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I 

Abstract 
 

 

The world of neurodegenerative disorders is highly complex. In fact, these disorders are 

extremely different from one other, but all of them are characterized by neuroinflammation 

and by progressive CNS dysfunction. 80% are sporadic and determined by the interplay of 

genetic and environmental factors. Our attention was focused on possible genetic risk 

factors that could contribute to the development of two neurodegenerative disorders: 

multiple sclerosis (MS) and Alzheimer’s disease (AD). 

Based on these considerations, at present, our research investigates possible risk factors for 

the pathogenesis of MS and AD. In particular, we are interested in investigating whether 

the polymorphisms of genes known to be involved in immunomodulation may have a 

functional impact on the pathogenic mechanisms of these diseases.  

Most of the present work is focused on MS, a disimmune disease characterised by an auto-

immune attack to CNS. In MS, neuroinflammation and neurodegeneration are placed side 

by side, with several processes contributing to neurodegeneration, including oxidative 

stress, energy deficiency and ionic imbalances.  

Our research group has previously shown that a SNP (rs1061581) in the HSPA1B gene, 

which encodes a stress inducible chaperone called Hsp70-2, is related to the risk of 

developing MS: G allele frequency is increased in MS patients. In this work, genetic 

variants in HSP70 genes, in the MHC class III region (chromosome 6p21.3), were 

analysed, considering the SNP HSP70-HOM rs2227956, located in the HSPA1L gene 

encoding for the constitutively expressed Hsp70-Hom. The C allele confers a twofold 

increased risk of developing MS (OR = 2.13). Disease severity, measured by the Multiple 

Sclerosis Severity Score (MSSS), distributes differently, depending on the HSP70-HOM 

genotype; CC patients exhibited an increased MSSS of 1.22 on average. These two 

polymorphic variants are in linkage disequilibrium. The multilocus analysis shows that the 

combination of the two risk alleles increases MS risk by more than three times (OR=3.49).  

Hsp70-Hom protein levels were investigated in vitro on PBMCs. The protein expression 

does not correlate with the HSP70-HOM rs2227956 genotype. However, a direct and 

significant relationship between Hsp70-Hom protein expression and MS severity has been 

reported. These results suggest that Hsp70-Hom probably plays a role in promoting 

immune system activation, thus influencing MS risk and progression. 

Considering the importance of HSP70-2 rs1061581 polymorphism for MS susceptibility, 

the possible role of the Hsp70-2 protein in the response to oxidative stress was investigated, 

treating in vitro PBMCs from MS patients and healthy controls with hydrogen peroxide 

(H2O2) and measuring mitochondrial activity, Hsp70-2 protein expression, and intracellular 

ROS production. No significant differences were found. The data regarding the 

mitochondrial activity and the Hsp70-2 protein expression levels were stratified by the 

HSP70-2 rs1061581 genotype to verify whether the presence of an allelic variant may 

influence the response to oxidative stress. The correlation of MTT and Hsp70-2 protein 
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levels with the HSP70-2 rs1061581 genotype does not show any significant difference. 

Two polymorphisms of the vitamin D receptor (VDR) gene (chromosome 12q13.11) were 

considered because of the importance of the interaction between genetic and environmental 

factors. Vitamin D is involved in the correct regulation of the immune system. Low levels 

of vitamin D constitute an important risk factor for developing MS. Its biological actions 

are mediated by its receptor (VDR). This observation leads us to hypothesize that 

polymorphisms in the VDR gene might influence MS susceptibility. Genotypic and allelic 

frequencies of two SNPs, VDR rs731236 (Taq-I) and rs4334089 (HpyCH4V), were 

determined. MS patients and healthy controls do not show significant differences. We 

investigated whether an altered expression of VDR or a change in the distribution of this 

receptor between the cytoplasm and nucleus could be associated with MS risk; the total, 

cytosolic and nuclear VDR protein expression in PBMCs from MS patients and healthy 

controls was determined. These levels do not significantly change between MS patients and 

healthy controls and are not correlated to the two polymorphisms. The environment 

probably acts in a stronger way compared to genetics; for this reason, the possible 

implication of vitamin D plasma levels on VDR protein expression in MS patients was 

analysed. Our patients have a mean 25(OH)D3 plasma levels of 21.82 ± 13.61 ng/ml. 

Vitamin D plasma levels can modulate the total VDR protein expression: the increase of 1 

unit of vitamin D significantly decreases the total VDR protein expression by 10 units. 

In the second part of the thesis, data about AD are reported. Literature evidence suggests a 

role of the innate immune system in the pathogenesis of AD. Neuroinflammation seems to 

be an important contributor to neurodegeneration. C4A and C4B copy number variations 

(CNVs) were investigated. The two C4 genes (MHC class III), encode the serum 

complement component 4. Our analysis reveals a significant increase in C4A and C4B copy 

number in AD patients compared to healthy donors. The increase in C4A and C4B copy 

numbers is consistent with the increased protein levels found in the CSF and plasma of AD 

patients and could influence neuroinflammation. Furthermore, three SNPs in the gene for 

the CR1 (chromosome 1q32.2) were investigated, since their potential impact on AD 

susceptibility. Genotypic and allelic frequencies of the three polymorphisms were analysed. 

AD patients and healthy controls do not show any significant difference for all three 

polymorphisms.  
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1. Introduction 
 

 

Neurodegenerative diseases are complex and heterogeneous disorders; they are 

multifactorial pathologies and it is difficult at the moment to completely understand their 

etiology and pathogenesis.  

Multiple Sclerosis (MS) and Alzheimer’s disease (AD) are two multifactorial 

neurodegenerative diseases which have a great impact on the society: MS is a disabling 

neurological disease affecting approximately 2.3 million people worldwide, in particular 

young adults, while over 36.5 million people worldwide are affected by dementia, and the 

majority of the cases are AD-related. These disorders represent a cost for the individual, the 

family and the society, putting great pressure on the need to better understand the risk 

factors that contribute to onset and progression. The research is necessary to finally find an 

effective therapy, which has not been achieved to date. 

Although different in the pathogenesis, MS and AD, like other neurodegenerative diseases, 

are characterized by a great neuroinflammatory process; however, in AD it is not always 

clear if this process is a cause or a consequence of the disease. Alteration in genes involved 

in the immune system function may contribute to these disorders. However, analysing the 

complex scenario of neuroinflammation is not easy, since a plethora of genes is involved in 

this process. Not only the classical HLA gene located in class I and II regions are essential 

for the immune function: many genes in class III and also those located on other 

chromosomes take part in the orchestration and regulation of the neuroinflammation.  

Based on these considerations, at present, our research investigates possible risk factors for 

the pathogenesis of MS and AD. In particular, we are interested in investigating whether 

the polymorphisms of genes known to be involved in immunomodulation may have a 

functional impact on the pathogenic mechanisms of these diseases.  

In the case of MS the neuroinflammation plays a prominent role and is combined with 

neurodegeneration. The altered adaptive immune system plays a fundamental role in MS 

pathogenesis contributing to the demyelination. Oxidative stress, energy deficiency, ionic 

imbalance, and the failure of neuroprotective mechanisms also contribute to 

neurodegeneration. We focus the attention on MHC class III genes HSPA1L and HSPA1B 

coding for Hsp70 proteins, because of their role in the protection of cells against damages 

induced by several type of stress, including oxidative stress, and their involvement in 

immunity. These genes are polymorphic and we are indeed interested in studying whether 

particular polymorphisms may have a functional role in MS pathogenesis. Furthermore, 

environmental factors and their interplay with genetic factors are also important for MS 

susceptibility and progression. Among environmental factors, vitamin D deficiency is 
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clearly a risk factor. For this reason, in parallel, the polymorphic gene for the vitamin D 

receptor (VDR) (chromosome 12) which has a role in immunomodulation, is also analysed.  

Regarding AD, in which the involvement of the innate immune system has been described, 

the complement system seems to play an important but controversial role. For this reason 

we focus the attention on the possible involvement of two particular complement 

components, the C4 and CR1 proteins. The coding genes C4A and C4B are located in the 

MHC class III, while the CR1 gene maps on chromosome 1. These gene are highly 

polymorphic and their variants may influence the neuroinflammatory process.   



 

 

 

 

 

 

 

 

 

 
2. Review of the literature 

 

 

3 

2. Review of the literature 
 

 

2.1. Neurodegenerative diseases 

The central nervous system (CNS) is one of the most elaborate and fragile element of our 

body. Neurodegenerative diseases alter and degrade the structure and the function of this 

complex and important system. Neurodegeneration consists in progressive CNS 

dysfunction characterized by damage and loss of specific neuronal subtypes, which 

ultimately leads to function impairments. Neuronal loss or functional degeneration 

manifests itself in a multiplicity of symptoms: memory impairments, locomotor 

dysfunction, cognitive deficits, emotional and behavioural problems. Neurodegeneration is 

the main pathological hallmark of several disorders affecting the CNS, such as Multiple 

Sclerosis (MS), Alzheimer’s disease (AD), Parkinson’s disease (PD) and Amyotrophic 

Lateral Sclerosis (ALS) (Amor S et al., 2010). Neurodegenerative diseases are disabling 

disorders affecting millions of people worldwide, and they are becoming increasingly 

prevalent, due in part to the increase in life expectancy. Currently, no effective treatments 

for any of these disorders exist, although several therapies can relieve some of the physical 

or mental symptoms. 

Neurodegenerative disorders are very different from each other; moreover, the same disease 

can show a strong heterogeneity in clinical features, highlighting their complexity (Lam B 

et al., 2013; Sabatelli M et al., 2013). However, neurodegenerative diseases show common 

features. 80% of them occur sporadically (Prusiner SB, 2012): unique combinations of 

conditions can trigger the pathology. In fact, these disorders are complex and multifactorial 

diseases, determined by the interplay between genetics and environmental factors, which 

not only influences the risk of developing the disease but also its progression (Martin et al., 

2017; Delamarre and Meissner, 2017). Furthermore, alterations in post-transcriptional gene 

regulation may influence processes that are relevant to the pathogenesis (Cookson 2017). 

Only a few neurodegenerative disorders are genetic diseases, such as Huntington’s disease 

(HD) (Bertram L and Tanzi RE, 2005). An important etiological factor is aging (Maynard S 

et al., 2015), although some neurodegenerative diseases occur at a younger age, like MS. 

Furthermore, the presence of infections has been associated with the risk of developing the 

disease and seem to change its progression (De Chiara G et al., 2012; Zhou L et al., 2013). 

In neurodegenerative disorders, dendritic spine loss, and eventually neuronal death, are 

common features, together with cognitive defects (Halpain S et al., 2005; Amato MP et al., 

2006; Das NR and Sharma SS, 2016). Several cellular and molecular events contribute to 

the neurodegenerative processes: protein aggregation, impaired mitochondrial function, 
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neuronal apoptosis, oxidative stress, altered gene expression (Jellinger KA 2001; Chiurchiù 

V et al., 2016). A common feature of several neurodegenerative disorders is the presence of 

protein aggregates within, and in some cases outside, the CNS cells (Knowles TP et al., 

2014). However, the misfolded proteins are different in different pathologies; for example, 

in AD, amyloid beta (Aβ) peptide accumulates in senile plaques in the brain parenchyma, 

and neurofibrillary tangles (NFTs) of tau proteins are present inside the cells (Scheltens P et 

al., 2016), whereas in PD the protein that accumulates is α-synuclein (Braak H et al., 2003).  

Mitochondrial dysfunction is an early pathological feature of several neurodegenerative 

diseases (Golpich M et al., 2017). Mitochondrial function is very important for neurons, 

which are extremely metabolically active cells (Kann O and Kovács R, 2007): mitochondria  

produce ATP and they are also involved in Ca
2+

 homeostasis, apoptosis and reactive 

oxygen species (ROS) production (Filosto M et al., 2011). Mitochondrial functions are 

altered in the brains of individuals with specific neurodegenerative disorders, such as PD 

and AD (Chen H and Chan DC, 2009; Su B et al., 2010). Evidence suggests that 

mitochondria become dysfunctional by reducing ATP supply, changing calcium buffering, 

opening the mitochondrial transition pore, and enhancing ROS production (Lin MT and 

Beal MF, 2006; Reddy PH and Reddy TP, 2011). In this way, mitochondrial dysfunction is 

linked to oxidative damage: ROS are normally created by mitochondrial respiration, but 

when their production exceeds a threshold, oxidative damage of proteins, carbohydrates, 

nucleic acids and lipids can occur (Bhat AH et al., 2015).  

Furthermore, the involvement of glia cells in the progression of neurodegenerative diseases 

has been described (Heneka MT et al., 2010), including microglia. All these disorders are 

associated with neuroinflammatory processes, which can contribute to oxidative stress  and 

involve components of the peripheral immune system (Amor S et al., 2014). 

 

 

2.1.1. Inflammation in the central nervous system 

The brain has long been considered an immunologically privileged site, so called an 

immune sanctuary. The limited penetration of immune cells, antibodies and immune 

mediators from the systemic circulation into the CNS, the absence of a lymphatic system, 

the low levels of major histocompatibility complex (MHC) molecules expression, and the 

limited number of antigen-presenting cells (APCs) are elements suggesting the concept of 

an immune privileged site (Wilson EH et al., 2010). The structural isolation is a 

consequence of the presence of the blood-brain barrier (BBB) (Figure 1). This barrier is 

formed mainly by specialized endothelial cells tightly sealed together, pericytes, basal 

membrane and astrocytes, and has the fundamental role of regulating the passage of 

nutrients and other important molecules to the brain (Abbott NJ et al., 2010). The BBB 

controls the movements of molecules and cells from the peripheral blood to protect the 



 

 

 

 

 

 

 

 

 

 
2. Review of the literature 

 

 

5 

CNS from potentially harmful compounds, such as microorganisms, toxins and immune 

cells (Abbott NJ et al., 2010).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Components of the blood brain barrier. The capillary endothelial cells form 

tight junctions at their margin. Pericytes are distributed discontinuously and partially 

surround the endothelium. Both endothelial cells and pericytes are enclosed by basal 

lamina. Astrocytic perivascular endfeet surround the capillaries and the cell association is 

important in maintaining the barrier properties. Axonal projections from neurons contribute 

to the regulation of permeability. The figure also shows the microglia. Modified from: 

Abbott NJ et al., 2006. 

 

However, in recent years it has become clear that the CNS is an immunologically active 

organ: the brain is monitored for infection or tissue injury. The presence of immune 

surveillance is important in physiological conditions for maintaining tissue homeostasis, 

neuronal integrity and network functioning in the CNS, and it is critical for correct brain 

functioning and recovery after injury (Heneka MT et al., 2014; Kipnis J, 2016). CNS 

integrity is guarded through the innate immune system: the activation of resident innate 

immune cells is a first line of defense, protecting the brain from pathogens and clearing the 

parenchyma from cellular debris, with an adaptive immunity only present in specific 

conditions. 

Innate immune responses are usually initiated thanks to the recognition of pathogen-

associated molecular patterns (PAMPs), conserved structures expressed by microorganism, 

or danger-associated molecular patterns (DAMPs), endogenous molecules that appear in 
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case of tissue damage or in situations of stress (Amor S et al., 2014). These structures are 

recognized by pattern-recognition receptors, including Toll-like receptors (TLRs), 

expressed by several CNS cells (Amor S et al., 2014). 

Microglial cells are the principal constituents of a dedicated neuroimmune system present 

throughout the CNS and represent the major cellular component of the innate immune 

system of the brain. Under physiological conditions, microglia exhibit anti-inflammatory 

propriety and can release neurotrophic factors (Streit WS, 2002). However, like 

macrophages, microglial cells express TLRs and are able to produce pro-inflammatory 

mediators in response to pathogens or tissue damage (Rivest S, 2003). The inflammatory 

response at the level of the CNS not only involves microglia but also implicates several cell 

types both inside the CNS and from the periphery (Lampron A et al., 2013). By producing 

inflammatory factors, microglia can influence surrounding astrocytes, which in turn 

respond by releasing pro-inflammatory molecules and ROS, thus supporting the 

development of an inflammatory reaction (Hanisch UK and Kettenmann H, 2007; Glass 

CK et al., 2010). Astrocytes also express innate immune receptors that can directly bind 

DAMPs and PAMPs (Bowman CC et al., 2003). In addition, neurons play a role in the 

inflammatory responses in the CNS: neuronal membrane proteins, cell adhesion molecules 

and secreted soluble mediators, such as chemokines, neuropeptides and neurotransmitters, 

contribute to the regulation of inflammation (Tian et al., 2009).  

In the inflammatory response, the interface between the CNS and the periphery is also 

important; the BBB contributes actively to the immune response in the CNS (Heneka MT et 

al., 2014). This structure can be crossed by peripheral immune cells (Carson MJ et al., 

2006), modulates the function and controls the fate of the infiltrating cells (Ifergan I et al., 

2008).  

The activation of the innate immune system involves the production of pro-inflammatory 

cytokines and chemokines, which are the pivotal elements for the recruitment of the 

adaptive immune system. Thanks to the induction of adhesion molecules on the BBB, 

immune cells, including T lymphocytes, enter the brain (Amor S et al., 2010) (Figure 2). 

Under physiological conditions, T lymphocytes do not enter the brain parenchyma. 

However, T cells can be found in healthy meninges and seem to be important for correct 

brain functioning. It seems that T cells release cytokines that can affect neurons and other 

CNS cells through paracrine signalling, thus influencing CNS function and behaviour, 

although their exact role is not completely clear (Filiano AJ et al., 2017). In case of 

infections or tissue damage, T lymphocytes readily cross the BBB and target infectious 

agents. The CNS system actively interacts with these cells to regulate T cell responses 

(Tian L et al., 2009). 
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Figure 2. Immune response in the CNS. Resident microglia and astrocytes are involved 

in the protection of CNS against infections or injuries. They secrete cytokines and 

chemokines to recruit immune system cells from the periphery of the body for assistance in 

pathogen clearance. Modified from: Ransohoff RM and Brown MA, 2012. 

 

 

2.1.2. Alterations of the immune response may contribute to 

neurodegeneration 

The immune system is involved in the protection and maintenance of CNS homeostasis. 

Innate and adaptive immune responses are important in shaping the brain during its 

development, controlling viral and bacterial infection, reducing tumour growth, removing 

necrotic cells after ischemia, and promoting regeneration following damage (Amor S et al., 

2014).  The immune response is usually self-limiting and resolved once the infection has 

been eradicated or the damaged tissue repaired. However, in some cases the inflammation 

cannot be resolved and continues, overwhelming normal resolution mechanisms and 

leading to uncontrolled inflammation. The inflammation may contribute to the production 

of neurotoxic factors that amplify tissue damage and contribute to neurodegenerative 

diseases (Glass CK et al., 2010).  

The imbalance between the pro-inflammatory and reparatory functions of neuroimmune 

cells may result in CNS injury. The physiological functions of microglia are important for 

the brain, but the loss, alteration or functional perturbation of microglia may occur in 

response to neurodegeneration and may contribute to pathogenesis and disease progression 

(Heneka MT et al., 2014). In neurodegenerative diseases, microglia are active. In several 

cases, this is due to the exposure to excessive levels of immune mediators, including pro-

inflammatory cytokines; in others, self-molecules present in degenerating brains may 

activate microglia TLRs (Heneka MT et al., 2014). The activation of the microglia 

promotes the release of immune mediators, ROS and reactive nitrogen species (RNS), 
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affecting in a complex and unclear way the neighbouring cells, including neurons. 

Furthermore, microglia-driven inflammation may cause harmful feedback effects on the 

microglia themselves in the diseased tissue (Heneka MT et al., 2014). The activation of 

microglia, together with the production of cytokines and nitric oxide (NO), seems to 

correlate with the impaired ability to remodel synapses and with the decreased synaptic 

plasticity observed in neurodegenerative diseases (Heneka MT et al., 2014). The sustained 

release of pro-inflammatory molecules is known to be involved in the suppression of 

axonal transport and adult neurogenesis (Monje ML et al., 2003). Furthermore, the presence 

of neuroinflammation reduces the supply of neurotrophic factors to glial cells (Nagatsu T 

and Sawada M, 2005) and may affect physiological processes involved in intraneuronal 

protein handling (Alirezaei M et al., 2008). 

 

 

2.1.3. Neuroinflammation in neurodegenerative disorders  

Neuroinflammation is a common feature of neurodegenerative diseases. Activation of 

microglia and astrocytes and increased levels of proinflammatory cytokines into the CNS 

are the universal components of neuroinflammation (Heneka MT et al., 2014; Heppner FL 

et al., 2015). Sustained inflammatory responses that contribute to neurodegeneration are 

driven, at least in part, by positive feedback loops: damaged and dead neurons activate 

microglia, and the crosstalk between microglia and astrocytes may amplify the 

inflammatory processes. Furthermore, inflammation itself may influence the production of 

disease-specific inducers (Glass CK et al., 2010).  

MS is caused by a primary defect in the immune system which targets components of the 

myelin sheath, resulting in the secondary damage of neurons, but for other 

neurodegenerative diseases it is typically thought that inflammation does not represent an 

initiating event (Glass CK et al., 2010). However, emerging evidence suggests that 

inflammation may have a role in the risk of developing other neurodegenerative diseases. 

For example, epidemiological studies show that the use of anti-inflammatory drugs, 

precisely non-steroidal anti-inflammatory drugs, reduced the risk of developing PD (Rees K 

et al., 2011; Noyce AJ et al., 2012). Additional evidence comes from genetic studies. For 

example, several risk loci for the development of AD have been identified in genes 

involved in inflammatory pathways, including HLA-DRB1, and genes encoding for the 

complement receptor 1 (CR1) and the triggering receptor expressed on myeloid cells 2 

(TREM2) (Lambert JC et al., 2009; Lambert JC et al., 2010; Guerreiro R et al., 2013). The 

involvement of inflammation in neurodegenerative diseases is supported by observations 

that MHC class III genes also play a role in the susceptibility of these disorders. For 

example, the frequency of peculiar genotypes of polymorphisms in RAGE (receptor for 

advanced glycosylation end-product) (rs1800624) and TNF-α (tumor necrosis factor-α) 
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(rs1800629 and rs361525) significantly differs between AD patients and healthy controls. 

Moreover, their haplotype shows significant differences between AD patients and healthy 

subjects (Maggioli E et al., 2013).  

Neuroinflammation mainly involving innate immune responses at the level of the CNS in 

neurodegenerative diseases such as AD, PD and ALS contributes to disease progression 

(Glass CK et al., 2010). In these disorders, the inflammatory process is likely promoted by 

the accumulation of protein aggregates and by the presence of damaged cells, which 

activate microglia. MS is also distinguished from other neurodegenerative disorders by the 

absence of protein aggregates and the strong involvement of the adaptive immune system 

(Glass CK et al., 2010). However, a growing number of observations suggest that adaptive 

immune mechanisms might also play a role in the development of other neurodegenerative 

disorders. Increased levels of CD8+ T lymphocytes and natural killer (NK) cells were 

detected in ALS patients (Rentzos M et al., 2012). However, T cells may also play a 

protective role in this pathology: CD4+ T lymphocytes support glial neuroprotection, thus 

slowing disease progression in mSOD1 transgenic mice (Beers DR et al., 2008). Innate as 

well as adaptive immune systems may be involved in the development of PD. Brochard and 

collaborators suggested that infiltrated CD4+ lymphocytes may mediate dopaminergic 

toxicity (Brochard V et al., 2009).   
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2.2. Multiple sclerosis 

MS is a neurodegenerative disease that affects 2.3 million people worldwide, with a global 

median prevalence of 33 cases per 100,000 and with an important geographical distribution. 

The prevalence is highest in North America (140 per 100,000) and Europe (108 per 

100,000) and lowest in sub-Saharan Africa (2.1 per 100,000) and East Asia (2.2 per 

100,000) (Atlas of MS 2013) (Figure 3). MS usually appears between 20 and 40 years of 

age and is the most common cause of neurologic disability in young adults (Compston A 

and Coles A, 2008). This disease affects more women than men; the female:male ratio has 

increased over the past decades, most likely due to an augmented incidence in women, not a 

decreased incidence in men (Koch-Henriksen N and Sørensen PS, 2010). Furthermore, the 

ratio varies from region to region, ranging from 2:1 to 3:1 (Koch-Henriksen N and 

Sørensen PS, 2010). 

Figure 3. Global multiple sclerosis prevalence. MS prevalence greatly varies in different 

regions of the world. From: Atlas of MS 2013. 

 

MS is a heterogeneous disorder with several disease courses and symptomatologies. Two 

main types of disease course are recognizable: relapsing-remitting MS (RRMS) and 

progressive MS (PMS) (Lublin FD et al., 2014). RRMS, the most common form of the 

disease, affects approximatively 85% of patients and is characterized by the alternation of 

relapses, which coincide with episodes of neurological dysfunction lasting at least 24 hours, 
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in the absence of fever or infection (Polman CH et al., 2011), and with remissions, periods 

of clinical recovery (Dendrou CA et al., 2015). The PMS is characterized by progressive 

neurological decline with CNS atrophy and axonal loss (Figure 4). 

Figure 4. Heterogeneity of multiple sclerosis course. The light green area represents the 

progression of MS. The bars represent the episodes of CNS system inflammation typical of 

the relapsing-remitting form and the arrows indicate episodes of new CNS inflammation 

recorded by MRI. The graph also shows the progressive forms and the reduction in brain 

volume. Before the disease onset, several factors predispose to MS; after disease onset, 

several mechanisms contribute to disease progression. From: Olsson T et al., 2017. 

 

However, the symptoms are similar, including visual and sensory disturbances, fatigue, 

motor impairments, pain and cognitive deficits (Compston A and Coles A, 2008). The 

presence of clinical symptoms, together with signs and findings from a magnetic resonance 

imaging (MRI), leads to the diagnosis of MS (Polman CH et al., 2011). The diagnosis is 

based on the 2010 revisions of the McDonald diagnostic criteria. Of importance in this 

regard is the demonstration of the dissemination of lesions in space and time and the 

exclusion of alternative diagnoses (Polman CH et al., 2011). The diagnosis of MS can be 

further reinforced by neurophysiological testing of evoked potentials in visual, sensory or 

auditory pathways, which identify clinically silent lesions (Leocani L and Comi G, 2014), 

and by cerebrospinal fluid (CSF) findings. Oligoclonal immunoglobulin IgG bands in CSF 

are present in up to 90% of MS patients (Dobson R et al., 2013). 
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The heterogeneity of symptoms depends on the spatiotemporal dissemination of the lesion 

within the CNS (Kearney H et al., 2015). The lesions are called plaques and are a hallmark 

of the disease. These plaques are areas of demyelination, also characterized by 

oligodendrocyte damage, which can be located both in the white and in the grey matter of 

the brain and the spinal cord (Frischer JM et al., 2009). During the early stage of the 

disease, the neurons and their axons are mostly preserved. However, with the progression 

of the disease, the neuro-axonal loss starts and then exacerbates, leading to brain atrophy 

(Figure 5). Furthermore, astrocytes form glial scars in the CNS. In the initial phase of MS, 

remyelination can occur in the plaques, but with the progression of the disease the repair 

mechanisms decrease (Popescu BF and Lucchinetti CF, 2012). 

Figure 5. Formation of plaques during multiple sclerosis progression. MS is 

characterized by demyelinated areas, called plaques, in the white and grey matter of the 

brain and in the spinal cord. The progression of the disease is also characterized by brain 

atrophy. From: Dendrou CA et al., 2015. 

 

The exact cause of MS is not well-defined, but the disease seems to arise from the 

combination of genetic, environmental and epigenetic factors. Genetic variation accounts 

for about 30% of the risk, with polymorphic genes located in the Human Leukocyte 

Antigen (HLA) region playing an important role (International Multiple Sclerosis Genetics 

Consortium et al., 2011). More than 100 genetic regions outside the HLA are involved in 

MS susceptibility (International Multiple Sclerosis Genetics Consortium et al., 2013).  
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It is known that the formation of plaques is due to an autoimmune attack: autoreactive T 

lymphocytes recognize CNS autoantigens, initiating the auto-inflammatory process against 

the myelin (Popescu BF and Lucchinetti CF, 2012). However, MS is not only an 

inflammatory disease; neuroinflammation and neurodegeneration occur side by side. 

Several processes contribute to neurodegeneration, including oxidative stress, energy 

deficiency and ionic imbalances. 

Based on the main role of the immune system in MS pathogenesis, the therapy consists in 

the administration of immunomodulating agents that reduce and postpone the risk of 

relapses (Table 1).  

 DRUG MECHANISMS OF ACTION 

F
is

t-
li

n
e 

D
M

T
s 

Interferon-β Regulates the immune system, inhibiting T cell proliferation 

and balancing the expression of pro-inflammatory and anti-

inflammatory cytokines (Dhib-Jalbut S and Marks S, 2010). 

Glatiramer 

acetate 

Competes with short antigenic MBP peptides to form 

complexes with MCH class II molecules. GA promotes Th2 

differentiation and activates Treg cells (Liblau R, 2009). 

Dimethyl 

fumarate 

Reduces the number of circulating T cells, decreases the 

expression of adhesion molecules on lymphocyte, and 

reduces the secretion of pro-inflammatory cytokines.  

DMF promotes the production of anti-oxidant enzymes 

(Pistono C et al., 2017). 

Teriflunomide Inhibits the mitochondrial enzyme dihydroorotate 

dehydrogenase (DHODH), important for de novo synthesis 

of pyrimidines, thus having a cytostatic effect on activated T 

and B lymphocytes. It also affects T and B cell functioning.  

It decreases the production of pro-inflammatory cytokines 

and interferes with the interaction between T lymphocytes 

and APCs (Pistono C et al., 2017). 

S
ec

o
n

d
-l

in
e 

D
M

T
s 

Natalizumab Targets the α4-integrin expressed on the surface of immune 

cells, thus reducing immune cell migration across the BBB 

(Sheremata WA et al., 2005). 

Alemtuzumab Targets CD52, which is present on the surface of T and B 

lymphocytes, and acts to deplete circulating lymphocytes 

(Brown JW and Coles AJ, 2013). 

Fingolimod The phosphorylated form competes with the sphingosine 1-

phosphate (S1P) (essential for the maturation of T cells and 

for their transition from lymph node to lymphatic 

circulation) for the binding to S1P receptors on the surface of 

T lymphocytes. T remain sequestered inside the lymph 

nodes. Fingolimod can directly act inside the CNS (Pistono 

C et al., 2017). 

 

Table 1. Mechanisms of action of DMTs used in MS therapy. 
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In RRMS, acute treatments using corticosteroids are important to decrease the duration of 

relapses and allow for a faster recovery; but they have no effects on long-term disability 

(Morrow SA et al., 2009). Disease modifying therapies (DMTs) are long-term treatments 

that mainly act to decrease the immune response that promotes lesion formation, thus 

drastically reducing the number of attacks and decreasing disease progression (Damal K et 

al., 2013). Patients with a mild-to-moderately active disease start the therapy with a first-

line DMT, whereas second-line DMT are administered to patients with an aggressive form. 

When patients treated with a first-line DMT do not show a positive response, they are 

switched to a second-line DMT (Gajofatto A and Benedetti MD, 2015).  

Until the approval by the FDA of the first oral therapy in 2010 (fingolimod), MS treatments 

mainly consisted of subcutaneous or intramuscular injectable agents. Monoclonal 

antibodies can be administered by intravenous infusion. Currently, the number of available 

treatments has increased, including three orally administered drugs: dimethyl fumarate 

(DMF) (first-line treatment), teriflunomide (first-line treatment) and fingolimod (second-

line treatment). In addition to the approved DMTs, several agents and new approaches are 

at different developmental stages, although their effectiveness in human clinical trials 

remains to be determined (Dargahi N et al., 2017). 

 

 

2.2.1. Pathogenesis 

The formation of the plaques typical of MS is due to an autoimmune attack. 

Neuroinflammation characterises all stages of the disease, but it is more pronounced in the 

acute phases, promoting demyelination, gliosis and neuroaxonal degeneration, ultimately 

leading to the disruption of neuronal signalling (Frischer JM et al., 2009). Autoreactive T 

lymphocytes directed against CNS autoantigens, in particular components of myelin, can 

migrate inside the CNS by crossing the BBB to initiate the formation of the plaques. 

Infiltrates in the plaques are mainly composed of T lymphocytes, in particular CD8 T cells, 

and macrophages, although the presence of CD4 T cells and B cells is assessed. B 

lymphocytes can produce auto-antibodies against myelin and other CNS components, such 

as neurons and glial cells, highlighting the complexity of the autoimmune response typical 

of MS (Fraussen J et al., 2014) (Figure 6).    

Although the role of adaptive immunity in MS is central, the involvement of the 

complement system has been hypothesised. Several studies suggest that complement 

proteins are dysregulated in MS; alterations in the plasma and CSF levels of some 

components have been detected in MS patients (Li Y et al., 2011; Ingram G et al., 2012). 

Moreover, some lesions display prominent complement activation (Lucchinetti C et al., 

2000). Further evidence comes from genetic studies on the copy number variations (CNVs) 

of the genes for the forth complement component (C4A and C4B), with a significantly 
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higher frequency of C4AQ0 allele in patients with the RRMS being reported (Franciotta D 

et al., 1995).  

The infiltration of immune cells from the periphery is the main feature of the early stages of 

MS. Microglia and astrocytes become activated thanks to the secretion of pro-inflammatory 

cytokines by infiltrated immune cells, contributing to demyelination, oligodendrocyte and 

neuro-axonal injuries (Popescu BF and Lucchinetti CF, 2012) (Figure 6). 

Figure 6. Auto-inflammatory attack in multiple sclerosis. T cells, B cells and APCs, 

including macrophages, migrate into the CNS. Lymphocytes enter the CNS through the 

BBB thanks to the use of α4-integrin. Inside the CNS, these cells accumulate and secrete 

pro-inflammatory molecules, thus contributing to the damage of myelin and 

oligodendrocytes. The neurons with injured myelin cannot conduct electrical impulses 

efficiently. B cells, differentiated into plasmacells, produce antibodies against myelin 

peptides, which interact with complement system components to produce membrane-attack 

complexes that further damage the myelin and oligodendroglial cells. Modified from: 

Steinman L and Zamvil S, 2003. 
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The immune system and CNS-resident cells contribute to the damage through direct cell 

contact-dependent mechanisms and the action of secreted inflammatory and neurotoxic 

mediators. After the first manifestation of the disease, an increase in the number and in the 

activation of both microglia and macrophages have been observed in lesions and also in the 

normal-appearing white matter (Giannetti P et al., 2015). As neuro-axonal degeneration 

spreads, microglia in the vicinity of the damage become activated, which may lead to the 

formation of new lesions (Kolasinski J et al., 2012) and contribute to the brain atrophy 

(Chard DT et al., 2002). 

It seems that in the initial phases of the disease, macrophages can initiate the 

demyelination, whereas microglia are involved in debris clearing (Yamasaki R et al., 2014) 

and in the production of neurotrophic factors, such as the brain-derived neurotrophic factor 

(BDNF) (Chen Z et al., 2014), producing a neuroprotective effect. However, with the 

progression of the disease it is clear that resident microglia have a pro-inflammatory effect. 

Immune system cells seem to mainly target myelin proteins. Circulating CD4+ T cells of 

MS patients recognize myelin basic protein (MBP), proteolipid protein (PLP) and myelin 

oligodendrocyte glycoprotein (MOG). However, it has been noticed that they can be 

recognised also in healthy individuals, and evidence for potential differences in the 

frequency and avidity of these cells between the two groups is conflicting (Hellings N et 

al., 2001; Bielekova B et al., 2004). 

Furthermore, other molecules can be recognised. For example, it has been hypothesized that 

an autoimmune response against αβ-crystalline may exacerbate inflammation. This protein 

is the most abundant gene transcript in early active MS lesions, whereas it is absent in 

normal brains. It has anti-apoptotic and neuroprotective  functions and acts to reduce 

several inflammatory pathways. The immune response against this negative regulator of 

inflammation may increase inflammation and demyelination (Ousman SS et al., 2007). 

Furthermore, antibodies against neurofascine, a cell adhesion molecule important for 

maintaining the structural and functional integrity of myelinated fibres, may contribute to 

axonal injuries (Mathey EK et al., 2007). 

During the earlier stages of MS, new inflammatory lesions form frequently, and the 

infiltration of immune system cells into the CNS is considered the main driver of 

demyelination. Demyelination of axons eliminates the nerve impulse transmission; the 

nerve conduction velocity decreases, resulting in neurological impairment. Furthermore, 

with the lack of myelin, the physical protection of axons and metabolic support are also 

reduced (Lee Y et al., 2012), predisposing axons to neurodegeneration. Axonal 

degeneration and loss is already present in the earlier stages of MS (De Stefano N et al., 

2002). In early MS stages, spontaneous remylination (the generation of new myelin sheaths 

around denuded axons) can occur. The oligodendrocytes precursors can migrate and 

surround the lesions, trying to remyelinate axons without myelin, thereby contributing to 

recovery (Scolding N et al., 1998) (Figure 7).  
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Figure 7. Remyelination in MS. Remyelination involves a sequence of steps, the 

dysregulation of which will result in impairments of this process. During demyelination, (1) 

myelin debris are produced. (2) Demyelination causes the activation of astrocytes and 

microglia (3) which, in turn, produce factors that contribute to the recruitment of monocytes 

from blood vessels. (4) The recruited monocytes differentiate into macrophages. (5a) 

Activated astrocytes and macrophages produce factors that activate each other, as a result 

of which (5b) both produce growth factors that act on oligodendrocyte progenitor cells. (6) 

Macrophages also contribute to remove myelin debris. (7) Under the influence of factors 

that are produced by astrocytes and macrophages, recruited oligodendrocyte progenitors 

differentiate into remyelinating oligodendrocytes, contributing to axons remyelination. 

Modified from: Franklin RJ, 2002. 

 

However, histopathological analysis shows that axonal damage may continue to be present 

in lesions with signs of remyelination (Bitsch A et al., 2000). Remyelination increasingly 

fails with disease progression. For a successful remyelination, oligodendrocyte precursor 

cells (OPCs) may respond to demyelination, migrate to the lesion site, and proliferate and 
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differentiate in oligodendrocytes. The failure of one of these steps leads to deficient 

remyelination. Some studies show that around 70% of MS lesions that remain demyelinated 

contain OPCs, suggesting the failure of differentiation, while 30% contain only a few 

OPCs, indicating a failure in their recruitment (Lucchinetti C et al., 1999).  Moreover, the 

process of remyelination involves other CNS cells, such as microglia and astrocytes (Figure 

7). Microglia and macrophages are important for cleaning myelin debris (Kotter MR et al., 

2006) and secreting molecules essential to induce OPC maturation (Miron VE et al., 2013). 

Astrocytes participate in the creation of a permissive environment for remyelination by 

their action on OPC migration and on oligodendrocyte proliferation and differentiation 

(Williams A et al., 2007) (Figure 7). Remyelinated axons seem to regain their function with 

a proper redistribution of ion channels at the nodes of Ranvier and with the restoration of 

saltatory conduction. However, it has been noted that remyelinated fibres tend to have 

thinner myelin sheaths compared to normal axons and that myelin displays alterations in 

composition (Manrique-Hoyos N et al., 2012).  

With the progression of the disease, BBB permeability is increasingly reduced and the 

infiltration of immune cells decreases; the areas of demyelination coexist with diffuse 

axonal and neuronal degeneration. The lesions expand radially, in particular with the 

progressive forms of the disease, and diffuse microglia activation occurs, resulting in 

extensive abnormalities in the white matter (Kutzelnigg A et al., 2005).  

After the initial phase, the inflammatory response triggers a self-sustaining chronic 

neurodegenerative process which can continue even in the absence of the autoimmune 

reaction. It seems that the neurodegeneration in MS is the culmination of a cascade of 

events: chronic inflammation, oxidative stress, energy deficiency, ionic imbalance, 

combined with the failure of neuroprotective and regenerative mechanisms (Friese MA et 

al., 2014) (Figure 8). 

CNS resident cells play a key role in supporting neurodegeneration. Microglia and 

astrocytes can perceive homeostatic disturbances and, in turn, can produce inflammatory 

and neurotoxic mediators, such as cytokines, chemokines and ROS, which further damage 

the axons and neurons (Friese MA et al., 2014). The production of ROS and RNS probably 

promotes injuries to mitochondria, which in turn increases the production of ROS, 

worsening the oxidative stress present in the brain parenchyma. The damage to 

mitochondria contributes to energy deficiency, which has a negative implication for the 

normal neuro-axonal function. To help maintain the correct ion homeostasis, important for 

the conduction of the nerve impulse, several ion channels, including Na
+
 and Ca

2+
 channels, 

and glutamate receptors become redistributed along the demyelinated axons (Kornek B et 

al., 2001; Craner MJ et al., 2004; Ouardouz M et al., 2009). However, the alteration in their 

expression and/or activity can lead to the accumulation of glutamate and Ca
2+

, which 

promotes ionic imbalance, worsening the axonal degeneration (Friese MA et al., 2014).   
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Figure 8. Neurodegenerative processes in multiple sclerosis. A| Chronic inflammation 

results in the production of ROS and RNS, which may promote mitochondrial injuries. The 

oxidative environment leads to metabolic stress, protein misfolding, energy deficiency and, 

ultimately, a loss of neuronal function. B| Several neuronal ion channels display a 

compensatory redistribution along the demyelinated neurons to try to maintain ionic 

homeostasis. However, this redistribution promotes an ionic imbalance that, together with 

the excessive accumulation of glutamate, contributes to tissue damage. C| The degenerative 

mechanisms can spread towards the neuronal cell body and the axon terminal, influencing 

presynaptic and postsynaptic neurons, respectively. Furthermore, neuronal death can occur. 

From: Dendrou CA et al., 2015. 

 

Several mechanisms are triggered by CNS cells to contrast neuro-axonal injuries, such as 

the increased expression of pro-survival genes. However, the neurodegenerative 

mechanisms are able to override the protective mechanisms, contributing to CNS damage. 
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Furthermore, in the later stages of MS, microglia stimulate astrocytes, which, in turn, can 

produce CC-chemokine ligand 2 and granulocyte-macrophage colony-stimulating factor, 

further stimulating microglia activation. Astrocytes can also prevent remyelination by 

inhibiting the development of mature oligodendrocytes from progenitor cells (Mayo L et 

al., 2014). Moreover, long-term inflammation can be present thanks to previously 

infiltrating adaptive immune system cells, in particular B lymphocytes, which can form 

tertiary lymphoid structures within the CNS (Howell OW et al., 2011), underlining the 

complexity of the processes involved in MS pathogenesis. 

 

 

2.2.1.1. Role of immune system cells against the central nervous system 

In MS the inflammation seems to be driven by two main CD4+ T cell subsets: T helper 1 

(Th1) and Th17 cells, that secrete pro-inflammatory cytokines, mainly interferon-γ (IFN-γ) 

and interleukin-17 (IL-17), respectively (O'Garra A et al., 1997; Becher B and Segal BM, 

2011) (Figure 9). T cell differentiation is deviated away from the Th2 subset, which 

exhibits anti-inflammatory functions, secreting mainly IL-4 and IL-13 (Oreja-Guevara C et 

al., 2012). CD8+ T cells are found at higher frequency compared to CD4+ lymphocytes 

both in white and grey matter cortical demyelinating lesions; it has been noticed that their 

number correlates with axonal damage (Frischer JM et al., 2009). CD8+ T lymphocytes are 

thought to play a key role in MS pathogenesis: CD8+ T cells produce cytolytic proteins, 

such as perforin, directly contributing to neuronal cell destruction and triggering 

oligodendrocyte death (Kasper LH and Shoemaker J, 2010). 

Moreover, B lymphocytes are able to infiltrate into the CNS and, compared to T cells, their 

number varies more throughout disease progression (Figure 9). Clonally expanded B cells 

have been detected in meninges, parenchyma and CSF; intrathecal B cells produce 

antibodies, which are found in the CSF and are of diagnostic value (Frischer JM et al., 

2009).   

The pathological cascade may arise from defects in the immune system regulation, which 

allows immune cells to initiate the immune response within the brain (Figure 9). It has been 

shown that regulatory T (Treg) lymphocytes from MS patients are not able to efficiently 

suppress effector cells (Venken K et al., 2008). Additionally, effector T cells may be 

actively resistant to suppressive mechanisms. For example, CD4+ T cells of MS patients 

overexpress β-arrestin 1, which is critical for naïve and effector cell survival. In this way, 

the autoreactive cells do not effectively undergo apoptosis after proper stimulation (Shi Y et 

al., 2007). Together these observations suggest that the dysregulation of both effector and 

regulatory cells has a role in MS, leading to the activation of autoreactive adaptive immune 

cells able to infiltrate and cause damage within the CNS.  
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Figure 9. Immune system dysregulation in multiple sclerosis. During the establishment 

of central tolerance in the thymus, some autoreactive T cells can survive and reach the 

periphery. In healthy individuals, peripheral tolerance mechanisms inactivate these cells. If 

a reduction in the function of Treg cells and/or an increase in the resistance of effector B 

and T lymphocytes to suppressive mechanisms occur, tolerance is broken. In this way, 

autoreactive B and T lymphocytes can be activated in the periphery by molecular mimicry, 

novel autoantigen presentation, recognition of sequestered CNS antigen, or bystander 

activation. Genetic and environmental factors, including infectious agents and smoke 

constituents, contribute to these events. Once activated, CD8+ T cells, differentiated Th1 

and Th17 cells, B cells and innate immune cells, can migrate into the CNS, creating an 

inflammatory response and inducing tissue damage. B cells can traffic out of the CNS and 

then undergo affinity maturation in the lymph nodes. Subsequently, they can re-enter the 

CNS and promote further damage. Modified from: Dendrou CA et al., 2015. 

 

It is not clear whether the disease is triggered in the periphery or in the CNS. The CNS-

extrinsic (peripheral) model suggests that autoreactive T lymphocytes are activated in 

peripheral areas and then reach the CNS, together with activated B cells and monocytes. 

