocytes 

activation process, which in vivo is triggered following the interaction of protein 

Table 4. Antibodies and their respective fluorescent canal used for the  assay 
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kinase C (PKC) with diacylglycerol (DAG). This interplay is followed by a series of 

events, Ca2 + dependent, which lead to the activation of T lymphocytes. In this 

study, maximal stimulation was carried out with phorbol 12-myristate 13-acetate 

(PMA), a molecule analogous of diacylglycerol capable of activating PKC.  

The protocol provides the use of 500 μl for tube of sodium heparinized venous blood 

aliquoted into 15 ml falcon tubes; one for positive and one for negative controls. 

Positive control included: 500 μl of sample, 500 μl of RPMI, PMA 25 μg/ml, cells 

suspension, calcium ionophore A23187 1 μg/ml (Sigma Aldrich) and Brefeldin A 

(BFA) (10 μg/ml). The latter was used to inhibit the secretion and paralysis of the 

Golgi apparatus. Negative control included: 500 μl of sample, 500 μl of RPMI. The 

culture tubes were incubated in a diagonal position at 37 °C and 5%CO2 for 8 h.  

Afterwards, the samples were centrifuged for 10 min at 1200 rpm, then the 

supernatant was aspired and discerned. The pellet was vortexed and the samples 

were incubated for 10 min with 2 ml of 1× FACS Lysing Solution at room temperature 

(RT). Cells were washed in 2 ml of PBS and centrifuged for 10 min at 12000 rpm 

and then the supernatant was discarded by inversion. The samples were gently 

resuspended in 2 ml of 1× FACS Lysing Solution and incubated at 4 °C overnight.  

6.10.  Intracellular cytokine staining and phenotyping analysis after PBMCs 

stimulation  

The following day the cells were washed by adding 2 ml of PBS 1× and 

centrifuged for 10 min at 1200 rpm, the supernatant was discarded by inversion, 

then 100 μl of permeabilizing solution (0.05% saponin in PBS solution) were added 

to each sample and incubated for 10 min. Subsequently, a mix of antibodies was 

added for marking and samples were further incubated for 30 min in the dark. After 

washing with 2 ml of permeabilizing solution, centrifuging for 10 min at 1200 rpm 

and discarding the supernatant by inversion, cells were resuspended in 300 μl of 

FACS Flow solution. The labelled cells were analysed by flow cytometry on 

FACSCanto™ using FACSDiva 2.2 (Becton & Dickinson). 

6.11.  Plasmatic cytokines and chemokines quantification 

Plasmatic cytokines and chemokines were quantified using BD CBA kits. These 

kit permit to evaluate inflammation at peripheral level by execution of liquid phase 

ELISA test that allows to measure simultaneously up to 6 different varieties of 
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soluble cellular proteins, such as cytokines and chemokines, in 25-50 μl of plasma 

sample (Figure 11).  

 

In our study, three different kits were used, respectively, two to dose the cytokines 

and therefore the activity of Th1 and Th2 lymphocytes and one to dose the 

chemokines (Table 5). 

 

 

 

 

 

The kit provides different bead populations, with distinct fluorescence intensities, 

coated with capture antibodies specific for each chemokine or cytokine. These 

beads are mixed together to form the bead array that is resolved in a red channel 

(ie, FL3 or FL4) of a flow cytometer and are mixed with the PE-conjugated detection 

antibodies and then incubated with recombinant standards or test samples to form 

sandwich complexes. The intensity of the detected signal will be directly proportional 

to the amount of analyte bound (Figure 12). The values expressed usually cover a 

defined concentration range, from 20 pg/ml to 5,000 pg/ml. Following acquisition of 

sample data using the flow cytometer, the sample results are generated in graphical 

and tabular formats using the BD CBA Analysis Software or FCAP Array™ 

Software. 

Table 5. Cytokines and chemokines analysed in ALS patient's and healthy controls' 
plasma 

Figure 11. Working principle of CBA kits. © BD bioscience 
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6.12.  Fatty acid extraction  

Plasma lipids were extracted following the Folch’ s method. Briefly, plasma of 

patients and controls groups were mixed to a solution of chloroform / methanol (2:1) 

till have a final volume 20 times greater than the volume of the samples. The mixture 

was then left in an orbital shaker for 15-20 minutes at room temperature. Next the 

mixture was centrifuged. The resulting liquid phase was collected and washed with 

0.9% NaCl (ratio 1/5) and vortex for few seconds. To separate the two phases, the 

mixture was centrifuged at 2000 rpm for 5 minutes. At this point, the upper phase 

contains gangliosides and small organic polar molecules, while the remaining phase 

(chloroform), it contains lipids. Then the chloroform was evaporated under a 

chemical hood in a rotary vacuum evaporator and subsequently 200 µl of toluene 

were added to the extract for the subsequent analysis. 