The peripheral activation of T cells may occur due to several mechanisms: molecular 

mimicry, bystander activation, or co-expression of T cell receptors (TCRs) with different 

specificities (Ji Q et al., 2010). Molecular mimicry occurs when a peptide from a foreign 

antigen presented to a T cell closely resembles part of a self-protein; in MS, it seems that 
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viruses can mimic CNS peptides, allowing the initiation of the autoimmune reaction (Olson 

JK et al., 2001). The bystander activation leads to the proliferation and expansion of 

unrelated polyclonal T cells called heterologous T cells. The heterologous T cells are 

thought to be activated not through a strong TCR ligation but via cytokines, which results 

from the excessive activation of immune cells during the immunological response (Tough 

DF et al., 1996).  

On the other hand, unknown intrinsic events in the CNS may trigger MS, and the 

infiltration of autoreactive immune cells is only a secondary phenomenon. The causes for 

this triggering are for now only hypotheses, among which CNS viral infections and primary 

neurodegenerative processes (Tsunoda I et al., 2003). 

The most accepted hypothesis is that the disease starts with the activation of specific T 

lymphocytes in the periphery. This hypothesis is supported in mice by the experimental 

autoimmune encephalomyelitis (EAE). In this model of MS, the injection of myelin- or 

CNS-derived antigens results in the formation of CNS-specific CD4+ T cells (Mokhtarian F 

et al., 1984; Mendel I et al., 1995). However, the site of activation of these autoreactive 

lymphocytes is still unclear. A study on EAE mice, published in 2012, suggests that 

intravenously transferred T cells gain the ability to enter into the CNS after residing 

transiently within lung tissues (Odoardi F et al., 2012). They move to the bronchus-

associated lymphoid tissues and draining lymph nodes to re-enter the blood circulation and 

ultimately reach the CNS. On the way, a switch towards a migratory mode occurs before 

the onset of the inflammatory process in the CNS. T lymphocytes reprogram the expression 

of their genes, upregulating membrane receptors, such as the sphingosine 1-phosphate 1 

receptor (S1P1), important in guiding the lymphocytes outside the lymph nodes, 

chemokines receptors and adhesion molecules. Furthermore, the researchers noticed that 

the lungs are a niche not only for activated T cells; myelin-reactive memory T lymphocytes 

strongly proliferate in the lungs and assume migratory properties. It is important to consider 

that this site of activation is in direct contact with the outer environment and colonized by a 

microbiota. Environmental factors may directly influence a pathogenic response (Odoardi F 

et al., 2012). 

 

 

2.2.2. Genetic risk factors 

MS is a complex disease, and the increased risk that relatives of affected individuals will 

develop MS is evidence of susceptibility on a genetic basis, but the familial risk is only 

modest. Monozygotic twins have a concordance rate of around 30%, whereas dizygotic 

twins have a concordance of about 5% (Ebers GC, 2008) (Figure 10). However, a more 

recent study of the Swedish population suggests lower concordance rates: 17% for 

monozygotic twins (Westerlind H et al., 2014). The risk is higher for children both of 
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whose parents are affected by MS compared to those having only one parent with the 

disease (Ebers GC et al., 2000) (Figure 10). 

Figure 10. Recurrence risk for multiple sclerosis. Age-adjusted recurrence risk of MS for 

different relatives. The degree of genetic sharing increases the risk of MS. Error bars 

indicate the estimated 95% confidence interval. From: Compston A and Coles A, 2008. 

 

Therefore, MS risk is determined by the combined effects of several genetic variants, by 

environmental factors, and by their interaction. Furthermore, epigenetic alterations are 

probably important in determining the risk of developing MS. 

The fact that MS risk is determined by the combination of environmental and genetic 

factors is a characteristic shared with autoimmune diseases. Furthermore, some loci 

involved in MS susceptibility include immune-related genes, which are also involved in the 

risk of developing other autoimmune diseases (Cotsapas C et al., 2011).  

Important in determining MS risk are the genes located in the HLA region, a genomic 

region of about 4,000 kb located on the short arm of chromosome 6, which includes more 

than 240 highly polymorphic genes. These genes are essential for immune system function 

and are divided into three classes (Figure 11).  

The first association between MS and alleles of the MHC was proposed in the 1970s 

(Compston DA et al., 1976; Terasaki PI et al., 1976). HLA-DRB1*15:01 confers the 

highest genetic risk for MS, with an OR of about 3 (Olerup O and Hillert J, 1991; 

International Multiple Sclerosis Genetics Consortium et al., 2011). HLA-DRB1, as like the 

other genes in MHC class II, is expressed on APCs, presenting peptides to CD4+ T 

lymphocytes, cells important in the pathogenesis of MS.  
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Figure 11. Gene map of the human leukocyte antigen region. In red are highlighted the 

genes that will be analysed in the thesis. Modified from: Shiina T et al., 2009. 
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HLA allelic heterogeneity among populations is well documented in MS. For example, 

HLA-DRB1*15:01 has been confirmed to be the strongest genetic risk factor, not only in 

Caucasian Europeans and North Americans, but also in African Americans and in the 

Northern Han Chinese population (Oksenberg JR et al., 2004; Qiu W et al., 2011 a). 

However, HLA-DRB1*04:05 seems to be the primary risk allele in the Japanese 

population, whereas HLA-DRB1*15:01 is the top risk variant in Japanese individuals 

without HLA-DRB1*04:05 (McElroy JP et al., 2011). Other alleles in the MHC class II 

region have been associated with MS in different populations; for example, HLA-

DRB1*03:01, HLA-DQB1* 02:01 and HLA-DRB1*13:03 are secondary risk variants for 

Northern European populations (International Multiple Sclerosis Genetics Consortium et 

al., 2011). 

Several MHC class I alleles have also been identified. These genes code for molecules 

which are necessary to present peptides to CD8
+
 T cells, other important cells in the 

pathogenesis of MS. HLA-A*02 is associated with protection against MS (International 

Multiple Sclerosis Genetics Consortium et al., 2011). In fact, the absence of HLA-A*02 

and the presence of HLA-DRB1*15:01 lead to a five-times-greater risk of developing MS 

(Brynedal B et al., 2007). 

In addition, polymorphisms in MHC class III seem to influence MS risk. This region is 

located between class I and class II and has an extension of about 1,100 kb, including more 

than 60 genes. Some of these genes are responsible for complement components (i.e., C2, 

Bf, C4A, C4B), pro-inflammatory cytokines (TNF-α) and heat shock proteins (HSP70 

genes) (Milner CM and Campbell RD, 2001). Our research group reported that a single 

nucleotide polymorphism (SNP) (rs1061581) in the HSPA1B gene is related to the risk of 

developing MS; the G allele frequency is higher in MS patients compared to healthy 

controls, leading to a MS estimated risk of 1.31 (Boiocchi C et al., 2014).   

Genes located outside the MHC region can also modify MS risk. Genome-wide association 

studies (GWAS) have identified about 110 non-HLA SNPs that contribute to influence MS 

risk, although their effect is only modest (International Multiple Sclerosis Genetics 

Consortium et al., 2013). Important in this regard are the SNPs located in genes involved in 

the regulation of the immune system. The first GWAS from the International Multiple 

Sclerosis Genetics Consortium identified variants in the genes encoding for the α-chain of 

IL-2 receptor (IL2RA) and for the α-chain of IL-7 receptor (IL7RA) associated with MS 

(International Multiple Sclerosis Genetics Consortium et al., 2007). Their effect is only 

modest: the two SNPs (rs12722489 and rs2104286) in IL2RA confer an OR of 1.25 and 

1.19, respectively, and the SNP (rs6897932) in IL7RA gives an OR of 1.18.  

Moreover, HLA genes seem not only to have an impact on MS susceptibility but also on 

the disease course. For example, in MS patients the protective HLA-B*44 allele shows an 

association with a better radiological outcome, preserving brain volume and reducing the 

burden of lesions observed with MRI (Healy BC et al., 2010). HLA-DRB1*15:01 carrier 
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status correlates with disease severity (Okuda DT et al., 2009), and another study reported a 

correlation between the carriage of HLA-DRB1*15:01 and the presence of diffuse cord 

lesions and higher disability (Qiu W et al., 2011 b). Moreover, HLA-DRB1*15:01 is 

associated with a lower age of onset (Masterman T et al, 2000). 

 

 

2.2.3. Environmental risk factors: the complex interplay with genetics 

Non-genetic factors seems to make a larger contribution than genetic factors to MS risk and 

to the heterogeneous disease course. Over the years, the association between MS and 

several risk factors has been analysed. Epstein-Barr virus (EBV) infections, smoking and 

low vitamin D levels were among the first to be investigated; today, these represent well 

established risk factors for MS. More recently adolescent obesity has been added to them. 

However, it is not always easy to assess the importance of environmental factors; several 

factors need further investigation to allow us to exactly assess their role. Among these 

factors, exposure to organic solvents and night shift work seem to be linked with an 

increased risk of developing MS, whereas coffee seems to decrease the risk (Olsson T et al., 

2017).  

Several infectious agents have been analysed as possible risk factors for MS. Virus and 

bacteria seem to be involved in triggering autoreactive T lymphocytes, thanks to molecular 

mimicry (Olson JK et al., 2001). Peripheral inflammation due to infections may directly 

influence the CNS (Konsman JP et al., 2004). Furthermore, CNS infections may promote 

the release of CNS antigens into the periphery (Miller SD et al., 1997). 

One of the most studied viruses is EBV. There is a lot of evidence to support its role in 

increasing MS risk. A meta-analysis showed that people that have had a clinically overt 

infectious mononucleosis have more than twice the risk of developing MS (Handel AE et 

al., 2010). However, the exact role of EBV in MS is not completely clear. The difficulty in 

establishing its role is also due to the fact that EBV is common both in individuals with 

other neuroinflammatory diseases and in healthy subjects, although the role of EBV in MS 

susceptibility may be supported by the reported interaction between infectious 

mononucleosis and HLA-DRB1*15:01. Individuals with HLA-DRB1*15 with a history of 

infectious mononucleosis have an increased risk of developing MS compared to people 

with HLA-DRB1*15 but without infectious mononucleosis (Nielsen TR et al., 2009).   

Another infective agent analysed is cytomegalovirus (CMV), a common virus from the 

same family as EBV. In this case, infection from CMV seems to reduce the risk of MS 

(Sundqvist E et al., 2014). However, it remains to be proven whether this negative 

association is due to a true protective effect of CMV infection on MS risk. 

Smoking is a risk factor for developing MS (Handel AE et al., 2011); several studies have 

shown that the risk augments with increasing cumulative exposure to smoke (Hernán MA 
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et al., 2001; Hedström AK et al., 2009). Furthermore, passive exposure to smoking has 

been associated with increased risk of developing the disease, and in this case as well the 

risk grows with the increasing duration of exposure. The authors of the study have 

suggested that the negative effect of passive smoking may be due to lung irritation, which 

could trigger immune responses (Hedström AK et al., 2011 a) (Figure 12). The possible 

link between lung irritation and MS risk seems to be supported also by studies regarding air 

pollution (Heydarpour P et al., 2014). Particulate matter smaller than 10 µm seems to also 

be related to the risk of relapses in MS patients (Angelici L et al., 2016).  

Interestingly, the interaction between smoking and HLA risk alleles for MS has been 

reported: in Scandinavian population the combined OR of about 5 resulting from the 

presence of HLA-DRB1*15:01 and the absence of HLA-A*02 in non-smokers increases to 

almost 14 in smokers (Hedström AK et al., 2011 b). The interaction of smoking with HLA 

variants has also been reported in rheumatoid arthritis (RA), although the alleles involved 

are different (Mahdi H et al., 2009). Smoking is able to activate enzymes in the lung that 

can post-translationally modify peptides, so that  T cells can recognized them and become 

activated, inducing autoimmunity (Klareskog L et al., 2009) (Figure 12).   

Figure 12. Smoking can influence multiple sclerosis risk through several potential 

mechanisms. Smoking may promote activation of pro-inflammatory pathways: it may 

induce lung irritation and alter peptides thanks to post-translational modification. Resident 

CD4
+
 T cells may be activated through the recognition of these peptides presented by 

HLA-DRB1*15:01 molecules and become reactive against CNS-antigens. Modified from: 

Olsson T et al., 2017. 

 

Growing evidence suggests a role for obesity in the risk of developing MS. Obesity during 

adolescence has been associated with an increased risk of developing MS in adult life 

(Hedström AK et al., 2014); furthermore, childhood obesity increases the risk of paediatric 
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MS (Langer-Gould A et al., 2013). However, it is not clear how obesity influences MS risk. 

It may be significant that obesity is associated with a low-grade inflammation (Lumeng CN 

et al., 2007) and with increased levels of leptin, which is related to pro-inflammatory 

processes (Matarese G et al., 2005). In this way, obesity may contribute to enhance the 

activation of the adaptive immune system. As for smoking, the body max index interacts 

with HLA variants important for MS risk, and obese subjects with the HLA-DRB1*15:01 

and without the protective HLA-A*02 are fourteen times as likely to develop the disease 

(Hedström AK et al., 2014). 

In recent years, gut microbiota has gained attention. Changes in the gut microbiota alter 

the mucosal immune system, cause gut inflammation and alter the intestinal immunity, thus 

influencing the correct functioning of the immune system (Kuhn KA and Stappenbeck TS, 

2013; Chassaing B and Gewirtz AT, 2014).  

 

Figure 13. Role of gut microbiota in multiple sclerosis risk. Alterations of gut 

microbiota may influence the correct functioning of the immune system, leading to Treg 

deficiency and an activation of proinflammatory Th17 cells. In this way, the dysbiotic 

microbiome can influence MS risk, together with genetic and environmental factors. Diet 

can also influence the gut microbiota: the “western diet”, rich in fatty acids, increases 

inflammation and might negatively affect gut-immune homeostasis. Modified from: Jörg S 

et al., 2016. 
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Studies on EAE suggest that the gut microbiota may also play a role in MS (Ochoa-Repáraz 

J et al., 2010; Berer K et al., 2011) (Figure 13). In mice with EAE, the replacement of some 

bacterial population in the gut can lead to a reduction of the pro-inflammatory state, 

suppressing the progression of the clinical symptoms. The suppressive activity seems to 

correlate with a shift from a Th1 to a Th2 response (Lavasani S et al., 2010). Several factors 

contribute to alterations in gut microbiota, such as diet, medication or stress, thereby 

influencing intestinal immunity and increasing the incidence of autoimmune diseases, 

including MS (Peterson CT et al., 2015; Riccio P and Rossano R, 2015).  

Diet can act not only on the gut microbiota, but also directly on the cells of the body; 

nutrients can interact with enzymes, transcription factors and receptors, and this may 

influence cellular metabolism, thus altering inflammatory responses (Desvergne B et al., 

2006). 

Besides the well-established role of vitamin D in varying MS risk, other nutrients have 

been analysed, among them vitamin A. Vitamin A is essential for several functions, 

including the maintenance of immune system integrity. The administration of retinoids 

before or after EAE onset improves the clinical course (Racke MK et al., 1995). In the 

mouse model of EAE, dietary supplementation of all-trans retinoic acid, the primary 

mediator of biological actions of vitamin A, attenuated clinical symptoms and reduced the 

expression of MHC class II molecules on dendritic cells (Zhan XX et al., 2013). 

Furthermore, low levels of vitamin A are markers of inflammation, without being specific 

for MS (Schweigert FJ, 2001). An increase in vitamin A intake leads to a reduction of the 

in vitro proliferation of MOG-reactive lymphocytes from MS patients (Honarvar NM et al., 

2013). 

 

 

2.2.4. Role of vitamin D in multiple sclerosis 

The importance of vitamin D in MS is suggested by two observations: 1) MS prevalence 

and incidence vary with the latitude (Simpson S Jr et al., 2011) and 2) increased exposure 

to ultraviolet radiation is related to a decreased risk of developing MS (Bäärnhielm M et al., 

2012), thus suggesting the importance of vitamin D in this disorder. In fact, solar light is 

important for the production of vitamin D at the level of the skin. Direct evidence of the 

importance of vitamin D derives from the observation that the oral supplementation of 

vitamin D reduced the risk of developing the disease (Cortese M et al., 2015). A recent 

meta-analysis confirmed that people with MS have lower vitamin D levels in the serum 

compared to healthy controls (Duan S et al., 2014). In patients with MS, high vitamin D 

levels correlate with a reduction in the neurofilament light chain in CSF (Sandberg L et al., 

2016). Neurofilaments are the main products of neuroaxonal breakdown and are used as 

biomarkers of neurodegeneration; the reduction reported in the study indicates a decrease in 
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axonal damage. Vitamin D levels may also be important for disease progression; severe 

vitamin D deficiency is associated with an increased risk of conversion from clinically 

isolated syndrome (CIS) to clinically defined MS (Martinelli V et al., 2014). Furthermore, 

in RRMS higher vitamin D levels reduced MS relapse activity, slowed the rate of 

progression, and lowered the disability (Ascherio A et al., 2014; Thouvenot E et al., 2015).   

However, evidence suggests important benefits for MS from sun exposure, not only 

through vitamin D but also thanks to non-vitamin D pathways. In the animal model, 

ultraviolet radiation exposure gives protection against neuroinflammation, reducing clinical 

signs of EAE, independently of vitamin D (Becklund BR et al., 2010). A study reported 

that higher levels of sun exposure, but not higher vitamin D levels, are associated with a 

low fatigue score and less depressive symptoms in MS patients (Knippenberg S et al., 

2014). It has been observed that ultraviolet radiation exposure reduces inflammation in 

experimental mice, modulating CD8+ T cell immunity (Rana S et al., 2011). Studies on 

mice showed that ultraviolet radiation reduces systemic inflammation thanks to the 

induction of tolerogenic Treg and dendritic cells (Breuer J et al., 2014).  

Since vitamin D seems important to slow down disease progression, several trials in which 

cholecalciferol was administered to MS patients were conducted. However, the results are 

contradictory. Some trials showed beneficial effects from cholecalciferol supplementation. 

For example, when added to IFN-β treatment, cholecalciferol reduces the lesions detected 

by MRI, with patients showing a tendency to reduce disability accumulation (Soilu-

Hänninen M et al., 2012).  However, other trials did not find any improvements in the 

clinical parameters (Mosayebi G et al., 2011; Kampman MT et al., 2012). 

 

 

2.2.4.1. Vitamin D production 

The precursor vitamin D3, also called cholecalciferol, can be obtained through diet, but it is 

mainly formed from 7-dehydrocholesterol in the skin due to a ultraviolet light-mediated 

reaction (Figure 14). Vitamin D3 is bound by the vitamin D-binding protein (DBP) and 

transported to the liver, where it is hydrolysed by the microsomal vitamin D 25-

hydroxylases CYP2R1 to produce 25-hydroxyvitamin D3 (25(OH)D3), the major circulating 

form. 25(OH)D3 is transported by DBP to the kidney, where the mitochondrial 1α-

hydroxylase CYP27B1 forms the 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3), also known 

as calcitriol. This reaction occurs mainly in the kidney, but several other cell types, such as 

immune cells, can form 1α,25(OH)2D3 (Figure 14). This form circulates in the bloodstream, 

bound to the DBP, reaching several tissues and acting as a nuclear hormone to exert several 

functions:  1α,25(OH)2D3 regulates calcium and phosphate metabolism, raising their blood 

levels via intestinal absorption and renal reabsorption to facilitate bone mineralization, as 

well as activating bone resorption as part of the skeletal remodelling cycle (Carmeliet G et 
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al. 2015). However, vitamin D not only is implicated in the regulation of calcium levels and 

bone metabolism but also regulates metabolism, cellular growth and immune system 

functioning (DeLuca HF, 2004).    

  

 

 

Figure 14. Vitamin D metabolism. Vitamin D3 can be obtained from diet, but most of it is 

produced by photochemical synthesis at the level of the skin thanks to ultraviolet B 

(sunlight) exposure. Vitamin D3 binds to vitamin D-binding protein (DBP) in the 

bloodstream and is transported to the liver. Vitamin D3 is hydroxylated by liver 25-

hydroxylases (25-OHase) to form 25-hydroxyvitamin D3 (25(OH)D3), which is then 

hydroxylated in position 1 in the kidney by the 1α-hydroxylase (1α-OHase), forming the 

active 1α,25(OH)2D3, which has different effects on various target tissues. The synthesis of 

1α,25(OH)2D3 is stimulated by the parathyroid hormone (PTH) and suppressed by Ca
2+

, 

inorganic phosphate (Pi) and 1α,25(OH)2D3 itself. The rate-limiting step in catabolism is 

the degradation of 25(OH)D3 and 1α,25(OH)2D3 to 24,25(OH)2D3 and 1α,24,25(OH)3D3, 

respectively, which occurs through 24-hydroxylation by 25-hydroxyvitamin D 24-

hydroxylase (24-OHase), encoded by the CYP24A1 gene. 24,25(OH)D3 and 

1α,24,25(OH)3D3 are then excreted. Modified from Deeb KK et al., 2007. 
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Vitamin D, in particular 1α,25(OH)2D3, exerts its effects by acting as a hormone by binding 

the vitamin D receptor (VDR). VDR is expressed in almost all the cell types of our body, 

with the highest expression in metabolic tissue, such as the kidneys, bones and intestine 

(Verstuyf A et al., 2010). It has been estimated that VDR directly or indirectly controls the 

transcription of thousands of protein-coding mRNAs as well as a huge amount of non-

coding RNAs (Campbell MJ, 2014). 

 

 

2.2.4.2. Vitamin D function on the immune system and its implication for diseases 

The main known function of vitamin D is the regulation of calcium homeostasis and bone 

mineralization by controlling the blood levels of Ca
2+

 thanks to intestinal absorption and 

renal reabsorption (Carmeliet G et al. 2015). However, the fact that VDR is expressed in 

almost all the cells of our body highlights the importance of this vitamin beyond calcium 

homeostasis, suggesting that its deficiency is not only linked with bone health but also 

associated with the appearance of other diseases, such as cancer, cardiovascular disorders 

and autoimmune diseases. 

Vitamin D is essential for a correct regulation of the immune system, since it controls both 

innate and adaptive immune responses. The importance of vitamin D is supported by the 

observation that VDR is expressed in several immune cells, especially macrophages and 

dendritic cells, but also in CD4+ and CD8+ T cells and B cells (Provvedini DM et al., 1983; 

Brennan A et al., 1987; Veldman CM et al, 2000). Vitamin D appears to control pathways 

which limit the antibacterial activity of the innate immune system, thus limiting potential 

inflammatory events. For example, in vitro vitamin D promotes the down-regulation of 

TLR2 and TLR4 expression on monocytes, reducing the responsiveness to PAMPs 

(Sadeghi K et al., 2006). 

However, the role of vitamin D on immune function is highly complex and can also 

promote innate immune system responses. 1α,25(OH)2D3 can affect the innate response by 

upregulating the expression of the triggering receptor expressed on myeloid cells 1 

(TREM1), a cell surface receptor that is expressed mainly on monocytes and neutrophils 

(Kim TH et al., 2013). 1,25(OH)2D3 may function as an enhancer of the innate immune 

response and also induce the antimicrobial peptide cathelicidin (Kim TH et al., 2013). 

Dendric cells also express VDR and vitamin D seems important in regulating cell 

maturation (Hewison M et al., 2003). VDR is also expressed in activated lymphocytes; after 

the activation by mitogens, in vitro 1α,25(OH)2D3 is a potent inhibitor of T cell 

proliferation (Bhalla AK et al., 1984). Vitamin D predominantly acts on the adaptive 

immune system by modulating the phenotype of T cells (Smolders J et al., 2009 a; Nanduri 

R et al., 2015).   

The variety of functions exerted by vitamin D on several immune system cells suggests the 
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importance of this molecule in autoimmune diseases. Evidence supporting its implication in 

autoimmune disorders comes from in vitro studies and observations made directly on 

patients. In vitro 1α,25(OH)2D3 inhibits the expression of Th1 cytokines (Lemire JM et al., 

1995) and promotes the development of a Th2 phenotype (Boonstra A et al., 2001). The 

administration of 1α,25(OH)2D3 in the mouse model of RA was observed to reduce the 

progression of the disease (Cantorna MT et al., 1998). VDR deficiency aggravated arthritis 

severity in human TNF-α transgenic mice (Zwerina K et al., 2011); in a mouse model of 

inflammatory bowel disease, the treatment with 1α,25(OH)2D3 decreased the symptoms 

thanks to its ability to down-regulate IL-17, TNF-α, IL-6, and IFN-γ levels and inhibit the 

activation Th1/Th17 cells in the colon and spleen (Zhang H et a., 2015). Moreover, 

treatment with 1α,25(OH)2D3 reduced the severity of systemic lupus erythematosus (SLE) 

in MRL/1 mice (Lemire JM et al., 1992). The supplementation of 1α,25(OH)2D3 could 

prevent the initiation and the progression of EAE, the experimental model of MS (Cantorna 

MT et al., 1996).  

Furthermore, studies on patients suffering from autoimmune diseases support the 

importance of vitamin D in these disorders. In several autoimmune disorders, such as 

inflammatory bowel disease, type 1 diabetes and RA, patients have lower 25(OH)D3 serum 

levels compared to heathy people (Lu C et al., 2015; Feng R et al., 2015; Lin J et al., 2016). 

Moreover, patients with lower 25(OH)D3 levels have higher disease activity (Sahebari M et 

al., 2014; Lin J et al., 2016). It is not always easy to understand whether low vitamin D 

levels are a cause of autoimmune diseases or only a consequence. However, further 

evidence suggesting the importance of vitamin D levels in the susceptibility of autoimmune 

diseases comes from several studies that associate polymorphisms in the VDR genes to 

these disorders (Wang L et al., 2014; Tizaoui K et al., 2015; Zhou TB et al., 2015).  

 

 

2.2.4.3. Vitamin D receptor 

Vitamin D acts by binding to the VDR, with 1α,25(OH)2D3 having the highest affinity. 

VDR is an intracellular receptor that belongs to the steroid/thyroid nuclear receptor family. 

The N-terminal region includes the DNA binding domain; the ligand binding domain is 

located in the C-terminal region (Haussler MR et al., 1995) (Figure 15 A).   

In the absence of 1α,25(OH)2D3, VDR can shuttle among the cytoplasm and the nucleus. 

Furthermore, it can form a heterodimer with the retinoid X receptor (RXR), which is able to 

bind to vitamin D response elements (VDRE). This heterodimer is not stable and can bind, 

only with low affinity, to the DNA; however, it allows the regulation of the basal level 

transcription of target genes. Only with the binding of 1α,25(OH)2D3 to the VDR does the 

dimer become stable and, based on the nature of VDRE, up or down regulates the 

transcription of the targeted genes (Smolders J et al., 2009 b) (Figure 15 B).  
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Figure 15. Structure and function of vitamin D receptor. A| Protein structure of VDR. 

The molecule has nuclear localization signals (blue) that direct the receptor into the 

nucleus. Upon 1α,25(OH)2D3 binding to the hormone ligand-binding domain (red), VDR is 

stabilized by the phosphorylation of serine 51 in the DNA-binding domain (green) and 

serine 208 in the hinge region. VDR associates with the retinoic acid receptor (RXR) 

through the dimerization domains (yellow). Modified from Deeb KK et al., 2007. B| 

Intracellular organisation of the VDR. On the left, in the absence of 1α,25(OH)2D3, VDR 

shuttles between the cytoplasm and nucleus. It dimerizes with RXR, forming an unstable 

heterodimer with low affinity for the VDRE. On the right, the binding of 1α,25(OH)2D3 

activates VDR and translocates it to the nucleus. The VDR/RXR heterodimer is stabilised 

and has a high affinity for the VDRE, which results in an increased activation or repression 

of the controlled genes. From Smolders J et al., 2009 b. 

The binding of VDR with 1α,25(OH)2D3 also increases the affinity with different cofactors 
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that act as a bridge between the heterodimer and the transcription machinery, thereby 

allowing transcription. These cofactors can be activators, which mediate the induction of 

the transcription, or repressors, which suppress the expression of genes (Tagami T et al., 

1998). These proteins are important because they have chromatin-modifying enzymatic 

activities or act as a platform for the recruitment of histone-destabilizing/stabilizing 

enzymes. 

The VDR gene is located on chromosome 12 (12q13.11) and contains 9 exons. More than 

30 polymorphisms have been identified inside this gene (Smolders J et al., 2009 b). 

However, only a few have been studied in human disorders, and some have been related to 

the presence and/or the severity of many diseases, in particular autoimmune diseases 

(Figure 16). 

 

 

Figure 16. Vitamin D receptor gene. The human VDR gene is located on chromosome 12 

and composed of promoter and regulatory regions (1a–1f) and exons 2–9, which encode the 

VDR protein. The figure also shows some SNPs in VDR studied in human diseases; these 

are defined by restriction enzymes, and the nucleotide change is indicated in parentheses. 

From: Deeb KK et al., 2007. 

 

A polymorphism can potentially influence the effect of vitamin D on immune system 

function, as is the case of the Fok-I polymorphism (rs2228570). The polymorphism causes 

a substitution from T to C in exon 2, introducing a second start site which leads to the 

production of a longer protein (Gross C et al., 1998). The shorter isoform has been 

associated with a higher transcriptional activity (Jurutka PW et al., 2000), but not all the 

studies have obtained the same result (Gross C et al., 1998). The study by Jurutka and 

collaborators reported that the short isoform interacts more efficiently with a transcriptional 

coactivator (TFIIB) (Jurutka PW et al., 2000). Moreover, Fok-I polymorphism has been 

studied in relation to the ability of 1α,25(OH)2D3 to decrease the proliferation of peripheral 

blood mononuclear cells (PBMCs) in vitro (van Etten E et al., 2007). Furthermore, it 

suppresses IL-12 production by monocytes and dendritic cells (van Etten E et al., 2007). It 

seems that this polymorphism has consequences for both the VDR protein structure and its 

transcriptional activity. 

However, understanding the consequences of a polymorphism for VDR function and 
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activity, and the possible implication for immune system function, is not easy. For example, 

Apa-I (rs7975232) and Bsm-I (rs1544410), which cause a substitution from G to T and 

from A to G respectively, are located in an intron flanked by exons 8 and 9 and do not have 

consequences on protein structure. A polymorphism can be located in an exon but cause a 

silent codon change without modifying the amino acid sequence. This is the case, for 

example, of the Taq-I (rs731236) polymorphism, which causes a substitution from T to C 

(Uitterlinden AG et al., 2004). Although these polymorphisms do not alter VDR protein, 

their variants can be in linkage disequilibrium with other polymorphisms, thus having 

potential effects (Uitterlinden AG et al., 2004).  

The VDR polymorphisms have been studied in MS. The polymorphisms mentioned above 

are the most studied. Regarding the Fok-I polymorphism in MS, a British study reported an 

association between the long isoform and a decreased level of disability 10 years after MS 

onset (Mamutse G et al., 2008). However, the association was not found in a study on 

subjects from the Netherlands (Smolders J et al., 2009 c). Moreover, the short isoform was 

associated with lower 25(OH)D3 serum levels both in MS patients and in healthy controls 

(Smolders J et al., 2009 b). The association of Apa-I and Bsm-I with MS was reported in 

the Japanese population (Niino M et al., 2000). For these two polymorphisms, the presence 

of the restriction site is reported as a lowercase letter and its absence in an uppercase letter 

(a and A for Apa-I, b and B for BsmI). AA and bb genotypes are more frequent in MS 

patients compared with healthy controls. The involvement of Apa-I polymorphism in MS 

risk was also reported in an Australian population, with the A allele more frequent in MS 

patients compared to healthy controls (Tajouri L et al., 2005). However, the association of 

Apa-I and Bsm-I polymorphisms was not reported in other populations (Simon KC et al., 

2010; Sioka C et al., 2011). Taq-I polymorphism was related to MS risk, with the t allele 

more frequent in MS patients  (Tajouri L et al., 2005). However, in this case as well some 

studies did not find the association (Dickinson JL et al., 2009; Sioka C et al., 2011). 

Furthermore, a meta-analysis reported no association between MS and VDR 

polymorphisms (Fok-I, Apa-I, Bsm-I and Taq-I) (Huang J and Xie ZF, 2012). 

Moreover, not only can VDR polymorphisms influence MS risk, but variants in other genes 

involved in vitamin D metabolism may also play a role, highlighting the complex effect of 

vitamin D on MS susceptibility. For example, alterations that modify vitamin D levels may 

be important for MS susceptibility. A GWAS identified CYP27B1, which codes for 1α-

hydroxylase, and CYP24A1, which encodes the enzyme responsible for initiating calcitriol 

degradation, as genes involved in MS risk (International Multiple Sclerosis Genetics 

Consortium et al., 2011). Furthermore, polymorphisms in CYP27B1 seem to affect 

1α,25(OH)2D3 circulating levels (Orton SM et al., 2008) and polymorphisms in DBP also 

influence circulating 25(OH)D3 concentrations (Sinotte M et al., 2009), having a potential 

effect on immune regulation. The variation of vitamin D circulating levels was also related 

to VDR polymorphisms: Fok-I was associated with serum 25(OH)D3 levels in twins with 



 

 

 

 

 

 

 

 

 

 
2. Review of the literature 

 

 

37 

MS (Orton SM et al., 2008) and with 1α,25(OH)2D3 levels (Smolders J et al., 2009 c). 

 

 

2.2.5. Oxidative stress in multiple sclerosis pathogenesis 

Oxidative stress is commonly implicated in the development of brain damage; it has been 

well demonstrated that ROS contribute to the pathogenesis of several neurodegenerative 

diseases, such as PD and AD (Lin MT and Beal MF, 2006). The brain is particularly 

vulnerable to oxidative stress, as it exhibits high oxygen consumption and is rich in 

polyunsaturated fatty acids, which are more susceptible to peroxidation. Furthermore, the 

brain expresses lower levels of antioxidant enzymes compared to other tissues (Montine KS 

et al., 2004). Oxidative stress also contributes to MS pathogenesis, taking part in lesion 

formation and disease progression.   

The chemical compounds inducing oxidative stress and thus contributing to cell damage are 

classified as reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS and 

RNS are unstable highly reactive molecules which exist mostly in a radical form, since they 

have an unpaired electron. The best studied ROS include radicals of oxygen, like 

superoxide anion (O
2-

), hydroxyl radical (OH·), peoxiradicals (ROO·), and non-radical 

species, such as hydrogen peroxide (H2O2). Among RNS, nitric oxide (NO·) can react with 

superoxide anion to form peroxynitrite (ONOO
-
), the most deleterious free radical. At 

physiological concentrations, ROS and RNS act as second messengers, participating in 

intracellular signalling (Reth M, 2002); furthermore, ROS produced in higher 

concentrations by immune cells can kill pathogens (Leto TL and Geiszt M, 2006).  

ROS are produced during oxidative phosphorylation in mitochondria, whereby a small 

percentage of electrons are transferred from the electron transport chain directly to oxygen, 

forming ROS as undesirable products (Cadenas E et al., 1977).  

When ROS production exceeds a threshold, these compounds are toxic and induce 

oxidative stress, thus damaging cellular biomolecules (lipids, proteins, carbohydrates and 

nucleic acids), leading ultimately to cell death.  

The cells can respond to oxidative stress thanks to several mechanisms that neutralize the 

excess of ROS and RNS, thus protecting cells against their deleterious effects.  

The expression of antioxidant enzyme is induced by the elevated levels of ROS and RNS. 

The central player in the control of oxidative status is the nuclear factor erythroid 2-related 

factor 2 (Nrf2). In conditions of oxidative stress, the transcriptional factor Nrf2 can enter 

inside the nucleus and recognize the antioxidant response elements, thus inducing the 

expression of a multitude of antioxidant proteins, including enzymes involved in 

glutathione synthesis and in the thioredoxin system: superoxide dismuntases 1 and 2 (SOD1 

and SOD2), catalase and heme oxygenase 1 (HMOX1) (Kensler TW et al., 2007). 

Furthermore, Nrf2 regulates the expression of molecular chaperons and is involved in 
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several other cellular processes, such as differentiation, proliferation, inflammation and 

lipid synthesis (Deshmukh P et al., 2017).  

However, when metabolic processes or toxic insults outbalance anti-oxidant defences, 

oxidative stress is assessed, a condition found in MS plaques. Studies on post mortem brain 

tissues of MS patients revealed that, in the active lesions, demyelination and 

neurodegeneration are closely associated with the presence of oxidized lipids (Haider L et 

al., 2011; Fischer MT et al., 2013). Moreover, the nuclei of dystrophic glia cells and 

neurons contain oxidized DNA (Haider L et al., 2011). Neurons with intense cytoplasmic 

accumulation of oxidized phospholipids and DNA breaks are present in active cortical 

lesions (Fischer MT et al., 2013). A recent study described the presence of increased RNA 

oxidation in the normal-appearing cortex of the MS brain, leading the authors to suggest 

that RNA oxidation, induced by oxidative stress, may contribute to MS pathogenesis by 

producing aberrant proteins or by dysregulating the target gene expression (Kharel P et al., 

2016). Furthermore, several proteins can be oxidised in MS.  

Recent studies have focused on the search for potential markers of oxidative stress in order 

to correlate them with MS progression. A study reported increased levels of oxidative stress 

in erythrocytes in CIS, RRMS and SPMS patients, and this may correlate with the 

expanded disability status scale (EDSS) and radiological findings (Ljubisavljevic S et al., 

2014). Furthermore, inflammation and oxidative and nitrosative stress biomarkers may be 

potential predictive biomarkers of high disability in MS; they have been associated with 

several aspects of disease progression (Kallaur AP et al., 2017). It has been observed that 

metabolites of NO (nitrites and nitrates) are significantly higher in the sera of patients with 

RRMS compared to healthy controls (Ortiz GG et al., 2009).  

The importance of oxidative stress in MS pathogenesis has also been highlighted by studies 

on the animal model. Macrophages and microglial cells, isolated from the CNS of rats with 

clinical signs of EAE, exhibit elevated ROS levels compared to cells isolated from healthy 

rats or from animals sacrificed before clinical EAE manifestation (Ruuls SR et al., 1995). 

An in vivo imaging study revealed that the application of oxygen and nitrogen donors to the 

spinal cord of healthy mice was sufficient to induce EAE-like axonal injuries in the absence 

of demyelination, suggesting that demyelination may not be a prerequisite for axon damage 

(Nikić I et al., 2011). On the other hand, the treatment of EAE mice with scavengers, which 

reduced spinal ROS and RNS levels, limits focal axonal degeneration progression without 

altering the number of immune cells in acute EAE lesions (Nikić I et al., 2011). 

 

 

2.2.5.1. Sources of oxidative stress during multiple sclerosis pathogenesis 

The inflammatory process typical of MS is critically linked to oxidative stress, and thus to 

ROS-mediated tissue injury. Immune cells are an important source of ROS. It has been 
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observed that ROS are produced through the interaction of monocytes with the endothelium 

of the BBB, inducing alteration of tight-junction and cytoskeleton rearrangements, thus 

contributing to the loss of BBB integrity and the extravasation of immune system cells into 

the CNS (Van der Goes A et al., 2001) (Figure 17). Once infiltrated inside the CNS, 

leukocytes produce high amounts of ROS and RNS. Activated macrophages, together with 

the resident microglia, synthetize ROS and RNS thanks to enzymes such as 

myeloperoxidase, NADPH oxidases (NOX) and inducible nitric oxide synthase (iNOS) 

(Gray E et al., 2008; Fischer MT et al., 2012). The upregulation of NOX subunits has been 

described in the microglia present in active and slowly expanding lesions (Fischer MT et 

al., 2012); several studies reported that iNOS is upregulated in MS lesions and in the CSF 

of MS patients (Bagasra O et al., 1995; Calabrese V et al., 2002). ROS and RNS produced 

by immune cells during inflammatory response can damage the surrounding cells, a 

condition described in several autoimmune disorders (Kröncke KD et al., 1991; Fehsel K et 

al., 1993).  

In the context of MS, ROS and RNS can trigger axonal injury, ultimately contributing to 

neuronal death (Nikić I et al., 2011). Olygodendrocytes are highly susceptible to oxidative 

damage, as they have high levels of polyunsaturated fatty acids that can be peroxidised. The 

lipid peroxidation is a chain reaction that, if not rapidly inhibited, can lead to the 

destruction of cellular membranes and myelin. Lipid peroxidation can play an important 

role in MS pathogenesis because it alters membrane structure and its chemical 

characteristics such as permeability (Jana A and Pahan K, 2007), further damaging neurons 

and olygodendrocytes, which are already influenced by the inflammatory process (Figure 

17) (Gonsette RE, 2008).  

ROS also have a central role in signalling transduction, which leads to the increased 

expression of pro-inflammatory genes; increased levels of cytokines and chemokine are 

able to recruit macrophages and stimulate myelin phagocytosis (Van der Goes A et al., 

1998; Ortiz GG et al., 2013). ROS have also been described as inhibiting the expression of 

the genes for the myelin in human primary oligodendrocytes. Furthermore, oxidative stress 

compromises the differentiation of OPCs due to epigenetic mechanisms that alter the 

expression of genes that are important for maturation (French HM et al., 2009). 

In the subsequent phase of MS pathogenesis, when the inflammatory process is reduced, 

other non-inflammatory mechanisms may contribute to ROS formation. Chronic 

inflammation increases the risk of mitochondrial damage. In turn, damaged mitochondria 

contribute to the development of an oxidative environment. Mitochondrial injury with 

subsequent energy failure is one of the main non-immune mechanisms contributing to MS 

pathogenesis (Figure 17). 

The oxidative stress established in the area characterized by inflammation can lead to 

mitochondrial dysfunctions due to several mechanisms. ROS can alter the functioning of 

mitochondrial enzymes and modify their proteins, leading to degradation. ROS disrupt the 
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transport of adenosine triphosphate to the axons, contributing to neurodegeneration (Errea 

O et al., 2015). Furthermore, ROS can influence the synthesis of new components in the 

respiratory chain by inducing mutations in the mDNA (Campbell GR et al., 2011). 

 

 

Figure 17. Role of ROS in multiple sclerosis pathogenesis. 1) Upon interaction with the 

BBB, monocytes produce ROS, which facilitate their migration. 2) Once inside the brain, 

macrophages, together with the activated microglia, produce vast amounts of ROS and 

RNS, which induce demyelination and oligodendrocyte cell death. Moreover, ROS 

facilitate myelin degradation by macrophages. 3) In the inflammatory phase of MS, ROS 

produced by macrophages and microglia mediate axonal degeneration. 4) Furthermore, they 

contribute to mitochondrial dysfunction, which ultimately leads to increased ROS 

production and decreased ATP production within demyelinated axons. 5) Due to increased 

axonal energy demand, mitochondria accumulate in chronically demyelinated axons. They 

continue to produce ROS also in chronically demyelinated axons, further contributing to 

axonal injury. Modified from: van Horssen J et al., 2011. 

 

In chronic inactive lesions, the number of mitochondria is higher, possibly in response to a 

higher energy demand (Mahad DJ et al., 2009). The higher number of mitochondria in 

chronic lesions contribute to an increase in ROS formation, which in turn damages 

mitochondria and reduces ATP levels (Andrews HE et al., 2005), thus initiating a vicious 
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circle.  

Therefore, oxidative stress may contribute to MS pathogenesis in both relapsing-remitting 

and progressive forms through the involvement in inflammation and in axonal 

degeneration, respectively. 

 

 

2.2.6. Heat shock proteins 

Oxidative stress can damage cellular proteins, thus leading to the formation of misfolded 

proteins and to the alteration in their stability and function. It is necessary for the cell to 

maintain the functional proteome, which is possible thanks to systems which control the 

proteome quality. Under conditions of proteotoxic stress, several proteins identify unfolded, 

misfolded and non-native polypeptides, in order to rescue them or, if this is not possible, 

degrade them. Important for these controls are the molecular chaperons, which prevent 

protein aggregation, refold unfolded proteins, or drive them to degradation through the 

proteasome. In conditions of oxidative stress, the expression and activity of molecular 

chaperons is tightly regulated, both at the transcriptional and post-translational levels 

(Niforou K et al., 2014).  

In terms of oxidative stress, the heat shock proteins (Hsps), a family of proteins involved in 

protein folding and remodelling, which includes constitutive and stress-inducible members, 

are important. These proteins were first described in response to heat shock (Ritossa FA, 

1962), but now it is clear that their expression can be induced by a plethora of stimuli, 

including ischemia, the presence of heavy metals, irradiation, oxidative stress, nutrient 

deprivation, infections and inflammation (Welch WJ, 1993; Jäättelä M, 1999). In general, 

they support the correct folding of newly synthesized proteins, contribute to protein 

translocation across different cellular compartments, mediate the assembly of protein 

complexes, and prevent protein aggregation (Saibil H, 2013). Hsps have cytoprotective 

functions, since they are involved in the refolding of misfolded proteins, protect against 

protein aggregates, and direct irreversibly damaged proteins to degradation (Turturici G et 

al., 2011).  

Hsps are located in almost all the cellular compartments and can be secreted in the 

extracellular environment, where they have cytokinic functions (Asea A et al., 2000). Hsps 

are also expressed in the CNS. However, assessing their precise role is complicated: several 

cell types, including neurons, microglia, oligodendrocytes and astrocytes, express Hsp, but 

they exhibit distinct activation of different Hsps (Foster JA and Brown IR, 1997).  

The transcription of HSP genes is under the control of the heat shock transcription factor 1 

(HSF1) (Page TJ et al., 2006). HSF1 is constitutively expressed in most of the tissues; in 

the monomeric inactive form, it is located in the cytoplasm and interacts with Hsp90. 

Following stimulatory signals, HSF1 dissociates from Hsp90, forms an homo-trimer and, 
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after the phosphorylation of specific serine residues, migrates into the nucleus (Akerfelt M 

et al., 2010), where it can recognise specific sequences called heat shock elements (HSE), 

which are located in the promoter of specific genes (Akerfelt M et al., 2010). 

Many HSP genes have alternative promoters which allow for their activation through other 

signalling pathways. Moreover, Hsp production is not only regulated at the transcriptional 

level: post-transcriptional modifications such as carbonylation, phosphorylation and 

protein-protein interaction are important for an immediate response to variations in the 

environment to permit cell survival (Niforou K et al., 2014). 

Hsps are classified by molecular weight into different families: Hsp110, Hsp90, Hsp70, 

Hsp60, Hsp40, and the small Hsp families.  

The Hsp110 family includes proteins that function mostly as nucleotide exchange factors 

for Hsp70 members, thus acting as co-regulators of the Hsp70 chaperone function (Raviol 

H et al., 2006).  

The Hsp90 family includes both constitutive and stress-inducible members found in various 

subcellular locations, like cytosol, endoplasmic reticulum (ER) and mitochondria. Members 

of the Hsp90 and the Hsp70 families interact, influencing in a coordinated way several 

cellular functions (Stetler RA et al., 2010).  

The Hsp70 family is the most studied and includes constitutively expressed proteins and 

inducible members located in several cellular compartments. 

The majority of Hsp60 family members are in the mitochondria, where they are involved in 

the folding of a subset of mitochondrial proteins. Some members are found in the cytosol, 

on the surface of non-neuronal cells, and can also be secreted in the extracellular 

environment (Gupta RS et al., 2008; Stefano L et al., 2009).  

Hsp40 family members act as co-chaperons, modulating and controlling Hsp90 and Hsp70 

members (Stetler RA et al., 2010).  

The small Hsp family includes 11 members poorly conserved in sequence, all of which 

have a conserved domain in the C terminus. In contrast to other chaperones, these proteins 

do not appear to require ATP for their functioning (Stetler RA et al., 2009). This family 

includes proteins like HMOX1 and the αB-crystalline.  

Hsps are not only molecular chaperons, but they play several roles at nuclear level as well, 

acting also as a transcriptional element. Hsp90 members are important for the negative 

control of HSF1, inhibiting its binding to the DNA (Taylor DM et al., 2007). 

Furthermore,several Hsp members can have anti-apoptotic functions. Hsp70 and Hsp90 

members form a complex with the apoptotic peptidase activating factor-1 to inhibit 

apoptosome formation (Pandey P et al., 2000; Saleh A et al., 2000). 

Hsps are also involved in several pathologic states, like cerebral ischemia, trauma, epilepsy 

and neurodegenerative diseases (Yenari MA, 2002). In CNS disorders, Hsps seem to exert 

neuroprotective roles, preventing the aggregation of misfolded proteins and inducing anti-

apoptotic mechanisms (Stetler RA et al., 2010). 
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2.2.6.1. Hsp70 

The heat shock protein 70 (Hsp70) family represents the most widely studied group of Hsps 

and includes several monomeric proteins that are highly conserved in evolution with a 

molecular weight of about 70 kDa (Radons J, 2016). Hsp70s are found in all organisms, 

from archaebacterial to plants and humans; the prokaryotic DnaK shares approximately 

50% amino acid identity with eukaryotic Hsp70s. Hsp70s have also conserved functional 

properties across the species; for example, experiments demonstrated that Drosophila 

Hsp70 expressed in mammalian cells efficiently protects them against heat stress (Pelham 

HR, 1984), and rodent Hsp70 can be functionally complimented by human Hsp70, allowing 

for protection against different types of stress (Li GC et al., 1991; Plumier JC et al., 1995). 

The human Hsp70 family includes some constitutively expressed members, while others 

are stress-inducible. The different members have specific functions and differ with regard 

to their expression levels and localization; they play critical roles in mitochondria, ER, 

lysosomes, cytosol, and cell membranes and can also be secreted in the extracellular 

environment. For example, the constitutively expressed protein called Hsc70 is cytosolic, 

Grp75 is a mitochondrial protein, and Grp78 is located in the ER. Several members of the 

Hsp70 family can shuttle between compartments. Hsp70-1 is primarily cytosolic but can 

also be expressed in the luminal side of the lysosomal membrane, especially under stress 

conditions, to stabilize the membrane and facilitate the import of degraded proteins. Grp78 

is the primary ER chaperone, but an alternative splice variant can also be found in the 

cytosol, enabling leukocytes to survive under stress conditions (Ni M et al., 2009). 

Similarly, Grp75, which is the major mitochondrial chaperone, can also be found in other 

cellular compartments such as ER and cytosol (Ran Q et al., 2000).   

In addition to their central role as molecular chaperones, Hsp70 proteins have other 

functions. Hsp70s have anti-apoptotic functions, blocking apoptosis at various levels. 

Hsp70s act on Bax, blocking its translocation to mitochondria and the activation of this pro-

apoptotic protein (Yang X et al., 2012). Furthermore, these proteins can inhibit the 

assembly of the death-inducing signalling complex (Guo F et al. 2005). 

Hsp70s are also involved in the modulation of immune response. Increased intracellular 

Hsp70 levels augment cell tolerance to pro-inflammatory cytokines such as TNF-α and IL-1 

(Jäättelä M and Wissing D, 1993). On the other hand, when Hsp70s are on the cell surface 

and released into the extracellular environment, for example, during viral infection or 

necrosis, they can stimulate immune response. The role of Hsp70 as a facilitator of the 

immune response has been demonstrated both in vitro and in vivo (Wells AD and 

Malkovsky M, 2000; Srivastava P, 2002). Hsp70s act as cytokines, inducing the maturation 

of APCs and the activation of dendritic cells, while also attracting NK cells (Multhoff G et 

al., 1999; Wan T et al., 2004). Furthermore, Hsp70s induce the immune response by 

interacting with Toll-like receptors (Asea A et al., 2002), permitting the activation of the 
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transcription factor Nf-kB and inducing the production of proinflammatory cytokines, 

chemokines and NO by macrophages (Panjwani NN et al., 2002). Hsp70s enhance antigen 

presentation by MHC class I and class II molecules (Mycko MP et al., 2004). Furthermore, 

the Hsp70-associated peptides bound to MCH class I and II molecules are more 

immunogenic than peptides alone (Chen D and Androlewicz MJ, 2001).  

Hsp70s are highly conserved molecules with a common structure. They are composed of a 

44 kDa N-terminal domain, called nucleotide binding domain (NBD), which binds and 

hydrolyses ATP, and a 28 kDa C-terminal domain, known as substrate binding domain 

(SBD), which binds polypeptides. Cytosolic Hsp70 contains a G/P-rich C-terminal region 

harbouring an EEVD motif involved in the binding of co-chaperones and other Hsps, 

whereas specialized proteins such as HspA5, located in the ER, and HspA9, located in the 

mitochondria, do not have this motif but instead a N-terminal localization signal (Hartl FU, 

1996) (Figure 18).  

 

Figure 18. Hsp70 protein structure. Hsp70s are formed by an N-terminal nucleotide 

binding domain (NBD) and a substrate binding domain (SBD). The hydrophobic linker, 

connecting the NBD and the SBD, is found in most of the Hsp70 family members. The C-

terminal EEVD motif is involved in the binding of co-chaperones and other Hsp proteins. 

Some Hsp70 proteins have a localization signal; for example, HspA5 is expressed in the 

endoplasmic reticulum and HspA9 is located in the mitochondria. The C-terminal ER 

retention signal (KDEL: lysine, aspartic acid, glutamic acid, leucine) is presented in 

HspA5. From: Radons J, 2016. 

 

Many of the functions of Hsp70 depend on the crosstalk between NBD and SBD, since the 

binding with ATP influences the substrate binding. Hsp70s can have three different 

conformations: one in absence of ATP/ADP, one with ADP bound, and one with ATP 

bound. The ATP binding allows the interaction between the SBD and the polypeptide, but 
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the binding is not stable and the substrate can easily dissociate. ATP is then hydrolysed and 

the ADP-bound state increases the affinity for the substrate, closing the SBD (Mayer MP et 

al., 2000). 

The activity and function of the chaperones are influenced by the binding of co-chaperons, 

including members of Hsp110 and Hsp40 families (Kelley WL, 1998; Dragovic Z et al., 

2006). 

Human Hsp70s are encoded by a multigene family, which includes up to 17 genes and 30 

pseudogenes. Hsp70 genes express a high number of mRNA variants and protein isoform, 

but it is unclear whether these variants correspond to proteins with distinct functions 

(Brocchieri L et al., 2008). The HSP70 gene family is the result of multiple duplications 

facilitated by retrotransposition events of a single highly expressed gene: HSPA8 

(Brocchieri L et al., 2008). HSP70 genes are distributed among several chromosomes: 1, 4, 

5, 6, 9, 10, 11, 13, 14, 20 and 21, irrespective of their evolutionary relations, except for the 

pair of genes HSPA6 and HSPA7 on chromosome 1 and the triad of genes HSPA1A, 

HSPA1B and HSPA1L in close proximity on chromosome 6 (Brocchieri L et al., 2008).  

HSPA1A, HSPA1B and HSPA1L are in the MHC class III region, on the short arm of 

chromosome 6p21.3, clustering between the genes for complement components and TNF 

(Milner CM and Campbell RD, 1990). HSPA1A and HSPA1B code for the major stress 

inducible Hsp70s, called Hsp70-1 and Hsp70-2 (Daugaard M et al., 2007). The two 

proteins, composed of 641 amino acids, differ only with respect to two amino acids and are 

more than 99% identical (Daugaard M et al., 2007). The two genes differ more regarding 

the upstream regulatory sequences, which influence basal expression and are required to 

provide an adequate response under stress conditions (Milner CM and Campbell RD, 

1990). During stress conditions, HSPA1A and HSPA1B are activated by the binding of 

HSF1 to multiple copies of HSE in the upstream regulatory regions (Daugaard M et al., 

2007). HSPA1L is an intronless gene which encodes a protein called Hsp70-Hom, 91% 

identical to Hsp70-1. HSPA1L does not contain HSE in its promoter and is constitutively 

expressed at high levels in testis and at lower levels in other tissues (Daugaard M et al., 

2007). 

These genes are less polymorphic than many other genes located in the MHC region. Most 

of the polymorphisms are located in the coding regions, but many cause silent mutations. 

However, some polymorphic variants may influence gene function and the response of 

genes to stress (Favatier F et al., 1997; Wu YR et al., 2004), suggesting also a possible 

relation with the altered immune response of MS. To underline the possible role of MHC 

class III polymorphisms, in particular of HSP70 genes, in MS, our research group has 

recently demonstrated that HSPA1B rs1061581 polymorphism is associated with an 

increased risk of developing MS (Boiocchi C et al., 2014). This polymorphism, located in 

the coding region, is silent (Goate AM et al., 1987), and several studies associated it to 

different autoimmune disorders, such as SLE and type II diabetes (Pablos JL et al., 1995; 
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Zouari Bouassida K et al., 2004). 

Other polymorphisms can change the amino acid sequence; for example, polymorphisms in 

the HLA1L are mainly located in the region which encodes the SBD. Among these, the 

HSP70-HOM rs2227956 causes a Met to Thr amino acid substitution at position 493, 

located in the SBD (Milner CM and Campbell RD, 1992). This substitution seems to be 

associated with the variation in the peptide binding specificity, thus affecting the Hsp70-

Hom biologic function. Data from the literature have shown a link between the HSP70-

HOM polymorphism and the risk of autoimmune diseases such as SLE (Fürnrohr BG et al., 

2010).   

 

 

2.2.6.2. Role of Hsp70 proteins in multiple sclerosis 

The role of Hsps in MS is not clear, but it is known that Hsp70s are related to 

neurodegeneration and to immune system regulation, key elements of MS pathogenesis. 

Several studies have revealed that Hsp70s have a neuroprotective role in preventing protein 

aggregation and inducing anti-apoptotic mechanisms. The accumulation of abnormal 

protein aggregates is a common histopathological hallmark of several neurodegenerative 

disorders. Neurons are vulnerable to the accumulation of misfolded proteins; the aggregates 

are recognized by the neurons, which try to prevent the accumulation. 

Following stress conditions, the induction of Hsp70 expression in the CNS, in particular in 

reactive astrocytes, oligodendrocytes and microglia, has been described (Satoh J and Kim 

SU, 1994; Foster JA and Brown IR, 1997). Several studies have demonstrated that the 

activation of cell responses to stress conditions and the subsequent Hsp70 overexpression 

have beneficial effects in several models of neurodegenerative disorders, such as AD and 

PD. When exogenous Hsp70s are administrated to rat microglial cultures, they induce 

microglia activation that may facilitate Aβ clearance (Kakimura J et al., 2002). 

Furthermore, a study points out that Hsp70s interact with several Aβ structures (oligomers, 

fibrils) and that Hsp70-mediated inhibition of protein aggregation is stronger in the early 

stages of the formation of Aβ aggregates (Evans CG et al., 2006). In mouse models of PD, 

Hsp70 overexpression reduced α-Syn accumulation and toxicity (Klucken J et al., 2004). In 

vitro aggregation experiments have demonstrated that Hsp70s inhibit fibril formation 

(Huang C et al., 2006). 

Based on these experiments, the use of Hsp70s in the treatment of neurodegenerative 

disorders was hypothesised, and a way to pharmacologically induce Hsp70 overexpression 

was researched. Several compounds have been tested to induce Hsp70 expression; for 

example, arimoclomol, which acts as a co-inducer of Hsp expression, improves 

neuromuscular function and extends the lifespan of mSOD1 mice, a model of ALS (Kieran 

D et al., 2004). Geldanamycin can disrupt the complex between Hsp90 and HSF1, which 
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results in the induction of Hsp70 (Knowlton AA and Sun L, 2001). This compound can 

inhibit huntingtin aggregation in a cell culture model of HD (Sittler A et al., 

2001). However, geldanamycin, even at low concentrations, is toxic for cells, and this may 

limit its potential use for long-term treatments (Supko JG et al., 1995). Celastrol is a Hsp90 

inhibitor that can activate HSF1 and upregulate HSP gene expression (Zhang T et al., 

2008). Its neuroprotective effects may be due to Hsp70 induction and the prevention of NF-

κB activation, which reduce the release of pro-inflammatory cytokines and astrogliosis 

(Cleren C et al., 2005).  

However, Hsp70 overexpression is not always beneficial in all instances. An increase in 

intracellular Hsp in vitro is not always beneficial for the survival of motoneurons (Kalmar 

B and Greensmith L, 2009). These findings are to be taken into consideration when the 

upregulation of Hsp levels is chosen as a potential therapy for neurodegenerative disorders. 

In MS, the increased expression of several Hsps, including Hsp70, has been described in 

the lesions of MS patients and in EAE models, following the inflammation and the 

oxidative stress that is created (Aquino DA et al., 1993; Chabas D et al., 2001). Myelin 

isolated from active plaques contained three to four times more Hsc70 than did normal 

myelin; Hsp70s are present in MS myelin, although they are not detected in normal myelin 

(Aquino DA et al., 1997). These findings suggest that in MS the immune-mediated white 

matter destruction may be associated with the altered distribution and expression of 

Hsp70s.  

It is important to consider that Hsp70 is also an extracellular protein. In the CNS, glial cells 

release Hsp70; neurones which express Hsc70, but are not able to produce high amount of 

Hsp70 following stress conditions (Brown IR, 1991), can take up the released Hsp70. In 

this way, glial cells protect adjacent neurons, inhibiting cell death during stress conditions 

(Guzhova I et al., 2001). This fact suggests that the supply of exogenous Hsp70 into the 

CNS may be a potential therapeutic strategy to reduce neuronal death in neurodegenerative 

diseases. It seems that the increased Hsp70 levels in MS plaques can protect neurons from 

the inflammatory environment (Figure 19). The inflammation characteristic of the early 

phase of MS may act as a stimulus to induce the release of Hsp70 from glial cells to protect 

neurons in the subsequent neurodegenerative phase. This hypothesis is supported by the 

observation that the stimulation of human oligodendrocytes with proinflammatory 

cytokines induces Hsp70 expression (D'Souza SD et al., 1994). 

It is also essential to consider that Hsp70s can be released in the extracellular environment 

like cytokines, stimulating both the innate and the adaptive immune response, inducing the 

production of pro-inflammatory molecules (Fleshner M and Johnson JD, 2005). Hsp70s 

may lead to the formation of additional antigenic targets at the lesion level, with the 

subsequent amplification of the immune response. In MS lesions Hsp70s were associated 

with MBP and PLP in the CNS of MS patients, but not in the heathy tissue (Cwiklinska H 

et al., 2003).   
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Figure 19. Proposed model for the role of Hsp70 in multiple sclerosis pathogenesis. 
The role of Hsp70 in MS is still unclear: it seems to have a negative effect, increasing the 

autoimmune response, but it can also have neuroprotective functions. 1) In the periphery, a 

stressful insult can induce Hsp70 expression and its release by immune cells, acting as a 

pro-inflammatory cytokine. 2) Endogenous Hsp70 and bacterial Hsp70 (bHsp70) may 

engage cell-surface signalling receptors, such as Toll-like receptors, to induce cytokines, 

chemokines and NO production by DC and monocyte. 3) bHsp70 is processed 

intracellularly and presented by MHC class I and II molecules by APCs, leading to the 

generation of bHsp70-specific T cells and 4) the production of anti-bHsp70 antibodies. 5) 

Despite the presence of the BBB, leukocytes can reach the CNS. 6) In the CNS, the 

inflammatory environment triggers Hsp70 expression. 7) bHsp70-specific lymphocytes 

may be directed against endogenous Hsp70, causing an autoimmune response. 8) In 

addition, myelin peptides, such as PLP and MBP, generated during myelin destruction may 

associate with Hsp70. Hsp70-PLP and Hsp70-MBP complexes can be recognized by APC, 

9) triggering an adaptive immune response against them. Modified from: Mansilla MJ et 

al., 2012. 

 

Hsp70s can act as adjuvants by binding immunogenic peptides. Hsp70s bind MBP and PLP 
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peptides to create highly immunogenic complexes, which are efficiently internalized by 

endocytosis, processed and presented by MHC class II molecules on APCs, thus 

stimulating specific CD4+ T cell responses (Cwiklinska H et al., 2003; Mycko MP et al., 

2004). In patients with RRMS, the presence of a subpopulation of γδ T cells responsive for 

Hsp70 has been described (Battistini L et al., 1995). These cells have a potent cytotoxic 

activity and can destroy oligodendrocytes in vitro (Freedman MS et al., 1991). 

Furthermore, the abnormal increase of Hsp70 levels following heat shock and 

lipopolysaccharide (LPS) stimulation in vitro has been described in PBMCs from MS 

patients; the authors suggest a possible link between Hsp70 overexpression and the 

development of autoimmunity (Cwiklinska H et al., 2010). 

To further complicate the role of Hsp70 in MS, Hsps are also produced by bacteria, and 

these proteins are highly conserved. Bacterial Hsp60 and Hsp70 seem to be the most 

immunogenic, being able to induce autoimmunity starting from infections. T lymphocytes 

and antibodies produced against microbial Hsp may target self-Hsp thanks to the 

recognition of conserved epitopes or by molecular mimicry (Figure 19).  

In MS, Hsp70 seems to be the target of humoral immune response, with antibodies directed 

against both extracellular proteins and membrane proteins. However, the same levels of 

anti-Hsp70 antibodies have been described in the sera of healthy subjects and MS patients 

(Bustamante MF et al., 2011). These antibodies may have an immunoregulatory role in 

removing the excess of Hsp70. The response against Hsp70 can probably be increased in 

the CNS of MS patients; higher levels of antibodies for Hsp70 and Hsc70 have been found 

in the CSF of patients (Chiba S et al., 2006). 

It is difficult to determine the exact role of Hsp70 in MS because of the pleiotropic 

functions of Hsp70s and the complex pathogenesis of this disease. The overexpression of 

Hsp70 in the CNS of MS patients can have a neuroprotective function, as happens in other 

neurodegenerative diseases. The insufficient Hsp70 production can be a factor for MS 

development, and the failure of Hsp70 overexpression may lead to MS progression. 

However, MS is a disimmune disease and it is important to consider the role of Hsp70 in 

the immune function. Hsp70 overexpression may have a pro-inflammatory role (Figure 19). 

A recent work suggests that, although Hsp70-1 could play a role in neuroprotection, in the 

MOG-induced EAE model this protein seems to be relevant in immune regulation. Hsp70-1 

deficient mice are more resistant to developing EAE compared with wild-type (WT) mice, 

suggesting that this protein may play a role in promoting a specific T cell response 

(Mansilla MJ et al., 2014). Although the neuroprotective role has been suggested by several 

studies, Hsp70-1 deficient mice that develop EAE do not show increased demyelination 

(Mansilla MJ et al., 2014). The authors suggest that Hsp70 may be relevant in EAE, and 

specific therapies that down-regulate Hsp70 expression may be important in reducing the 

early autoimmune response in MS. 
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2.2.6.3. Hsp70 protection against oxidative stress 

Oxidative stress has been described in MS lesions and correlates with the inflammatory 

process (Haider L et al., 2011). In case of oxidative stress, our cells can counteract the 

damages due to the presence of ROS, inducing several mechanisms controlled by different 

signalling pathways, all of which aim at preserving cellular homeostasis under oxidative 

stress conditions.   

Particularly important are the genes encoding for antioxidant and anti-apoptotic proteins, 

which become activated when the cell needs to preserve homeostasis (Calabrese V et al., 

2010). In addition to the genes encoding for anti-oxidant enzymes, the heat shock response 

genes are essential (Calabrese V et al., 2010).  

In conditions of oxidative stress, misfolded proteins can aggregate and Hsp70 expression is 

increased, contributing to protein re-folding or to degradation. The observation that HSF1 is 

one of the transcription factors able to perceive the redox status of the cells further supports 

the involvement of heat shock response in the protection against oxidative stress (Zhang Y 

et al., 2011). This transcription factor coordinates cell survival, together with HIF1α 

(Majmundar AJ et al., 2010) and NF-kB (Morgan MJ e Liu ZG, 2011). HSF1 becomes 

activated in conditions of oxidative stress due to the oxidation of specific cysteine residue 

of the transcription factor (Trott A et al., 2008). HSF1 allows the transcription of different 

molecular chaperons, including members of the Hsp70 family.  

Furthermore, Hsps can directly respond to the redox status of the cell, allowing also for a 

post-translational regulation. Hsp70s can perceive the redox status thanks to cysteine 

residue, which can be oxidised (Vignols F et al., 2003). Inducible Hsp70s have a redox-

sensitive cysteine near their ATP binding pockets, and under conditions of oxidative stress, 

peptide binding to Hsp70 and complex stability are enhanced (Callahan MK et al., 2002). 

This fact was confirmed by a 2012 study (Miyata Y et al., 2012) that found that the 

oxidation of specific cysteine residues in Hsp70-1 may be important for the chaperone 

response to oxidative stress. However, the constitutive form of Hsc70 is not sensitive to this 

stress. 
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2.3. Alzheimer’s disease 

AD is a complex and multifactorial neurodegenerative disorder that accounts for 60-70% of 

all the cases of dementia in elderly adults (Alzheimer's Association, 2016). The disease is 

characterized by progressive loss of memory and consciousness and marked cognitive 

impairment (Alzheimer's Association, 2016). The first symptom is a gradual worsening of 

the ability to remember new information: patients show a slight deficit in working memory 

and a moderate deficit in short-term and episodic memory. As the disease progresses, 

cognitive and functional abilities decline and marked and irreversible mood alterations and 

loss of episodic memory function are observed (Albert MS, 1996; Perry RJ and Hodges JR, 

1999). In the more advanced stages, patients need help with basic activities of daily living, 

such as bathing, dressing and eating, thereby losing their ability to communicate and failing 

to recognize people. Patients become more vulnerable to infections such as pneumonia, 

which often contributes to their death (Alzheimer's Association, 2016). The pace of the 

progression of the symptoms from mild to moderate to severe varies from person to person 

(Alzheimer's Association, 2016).  

Clinically, only a probable diagnosis of AD is possible, based on NINCDS-ADRDA 

(National Institute of Neurological and Communicative Disorders and Stroke and the 

Alzheimer’s Disease and Related Disorders Association) criteria, which has good 

sensitivity and specificity (>80%) for distinguishing patients with AD disease from people 

without dementia; however, it is less accurate in distinguishing between Alzheimer’s 

disease and other dementias such vascular dementias (23–88%) (Ballard CG and Bannister 

C, 2005). Only the post mortem analysis of the brain can definitively permit the diagnosis 

of AD (Ballard C et al., 2011). The presence of senile plaques, formed by extracellular 

deposition of Aβ peptides, and NFTs from the aggregation of the hyper-phosphorylated tau 

protein, within a patient’s brain are hallmarks of AD (Ballard C et al., 2011) (Figure 20). 

Aβ peptides accumulate in senile plaques from the proteolytic cleavage of the amyloid 

precursor protein (APP), mediated by the secretases, a family of enzymes. Accumulation of 

Aβ may interfere with neuron communication and contribute to neuronal death. NFTs block 

the transport of nutrients and essential molecules inside the neurons and play a role in cell 

death. All these changes result in the onset of the symptoms, including memory loss 

(Alzheimer's Association, 2016). It has been noticed that brain changes associated with AD 

may begin 20 years before the first symptoms appear (Villemagne VL et al., 2013). These 

initial changes can be compensated for enabling the brain to continue to function normally. 

However, with the increase in neuronal damage subtle cognitive decline initiates, and as the 

disease progresses the damage increases and patients show strong cognitive decline, 

memory loss, confusion, and ultimately basic bodily functions become impaired 

(Alzheimer's Association, 2016). 
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Figure 20. The pathological hallmarks and evolution of Alzheimer’s disease. Amyloid 

plaques and neurofibrillary tangles spread through the brain as the disease progresses.  

Modified from: Masters CL et al., 2015. 

 

Most AD cases belong to the sporadic type, which is correlated with age and characterized 

by late onset, usually after 65, accounting for about 95% of all cases (Hoyer S, 2004). The 

remaining 5% of cases involve the familiar form, usually diagnosed in mid-life and 

associated with dominant inherited mutations in genes encoding for APP and for presenilins 

1 and 2 (PSEN1 and PSEN2) (Goate A et al., 1991; Schellenberg GD et al., 1992; Levy-

Lahad E et al., 1995). From a clinical point of view, the two forms of AD are comparable, 

including the rate of disease progression and many biomarker profiles. 

With the exception of familiar cases, AD results from the interaction of multiple risk 

factors. Age is the main risk factor for sporadic AD: as age increases, the risk of developing 

AD grows. However, AD is obviously not a normal part of ageing; advanced age is not 

sufficient to cause AD, and other factors, both environmental and genetic, have a role in 

determining it (Ballard C et al., 2011). People with a first-degree relative with AD have a 

higher probability of developing AD, and the risk is even higher for individuals who have 

more than one first-degree relative with AD (Lautenschlager NT et al., 1996; Loy CT et al., 

2014). 

Several genetic variants with a role in the risk of developing AD have been identified. 

Inherit apolipoprotein E (APOE) ε4 allele is one of the major genetic risk factors; the risk 

of developing AD is three times more likely with one allele and twelve times more likely 

with two alleles (Farrer LA et al., 1997; Saunders AM, 2000). In fact, the APOE ε4 allele 

impairs Aβ clearance from the brain and is associated with an increase in the accumulation 
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of Aβ peptides in the brain at earlier ages (Zlokovic BV, 2013). Furthermore, the ApoE ε4 

allele decreases the age of onset of AD by approximately 8 years in APOE ε4 heterozygote 

patients and 15 years in APOE ε4 homozygote subjects (Corder EH et al., 1993; Tanzi RE, 

2012). However, the relative risk associated with other identified variants is lower, usually 

between 1.2 and 1.5 (Ballard C et al., 2011). 

 

 

2.3.1. Pathogenesis  

Over the years, several theories have been presented to explain AD pathogenesis. However, 

it is difficult to assess their validity since not all the events observed in AD pathogenesis 

can be clearly defined as primary or secondary events. 

The oldest theory is the cholinergic hypothesis, based on investigations made before 1980. 

A reduction in choline acetyltransferase activity and acetylcholinesterase at the cerebral 

cortex level was observed in AD patients (Davies P and Maloney AJ, 1976). Furthermore, a 

significant loss of acetylcholine in AD brains was reported (Bowen DM and Davison AN, 

1980). The alteration in the number of nicotinic and muscarinic acetylcholine receptors in 

the presynaptic cholinergic terminals was linked to the decline of cognitive functions 

(Whitehouse PJ et al., 1988; Nordberg A et al., 1992). Furthermore, Aβ peptide can inhibit 

cholinergic neurotransmission in vitro (Kar S et al., 1998). Based on the hypothesis that 

degeneration in cholinergic neurotransmission in the cerebral cortex and in other areas may 

contribute to the impairment of cognitive function in AD patients, different therapeutic 

approaches to improve cholinergic neurotransmission have been developed, including 

cholinesterase inhibitors, choline precursor, and postsynaptic and presynaptic cholinergic 

stimulation with a muscarinic and nicotinic agonist (Lleó A et al., 2006; Contestabile A, 

2011). Beneficial effects on cognitive, functional and behavioural symptoms were noticed 

with the use of cholinesterase inhibitors (Rogers SL et al., 1998; Tariot PN et al., 2000), 

and several of these drugs have been approved by the FDA for the treatment of mild to 

moderate AD: donepezil, rivastigmine and galantamine (Giacobini E, 2002). However, 

long-term administration of cholinesterase inhibitors to patients with mild cognitive 

impairment (MCI) has failed to reduce the risk or to delay the onset of AD (Raschetti R et 

al., 2007; Contestabile A, 2011). It is probable that the cholinergic dysfunction in AD is 

only a part of a multisystem degeneration and not the primary cause of the disease. 

In recent years, evidence suggests the involvement of the dopaminergic system in AD: 

deficits in dopaminergic signalling have been related to memory dysfunction both in AD 

patients and in the animal models (Tanaka Y et al., 2003; Moreno-Castilla P et al., 2016). 

Furthermore, a recent work highlights the fact that, in a mouse model, apoptotic processes 

in the ventral tegmental area cause a progressive degeneration of dopaminergic neurons at a 

very early stage, before Aβ deposition and the formation of NFTs (Nobili A et al., 2017). A 
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decrease in dopamine outflow in the hippocampus may contribute to synaptic plasticity 

dysfunction and memory deficits (Nobili A et al., 2017). 

However, the amyloid cascade hypothesis has been the major pathogenic mechanism 

considered; the accumulation of Aβ peptide followed by the deposition of NFTs leads to 

synaptic and neuronal dysfunction and loss (Figure 21).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Diagram of the amyloid cascade hypothesis. From Barage SH and Sonawane 

KD, 2015. 

 

According to the amyloid cascade hypothesis, the aberrant processing APP and/or the 

altered clearance of Aβ peptide represent the initiating events in the pathogenesis of AD 

(Hardy J and Selkoe DJ, 2002). The cleavage of APP can follow two pathways (Figure 22).  
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Figure 22. The non-amyloidogenic and the amyloidogenic pathways for APP cleavage. 
Cleavage of APP in the non-amyloidogenic pathway is physiological: APP is cleaved first 

by α-secretase and then by γ-secretase. In the amyloidogenic pathway, γ-secretase cleavage 

of APP is preceded by β-secretase cleavage, resulting in the release of Aβ peptides into the 

extracellular compartment. Aβ monomers can form oligomers or other aggregates. The 

arrow thickness indicates the likelihood of conversion of Aβ species. Modified from: 

Heppner FL et al., 2015. 

 

The non-amyloidogenic pathway is physiological and APP is cleaved by α-secretase and 

then by γ-secretase; however, in the amyloidogenic pathway, which is pathological, α-

secretase is substituted by β-secretase (Haass C et al., 2012). The γ-secretase can act on 

several cleavage sites to produce peptides of different size: Aβ38, Aβ40 and Aβ42 (Gu Y et 

al., 2001). These peptides display a different degree of aggregation, with the Aβ42 having 

the higher propensity to aggregate (Suzuki N e a., 1994). Furthermore, the Aβ42 peptide is 



 

 

 

 

 

 

 

 

 

 
2. Review of the literature 

 

 

56 

neurotoxic (Mucke L and Selkoe DJ, 2012). Aβ peptides can accumulate in distinct forms: 

monomers, oligomers, protofibrils and fibrils, forming senile plaques in the extracellular 

compartment (Mucke L and Selkoe DJ, 2012). Impaired Aβ clearance through the 

interstitial fluid (ISF) and the CSF can aggravate the process of accumulation of Aβ peptide 

(Mawuenyega KG et al., 2010; Hong S et al., 2011). 

Early evidence supports the amyloid cascade hypothesis, including observations from 

animal models. High levels of human mutant APP in transgenic mice results in Aβ 

deposition, gliosis and synaptic loss (Games D et al., 1995). Moreover, genetic studies 

provide evidence for this hypothesis: in familiar AD, autosomal dominant mutations in 

APP, PSEN1 and PSEN2 genes lead to abnormal Aβ peptide production  (Goate A et al., 

1991; Schellenberg GD et al., 1992; Levy-Lahad E et al., 1995). 

However, the amyloid cascade hypothesis cannot completely explain the neuronal damage 

observed in AD patients. It has been observed that amyloid deposition and NFTs can be 

found in cognitively normal elderly subjects (Aizenstein HJ et al., 2008). Furthermore, Aβ 

accumulation does not correlate completely with neuronal loss and cognitive dysfunction 

(Serrano-Pozo A et al., 2013). Moreover, treatments against Aβ, although efficient in 

reducing Aβ fragments, do not stop AD progression (Salloway S et al., 2009). This 

evidence suggests that other factors besides Aβ deposition and neurofibrillary tangles 

contribute to the neuronal damage typical in AD. 

Aβ deposition and plaque formation can activate both astrocytes and microglia (Hu J et al., 

1998; Jin JJ et al., 2008). For this reason, in the last decade more attention to 

neuroinflammation has been paid; the inflammatory response is driven by microglia and 

increases with the progression of the disease. Nowadays, it is thought that 

neuroinflammation contributes to AD pathology, exacerbating the disease progression 

(Sudduth TL et al., 2013). 

 

 

2.3.2. Neuroinflammation in Alzheimer’s disease: inflammatory hypothesis 

Some evidence suggests a role of the innate immune system in the pathogenesis of AD. 

Neuroinflammation seems to be an important contributor to neurodegeneration; in several 

neurologic and neurodegenerative diseases, neurodegeneration is associated with the 

presence of an inflammatory process, but the precise role of inflammation is controversial: 

it can be a possible cause of the disease, a consequence, and a beneficial response (Wyss-

Coray T et al., 2006).  

Early studies showed increased levels of pro-inflammatory cytokines: TNF-α and IL-6 have 

been found at the level of the brain and in the serum of AD patients (Fillit H et al., 1991; 

Strauss S et al., 1992). Furthermore, activated microglia surround amyloid plaques, and the 

presence of reactive astrocytes has been observed in the brain of AD patients (Perlmutter 
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LS et al., 1990; Pike CJ et al., 1994). Initially the inflammation was thought to be a 

consequence of Aβ deposition, since Aβ aggregates could activate microglia, astrocytes and 

the complement system cascade, leading to the release of pro-inflammatory cytokines. This 

chronic activation contributes heavily to neuronal damage. This hypothesis is also 

supported by recent experimental evidences from the AD (PS1V97L-Tg) mouse model. At 

6 months a significant increase in Aβ was observed, associated with memory dysfunction 

and tau phosphorylation (Wang W et al., 2016). Furthermore, PS1V97L-Tg mice can be 

differentiated from WT littermates in terms of the detection of increased plasma levels of 

pro-inflammatory cytokines. 

However, some evidence suggests an earlier role for neuroinflammation in AD, not only as 

a consequence of Aβ deposition; several studies correlate clinical symptoms that precede 

AD, such as MCI, with the presence of inflammatory changes. Increased plasma levels of 

C-reactive protein, α1-antichymotrypsin and IL-6 were found before the clinical onset of 

dementia and AD (Engelhart MJ et al., 2004). Furthermore, in patients with MCI and at risk 

of developing AD, increased levels of the pro-inflammatory cytokine TNF-α and decreased 

production of the anti-inflammatory cytokine TGF-β were found in the CSF (Tarkowski E 

et al., 2003).  

The possible key-role of inflammation in AD is also supported by a meta-analysis, which 

suggests that non-steroidal anti-inflammatory drugs might decrease the risk of developing 

AD (McGeer PL et al., 1996). Other studies show that the use of anti-inflammatory drugs in 

patients with symptomatic AD or MCI did not result in a beneficial effect (Aisen PS et al., 

2003; Thal LJ et al., 2005). However, the treatment of asymptomatic individuals with anti-

inflammatory drugs reduces the incidence of AD (Breitner JC et al., 2011), a fact that 

supports the beneficial role of anti-inflammatory treatment only when administered in the 

early, asymptomatic phase of the disorder.  

Recently, it has been noticed that systemic immune challenge in WT mice leads to the 

development of an AD-like pathology with the formation of Aβ plaques, tau aggregation, 

microglia activation and reactive gliosis (Krstic D et al., 2012). This observation suggests 

that the immune reaction can precede AD and may drive AD pathogenesis independently of 

Aβ accumulation, thus exacerbating the disease. Furthermore, acute and chronic 

inflammation are associated with increased cognitive decline in AD patients (Holmes C et 

al., 2009).  

Positron emission tomography imaging studies revealed that in AD patients the cognitive 

status is inversely correlated with microglia activation but not with amyloid load (Yokokura 

M et al., 2011). 

Moreover, genetics supports the early involvement of neuroinflammation in AD pathology. 

The association between the presence of AD and several mutations in genes involved in the 

immune system function provide evidence beyond the purely descriptive level: mutations in 

TREM2 (Guerreiro R et al., 2013), the myeloid cell surface antigen CD33 (Bradshaw EM 
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et al., 2013), and CR1 (Lambert JC et al., 2009) have been described. The discovery of risk 

variants in genes involved in the immune system function have shed a new light on the 

findings of increased pro-inflammatory cytokine levels in AD patients in the prodromal 

forms of the disease as well (Tarkowski E et al., 2003; Brosseron F et al., 2014). 

A study of the possible involvement in AD risk of variants of genes encoding for 

inflammatory mediators has led to the identification of SNPs in the MCH class III, whose 

genotypic frequencies deviate between AD patients and healthy controls. In particular, 

variants of RAGE and TNF-α genes have been related to AD susceptibility (Maggioli E et 

al., 2013). Furthermore, the frequency of TTGAA haplotype (given by -374 T/A and -429 

T/C polymorphism of RAGE, and -238 G/A, -308 G/A and -857 G/A polymorphisms of 

TNF-α) decreases significantly in AD patients compared with healthy controls. The 

implication for the disease of this haplotype points to a possible involvement of the entire 

HLA class III region in the variation of AD risk; a fact confirmed by another study in 

which a larger MHC class III haplotype was investigated, considering also HSP70 genes 

(Boiocchi C et al., 2015). The haplotypes TTGATAGG and TTGATGGG (given by -429 

T/C RAGE, -374 T/A RAGE, +190 G/C HSP70-1, +1267 A/G HSP70-2, +2437 T/C 

HSP70-HOM, -238 G/A TNF, -307 GA TNF and -857 G/A TNF polymorphisms) were 

more frequent in AD patients than in healthy controls. The authors suggested that patients 

with these haplotypes may have greater Aβ aggregation, increased oxidative stress and 

higher expression of RAGE, HSP70 and TNF. Patients with a greater expression of these 

genes may be more prone to progression and amplification of the inflammatory process.   

 

 

2.3.3. Etiology 

AD can be classified into two types: familiar and sporadic. These two forms share the same 

symptoms and progression but usually appear at different ages, and their etiology is 

different. The familiar cases are related to genetic mutations in specific genes involved in 

the production of Aβ: APP, PSEN1 and PSEN2 (Goate A et al., 1991; Schellenberg GD et 

al., 1992; Levy-Lahad E et al., 1995). 

The most frequent form, the sporadic one, has a more complex etiology: it is a 

multifactorial disease like the majority of neurodegenerative diseases. A third of the risk of 

developing AD is due to common genetic variants (Gandhi S and Wood NW, 2010); 

environmental factors and epigenetic alteration also contribute to susceptibility to the 

disease (Lunnon K and Mill J, 2013). 

Potentially modifiable risk factors for AD have been determined: diabetes mellitus, mid-life 

hypertension, mid-life obesity, physical inactivity, depression and smoking (Norton S et al., 

2014). However, these factors require further evaluation to assess their role. Furthermore, a 

modification in lifestyle, including diet, exercise and cognitive training, has been shown to 
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have beneficial effects on the cognitive outcome (Ngandu T et al., 2015). 

The initial evidence of an involvement of epigenetics in the development of AD was from 

studies on twins; even monozygotic twins have discordant AD outcomes (Mastroeni D et 

al., 2009). In AD, robust changes in DNA methylation patterns in specific genes have been 

identified (Roubroeks JAY et al., 2017). However, it is not clear whether these changes are 

a cause or only a consequence of the disorder. 

 

 

2.3.3.1. Genetic factors: the importance of genes involved in the immune function 

GWAS have identified several genes that can contribute to the risk of developing sporadic 

AD. These genes are linked to the Aβ cascade and tau pathology and can be divided into 

three groups involved in lipid metabolism, synaptic functioning and immune response (Giri 

M et al., 2016). Although GWAS is a powerful method to identify risk genes, it is not easy 

to understand how variants directly contribute to AD pathogenesis; it is also necessary to 

consider that identified variants are sometimes in linkage disequilibrium with others that 

are more important (Cuyvers E and Sleegers K, 2016). Thanks to further investigations, 

several advances have been made in identifying functional variants for AD risk that affect 

gene function, regulation and splicing (Cuyvers E and Sleegers K, 2016) (Figure 23).  

 

 

Figure 23. Progress in gene identification by GWAS for AD risk. The functional follow-

up consists in the study of the risk variants identified to understand their relevance. 

Modified from Cuyvers E and Sleegers K, 2016. 
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Some genes are involved in the lipid and cholesterol metabolism. This is consistent with the 

observation that high cholesterol levels in mid-life increases the risk of developing AD 

(Solomon A et al., 2009). As mentioned above, APOE ε4 allele is the stronger genetic risk 

factor for sporadic AD, augmenting the risk of developing AD threefold with one allele to 

twelvefold with two alleles (Farrer LA et al., 1993; Saunders AM, 2000). This gene, 

located on chromosome 19q13.2, codes for the major protein that carries cholesterol to the 

brain and is involved in cholesterol metabolism and lipid transport; it also controls 

inflammation, synaptic function, neurogenesis, and the generation and trafficking of APP 

and Aβ (Hauser PS et al., 2011; Rebeck GW, 2017). Several studies have shown that ApoE 

isoforms can influence Aβ clearance, aggregation and deposition in a different way (Bales 

KR et al., 2009; Castellano JM et al., 2011). APOE ε4 is less efficient in Aβ clearance 

compared with ε2 and ε3 (Bales KR et al., 2009). Consistent with this fact, patients with 

APOE ε4 allele show increased amyloid levels (Ramanan VK et al., 2014); furthermore, 

subjects with this allele have elevated hippocampal atrophy (Lu PH et al., 2011). Moreover, 

APOE ε4 contributes to AD with an Aβ-independent mechanism; this isoform promotes 

Aβ-induced inflammatory response in neuronal cells in AD, whereas APOE ε2 suppresses 

it (Dorey E et al., 2017). APOE is also linked to tau protein. CSF levels of tau and 

phosphorylated-tau have been observed to increase in patients homozygous for APOE ε4 

(Han MR et al., 2010). Also in this case, the APOE ε2 allele is associated with a decrease in 

AD pathology, since it is related to a decrease in tau and phosphorylated-tau (Chiang GC et 

al., 2010). 

Several SNPs located in other genes involved in lipid metabolism, such as ABCA7 (ATP 

binding cassette subfamily A member 7), CLU (clusterin), and SORL1 (sortilin related 

receptor 1), were found to be linked to the risk of developing AD (Harold D et al., 2009; 

Lambert JC et al., 2009; Reitz C et al., 2013; Wang Z et al., 2016). 

In recent GWASs, several SNPs in genes involved in the regulation of the endocytosis have 

been related to the risk of developing AD, such as BIN1 (bridging integrator 1), CD2AP 

(CD2 associated protein), and PICALM (phosphatidylinositol binding clathrin assembly 

protein). These genes are involved in APP trafficking, synaptic transmission, and the 

response to neuronal damage (Harold D et al., 2009; Hollingworth P et al., 2011; Chapuis J 

et al., 2013; Lambert JC et al., 2013). 

Variants in genes involved in the immune response are also associated with AD risk, 

highlighting the primary role of inflammation in the pathogenesis of the disease. In 

particular, several variants associated with AD are located in genes that are important for 

the innate immune system, supporting the link between neuroinflammation and the 

disorder.  

CR1 was one of the first susceptibility genes identified for AD (Lambert JC et al., 2009). 

This gene, located on chromosome 1q32.2, encodes a transmembrane glycoprotein found 

mainly on the membrane of erythrocytes, leukocytes and dendritic cells; this glycoproten is 
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involved in complement system regulation (Wilson JG et al., 1987). CR1 on phagocytes 

facilitates the uptake and the removal of immune complexes and is involved in immune 

regulation (Khera R and Das N, 2009). An intragenic CNV leads to the formation of a 

longer isoform (CR1-S: slow migration) which has more C3b and C4b binding sites than 

does the shorter isoform (CR1-F: fast migration), a fact that might inhibit complement 

activation. The association between CR1-S form and AD has been identified (Szigeti K et 

al., 2013). Furthermore, SNPs in CR1 are associated with AD: SNPs rs3818361 and 

rs6656401 are associated with increased risk of AD (Lambert JC et al., 2009), and SNP 

rs1408077 is associated with plaque load in the brain of patients (Kok EH et al., 2011).  

SNPs related to AD have also been identified in other genes important for the immune 

system functioning such as the genes for CD33 (a transmembrane protein expressed on 

myeloid cells and microglia) and TREM2 (triggering receptor on myeloid cells 2) (Tateno 

H et al., 2007; Jonsson T et al., 2013; Guerreiro R et al., 2013; Jin SC et al., 2014). 

Mutations in TLRs may have a role in the clearance of Aβ deposits. A TLR9 polymorphism 

(rs187084) may modify AD risk in Han Chinese population (Wang YL et al., 2013). 