6.13.  Fatty acid quantification  

The fatty acid composition was determined by transmethylationmethod with 

Hydrochloride acid (Ichihara K et al., J Lipid Res 2010, 51, 635). 1.50 ml of methanol 

and 300 μl of a 35% w/w HCl/methanol solution were added to the extracted lipids 

(previously resuspended in 200µl of toluene). Subsequently, each sample was 

vortexed and heated at 90/100 ° C for 1 hour. After cooling, to extract the methyl 

esters in the hexane phase, 1 ml of hexane and 1 ml of water were added to each 

sample. Next, all samples were vortexed for few second and centrifuged at 3000 

rpm for 5 min and the upper part containing hexane, was recovered and the hexane 

was evaporated in a nitrogen stream. At this point, 200 μl of solvent and the internal 

Figure 12. Example of bead populations resolved in a red channel (BD Image) 
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standard (e.g. n - heptane) were added to the extract for analysis in GC-MS (gas 

chromatography/mass spectrometry) (Table 6). 

 

 

 

 

 

 

 

 

 

 

 

 

6.14. Statistical analysis 

All data obtained were analysed using GraphPad Prism 6.0 software (GraphPad 

Software, San Diego, CA, USA). Continuous variables were presented as media ± 

standard deviation (SD) and categorical variables were presented as numbers and 

percentages. A parametric Student’s t-test was used to compare two groups, and a 

value of p < 0.05 was considered significant. 

  

Table 6. Long chain fatty acid analysed in sera of sALS affected patients 
and healthy subjects 
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7. Results 

7.1. Cellular Model Analysis 

HeLa cells stained by IFA with antihuman VAPB polyclonal antibody, revealed the 

presence of VAPB aggregates in cells transfected with GFP-VAPB-P56S. As shown 

by others groups [118,120,122,186], these aggregates are a direct consequence of 

VAPB misfolding that cause in turn the reorganization of ER structures 

[117,120,124] (Figure 13a right), not evident in the stain obtained in HeLa 

transfected with GFP-VAPB-Wt, that shows the physiological association of VAPB 

and ER (Figure 13 a left). 

Performing the FCA with the antihuman VAPB monoclonal antibody, we observed 

a reduction in VAPB fluorescent signal in VAPB-P56S-transfected HeLa cells 

compared to in VAPB-Wt Hela cells (p = 0.0003). This evidence revealed that, in 

presence of VAPB misfolding, the monoclonal antibody lost the ability to bind 

efficiently its recognition site to the protein, causing a reduction of fluorescent signal 

detection (Figure 13b). 

 

 

 

 

7.2. VAPB ER-Aggregates in sALS Patients PBMCs 

Once characterized VAPB pathological model analysing HeLa cells, we 

checked for VAPB immuno-reactivity in PBMC isolated from sALS and PD patients 

and HC subjects. The pattern of VAPB immunofluorescence was substantially 

different in PBMCs from sALS patients compared to those obtained from patients 

with PD and HCs (Figure 14). The stain with an antihuman VAPB polyclonal 

Figure 13. Representative immunofluorescence images performed with an 
antihuman VAPB polyclonal antibody in Hela cell lines. (a) VAPB (green) and nuclei 
(blue) in HeLa cells transfected with VAPB-Wt (left) and VAPB-P56S (right). 
Magnification is the same in both pictures (scale bar: 15 μm). The image shows 
VAPB aggregates and ER disorganization in VAPB-P56S-transfected HeLa cells 
caused by VAPB misfolding. (b) FCAs performed with an antihuman VAPB 
monoclonal antibody. The data, expressed as medium intensities of fluorescence 
(MFIs), show a statistically significant reduction of fluorescence signals in VAPB-
P56S-transfected HeLa cells compared to in VAPB-Wt-transfected HeLa cells. 

*** 



   
Maria Piera Lucrezia Cadoni - 53 - 

VAPB Aggregates and Peripheral Mediators of Inflammation: New Diagnostic Perspectives for ALS. 
PhD Thesis in Biomedical Sciences 

University of Sassari 

antibody revealed a uniform signal in HCs (Figure 14a–c) and patients with PD 

(Figure 14d–f) PBMCs cytoplasm, while fluorescence patterns in all the sALS 

patients PBMCs were characterized by numerous VAPB clusters distributed around 

the nucleus (Figure 14g–i). These VAPB aggregates were similar to the staining 

pattern of mutant VAPB-P56S overexpressed in HeLa cells (Figure 13a) and might 

be a representative of defective ER organization [117,120,186,187] caused by 

VAPB misfolding. A media of 70% of total PBMCs carrying ER-aggregates analysed 

were observed in sALS subjects compared to a media of 2% in PD patients (p < 

0.00001) and 0% in HCs (p < 0.00001). The monoclonal antibody showed a similar 

pattern compared to the polyclonal antibody, but its signals were basically weaker 

in HCs and PD patients and were basically negative in all the sALS (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.3 VAPB Accumulations in sALS Patients Fibroblasts 