 

 

2.3.4. The complement system  

 

2.3.4.1. The complement system: a player in the innate immune system 

The complement system consists of more than 50 serum and membrane proteins which are 

extremely important for the innate immune system in its response to pathogens and 

endogenous danger signals. It contributes to several homeostatic processes such as lipid 

metabolism, tissue modelling and maintenance, and angiogenesis; furthermore, it is 

involved in acute and chronic pathologies (Ricklin D et al., 2010). Genes coding for 

complement proteins map on several chromosomes (1, 3, 4, 5, 6, 8, 9, 10, 11, 12, 16, 19, 

20, 21 and X); only a few chromosomes do not contain genes for complement (Mayilyan 

KR, 2012). The genes located on chromosome 6, C2, Bf, C4A and C4B, cluster together in 

the MHC class III region (Mayilyan KR, 2012). 

The complement system can be activated by PAMPs and DAMPs and involves a series of 

proteolytic reactions that can follow three different pathways: classical, lectin and 

alternative, each converging to the cleavage of the inactive C3 protein into the functional 

fragments C3a, an inflammatory mediator, and C3b, an opsonin that can bind the cell 

surface. In this way, all three pathways converge in a common terminal pathway that finally 

leads to the osmotic lysis of the pathogen (Figure 24).  

In addition, a new activation pathway has emerged recently: the extrinsic pathway, which 

suggests a potential crosstalk between complement and coagulation pathways (Markiewski 

MM et al., 2007). This pathway is driven by serine proteases of the coagulation system, 
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such as thrombin, which can directly cleave the C5 (Huber-Lang M et al., 2006). 

Furthermore, evidence suggests that proteases such as thrombin, human coagulation factor 

Xa, plasmin and tissue plasminogen activator may be able to cleave C3 (Amara U et al., 

2010; Zhao XJ et al., 2017). 

 

 

Figure 24. Overview of the complement system cascade. In the classical pathway, C1q  

recognizes antigen-antibody complexes of specific molecules that activate the complement 

system. In the lectin pathway, MBL, ficolins and collectin are the initiators. The activation 

of the alternative pathway is driven by the spontaneous hydrolysis of circulating C3. In the 

recently characterized extrinsic pathway, proteolytic enzymes of the coagulation pathway 

cleave C5. With the exception of the extrinsic pathway, the pathways converge to the 

terminal pathway with the formation of the C5 convertase. From Orsini F et al., 2014. 
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The classical pathway is activated by the binding of a complex described as a “bouquet of 

flowers” composed of several chains of three types, called A, B and C, which form six 

globular target recognition domains. C1q is able to bind different target molecules, 

including IgG and IgM, already bound to the surface antigens, PAMPs such as bacterial 

porins and LPS, and molecules exposed on the surface of dying cells (Albertí S et al., 1996; 

Nauta AJ et al., 2002; Roumenina LT et al., 2008). Once C1q binds the target, a 

conformational change allows the induction of the auto-activation of C1r, a serine protease, 

which cleaves and activates C1s (Wallis R et al., 2010). In this way, C1s can interact with 

C4 and C2, cleaving these complement components and allowing the formation of the C3 

convertase in the proximity of the C1 complex-binding site (Gaboriaud C et al., 2014). C4 

is cleaved in the bioactive form C4b and in a small fragment C4a. C4b is able to bind the 

antigen-antibody complex or the adjacent surface of the cell (Ziccardi RJ, 1981). C2 is 

cleaved in C2a, which remains bound to C4b, thus forming the C3 convertase C4b2a, 

whereas the smaller fragment C2b is released into the circulation (Ziccardi RJ, 1981; 

Krishnan V et al., 2009). 

The activation of the lectin pathway is possible thanks to pattern recognition receptors, 

including the mannose binding lectin (MBL), collectins and ficolins, which bind 

carbohydrates on the surface of bacteria, viruses and dying cells (Kjaer TR et al., 2013). 

When the ligands are clustered on the surface to form a specific pattern, the complex can 

engage several carbohydrate recognition domains or fibrinogen-like domains for collectins 

and ficolins. MBL-associated serine proteases associated with the recognition molecules are 

activated and cleave C4 and C2, leading to the formation of the C3 convertase C4b2a (Dahl 

MR et al., 2001).   

In the alternative pathway, the C3 is spontaneously hydrolyzed to the bioactive form 

C3(H2O) which undergoes a structural change that allows the exposition of novel binding 

sites necessary to recruit the Factor B (FB). The C3(H2O)-bound FB is then cleaved by the 

serine protease Factor D (FD) into Ba and Bb; Bb remains associated, thus allowing the 

formation of the fluid phase C3 convertase C3(H2O)Bb, which is able to cleave native C3 

molecules into C3a and C3b (Isenman DE et al., 1981; Nishida N et al., 2006). C3b binds 

covalently to surfaces containing hydroxyl groups, but not all these groups equally attract 

C3b; only the particular combination of sugars on the pathogen surface can determine the 

efficacy of complement activation (Sahu A et al., 1994). The bound C3Bb can associate 

again with FB, allowing its cleavage to form the convertase of the alternative pathway 

C3bBb (Milder FJ et al., 2007).  

After the formation of the C3 convertase, the three pathways converge into a common 

terminal pathway: the C3 convertase (C4b2a for the classical and lectine pathways, and 

C3bBb for the alternative pathway) cleaves C3 into C3a and C3b, allowing the formation of 

a new enzymatic complex, the C5 convertase. This complex cleaves C5 into the bioactive 

fragments C5a and C5b. C5b recruits several complement components (C6, C7, C8 and 
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C9), leading to the formation of the membrane attack complex (MAC) pore (Bubeck D, 

2014). C5b interacts with C6, and this complex recruits C7; C5b-7 is lipophilic and binds to 

the cell membrane (Preissner KT et al., 1985). C8 can penetrate the lipid bilayer, and up to 

18 C9 molecules can be recruited to form a tubular channel (Bhakdi S and Tranum-Jensen 

J, 1991), creating a functional MAC which can directly lyse metabolically inert cells and 

Gram-negative bacteria (Koski CL et al., 1983; Bhakdi S et al., 1987). 

Metabolically active cells are more resistant to the lysis induced by the complement system. 

Multiple MACs have to be inserted in the membrane (Morgan BP, 1989), leading to 

increased Ca
2+

 influx and signal transduction that contribute to cell death (Morgan BP and 

Campbell AK, 1985). In this way, the complement system is important for the clearance of 

apoptotic cells and the elimination of pathogens.  

The elimination of apoptotic cells occurs thanks to membrane changes that allow the 

recognition of cells; furthermore, apoptotic cells decrease the expression of complement 

regulators (Verbovetski I et al., 2002). The proteins of the complement system are also 

able, thanks to the interaction with specific receptors, to recruit phagocytes that remove cell 

debris, thus preventing an immune response toward self-antigens (Baudino L et al., 2014).   

C3 generated by the spontaneous activation of the alternative pathway can bind to the 

pathogens surface; furthermore, the pathogen molecules can activate both the classical and 

the lectin pathways. In this way, the classical and the lectin pathways are critical for 

pathogen recognition and the initiation of the complement cascade; but the alternative 

pathway assures more than 80% of the terminal complement activity. 

The activation of the complement system not only leads to the formation of the MAC but 

also to opsonisation. Opsonisation is important for pathogen elimination: the deposition of 

complement fragments on the pathogen surface allows for its recognition by phagocytes 

and for the recruitment of adaptive immune system cells that express specific receptors for 

complement components (van Lookeren Campagne M et al., 2007; He JQ et al., 2008).  

This cascade amplifies the opsonisation of the pathogen, leading to its elimination 

(Lachmann PJ, 2009), due in part to the increased generation of complement 

anaphylatoxins. These small molecules (C3a and C5a), constantly released during 

complement activation, support the inflammation and activation of cells that express 

anaphylatoxin receptors (Klos A et al., 2009), leading to the recruitment and activation of 

immune cells such as macrophages, eosinophils and neutrophils (Murakami Y et al., 1993; 

Elsner J et al., 1994; Ehrengruber MU et al., 1994). 

 

 

2.3.4.2. Activation of the complement system in Alzheimer’s disease: an unclear role 

Under physiological conditions in the CNS, microglia, astrocytes, oligodendrocytes and 

neurons can directly synthetize, at low levels, several components of the complement 
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system, such as C1q and C3, together with complement regulators and receptors (Stevens B 

et al., 2007; Woodruff TM et al., 2010), which are involved in brain development and in the 

maintenance of its homeostasis. The production of complement components increases in 

the presence of cellular damage (Woodruff TM et al., 2010). 

The activation of the complement system in the CNS has been demonstrated under acute 

neuroinflammatory conditions and also in neurodegenerative diseases, conditions in which 

the complement can also damage the neurons, probably because of their low basal 

expression of membrane-associated complement regulators (Singhrao SK et al., 2000).  

During acute brain injury, such as brain trauma or stroke, in addition to complement 

proteins produced locally by the CNS cells, complement proteins circulating in the blood 

together with immune system cells can also invade the brain parenchyma (Stahel PF et al., 

2001). The complement system contributes in this way to the removal of cell debris; 

however, when its activation is excessive it may affect neuronal and glial integrity 

(Leinhase I et al., 2006). On the other hand, in neurodegenerative disorders, the BBB injury 

usually occurs at late stages of the disease, and the uncontrolled local synthesis and 

activation of complement components are critical contributors to neuronal damage (Phuan 

PW et al. 2013). 

Regarding AD, since the early 1980s, the presence of complement components has been 

reported. Early studies showed the presence of C1q, C3, C3b and C4 in the senile plaques 

(Eikelenboom P and Stam FC, 1982) and revealed that NFTs are immunopositive for C1q, 

C3, C4 and C5b-9 (McGeer PL et al., 1989). The latter observation has also been confirmed 

by a more recent analysis: tau such as Aβ peptide is a potent activator of the 

classical complement pathway (Shen Y et al., 2001). Furthermore, more recent post mortem 

analysis of the brain of AD patients revealed an increase in complement components 

(Zanjani H et al., 2005), and several studies showed that Aβ peptides activate the classical 

and the alternative pathways of the complement system in vitro (Jiang H et al., 1994; Bradt 

BM et al., 1998). 

Complement components were observed at the CSF level and different patterns of 

complement factors expression have been reported at different stages of the disease. CSF 

levels of complement components, such as C1q, C3 and C4, are higher in AD patients than 

in healthy controls, in particular during the early stages of the disease (Wang Y et al., 2011; 

Daborg J et al., 2012). On the other hand, terminal complement components (C9 and C5b-

9) have been reported only in severe AD (Loeffler DA et al., 2008). 

Although the presence of complement components in AD brains has been well investigated, 

the role played by the complement system is not clear, since studies have mainly focussed 

on the classical pathway. It seems that complement activation can have a protective role 

during the early stages of the disease, probably contributing to Aβ clearance. However, 

during the more chronic phases of AD, complement activation seems to have a negative 

role, contributing to neurotoxicity with subsequent aggravation of the inflammatory 
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response (Alexander JJ et al., 2008). 

Several studies have revealed a protective role for C1q, which seems to confer 

neuroprotection against neuronal death induced by fibrillary and oligomeric Aβ in cortical 

neurons both in vitro and in the animal models (Pisalyaput K and Tenner AJ, 2008; Benoit 

ME et al., 2013). Using mouse models of AD, at early stages of the disease C1q seems to 

induce the activation of the transcription factor CREB (cAMP response element-binding 

protein), increasing the expression of neuroprotective genes (Benoit ME et al., 2013). 

However, at later stages C1q seems to have a detrimental effect on neuronal integrity, 

enhancing the inflammatory process, as suggested by experiments on mice lacking in C1q. 

These mice have shown a reduction in the activation of microglia surrounding senile 

plaques and improved neuronal integrity (Fonseca MI et al., 2004). 

C3 may play a role in tissue homeostasis, decreasing pathology in Aβ plaques. Elevated C3 

levels were associated with reduced Aβ accumulation in transgenic AD mice (Wyss-Coray 

T et al., 2002). Furthermore, the inhibition of C3 activation leads to increased Aβ 

deposition and the degeneration of neurons, suggesting that the complement  system may 

protect against Aβ-induced neurotoxicity, probably promoting Aβ clearance (Wyss-Coray T 

et al., 2002). Consistent with these findings, AD transgenic mice deficient in C3 show an 

age-associated increase in Aβ deposition and neuronal loss; furthermore, their microglia 

show an activation towards the immunosuppressive alternative phenotype M2, which 

promotes the resolution of inflammation and tissue repair, suggesting C3 may have a role in 

the modulation of the microglia phenotype (Maier M et al., 2008). 

Regarding the terminal pathway, its components seem to play a detrimental role during AD 

progression. During Aβ accumulation in senile plaques, increased levels of C5a receptors 

have been observed; furthermore, C5a receptors colocalize with NFTs (Fonseca MI et al., 

2013). Transgenic AD mice showed an age- and disease-associated increase of C5a 

receptors on microglia located in proximity to Aβ plaques (Ager RR et al., 2010). 

Furthermore, the use of C5 receptors antagonist in transgenic AD mice induced a decrease 

in microglia activation and in the burden of Aβ plaques, which correlated with an increase 

in cognitive performance (Fonseca MI et al., 2009).   

It is important to consider that complement regulator levels normally decrease with ageing, 

a fact that may result in the reduction of protection against the lytic effect of the MAC for 

neurons in the plaque area (Yang LB et al., 2000). 

 

 

2.3.4.3. Complement component 4 

The forth serum complement component (C4) protein is a betaglobulin that is essential for 

the propagation of the classical pathway of complement system. When it is cleaved, C4b is 

a subunit of the C3 and the C5 convertases, allowing for the activation of these molecules 
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and the formation of anaphylotoxines. 

C4 exists in two isotypes: C4A and C4B, which have 99% sequence identity. However, 

they show some differences in hemolytic activity, serological reactivity, and affinity to 

antigens and immune complexes (Isenman DE and Young JR, 1984; Law SK et al., 1984; 

Dodds AW et al., 1996).  

C4 is the most polymorphic protein of the complement system and is synthesized as a 

single-chain precursor molecule of 200 kDa, which is subsequently processed in three 

chains, linked by disulphide bounds (Hall RE and Colten HR, 1977; Janatova J, 1986). 

Furthermore, the mature C4 protein is formed after a series of post-translational 

modifications such as sulfation and glycosylation (Fey G et al., 1980; Karp DR, 1983). 

The C4 gene is in the MHC class III region and included in a module of four consecutive 

genes, called RCCX, which contains the genes RP for the serine/threonine kinase, C4, 

CYP21 for the steroid 21-hydroxilase, and TNX for tenascin X. These four genes constitute 

a module and are always duplicated together. When duplicated in a bimodular structure, an 

additional functional C4 gene is created, whereas the other duplicated genes usually are 

non-functional (Yang Z et al., 1999) (Figure 25).   

 

 
 

Figure 25. Modular variations of human RCCX module in the MHC class III region. 
RP1: Ser/Thr protein kinase; C4: Complement Component 4 (each C4 gene may code 

either the C4A or the C4B protein); CYP21: Steroid 21-hydroxylase; TNX: tenascin-X. 

From Szilagyi A et al., 2006. 

 

C4A and C4B encode the two isoforms and present CNVs, size variations, and nucleotide 

polymorphisms (Schneider PM et al., 1986; Dangel AW et al., 1994). C4A varies in copy 

number from 0 to 5, while C4B genes from 0 to 4. The most common copy number counts 

for C4 in a European-derived diploid genome are 4 copies: 2 copies of C4A and 2 of C4B 

(Yang Y et al., 2007). The presence of C4 null alleles, C4AQ0 and C4BQ0 is possible; the 
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homozygous C4A null state is seen in approximately 1% of Europeans, the homozygous 

C4B null state is observed in 2–10%, and heterozygous C4A or C4B null alleles occur in 

approximately 45–56% (Yang Y et al., 2007). Complete C4 homozygous deficiency is 

extremely rare, and only a few cases have been reported (Wu YL et al., 2009).  

In addition, C4A and C4B genes show size variations, with a long gene of 20.6 kb and a 

short gene of 14.2 kb. This variation is due to the integration of the human endogenous 

retrovirus HERV-K(C4) of 6.36 kb in intron 9, which lengthens the gene without changing 

the protein sequence (Dangel AW et al., 1994). 

 

 

2.3.4.4. Complement C3b/C4b receptor: CR1 

The complement system participates in the opsonisation by targeting pathogen structures 

and cell debris. In this way, C3 fragments on pathogens or dying cells can be recognized by 

receptors on the surface of phagocytes.  

The complement C3b/C4b receptor 1 called CR1 is one of these receptors: it is a 

glycoprotein that plays a central role in immune complex clearance. It is formed by four 

main structural domains: a signal peptide, an extracellular domain, a transmembrane 

domain and a cytoplasmic domain (Klickstein LB et al., 1987). 

It is expressed on monocytes, macrophages, neutrophils and erythrocytes, and it is able to 

bind C3b and also C4b fragments (van Lookeren Campagne M et al., 2007). CR1 on the 

surface of erythrocytes is important for the clearance of soluble immune complexes: they 

are transported to the liver and the spleen, where they are cleared by macrophages and 

removed from the circulation (Taylor RP et al., 1997). CR1 on phagocytes facilitates the 

uptake of immune complexes and CR1 on B and T lymphocytes is involved in immune 

regulation (Erdei A et al., 2009). CR1 interacts with the C3 and C5 convertases of the 

classical and alternative pathways, thus inhibiting their activation (Krych-Goldberg M and 

Atkinson JP, 2001). 

CR1 gene maps on chromosome 1q32.2 and is polymorphic. There are four allotypes which 

differ for the extracellular domain, which is composed of multiple short consensus repeat 

(SCRs). Seven SCRs are grouped in long homologous repeats (LHRs) (Klickstein LB et al., 

1987) (Figure 26). The number of LHR regions differ for the isoforms, so they have a 

different size. CR1*3 (CR1-C) has 3 LHRs (160 kDa), CR1*1 (CR1-A) has 4 LHRs (190 

kDa), CR1*2  (CR1-B) has 5 LHRs (220 kDa) and CR1*4 (CR1-D) has 6 LHRs (250 kDa). 

The CR1*1 and CR1*2 isoforms are the most common in the population (83% and 15%, 

respectively) (Krych-Goldberg M and Atkinson JP, 2001). 

CR1 seems to play a role in AD pathogenesis by modulating the clearance of Aβ via C3b-

mediated adherence to erythrocytes (Rogers J et al., 2006); furthermore, CR1 is expressed 

on microglia, contributing directly the Aβ clearance in the brain (Crehan H et al., 2013). 
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However, activated microglia show increased CR1 expression, that correlate with increased 

intracellular superoxide anion generation and the secretion of TNF-α and IL-1β, thus 

having a detrimental effect on neurons (Crehan H et al., 2013). 

 

 

 

 

 

 

 

 

 

 

Figure 26. Structure of CR1-A and CR1-B isoforms. They contains 30 and 37 short 

consensus repeats (SCR) grouped into four or five long homologous repeats (LHRs), 

respectively. Modified from Zhu XC et al., 2015. 

 

GWAS have identified SNPs in CR1 gene as risk factors for AD (Lambert JC et al., 2009; 

Corneveaux JJ et al., 2010), but it is unclear their influence AD pathogenesis. Many studies 

on several SNPs in CR1 in distinct populations show their association with AD (Schjeide 

BM et al., 2011; Chen LH et al., 2012), but the association is not found in studies on other 

populations (Chung SJ et al., 2013).  

Among the several SNPs in CR1 studied in AD, the CR1 rs6656401 polymorphism causes 

a A to G transition, located in a non-coding region; it is associated with the inclusion of a 

fifth LHR domain, creating the CR1*2 isoform (Lambert JC et al., 2009). The CR1 

rs4844609 polymorphism causes a transvertion from A to T and is located in the coding 

region of the gene, leading to an amino acid substitution from Ser to Thr (Keenan BT et al., 

2012). This SNP is in a region of the molecule that is implicated in the binding to C1q, 

MBL and ficolins (Jacquet M et al., 2013). C1q, C3b and C4b are present in AD plaques 

(Eikelenboom P and Stam FC, 1982) and the CR1 rs4844609 polymorphism, together with 

the CR1 rs6656401 polymorphism, may have an impact in the clearance of Aβ peptides. 

The CR1 rs2274567 polymorphism causes a substitution from A to G that leads to an 

amino acid change from His to Arg (Ma XY et al., 2014). 
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3. Studying Multiple Sclerosis 
 

 

3.1. Aims of the work 

MS is a chronic disimmune disease of the CNS characterized by demyelination and 

neurodegeneration. Neurodegeneration is thought to be the culmination of different events, 

including oxidative stress, energy deficiency, ionic imbalance, and the failure of 

regenerative and neuroprotective mechanisms. The etiology of this disease is complex: both 

genetic and environmental factors play a significant role in determining the risk of 

developing MS.  

Our work on MS focuses mainly on two projects: one regarding potential genetic risk 

factors in the MHC class III region, and the other concerning the study of the interplay 

between genetic and environmental factors, in particular vitamin D.   

Our research group has been interested for many years in genes located in the MHC class 

III (chromosome 6p21.3). Our attention is directed to polymorphic variants that may be 

involved in autoimmune diseases and disorders with an inflammatory component. HSPA1A 

(or HSP70-1), HSPA1B (or HSP70-2) and HSPA1L (or HSP70-HOM) are three 

polymorphic genes which map on the MHC class III region and code for Hsp70s, which are 

highly conserved molecular chaperones. Some of them are expressed in normal 

physiological conditions, while the amount of the others increases in response to a variety 

of stress stimuli, including oxidative stress. The role of Hsp70s in MS pathogenesis is not 

clear: they may have a neuroprotective role, but when they are secreted in the extracellular 

environment, they can act as pro-inflammatory cytokine and participate in 

neuroinflammation.  

In 2014, our research group found that HSP70-2 rs1061581 polymorphism is related to the 

risk of developing MS: the G allele frequency is increased in MS patients compared to 

healthy controls. Based on this consideration, another HSP70 gene will be analysed in this 

study: HSPA1L, which encodes the constitutively expressed Hsp70-Hom. On the other 

hand, we want to continue the analysis of the possible role of the stress inducible Hsp70-2 

in MS, considering its role in the response to oxidative stress.  

In detail, the aims of the study are to: 

 investigate the association of HSP70-HOM rs2227956 polymorphism with MS risk 

and severity and elucidate its involvement in the regulation of Hsp70-Hom protein 

expression levels. The HSP70-HOM rs2227956 polymorphism, also known as 

HSP70-HOM +2437 T/C, is localized in the coding region of the HSPA1L gene and 

causes a Met to Thr amino acid substitution at position 493, located in the peptide-
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binding domain region. This substitution seems to be associated with the variation in 

the peptide binding specificity, thus affecting the HSP70-Hom biologic function.  

A case-control study will be conducted to compare allelic and genotypic frequencies 

between MS patients and healthy subjects, in order to establish a possible association 

of the polymorphism with MS risk and severity (considering the multiple sclerosis 

severity score, MSSS). Since HSPA1B and HSPA1L are in linkage disequilibrium, we 

will focus on multilocus analysis to test whether it is possible to identify combined 

genetic predictors of MS risk. Subsequently, Hsp70-Hom protein levels will be 

considered in order to understand whether the HSP70-HOM rs2227956 polymorphism 

may influence the protein expression. Furthermore, a statistical analysis will be 

performed to assess a possible association between Hsp70-Hom protein levels and MS 

severity.  

 investigate ex vivo the influence of oxidative stress on PBMCs from MS patients and 

healthy controls. PBMCs will be treated with hydrogen peroxide; their mitochondrial 

activity, Hsp70-2 protein expression and the production of intracellular ROS will be 

assessed at different time points. In addition, mitochondrial activity and Hsp70-2 

proteins levels will be related to the previously studied HSP70-2 rs1061581 

polymorphism, also known as HSP70-2 +1267 A/G. This polymorphism is localized 

in the coding region of the HSPA1B gene and causes a synonymous mutation that 

seems to influence the process of RNA translation; therefore, it may vary the response 

to oxidative stress. 

Considering the complex interplay between genetic and environmental factors in 

determining MS risk, we will direct our attention to vitamin D and its receptor, VDR.   

Vitamin D has immunomodulatory effects and its deficiency is a risk factor for the 

development of MS. Vitamin D exerts its effects by binding to the VDR, which can 

recognize and bind to VDREs, upregulating or downregulating the transcription of target 

genes. Although the VDR gene is not located in the MHC class III, it attracts our attention 

because it is polymorphic; it is located on chromosome 12q13.1 and genetic variations 

within this gene could alter the response to vitamin D. 

The aim is to investigate the possible role of VDR polymorphisms in MS. Specifically, 

allelic and genotypic frequencies of VDR rs731236 (TaqI T/C) and VDR rs433408 

(HpyCH4V G/A) polymorphisms will be assessed, comparing MS patients and healthy 

controls. The first polymorphism is located in the exon 9 of the VDR gene and causes a 

substitution from T to C, which results in a silent codon change. The second polymorphism, 

VDR rs4334089, is located in the 5’UTR. Furthermore, total, cytoplasmic and nuclear VDR 

protein expression will be analysed to understand whether the two VDR polymorphisms 

could influence VDR protein expression and/or its distribution in the cell. In addition, 

serum vitamin D levels [25(OH)D3] will be determined in MS patients to assess a possible 
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association with VDR protein levels.  

Understanding the possible influence of the polymorphisms of VDR in MS and the 

potential  implications with vitamin D levels could provide valuable information to shape 

resource and healthcare planning as well as individual therapeutic intervention.  

 

  

3.2. Materials and methods 

 

3.2.1. Subjects and ethics statement 

Patients with a diagnosis of MS according to the 2010 revised McDonald Criteria were 

recruited from the MS Centre of the IRCCS National Neurological Institute “C. Mondino” 

(Pavia, Italy). The neurological disability of MS patients was quantify by the Expanded 

Disability Status Scale (EDSS) and the clinical impact of the disease was calculated 

applying the Multiple Sclerosis Severity Score (MSSS), which relates scores on EDSS to 

disease duration. 

Healthy controls matched for ethnicity and age, were selected from healthy subjects 

assessed to be free from any kind of disorders, whether physical or mental, at the time of 

blood sampling. Healthy subject were recruited by the IRCCS National Neurological 

Institute “C. Mondino” (Pavia, Italy).  

The study has been approved by the Ethics Committee of each institution and has been 

conducted in accordance with the principles set out in the World Medical Association 

Declaration of Helsinki. All patients and controls signed informed consent. 

 

 

3.2.2. Separation of blood components 

PBMCs from MS patients and healthy controls were separated by the other blood 

component by density gradient centrifugation, using Ficoll (Histopaque, d=1077 at room 

temperature, Sigma Aldrich). Blood was stratified over the Ficoll and centrifugated at 450 g 

for 30 minutes. During the centrifugation, different blood components migrate through 

gradient forming distinct phases: lower layer with erythrocytes, Ficoll layer, leukocyte ring, 

upper layer with plasma and platelets. 

A portion of the plasma layer was collected and stored frozen at -80°C. 

Lymphocytes were harvested from the ring above Ficoll and washed with PBS (Phosphate 

Buffered Saline). The samples were centrifuged at 300 g for 10 minutes. Cells were 

counted using a Burker chamber and by staining with Trypan blue. Cells for extracting 

proteins were stored at -80°C as dry pellet, another amount was suspended in RPMI for the 

cell culture.  
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3.2.3. Evaluation of vitamin D plasma levels 

Vitamin D plasma levels were evaluated by using the Elecsys® Vitamin D total assay on 

the cobas e601 immunoanalyzer (Roche Diagnostics). 

 

 

3.2.4. Cell cultures and H2O2 treatments 

 

3.2.4.1. PBMC cultures 

Isolated PBMCs are primary culture; in absence of mitogens they are not able to proliferate 

and have a limited survival. PBMCs were cultivated in RPMI 1640 medium (EuroClone), 

supplemented with 10% fetal bovine serum, 1% L-glutammine, penicillin (100 U/ml) and 

streptomycin (100 μg/ml). PBMCs were incubated at 37 °C in 5% CO2 atmosphere.  

 

 

3.2.4.2. MTT assay and H2O2 treatments 

The MTT assay is a colorimetric assay used to assess cell viability or to measure cell 

proliferation. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is a 

yellow light sensitive salt, when solubilized in PBS, it is able to enter into the cells. 

Mitochondrial succinate dehydrogenase cleave the tetrazolium ring, forming the insoluble 

purple formazan. The amount of formazan generated is directly proportional to the 

mitochondrial activity of the cells examined.  The formazan must be solubilized to produce 

a homogeneous solution suitable for measurement of optical density.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Scheme for the treatment with H2O2 for the MTT assay 
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In this study the MTT assay was used to assess PBMCs viability after H2O2 treatments. 

Briefly, PBMCs were seeded into 96 well plates at a density of 5.0 x 10
4
 cells/well in 100 

µl of RPMI 1640 medium and incubated at 37 °C in 5% CO2 atmosphere. A scheme of the 

subdivision of the wells is reported in figure 27. Normalization was done on the medium. 

Cells were treated with 10 µM H2O2 (Sigma-Aldrich) for different time exposures: 15 

minutes and 3 hours. Immediately after removing the medium with H2O2, 10 µl of MTT 

[solubilized in PBS (1 mg: 1 ml)] was added to each well. 

After 4 h at 37 °C, formazan crystals were solubilized with 100 µl of lysis buffer (20% 

sodium dodecyl sulfate (SDS) in 50% dimethylformamide), at 37 °C overnight. Absorbance 

values were measured at 595 nm in a microplate reader (SynergyHT, BioTek Instruments, 

Inc.). 

 

 

3.2.4.3. H2O2 treatments for the evaluation of Hsp70-2 protein expression 

To assess the Hsp70 protein levels, PBMCs were seeded into 6 well plates at a density of 

3.0 x 10
6
 cells/well in 1 ml of RPMI 1640 medium and incubated at 37 °C in 5% CO2 

atmosphere.  

Cells were treated with 10 µM H2O2 (Figure 28). After the oxidative treatment, the medium 

with H2O2 was removed, the cells washed with 1 ml of PBS. PBMCs were resuspended in 

PBS and collected using a cell scraper. PBMCs were then washed, and the cellular pellet 

was stored at -80 °C for subsequent Western blotting analysis. 

 

 

  

 

 

 

 

 

 

 

Figure 28. Scheme for the treatment with H2O2 to evaluate Hsp70-2 protein levels. 

 

 

3.2.5. Cell fractionation 

Nuclear and cytoplasmic fractions of PBMC from MS patients and healthy controls were 

prepared using the Nuclear Extract Kit (Active Motif) following the manufacturer’s 
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instructions, and stored for subsequent Western blot analysis on VDR protein. 

Briefly, cellular pellets, obtained after the separation of blood component, were gently 

resuspended in a Hypotonic buffer by pipetting. Cells were allowed to swell by incubating 

for 15 min on ice; then a detergent solution was added and samples were vortexed for 10 

seconds at the highest setting. The suspension were centrifuged for 30 sec at 14000 x g at 

4°C. The supernatant, that constitute the cytoplasmic fraction, was transferred and stored at 

-80°C. The pellet was used for nuclear fraction collection: it was resuspended in Complete 

Lysis Buffer by pipetting and then vortexed 10 sec at the highest setting. The suspension 

was incubated for 30 min on ice on a rocking platform at 150 rpm. The suspension was 

vortexed for 30 sec at the highest setting and centrifuged for 10 min at 14000 x at 4°C. The 

supernatant, representing the nuclear fraction, was transferred and store at -80°C. 

 

 

3.2.6. Protein expression analysis 

 

3.2.6.1. Homogenization of the samples  

To evaluate Hsp70-Hom and total VDR protein expression, PBMCs isolated from 

peripheral blood of MS patients and healthy controls and stored as dry pellet at -80°C were 

used. The cells were homogenized in a buffer containing 20 mM Tris–HCl (pH 7.4), 2 mM 

EDTA, 0.5 mM ethylene glycol tetraacetic acid (EGTA), 50 mM 2-mercaptoethanol, 0.32 

mM sucrose, with the addition of a protease inhibitor cocktail at the dilution suggested by 

the manufacturer (Roche Molecular Biochemicals), by using a Teflon/glass homogenizer 

and sonicating twice for 10 s.  

 

 

3.2.6.2. Protein content estimation 

The protein content of each sample of nuclear, cytoplasmic and whole-cell fractions was 

measured via Bradford's method using bovine serum albumin (BSA; Sigma Aldrich) as 

standard. 96 wells plates were used and each sample was analysed in triplicate. Dilutions of 

the samples were prepared using the lysis buffer as diluent. BSA was used to produce a 

standard curve (0; 0.5 µg/ml; 1 µg/ml; 2 µg/ml; 4 µg/ml; 8 µg/ml; 16 µg/ml). Each well 

was filled with 200 µl of a solution formed by mixing the diluted sample and Bradford 1X. 

Plates were read at 595 nm with a spectrophotometer. Interpolation of the absorbance and 

standard known concentrations were used to calculate the concentration of each sample.  
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3.2.6.3. Preparation of the samples for SDS-electrophoresis 

To evaluate Hsp70-Hom protein expression, equal amounts of extracted proteins were 

diluted in a protein gel loading solution 2X containing 0.125 M Tris HCl  (pH 6.8), 20% 

glycerol, 4% SDS, 0.05% bromophenol blue, 10% mM 2-mercaptoethanol and boiled for 5 

min, at 95°C to denature the proteins. 

To evaluate Hsp70-2 protein expression cells treated in vitro were used. PBMCs were 

resuspended directly in 25 µl of 1X SDS protein gel loading solution, sonicated and boiled 

for 5 min, at 95°C.  

 

 

3.2.6.4. Electrophoresis and western blot 

SDS-polyacrylamide gel electrophoresis is based on the denaturation of proteins by the 

anionic detergent SDS, which binds proteins, giving to them a negative charge. In this way, 

the proteins run towards the anode and are separated on base of their molecular weight.  

Gels were casted mounting glasses for gel electrophoresis and 1.5 mm spacers, using the 

relative support (Biorad). Resolving gels were prepared at 12% of polyacrylamide content, 

using Tris HCl 1.5 M pH 8.8, 0.01% SDS, 0.05% ammonium persulfate (APS), 0.05% 

N,N,N',N'-tetrametiletilendiammine (TEMED) and poured into the gap between the outer 

and the inner glass. Gels were left to polymerise for 45-60 minutes at room temperature 

After polymerization, the stacking gel was added (5% polyacrylamide, Tris HCl 1.5 M pH 

6.8, 0.01% SDS, 0.01% APS, 0.01% TEMED).  

Gels were mounting into the running apparatus (Biorad) and samples were loaded into the 

gel wells. A pre-stained protein ladder (Amersham Pharmacia Biotech Rainbow Markers, 

Amersham) was loaded as well. Gels were running at 120 mV in running buffer containing 

0.025 M TRIS-HCl, 0.2 M glycine and 3.4 mM SDS. Resolved proteins were transferred to 

nitrocellulose membrane, previously conditioning in the transfer buffer containing 0.025 M 

TRIS-HCl, 0.2 M glycine and 20% methanol. A gel sandwich was prepared in a cassette 

(Biorad) by layering foam pad, filter paper, gel, membrane, filter paper and foam pad. The 

cassette was placed into its module and tank, filled with chilled transfer buffer. Transfer 

was performed at 4°C for 1 hour at 250 mA. After the transfer, the membranes were stained 

with red Ponceau to assess the correct loading of the proteins. The membranes were washed 

in TBS-T buffer pH 7.5 containing 10 mM TrisHCl, 100 mM NaCl and 0,1% Tween20 and 

then blocked in 6% milk in TBS-T buffer for 2 hours to avoid non-specific antibodies 

binding. Membranes were incubated with the primary antibodies at 4°C overnight. Mouse 

monoclonal anti-Hsp70-Hom antibody (Enzo Lifescience) was diluted at 1:1000, rabbit 

monoclonal anti-Hsp70-2 antibody (Enzo Lifescience) was diluted 1:750, mouse 

monoclonal anti-VDR antibody (Santa Cruz Biotechnology) was diluted 1:750, and mouse 
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monoclonal antibody anti-α-tubulin (Sigma-Aldrich) was diluted at 1:1000 in 6% milk in 

TBS-T buffer. Membranes were washed four times for 10 minutes with TBS-T buffer to 

remove the unbound antibody and then incubated with horseradish peroxidase (HRP)-

conjugated secondary antibodies for 1 hour at RT. Anti-mouse and anti-rabbit antibodies 

(Sigma-Aldrich) were diluted 1:3000 in 6% milk in TBS-T buffer. The unbound antibody 

was removed by washing the membranes three times for 10 minutes with TBS-T buffer. 

Membranes were treated with enhance chemiluminescence (ECL) liquid (Biorad) for 2 

minutes and the excess of liquid was removed to detect immune-reactive bands on 

autoradiographic films (Amersham Biosciences) after 1 to 10 minutes of exposition under 

dark conditions. The chemiluminescent reaction is based on the H2O2-dependent oxidative 

activity of HRP on luminol, the intensity of subsequent emission of light is proportional to 

the quantity of HRP, so to the quantity of the protein of interest. Films were developed 

using developer and fixer liquids (Kodak) and acquired by scanning. Bands intensity was 

analysed on the densitometric values obtained using the V1.62 NIH Image software. 

 

 

3.2.7. Genetic analysis 

 

3.2.7.1. DNA extraction from whole blood 

Whole blood was collected by venepuncture, in Vacutainer tubes containing 

ethylenedinitrilotetraacetic acid (EDTA). Human genomic DNA was obtained from 200 μl 

of whole blood using the QIAamp DNA Blood Mini Kit (QIAGEN) following the 

manufacturer's protocol. The concentration and purity of DNA was determined by 

spectrophotometric analysis. Obtained DNA were stored at -20°C. 

 

 

3.2.7.2. Gene polymorphism analysis with PCR-RFLP 

In order to establish alleles and genotypes for HSP70-Hom rs2227956, HSP70-2 rs1061581 

and VDR rs731236 polymorphisms, a Polymerase Chain Reaction - Restriction Fragment 

Length Polymorphism (PCR-RFLP) was performed.  

The DNA sequence of interest was amplified by PCR. The amplification of a specific 

genomic region is possible thanks to the use of two specific primers. The reaction proceed 

in a series of three repeated cycles: denaturation of the DNA, annealing of primers to the 

single-stranded DNA templates and extension. 

To analyse HSP70-Hom rs2227956, HSP70-2 rs1061581 and VDR rs731236 

polymorphisms, PCR amplifications were carried out in a total volume of 25 μl containing: 

1 μl of genomic DNA (final concentration 20 ng/μl), 0.1 μl of Taq polymerase (Eurobio) 
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(final concentration 0.02 U/μl), 2.5 μl PCR Buffer 10X (Eurobio), 0.75 μlMgCl2 (Eurobio) 

(final concentration 1.5 mM), 2.5 μl dNTPs (final concentration 2 mM each), 1 μl of each 

specific forward and reverse primers (final concentration 4 ng/μl) (Table 2) and 16.15 μl of 

sterile H2O, using the thermal cycle I-Cycler (Biorad).  

 

Table 2. Sequence of primers and size of fragments obtained following the PCR. 

 

The following amplification conditions were applied for HSP70-Hom rs2227956 and 

HSP70-2 rs1061581 polymorphisms: initial incubation at 95 °C for 5 min, followed by 35 

cycles each of 95 °C for 30 s, 53 °C for 1 min, 72 °C for 1 min and 30 s; final extension 

was carried out at 72 °C for 7 min. 

To analyse VDR rs731236 polymorphism the following amplification conditions were 

applied: initial incubation at 95 °C for 5 min, followed by 30 cycles each of 95 °C for 30 s, 

59.5 °C for 30 s, 72 °C for 30 s; final extension was carried out at 72 °C for 7 min. 

To verify the correct amplification of the genomic region of interest, 2% agarose gel 

electrophoresis was performed. The agarose in crystals (Eurobio) was melted in  1X TRIS-

Boric acid-EDTA (TBE) electrophoresis buffer pH 8.3. Subsequently, ethidium bromide 

(Pharmacia Biotech), a DNA intercalating agent, was added to the solution to a final 

concentration of 0.5 mg/ml.  The solution was poured in the specific tank and once 

solidified, the gel was placed in an electrophoretic apparatus and covered with 1X TBE 

buffer. Subsequently, 10 μl of sample of amplified DNA and a DNA ladder (Gene Ruler 

DNA Ladder; Fermentas) were loaded into the wells. The gels were run at constant voltage 

(5V/cm), for 2 hours to obtain the migration of the DNA polyanion toward the anode. At 

the end of the race, the bands are displayed on a UV transilluminator (λ = 312 nm). At this 

wavelength, the ethidium bromide emits radiation in the visible allowing the detection of 

the bands: 878 bp for HSP70-Hom rs2227956 polymorphism, 1117 bp for HSP70-2 

rs1061581 polymorphism, 381 bp for VDR rs731236 polymorphism (Table 2).  

Genotypes for HSP70-HOM rs2227956, HSP70-2 rs1061581 and VDR rs731236 

polymorphisms were determined by digestion with an appropriate restriction enzyme, 

through the PCR-RFLP. This method is based on the fact that a single nucleotide change in 

the recognition sequence of restriction enzymes alters the pattern of "cuts" operated in 

Gene Primers Size 

HSP70-HOM 
F: 5’-GGACAAGTCTGAGAAGGTACAG-3’ 

R: 5’-GTAACTTAGATTCAGGTCTGG-3’ 
878 bp 

HSP70-2 
F: 5’-CATCGACTTCTACACGTCCA-3’ 

R: 5’-CAAAGTCCTTGAGTCCCCAAC-3’ 
1117 bp 

VDR 
F: 5’-GTCACTGGAGGGCTTTGG-3’  

R: 5’-GCTGCACTCAGGCTGGAA-3’ 
381 bp 
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DNA, and therefore the restriction enzyme is no able to cut the DNA.  

For HSP70-HOM rs2227956 polymorphism, PCR products were then treated with NcoI 

(New England Biolabs) as restriction enzyme following this protocol: 15 μl PCR product, 

3.5 μl Nuclease Enzyme (NE) Buffer 10X, 0.5 μl NcoI (final concentration: 0.2 U/μl), 0.35 

μl BSA and 5.65 μl H2O. 

The same protocol was applied for HSP70-2 rs1061581 polymorphism, but using PstI (New 

England Biolabs) as restriction enzyme. 

For VDR rs731236, PCR products were then treated with TaqI (New England Biolabs) as 

restriction enzyme following the protocol: 15 μl PCR product, 3.5 μl NE Buffer 10X, 0.5 μl 

TaqI (final concentration: 0.2 U/μl) and 6.0 μl H2O. 

The reaction was then carried out for HSP70-HOM rs2227956 and HSP70-2 rs1061581 

polymorphisms at 37°C, for VDR rs731236 at 65°C, for 16 hours and the restriction 

fragments were then separated on a 3% agarose gel (Table 3). Finally, the gel was 

photographed using a Kodak DC290 digital camera (Figure 29). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Restriction enzymes and restriction fragments of the investigated 

polymorphisms. 

 

Gene SNP Enzyme Fragments (bp) 

HSP70-HOM rs222795 Ncol 

878 (C) 

551 (T) 

327 

HSP70-2 rs1061581 Pstl 

1117 (A) 

936 (G) 

181 

VDR rs731236 TaqI 

381 (T) 

203 (C) 

178 
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4 3 1 2 
A 

4 3 2 1 
B 

1 2 3 4 

C 

 

 

Figure 29. Representative images of agarose gels for the genotyping by PCR-RFLP. A| 

Genotyping of the HSP70-HOM rs2227956 polymorphism. Lane 1: DNA ladder; lane 2: 

homozygous genotype TT; lanes 3: heterozygous genotype TC; lane 4: homozygous 

genotype CC. B| Genotyping of the HSP70-2 rs1061581 polymorphism. Lane 1: DNA 

ladder; lane 2: homozygous genotype AA; lanes 3: heterozygous genotype AG; lane 4: 

homozygous genotype GG. C| Genotyping of the VDR rs731236 polymorphism. Lane 1: 

DNA ladder; lane 2: homozygous genotype TT; lanes 3: homozygous genotype CC; lane 4: 

heterozygous genotype TC. 
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3.2.7.3. Real-Time PCR 

Alleles and genotypes for VDR rs4334089 polymorphism were assessed by Real-Time 

PCR. 

The analysis of a SNP using Real-Time PCR takes advantage of two TaqMan probes. 

TaqMan probes are single strand oligonucleotide, a fluorophore is covalently attached to 

the 5’-end of the probe and a quencher at the 3’-end. The quencher molecule suppresses the 

fluorescence emitted by the fluorophore. During the extension phase of the amplification, 

the probe binds to a specific target sequence and is degraded by the hydrolysis of the 

nuclease activity of the Taq polymerase. In this way, the quenching effect is abolished and 

the fluorescent signal is detectable. Sequence-specific forward and reverse primers allow 

DNA amplification and allele-specific probes, which hybridize to the SNP polymorphic 

site, permit the discrimination of the two alleles. The two alleles are labelled with different 

fluorophores: VIC-labeled probe detects allele 1 sequence and FAM-labeled probe detects 

allele 2 sequence. During the reaction, the fluorescence signal of each dye is detected and 

measured by specific software and the genotypes are assigned. Results are reported as a 

scatter plot of the allele 1 (VIC dye) versus allele 2 (FAM dye), in which each dot represent 

a single sample (Figure 30). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Representative result of qPCR based on the custom allele discrimination 

Taqman assay. The results for the VDR rs4334089 polymorphism are shown. Clusters 

show genotypes: green for homozygous GG (minor) genotype; red for heterozygous AG 

genotype and blue for homozygous AA (wild type) genotype. 
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The VDR rs4334089 was analysed by Real-Time PCR using the specific assay 

C___2880798_10 (Applied Biosystem). 1 µl of DNA were aliquoted into each well of a 

384-well plate (final concentration: 10 ng/µl); the reaction was carried out in a final volume 

of 5 µl adding: 2.5 µl of 2X Master mix Probe (Biorad), 0.0625 μl µl of assay and 2.4375 

µl of sterile H2O. The SNP detection was carried out in the LightCycler 480 (Roche), 

following the thermal cycling conditions: one denaturation cycle of 10 min at 96°C, 

followed by 45 cycles each of 92°C for 15 s and 60°C for 90. Fluorescence was measured 

by the dedicated software (RealPlex 2.0) and the genotype was determined (Figure 30). 

 

 

3.2.8. Statistical analysis 

Genotypic and allele frequencies of the analysed polymorphisms (HSP70-HOM rs2227956, 

VDR rs731236 and VDR rs4334089) were calculated in MS patients and healthy controls.  

Allelic frequencies in controls were examined to detect any significant deviation from the 

Hardy–Weinberg Equilibrium using a goodness of fit χ
2
 test. 

An unconditional logistic regression analysis, adjusted by sex and age, were performed to 

assess the association between the analysed polymorphisms and MS; adjusted Odds Ratios 

(OR) with 95% confidence intervals (95% CI) were derived and used as measure of effect. 

For the HSP70-HOM rs2227956 polymorphism an additive allelic model and a genotypic 

model were fitted to estimate the C allele risk, the heterozygous TC versus wild type TT 

risk and the homozygous CC versus wild type TT genotype risk. 

For the VDR rs731236 polymorphism a genotypic model was fitted to estimate the 

heterozygous TC versus wild type TT risk and the homozygous CC versus wild type TT 

genotype risk. 

For the VDR rs4334089 polymorphism a genotypic model was fitted to estimate the 

heterozygous GA versus wild type GG risk and the homozygous AA versus wild type GG 

genotype risk. 

For the VDR rs731236 and VDR rs4334089 polymorphisms a dominant model was applied 

to estimate the allelic risk, considering at least one minor allele: C allele for VDR rs731236  

and A allele for VDR rs4334089.  

The Likelihood Ratio (LR) based omnibus association test was used to analyse whether the 

overall HSP70-2 and HSP70-HOM multilocus variation influences MS presence and 

severity and whether a single locus had an independent effect.  

A linear regression model was use to analyse the association between HSP70-HOM 

polymorphism and MS severity, and between HSP70-HOM polymorphism and the 

quantitative expression of Hsp70-Hom protein in MS patients and healthy controls. The 

direction of the regression coefficient represents the effect of the risk genotype (CC or TC) 

versus the reference genotype (TT) (i.e. a negative regression coefficient means that the risk 
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allele decreases MSSS mean or Hsp70-Hom protein level mean); sex and age were included 

as covariates. 

The same type of analysis was applied to analyse the association between VDR rs731236 

and VDR rs4334089 polymorphisms and the total, cytoplasmic and nuclear VDR protein 

expression, respectively. The direction of the regression coefficient represents the effect of 

the risk genotypes (TC and CC for VDR rs731236; GA or AA for VDR rs4334089) versus 

the reference genotype (TT for VDR rs731236; GG for VDR rs4334089) (i.e. a negative 

regression coefficient means that the risk allele decreases VDR protein level mean). 

Furthermore, a linear regression model was used to test whether plasma vitamin D levels 

affect VDR protein expression. The direction of the coefficient represents the effect of the 

vitamin D levels (i.e. a negative regression coefficient means that the increase in vitamin D 

levels decreases VDR protein expression); sex, age and MS severity were included as 

covariates. Separated models were fitted to study protein expression in the overall sample 

and in cases/controls samples separately. 

The Wilcoxon rank-sum test was performed to compare the Hsp70-Hom protein expression 

levels between low and high MS impact patients.  

For data on MTT, Hsp70-2 protein expression and ROS levels, normality distribution of 

endpoint variables was tested by the Shapiro-Wilk test and by the skewness and kurtosis 

values compared to their standard error and homogeneity of variance using Levene test.  

For the MTT and ROS endpoint variable a mixed model parametric analysis of variance 

(ANOVA) was used with the aim of verifying the effect of groups (MS cases vs healthy 

controls), time period (T0, T15’, T3h) and their interaction; the effect of genotype 

categories (AA, AG, GG),  time period (T0, T15’, T3h) and their interaction was evaluated 

for MTT only. Post hoc Student t test with Bonferroni correction for multiple comparisons 

was used to compare mean pairs when differences were significant.  

For Hsp70-2 protein levels of PBMCs endpoint variables a non-parametric approach was 

chosen, using Friedman test for the evaluation of the effect of the time of exposure (T0, 

T15’, T3h) and Mann-Whitney and Kruskal-Wallis tests for the comparison of the two 

groups (MS cases vs healthy controls) and the genotype categories (AA, AG, GG) 

respectively. 

All the statistical analyses were performed using Plink 1.07 and Stata 14 statistical software 

(Stata Corporation, College Station, TX, USA). 
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3.3. Results 

 

3.3.1. Role of Hsp70-Hom in multiple sclerosis 

 

3.3.1.1. HSP70-HOM rs2227956 polymorphism 

The SNP Hsp70-HOM rs2227956 was analysed in order to find a possible relation with MS 

onset and/or disease progression. 

The genotype of 191 MS patients and 365 healthy controls, displayed full clinical and 

demographic information, was determined. Statistical analysis were adjusted by age and 

gender as possible MS risk confounders (MS patients were older compared to healthy 

controls, 44.1 ± 10.7 vs 35.7 ± 8.6 years, p < 0.001; MS female to male ratio was higher 

compared to the group of controls 1.81 vs 1.31, p < 0.05). Genotypic frequencies in the 

control group did not deviate from the Hardy–Weinberg equilibrium (p > 0.05). 

TT genotype and T allele were considered respectively as the reference genotype and the 

reference allele in the analysis. Comparing the group of MS patients with those of healthy 

subjects, HSP70-HOM gene polymorphism resulted significantly associated with MS 

(Table 4).  

 

Table 4. Alleles and genotypes frequencies of HSP70-HOM rs2227956 polymorphism 

and their association with MS assessed using logistic models corrected by age and 

gender.  

TT genotype was considered the reference genotype in the genotypic model. 

T was considered the reference allele in the additive allelic model. 

♣ Bonferroni corrected threshold p-value is 0.01 for the genotypic model and 0.0125 for the 

allelic model.  

 

Regarding the genotypic model, the CC genotype increased the risk of developing MS of 

almost seven-fold compared to the TT wild-type genotype (OR = 6.71, p < 0.0001, 

Bonferroni threshold applied to the multivariable model: p=0.01), whereas the TC genotype 

conferred only a moderate risk (OR = 1.53, p = 0.046). With regard to the allelic model, the 

 MS patients Healthy controls 
Adjusted OR 

(95% CI) 
p value  ♣ 

 N=191 N=365   

CC 29 (15%) 10 (3%) 6.71 (3.11-14.43) <0.0001 

TC 52 (27%) 84 (23%) 1.53 (1.00-2.35) 0.046 

TT 110 (58%) 271 (74%) 1  

C 110 (29%) 104 (14%) 2.13 (1.60-2.86) <0.0001 

T 272 (71%) 626 (86%) 1  
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C allele increased of two-fold the risk of developing the disease (OR = 2.13, p < 0.0001) 

(Table 4). 

Also the disease severity was considered in the analysis: MS severity, measured by MSSS, 

tended to be distributed differently among MS patient depending on their HSP70-HOM 

rs2227956 polymorphism genotype. CC patients exhibited an increased MSSS on average 

of 1.22 compared to TT patients (95% CI: 0.22–2.21, p=0.017), whereas MSSS did not 

significantly increase in TC heterozygous patients (β = 0.09, 95% CI: −0.70–0.89, p=0.81) 

(Figure 31). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. MSSS  distribution by HSP70-HOM rs2227956 genotype. MS patients (black 

dots) are grouped by Hsp70-Hom rs2227956 genotype. 25th percentile, median and 75th 

percentile are reported on the dot blot (black bars). MSSS is significantly increased in CC 

carriers, compared to TT carriers. 

 

 

3.3.1.2. Combined effect of HSP70-2 and HSP70-HOM 

In this work, HSP70-HOM rs2227956 polymorphism was found to be associated with MS. 

Furthermore, our research group previously find an association between HSP70-2 

rs1061581 polymorphism and MS, with the G allele as risk allele (Boiocchi C et al, 2014).  

Considering that the variants of the two polymorphisms are in partial linkage 

disequilibrium (D′ = 0.2), a multilocus analysis was perform to test whether it was possible 

to identify combined genetic predictors of MS risk. 

A significant increased frequency of the combination of the GC risk alleles of the HSP70-2 
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rs1061581 and the HSP70-HOM rs2227956 polymorphisms, respectively was found in MS 

patients compared to healthy controls (OR: 3.49, p < 0.0001) (Table 5). On the other hand, 

MS patients showed a significant decreased frequency of the combination of HSP70-2 

rs1061581 and the HSP70-HOM rs2227956 polymorphisms wild-type AT alleles compared 

to healthy controls (OR: 0,57, p < 0.0001) (Table 5). 

 

Table 5. HSP70-2 and HSP70-HOM multimarker analysis. The overall variation of the 

alleles formed by the HSP70-2 rs1061581 and HSP70-HOM rs2227956 polymorphisms 

influences MS risk (omnibus association LR test p < 0.0001).  

The AT combination is considered the reference. 

 

After adjusting for the global effect of the alleles variation in the combined loci, HSP70-

HOM exhibited an independent effect on MS risk (conditional LR test p < 0.0001), whereas 

HSP70-2 was only borderline significant (conditional LR test p = 0.059). 

 

 

3.3.1.3. Hsp70-Hom protein expression 

To evaluate Hsp70-Hom protein expression, proteins levels were quantified by Western 

blot, using PMBCs from a subgroup of 47 MS patients and 29 healthy controls, randomly 

selected (Figure 32).  

Hsp70-Hom protein expression did not significantly vary between MS patients and healthy 

controls or within HSP70-Hom genotypes (Table 6; Figure 33 A). 

However, Hsp70-Hom protein levels ware significantly linked to MS severity. We arbitrary 

chose a cut–off value of an MSSS of 3: MS patients with a MSSS < 3 were considered 

affected by a mild form of disease, MSSS ≥ 3 reflected patients with a moderate to severe 

form of MS. Patients with a mild form of MS (MSSS score < 3; 55% of patients) showed a 

lower level of the median protein levels, compared to that of the other MS patients (MSSS 

HSP70-2  

rs1061581 

HSP70-HOM  

rs2227956 

MS 

patients 

Healthy 

controls 

Adjusted OR 

(95% CI) 
p value 

  N=191 N=365   

G C 14% 5% 
3.49 

(2.17-5.6) 
<0.0001 

A C 15% 9% 
1.87 

(1.27-2.75) 
0.000152 

G T 26% 28% 
0.93 

(0.706-1.22) 
0.582 

A T 45% 59% 
0.57 

(0.44-0.73) 
<0.0001 
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A B 

≥ 3; 45% of patients)  (676.1 and 1134, respectively, p=0.038). We noticed that none of the 

patients with Hsp70-Hom protein levels below the 25th percentile had a high value of 

MSSS (high disease severity) (Figure 33 B). 

 

 

 

 

 

 

 

 

Figure 32. Representative Western blot images of Hsp70-Hom and α-tubulin protein 

content in PBMCs from MS patients and controls. They are subdivided by the HSP70-

HOM rs2227956 genotype (TC, TT, CC). α-tubulin was used to normalize the data. 

Figure 33. Hsp70-Hom protein expression. A| MS patients (black dots) and controls 

(white dots) are grouped by HSP70-HOM rs2227956 genotype; 25th percentile, median and 

75th percentile are reported on the dot plot (black bars). No statistically significantly 

difference between MS patients and healthy controls or within HSP70-HOM genotypes are 

observe (p > 0.05). B| MS patients (black dots) are grouped by MS severity (MSSS), 25th 

percentile, median, 75th percentile are reported on the dot plot (black bars). Hsp70-Hom 

protein levels are significantly reduced in MS patients with low MS severity (MSSS < 3), 

compared to MS patients with higher disease severity (MSSS ≥ 3). 
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Table 6.  Hsp70-Hom protein expression levels. β-coefficient and standard error of 

analysed factors are derived from a linear regression model and are adjusted by age and 

sex. TT genotype is considered the reference genotype. 

 

 

3.3.2. Role of Hsp70-2 and oxidative stress in multiple sclerosis 

 

3.3.2.1. Subjects analysed  

To understand the influence of oxidative stress on PBMC, mitochondrial activity, Hsp70-2 

protein levels and production of intracellular ROS were assessed using PBMCs from a  

total of 77 MS patients and 49 healthy controls displaying full clinical and demographic 

information. Of every subject HSP70-2 rs1061581 polymorphism genotype was 

determined. Genotypic frequencies of HSP70-2 rs1061581 polymorphism in the control 

group did not deviate from the Hardy-Weinberg equilibrium (p > 0.05).  

Among MS patients, 23% were males and the mean age at the time of samples collection 

was 48.20±11.73 years. Among the healthy donors, males represented the bigger proportion 

(58.33%, p < 0.001), whereas the mean age at the time of samples collection was quite 

similar to MS cases (48.00±13.30, p > 0.01).  

 

 

3.3.2.2. MTT levels  

To investigate the influence of oxidative stress on PBMCs, we analyzed the mitochondrial 

activity of PBMCs in vitro. 

Concentration/response curves to H2O2 of PBMCs cultures from 49 MS patients and 46 

healthy controls were assessed (Figure 34).  

 
β-coefficient 

Standard 

error 
p-value 

HSP70-hom genotypes 
   

CT vs TT 397.32 663.9 0.49 

CC vs TT 452.87 657 0.55 

Multiple sclerosis yes vs no -209.18 657.04 0.49 

Sex (female vs male) -78.42 415.94 0.62 

Age  (in years) 77.84 349.98 0.82 



 

 

 

 

 

 

 

 

 

 
3. Studying Multiple Sclerosis 

  

 

89 

 

Figure 34. MTT levels in response to H2O2 of PBMC cultures from MS patients (red) 

and healthy controls (green). Mean values and standard deviations are reported. 

 

The relationship among MTT levels, exposure time and group of subjects was studied using 

a parametric approach.  

MTT levels of MS cases were not significantly different compared to healthy controls, but 

the parametric analysis of variance showed a significant MTT variability over time points 

for both groups (Table 7 and Figure 34). 

 

 

 

 

 

 

Table 7.  ANOVA mixed model for the relationship between MTT levels, exposure 

time to H2O2 and group of subjects. f is the F-test statistics value, df are the degrees of 

freedom combination.  

* Due to the violation of sphericity the Huynh-Feldt correction was applied. 

 

Considering the whole sample (MS patients and healthy controls together), the post hoc 

analysis for multiple comparisons among exposure time levels shows that MTT basal levels 

decreased after 15 minutes from the oxidative stress (tBonferroni=4.72, df=94, p<0.001). In 

detail, PBMCs from MS patients reduced their mitochondrial activity of 9.04 units, 

compared to the basal levels, and PBMCs from healthy controls had a reduction of 17.61 

units. Interestingly, after 3 hours from the oxidative stimulus, basal levels were almost 

restored (tBonferroni=3.41, df=94, p=0.003): no significant difference was found between 

Variability source f df p value 

Exposure time 8.88 1.74;161.54* <0.001 

Group of subjects 0.87 1;93 0.354 

Interaction 0.87 1.74; 161.54* 0.408 
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basal level and 3 hours of oxidative stress. 

Since the importance of HSP70-2 rs1061581 polymorphism for MS risk, we decided to 

analyze whether it could influence PBMCs response to oxidative stress.  For this reason, 

our data were stratified by the HSP70-2  rs1061581 genotype. Among MS cases, 37% (18 

subjects) were AA, 35% (17 subjects) were AG and 28% (14 subjects) were GG. Among 

healthy controls, 44% (20 subjects) were AA, 47% (21 subjects) were AG and 9% (4 

subjects) were GG; 1 subject had a missing genotype. 

The parametric analysis of variance showed a significant MTT variability over time points 

that was independent of the HSP70-2 rs1061581 genotype; no interaction effects was 

detected between time and genotype (Table 8 and Figure 35). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. MTT levels in response to H2O2 of PBMC cultures from subjects (MS 

patients and healthy controls together) with different HSP70-2 rs1061581 genotype, 

AA (blu), AG (orange) and GG (purple). Mean values and standard deviations of MTT 

levels are reported. 

 

Specifically, MTT levels of GG subjects were slightly higher, compared to MTT levels of 

AG and AA individuals at each time point, but the difference was not statistically 

significant. Post hoc analysis for the multiple comparisons among exposure time levels 

shows that, for each genotype, MTT levels decreased considering 15 minutes of oxidative 

stimulus, compared to the basal levels (tBonferroni=2.72, df=48, p=0.028). In detail, the 

reduction was of 15.00, 8.24, 2.36 units for AA, AG and GG individuals, respectively. The 

mitochondrial activity increased at 3 hours  (tBonferroni=2.36, df=48, p=0.067), particularly 

for GG and AG patients that showed a borderline significant increase of 14.71 and 18.24 
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units, respectively. AA patients had a less pronounced mitochondrial activity increment, 

compared to AG and GG patients, with a smaller increment of 8.94 units.  

 

 

 

 

 

 

 

 

Table 8. ANOVA mixed model for the relationship between MTT levels, exposure 

time and HSP70-2 rs1061581 genotype. f is the F-test statistics value, df are the degrees 

of freedom combination. 

* Due to the violation of sphericity the Huynh-Feldt correction was applied. 

 

 

3.3.2.3. Hsp70-2 protein levels 

Hsp70-2 protein expression was evaluated following H2O2 treatments on PBMCs from 77 

MS patients and 49 healthy donors. Protein expression was quantified by Western Blotting 

(Figure 36). 

 

 

 

 

 

 

 

 

  

Figure 36. Representative Western blot images of Hsp70-2 and α-tubulin protein 

content in PBMC from MS patients and controls. They are subdivided by exposure time 

to H2O2 (T0, T15’, T3h). α-tubulin was used to normalize the data. 

 

The relationship among Hsp70-2 protein expression, exposure time, and group of subjects 

was studied using a non-parametric approach and the mean Hsp70-2 protein levels were 

visualized on a curve on the base of time exposure to H2O2 (Figure 37).  

The exposure time to H2O2 did not change significantly Hsp70-2 protein expression in 

either MS patients (Friedman’s chi-square=1.63, df=2, exact p=0.462) or healthy controls 

(Friedman’s chi-square=1.11, df=2, exact p=0.596). Furthermore there was no significant 

Variability source f df P value 

Exposure time 3.87 1.54;71.09* 0.035 

Genotype 2.12 2;46 0.132 

Interaction 0.73 3.09; 71.09* 0.729 
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difference between the two groups at each level of exposure time to oxidative treatment 

(Mann Whitney U: at T0=1800, exact p=0.81; at T15’=1639.5, exact p=0.26, at 

T3h=1677.5, exact p=0.74); although a slightly increase is noticed after 15 min of oxidative 

stress. 

 

Figure 37. Hsp70-2 protein levels in response to H2O2 of PBMC cultures from MS 

patients subjects (red) and healthy subjects (green). Median values (interquartile range) 

of Hsp70-2 protein expression are reported. 

 

Also in this case the HSP70-2 polymorphism was considered, stratifying the analyses by 

the HSP70-2 rs1061581 genotype in each group of subjects (Figure 38 A and 38 B). 

Among MS cases, 32% (26 subjects) were AA, 46% (38 subjects) were AG and 22% (18 

subjects) were GG, whereas, among healthy controls, 46% (23 subjects) were AA, 44% (22 

subjects) were AG and 10% (5 subjects) were GG.  

In healthy subjects no significant effect of exposure time to H2O2 in any genotype category 

was found (AA: Friedman’s chi-square=2.1, df=2, exact p=0.37; AG: Friedman’s chi-

square=0.42, df=2, exact p=0.83; GG: Friedman’s chi-square=2.8, df=2, exact p=0.37). We 

did not find significant differences among genotypes after different H2O2 exposure times 

(Kruskal-Wallis chi square: at T0=4.01,  p=0.13; at T15’=2.26, p=0.32, at T3h=0.91, 

p=0.63). 

Also MS patients did not show significant effects related to H2O2 in any genotype category 

(AA: Friedman’s chi-square=1.53, df=2, exact p=0.51; AG: Friedman’s chi-square=3.85, 

df=2, exact p=0.15; GG: Friedman’s chi-square=1.73, df=2, exact p=0.46). No significant 

differences among genotypes was found at different time-points (Kruskal-Wallis chi 

square: at T0=0.26,  p=0.88; at T15’=4.99, p=0.08, at T3h=1.92, p=0.38). 
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Figure 38. Hsp70-2 protein levels in response to H2O2 of PBMC cultures with different 

HSP70-2 rs1061581 genotype, AA (blu), AG (orange) and GG (purple), A| in the 

group of healthy controls and B| in MS patients. Median values (interquartile range) of 

Hsp70-2 protein expression are reported. 

 

 

3.3.2.4. ROS formation 

The formation of intracellular ROS was measured on PBMCs from 32 MS patients and 22 

healthy controls after treatment with H2O2 and the data were analyzed with a parametric 
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analysis of variance.  

An important variability of ROS levels over time points was reported, while ROS levels of 

MS patients were not significantly different compared to healthy controls. Furthermore, 

there was no interaction effect between exposure time and group of subjects (Table 9 and 

Figure 39). 

 

Variability source f df P value 

Exposure time 3.23 2;104 0.043 

Group of subjects 0.25 1;52 0.62 

Interaction 0.58 2;104 0.56 

 

Table 9. ANOVA mixed model for the relationship between ROS levels, exposure time 

and group of subjects. f is the F-test statistics value, df are the degrees of freedom 

combination. 

 

 

Figure 39. ROS levels in response to H2O2 of PBMC cultures from MS patients 

subjects (red) and healthy subjects (green). Mean values and standard deviations of ROS 

levels are reported. 

 

Considering the whole sample (MS patients and healthy controls together), post hoc 

analysis for multiple comparisons among exposure time levels showed that ROS basal 

levels increased after 15 minutes of the oxidative stress (tBonferroni=2.52,df=53, p=0.044). In 

detail, PBMCs from MS patients incremented their ROS levels of 1905 units, compared to 

basal levels, and PBMCs from healthy controls had an increment of 1112 units. The 
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differences between T15’ and T3h and between T0 and T3h did not result statistically 

significant. 

 

 

3.3.3. VDR polymorphisms and vitamin D levels in multiple sclerosis 

 

3.3.3.1. VDR polymorphisms 

The VDR SNPs rs731236 and rs4334089 were analysed in order to find a possible relation 

with MS onset. 

The genotype of 186 MS patients and 263 healthy controls displaying full clinical and 

demographic information was determined. Statistical analysis were adjusted by age and 

gender as possible MS risk confounders (MS patients were older compared to healthy 

controls, 45±11 vs 37±9 years, p< 0.001; MS female to male ratio was slightly higher 

compared to the group of controls but not significant). Genotypic frequencies in the control 

group did not deviate from the Hardy–Weinberg equilibrium (p > 0.05). 

For the VDR rs731236 polymorphism, the TT genotype was considered as the reference 

genotype in the analysis (Table 10), a dominant model was also applied to consider the 

effect of “at least one C allele” (Table 11).  

Table 10. Genotype frequencies of VDR rs731236 polymorphism and their association 

with MS assessed using logistic models corrected by age and gender.  

TT genotype was considered the reference genotype in the genotypic model. 

Table 11. Alleles frequencies of VDR rs731236 polymorphism and their association 

with MS assessed using a dominant model. 
The OR was calculated using a dominant model: at least one minor allele (C) vs absence of 

C allele. 

VDR rs731236 

(Taq-I) 
MS patients Healthy controls 

Adjusted OR 

(95% CI) 

p 

value 

 N=185 N=242   

CC 20 (11%) 24 (10%) 1.13 (0.73-1.76) 0.58 

TC 94 (51%) 119 (49%) 1.06 (0.52-2.17) 0.87 

TT 71 (38%) 99 (41%) 1  

VDR rs731236 

(Taq-I) 
MS patients Healthy controls 

Adjusted OR 

(95% CI) 

p 

value 

 N=185 N=242   

C 134 (36%) 167 (35%) 1.12 (0.73-1.71) 0.60 

T 236 (64%) 317 (65%)   
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For the  VDR rs4334089 the reference genotype was the GG genotype (Table 12); a 

dominant model was applied to consider the effect of “at least one A allele” (Table 13).  

Comparing the group of MS patients with those of healthy subjects, for both the analysed 

polymorphism, no significant association with MS was found.  

Table 12. Genotype frequencies of VDR rs4334089 polymorphism and their 

association with MS assessed using logistic models corrected by age and gender.  

GG genotype was considered the reference genotype in the genotypic model. 

 

Table 13. Alleles frequencies of VDR rs4334089 polymorphism and their association 

with MS assessed using a dominant model.  
The OR was calculated using a dominant model: at least one minor allele (A) vs absence of 

A allele. 

 

 

3.3.3.2. Vitamin D receptor protein expression 

 

3.3.3.2.1. Total VDR protein expression 

To evaluate the total VDR protein expression, protein quantification was performed, using 

Western blot on PMBCs from 111 MS patients and 55 healthy controls (Figure 40 A).  

Total VDR protein expression did not significantly vary between MS patients and healthy 

controls: MS patients had a mean VDR protein expression of 1128 ± 579 arbitrary units and 

healthy controls showed a mean VDR protein expression of 1099 ± 341 arbitrary units (p > 

0.05) (Figure 40 B).  

In order to assess whether VDR rs731236 polymorphism is associated with an altered VDR 

protein expression, data of total VDR protein expression were associated with the different 

VDR rs4334089 

(HpyCH4V) 
MS patients Healthy controls 

Adjusted OR 

(95% CI) 

p 

value 

 N=186 N=263   

AA 12 (6%) 23 (9%) 0.98 (0.64-1.51) 0.92 

AG 74 (40%) 96 (36%) 0.66 (0.29-1.50) 0.33 

GG 100 (54%) 144 (55%) 1  

VDR rs4334089 

(HpyCH4V) 
MS patients Healthy controls 

Adjusted OR 

(95% CI) 

p 

value 

 N=186 N=263   

A 98 (26%) 142 (27%) 0.92 (0.61-1.39)    0.68 

G 274 (74%) 384 (73%)   
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genotypes, using a linear regression model adjusted by the presence of MS (Table 14). No 

statistically significant difference emerged between the VDR rs731236 polymorphism and 

the total expression levels of VDR protein (p > 0.05) (Table 14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. A| Representative Western blot images of total VDR and α-tubulin protein 

content in PBMC from MS patients and controls. α-tubulin was used to normalize the 

data. B| Total VDR protein expression. MS patients and controls (black dots) are 

grouped; 25th percentile, median and 75th percentile are reported on the dot plot (black 

bars). No statistically significantly difference between MS patients and healthy controls are 

observed (p > 0.05).  

 

Table 14. Total VDR protein expression levels related to VDR rs731236 

polymorphism. β-coefficient and standard error of analysed factors are derived from a 

linear regression model. TT genotype is considered the reference genotype. 

 

 
β-coefficient 

Standard 

error 
p-value 

VDR rs731236 (Taq-I) genotypes 
   

TC vs TT -11.76 90.41 0.897 

CC vs TT -98.31 118.78 0.409 

Multiple sclerosis yes vs no 33.22 85.21 0.697 

B 

A 
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The same type of analysis was performed for the total VDR protein expression levels and to 

the second polymorphism studied: VDR rs4334089. No statistically significant differences 

between the rs4334089 polymorphism and the total expression levels of VDR were found 

(p > 0.05) (Table 15).  

 

Table 15. Total VDR protein expression levels related to VDR rs4334089 

polymorphism. β-coefficient and standard error of analysed factors are derived from a 

linear regression model. GG genotype is considered the reference genotype. 

 

 

3.3.3.2.2. Cytoplasmic and nuclear VDR expression 

PBMCs from a subgroup of 72 MS patients and 30 healthy controls were used; the 

cytoplasmic and nuclear fractions were separated and Western blot was performed to assess 

VDR protein expression levels in the cytoplasm and in the nucleus, respectively (Figure 

41). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. Representative Western blot images VDR protein content in PBMC from 

MS patients and controls. They are subdivided in cytoplasmic (C) and nuclear (N) 

fraction. Red ponceau was used to normalize the data. 

 

 

 
β-coefficient 

Standard 

error 
p value 

VDR rs4334089 (HpyCH4V) genotypes 
   

GA vs GG -121.62 97.25 0.213 

AA vs GG 12.84 130.51 0.922 

Multiple sclerosis yes vs no 42.78 102.91 0.678 
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No statistically significant differences between MS patients and healthy controls were 

observed both for the VDR expression in the cytosol and in the nucleus. PBMCs from MS 

patients showed a mean cytosolic protein expression of 1033 ± 524 arbitrary units, whereas 

PBMCs from healthy donors had a mean protein expression of 1017 ± 437 arbitrary units (p 

> 0.05) (Figure 42 A). Regarding the VDR protein levels in the nucleus, PBMCs from MS 

patients had a mean protein expression of 1216 ± 465 arbitrary units and those from healthy 

subjects showed a mean protein expression of  1165 ± 323 arbitrary units (p > 0.05) (Figure 

42 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. A| Cytoplasmic and B| nuclear VDR protein expression. MS patients and 

controls (black dots) are grouped; 25th percentile, median and 75th percentile are reported 

on the dot plot (black bars). No statistically significantly difference between MS patients 

and healthy controls are observed (p > 0.05). 

 

To test whether the two studied polymorphisms may influence the VDR protein localization 

inside the cell, a linear regression model adjusted by presence of MS has been performed, 

considering the VDR protein expression levels in the cytoplasm and in the nucleus, 

respectively. From the analysis, no statistically significant differences emerged between the 

VDR rs731236 polymorphism and the cytoplasmic and nuclear expression levels of VDR 

protein (p > 0.05) (Table 16). Also for the VDR rs4334089 polymorphism, no statistically 

significant differences were found (p > 0.05) (Table 17). 
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Table 16. Cytoplasmic and nuclear VDR protein expression levels related to VDR 

rs731236 polymorphism. β-coefficient and standard error of analysed factors are derived 

from a linear regression model. TT genotype is considered the reference genotype. 

 

Table 17. Cytoplasmic and nuclear VDR protein expression levels related to VDR 

rs4334089 polymorphism. β-coefficient and standard error of analysed factors are derived 

from a linear regression model. GG genotype is considered the reference genotype. 

 

 

3.3.3.3. VDR expression and vitamin D plasma levels 

Since the importance of vitamin D levels in the susceptibility to MS, the plasma levels of 

25(OH)D3 of a subgroup of 89 MS patients, randomly selected, were determined. The mean 

age of this subgroup was 45.52 ± 11.26 and the MSSS was 3.19 ± 2.47. 

MS patients showed a mean 25(OH)D3 levels of 21.82 ± 13.61 ng/ml.  

Cytosol β-coefficient 
Standard 

error 
p-value 

VDR rs731236 (Taq-I) genotypes 
   

TC vs TT 127.22 108.79 0.245 

CC vs TT 179.97 163.37 0.273 

Multiple sclerosis yes vs no 24.38 106.00 0.819 

Nucleus    

VDR rs731236 (Taq-I) genotypes    

TC vs TT -77.35 95.10 0.418 

CC vs TT -40.25 146.10 0.783 

Multiple sclerosis yes vs no 54.09 93.89 0.566 

Cytosol β-coefficient 
Standard 

error 
p-value 

VDR rs4334089 (HpyCH4V) genotypes 
   

GA vs GG 26.72 114.42 0.816 

AA vs GG -282.43 192.88 0.147 

Multiple sclerosis yes vs no 113.49 139.89 0.420 

Nucleus    

VDR rs4334089 (HpyCH4V) genotypes    

GA vs GG -40.14 104.76 0.703 

AA vs GG -235.84 176.06 0.184 

Multiple sclerosis yes vs no 32.71 134.24 0.808 
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To understand a possible relation between total VDR protein expression levels and  

25(OH)D3 plasma levels, a linear regression model, considering also the clinical 

parameters, were analysed. The analysis revealed that the 25(OH)D3 plasma levels were 

significantly able to modulate the total VDR protein expression (p = 0.023) (Table 18). We 

noticed an inverse relation between 25(OH)D3 plasma levels and VDR protein expression: 

the increase of 1 unit of vitamin D significantly decreases the total VDR protein expression 

by 10 units. 

 

Table 18.  Total VDR protein expression levels related to 25(OH)D3 plasma levels in 

MS patients. β-coefficient and standard error of analysed factors are derived from a linear 

regression model.  

p < 0.05 is considered statistically significant.  

 

A similar model was applied in order to verify whether the 25(OH)D3 plasma levels could 

influence the VDR expression in the cytosol and in the nucleus, respectively. No significant 

results were reported (Table 19 and 20). 25(OH)D3 plasma levels seems only to influence 

the total VDR expression. 

 

Table 19.  Cytosolic VDR protein expression levels related to 25(OH)D3 plasma levels 

in MS patients. β-coefficient and standard error of analysed factors are derived from a 

linear regression model.  

 

 

 

 

 

Total VDR β-coefficient 
Standard 

error 
p-value 

25(OH)D3 levels -10.68 4.60 0.023 

Sex (female vs male) -63.68 126.83 0.617 

Age  (in years) -1.88 5.69 0.742 

MSSS 24.81 130.99 0.850 

Cytosolic VDR β-coefficient 
Standard 

error 
p-value 

25(OH)D3 levels 4.30 4.46 0.339 

Sex (female vs male) 87.93 123.02 0.477 

Age  (in years) -10.68 6.14 0.087 

MSSS -69.85 127.87 0.587 
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Table 20.  Nuclear VDR protein expression levels related to 25(OH)D3 plasma levels in 

MS patients. β-coefficient and standard error of analysed factors are derived from a linear 

regression model.  

 

 

 

3.4. Discussion 

Up to now, MS etiology has not been well understood. Genetic, environmental and 

epigenetic factors are involved in MS onset. Genetic factors account for about 30% of MS 

risk, and a vast number of allelic variants relatively common within the population 

probably have a cumulative effect, contributing only a small portion to the risk. The 

environmental factors are important, as underlined by migration studies: environmental 

exposure during childhood and adolescence are of essential importance for disease risk 

(Hammond SR et al., 2000; Cabre P, 2007). 

This neurodegenerative disease is characterized by an intense inflammatory component: the 

immune attack plays a central role, with T lymphocytes driving the autoimmune attack 

against CNS peptides, in particular of the myelin (McFarland HF and Martin R, 2007). 

Activated T lymphocytes can break the BBB and infiltrate inside the CNS. T lymphocytes 

initiate the characteristic auto-inflammatory processes of MS pathogenesis, which involves 

macrophages, microglia activation, B cells and the production of auto-antibodies, thus 

leading to demyelination, neuro-axonal injury and oligodendrocytes loss (Yong VW and 

Marks S, 2010). With myelin destruction, the correct transmission of the nerve impulse is 

impaired and the symptoms, which depend on the location of the area of demyelination, 

arise. With the progression of the disease, additional amplification mechanisms of tissue 

injury become increasingly important; mitochondrial damages in brain cells have the 

potential to amplify oxidative injury within the brains of MS patients (Lassmann H et al., 

2014). 

Considerable evidence indicates that oxidative stress plays an important role in the 

pathogenesis of MS. The excess of ROS and RNS is mainly generated by immune cells, 

particularly the activated microglia, and has been implicated as a mediator of demyelination 

Nuclear VDR β-coefficient 
Standard 

error 
p-value 

25(OH)D3 levels 5.30 4.24 0.216 

Sex (female vs male) -98.07 120.96 0.421 

Age  (in years) 5.55 5.95 0.355 

MSSS 28.70 124.30 0.818 
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and axonal damage (Dheen ST et al., 2007). In MS plaques, increased free radical levels 

and alterations of antioxidant expression were observed (van Horssen J et al., 2011). 

Activated mononuclear cells and microglia produce vast amounts of ROS and NO∙, 

contributing to establish an oxidative environment in the CNS (Lu F et al., 2000). In turn, 

ROS can further induce the inflammatory response within the brain and damage 

mitochondria (Lassmann H et al., 2014).     

Numerous factors participate in the pathogenesis of MS, and Hsp70s are assumed to be 

involved (Mansilla MJ et al., 2012). However, the exact role of these highly conserved 

molecular chaperones in MS is not clear. Hsp70s are essential to guarantee cell survival in 

physiological conditions and under stress factors. This protective role seems to be central 

for neuroprotection, as demonstrated in several neurodegenerative diseases, such as AD 

(Hoshino T et al., 2011) and PD (Gifondorwa DJ et al., 2012). On the other hand, Hsp70s 

can trigger both the innate and adaptive immune system (Asea A et al., 2002; Becker T et 

al., 2002), complicating the analysis of their role in a neurodegenerative and disimmune 

diseases like MS. 

Considering the importance of genetic risk factors for MS, we decided to investigate 

genetic variants that may be involved in disease onset and progression. One of the main 

interests of our research for many years has been the MHC class III region, which contains 

several polymorphic genes related to immune system function. Interestingly, three genes 

code for Hsp70s: HSPA1A (or HSP70-2) HSPA1B (HSP70-2) and HSPA1L (HSP70-

HOM). Taking advantage of this consideration, we decided to investigate more closely the 

role of Hsp70s in MS, considering the importance of genetic variants in their genes. 

Furthermore, our group previously published a work on the stress-inducible Hsp70-2: the 

HSP70-2 rs1061581 polymorphism revealed a significant association between the G allele 

and the presence of MS (Boiocchi C et al., 2014). Our idea was to continue analysing 

genetic variants in HSP genes on MHC class III region and to further investigate the role of 

Hsp70-2 in MS. For this reason, the HSPA1L gene, which encodes the constitutively 

expressed Hsp70-Hom protein, was considered by analysing the HSP70-HOM rs2227956 

polymorphism. On the other hand, the analysis of the possible role of Hsp70-2 in MS was 

continued, considering the importance of oxidative stress for disease pathogenesis.   

 

The HSP70-HOM rs2227956 polymorphism, located in the coding region of the HSPA1L 

gene, which encodes the constitutively expressed Hsp70-Hom protein, was considered in 

order to analyse the possible role of the polymorphisms in MS. The C allele is more 

frequent in MS patients compared to healthy controls, and it confers a twofold increased 

risk of developing the disease (OR = 2.13, 95% CI: 1.60–2.86, p < 0.0001). Furthermore, 

comparing the genotypic frequencies of MS patients and healthy controls, MS risk is 

significantly higher for the homozygous CC, leading to an increased risk of about seven 

times (OR = 6.71, 95% CI: 3.11–14.43, p < 0.0001). 
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MS severity was taken into account; it tends to be distributed differently among patients 

depending on their HSP70-HOM genotype. CC patients exhibited an increased MSSS of 

1.22 on average compared to TT carriers (95% CI: 0.22–2.21, p=0.017).  

Our findings are in contrast with previous studies in the literature that did not detect any 

significant correlation. Niino and colleagues analysed the influence of HSP70-HOM +2437 

T/C polymorphism on MS risk, severity and progression in the Japanese population (Niino 

M et al., 2001). In this study, no significant differences in the genotypic distribution 

analysed was observed. Moreover, a work that analysed 59 Canadian MS patients did not 

detect any significant correlation between the HSP70-HOM polymorphism and MS 

(Ramachandran S and Bell RB, 1995). The different results can be due, respectively, to 

ethnical differences and the small number of MS Canadian patients involved in the study. 

In addition to analysing the distribution of the HSP70-HOM polymorphism, a multilocus 

analysis was performed, including the HSP70-2 rs1061581 and HSP70-HOM rs2227956 

polymorphisms. The analysis shows that the combination of the two risk alleles, the G of 

the HSP70-2 rs1061581 polymorphism and the C for the HSP70-HOM rs2227956 

polymorphism, increases MS risk by most than three times (OR=3.49, 95% CI: 2.17-5.6, 

p<0.0001) and shows that HSP70-HOM rs2227956 polymorphism affects MS risk 

independently of HSP70-2 rs1061581. 

Although it is clear that the HSP70-HOM rs2227956 polymorphism is related to MS risk, it 

is difficult to understand its biological consequences, due to the lack of functional studies. 

The T to C substitution leads to a changing in the amino acid residue in position 493 of the 

HSP70-Hom protein: from Met to Thr (Milner CM and Campbell RD, 1992). This 

substitution seems to affect the substrate specificity and chaperone activity, but its 

biological consequences can only be speculated on; it may affect the functional efficiency 

of peptide-binding specificity, leading to an accumulation of misfolded proteins in neurons 

and glia. Such an accumulation may lead to primary cytodegeneration and to the 

subsequent release of antigens, thus causing the autoimmune response in predisposed 

individuals. However, it is essential to consider that Hsp70-Hom is not only important for 

its chaperoning ability: it also induces anti-apoptotic mechanisms in neurons and glia, 

suggesting that HSP70-HOM polymorphism may also influence this mechanism, increasing 

MS risk. Furthermore, Hsp70s can trigger both innate and adaptive responses. Hsp70s can 

act as an adjuvant by binding immunogenic peptides, thus inducing T cell response. These 

peptides are internalized into the cells and subsequently presented via MHC molecules (Li 

Z et al., 2002). The alteration of Hsp70 expression and/or a perturbation of their functions 

might affect MS pathogenesis, thereby exacerbating the immune response or eliciting the 

presentation of autoantigens. 

Hsp70-Hom protein levels was also investigated. From the obtained data we can deduce 

that the protein expression does not correlate with the HSP70-HOM rs2227956 genotype in 

either MS patients or healthy controls. The lack of correlation between HSP70-HOM 
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rs2227956 polymorphism and protein expression in PBMCs from MS patients and healthy 

subjects may be because Hsp70-Hom have a low but constitutive RNA expression (Milner 

CM and Campbell RD, 1990). Similarly, data on Hsp70-1 and Hsp70-2 expression shows 

that PBMCs from MS patients and healthy controls produce the same baseline levels of 

these two stress-inducible proteins (Cwiklinska H et al., 2010). Only under stress 

conditions (heat shock and LPS stimulation) an overexpression of Hsp70-1 and Hsp70-2 in 

PBMCs from  MS patients has been reported. However, the exact mechanisms and 

pathways involved in Hsp70-Hom regulation and expression are not clear. Fourie and 

colleagues reported that the Hsp70-Hom protein is relatively more expressed compared to 

Hsp70-1 and Hsp70-2, in response to IFN-γ (Fourie AM et al., 2001). Further experiments 

are needed to understand the exact regulation of Hsp70-Hom.  

Our work reports a direct and significant relationship between Hsp70-Hom protein 

expression and MS severity. MS patients with mild disease severity display low levels of 

Hsp70-Hom, whereas patients with a moderate to severe form of MS have higher protein 

expression. However, it is not clear whether the severity of the disease is the cause or the 

effect of Hsp70-Hom expression. This may be because Hsp70 proteins play a role in 

immune-modulation. Lower Hsp70-Hom protein levels seem to be related to a mild 

inflammatory process and thus to a better disease progression. These results are supported 

by data from EAE mice: hsp70.1
–/– 

mice, in contrast to hsp70-sufficient mice, presented a 

milder form of EAE (Mycko MP et al., 2008).  

These results indicate that Hsp70-Hom plays a more relevant role in promoting immune 

system activation and an effective T lymphocytes response against myelin antigens 

compared to its neuroprotective role. However, the underlying mechanisms involved in the 

negative outcome are not clear, and additional studies will be important in explaining the 

exact role of Hsp70-Hom and its possible application as a biomarker and/or therapeutic 

target in MS therapy. 

 

At the same time, we decided to continue studying the stress-inducible Hsp70-2 protein, 

based also on the positive results from our previous published work, in which the 

association of the HSP70-2 rs1061581 polymorphism with the presence of MS was 

reported, where the G allele was the risk allele. This protein is involved in the response to 

oxidative stress. Hsp70-2 protein expression is induced by several types of stress, including 

oxidative stress, and it plays a role in cell protection. In the pathogenesis of MS, oxidative 

stress contributes to disease pathogenesis (Ohl K et al., 2016). For this reason, the use of 

anti-oxidative drugs is promising, as demonstrated by the introduction of DMF in MS 

therapy; this drug can induce the production of antioxidant enzymes and play a 

neuroprotective role combined with its anti-inflammatory effects (Pistono C et al., 2017). 

We decided to analyse Hsp70-2 in the pathogenesis of MS and its involvement in the 

response to oxidative stress. The effect of oxidative stress on PBMCs from MS patients and 
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healthy controls, using 10 µM H2O2 as an oxidative stimulus, was analysed by assessing 

mitochondrial activity. PBMCs from both MS patients and healthy subjects have similar 

behaviour, showing a significant variation in the mitochondrial activity when different 

exposure times to oxidative stress are considered. After 15 minutes of oxidative stress, the 

mitochondrial activity first decreases and then is restored after 3 hours from the exposure to 

H2O2. No significant difference between the two groups was found, suggesting that both 

PBMCs from MS patients and healthy controls initially suffer in the presence of an 

oxidative challenge, which reduces their mitochondrial activity. However, they can restore 

the physiologic levels after 3 hours, probably because they are able to contrast the damage 

induced by oxidative stress. The fact that PBMCs can adapt to an oxidative challenge is 

consistent with the observation that similar treatments with H2O2 at increasing 

concentrations of 50 µM, 100 µM and 250 µM for 2 hours did not show any cytotoxic 

effect. Only 2 hours of exposure to H2O2 500 µM significantly reduced cell viability 

(Emamgholipour S et al., 2016).  

We then speculated that Hsp70-2 could be involved in the response to oxidative stress; 

therefore, the expression of Hsp70-2 in PBMCs from MS patients and healthy donors was 

analysed. Under stress conditions Hsp70-2 expression can vary really quickly; Hsp70-2 

levels may increase within one hour after heath shock (Maloyan A et al., 1999; Doberentz E 

et al., 2017). However, in our case the exposure time to H2O2 does not significantly change 

the protein expression, either in PBMCs from MS patients or in the healthy controls, thus 

confirming that PBMCs respond in a similar way to the presence of an oxidative challenge, 

independently of the presence of the disease.  