Prompted by the observation of VAPB accumulations in PBMCs of the sALS 

patients, we asked if we could detect similar early changes of VAPB in fibroblasts 

obtained from skin biopsy of sALS patients. Applying the same antihuman VAPB 

Figure 14 Representative confocal monochromatic nucleus (a,d,g), VAPB (b,e,h), 
and merge (c,f,i) images of immunofluorescence performed with an antihuman 
VAPB polyclonal antibody in PBMCs of HCs, PD patients, and sALS patients. VAPB 
is represented in green, and the nuclei are in blue. (i) The merge image shows the 
presence of VAPB ER-aggregates in sALS patients that is clearly different from 
those obtained in PD patients (f) and HCs (c). The arrows indicate VAPB ER-
aggregates. Scale bars: 20 μm. Each sample were analysed in 20 fields. For each 
subject, the number of lymphocytes showing VAPB aggregates was divided by the 
original total number of isolated cells (2 × 104). 
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polyclonal antibody on the sALS and healthy donor fibroblasts, we observed, in 

sALS, a globular accumulation of VAPB (Figure 15a), which were consistent with 

the data obtained from PBMCs analysis. VAPB aggregates were co-localized with 

GRP78, a transmembrane protein of ER (Figure 15b), confirming that these 

aggregates are strongly associated to this cellular organelle. 

 

 

 

 

 

 

 

 

 

 

 

7.4  VAPB Fluorescent Signal is decreased in sALS Patients 

The findings of VAPB aggregates in PBMCs and fibroblasts from sALS patients 

obtained by IFA prompted us to suppose that VAPB could be misfolded in cells of 

patients affected by sALS. Therefore, we quantified, by FCA, fluorescent signals of 

VAPB protein using antihuman VAPB polyclonal and monoclonal antibodies. The 

data obtained by a monoclonal antibody assay revealed a statistically significant 

reduction of VAPB fluorescent signals (MFI) in sALS compared to HCs with a p-

value of 0.018 and PD controls with a p-value of 0.003 (Figure 16a). This result 

confirmed indirectly our hypothesis of VAPB misfolding and it revealed a reduced 

ability of the monoclonal antibody to bind its recognition site (see Figure 8) only in 

sALS. On the contrary, the same analysis performed with the polyclonal antibody  

Figure 15. (a) Representative immunofluorescence image of primary skin fibroblasts 
performed with an antihuman VAPB polyclonal antibody. VAPB (green) and nuclei 
(blue) in fibroblasts were isolated from HCs (left) and sALS patients (right). The sALS 
patient fibroblasts staining showed globular accumulations of VAPB (indicated by 
arrows) compared to the control. (b) Image showing single staining of VAPB (green) 
(left), GRP78 (red) (middle), and merge (right). The merge evidenced the co-
localization of GRP-78 with the VAPB accumulations (indicated by arrows) 
representing the ER distribution. Scale bars: 15μm. 
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did not reveal significant differences of VAPB fluorescent signals between patients 

with sALS and PD and HCs (Figure 16b), most likely due to the fact that the 

polyclonal antibody recognize more VAPB epitopes than the monoclonal antibody. 

 

 

 

 

7.5  VAPB mRNA Expression is not altered in PBMCs of sALS Patients 

On the basis of the results obtained by FCA analysis, we decided to quantify 

VAPB gene expression by real-time PCR. Although recent reports suggest that 

VAPB expression is reduced in human ALS patients and SOD1 ALS transgenic mice 

[120], the data obtained in PBMC of sALS patients revealed that the expression of 

VAPB mRNA (n = 24; mean ± SD: 0.055 ± 0.031) does not significantly differ from 

that in HCs (n = 24; mean ± SD: 0.033 ± 0.0105; p = 0.1423) (Figure 17). 

 

 

 

 

 

 

 

 

Figure 16. FCAs performed with a monoclonal (a) and with polyclonal(b) antibody against VAPB.(a) The 
graph shows a statistically significant decreased level of VAPB fluorescence detection in sALS patients 
compared to in PD patients and HCs. On the contrary, VAPB fluorescence signals in HCs and PD patients 
did not present significant differences. The data are expressed as MFIs in all patients and controls 
analysed. * p < 0.05; ** p < 0.005. (b) The polyclonal antibody did not reveal statistically significant 
difference in fluorescence signal in the three different group analysed. 