To better understand the role of the stress inducible Hsp70-2 protein in the response to an 

oxidative stimulus, the HSP70-2 rs1061581 polymorphism was investigated to verify 

whether the presence of a variant may influence the response to oxidative stress, given that 

this specific polymorphism has been associated with autoimmune diseases (Zouari 

Bouassida K et al., 2004; Wang YP et al., 2015). For this reason, our data regarding the 

mitochondrial activity and the Hsp70-2 protein expression levels were stratified by the 

HSP70-2 rs1061581 genotype. The correlation of MTT and Hsp70-2 protein levels with the 

HSP70-2 rs1061581 genotype does not show any significant difference. This 

polymorphism does not influence the response to oxidative stress, although it seems to be 

important in the susceptibility to MS (Boiocchi C et al., 2014). 

The data suggests that Hsp70-2 does not appear to play a key role in cell survival in the 

presence of an oxidative challenge in PBMCs, although it is essential for the proper folding 

of the proteins and has anti-apoptotic functions (Beere HM, 2004); other compensatory 

cellular mechanisms are probably involved in such a response. 

The intracellular ROS levels were then investigated. In PBMCs from both MS patients and 

healthy subjects, a significant increase after 15 minutes of oxidative stress was observed.  

Consistently with our findings, rat PBMCs treated with H2O2 for 1 hour showed an increase 
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in intracellular superoxide radicals (Chiu HY et al., 2009). ROS increment after 15 minutes 

of oxidative stress may be correlated to the initial decreased viability observed. Although 

ROS levels remain unaltered after 3 hours, compared to the basal levels and to 15 minutes 

of oxidative stimulus, mitochondrial activity is enhanced, suggesting that PBMCs can 

trigger a compensatory response to counter oxidative stress. A putative mechanism of 

response to an oxidative stimulus is the activation of Nrf2. This transcription factor 

modulates the expression of genes involved in detoxification pathways and in the defence 

against oxidative stress, such as superoxide dismutase, catalase, sulfaredoxin, thioredoxin, 

glutathione peroxidase and glutathione reductase (Joshi G and Johnson JA 2012). The 

involvement of the anti-oxidant enzymes at different levels may be assumed; for instance, 

in human PBMCs an increment in catalase activity after oxidative stress has been reported, 

as opposed to a reduced activity of the manganese-dependent superoxide dismutase, 

MnSOD (Emamgholipour S et al., 2016).   

Assessing the role of Hsp70-2 in the pathogenesis of MS is not easy since this protein can 

act, on the one hand, as a neuroprotective element, and on the other may also promote a 

pro-inflammatory response. In conclusion, these results highlight that PBMCs, regardless 

of the genotype and the presence of MS, are able to adapt under oxidative stress conditions. 

Further studies regarding oxidative stress in MS will be important in order to improve MS 

treatments. Consistently, the reduction of oxidative stress has a positive influence on the 

patients. In this regard, our results indicate that Hsp70-2 does not seem to play a key role in 

the protective reaction against oxidative stress. Nevertheless, considering that MS patients 

benefit from anti-oxidative drugs, such as DMF, further studies are needed to identify 

which specific proteins significantly contribute to this defensive response in order to 

improve MS treatments.  

The results on Hsp70-2 and Hsp70-Hom highlight the complex role of the Hsps in MS 

pathogenesis. Although genetic variants in their genes are important for MS susceptibility, 

it is difficult to assess their exact role, which can be neuroprotective and also pro-

inflammatory. A further level of difficulty derives from the fact that we work on PBMCs. 

Although these cells are central in MS pathogenesis, they do not give us a complete 

indication of what happens during MS pathogenesis, where the CNS is the site of the 

disease. However, understanding the effects of genetic variants in MS risk and progression 

is important in understanding the factors that lead to these disorders. Furthermore, trying to 

better assess the role of Hsp70s may be important in understanding better the pathogenic 

mechanisms of MS, which are useful in suggesting new treatments.  

 

Our attention was also focused on vitamin D. Low levels of vitamin D constitute an 

important environmental risk factor for developing MS. The biological actions of vitamin D 

are mediated by the VDR (gene on chromosome 12q13.11). The interaction between 

1,25(OH)2D3 and the receptor induces the heterodimerization with RXR and the 
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translocation of the complex into the nucleus (Prüfer K et al., 2000). Here, VDR binds to 

specific DNA sequences, called VDRE, regulating the transcription of target genes (Pike 

JW et al., 2012). 

The observation that a VDRE is located in the promoter of HLA-DRB1*1501 underlines 

the involvement of vitamin D in MS susceptibility; VDRE is highly conserved in the major 

MS associated haplotype HLA-DRB1*15, but not among non-MS associated haplotypes 

(Ramagopalan SV et al., 2009). The regulatory sequences of NF-kB,  a transcription factor 

important for pro-inflammatory response, also contain VDREs (Yu XP et al., 1995). These 

observations highlight the ability of vitamin D to modulate immune-related genes, thus 

influencing immune function. 

Polymorphisms in the VDR gene might influence MS susceptibility, thus altering the action 

of vitamin D on immune cells. Not only inadequate vitamin D intake but also impaired 

vitamin D signalling may contribute to the onset and progression of the disease. 

Given the importance of the interaction between environmental and genetic factors, our 

attention was focused on the VDR, through which vitamin D has its effects. The VDR gene 

is polymorphic, and several studies have analysed the role of different VDR gene SNPs in 

MS, although their results are conflicting (García-Martín E et al., 2013; Tizaoui K et al., 

2015).  

In our analysis, two SNPs of the VDR gene were considered: rs731236 (Taq-I) and 

rs4334089 (HpyCH4V). MS patients and healthy controls do not show any significant 

difference either in allelic or genotypic frequencies for the two polymorphisms. 

The absence of an association between the VDR rs731236 polymorphism and MS is 

supported by other studies (Steckley JL et al., 2000; Čierny D et al., 2016); however, other 

researchers suggest an involvement of this polymorphism in MS (Cox MB et al., 2012; 

Abdollahzadeh R et al., 2016). A possible reason for the contrasting results could be a lack 

of statistical power due to the sample size. For example, the study by Cox and colleagues, 

which found a weak trend towards increased risk of MS for the VDR rs731236 CC 

genotype, involved 727 MS patients, 1,153 trio families (MS patients and both parents) and 

604 healthy controls (Cox MB et al., 2012). However, a recent study by Abdollahzadeh and 

collaborators on the Iranian population, which included only 160 patients and 150 healthy 

controls, found an association between MS and the VDR rs731236 CC genotype 

(Abdollahzadeh R et al., 2016). Interestingly, a Canadian family-based study involving a 

larger sample size (1,364 MS patients and 1,661 healthy controls, first-degree relatives) 

also found no association between VDR rs731236 polymorphism and MS risk (Orton SM 

et al., 2011). The differences are probably also due to the fact that different populations 

were considered, with genetic differences between the studied groups. In this regard, 

another study on the Italian population did not find any difference between MS patients and 

healthy controls for the VDR rs731236 polymorphism (Agnello L et al., 2016). 

Understanding the real consequences of the VDR rs731236 polymorphism is not easy 
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because, although it is on exon 9, the T to C transition is a synonymous change, and so the 

amino acid does not change and the protein structure is not impaired.  

Regarding the VDR rs4334089 polymorphism, at present no studies correlate this 

polymorphism to MS. In this case as well, finding no significant differences may be due to 

the sample sizes. There is also the possibility that the VDR rs4334089 polymorphism, 

which is located in the 5’ UTR, may not affect the transcript. To our knowledge, our study 

is the first to analyse the VDR rs4334089 polymorphism in MS pathogenesis. The VDR 

rs4334089 polymorphism has been studied in PD (Lv Z et al., 2013; Lin CH et al., 2014). 

For now, we suggest that VDR rs4334089 has no association with the development of 

neurodegenerative diseases, such as MS and PD, though further and larger investigations 

are required. 

To investigate whether an altered expression of VDR could be associated with MS risk, the 

total VDR protein expression was analysed. VDR protein levels do not change between MS 

patients and healthy controls. Moreover, total VDR protein levels do not correlate with 

VDR rs731236 and VDR rs4334089 polymorphisms, both in MS patients and in healthy 

controls. The lack of correlation between the two polymorphisms and protein expression in 

PBMCs from MS patients and healthy subjects may be because the two polymorphisms do 

not influence RNA expression; VDR rs731236 polymorphism causes a synonym mutation 

in exon 9 and the VDR rs4334089 polymorphism is located in the 5’ UTR. They probably 

do not affect transcript stability or translational modulation, and thus may not vary protein 

levels. 

Consistently with our results, a 2011 study reported no changes in VDR protein expression 

in PBMCs from MS patients according to the VDR rs731236 genotype (Agliardi C et al., 

2011). The authors described an alteration in VDR protein expression only in PBMCs 

stimulated with the MBP: the cells carrying the TT or CT genotypes have significantly 

higher VDR protein levels compared to CC genotype cells. 

The bioactive 1α,25(OH)2D3 exerts its effects thanks to the association with VDR; in the 

absence of 1α,25(OH)2D3, VDR shuttles between the nucleus and the cytoplasm. The 

binding with 1α,25(OH)2D3 stabilized the VDR/RXR heterodimer, which moves to the 

nucleus, where it binds to the VDREs (Prüfer K and Barsony J, 2002). We wondered 

whether a variation in the levels of VDR protein in the nucleus or the cytoplasm could 

affect its availability for the ligand 1α,25(OH)2D3, thus influencing indirectly the 

immunomodulatory effect of vitamin D. For this reason, we also analysed the expression of 

VDR in the cytosol and in the nucleus. No statistically significant differences were obtained 

between MS patients and healthy controls, either in the cytosol or nucleus. 

In this case as well, the data was analysed in relation to the two studied polymorphisms: 

VDR rs731236 and VDR rs4334089, to analyse whether their variants may influence VDR 

localization. No statistically significant differences in the levels of expression of the VDR 

protein in the cytoplasm and nucleus were associated with VDR rs731236 and VDR 
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rs4334089. 

The data suggests that VDR rs731236 and VDR rs4334089 may not influence MS risk and 

VDR total, cytoplasmic and nucleic protein expression. It is possible that, in this context, 

genetic variation does not have a great impact on the risk of developing MS; rather, it is the 

environment that mainly determines this risk. Vitamin D is related to several autoimmune 

diseases, and have immunomodulatory functions. Studies on animal models support the 

potential protective effect of vitamin D in autoimmune disorders (Lemire JM et al., 1992; 

Casteels K et al., 1998), and the efficiency of high-dose vitamin D supplementation in 

patients with autoimmune diseases has been tested (Muris AH et al., 2016; Buondonno I et 

al., 2017).  

Given the important role of low levels of vitamin D for MS risk and the potential of vitamin 

D supplementation in MS therapy, the possible implication of vitamin D levels on VDR 

protein expression was investigated, with a particular focus on MS patients. 

Our patients have a mean 25(OH)D3 plasma levels of 21.82 ± 13.61 ng/ml. This is 

consistent with the fact that low 25(OH)D3 levels, around 20 ng/ml, are usually observed in 

MS patients already at the beginning of the disease, such as in CIS or during the first 

relapses in RRMS patients (Ascherio A et al., 2014; Behrens JR et al., 2016). 

25(OH)D3 plasma levels can modulate the total VDR protein expression; the increase of 1 

unit of vitamin D significantly decreases the total VDR protein expression by 10 units. 

It is known that in some cell types, VDR expression is modulated by the presence of its 

own ligand 1α,25(OH)2D3. The typical response to 1α,25(OH)2D3 is up-regulation of VDR 

expression. This can be due to the fact that the VDR gene contains VDREs; in this way, 

1α,25(OH)2D3 induces VDR gene transcription (Zella LA et al., 2010). Moreover, some 

studies suggest that the VDR up-regulation can also be due to the stabilization of the VDR 

itself (Peleg S and Nguyen CV et al., 2010; Zella LA et al., 2010). 1α,25(OH)2D3 up-

regulates VDR expression in PBMCs following their activation (Yu XP et al., 1991). A 

more recent study analysed the effect of 1α,25(OH)2D3 on VDR expression in purified 

human CD4+ T cells activated in vitro; 1α,25(OH)2D3 up-regulates VDR protein expression 

approximately 2-fold by protecting the VDR against proteasomal degradation (Kongsbak M 

et al., 2014). However, a study published this year reported that in PBMCs from MS 

patients treated with vitamin D supplementation for 2 months the VDR mRNA expression 

decreases (Shirvani-Farsani Z et al., 2017). This result supports our findings that the 

increment in 25(OH)D3 plasma levels leads to decreased VDR expression.  

The opposite results are likely because of the transience of the up-regulation of VDR 

expression. This is supported by Khan and colleagues: the incubation of rat ileum slices 

with 1α,25(OH)2D3 for 8 hours, but not after 12 hours, significantly induced VDR 

expression in a transient manner (Khan AA et al., 2010).  

Further studies are needed to better understand the effects of vitamin D levels on VDR 

expression, considering that several complex mechanisms may affect gene regulation. 
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Understanding better the implications of VDR protein in MS may be important in reaching 

a more focused supplementation therapy. 
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4. Studying Alzheimer’s disease 
 

 

4.1. Aims of the work 

In recent years, the importance of neuroinflammation in AD pathogenesis has increased in 

importance. In the context of neuroinflammation, the role of the complement system seems 

to be important, though it is not clear. A component frequently found in the autoptic 

parenchyma and in the CSF of AD patients is C4. C4 is encoded by two genes (C4A and 

C4B) which exhibit CNVs, and the different number of gene copies can influence C4 

protein levels. The increased expression of C4 has been observed in AD patients in several 

studies.  

To understand whether the increment in C4 protein in AD patients is a consequence or a 

cause involved in the inflammatory process, it is necessary to know better the pathogenesis 

of this complex disease.  

For this reason, we are interested in investigating polymorphic genes for components of the 

complement system that may have an impact AD pathogenesis. We will focus our attention 

on C4A and C4B genes, located in the MHC class III, by determining the distribution of 

CNVs in AD patients compared with healthy controls, in order to analyse a possible genetic 

variation that can contribute to complement activation, thus playing a role in AD 

pathogenesis. 

Our attention will be also directed on the C3b/C4b receptor called CR1. This receptor 

seems to be involved in Aβ clearance and several studies have identified many SNPs in its 

gene (chromosome 1q32.2) that may be associated to AD. Our attention will be focused on 

three SNPs: rs6656401, rs4844609 and rs2274567. The first is located in a non-coding 

region, but influence the isoform of CR1 protein produced. The CR1 rs4844609 and the 

rs2274567 polymorphisms are located in exon 37 and 30, respectively. A case-control study 

will be conducted, comparing allelic and genotypic frequencies between AD patients and 

healthy subjects, in order to establish a possible association of three SNPs with AD risk. 
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4.2. Materials and methods 

 

4.2.1. Subjects and ethics statement 

Patients with AD were enrolled by: 1) the Neurologic Science Department, IRCCS 

National Neurological Institute “C. Mondino” (Pavia, Italy); 2) the Department of Internal 

Medicine and Therapeutics, Section of Geriatrics and Gerontology, IDR “S. Margherita”, 

University of Pavia (Pavia, Italy); 3) “Conte Franco Cella di Rivara Foundation” (Broni, 

Italy).  Clinical presence of AD was assessed according to the NINCS-ADRDA diagnostic 

criteria were used (McKhann G et al., 1984). For patients with mild or moderate cognitive 

impairment [Mini Mental State Examination (MMSE) > 18], written informed consent was 

obtained from the patient and their families. For patients with severe cognitive impairment 

(MMSE ≤ 18), written consent was obtained only from the patients’ relatives, who were 

informed about the study. 

Healthy controls matched for ethnicity and age, were selected from healthy subjects 

assessed to be free from any kind of disorders, whether physical or mental, at the time of 

blood sampling. The healthy subjects analysed in this study were periodically followed-up. 

If a subject in the healthy control group presented a serious disease, such as diabetes, 

cardiovascular disorders, cancer, or neurological problems, he/she was removed from the 

analysis. Healthy subject were provided by the Immunogenetics Laboratory, 

Immunohematology and Transfusion Centre, Fondazione IRCCS, Policlinico San Matteo 

(Pavia, Italy). All controls signed informed consent. 

The study has been approved by the Ethics Committee of each institution and has been 

conducted in accordance with the principles set out in the World Medical Association 

Declaration of Helsinki.  

 

 

4.2.2. CNVs analysis 

To evaluate the CNV of both the C4A and C4B genes, quantitative PCR (qPCR) was 

performed using TaqMan probes, based on the protocol previously described by Wu and 

collaborators (Wu YL et al., 2007). The qPCR technique allows detection and 

quantification of unique target sequences in DNA samples as the reaction progresses in real 

time. 

Initially, samples with the most common C4A and C4B CNVs were used for assessment 

(Table 21). One sample was characterized thanks to the VII Complement Genetics 

Workshop of Mainz (Schneider PM et al., 1998).  

C4A and C4B differ in five-base pairs on exon 26: to ensure specific amplification and the 

distinction between C4A and C4B, primers were selected based on published sequence. C4-
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specific TaqMan probes (Eurofins Genomics, Ebersberg, Germany) were labelled with the 

fluorescent dye 6-FAM, while RP1 was used as an endogenous reference in multiplex 

reactions and labelled with the dye VIC. Each sample was analysed in triplicate and each 

reaction was carried out in a total volume of 20 μl, containing the forward and reverse 

primers (Table 22) for both targets and control amplicons (1μM), 100 nM of the target 

probe and the endogenous control probe (Table 23), 15 ng of test genomic DNA and 2X 

Master mix Probe master (Biorad). Real-time PCR was performed using the LightCycler 

480 (Roche) with PCR cycles of 95°C for 10 min, followed by 40 cycles at 95°C for 15 s 

and 60°C for 1 min. 

To validate the results, a second qPCR test was performed. Copy number status was 

determined by TaqMan-based genomic qPCR using two TaqMan assays: Hs07226349_cn 

and Hs07226350_cn (Life Technologies), which are specifically designed for analysis of 

C4A and C4B. For this assay a 10 μl reaction mixture, containing 10 ng of genomic DNA, 

2X Master mix Probe master (Biorad), C4A or C4B TaqMan probe, and RNaseP TaqMan 

probe, was used. Thermal cycling conditions consisted of 1 cycle of 10 minutes at 95°C, 

followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. 

  

 

 

 

 

 

 

 

 

 

 

 

Table 21. DNA samples characterized for C4A and C4B CNV, obtained from the 2
nd

 

International Histocompatibility Working Group (www.ihvg.org) and * from VII 

Complement Genetics Workshop. 

 

 

 

 

 

 

 

 

IHW Code Copy number of C4A Copy number of C4B 

9020 2 0 

WT51 4 0 

9005 3 2 

9017 1 2 

9106 2 3 

9023 0 2 

9016 2 4 

BS* 2 1 
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Table 22. Primers used for the amplification of C4A, C4B and the reference gene RP1. 

 

 

 

 

 

 

 

 

 

Table 23. Probes used for the amplification of C4A, C4B and the reference gene RP1. 

 

 

4.2.3. Real-Time PCR 

Alleles and genotypes for CR1 rs6656401, CR1 rs4844609 and CR1 rs2274567 were 

assessed by Real-Time PCR. 

The CR1 rs6656401, CR1 rs4844609 and CR1 rs2274567 were analysed by Real-Time 

PCR using the specific assay C__30033241_10, C__25598589_10 and C__12080027_10, 

respectively (Applied Biosystem). 1 µl of DNA were aliquoted into each well of a 384-well 

plate (final concentration: 10 ng/µl); the reaction was carried out in a final volume of 5 µl 

adding: 2.5 µl of 2X Master mix Probe (Biorad), 0.0625 μl µl of assay and 2.4375 µl of 

sterile H2O. The SNP detection was carried out in the LightCycler 480 (Roche), following 

the thermal cycling conditions: one denaturation cycle of 10 min at 95°C, followed by 40 

cycles each of 95°C for 15 s and 60°C for 1 min. Fluorescence was measured by the 

dedicated software (RealPlex 2.0) and the genotype was determined. 

 

Gene Primers 

C4A 

Forward C4F2 Reverse C4A32 

5'-CCTTTGTGTTGAA 

GGTCCTGAGTT-3' 

5'-TCCTGTCTAACACT 

GGACAGGGGT-3' 

C4B 

Forward C4BF Reverse C4BR2 

5'-TGCAGGAGACATCT 

AACTGGCTTCT-3' 

5'-CATGCTCCTATGTA 

TCACTGGAGAGA-3' 

RP1 

Forward RP1E4F Reverse RP1E4R 

5'-GACCAAATGACA 

CAGACCTTTGG-3' 

5'-GACTTTGGTTGG 

TTCCACAAGTC-3' 

Gene Probe 

C4A 
C4AB 

VIC-CCAGGA GCA GGT AGG AGG CTC GC 

C4B 
C4AB3 

VIC-AGC AGG CTG ACG GC 

RP1 
RP1 

FAM-AGG GAC TCA GAAATC ACG T 
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4.2.4. Statistical analysis 

To analyse C4A and C4B CNVs a multivariate logistic regression model (with and without 

interaction) was fitted: AD presentation was the dependent variable and the number of C4A 

or C4B copies the independent variables. The OR and 95% CI were calculated using two 

copies as a reference value. A model selection was based on the likelihood-ratio test. 

Comparison of C4A and/or C4B copy numbers were performed with the non- parametric 

Mann-Whitney test, a p value of <0.05 was considered significant.  

Genotype and allele frequencies of the analysed polymorphisms (CR1 rs4844609, CR1 

rs6656401 and CR1 rs2274567) were calculated in AD patients and healthy controls.  

Allelic frequencies in controls were examined to detect any significant deviation from the 

Hardy–Weinberg Equilibrium using a goodness of fit χ
2
 test. 

Allele and genotype frequencies were compared between AD patients and healthy controls 

using the χ
2
 test, a p value of <0.05 was considered significant 

All the statistical analyses were performed using Stata 14.1 statistical software (Stata 

Corporation, College Station, TX, USA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 
4. Studying Alzheimer’s disease 

  

 

117 

4.3. Results  

 

4.3.1. C4A and C4B copy number variations in Alzheimer’s disease 

C4A and C4B CNVs was determine in 191 AD patients and 120 healthy controls: the 

number of C4A and C4B gene copies for each individual was assessed, considering that 

also null genes are possible. CNV frequencies for both the genes of AD patients were 

compared to those of healthy subjects.  

The analysis of C4A and C4B CNVs revealed a significant increase in copy number for 

both the genes in AD patients, compared to healthy subjects (Table 24 and Figure 43). 

Since the likelihood-ratio test of the comparison of the two models with and without 

interaction terms was not significant, the model without interaction terms was considered. 

The analysis revealed that C4A and C4B were associated with AD following an 

independent fashion. In detail, AD patients with three copies of C4A or C4B were more 

prevalent, compared to healthy controls (OR = 5.78; p < 0.001 and OR = 6.66;    p < 0.001 

respectively). 

 

Table 24. C4A and C4B copy numbers of healthy controls and AD patients. 

*OR= 5.78; p< 0.001; C.I.= 2.61-12.82 

** OR= 7.07; p< 0.001 C.I. 3.40-14.70  

*** OR= 6.66; p <0.001 C.I.=2.94-15.06 

 

In each subject, no more than three C4B copies were observed, but four C4A copies were 

 
Healthy controls 

(N/%) 

AD patients 

(N/%) 

C4A copy number   

0 3 (1.2%) 0 

1 40 (15.9%) 6 (4.2%) 

2 160 (63.5%) 73 (51 %) 

3 31(12.3%) 33 (23.1%)* 

4 18 (7.1%) 31 (21.7)** 

Total 252 143 

C4B copy number   

0 12 (4.41%) 3 (1.9%) 

1 95 (34.92%) 31 (20%) 

2 113 (41.54%) 45 (29.03%) 

3 52 (19.11%) 76 (49.03%)*** 

Total 272 155 
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detected: we noticed that 31 AD patients had four C4A copies (21.7%), but only 18 healthy 

subjects presented four C4A copies (6.3%) and the difference were statistically significant 

(OR = 7.07; p < 0.001).  

Also the median number of both C4A and C4B copies for each individual was calculated. 

AD patients showed a median number of three copies and healthy controls presented only 

two copies (p<0.001). Furthermore, a significant difference between AD patients and 

healthy subjects were reported considering the median total number of copies (C4A+C4B): 

AD patients showed five copies, whereas healthy controls had only four copies (p<0.001, 

Mann-Whitney test). 

Figure 43. Bar graph showing the frequency of C4A and C4B gene copy number in 

AD patients and healthy controls. AD patients are represented by the black bars and 

healthy controls by the grey ones. 

 

 

4.3.2. CR1 polymorphisms in Alzheimer’s disease 

The genotype for CR1 rs6656401, CR1 rs4844609 and CR1 rs2274567 polymorphisms 

were determine in 150 AD patients and 313 healthy controls. Genotypic and allelic 

frequencies of AD patients were compared to those of healthy subjects (Table 25).  

Genotypic frequencies in the control group did not deviate from the Hardy–Weinberg 

equilibrium (p > 0.05). 

Comparing the group of AD patients with those of healthy subjects, for all the three 

analysed polymorphisms, no significant association with AD was found (p > 0.05). Only 

considering the allelic frequencies of the SNP CR1 rs4844609 a difference between AD 

patients and healthy subjects was noticed, although it was not statistically significant 
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(p=0.068): the A allele was more frequent in AD patients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 25. Alleles and genotypes frequencies of the three SNPs in CR1 gene. 

 

 

 

 

 

 

 

 

 

rs6656401 Healthy controls AD patients 

 N=309 N=150 

AA 8 (2.6%) 8 (5.3%) 

AG 111 (35.9%) 50 (33.3%) 

GG 190 (61.5%) 92 (61.3%) 

A 127 (20.6%) 66 (22.0%) 

G 491 (79.4%) 234 (78.0%) 

rs4844609 Healthy controls AD patients 

 N=313 N=150 

AA 1 (0.3%) 1 (0.6 %) 

AT 6 (1.9%) 7 (4.7%) 

TT 306 (97.8%) 142 (94.7%) 

A 8 (1.3%) 9 (3.0%) 

T 618 (98.7%) 291 (97.0%) 

rs2274567 Healthy controls AD patients 

 N=304 N=149 

AA 196 (64.5%) 99 (66.5%) 

AG 93 (30.6%) 44 (29.5%) 

GG 15 (4.9%) 6 (4.0%) 

A 485 (79.8%) 242 (81.2%) 

G 123 (20.2%) 56 (18.8%) 
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4.4. Discussion  

 

AD is the most common type of age-related dementia, characterized by a progressive loss 

of cognitive abilities, severe neurodegeneration, and neuroinflammation. Aggregates of Aβ 

peptides in senile plaques and NFTs of hyper-phosphorylated tau are neuropathological 

hallmarks of AD (Krstic D and Knuesel I et al., 2013). The sporadic multifactorial form of 

AD accounts for the vast majority of cases, and risk factors implied in the alteration in 

innate immunity may play a role in disease etiology. 

Our research group has been interested in the possible role of MHC class III genes in AD 

pathogenesis for several years (Maggioli E et al., 2013; Boiocchi C et al., 2015).  

Some data in the literature suggests the possible role of the complement system in AD 

pathogenesis (Bennett S et al., 2012; Ma XY et al., 2014). Increased levels of complement 

components like C4 were observed both in the CSF and in the plasma of AD patients 

(Daborg J et al., 2012; Bennett S et al., 2012). Furthermore, the study by Daborg and 

collaborators reported that C4 expression increased according to the patients’ age and 

disease stage (Daborg J et al., 2012).  

The two genes, C4A and C4B, which encode this component of the complement system, 

map in MHC class III region. These two genes differ only for five nucleotides located in 

exon 26, and both are expressed. C4A and C4B are highly polymorphic genes with CNVs; 

gene duplications as well as null alleles, called C4AQ0 and C4BQ0, respectively, are 

possible (Castley AS and Martinez OP, 2012). An association has been reported between 

C4 genes copy number and C4 plasma protein levels: a linear correlation between C4 genes 

copy number and C4 plasma protein concentration was observed (Yang Y et al., 2007; 

Saxena K et al., 2009). 

C4 CNVs are important in the susceptibility of autoimmune disorders. Low C4 copy 

numbers represent a risk factor for SLE (Yang Y et al., 2007; Wu YL et al., 2008) and the 

C4B deficiency has been reported in RA patients (Rigby WF et al., 2012). Furthermore, C4 

in neuroinflammation is also linked to psychiatric disorders and the role of C4 has been 

established in schizophrenia.  

The RNA expression of C4A and C4B increased proportionally with the copy number of 

C4A and C4B genes, respectively (Sekar A et al., 2016).  

Based on this consideration, we decided to investigate the copy number of C4A and C4B 

genes, comparing AD patients with healthy subjects. Our analysis of the C4 CNVs reveals a 

significant increase in C4A and C4B copy number in AD patients in comparison with 

healthy donors.  

The higher C4A and C4B copy number in AD patients can support the study of Yasojima 

and colleagues, which described doubled mRNA levels for C3 and C4 in post-mortem AD 

brains (Yasojima K et al., 1999). The correlation between a higher C4A and C4B copy 
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number and increased C4 production is consistent with the finding that in healthy subjects 

C4A and C4B plasma levels are genetically predetermined by the C4 gene copy number 

(Margery-Muir AA et al., 2014). 

Interestingly, a study by our group showed that the presence of the C4BQ0 allele is less 

frequent in healthy elderly subjects than in younger individuals (Ricci G et al., 1996). A 

high percentage of healthy elderly people shows high C4B protein levels, suggesting a 

selection for individuals with a more efficient complement system. This result is consistent 

with a study performed in 2003, which showed an age-associated decrease in the frequency 

of the C4BQ0 allele in elderly people (Arason GJ et al., 2003). The null allele seems to be a 

negative selection factor for survival.  

It is important to consider the possible involvement of linkage disequilibrium between C4 

copy number variations and other HLA genes. However, in a 2010 study, only a slight 

correlation between C4 copy number and MHC class I and II variants was demonstrated 

(Fernando MM et al., 2010). Furthermore, Cleynen and collaborators also found a low level 

of positive linkage between C4 copy number and alleles of the classical MHC genes 

(Cleynen I et al., 2016).  

This study reports an elevated number of C4 genes in AD patients than in healthy controls. 

Considering the limitations of this study, independent confirmation of our results in a larger 

cohort is necessary. The differences we observe should encourage further studies on 

markers of complement activation in AD.  

 

Other components of the complement system may be involved in AD pathogenesis not only 

because of the importance of inflammation in this disorder, but also because it plays a role 

in normal neurodevelopment: complement system is involved in synapse formation and 

elimination (Stevens B et al., 2007). It seems to have a role in removing dysfunctional 

neurons and dendritic processes, contributing to sculpture the brain during the 

neurodevelopment. Alterations may contribute to neurological disorders (Nimgaonkar VL 

et al., 2017).  

Our attention was focused on the polymorphic CR1 gene. Initially, the GERAD1 (Genetic 

and Environmental Risk in AD Consortium 1) study suggested the association of this gene 

with AD (Harold D et al., 2009) and in the last years independent large multicenter datasets 

and meta-analyses strongly support the role of several SNPs in CR1 in AD susceptibility 

(Jin C et al., 2012; Ma XY et al., 2014). Furthermore, CR1 has been related to several 

disorders characterized by an inflammatory component; for example, SNPs in this gene are 

associated with inflammation and with the risk of cardiovascular diseases (de Vries MA et 

al., 2017), and to SLE susceptibility (Panda AK et al., 2017). 

Our attention was focused on three SNPs of the CR1 gene: rs6656401, rs4844609 and 

rs2274567. From our analysis, AD patients and healthy controls do not show any 

significant difference both in allelic and genotypic frequencies for the three 
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polymorphisms. However, other studies support a role of these SNPs in AD susceptibility.  

In a GWAS performed in 2009 on 3,978 AD patients and 3,297 controls from Belgium, 

Finland, Italy and Spain, the SNP rs6656401 in the CR1 reached a genome-wide 

significance (Lambert JC et al., 2009). The association between the CR1 rs6656401 

polymorphism and AD was also replicated in a case-control study on 462 patients and 350 

healthy subjects from the Southern Chinese population, with the risk allele A conferring an 

OR of 1.97 (Chen LH et al., 2012). In our study, no significant association between the 

polymorphism and AD is reported; this contrasting result may be due to the lack of 

statistical power because of the smaller sample size. However, our finding supports the 

work by Klimkowicz-Mrowiec and collaborators on  253 AD patients and  240 healthy 

controls from Poland,  in which no significant differences in the distribution of CR1 

rs6656401 genotypes were observed (Klimkowicz-Mrowiec A, et al., 2013). 

Also the CR1 rs4844609 polymorphism was associated to AD in GWAS (1,019 AD cases 

and 591 healthy controls) (Corneveaux JJ et al., 2010). Furthermore, a 2012 study 

associated the A allele to episodic memory decline, increasing the AD neuropathological 

feature (Keenan BT et al., 2012). Although it is possible that the SNP has an impact in the 

clearance of Aβ, the pathogenic mechanism is not clear and further analyses will be 

fundamental. Our result on the role of this polymorphism in AD is conflicting: no 

association between the CR1 rs4844609 polymorphism and AD is found. This result is 

supported by a 2013 study on a larger Flanders-Belgian  cohort (1,276 AD patients and 

1,128 healthy controls) (Van Cauwenberghe C et al., 2013). The authors reported no 

association between the CR1 rs4844609 polymorphism and AD susceptibility; in addition, 

the SNP does not seem to influence memory impairment and it is not associated with CSF 

Aβ1–42 levels. The researchers supposed that CNVs in the CR1 gene may be the true 

functional risk factor for AD development. 

Interestingly, in a study by Fonseca and colleagues, anti-CR1 antibodies directed against 

different epitopes of the receptor were used in order to localize CR1 in post mortem brains 

and to assess the relative binding affinities of the CR1 ligands (C1q and C3b) (Fonseca MI 

et al., 2016). They noticed that the amount of astrocyte staining varied among the samples, 

but the difference seems not to be associated with the SNPs rs4844609 and rs6656401 of 

CR1 gene. They suggested that it is unlikely that astrocyte CR1 expression levels or C1q or 

C3b binding activity were the cause of the association of CR1 variants with AD identified 

by GWAS. Their results further support the need of functional studies in order to determine 

if the variant-dictated number of CR1 expressed on red blood cells contributes to the 

clearance of peripheral Aβ or if other mechanisms are involved. 

Finally, in our study the CR1 rs2274567 polymorphism was analysed. No significant 

association with AD was found. Our result is in contrast with the results by Ma and 

collaborators, which reported an association between the CR1 rs2274567 polymorphism 

and the presence of AD: the ATG haplotype, formed by the SNPs rs2274567, rs3737002, 
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and rs6691117, was associated with an increased risk for late onset AD (Ma XY et al., 

2014).  

The influence of these investigated polymorphisms on AD susceptibility and progression is 

probably weak, and a very large population is needed to reveal the association. 

Furthermore,  multiple functional variants in the CR1 gene may be implicated in AD 

susceptibility, contributing together to the risk of developing the disease. It will be 

necessary to perform more in-depth genetic analysis of other functional variants to fully 

evaluate the possible association between CR1 and AD onset or progression. Studies on the 

biological mechanisms of CR1 in AD pathogenesis should be encouraged.  

 

Future studies could clarify the exact role of complement activation in AD, because, at 

present, it is not clear whether it contributes to or is a defence against further 

neurodegeneration. It will be important to consider other genes for other complement 

components and analyse the possible interaction among their variants. A more 

comprehensive understanding of the complement system in AD will hopefully lead to the 

development of novel therapeutics for the prevention and treatment of this disorder. 
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5. Conclusions and perspectives 
 

 

Neurodegenerative disorders are heterogeneous disorders, but a common characteristic is 

the presence of an inflammatory process alongside of neurodegeneration. Most 

neurodegenerative diseases are multifactorial: the interplay among genetic, environmental 

and epigenetic factors is essential in determining disease onset and the type of progression.   

In the thesis, two multifactorial neurodegenerative disorders (MS and AD), in which the 

alteration of the immune system takes part to the pathogenic process, were studied. Their 

etiology and pathogenesis are not completely clear; the factors that contribute to disease 

onset and progression are difficult to detect. Furthermore, it is not always easy to assess the 

contribution of each single factor to the disease pathogenesis, because its effect may be 

obscured or confounded by other contributing factors.  

Based on the importance of neuroinflammation in these neurodegenerative disorders, we 

were interested in investigating polymorphic genes that are involved in immunomodulation, 

to understand whether they have an impact on MS and AD risk and progression. 

In the thesis, the attention was mainly focused on MS, a disimmune disease in which the 

auto-inflammatory process is one of the principal pathogenic factors and the alteration of 

the adaptive immune system plays a key role in the onset of the disease. Several other 

mechanisms contribute to neurodegeneration, such as oxidative stress, mitochondrial injury 

and the failure of regenerative mechanisms. Since the interest of our research group for the 

MHC class III genes (chromosome 6), the attention was focused on the polymorphic genes 

for Hsp70 proteins (HSPA1L and HSPA1B), because of their role in the protection against 

many type of stress and their involvement in immunoregulation. Our group has previously 

shown that a SNP (rs1061581) in the HSPA1B gene, which encodes the stress inducible 

chaperone called Hsp70-2, was related to the risk of developing MS: G allele is 

significantly associated to MS with an OR of 1.31 (Boiocchi C et al., 2014).  

In this work, the rs2227956 polymorphism in the HLA1L gene, that encodes the 

constitutively expressed Hsp70-Hom, is significantly associated to MS: the C allele confers 

a twofold increased risk of developing MS (OR = 2.13). This polymorphism is not only 

related to MS risk, but also to its progression: the disease severity, measured by MSSS, 

distributes differently, depending on the HSP70-HOM genotype, with CC patients having 

an increased MSSS. These two polymorphic variants are in linkage disequilibrium and the 

combination of the two risk alleles increases MS risk by more than three times (OR = 3.49). 

Like for many other variants implicated in MS risk, these two polymorphisms contribute to 

small portions of the disease risk, because it is probably determined by cumulative effect of 

a great number of allelic variants. These positive results should encourage the inclusion of 
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polymorphisms of MHC class III genes in GWAS studies for MS genetic susceptibility, 

adding information on MS genetic risk. 

However, it is not always clear how these polymorphisms could be associated the disease 

pathogenesis. Hsp70-Hom protein levels do not correlate with the HSP70-HOM rs2227956 

genotype, but a direct significant relationship between Hsp70-Hom protein expression and 

MS severity has been reported, suggesting that Hsp70-Hom probably plays a role in 

promoting immune system activation.  

Considering the importance of HSP70-2 rs1061581 polymorphism for MS susceptibility, 

the possible role of the Hsp70-2 protein in the response to oxidative stress was also 

investigated treating in vitro PBMCs from MS patients and healthy controls with H2O2. 

PBMCs suffer initially for the presence of oxidative stress, but then they are able to 

increase again their mitochondrial activity. However, no significant difference in 

mitochondrial activity, Hsp70-2 protein expression, and intracellular ROS production 

between MS patients and healthy subjects was found. Also, stratifying our data of the 

mitochondrial activity and the Hsp70-2 protein expression levels by the HSP70-2 

rs1061581 genotype, no significant difference was noticed. The presence of an allelic 

variant, involved in the risk of developing MS, does not seem to influence the response to 

oxidative stress, probably because of the complex protective mechanisms that involve 

several molecules, including anti-oxidants enzymes. 

Although the genetic risk factors are important, genetics explains only 30% of MS risk, 

with the environmental factors playing a fundamental role in determining MS 

susceptibility. For this reason, it is important to consider the possible interaction between 

genetic and environmental risk factors. In this regard, two polymorphisms of the vitamin D 

receptor (VDR) gene (chromosome 12q13.11) were analysed: VDR rs731236 (Taq-I) and 

rs4334089 (HpyCH4V). Vitamin D is involved in the correct regulation of the immune 

system and low levels of vitamin D are considered an important risk factor for developing 

MS. MS patients and healthy controls do not show significant differences in allelic and 

genotypic frequencies of the two analysed polymorphisms. However, controversial results 

about the association of the VDR rs731236 polymorphism with MS are present in literature, 

with both positive and negative findings. It should be stressed that the opposite results 

obtained in several studies can be due to the fact that different populations were considered; 

it is clear that differences in the genetic background between ethnic groups are presented. 

Regarding the VDR rs4334089 polymorphism, to our knowledge, our study is the first to 

analyse the VDR rs4334089 polymorphism in MS pathogenesis and larger investigations 

are required. 

The two investigated polymorphisms are not related to a different VDR protein expression, 

considering the whole-cell, the cytosolic and the nuclear fractions. Furthermore, VDR 

protein levels do not change between MS patients and healthy controls. The lack of 

correlation between the two polymorphisms and protein expression in PBMCs from MS 
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patients and healthy subjects may be due to the fact that the two polymorphisms do not 

influence RNA expression. They probably do not affect transcript stability or translational 

modulation, and thus may not vary protein levels. 

Our data suggests that VDR rs731236 and VDR rs4334089 may not influence MS risk and 

VDR protein expression in whole-cell, cytoplasmic and nuclear fractions. It is possible that, 

in this context, genetic variation does not have a great impact on the risk of developing MS; 

rather, it is the environment that mainly determines the risk. Based on our data, 25(OH)D3 

plasma levels can modulate the total VDR protein expression; the increase of 1 unit of 

vitamin D significantly decreases the total VDR protein expression by 10 units. The typical 

response to 1α,25(OH)2D3 is up-regulation of VDR expression, but the transience of this 

process should be taken into account. This result highlights the importance to understand 

the VDR regulation in MS patients; it could be important for a more focused 

supplementation therapy. For this reason, further studies will be necessary to clearly 

understand the effects of vitamin D levels on VDR expression. 

Furthermore, AD, where the action of the innate immune system is predominant and it is 

not completely clear whether the inflammation is a cause or a consequence of the 

neurodegeneration, was considered. Literature data support the role of the complement 

system in AD pathogenesis, although its effects are contradictory. Also in the context of 

AD, our attention was focus in analysing polymorphic genes involved in 

immunomodulation in order to understand whether they have an impact on disease risk. In 

this regard, we firstly focus the attention on two polymorphic genes located in the MHC 

class III: C4A and C4B. They encode two isoforms of the serum complement component 4, 

involved in the classical pathway. C4A and C4B are polymorphic genes, presenting CNVs, 

gene size variations, and nucleotide polymorphisms. Our analysis revealed a significant 

increase in C4A and C4B copy number in AD patients compared to healthy donors, a fact 

that may be related to the increased protein levels found in the CSF and plasma of AD 

patients, thus influencing neuroinflammation.  

Also the gene for the complement C3b/C4b receptor 1 called CR1 (chromosome 1q32.2) 

was considered. CR1 binds to C3b and C4b and facilitates the uptake of immune complexes 

by phagocytes; furthermore, it is involved in the immunoregulation, inhibiting the 

activation of the C3 and C5 convertases. Three polymorphisms (rs6656401, rs4844609 and 

rs2274567) were analysed in order to understand whether they are involved in determining 

AD risk. Genotypic and allelic frequencies of the three polymorphisms do not show any 

significant difference between AD patients and healthy controls.  

Although our data are not always positive, the results regarding the C4A and C4B genes 

support the involvement of complement genes in AD, highlighting the importance of 

neuroinflammation and supporting the “neuroinflammatory hypothesis”. It is important to 

consider that the influence of these investigated polymorphisms on AD risk may be weak, 

and a very large population is needed to reveal possible associations. Future studies, 
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considering also genes for other complement components, could clarify better the role of 

complement activation in AD.  

It is not always easy to understand how genetic variants associated with neuroinflammation 

and neurodegenerative disorders affect disease onset and progression, a fact which reflects 

their complexity. Our observations may be important in better understanding the risk 

factors and the pathogenic mechanisms of neurodegenerative disorders. Although not 

always positive, the results may suggest in which direction new analysis should be directed. 

In his book “La battaglia navale”, Marco Malvaldi says about police investigations: “a field 

investigation is like a battleship. At the beginning you shoot randomly and don’t find 

anything. But it is fundamental that you remember where you shot, because the fact that 

you didn’t find anything is an important information. At a certain point, when you hit 

something without sinking it, you understand that you have to continue to shoot in the 

adjacent squares with a criterion. It is only a matter of time”. The police investigation can 

be compared to scientific research: in the complexity of neurodegenerative disorders, every 

result, even if negative, is important in guiding the research to understand the mechanisms, 

which can be pivotal for future therapeutic studies.  

 



 

 

 

 

 

 

 

 

 

 
References 

  

 

128 

References 
 

 

Abbott NJ, Rönnbäck L, Hansson E. Astrocyte-endothelial interactions at the blood-brain 

barrier. Nat Rev Neurosci. 2006; 7:41-53. 

Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ. Structure and function 

of the blood-brain barrier. Neurobiol Dis. 2010; 37:13-25. 

Abdollahzadeh R, Fard MS, Rahmani F, Moloudi K, Kalani BS, Azarnezhad A. 

Predisposing role of vitamin D receptor (VDR) polymorphisms in the development of 

multiple sclerosis: A case-control study. J Neurol Sci. 2016; 367:148-151.  

Ager RR, Fonseca MI, Chu SH, Sanderson SD, Taylor SM, Woodruff TM, Tenner AJ. 
Microglial C5aR (CD88) expression correlates with amyloid-beta deposition in murine 

models of Alzheimer's disease. J Neurochem. 2010; 113:389-401. 

Agliardi C, Guerini FR, Saresella M, Caputo D, Leone MA, Zanzottera M, Bolognesi 

E, Marventano I, Barizzone N, Fasano ME, Al-Daghri N, Clerici M. Vitamin D 

receptor (VDR) gene SNPs influence VDR expression and modulate protection from 

multiple sclerosis in HLA-DRB1*15-positive individuals. Brain Behav Immun. 2011; 

25:1460-1467.  