 

VAPB fluorescence expression (MFI) 

Figure 17. VAPB mRNA expression in PBMCs from HCs (n = 24) and ALS (n 
= 24) patients. mRNA levels were quantified by real-time PCR. mRNA 
values are normalized by that of GAPDH. Values represent mean ± SD. Each 
sample was examined in triplicate. VAPB mRNA levels of sALS patients 
were not significantly different from those detected in HCs. 
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7. 6  Genomic DNA analysis of sALS patients 

Genomic DNA analysis by NGS assays was performed in order to confirm if 

VAPB clusters observed by IFA could be caused by VAPB gene mutation. 

Moreover, to best characterize our series of patients, we checked also for the 

presence of genetic mutation in the major ALS-related genes (SOD-1, TARDPB, 

FUS, and C9orf72). The data obtained revealed the presence of the A382T mutation 

of the TARDBP gene in three patients and pathogenic expansion in the C9orf72 

gene in one patient. The 20 remaining patients analysed did not reveal the presence 

of mutation in any of the genes analysed, with the VAPB gene included. 

7.7 Analysis of PBMCs subpopulation in sALS patients and HC subjects 

Protein aggregates are responsible of cellular functions impairment [1,2]. The 

observation of VAPB aggregates in sALS patients’ PBMC lead us to ask if their 

presence could cause alteration in PBMC subpopulation expression at resting. The 

analysis revealed a significant depletion of B cells (CD19) in sALS patients 

compared to HC subjects (median±SD; sALS, 17.311±7.48 vs HC, 44.76±11.17; 

p=0.0343). While, for what it concerns T cells (CD3), we observed a significant 

increase in sALS compared to HC (median±SD; sALS, 68.54±8.97 vs HC, 

53.59±13.25; p= 0.02002) (Figure 18a, b). 

The high levels of CD3 could be correlated to T helper (CD4) higher expression 

detected in sALS compared to HC (median±SD; sALS, 52.41±13.49 vs HC, 

40.00±12.47; p= 0.0104). Percentage of monocytes (CD14) and NK (CD16/CD56) 

cells were not significantly different between sALS and HC (Figure 18 a, b).  

 

 

 

 

 

 

 

Figure 18 Percentage expression of peripheral lymphocytes sub-population in control subjects 
(HC) and patients with sporadic ALS. All values are expressed as median±SD. *=p<0.05.  
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7.8 Analysis of PBMCs activation  

7.8.1 Activation capacity of PBMCs sub-population is sALS patients 

Always based on VAPB aggregates presence, we evaluated in sALS patients 

the capacity of each PBMCs sub-population to response to maximal stimuli using 

PMA. The data obtained revealed a statistically significant CD4 expression 

percentage increase in sALS patients’ PBMCs compared to HC (median±SD: HC, 

33.21±13.62 vs sALS, 57.6±21.23; p=0.01004). While, CD19 and CD8 did not 

revealed significantly differences in our series (Figure 19). 

 

 

 

 

 

 

 

 

7.8.2 Analysis of cytokines production by PBMCs in sALS patients 

After PMA stimulation, cytokines production by the different cellular subsets was 

studied to evaluate the pre-committed status of PBMCs in sALS patients and HC 

subjects. We observed a significant increase in mean percentage of MIP-1α 

production by NK cells (CD56/CD16) in sALS patients compared to HC subjects 

(median ±SD; 0.675±0.76 vs 0.227±0.26; p= 0.0319) (Figure 20). 

 

 

 

 

 

 

 

 

 

Figure 20. Percentage of NK cells (CD16/CD36) secreting MIP-1α after 8 
hours of PMA maximal stimuli in control subjects (HC) and patients with 
sporadic ALS. *= p<0.05. 

NK 

Figure 19. Comparison of peripheral lymphocytes subsets response to maximal PMA 
stimuli in control subjects (HC) and patients with sporadic ALS. All values are expressed as 
median±SD.  **=p<0.01 
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While, for what it concerns CD19 population, despite at basal state we found an 

important depletion of this cellular subset in sALS compared to HC (as showed in 

Figure 18), after PMA stimulation, CD19 cells of sALS patients resulted capable to 

product higher amount of IFN-γ (median±SD; 0.137± 0.57) and TNF-α (median±SD; 

0.2075± 0.76) compared to HC (median±SD; 0.075± 1.08; 0.03± 0.13) with a p value 

respectively p=0.0440 and p=0.0376 (Figure 21). 

 

 

Interestingly, we found a significant activity of T cells in sALS patients. In particular, 

CD8 cells analysis revealed a significant increase in IFN-γ mean percentage 

production in sALS patients compared to HC subject (median±SD sALS 5.414± 

10.65 vs HC 1.5975± 4.86) with p=0.034 (Figure 22). 

 

 

 

 

 

 

 

 

 

 

Similarly, CD4 cells showed an important mean percentage increase to produce 

IFN-γ (median±SD 1.2645±3.76) and TNF-α (median±SD 1.2645± 3.76) in sALS 

Figure 21. Expression percentage of CD19+ cells in IFN-γ (left) and TNF-α (right) cytokines 
production after 8 hours of PMA maximal stimuli in control subjects (HC) and patients with 
sporadic ALS. *=p<0.05 

Figure 22 Percentage expression of IFN-γ in CD8 cells of HC and sALS after PMA stimuli. 
The graph shows a statistically significant higher expression of IFN-γ in sALS compared 
to HC. *=p<0.05. 

CD8 
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compared to HC (median±SD respectively 1.133± 1.19; 0.307± 0.47) with p=0.034 

and p=0.025 respectively (Figure 23).  

 

 

7.9 Evaluation of peripheral inflammatory status in sera of sALS patients 

CBA analysis was performed to reach one of the major aim of this study, to find 

a reliable biomarker that can helps to predict and to reach differential diagnosis of 

sALS. Therefore, we performed the analysis of chemokines and cytokines in serum 

of sALS patients using as a control HC subjects and PD affected patients as a 

neurological control. 

7.9.1 Cytokines quantification 

Cytokines quantification by CBA revealed a general increase of all cytokines 

analysed (see Table 5) in both sALS and PD affected patients compared to HC 

subjects, with the exception of IL-4 (Table 7).  

The data obtained revealed the increase of pro-inflammatory cytokines such IL-6, 

TNF-α and IFN-γ. These inflammatory mediators seem to play a role in motor 

neuron degeneration and in particular increased levels of IL-6 have been correlated 

with BBB permeability alteration [159]. 

In our series IL-6 was more concentrated in sera of both sALS (median±SD: 7.6±5.2) 

and PD (median±SD: 6.9±2.6) compared to HC (median±SD: 0.3±0.2) with a p value 

HC vs PD= 0.0004; HC vs sALS p=0.0032. TNF-α and IFN-γ also resulted 

significantly more concentrated in sALS and PD sera (median±SD; sALS, 3.3±0.7; 

Figure 23. Percentage expression of IFN-γ (left) and TNF-α (right) in CD4 cells after 8 hours of 
PMA maximal stimuli in control subjects (HC) and patients with sporadic ALS. *=p<0.05. 
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PD, 3.1±0.3) compared to HC (median±SD; 2.0±0.3) with a p value respectively 

p=0.00001 and p=0.0004. 

 

 

 

 

 

 

 

 

 

 

However, the data obtained did not permit to appreciate significant differences 

between sALS and PD. On the other hand, we found a significant difference in IL-

10 quantification in sera of sALS (median±SD) and PD compared to HC, revealing 

the anti-inflammatory implemented as defence mechanism. Also IL-10 

concentration did not permit to appreciate differences in its quantification between 

sALS and PD pathologies (Figure 24). 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Quantification of cytokines in sera of sALS and PD affected patients and HC subjects. All 
values are expressed in pg/ml. In the table are reported median ± SD.  

Figure 24. Quantification of IL-6, TNF-α, IFN-γ and IL.10 in sera of HC subjects, PD and sALS affected 
patients. All data are expressed in pg/ml. **= p<0.0001 
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7.9.2 Chemokines quantification 

The analysis of serum chemokines (listed in Table 5) revealed, in general, a 

significant increase of all chemokines in both sALS and PD affected patients 

compared to HC subjects (Table n.8). However, between the various chemokines 

analysed CXCR8 (MIG), revealed higher concentration in sALS patients’ sera 

(medina±SD; 1812.9±982) compared to PD (median±SD; 312±428) with p= 0.0005 

(Figure 26).  

 

Interestingly, also CCL2 (MCP-1) showed significant differences between PD and 

sALS affected patients. In particular, this chemokine resulted more concentrated in 

PD (median±SD; 228±95.78) compared to sALS (median±SD; 100±56.63) with 

p=0.0194 (Figure 25). Furthermore, it is important to highlight that in general a high 

variability among each of the series studied was observed. 

 

 

 

Table 8 Chemokines quantification in sera of HC subjects, PD and sALS affected patients. All data 
are expressed in pg/ml. In the table are reported median±SD. 