Agnello L, Scazzone C, Ragonese P, Salemi G, Lo Sasso B, Schillaci R, Musso G, 

Bellia C, Ciaccio M. Vitamin D receptor polymorphisms and 25-hydroxyvitamin D in a 

group of Sicilian multiple sclerosis patients. Neurol Sci. 2016; 37:261-267. 

Aisen PS, Schafer KA, Grundman M, Pfeiffer E, Sano M, Davis KL, Farlow MR, Jin 

S, Thomas RG, Thal LJ; Alzheimer's Disease Cooperative Study. Effects of rofecoxib 

or naproxen vs placebo on Alzheimer disease progression: a randomized controlled trial. 

JAMA. 2003; 289:2819-2826. 

Aizenstein HJ, Nebes RD, Saxton JA, Price JC, Mathis CA, Tsopelas ND, Ziolko SK, 

James JA, Snitz BE, Houck PR, Bi W, Cohen AD, Lopresti BJ, DeKosky ST, Halligan 

EM, et al. Frequent amyloid deposition without significant cognitive impairment among 

the elderly. Arch Neurol. 2008; 65:1509-1517. 

Akerfelt M, Morimoto RI, Sistonen L. Heat shock factors: integrators of cell stress, 

development and lifespan. Nat Rev Mol Cell Biol. 2010; 11:545-555.  

Albert MS. Cognitive and neurobiologic markers of early Alzheimer disease. Proc Natl 

Acad Sci U S A. 1996; 93:13547-13551. 

Albertí S, Marqués G, Hernández-Allés S, Rubires X, Tomás JM, Vivanco F, Benedí 

VJ. Interaction between complement subcomponent C1q and the Klebsiella pneumoniae 

porin OmpK36. Infect Immun. 1996; 64:4719-4725. 

Alexander JJ, Anderson AJ, Barnum SR, Stevens B, Tenner AJ. The complement 

cascade: Yin-Yang in neuroinflammation--neuro-protection and -degeneration. J 

Neurochem. 2008; 107:1169-1187. 

Alirezaei M, Kiosses WB, Flynn CT, Brady NR, Fox HS. Disruption of neuronal 

autophagy by infected microglia results in neurodegeneration. PLoS One. 2008; 3:e2906. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

129 

Alzheimer's Association. 2016 Alzheimer's disease facts and figures. Alzheimers Dement. 

2016; 12:459-509. 

Amara U, Flierl MA, Rittirsch D, Klos A, Chen H, Acker B, Brückner UB, Nilsson B, 

Gebhard F, Lambris JD, Huber-Lang M. Molecular intercommunication between the 

complement and coagulation systems. J Immunol. 2010; 185:5628-5636.  

Amato MP, Zipoli V, Portaccio E. Multiple sclerosis-related cognitive changes: a review 

of cross-sectional and longitudinal studies. J Neurol Sci. 2006; 245:41-46. 

Amor S, Puentes F, Baker D, van der Valk P. Inflammation in neurodegenerative 

diseases. Immunology. 2010; 129:154-169. 

Amor S, Peferoen LA, Vogel DY, Breur M, van der Valk P, Baker D, van Noort JM. 
Inflammation in neurodegenerative diseases--an update. Immunology. 2014; 142:151-166. 

Andrews HE, Nichols PP, Bates D, Turnbull DM. Mitochondrial dysfunction plays a key 

role in progressive axonal loss in Multiple Sclerosis. Med Hypotheses. 2005; 64:669-677.  

Angelici L, Piola M, Cavalleri T, Randi G, Cortini F, Bergamaschi R, Baccarelli AA, 

Bertazzi PA, Pesatori AC, Bollati V. Effects of particulate matter exposure on multiple 

sclerosis hospital admission in Lombardy region, Italy. Environ Res. 2016; 145:68-73. 

Aquino DA, Klipfel AA, Brosnan CF, Norton WT. The 70-kDa heat shock cognate 

protein (HSC70) is a major constituent of the central nervous system and is up-regulated 

only at the mRNA level in acute experimental autoimmune encephalomyelitis. J 

Neurochem. 1993; 6:1340-1348. 

Aquino DA, Capello E, Weisstein J, Sanders V, Lopez C, Tourtellotte WW, Brosnan 

CF, Raine CS, Norton WT. Multiple sclerosis: altered expression of 70- and 27-kDa heat 

shock proteins in lesions and myelin. J Neuropathol Exp Neurol. 1997; 56:664-672.  

Arason GJ, Bödvarsson S, Sigurdarson ST, Sigurdsson G, Thorgeirsson G, 

Gudmundsson S, Kramer J, Füst G. An age-associated decrease in the frequency of 

C4B*Q0 indicates that null alleles of complement may affect health or survival. Ann N Y 

Acad Sci. 2003; 1010:496-499.  

Ascherio A, Munger KL, White R, Köchert K, Simon KC, Polman CH, Freedman 

MS, Hartung HP, Miller DH, Montalbán X, Edan G, Barkhof F, Pleimes D, Radü 

EW, Sandbrink Ret al. Vitamin D as an early predictor of multiple sclerosis activity and 

progression. JAMA Neurol. 2014; 71:306-314. 

Asea A, Kraeft SK, Kurt-Jones EA, Stevenson MA, Chen LB, Finberg RW, Koo GC, 

Calderwood SK. HSP70 stimulates cytokine production through a CD14-dependant 

pathway, demonstrating its dual role as a chaperone and cytokine. Nat Med. 2000; 6:435-

442.  

Asea A, Rehli M, Kabingu E, Boch JA, Bare O, Auron PE, Stevenson MA, 

Calderwood SK. Novel signal transduction pathway utilized by extracellular HSP70: role 

of toll-like receptor (TLR) 2 and TLR4. J Biol Chem. 2002; 277:15028-15034.  

Atlas of MS 2013: Mapping Multiple Sclerosis Around the World. London: Multiple 

Sclerosis International Federation; 2013. Available at: https://www.msif.org/wp-

content/uploads/2014/09/Atlas-of-MS.pdf  

Bäärnhielm M, Hedström AK, Kockum I, Sundqvist E, Gustafsson SA, Hillert J, 

Olsson T, Alfredsson L. Sunlight is associated with decreased multiple sclerosis risk: no 

interaction with human leukocyte antigen-DRB1*15. Eur J Neurol. 2012; 19:955-962. 

https://www.msif.org/wp-content/uploads/2014/09/Atlas-of-MS.pdf
https://www.msif.org/wp-content/uploads/2014/09/Atlas-of-MS.pdf


 

 

 

 

 

 

 

 

 

 
References 

  

 

130 

Bagasra O, Michaels FH, Zheng YM, Bobroski LE, Spitsin SV, Fu ZF, Tawadros R, 

Koprowski H. Activation of the inducible form of nitric oxide synthase in the brains of 

patients with multiple sclerosis. Proc Natl Acad Sci U S A. 1995; 92:12041-12045.  

Bales KR, Liu F, Wu S, Lin S, Koger D, DeLong C, Hansen JC, Sullivan PM, Paul 

SM. Human APOE isoform-dependent effects on brain beta-amyloid levels in PDAPP 

transgenic mice. J Neurosci. 2009; 29:6771-6779. 

Ballard CG, Bannister C. Criteria in the diagnosis of dementia. In: Burns A, O’Brien J, 

Ames D eds. Dementia, 3rd edn. London: Hodder, 2005; 24–37. 

Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E. Alzheimer's disease. 

Lancet. 2011; 377:1019-1031. 

Barage SH, Sonawane KD. Amyloid cascade hypothesis: Pathogenesis and therapeutic 

strategies in Alzheimer's disease. Neuropeptides. 2015; 52:1-18. 

Battistini L, Salvetti M, Ristori G, Falcone M, Raine CS, Brosnan CF. Gamma delta T 

cell receptor analysis supports a role for HSP 70 selection of lymphocytes in multiple 

sclerosis lesions. Mol Med. 1995; 1:554-562. 

Baudino L, Sardini A, Ruseva MM, Fossati-Jimack L, Cook HT, Scott D, Simpson E, 

Botto M. C3 opsonization regulates endocytic handling of apoptotic cells resulting in 

enhanced T-cell responses to cargo-derived antigens. Proc Natl Acad Sci U S A. 2014; 

111:1503-1508. 

Becker T, Hartl FU, Wieland F. CD40, an extracellular receptor for binding and uptake of 

Hsp70-peptide complexes. J Cell Biol. 2002; 158:1277-1285. 

Becher B, Segal BM. T(H)17 cytokines in autoimmune neuro-inflammation. Curr Opin 

Immunol. 2011; 23:707-712. 

Becklund BR, Severson KS, Vang SV, DeLuca HF. UV radiation suppresses 

experimental autoimmune encephalomyelitis independent of vitamin D production. Proc 

Natl Acad Sci U S A. 2010; 107:6418-6423. 

Beere HM. "The stress of dying": the role of heat shock proteins in the regulation of 

apoptosis. J Cell Sci. 2004; 117:2641-2651.  

Beers DR, Henkel JS, Zhao W, Wang J, Appel SH. CD4+ T cells support glial 

neuroprotection, slow disease progression, and modify glial morphology in an animal 

model of inherited ALS. Proc Natl Acad Sci U S A. 2008; 105:15558-15563. 

Behrens JR, Rasche L, Gieß RM, Pfuhl C, Wakonig K, Freitag E, Deuschle K, 

Bellmann-Strobl J, Paul F, Ruprecht K, Dörr J. Low 25-hydroxyvitamin D, but not the 

bioavailable fraction of 25-hydroxyvitamin D, is a risk factor for multiple sclerosis. Eur J 

Neurol. 2016; 23:62-67.  

Bennett S, Grant M, Creese AJ, Mangialasche F, Cecchetti R, Cooper HJ, Mecocci P, 

Aldred S. Plasma levels of complement 4a protein are increased in Alzheimer's disease. 

Alzheimer Dis Assoc Disord. 2012; 26:329-334. 

Benoit ME, Hernandez MX, Dinh ML, Benavente F, Vasquez O, Tenner AJ. C1q-

induced LRP1B and GPR6 proteins expressed early in Alzheimer disease mouse models, 

are essential for the C1q-mediated protection against amyloid-β neurotoxicity. J Biol Chem. 

2013; 288:654-665. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

131 

Berer K, Mues M, Koutrolos M, Rasbi ZA, Boziki M, Johner C, Wekerle H, 

Krishnamoorthy G. Commensal microbiota and myelin autoantigen cooperate to trigger 

autoimmune demyelination. Nature. 2011; 479:538-541. 

Bertram L, Tanzi RE. The genetic epidemiology of neurodegenerative disease. J Clin 

Invest. 2005; 115:1449-1457.  

Bhakdi S, Kuller G, Muhly M, Fromm S, Seibert G, Parrisius J. Formation of 

transmural complement pores in serum-sensitive Escherichia coli. Infect Immun. 1987; 

55:206-210. 

Bhakdi S, Tranum-Jensen J. Complement lysis: a hole is a hole. Immunol Today. 1991; 

12:318-320. 

Bhalla AK, Amento EP, Serog B, Glimcher LH. 1,25-Dihydroxyvitamin D3 inhibits 

antigen-induced T cell activation. J Immunol. 1984; 133:1748-1754. 

Bhat AH, Dar KB, Anees S, Zargar MA, Masood A, Sofi MA, Ganie SA. Oxidative 

stress, mitochondrial dysfunction and neurodegenerative diseases; a mechanistic insight. 

Biomed Pharmacother. 2015; 74:101-110. 

Bielekova B, Sung MH, Kadom N, Simon R, McFarland H, Martin R. Expansion and 

functional relevance of high-avidity myelin-specific CD4+ T cells in multiple sclerosis. J 

Immunol. 2004; 172:3893-3904. 

Bitsch A, Schuchardt J, Bunkowski S, Kuhlmann T, Brück W. Acute axonal injury in 

multiple sclerosis. Correlation with demyelination and inflammation. Brain. 2000; 

123:1174-1183.  

Boiocchi C, Osera C, Monti MC, Ferraro OE, Govoni S, Cuccia M, Montomoli C, 

Pascale A, Bergamaschi R. Are Hsp70 protein expression and genetic polymorphism 

implicated in multiple sclerosis inflammation? J Neuroimmunol. 2014; 268:84-88. 

Boiocchi C, Maggioli E, Monti MC, Zorzetto M, Sinforiani E, Cereda C, Ricevuti G, 

Cuccia M. The Possible Involvement of HLA Class III Haplotype (RAGE, HSP70 and 

TNF Genes) in Alzheimer's Disease. Curr Alzheimer Res. 2015; 12:997-1005. 

Boonstra A, Barrat FJ, Crain C, Heath VL, Savelkoul HF, O'Garra A. 1alpha,25-

Dihydroxyvitamin d3 has a direct effect on naive CD4(+) T cells to enhance the 

development of Th2 cells. J Immunol. 2001; 167:4974-4980. 

Bowen DM, Davison AN. Biochemical changes in the cholinergic system of the ageing 

brain and in senile dementia. Psychol Med. 1980; 10:315-319. 

Bowman CC, Rasley A, Tranguch SL, Marriott I. Cultured astrocytes express toll-like 

receptors for bacterial products. Glia. 2003; 43:281-291. 

Braak H, Del Tredici K, Rüb U, de Vos RA, Jansen Steur EN, Braak E. Staging of 

brain pathology related to sporadic Parkinson's disease. Neurobiol Aging. 2003; 24:197-

211. 

Bradshaw EM, Chibnik LB, Keenan BT, Ottoboni L, Raj T, Tang A, Rosenkrantz LL, 

Imboywa S, Lee M, Von Korff A; Alzheimer Disease Neuroimaging Initiative, Morris 

MC, Evans DA, Johnson K, Sperling RA et al. CD33 Alzheimer's disease locus: altered 

monocyte function and amyloid biology. Nat Neurosci. 2013; 16:848-850. 

Bradt BM, Kolb WP, Cooper NR. Complement-dependent proinflammatory properties of 

the Alzheimer's disease beta-peptide. J Exp Med. 1998; 188:431-438. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

132 

Breitner JC, Baker LD, Montine TJ, Meinert CL, Lyketsos CG, Ashe KH, Brandt J, 

Craft S, Evans DE, Green RC, Ismail MS, Martin BK, Mullan MJ, Sabbagh M, 

Tariot PN, et al. Extended results of the Alzheimer's disease anti-inflammatory prevention 

trial. Alzheimers Dement. 2011; 7:402-411. 

Brennan A, Katz DR, Nunn JD, Barker S, Hewison M, Fraher LJ, O'Riordan JL. 
Dendritic cells from human tissues express receptors for the immunoregulatory vitamin D3 

metabolite, dihydroxycholecalciferol. Immunology. 1987; 61:457-461. 

Breuer J, Schwab N, Schneider-Hohendorf T, Marziniak M, Mohan H, Bhatia U, 

Gross CC, Clausen BE, Weishaupt C, Luger TA, Meuth SG, Loser K, Wiendl H. 

Ultraviolet B light attenuates the systemic immune response in central nervous system 

autoimmunity. Ann Neurol. 2014; 75:739-758. 

Brocchieri L, Conway de Macario E, Macario AJ. hsp70 genes in the human genome: 

Conservation and differentiation patterns predict a wide array of overlapping and 

specialized functions. BMC Evol Biol. 2008; 8:19. 

Brochard V, Combadière B, Prigent A, Laouar Y, Perrin A, Beray-Berthat V, 

Bonduelle O, Alvarez-Fischer D, Callebert J, Launay JM, Duyckaerts C, Flavell RA, 

Hirsch EC, Hunot S. Infiltration of CD4+ lymphocytes into the brain contributes to 

neurodegeneration in a mouse model of Parkinson disease. J Clin Invest. 2009; 119:182-

192. 

Brosseron F, Krauthausen M, Kummer M, Heneka MT. Body fluid cytokine levels in 

mild cognitive impairment and Alzheimer's disease: a comparative overview. Mol 

Neurobiol. 2014; 50:534-544. 

Brown IR. Expression of heat shock genes (hsp70) in the mammalian nervous system. 

Results Probl Cell Differ. 1991; 17:217-229.  

Brown JW, Coles AJ. Alemtuzumab: evidence for its potential in relapsing-remitting 

multiple sclerosis. Drug Des Devel Ther. 2013; 7:131-138. 

Brynedal B, Duvefelt K, Jonasdottir G, Roos IM, Akesson E, Palmgren J, Hillert J. 
HLA-A confers an HLA-DRB1 independent influence on the risk of multiple sclerosis. 

PLoS One. 2007; 2:e664. 

Bubeck D. The making of a macromolecular machine: assembly of the membrane attack 

complex. Biochemistry. 2014; 53:1908-1915. 

Buondonno I, Rovera G, Sassi F, Rigoni MM, Lomater C, Parisi S, Pellerito R, Isaia 

GC, D'Amelio P. Vitamin D and immunomodulation in early rheumatoid arthritis: A 

randomized double-blind placebo-controlled study. PLoS One. 2017; 12:e0178463.  

Bustamante MF, Fissolo N, Río J, Espejo C, Costa C, Mansilla MJ, Lizasoain I, Moro 

MA, Carmen Edo M, Montalban X, Comabella M. Implication of the Toll-like receptor 

4 pathway in the response to interferon-β in multiple sclerosis. Ann Neurol. 2011; 70:634-

645. 

Cabre P. Migration and multiple sclerosis: the French West Indies experience. J Neurol 

Sci. 2007; 262:117-121.  

Cadenas E, Boveris A, Ragan CI, Stoppani AO. Production of superoxide radicals and 

hydrogen peroxide by NADH-ubiquinone reductase and ubiquinol-cytochrome c reductase 

from beef-heart mitochondria. Arch Biochem Biophys. 1977; 180:248-257.  



 

 

 

 

 

 

 

 

 

 
References 

  

 

133 

Calabrese V, Cornelius C, Dinkova-Kostova AT, Calabrese EJ, Mattson MP. Cellular 

stress responses, the hormesis paradigm, and vitagenes: novel targets for therapeutic 

intervention in neurodegenerative disorders. Antioxid Redox Signal. 2010; 13:1763-1811. 

Calabrese V, Scapagnini G, Ravagna A, Bella R, Foresti R, Bates TE, Giuffrida Stella 

AM, Pennisi G. Nitric oxide synthase is present in the cerebrospinal fluid of patients with 

active multiple sclerosis and is associated with increases in cerebrospinal fluid protein 

nitrotyrosine and S-nitrosothiols and with changes in glutathione levels. J Neurosci Res. 

2002; 70:580-587.  

Callahan MK, Chaillot D, Jacquin C, Clark PR, Ménoret A. Differential acquisition of 

antigenic peptides by Hsp70 and Hsc70 under oxidative conditions. J Biol Chem. 2002; 

277:33604-9.  

Campbell GR, Ziabreva I, Reeve AK, Krishnan KJ, Reynolds R, Howell O, Lassmann 

H, Turnbull DM, Mahad DJ. Mitochondrial DNA deletions and neurodegeneration in 

multiple sclerosis. Ann Neurol. 2011; 69:481-492. 

Campbell MJ. Vitamin D and the RNA transcriptome: more than mRNA regulation. Front 

Physiol. 2014; 5:181. 

Cantorna MT, Hayes CE, DeLuca HF. 1,25-Dihydroxyvitamin D3 reversibly blocks the 

progression of relapsing encephalomyelitis, a model of multiple sclerosis. Proc Natl Acad 

Sci U S A. 1996; 93:7861-7864. 

Cantorna MT, Hayes CE, DeLuca HF. 1,25-Dihydroxycholecalciferol inhibits the 

progression of arthritis in murine models of human arthritis. J Nutr. 1998; 128:68-72. 

Carmeliet G, Dermauw V, Bouillon R. Vitamin D signaling in calcium and bone 

homeostasis: a delicate balance. Best Pract Res Clin Endocrinol Metab. 2015; 29:621-631. 

Carson MJ, Doose JM, Melchior B, Schmid CD, Ploix CC. CNS immune privilege: 

hiding in plain sight. Immunol Rev. 2006; 213:48-65. 

Casteels K, Waer M, Bouillon R, Depovere J, Valckx D, Laureys J, Mathieu C. 1,25-

Dihydroxyvitamin D3 restores sensitivity to cyclophosphamide-induced apoptosis in non-

obese diabetic (NOD) mice and protects against diabetes. Clin Exp Immunol. 1998; 

112:181-187.  

Castellano JM, Kim J, Stewart FR, Jiang H, DeMattos RB, Patterson BW, Fagan AM, 

Morris JC, Mawuenyega KG, Cruchaga C, Goate AM, Bales KR, Paul SM, Bateman 

RJ, Holtzman DM. Human apoE isoforms differentially regulate brain amyloid-β peptide 

clearance. Sci Transl Med. 2011; 3:89ra57. 

Castley AS, Martinez OP. Molecular analysis of complement component C4 gene copy 

number. Methods Mol Biol. 2012; 882:159-171.  

Chabas D, Baranzini SE, Mitchell D, Bernard CC, Rittling SR, Denhardt DT, Sobel 

RA, Lock C, Karpuj M, Pedotti R, Heller R, Oksenberg JR, Steinman L. The influence 

of the proinflammatory cytokine, osteopontin, on autoimmune demyelinating disease. 

Science. 2001; 294:1731-1735.  

Chapuis J, Hansmannel F, Gistelinck M, Mounier A, Van Cauwenberghe C, Kolen 

KV, Geller F, Sottejeau Y, Harold D, Dourlen P, Grenier-Boley B, Kamatani Y, 

Delepine B, Demiautte F, Zelenika D et al. Increased expression of BIN1 mediates 

Alzheimer genetic risk by modulating tau pathology. Mol Psychiatry. 2013; 18:1225-1234. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

134 

Chard DT, Griffin CM, Parker GJ, Kapoor R, Thompson AJ, Miller DH. Brain 

atrophy in clinically early relapsing-remitting multiple sclerosis. Brain. 2002; 125:327-337. 

Chassaing B, Gewirtz AT. Gut microbiota, low-grade inflammation, and metabolic 

syndrome. Toxicol Pathol. 2014; 42:49-53. 

Chen D, Androlewicz MJ. Heat shock protein 70 moderately enhances peptide binding 

and transport by the transporter associated with antigen processing. Immunol Lett. 2001; 

75:143-148. 

Chen H, Chan DC. Mitochondrial dynamics--fusion, fission, movement, and mitophagy--

in neurodegenerative diseases. Hum Mol Genet. 2009; 18:R169-76. 

Chen LH, Kao PY, Fan YH, Ho DT, Chan CS, Yik PY, Ha JC, Chu LW, Song YQ. 
Polymorphisms of CR1, CLU and PICALM confer susceptibility of Alzheimer's disease in 

a southern Chinese population. Neurobiol Aging. 2012; 33:210.e1-7. 

Chen Z, Jalabi W, Hu W, Park HJ, Gale JT, Kidd GJ, Bernatowicz R, Gossman ZC, 

Chen JT, Dutta R, Trapp BD. Microglial displacement of inhibitory synapses provides 

neuroprotection in the adult brain. Nat Commun. 2014; 5:4486. 

Chiang GC, Insel PS, Tosun D, Schuff N, Truran-Sacrey D, Raptentsetsang ST, Jack 

CR Jr, Aisen PS, Petersen RC, Weiner MW; Alzheimer's Disease Neuroimaging 

Initiative. Hippocampal atrophy rates and CSF biomarkers in elderly APOE2 normal 

subjects. Neurology. 2010; 75:1976-1981. 

Chiba S, Yokota S, Yonekura K, Tanaka S, Furuyama H, Kubota H, Fujii N, 

Matsumoto H. Autoantibodies against HSP70 family proteins were detected in the 

cerebrospinal fluid from patients with multiple sclerosis. J Neurol Sci. 2006; 241:39-43. 

Chiu HY, Tsao LY, Yang RC. Heat-shock response protects peripheral blood 

mononuclear cells (PBMCs) from hydrogen peroxide-induced mitochondrial disturbance. 

Cell Stress Chaperones. 2009; 14:207-217.  

Chiurchiù V, Orlacchio A, Maccarrone M. Is Modulation of Oxidative Stress an 

Answer? The State of the Art of Redox Therapeutic Actions in Neurodegenerative 

Diseases. Oxid Med Cell Longev. 2016; 2016:7909380. 

Chung SJ, Lee JH, Kim SY, You S, Kim MJ, Lee JY, Koh J. Association of GWAS top 

hits with late-onset Alzheimer disease in Korean population. Alzheimer Dis Assoc Disord. 

2013; 27:250-7.  

Čierny D, Michalik J, Škereňová M, Kantorová E, Sivák Š, Javor J, Kurča E, Dobrota 

D, Lehotský J. ApaI, BsmI and TaqI VDR gene polymorphisms in association with 

multiple sclerosis in Slovaks. Neurol Res. 2016; 38:678-684.  

Cleren C, Calingasan NY, Chen J, Beal MF. Celastrol protects against MPTP- and 3-

nitropropionic acid-induced neurotoxicity. J Neurochem. 2005; 94:995-1004.  

Cleynen I, Konings P, Robberecht C, Laukens D, Amininejad L, Théâtre E, Machiels 

K, Arijs I, Rutgeerts P, Louis E, Franchimont D, De Vos M, Van Steen K, Georges M, 

Moreau Y et al. Genome-Wide Copy Number Variation Scan Identifies Complement 

Component C4 as Novel Susceptibility Gene for Crohn's Disease. Inflamm Bowel Dis. 

2016 Mar; 22:505-515.  

Compston A, Coles A. Multiple sclerosis. Lancet. 2008; 372:1502-1517. 

Compston DA, Batchelor JR, McDonald WI. B-lymphocyte alloantigens associated with 

multiple sclerosis. Lancet. 1976; 2:1261-1265. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

135 

Contestabile A. The history of the cholinergic hypothesis. Behav Brain Res. 2011; 

221:334-340. 

Cookson MR. RNA-binding proteins implicated in neurodegenerative diseases. Wiley 

Interdiscip Rev RNA. 2017; 8.  

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, 

Roses AD, Haines JL, Pericak-Vance MA. Gene dose of apolipoprotein E type 4 allele 

and the risk of Alzheimer's disease in late onset families. Science. 1993; 261:921-923.  

Corneveaux JJ, Myers AJ, Allen AN, Pruzin JJ, Ramirez M, Engel A, Nalls MA, 

Chen K, Lee W, Chewning K, Villa SE, Meechoovet HB, Gerber JD, Frost D, Benson 

HL et al. Association of CR1, CLU and PICALM with Alzheimer's disease in a cohort of 

clinically characterized and neuropathologically verified individuals. Hum Mol Genet. 

2010; 19:3295-3301.  

Cortese M, Riise T, Bjørnevik K, Holmøy T, Kampman MT, Magalhaes S, Pugliatti 

M, Wolfson C, Myhr KM. Timing of use of cod liver oil, a vitamin D source, and multiple 

sclerosis risk: The EnvIMS study. Mult Scler. 2015; 21:1856-1864. 

Cotsapas C, Voight BF, Rossin E, Lage K, Neale BM, Wallace C, Abecasis GR, 

Barrett JC, Behrens T, Cho J, De Jager PL, Elder JT, Graham RR, Gregersen P, 

Klareskog L et al. Pervasive sharing of genetic effects in autoimmune disease. PLoS 

Genet. 2011; 7:e1002254. 

Cox MB, Ban M, Bowden NA, Baker A, Scott RJ, Lechner-Scott J. Potential 

association of vitamin D receptor polymorphism Taq1 with multiple sclerosis. Mult Scler. 

2012; 18:16-22.  

Craner MJ, Newcombe J, Black JA, Hartle C, Cuzner ML, Waxman SG. Molecular 

changes in neurons in multiple sclerosis: altered axonal expression of Nav1.2 and Nav1.6 

sodium channels and Na+/Ca2+ exchanger. Proc Natl Acad Sci U S A. 2004; 101:8168-

8173. 

Crehan H, Hardy J, Pocock J. Blockage of CR1 prevents activation of rodent microglia. 

Neurobiol Dis. 2013; 54:139-149.  

Cuyvers E, Sleegers K. Genetic variations underlying Alzheimer's disease: evidence from 

genome-wide association studies and beyond. Lancet Neurol. 2016; 15:857-868. 

Cwiklinska H, Mycko MP, Luvsannorov O, Walkowiak B, Brosnan CF, Raine CS, 

Selmaj KW. Heat shock protein 70 associations with myelin basic protein and proteolipid 

protein in multiple sclerosis brains. Int Immunol. 2003; 15:241-249. 

Cwiklinska H, Mycko MP, Szymanska B, Matysiak M, Selmaj KW. Aberrant stress-

induced Hsp70 expression in immune cells in multiple sclerosis. J Neurosci Res. 2010; 

88:3102-3110. 

Daborg J, Andreasson U, Pekna M, Lautner R, Hanse E, Minthon L, Blennow K, 

Hansson O, Zetterberg H. Cerebrospinal fluid levels of complement proteins C3, C4 and 

CR1 in Alzheimer's disease. J Neural Transm (Vienna). 2012; 119:789-797. 

Dahl MR, Thiel S, Matsushita M, Fujita T, Willis AC, Christensen T, Vorup-Jensen 

T, Jensenius JC. MASP-3 and its association with distinct complexes of the mannan-

binding lectin complement activation pathway. Immunity. 2001; 15:127-135. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

136 

Damal K, Stoker E, Foley JF. Optimizing therapeutics in the management of patients with 

multiple sclerosis: a review of drug efficacy, dosing, and mechanisms of action. Biologics. 

2013; 7:247-258.  

Dangel AW, Mendoza AR, Baker BJ, Daniel CM, Carroll MC, Wu LC, Yu CY. The 

dichotomous size variation of human complement C4 genes is mediated by a novel family 

of endogenous retroviruses, which also establishes species-specific genomic patterns 

among Old World primates. Immunogenetics. 1994; 40:425-436. 

Dargahi N, Katsara M, Tselios T, Androutsou ME, de Courten M, Matsoukas J, 

Apostolopoulos V. Multiple Sclerosis: Immunopathology and Treatment Update. Brain 

Sci. 2017; 7. 

Das NR, Sharma SS. Cognitive Impairment Associated with Parkinson's Disease: Role of 

Mitochondria. Curr Neuropharmacol. 2016; 14:584-592. 

Daugaard M, Rohde M, Jäättelä M. The heat shock protein 70 family: Highly 

homologous proteins with overlapping and distinct functions. FEBS Lett. 2007; 581:3702-

3710. 

Davies P, Maloney AJ. Selective loss of central cholinergic neurons in Alzheimer's 

disease. Lancet. 1976; 2:1403.  

De Chiara G, Marcocci ME, Sgarbanti R, Civitelli L, Ripoli C, Piacentini R, Garaci E, 

Grassi C, Palamara AT. Infectious agents and neurodegeneration. Mol Neurobiol. 2012; 

46:614-638. 

De Stefano N, Narayanan S, Francis SJ, Smith S, Mortilla M, Tartaglia MC, 

Bartolozzi ML, Guidi L, Federico A, Arnold DL. Diffuse axonal and tissue injury in 

patients with multiple sclerosis with low cerebral lesion load and no disability. Arch 

Neurol. 2002; 59:1565-1571. 

de Vries MA, Trompet S, Mooijaart SP, Smit RA, Böhringer S, Castro Cabezas M, 

Jukema JW. Complement receptor 1 gene polymorphisms are associated with 

cardiovascular risk. Atherosclerosis. 2017 Feb;257:16-21.  

Deeb KK, Trump DL, Johnson CS. Vitamin D signalling pathways in cancer: potential 

for anticancer therapeutics. Nat Rev Cancer. 2007; 7:684-700. 

Delamarre A, Meissner WG. Epidemiology, environmental risk factors and genetics of 

Parkinson's disease. Presse Med. 2017; 46:175-181. 

DeLuca HF. Overview of general physiologic features and functions of vitamin D. Am J 

Clin Nutr. 2004; 80:1689S-96S. 

Dendrou CA, Fugger L, Friese MA. Immunopathology of multiple sclerosis. Nat Rev 

Immunol. 2015; 15:545-558. 

Deshmukh P, Unni S, Krishnappa G, Padmanabhan B. The Keap1-Nrf2 pathway: 

promising therapeutic target to counteract ROS-mediated damage in cancers and 

neurodegenerative diseases. Biophys Rev. 2017; 9:41-56.   

Desvergne B, Michalik L, Wahli W. Transcriptional regulation of metabolism. Physiol 

Rev. 2006; 86:465-514. 

Dheen ST, Kaur C, Ling EA. Microglial activation and its implications in the brain 

diseases. Curr Med Chem. 2007; 14:1189-1197. 

Dhib-Jalbut S, Marks S. Interferon-beta mechanisms of action in multiple sclerosis. 

Neurology. 2010; 74 Suppl 1:S17-24.  



 

 

 

 

 

 

 

 

 

 
References 

  

 

137 

Dickinson JL, Perera DI, van der Mei AF, Ponsonby AL, Polanowski AM, Thomson 

RJ, Taylor BV, McKay JD, Stankovich J, Dwyer T. Past environmental sun exposure 

and risk of multiple sclerosis: a role for the Cdx-2 Vitamin D receptor variant in this 

interaction. Mult Scler. 2009; 15:563-570. 

Doberentz E, Genneper L, Wagner R, Madea B. Expression times for hsp27 and hsp70 

as an indicator of thermal stress during death due to fire. Int J Legal Med. 2017; 131:1707-

1718. 

Dobson R, Ramagopalan S, Davis A, Giovannoni G. Cerebrospinal fluid oligoclonal 

bands in multiple sclerosis and clinically isolated syndromes: a meta-analysis of 

prevalence, prognosis and effect of latitude. J Neurol Neurosurg Psychiatry. 2013; 84:909-

914.  

Dodds AW, Ren XD, Willis AC, Law SK. The reaction mechanism of the internal 

thioester in the human complement component C4. Nature. 1996; 379:177-179. 

Dorey E, Bamji-Mirza M, Najem D, Li Y, Liu H, Callaghan D, Walker D, Lue LF, 

Stanimirovic D, Zhang W. Apolipoprotein E Isoforms Differentially Regulate Alzheimer's 

Disease and Amyloid-β-Induced Inflammatory Response in vivo and in vitro. J Alzheimers 

Dis. 2017; 57:1265-1279. 

Dragovic Z, Broadley SA, Shomura Y, Bracher A, Hartl FU. Molecular chaperones of 

the Hsp110 family act as nucleotide exchange factors of Hsp70s. EMBO J. 2006; 25:2519-

2528. 

D'Souza SD, Antel JP, Freedman MS. Cytokine induction of heat shock protein 

expression in human oligodendrocytes: an interleukin-1-mediated mechanism. J 

Neuroimmunol. 1994; 50:17-24.  

Duan S, Lv Z, Fan X, Wang L, Han F, Wang H, Bi S. Vitamin D status and the risk of 

multiple sclerosis: a systematic review and meta-analysis. Neurosci Lett. 2014; 570:108-

113. 

Ebers GC, Yee IM, Sadovnick AD, Duquette P. Conjugal multiple sclerosis: population-

based prevalence and recurrence risks in offspring. Canadian Collaborative Study Group. 

Ann Neurol. 2000; 48:927-931. 

Ebers GC. Environmental factors and multiple sclerosis. Lancet Neurol. 2008; 7:268-277. 

Ehrengruber MU, Geiser T, Deranleau DA. Activation of human neutrophils by C3a and 

C5A. Comparison of the effects on shape changes, chemotaxis, secretion, and respiratory 

burst. FEBS Lett. 1994; 346:181-184. 

Eikelenboom P, Stam FC. Immunoglobulins and complement factors in senile plaques. 

An immunoperoxidase study. Acta Neuropathol. 1982; 57:239-242. 

Elsner J, Oppermann M, Czech W, Dobos G, Schöpf E, Norgauer J, Kapp A. C3a 

activates reactive oxygen radical species production and intracellular calcium transients in 

human eosinophils. Eur J Immunol. 1994; 24:518-522. 

Emamgholipour S, Hossein-Nezhad A, Ansari M. Can Melatonin Act as an Antioxidant 

in Hydrogen Peroxide-Induced Oxidative Stress Model in Human Peripheral Blood 

Mononuclear Cells? Biochem Res Int. 2016; 2016:5857940.  

Engelhart MJ, Geerlings MI, Meijer J, Kiliaan A, Ruitenberg A, van Swieten JC, 

Stijnen T, Hofman A, Witteman JC, Breteler MM. Inflammatory proteins in plasma and 

the risk of dementia: the rotterdam study. Arch Neurol. 2004; 61:668-672. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

138 

Erdei A, Isaák A, Török K, Sándor N, Kremlitzka M, Prechl J, Bajtay Z. Expression 

and role of CR1 and CR2 on B and T lymphocytes under physiological and autoimmune 

conditions. Mol Immunol. 2009; 46:2767-2773.  

Errea O, Moreno B, Gonzalez-Franquesa A, Garcia-Roves PM, Villoslada P. The 

disruption of mitochondrial axonal transport is an early event in neuroinflammation. J 

Neuroinflammation. 2015; 12:152. 

Evans CG, Wisén S, Gestwicki JE. Heat shock proteins 70 and 90 inhibit early stages of 

amyloid beta-(1-42) aggregation in vitro. J Biol Chem. 2006; 281:33182-191. 

Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, Myers RH, 

Pericak-Vance MA, Risch N, van Duijn CM. Effects of age, sex, and ethnicity on the 

association between apolipoprotein E genotype and Alzheimer disease. A meta-analysis. 

APOE and Alzheimer Disease Meta Analysis Consortium. JAMA. 1997; 278:1349-1356.  

Favatier F, Bornman L, Hightower LE, Günther E, Polla BS. Variation in hsp gene 

expression and Hsp polymorphism: do they contribute to differential disease susceptibility 

and stress tolerance? Cell Stress Chaperones. 1997; 2:141-155.  

Fehsel K, Jalowy A, Qi S, Burkart V, Hartmann B, Kolb H. Islet cell DNA is a target of 

inflammatory attack by nitric oxide. Diabetes. 1993; 42:496-500.  

Feng R, Li Y, Li G, Li Z, Zhang Y, Li Q, Sun C. Lower serum 25 (OH) D concentrations 

in type 1 diabetes: A meta-analysis. Diabetes Res Clin Pract. 2015; 108:e71-5. 

Fernando MM, Boteva L, Morris DL, Zhou B, Wu YL, Lokki ML, Yu CY, Rioux JD, 

Hollox EJ, Vyse TJ. Assessment of complement C4 gene copy number using the paralog 

ratio test. Hum Mutat. 2010; 31:866-874.  

Fey G, Odink K, Chapuis RM. Synthesis of the mouse complement component C4 (Ss-

protein) by peritoneal macrophages: kinetics of secretion and glycosylation of the subunits. 

Eur J Immunol. 1980; 10:75-82. 

Filiano AJ, Gadani SP, Kipnis J. How and why do T cells and their derived cytokines 

affect the injured and healthy brain? Nat Rev Neurosci. 2017; 18:375-384. 

Fillit H, Ding WH, Buee L, Kalman J, Altstiel L, Lawlor B, Wolf-Klein G. Elevated 

circulating tumor necrosis factor levels in Alzheimer's disease. Neurosci Lett. 1991; 

129:318-320. 

Filosto M, Scarpelli M, Cotelli MS, Vielmi V, Todeschini A, Gregorelli V, Tonin P, 

Tomelleri G, Padovani A. The role of mitochondria in neurodegenerative diseases. J 

Neurol. 2011; 258:1763-1774. 

Fischer MT, Sharma R, Lim JL, Haider L, Frischer JM, Drexhage J, Mahad D, Bradl 

M, van Horssen J, Lassmann H. NADPH oxidase expression in active multiple sclerosis 

lesions in relation to oxidative tissue damage and mitochondrial injury. Brain. 2012; 

135:886-899. 

Fischer MT, Wimmer I, Höftberger R, Gerlach S, Haider L, Zrzavy T, Hametner S, 

Mahad D, Binder CJ, Krumbholz M, Bauer J, Bradl M, Lassmann H. Disease-specific 

molecular events in cortical multiple sclerosis lesions. Brain. 2013; 136:1799-1815. 

Fleshner M, Johnson JD. Endogenous extra-cellular heat shock protein 72: releasing 

signal(s) and function. Int J Hyperthermia. 2005; 21:457-471.  

Fonseca MI, Zhou J, Botto M, Tenner AJ. Absence of C1q leads to less neuropathology 

in transgenic mouse models of Alzheimer's disease. J Neurosci. 2004; 24:6457-6465. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

139 

Fonseca MI, Ager RR, Chu SH, Yazan O, Sanderson SD, LaFerla FM, Taylor SM, 

Woodruff TM, Tenner AJ. Treatment with a C5aR antagonist decreases pathology and 

enhances behavioral performance in murine models of Alzheimer's disease. J Immunol. 

2009; 183:1375-1383. 

Fonseca MI, McGuire SO, Counts SE, Tenner AJ. Complement activation fragment C5a 

receptors, CD88 and C5L2, are associated with neurofibrillary pathology. J 

Neuroinflammation. 2013; 10:25. 

Fonseca MI, Chu S, Pierce AL, Brubaker WD, Hauhart RE, Mastroeni D, Clarke EV, 

Rogers J, Atkinson JP, Tenner AJ. Analysis of the Putative Role of CR1 in Alzheimer's 

Disease: Genetic Association, Expression and Function. PLoS One. 2016; 11:e0149792.  

Foster JA, Brown IR. Differential induction of heat shock mRNA in oligodendrocytes, 

microglia, and astrocytes following hyperthermia. Brain Res Mol Brain Res. 1997; 45:207-

218. 

Fourie AM, Peterson PA, Yang Y. Characterization and regulation of the major 

histocompatibility complex-encoded proteins Hsp70-Hom and Hsp70-1/2. Cell Stress 

Chaperones. 2001; 6:282-295.  

Franciotta D, Dondi E, Bergamaschi R, Piccolo G, d'Eril GV, Cosi V, Cuccia M. HLA 

complement gene polymorphisms in multiple sclerosis. A study on 80 Italian patients. J 

Neurol. 1995; 242:64-68. 

Franklin RJ. Why does remyelination fail in multiple sclerosis? Nat Rev Neurosci. 2002; 

3:705-714.  

Fraussen J, Claes N, de Bock L, Somers V. Targets of the humoral autoimmune response 

in multiple sclerosis. Autoimmun Rev. 2014; 13:1126-1137. 

Freedman MS, Ruijs TC, Selin LK, Antel JP. Peripheral blood gamma-delta T cells lyse 

fresh human brain-derived oligodendrocytes. Ann Neurol. 1991; 30:794-800.  

French HM, Reid M, Mamontov P, Simmons RA, Grinspan JB. Oxidative stress 

disrupts oligodendrocyte maturation. J Neurosci Res. 2009; 87:3076-3087.  

Friese MA, Schattling B, Fugger L. Mechanisms of neurodegeneration and axonal 

dysfunction in multiple sclerosis. Nat Rev Neurol. 2014; 10:225-238. 

Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H, Schmidbauer 

M, Laursen H, Sorensen PS, Lassmann H. The relation between inflammation and 

neurodegeneration in multiple sclerosis brains. Brain. 2009; 132:1175-1189. 

Fürnrohr BG, Wach S, Kelly JA, Haslbeck M, Weber CK, Stach CM, Hueber AJ, 

Graef D, Spriewald BM, Manger K, Herrmann M, Kaufman KM, Frank SG, 

Goodmon E, James JA, et al. Polymorphisms in the Hsp70 gene locus are genetically 

associated with systemic lupus erythematosus. Ann Rheum Dis. 2010; 69:1983-1989.  

Gaboriaud C, Ling WL, Thielens NM, Bally I, Rossi V. Deciphering the fine details of 

c1 assembly and activation mechanisms: "mission impossible"? Front Immunol. 2014; 

5:565. 

Gajofatto A, Benedetti MD. Treatment strategies for multiple sclerosis: When to start, 

when to change, when to stop? World J Clin Cases. 2015; 3:545-555.  

Games D, Adams D, Alessandrini R, Barbour R, Berthelette P, Blackwell C, Carr T, 

Clemens J, Donaldson T, Gillespie F, Guido T, Hagopian S, Johnson-Wood K, Khan 



 

 

 

 

 

 

 

 

 

 
References 

  

 

140 

K, Lee M et al. Alzheimer-type neuropathology in transgenic mice overexpressing V717F 

beta-amyloid precursor protein. Nature. 1995; 373:523-527.  

Gandhi S, Wood NW. Genome-wide association studies: the key to unlocking 

neurodegeneration? Nat Neurosci. 2010; 13:789-794. 

García-Martín E, Agúndez JA, Martínez C, Benito-León J, Millán-Pascual J, Calleja 

P, Díaz-Sánchez M, Pisa D, Turpín-Fenoll L, Alonso-Navarro H, Ayuso-Peralta L, 

Torrecillas D, Plaza-Nieto JF, Jiménez-Jiménez FJ. Vitamin D3 receptor ( VDR ) gene 

rs2228570 (Fok1) and rs731236 (Taq1) variants are not associated with the risk for 

multiple sclerosis: results of a new study and a meta-analysis. PLoS One. 2013; 8:e65487.  

Giacobini E. Long-term stabilizing effect of cholinesterase inhibitors in the therapy of 

Alzheimer' disease. J Neural Transm Suppl. 2002; 181-187. 

Giannetti P, Politis M, Su P, Turkheimer FE, Malik O, Keihaninejad S, Wu K, 

Waldman A, Reynolds R, Nicholas R, Piccini P. Increased PK11195-PET binding in 

normal-appearing white matter in clinically isolated syndrome. Brain. 2015; 138:110-119. 

Gifondorwa DJ, Jimenz-Moreno R, Hayes CD, Rouhani H, Robinson MB, Strupe JL, 

Caress J, Milligan C. Administration of Recombinant Heat Shock Protein 70 Delays 

Peripheral Muscle Denervation in the SOD1(G93A) Mouse Model of Amyotrophic Lateral 

Sclerosis. Neurol Res Int. 2012; 2012:170426.  