Figure 25. Quantification of CXCR8 and CCL2 in PD and sALS patients. **=p<0.001; ***=p<0.0001 
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7.10 Long chain fatty acid composition in sera of sALS patients 

Several studies revealed that neurological disorders present an alteration on 

PUFA components that could be linked to neurodegeneration [181], moreover 

evidence obtained in cultured neuronal cells, revealed a pro-inflammatory activity of 

some long chain fatty acid[188,189]. Based on these evidence, we studied long 

chain fatty acid composition in sera of sALS patients and HC subjects. The analysis 

revealed a general increase of all FA in sALS patients compared to HC subjects 

(Table 9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Among all FA analysed, only some of them resulted significant over expressed in 

sALS compared to HC. Interestingly, the most of them are C16:0 derivatives C16:1 

n-7 (media±SD; HC, 10.02± 6.55 vs sALS, 18.77±13.08; p=0.022), C18:0 

(media±SD; HC,152.65±98.45 vs sALS, 292.82±116.95; p=0.0003) C18:1n-9 

(media±SD; HC, 129.16±50.29 vs sALS, 220.12±76.59; p=0.0002). Of note also 

Table 9. Quantification of long chain fatty acid in sera of healthy subjects (HC) 
and sALS patients. All data are expressed in µg/ml. 
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C16:0 (media±SD; HC 153.94±60.09 vs sALS, 233.97±74.42; p=0.001) 

quantification showed higher levels in sALS compared to HC (Figure 26a).  

Beside C16:0 and its derivatives, also others FA were founded more concentrated 

such C14:0 (media±SD; HC, 9.96±6.78 vs sALS, 18.89±7.78; p=0.006), C20:0 

(media±SD; HC, 8.48±11.48 vs sALS, 21.11±12.54; p=0.0024) and C17:0 

(media±SD; HC, 6.31±7.18 vs sALS, 11.65±7.24; p=0.025) (Figure 26b). Or 

relevance, C:16 and its derivatives, as C14:0 and C20:0 have all been involved in 

pro-inflammatory process [188,189]. 

  

Figure 26. Graphic representation of sera fatty acid significant higher concentrated in sALS patients 
compared to HC subjects. *=p<0.05; **p<0.005; ***=p<0.001; ****=p<0.0001 
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8.  Discussion 

ALS is a complex and heterogeneous pathology and properly because of its 

heterogeneity, the identification of specific therapeutic and diagnostic targets is still 

needed. One of the major aims of this study was to find a biomarker that can help 

and guide the clinical diagnostic process at early stage of ALS. To reach this goal 

we decided to evaluate the role of VAPB, an integral membrane protein of ER 

involved in many cellular pathways essential for maintaining homeostasis 

[94,117,121,122].The most common mutation in VAPB encoding gene is associated 

to a rare form of ALS, classified as ALS-8 [190]. When produced in mutant form, this 

protein tends to form intracellular insoluble aggregates, leading to ER impairment 

[117,120]. Several studies, performed in human and transgenic mice, documented 

the presence of VAPB aggregates also when other ALS-causative genes are 

mutant, such SOD1 [191], TARDP [32], and C9orf72 [192]. Therefore, there are 

growing evidences that suggest VAPB involvement in ALS patho-mechanisms 

[117,119,193]. Many different experimental and ex vivo cell models have been 

proposed to study ALS pathological mechanisms [194], including PBMCs 

[114,195,196]. These cells share more than 80% of transcriptomes with other 

tissues, including the CNS [114,197]. Moreover, study peripheral blood first 

represents a non-invasive option and a more realistic tool to better understand this 

pathology and second, it fits perfectly with the new vision of ALS as a multi-systemic 

pathology [198]. In fact, for several years this disease was considered exclusively 

linked to intrinsic defect of UMNs and/or LMNs. While, now it is generally accepted 

that non-neuronal cells surrounding MNs, additional neuronal cell types, as well as 

other cells outside the CNS actively participate in the pathological process. In 

relation to that peripheral inflammation as well as the peripheral immune 

abnormalities in T-cells, cytokines, chemokines and other markers of inflammation 

have been implicated in ALS [199,200]. Moreover, a recent study conducted in mice, 

evidenced the presence of lymphatic vessels in the brain and their interconnection 

with the deep cervical lymph nodes. This evidence if confirmed in Human, could 

revolutionize the conception of CNS as a closed system, demonstrating that T-

lymphocytes can easily circulate in the direction of the brain and that the 

interconnection with CSF clearly indicates that what we find in it can no longer be 
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considered autochthonous [201]. In this view the periphery inflammatory mediators 

could also reflect the CNS status. 

Based on these evidence, the second aim of the present work was to evaluate the 

immune system activity in ALS through chemokines and cytokines quantification in 

sera of patients affected by sALS, comparing them with those in sera of PD patients 

and HC subjects. 

The study design to evaluate the potential role of VAPB as biomarker for ALS, was 

conducted first reproducing the pathological model of VAPB (ALS-8) by HeLa 

transfection with VAPB-P56S. This model is characterized by VAPB misfolding that 

cause in turn the accumulation of VAPB aggregates [67,117,120,124] and ER 

impairment [117–120]. The characterization of this pathological model was useful 

for the subsequent analysis of PBMCs isolated from sALS patients, on which we 

repeated the same analysis performed in HeLa. 

IFA performed on HeLa cells VAPB-P56S by antihuman VAPB polyclonal antibody, 

according with previous findings obtained as in cellular models and as in post-

mortem spinal cord sections [60,67,117], revealed the presence of VAPB 

aggregates in close association with the ER. Interestingly, the same analysis 

performed on PBMCs, showed in all the 24 analysed sALS patients, a pattern of 

VAPB aggregates similar to those observed in Hela transfected with VAPB-P56S, 

that was not present as in HCs as in PD affected patients. The identification of VAPB 

aggregates in PBMCs of sALS patients, permitted us to finding out, for the first time 

in these cells, a consistent pattern of VAPB easily distinguishable from those HCs 

and PD patients by IFA. In fact, until now VAPB aggregates have been 

characterized and described in VAPB-P56S cellular models [117–120,124] in spinal 

cord sections of transgenic mice carrying VAPB-P56S mutation [191] and in 

cutaneous fibroblasts [128] and post-mortem spinal cord sections of ALS-8 patients 

[73,202], but not in PBMCs. Moreover, the identification of these aggregates only in 

sALS patients and not in our series of controls, clearly confirmed the specificity of 

this alteration for ALS pathology. Therefore, to demonstrate that the presence of 

such VAPB aggregates is specific for sALS, we performed IFA also in primary skin 

fibroblasts isolated from patients affected by sALS, confirming our findings obtained 

in PBMCs. The results obtained as in fibroblasts as in PBMCs of patients affected 

by sALS, led us to suppose that VAPB could be misfolded. For this reason, we 

performed FCA using anti-VAPB monoclonal antibody that specifically recognizes 
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the N-terminal domain of the protein, involved in the guide of VAPB folding [122]. 

Interestingly, this analysis revealed a severe reduction of VAPB fluorescence 

signals in sALS patients but not in PD patients and HCs, suggesting that VAPB in 

sALS is post-transcriptionally modified/misfolded that renders the antibody to 

efficiently bind VAPB in sALS cases. However, in our series of sALS patients, the 

reduction of VAPB fluorescence signals did not seem to be associated with a 

variation in VAPB mRNA expression, and VAPB aggregates did not seem related 

to a genetic alteration. In fact, by NGS analysis, no mutations in the VAPB-encoding 

gene were identified, neither mutations were present in SOD1 and FUS encoding 

genes. However, the C9orf72 and TARDBP A382T mutations were identified in one 

and three patients, respectively. The frequencies of the mutations observed in this 

study did not differ significantly from the mutation frequencies reported in the 

Sardinian population [29,203]. Furthermore, the low size of samples presenting the 

mutant form of TDP-43 and the C9ORF hexanucleotide expansion did not allow 

appreciating any specific pathologic alteration related to VAPB ER-aggregates. 

Protein aggregates are a constant feature of ALS and their presence alters cell 

functions and leads to cellular stress [60–62]. In this scenario, the identification of 

VAPB aggregates in PBMCs, led us to ask if their presence could affect cells 

functionality. Therefore, PBMCs’ ability to response to maximal stimuli with phorbol 

and their capacity to product cytokines and chemokines after stimulation were 

studied. Expression analysis of PBMC subpopulation at resting revealed higher 

expression percentage of T helper (CD4) and T cytotoxic (CD8) cells in sALS 

patients compared to HC, find consistent with what reported by Benjamin J. Murdock 

et al.[204]. Moreover, in our series of sALS patients we also founded a significant 

depletion of B cells (CD19), not reported in their study. However, despite the 

massive presence of VAPB aggregates in sALS patients’ PBMCs, functional 

analysis showed that these cells are capable to response to PMA stimuli more than 

those of HC subjects. In particular, T helper (CD4) cells of sALS patients resulted 

more susceptible to PMA activation respect to those of HC. This datum, together 

with the significant production of TNF-α and IFN-γ after PMA stimuli compared to 

HC, indicates the high predisposition of CD4 cells to produce pro-inflammatory 

cytokines in sALS patients. Also B cells (CD19), despite their depletion at resting 

condition, showed an equal capacity to respond to phorbol stimulation. Moreover, 

these cells revealed significant production of TNF-α and IFN-γ in sALS respect to 
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what observed in HC. Therefore, we can assess that after the stimulation, the most 

of PBMC subpopulation analysed resulted pre-committed to produce pro-

inflammatory mediators compared to HC. Consistent with this find, high percentage 

levels of TNF-α, IFN-γ and IL-6 in sera of both sALS and PD affected patients 

compared to HC subjects were observed by CBA method. These data are in line 

with previous studies [205–208] and also reflect the continue push towards a pro-

inflammatory state that cause the secretion of others pro-inflammatory mediators as 

chemotactic factors that recall in loco more leucocytes [103,209,210]. In line with 

this, NK (CD56/CD16) showed in sALS patients higher levels of the chemotactic 

factor CCL2/MCP-1 compared to HC after PMA stimuli. Plasmatic chemokines 

quantification, evidenced a significant higher expression of MCP-1 concentration in 

sALS patients compared to HC. Nagata et al.[169] reported high levels of this 

chemokine also in CSF of sALS affected patients, however in our series we found 

higher plasmatic levels of this chemokine in PD affected patients compared to sALS. 

MCP-1 acts by attracting macrophage/monocytes and T cells and this could 

contribute to amplify the damage in CNS. MCP-1 deficiency was reported to have 

protective effects in a murine model of stroke and in experimental autoimmune 

encephalomyelitis. Thus, progression of ALS as PD symptoms may be ameliorated 

in parts, if MCP-1-induced chronic inflammation is reduced [169]. Also CXCL8/MIG 

analysis revealed significant difference between sALS, where it was higher 

concentrated, and PD. The finding of MIG and MCP-1 in the panorama of differential 

diagnosis could acquire significance in terms of a possible diagnostic setup between 

these two pathologies. However, a big sample size is needed to confirm these data. 

In general, high levels of both chemokines have been already reported, but the 

authors did not perform a comparison between ALS and PD [205,206,211–213] or 

they did not find our same results [212,214,215]. The reason of this discrepancy 

have been related to a high heterogeneity of samples analysed [103] that could also 

be observed in our series and it is evident in the high values of SD.  

Inflammatory process is influenced by numerous mediators. Among these we 

focused our attention on FAs and their contribute in neuroinflammation 

[188,189,216]. FA are very important elements for cells functioning, especially in the 

brain and properly because of the functions that they play there, they are able to 

cross the BBB. Moreover, evidence revealed that concentration of FA in sera, could 

reflects their concentration in the brain [217]. The FA quantification revealed a 
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general increase of all FA analysed in sALS compared to HC. However, only few of 

them resulted significantly increased. Among these there were C16:0 and its 

derivatives C16:1 n-7, C18:0 and C18:1 n-9. A study conducted in neuronal cells 

models, revealed a toxic action performed by C16:0 and C:18 in those cells [189]. It 

seems in fact that these two FA induce astrocytes to product IL-6 and TNF-α pro-

inflammatory cytokines that we found increased in sALS as at basal condition as 

after PMA stimulation. Moreover, C16:0 is also founded in higher concentration in 

diseased brains of AD affected patients, suggesting the possible toxic role of this 

FA and its possible correlation with neurodegenerative process [218]. 

Increased levels of C16:0, together with higher levels of C20:0, a precursor of PGE2 

related to TNF-α action in sALS affected patients, makes strongest the possible 

cross-talk between FA and cytokines all directed versus a pro-inflammatory state. 

However increased levels of C18:1 n-9 and IL-10, both known as an anti-

inflammatory action [160–162,219], observed in ALS patients suggest the attempt 

to contrast inflammatory process. 
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9.  Conclusions  

On the light of the data carried out by the present study we can conclude that 

the hypothesis of VAPB involvement in ALS is confirmed. In fact, the identification 

of VAPB aggregates in sALS patients’ PBMC and in fibroblasts revealed that this 

protein in strongly compromised in its structure so as to reveal a consistent pattern 

easily distinguishable in sALS from HCs and PD patients by IFA and FCA methods. 

Moreover, the use of VAPB could also provide a possible platform for a much larger 

study including other neurodegenerative disorders. However, VAPB aggregates do 

not seem to affect PBMC activity. In fact, according to previous finding, we observed 

a general hyper-activity of immune system in sALS patients. In particular, the 

analysis of peripheral immunity activity permitted also to identify CXCL8 and CCL2 

as possible biomarker useful to distinguish sALS form PD affected patients. The 

identification of VAPB aggregates in PBMCs together with inflammatory mediators 

in sera represent a diagnostic tool non-invasive, simple, fast, cheap tool useful in 

clinical practice and for studying ALS patho-mechanisms. 
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