Giri M, Zhang M, Lü Y. Genes associated with Alzheimer's disease: an overview and 

current status. Clin Interv Aging. 2016; 11:665-681. 

Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH. Mechanisms underlying 

inflammation in neurodegeneration. Cell. 2010; 140:918-934,. 

Goate AM, Cooper DN, Hall C, Leung TK, Solomon E, Lim L. Localization of a human 

heat-shock HSP 70 gene sequence to chromosome 6 and detection of two other loci by 

somatic-cell hybrid and restriction fragment length polymorphism analysis. Hum Genet. 

1987; 75:123-128. 

Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F, Fidani L, Giuffra L, 

Haynes A, Irving N, James L, Mant R, Newton P, Rooke K, Roques P, Talbot C et al. 
Segregation of a missense mutation in the amyloid precursor protein gene with familial 

Alzheimer's disease. Nature. 1991; 349:704-706.  

Golpich M, Amini E, Mohamed Z, Azman Ali R, Mohamed Ibrahim N, Ahmadiani A. 

Mitochondrial Dysfunction and Biogenesis in Neurodegenerative diseases: Pathogenesis 

and Treatment. CNS Neurosci Ther. 2017; 23:5-22. 

Gonsette RE. Oxidative stress and excitotoxicity: a therapeutic issue in multiple sclerosis? 

Mult Scler. 14:22-34, 2008.  

Gray E, Thomas TL, Betmouni S, Scolding N, Love S. Elevated activity and microglial 

expression of myeloperoxidase in demyelinated cerebral cortex in multiple sclerosis. Brain 

Pathol. 2008; 18:86-95. 

Gross C, Krishnan AV, Malloy PJ, Eccleshall TR, Zhao XY, Feldman D. The vitamin 

D receptor gene start codon polymorphism: a functional analysis of FokI variants. J Bone 

Miner Res. 1998; 13:1691-1699. 

Gu Y, Misonou H, Sato T, Dohmae N, Takio K, Ihara Y. Distinct intramembrane 

cleavage of the beta-amyloid precursor protein family resembling gamma-secretase-like 

cleavage of Notch. J Biol Chem. 2001; 276:35235-35238. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

141 

Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, Cruchaga C, 

Sassi C, Kauwe JS, Younkin S, Hazrati L, Collinge J, Pocock J, Lashley T, Williams J 

et al. TREM2 variants in Alzheimer's disease. N Engl J Med. 2013; 368:117-127. 

Guo F, Sigua C, Bali P, George P, Fiskus W, Scuto A, Annavarapu S, Mouttaki A, 

Sondarva G, Wei S, Wu J, Djeu J, Bhalla K. Mechanistic role of heat shock protein 70 in 

Bcr-Abl-mediated resistance to apoptosis in human acute leukemia cells. Blood. 2005; 

105:1246-1255. 

Gupta RS, Ramachandra NB, Bowes T, Singh B. Unusual cellular disposition of the 

mitochondrial molecular chaperones Hsp60, Hsp70 and Hsp10. Novartis Found Symp. 

2008; 291:59-68.  

Guzhova I, Kislyakova K, Moskaliova O, Fridlanskaya I, Tytell M, Cheetham M, 

Margulis B. In vitro studies show that Hsp70 can be released by glia and that exogenous 

Hsp70 can enhance neuronal stress tolerance. Brain Res. 2001; 914:66-73.  

Haass C, Kaether C, Thinakaran G, Sisodia S. Trafficking and proteolytic processing of 

APP. Cold Spring Harb Perspect Med. 2012; 2:a006270. 

Haider L, Fischer MT, Frischer JM, Bauer J, Höftberger R, Botond G, Esterbauer H, 

Binder CJ, Witztum JL, Lassmann H. Oxidative damage in multiple sclerosis lesions. 

Brain. 2011; 134:1914-1924. 

Hall RE, Colten HR. Cell-free synthesis of the fourth component of guinea pig 

complement (C4): identification of a precursor of serum C4 (pro-C4). Proc Natl Acad Sci U 

S A. 1977; 74:1707-1710. 

Halpain S, Spencer K, Graber S. Dynamics and pathology of dendritic spines. Prog Brain 

Res. 2005; 147:29-37. 

Hammond SR, English DR, McLeod JG. The age-range of risk of developing multiple 

sclerosis: evidence from a migrant population in Australia. Brain. 2000; 123:968-974.  

Han MR, Schellenberg GD, Wang LS; Alzheimer's Disease Neuroimaging Initiative. 
Genome-wide association reveals genetic effects on human Aβ42 and τ protein levels in 

cerebrospinal fluids: a case control study. BMC Neurol. 2010; 10:90. 

Handel AE, Williamson AJ, Disanto G, Handunnetthi L, Giovannoni G, Ramagopalan 

SV. An updated meta-analysis of risk of multiple sclerosis following infectious 

mononucleosis. PLoS One. 2010; 5. 

Handel AE, Williamson AJ, Disanto G, Dobson R, Giovannoni G, Ramagopalan SV. 
Smoking and multiple sclerosis: an updated meta-analysis. PLoS One. 2011; 6:e16149. 

Hanisch UK, Kettenmann H. Microglia: active sensor and versatile effector cells in the 

normal and pathologic brain. Nat Neurosci. 2007; 10:1387-1394. 

Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer's disease: progress and 

problems on the road to therapeutics. Science. 2002; 297:353-356. 

Harold D, Abraham R, Hollingworth P, Sims R, Gerrish A, Hamshere ML, Pahwa JS, 

Moskvina V, Dowzell K, Williams A, Jones N, Thomas C, Stretton A, Morgan AR, 

Lovestone S et al. Genome-wide association study identifies variants at CLU and PICALM 

associated with Alzheimer's disease. Nat Genet. 2009; 41:1088-1093. 

Hartl FU. Molecular chaperones in cellular protein folding. Nature. 1996; 381:571-579. 

Hauser PS, Narayanaswami V, Ryan RO. Apolipoprotein E: from lipid transport to 

neurobiology. Prog Lipid Res. 2011; 50:62-74. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

142 

Haussler MR, Jurutka PW, Hsieh JC, Thompson PD, Selznick SH, Haussler CA, 

Whitfield GK. New understanding of the molecular mechanism of receptor-mediated 

genomic actions of the vitamin D hormone. Bone. 1995; 17:33S-38S. 

He JQ, Wiesmann C, van Lookeren Campagne M. A role of macrophage complement 

receptor CRIg in immune clearance and inflammation. Mol Immunol. 2008; 45:4041-4047. 

Healy BC, Liguori M, Tran D, Chitnis T, Glanz B, Wolfish C, Gauthier S, Buckle G, 

Houtchens M, Stazzone L, Khoury S, Hartzmann R, Fernandez-Vina M, Hafler DA, 

Weiner HL et al. HLA B*44: protective effects in MS susceptibility and MRI outcome 

measures. Neurology. 2010; 75:634-640. 

Hedström AK, Bäärnhielm M, Olsson T, Alfredsson L. Tobacco smoking, but not 

Swedish snuff use, increases the risk of multiple sclerosis. Neurology. 2009; 73:696-701.  

Hedström AK, Bäärnhielm M, Olsson T, Alfredsson L. Exposure to environmental 

tobacco smoke is associated with increased risk for multiple sclerosis. Mult Scler. 2011; 

17:788-793 a. 

Hedström AK, Sundqvist E, Bäärnhielm M, Nordin N, Hillert J, Kockum I, Olsson T, 

Alfredsson L. Smoking and two human leukocyte antigen genes interact to increase the 

risk for multiple sclerosis. Brain. 2011; 134:653-664 b. 

Hedström AK, Lima Bomfim I, Barcellos L, Gianfrancesco M, Schaefer C, Kockum I, 

Olsson T, Alfredsson L. Interaction between adolescent obesity and HLA risk genes in the 

etiology of multiple sclerosis. Neurology. 2014; 82:865-872. 

Hellings N, Barée M, Verhoeven C, D'hooghe MB, Medaer R, Bernard CC, Raus J, 

Stinissen P. T-cell reactivity to multiple myelin antigens in multiple sclerosis patients and 

healthy controls. J Neurosci Res. 2001; 63:290-302.  

Heneka MT, Rodríguez JJ, Verkhratsky A. Neuroglia in neurodegeneration. Brain Res 

Rev. 2010; 63:189-211. 

Heneka MT, Kummer MP, Latz E. Innate immune activation in neurodegenerative 

disease. Nat Rev Immunol. 2014; 14:463-477. 

Heppner FL, Ransohoff RM, Becher B. Immune attack: the role of inflammation in 

Alzheimer disease. Nat Rev Neurosci. 2015; 16:358-372. 

Hernán MA, Olek MJ, Ascherio A. Cigarette smoking and incidence of multiple 

sclerosis. Am J Epidemiol. 2001; 154:69-74. 

Hewison M, Freeman L, Hughes SV, Evans KN, Bland R, Eliopoulos AG, Kilby MD, 

Moss PA, Chakraverty R. Differential regulation of vitamin D receptor and its ligand in 

human monocyte-derived dendritic cells. J Immunol. 2003; 170:5382-5390. 

Heydarpour P, Amini H, Khoshkish S, Seidkhani H, Sahraian MA, Yunesian M. 

Potential impact of air pollution on multiple sclerosis in Tehran, Iran. Neuroepidemiology. 

2014; 43:233-238. 

Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC, Carrasquillo MM, 

Abraham R, Hamshere ML, Pahwa JS, Moskvina V, Dowzell K, Jones N, Stretton A, 

Thomas C, Richards A et al. Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1, 

CD33 and CD2AP are associated with Alzheimer's disease. Nat Genet. 2011; 43:429-435. 

Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, Kerr S, Culliford D, Perry 

VH. Systemic inflammation and disease progression in Alzheimer disease. Neurology. 

2009; 73:768-774. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

143 

Honarvar NM, Harrirchian MH, Koohdani F, Siassi F, Jafari Rad S, Abdolahi M, 

Bitarafan S, Salehi E, Sahraian MA, Eshraghian MR, Saboor-Yarghi AA. In vitro 

effect of human serum and fetal calf serum on CD4+ T cells proliferation in response to 

myelin oligodendrocyte glycoprotein (MOG) in correlation with RBP/TTR ratio in multiple 

sclerotic patients. J Mol Neurosci. 2013; 50:571-576. 

Hong S, Quintero-Monzon O, Ostaszewski BL, Podlisny DR, Cavanaugh WT, Yang T, 

Holtzman DM, Cirrito JR, Selkoe DJ. Dynamic analysis of amyloid β-protein in 

behaving mice reveals opposing changes in ISF versus parenchymal Aβ during age-related 

plaque formation. J Neurosci. 2011; 31:15861-15869. 

Hoshino T, Murao N, Namba T, Takehara M, Adachi H, Katsuno M, Sobue G, 

Matsushima T, Suzuki T, Mizushima T. Suppression of Alzheimer's disease-related 

phenotypes by expression of heat shock protein 70 in mice. J Neurosci. 2011; 31:5225-

5234.  

Howell OW, Reeves CA, Nicholas R, Carassiti D, Radotra B, Gentleman SM, Serafini 

B, Aloisi F, Roncaroli F, Magliozzi R, Reynolds R. Meningeal inflammation is 

widespread and linked to cortical pathology in multiple sclerosis. Brain. 2011; 134:2755-

2771. 

Hoyer S. Causes and consequences of disturbances of cerebral glucose metabolism in 

sporadic Alzheimer disease: therapeutic implications. Adv Exp Med Biol. 2004; 541:135-

152. 

Hu J, Akama KT, Krafft GA, Chromy BA, Van Eldik LJ. Amyloid-beta peptide 

activates cultured astrocytes: morphological alterations, cytokine induction and nitric oxide 

release. Brain Res. 1998; 785:195-206. 

Huang C, Cheng H, Hao S, Zhou H, Zhang X, Gao J, Sun QH, Hu H, Wang CC. Heat 

shock protein 70 inhibits alpha-synuclein fibril formation via interactions with diverse 

intermediates. J Mol Biol. 2006; 364:323-336. 

Huang J, Xie ZF. Polymorphisms in the vitamin D receptor gene and multiple sclerosis 

risk: a meta-analysis of case-control studies. J Neurol Sci. 2012; 313:79-85. 

Huber-Lang M, Sarma JV, Zetoune FS, Rittirsch D, Neff TA, McGuire SR, Lambris 

JD, Warner RL, Flierl MA, Hoesel LM, Gebhard F, Younger JG, Drouin SM, Wetsel 

RA, Ward PA. Generation of C5a in the absence of C3: a new complement activation 

pathway. Nat Med. 2006; 12:682-687. 

Ifergan I, Kébir H, Bernard M, Wosik K, Dodelet-Devillers A, Cayrol R, Arbour N, 

Prat A. The blood-brain barrier induces differentiation of migrating monocytes into Th17-

polarizing dendritic cells. Brain. 2008; 131:785-799. 

Ingram G, Hakobyan S, Hirst CL, Harris CL, Loveless S, Mitchell JP, Pickersgill TP, 

Robertson NP, Morgan BP. Systemic complement profiling in multiple sclerosis as a 

biomarker of disease state. Mult Scler. 2012; 18:1401-1411. 

International Multiple Sclerosis Genetics Consortium (IMSGC), Beecham AH, 

Patsopoulos NA, Xifara DK, Davis MF, Kemppinen A, Cotsapas C, Shah TS, Spencer 

C, Booth D, Goris A, Oturai A, Saarela J, Fontaine B, Hemmer B et al. Risk alleles for 

multiple sclerosis identified by a genomewide study. N Engl J Med. 2007; 357:851-862. 

International Multiple Sclerosis Genetics Consortium; Wellcome Trust Case Control 

Consortium 2, Sawcer S, Hellenthal G, Pirinen M, Spencer CC, Patsopoulos NA, 



 

 

 

 

 

 

 

 

 

 
References 

  

 

144 

Moutsianas L, Dilthey A, Su Z, Freeman C, Hunt SE, Edkins S, Gray E, Booth DR et 

al. Genetic risk and a primary role for cell-mediated immune mechanisms in multiple 

sclerosis. Nature. 2011; 476:214-219. 

International Multiple Sclerosis Genetics Consortium (IMSGC), Beecham AH, 

Patsopoulos NA, Xifara DK, Davis MF, Kemppinen A, Cotsapas C, Shah TS, Spencer 

C, Booth D, Goris A, Oturai A, Saarela J, Fontaine B, Hemmer B et al. Analysis of 

immune-related loci identifies 48 new susceptibility variants for multiple sclerosis. Nat 

Genet. 2013; 45:1353-1360. 

Isenman DE, Kells DI, Cooper NR, Müller-Eberhard HJ, Pangburn MK. Nucleophilic 

modification of human complement protein C3: correlation of conformational changes with 

acquisition of C3b-like functional properties. Biochemistry. 1981; 20:4458-4467. 

Isenman DE, Young JR. The molecular basis for the difference in immune hemolysis 

activity of the Chido and Rodgers isotypes of human complement component C4. J 

Immunol. 1984; 132:3019-3027. 

Jäättelä M, Wissing D. Heat-shock proteins protect cells from monocyte cytotoxicity: 

possible mechanism of self-protection. J Exp Med. 1993; 177:231-236. 

Jäättelä M. Heat shock proteins as cellular lifeguards. Ann Med. 1999; 31:261-271.  

Jacquet M, Lacroix M, Ancelet S, Gout E, Gaboriaud C, Thielens NM, Rossi V. 
Deciphering complement receptor type 1 interactions with recognition proteins of the lectin 

complement pathway. J Immunol. 2013; 190:3721-3731.  

Jana A, Pahan K. Oxidative stress kills human primary oligodendrocytes via neutral 

sphingomyelinase: implications for multiple sclerosis. J Neuroimmune Pharmacol. 2007; 

2:184-193.  

Janatova J. Detection of disulphide bonds and localization of interchain linkages in the 

third (C3) and the fourth (C4) components of human complement. Biochem J. 1986; 

233:819-825. 

Jellinger KA. Cell death mechanisms in neurodegeneration. J Cell Mol Med. 2001; 5:1-17. 

Ji Q, Perchellet A, Goverman JM. Viral infection triggers central nervous system 

autoimmunity via activation of CD8+ T cells expressing dual TCRs. Nat Immunol. 2010; 

11:628-634. 

Jiang H, Burdick D, Glabe CG, Cotman CW, Tenner AJ. beta-Amyloid activates 

complement by binding to a specific region of the collagen-like domain of the C1q A chain. 

J Immunol. 1994; 152:5050-5059. 

Jin C, Li W, Yuan J, Xu W, Cheng Z. Association of the CR1 polymorphism with late-

onset Alzheimer's disease in Chinese Han populations: a meta-analysis. Neurosci Lett. 

2012; 527:46-49. 

Jin JJ, Kim HD, Maxwell JA, Li L, Fukuchi K. Toll-like receptor 4-dependent 

upregulation of cytokines in a transgenic mouse model of Alzheimer's disease. J 

Neuroinflammation. 2008; 5:23. 

Jin SC, Benitez BA, Karch CM, Cooper B, Skorupa T, Carrell D, Norton JB, Hsu S, 

Harari O, Cai Y, Bertelsen S, Goate AM, Cruchaga C. Coding variants in TREM2 

increase risk for Alzheimer's disease. Hum Mol Genet. 2014; 23:5838-5846. 

Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J, Bjornsson 

S, Huttenlocher J, Levey AI, Lah JJ, Rujescu D, Hampel H, Giegling I, Andreassen 



 

 

 

 

 

 

 

 

 

 
References 

  

 

145 

OA, Engedal K et al. Variant of TREM2 associated with the risk of Alzheimer's disease. N 

Engl J Med. 2013; 368:107-116. 

Jörg S, Grohme DA, Erzler M, Binsfeld M, Haghikia A, Müller DN, Linker RA, 

Kleinewietfeld M. Environmental factors in autoimmune diseases and their role in multiple 

sclerosis. Cell Mol Life Sci. 2016; 73:4611-4622. 

Joshi G, Johnson JA. The Nrf2-ARE pathway: a valuable therapeutic target for the 

treatment of neurodegenerative diseases. Recent Pat CNS Drug Discov. 2012; 7:218-229.  

Jurutka PW, Remus LS, Whitfield GK, Thompson PD, Hsieh JC, Zitzer H, Tavakkoli 

P, Galligan MA, Dang HT, Haussler CA, Haussler MR. The polymorphic N terminus in 

human vitamin D receptor isoforms influences transcriptional activity by modulating 

interaction with transcription factor IIB. Mol Endocrinol. 2000; 14:401-420. 

Kakimura J, Kitamura Y, Takata K, Umeki M, Suzuki S, Shibagaki K, Taniguchi T, 

Nomura Y, Gebicke-Haerter PJ, Smith MA, Perry G, Shimohama S. Microglial 

activation and amyloid-beta clearance induced by exogenous heat-shock proteins. FASEB 

J. 2002; 16:601-603.  

Kallaur AP, Reiche EM, Oliveira SR, Simão AN, Pereira WL, Alfieri DF, Flauzino T, 

Proença CM, Lozovoy MA, Kaimen-Maciel DR, Maes M. Genetic, Immune-

Inflammatory, and Oxidative Stress Biomarkers as Predictors for Disability and Disease 

Progression in Multiple Sclerosis. Mol Neurobiol. 2017; 54:31-44. 

Kalmar B, Greensmith L. Activation of the heat shock response in a primary cellular 

model of motoneuron neurodegeneration-evidence for neuroprotective and neurotoxic 

effects. Cell Mol Biol Lett. 2009; 14:319-335.  

Kampman MT, Steffensen LH, Mellgren SI, Jørgensen L. Effect of vitamin D3 

supplementation on relapses, disease progression, and measures of function in persons with 

multiple sclerosis: exploratory outcomes from a double-blind randomised controlled trial. 

Mult Scler. 2012; 18:1144-1151. 

Kann O, Kovács R. Mitochondria and neuronal activity. Am J Physiol Cell Physiol. 2007; 

292:C641-57. 

Kar S, Issa AM, Seto D, Auld DS, Collier B, Quirion R. Amyloid beta-peptide inhibits 

high-affinity choline uptake and acetylcholine release in rat hippocampal slices. J 

Neurochem. 1998; 70:2179-2187. 

Karp DR. Post-translational modification of the fourth component of complement. 

Sulfation of the alpha-chain. J Biol Chem. 1983; 258:12745-12748. 

Kasper LH, Shoemaker J. Multiple sclerosis immunology: The healthy immune system 

vs the MS immune system. Neurology. 2010; 74 Suppl 1:S2-8. 

Kearney H, Altmann DR, Samson RS, Yiannakas MC, Wheeler-Kingshott CA, 

Ciccarelli O, Miller DH. Cervical cord lesion load is associated with disability 

independently from atrophy in MS. Neurology. 2015; 84:367-373. 

Keenan BT, Shulman JM, Chibnik LB, Raj T, Tran D, Sabuncu MR; Alzheimer's 

Disease Neuroimaging Initiative, Allen AN, Corneveaux JJ, Hardy JA, Huentelman 

MJ, Lemere CA, Myers AJ, Nicholson-Weller A, Reiman EM et al. A coding variant in 

CR1 interacts with APOE-ε4 to influence cognitive decline. Hum Mol Genet. 2012; 

21:2377-2388.  



 

 

 

 

 

 

 

 

 

 
References 

  

 

146 

Kelley WL. The J-domain family and the recruitment of chaperone power. Trends 

Biochem Sci. 1998; 23:222-7.  

Kensler TW, Wakabayashi N, Biswal S. Cell survival responses to environmental stresses 

via the Keap1-Nrf2-ARE pathway. Annu Rev Pharmacol Toxicol. 2007; 47:89-116. 

Khan AA, Dragt BS, Porte RJ, Groothuis GM. Regulation of VDR expression in rat and 

human intestine and liver--consequences for CYP3A expression. Toxicol In Vitro. 2010; 

24:822-829.  

Kharel P, McDonough J, Basu S. Evidence of extensive RNA oxidation in normal 

appearing cortex of multiple sclerosis brain. Neurochem Int. 2016; 92:43-48. 

Khera R, Das N. Complement Receptor 1: disease associations and therapeutic 

implications. Mol Immunol. 2009; 46:761-772. 

Kieran D, Kalmar B, Dick JR, Riddoch-Contreras J, Burnstock G, Greensmith L. 
Treatment with arimoclomol, a coinducer of heat shock proteins, delays disease progression 

in ALS mice. Nat Med. 2004; 10:402-405. 

Kim TH, Lee B, Kwon E, Choi SJ, Lee YH, Song GG, Sohn J, Ji JD. Regulation of 

TREM-1 expression by 1,25-dihydroxyvitamin D3 in human monocytes/macrophages. 

Immunol Lett. 2013; 154:80-85. 

Kipnis J. Multifaceted interactions between adaptive immunity and the central nervous 

system. Science. 2016; 353:766-771. 

Kjaer TR, Thiel S, Andersen GR. Toward a structure-based comprehension of the lectin 

pathway of complement. Mol Immunol. 2013; 56:222-231. 

Klareskog L, Catrina AI, Paget S. Rheumatoid arthritis. Lancet. 2009; 373:659-672. 

Klickstein LB, Wong WW, Smith JA, Weis JH, Wilson JG, Fearon DT. Human 

C3b/C4b receptor (CR1). Demonstration of long homologous repeating domains that are 

composed of the short consensus repeats characteristics of C3/C4 binding proteins. J Exp 

Med. 1987; 165:1095-1112. 

Klimkowicz-Mrowiec A, Sado M, Dziubek A, Dziedzic T, Pera J, Szczudlik A, Slowik 

A. Lack of association of CR1, PICALM and CLU gene polymorphisms with Alzheimer 

disease in a Polish population. Neurol Neurochir Pol. 2013; 47:157-160.  

Klos A, Tenner AJ, Johswich KO, Ager RR, Reis ES, Köhl J. The role of the 

anaphylatoxins in health and disease. Mol Immunol. 2009; 46:2753-2766. 

Klucken J, Shin Y, Masliah E, Hyman BT, McLean PJ. Hsp70 Reduces alpha-Synuclein 

Aggregation and Toxicity. J Biol Chem. 2004; 279:25497-25502. 

Knippenberg S, Damoiseaux J, Bol Y, Hupperts R, Taylor BV, Ponsonby AL, Dwyer 

T, Simpson S, van der Mei IA. Higher levels of reported sun exposure, and not vitamin D 

status, are associated with less depressive symptoms and fatigue in multiple sclerosis. Acta 

Neurol Scand. 2014; 129:123-131. 

Knowles TP, Vendruscolo M, Dobson CM. The amyloid state and its association with 

protein misfolding diseases. Nat Rev Mol Cell Biol. 2014; 15:384-396. 

Knowlton AA, Sun L. Heat-shock factor-1, steroid hormones, and regulation of heat-shock 

protein expression in the heart. Am J Physiol Heart Circ Physiol. 2001; 280:H455-464.  

Koch-Henriksen N, Sørensen PS. The changing demographic pattern of multiple sclerosis 

epidemiology. Lancet Neurol. 2010; 9:520-532. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

147 

Kok EH, Luoto T, Haikonen S, Goebeler S, Haapasalo H, Karhunen PJ. CLU, CR1 

and PICALM genes associate with Alzheimer's-related senile plaques. Alzheimers Res 

Ther. 2011; 3:12. 

Kolasinski J, Stagg CJ, Chance SA, Deluca GC, Esiri MM, Chang EH, Palace JA, 

McNab JA, Jenkinson M, Miller KL, Johansen-Berg H. A combined post-mortem 

magnetic resonance imaging and quantitative histological study of multiple sclerosis 

pathology. Brain. 2012; 135:2938-2951. 

Kongsbak M, von Essen MR, Boding L, Levring TB, Schjerling P, Lauritsen JP, 

Woetmann A, Ødum N, Bonefeld CM, Geisler C. Vitamin D up-regulates the vitamin D 

receptor by protecting it from proteasomal degradation in human CD4+ T cells. PLoS One. 

2014; 9:e96695.  

Konsman JP, Vigues S, Mackerlova L, Bristow A, Blomqvist A. Rat brain vascular 

distribution of interleukin-1 type-1 receptor immunoreactivity: relationship to patterns of 

inducible cyclooxygenase expression by peripheral inflammatory stimuli. J Comp Neurol. 

2004; 472:113-129. 

Kornek B, Storch MK, Bauer J, Djamshidian A, Weissert R, Wallstroem E, Stefferl A, 

Zimprich F, Olsson T, Linington C, Schmidbauer M, Lassmann H. Distribution of a 

calcium channel subunit in dystrophic axons in multiple sclerosis and experimental 

autoimmune encephalomyelitis. Brain. 2001; 124:1114-1124. 

Koski CL, Ramm LE, Hammer CH, Mayer MM, Shin ML. Cytolysis of nucleated cells 

by complement: cell death displays multi-hit characteristics. Proc Natl Acad Sci U S A. 

1983; 80:3816-3820. 

Kotter MR, Li WW, Zhao C, Franklin RJ. Myelin impairs CNS remyelination by 

inhibiting oligodendrocyte precursor cell differentiation. J Neurosci. 2006; 26:328-332. 

Krishnan V, Xu Y, Macon K, Volanakis JE, Narayana SV. The structure of C2b, a 

fragment of complement component C2 produced during C3 convertase formation. Acta 

Crystallogr D Biol Crystallogr. 2009; 65:266-274. 

Kröncke KD, Kolb-Bachofen V, Berschick B, Burkart V, Kolb H. Activated 

macrophages kill pancreatic syngeneic islet cells via arginine-dependent nitric oxide 

generation. Biochem Biophys Res Commun. 1991; 175:752-758.  

Krstic D, Madhusudan A, Doehner J, Vogel P, Notter T, Imhof C, Manalastas A, 

Hilfiker M, Pfister S, Schwerdel C, Riether C, Meyer U, Knuesel I. Systemic immune 

challenges trigger and drive Alzheimer-like neuropathology in mice. J Neuroinflammation. 

2012; 9:151. 

Krstic D, Knuesel I. Deciphering the mechanism underlying late-onset Alzheimer disease. 

Nat Rev Neurol. 2013; 9:25-34. 

Krych-Goldberg M, Atkinson JP. Structure-function relationships of complement 

receptor type 1. Immunol Rev. 2001; 180:112-122. 

Kuhn KA, Stappenbeck TS. Peripheral education of the immune system by the colonic 

microbiota. Semin Immunol. 2013; 25:364-369. 

Kutzelnigg A, Lucchinetti CF, Stadelmann C, Brück W, Rauschka H, Bergmann M, 

Schmidbauer M, Parisi JE, Lassmann H. Cortical demyelination and diffuse white 

matter injury in multiple sclerosis. Brain. 2005; 128:2705-2712. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

148 

Lachmann PJ. The amplification loop of the complement pathways. Adv Immunol. 2009; 

104:115-149. 

Lam B, Masellis M, Freedman M, Stuss DT, Black SE. Clinical, imaging, and 

pathological heterogeneity of the Alzheimer's disease syndrome. Alzheimers Res Ther. 

2013; 5:1. 

Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M, Combarros O, 

Zelenika D, Bullido MJ, Tavernier B, Letenneur L, Bettens K, Berr C, Pasquier F, 

Fiévet N et al. Genome-wide association study identifies variants at CLU and CR1 

associated with Alzheimer's disease. Nat Genet. 2009; 41:1094-1099. 

Lambert JC, Grenier-Boley B, Chouraki V, Heath S, Zelenika D, Fievet N, Hannequin 

D, Pasquier F, Hanon O, Brice A, Epelbaum J, Berr C, Dartigues JF, Tzourio C, 

Campion D, et al. Implication of the immune system in Alzheimer's disease: evidence 

from genome-wide pathway analysis. J Alzheimers Dis. 2010; 20:1107-1118. 

Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, 

DeStafano AL, Bis JC, Beecham GW, Grenier-Boley B, Russo G, Thorton-Wells TA, 

Jones N, Smith AV, Chouraki V et al. Meta-analysis of 74,046 individuals identifies 11 

new susceptibility loci for Alzheimer's disease. Nat Genet. 2013; 45:1452-1458. 

Lampron A, Elali A, Rivest S. Innate immunity in the CNS: redefining the relationship 

between the CNS and Its environment. Neuron. 2013; 78:214-232. 

Langer-Gould A, Brara SM, Beaber BE, Koebnick C. Childhood obesity and risk of 

pediatric multiple sclerosis and clinically isolated syndrome. Neurology. 2013; 80:548-552. 

Lassmann H. Mechanisms of white matter damage in multiple sclerosis. Glia. 2014; 

62:1816-1830. 

Lautenschlager NT, Cupples LA, Rao VS, Auerbach SA, Becker R, Burke J, Chui H, 

Duara R, Foley EJ, Glatt SL, Green RC, Jones R, Karlinsky H, Kukull WA, Kurz A 

et al. Risk of dementia among relatives of Alzheimer's disease patients in the MIRAGE 

study: What is in store for the oldest old? Neurology. 1996; 46:641-650. 

Lavasani S, Dzhambazov B, Nouri M, Fåk F, Buske S, Molin G, Thorlacius H, 

Alenfall J, Jeppsson B, Weström B. A novel probiotic mixture exerts a therapeutic effect 

on experimental autoimmune encephalomyelitis mediated by IL-10 producing regulatory T 

cells. PLoS One. 2010; 5:e9009. 

Law SK, Dodds AW, Porter RR. A comparison of the properties of two classes, C4A and 

C4B, of the human complement component C4. EMBO J. 1984; 3:1819-1823. 

Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman PN, Liu Y, Tsingalia 

A, Jin L, Zhang PW, Pellerin L, Magistretti PJ, Rothstein JD. Oligodendroglia 

metabolically support axons and contribute to neurodegeneration. Nature. 2012; 487:443-

448. 

Leinhase I, Schmidt OI, Thurman JM, Hossini AM, Rozanski M, Taha ME, Scheffler 

A, John T, Smith WR, Holers VM, Stahel PF. Pharmacological complement inhibition at 

the C3 convertase level promotes neuronal survival, neuroprotective intracerebral gene 

expression, and neurological outcome after traumatic brain injury. 2006; 199:454-464. 

Lemire JM, Ince A, Takashima M. 1,25-Dihydroxyvitamin D3 attenuates the expression 

of experimental murine lupus of MRL/l mice. Autoimmunity. 1992; 12:143-148. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

149 

Lemire JM, Archer DC, Beck L, Spiegelberg HL. Immunosuppressive actions of 1,25-

dihydroxyvitamin D3: preferential inhibition of Th1 functions. J Nutr. 1995; 125:1704S-

1708S. 

Leocani L, Comi G. Clinical neurophysiology of multiple sclerosis. Handb Clin Neurol. 

2014; 122:671-679. 

Leto TL, Geiszt M. Role of Nox family NADPH oxidases in host defense. Antioxid Redox 

Signal. 2006; 8:1549-1561. 

Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Oshima J, Pettingell WH, Yu CE, 

Jondro PD, Schmidt SD, Wang K, Cromley AC, Fu Y, Guenette SY, Galas D, Nemens 

E et al. Candidate gene for the chromosome 1 familial Alzheimer's disease locus. Science. 

1995; 269:973-977.  

Li GC, Li LG, Liu YK, Mak JY, Chen LL, Lee WM. Thermal response of rat fibroblasts 

stably transfected with the human 70-kDa heat shock protein-encoding gene. Proc Natl 

Acad Sci U S A. 1991; 88:1681-1685. 

Li Y, Qin Z, Yang M, Qin Y, Lin C, Liu S. Differential expression of complement 

proteins in cerebrospinal fluid from active multiple sclerosis patients. J Cell Biochem. 

2011; 112:1930-1937. 

Li Z, Menoret A, Srivastava P. Roles of heat-shock proteins in antigen presentation and 

cross-presentation. Curr Opin Immunol. 2002; 14:45-51. 

Liblau R. Glatiramer acetate for the treatment of multiple sclerosis: evidence for a dual 

anti-inflammatory and neuroprotective role. J Neurol Sci. 2009; 287 Suppl 1:S17-23. 

Lin CH, Chen KH, Chen ML, Lin HI, Wu RM. Vitamin D receptor genetic variants and 

Parkinson's disease in a Taiwanese population. Neurobiol Aging. 2014; 35:1212.e11-3. 

Lin J, Liu J, Davies ML, Chen W. Serum Vitamin D Level and Rheumatoid Arthritis 

Disease Activity: Review and Meta-Analysis. PLoS One. 2016; 11:e0146351. 

Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in neurodegenerative 

diseases. Nature. 2006; 443:787-95. 

Ljubisavljevic S, Stojanovic I, Cvetkovic T, Vojinovic S, Stojanov D, Stojanovic D, 

Stefanovic N, Pavlovic D. Erythrocytes' antioxidative capacity as a potential marker of 

oxidative stress intensity in neuroinflammation. J Neurol Sci. 2014; 337:8-13. 

Lleó A, Greenberg SM, Growdon JH. Current pharmacotherapy for Alzheimer's disease. 

Annu Rev Med. 2006; 57:513-533. 

Loeffler DA, Camp DM, Bennett DA. Plaque complement activation and cognitive loss in 

Alzheimer's disease. J Neuroinflammation. 2008; 5:9. 

Loy CT, Schofield PR, Turner AM, Kwok JB. Genetics of dementia. Lancet. 2014; 

383:828-840. 

Lu C, Yang J, Yu W, Li D, Xiang Z, Lin Y, Yu C. Association between 25(OH)D Level, 

Ultraviolet Exposure, Geographical Location, and Inflammatory Bowel Disease Activity: A 

Systematic Review and Meta-Analysis. PLoS One. 2015; 10:e0132036. 

Lu F, Selak M, O'Connor J, Croul S, Lorenzana C, Butunoi C, Kalman B. Oxidative 

damage to mitochondrial DNA and activity of mitochondrial enzymes in chronic active 

lesions of multiple sclerosis. J Neurol Sci. 2000; 177:95-103.  

Lu PH, Thompson PM, Leow A, Lee GJ, Lee A, Yanovsky I, Parikshak N, Khoo T, 

Wu S, Geschwind D, Bartzokis G. Apolipoprotein E genotype is associated with temporal 



 

 

 

 

 

 

 

 

 

 
References 

  

 

150 

and hippocampal atrophy rates in healthy elderly adults: a tensor-based morphometry study. 

J Alzheimers Dis. 2011; 23:433-442. 

Lublin FD, Reingold SC, Cohen JA, Cutter GR, Sørensen PS, Thompson AJ, 

Wolinsky JS, Balcer LJ, Banwell B, Barkhof F, Bebo B Jr, Calabresi PA, Clanet M, 

Comi G, Fox RJ, et al. Defining the clinical course of multiple sclerosis: the 2013 

revisions. Neurology. 2014; 83:278-286. 

Lucchinetti C, Brück W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H. A 

quantitative analysis of oligodendrocytes in multiple sclerosis lesions. A study of 113 cases. 

Brain. 1999; 122:2279-2295. 

Lucchinetti C, Brück W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H. 
Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of 

demyelination. Ann Neurol. 2000; 47:707-717.  

Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adipose 

tissue macrophage polarization. J Clin Invest. 2007; 117:175-184. 

Lunnon K, Mill J. Epigenetic studies in Alzheimer's disease: current findings, caveats, and 

considerations for future studies. Am J Med Genet B Neuropsychiatr Genet. 2013; 

162B:789-799. 

Lv Z, Tang B, Sun Q, Yan X, Guo J. Association study between vitamin d receptor gene 

polymorphisms and patients with Parkinson disease in Chinese Han population. Int J 

Neurosci. 2013; 23:60-64.  

Ma XY, Yu JT, Tan MS, Sun FR, Miao D, Tan L. Missense variants in CR1 are 

associated with increased risk of Alzheimer' disease in Han Chinese. Neurobiol Aging. 

2014; 35:443.e17-21. 

Maggioli E, Boiocchi C, Zorzetto M, Sinforiani E, Cereda C, Ricevuti G, Cuccia M. 

The human leukocyte antigen class III haplotype approach: new insight in Alzheimer's 

disease inflammation hypothesis. Curr Alzheimer Res. 2013; 10:1047-1056. 

Mahad DJ, Ziabreva I, Campbell G, Lax N, White K, Hanson PS, Lassmann H, 

Turnbull DM. Mitochondrial changes within axons in multiple sclerosis. Brain. 2009; 

132:1161-1174. 

Mahdi H, Fisher BA, Källberg H, Plant D, Malmström V, Rönnelid J, Charles P, Ding 

B, Alfredsson L, Padyukov L, Symmons DP, Venables PJ, Klareskog L, Lundberg K. 
Specific interaction between genotype, smoking and autoimmunity to citrullinated alpha-

enolase in the etiology of rheumatoid arthritis. Nat Genet. 2009; 41:1319-1324. 

Maier M, Peng Y, Jiang L, Seabrook TJ, Carroll MC, Lemere CA. Complement C3 

deficiency leads to accelerated amyloid beta plaque deposition and neurodegeneration and 

modulation of the microglia/macrophage phenotype in amyloid precursor protein transgenic 

mice. J Neurosci. 2008; 28:6333-6341. 

Majmundar AJ, Wong WJ, Simon MC. Hypoxia-inducible factors and the response to 

hypoxic stress. Mol Cell. 2010; 40:294-309.  

Malvaldi M. La battaglia navale. Sellerio editore Palermo. 2016; pag 107. 

Maloyan A, Palmon A, Horowitz M. Heat acclimation increases the basal HSP72 level 

and alters its production dynamics during heat stress. Am J Physiol. 1999; 276:R1506-515.  

Mamutse G, Woolmore J, Pye E, Partridge J, Boggild M, Young C, Fryer A, Hoban 

PR, Rukin N, Alldersea J, Strange RC, Hawkins CP. Vitamin D receptor gene 



 

 

 

 

 

 

 

 

 

 
References 

  

 

151 

polymorphism is associated with reduced disability in multiple sclerosis. Mult Scler. 2008; 

14:1280-1283. 

Manrique-Hoyos N, Jürgens T, Grønborg M, Kreutzfeldt M, Schedensack M, 

Kuhlmann T, Schrick C, Brück W, Urlaub H, Simons M, Merkler D. Late motor 

decline after accomplished remyelination: impact for progressive multiple sclerosis. Ann 

Neurol. 2012; 71:227-244. 

Mansilla MJ, Montalban X, Espejo C. Heat shock protein 70: roles in multiple sclerosis. 

Mol Med. 2012; 18:1018-1028. 

Mansilla MJ, Costa C, Eixarch H, Tepavcevic V, Castillo M, Martin R, Lubetzki C, 

Aigrot MS, Montalban X, Espejo C. Hsp70 regulates immune response in experimental 

autoimmune encephalomyelitis. PLoS One. 2014; 9:e105737. 

Margery-Muir AA, Wetherall JD, Castley AS, Hew M, Whidborne RS, Mallon DF, 

Martinez P, Witt CS. Establishment of gene copy number-specific normal ranges for 

serum C4 and its utility for interpretation in patients with chronically low serum C4 

concentrations. Arthritis Rheumatol. 2014; 66:2512-2520.  

Markiewski MM, Nilsson B, Ekdahl KN, Mollnes TE, Lambris JD. Complement and 

coagulation: strangers or partners in crime? Trends Immunol. 2007; 28:184-192. 

Martin S, Al Khleifat A, Al-Chalabi A. What causes amyotrophic lateral sclerosis? 

F1000Res. 2017; 6:371. 

Martinelli V, Dalla Costa G, Colombo B, Dalla Libera D, Rubinacci A, Filippi M, 

Furlan R, Comi G. Vitamin D levels and risk of multiple sclerosis in patients with 

clinically isolated syndromes. Mult Scler. 2014; 20:147-155. 

Masterman T, Ligers A, Olsson T, Andersson M, Olerup O, Hillert J. HLA-DR15 is 

associated with lower age at onset in multiple sclerosis. Ann Neurol. 2000; 48:211-219. 

Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL. 
Alzheimer's disease. Nat Rev Dis Primers. 2015; 1:15056. 

Mastroeni D, McKee A, Grover A, Rogers J, Coleman PD. Epigenetic differences in 

cortical neurons from a pair of monozygotic twins discordant for Alzheimer's disease. PLoS 

One. 2009; 4:e6617. 

Matarese G, Carrieri PB, La Cava A, Perna F, Sanna V, De Rosa V, Aufiero D, 

Fontana S, Zappacosta S. Leptin increase in multiple sclerosis associates with reduced 

number of CD4(+)CD25+ regulatory T cells. Proc Natl Acad Sci U S A. 2005; 102:5150-

5155. 

Mathey EK, Derfuss T, Storch MK, Williams KR, Hales K, Woolley DR, Al-Hayani A, 

Davies SN, Rasband MN, Olsson T, Moldenhauer A, Velhin S, Hohlfeld R, Meinl E, 

Linington C. Neurofascin as a novel target for autoantibody-mediated axonal injury. J Exp 

Med. 2007; 204:2363-2372. 

Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC, 

Yarasheski KE, Bateman RJ. Decreased clearance of CNS beta-amyloid in Alzheimer's 

disease. Science. 2010; 330:1774. 

Mayer MP, Schröder H, Rüdiger S, Paal K, Laufen T, Bukau B. Multistep mechanism 

of substrate binding determines chaperone activity of Hsp70. Nat Struct Biol. 2000; 7:586-

593.  



 

 

 

 

 

 

 

 

 

 
References 

  

 

152 

Mayilyan KR. Complement genetics, deficiencies, and disease associations. Protein Cell. 

2012; 3:487-496.  

Maynard S, Fang EF, Scheibye-Knudsen M, Croteau DL, Bohr VA. DNA Damage, 

DNA Repair, Aging, and Neurodegeneration. Cold Spring Harb Perspect Med. 2015; 5. 

Mayo L, Trauger SA, Blain M, Nadeau M, Patel B, Alvarez JI, Mascanfroni ID, Yeste 

A, Kivisäkk P, Kallas K, Ellezam B, Bakshi R, Prat A, Antel JP, Weiner HL et al. 
Regulation of astrocyte activation by glycolipids drives chronic CNS inflammation. Nat 

Med. 2014; 20:1147-1156. 

McElroy JP, Isobe N, Gourraud PA, Caillier SJ, Matsushita T, Kohriyama T, 

Miyamoto K, Nakatsuji Y, Miki T, Hauser SL, Oksenberg JR, Kira J. SNP-based 

analysis of the HLA locus in Japanese multiple sclerosis patients. Genes Immun. 2011; 

12:523-530. 

McFarland HF, Martin R. Multiple sclerosis: a complicated picture of autoimmunity. Nat 

Immunol. 2007; 8:913-919.  

McGeer PL, Akiyama H, Itagaki S, McGeer EG. Activation of the classical complement 

pathway in brain tissue of Alzheimer patients. Neurosci Lett. 1989; 107:341-346. 

McGeer PL, Schulzer M, McGeer EG. Arthritis and anti-inflammatory agents as possible 

protective factors for Alzheimer's disease: a review of 17 epidemiologic studies. 

Neurology. 1996; 47:425-432. 

Mendel I, Kerlero de Rosbo N, Ben-Nun A. A myelin oligodendrocyte glycoprotein 

peptide induces typical chronic experimental autoimmune encephalomyelitis in H-2b mice: 

fine specificity and T cell receptor V beta expression of encephalitogenic T cells. Eur J 

Immunol. 1995; 25:1951-1959. 

Milder FJ, Gomes L, Schouten A, Janssen BJ, Huizinga EG, Romijn RA, Hemrika W, 

Roos A, Daha MR, Gros P. Factor B structure provides insights into activation of the 

central protease of the complement system. Nat Struct Mol Biol. 2007; 14:224-228. 

Miller SD, Vanderlugt CL, Begolka WS, Pao W, Yauch RL, Neville KL, Katz-Levy Y, 

Carrizosa A, Kim BS. Persistent infection with Theiler's virus leads to CNS autoimmunity 

via epitope spreading. Nat Med. 1997; 3:1133-1136. 

Milner CM, Campbell RD. Structure and expression of the three MHC-linked HSP70 

genes. Immunogenetics. 1990; 32:242-251. 

Milner CM, Campbell RD. Polymorphic analysis of the three MHC-linked HSP70 genes. 

Immunogenetics. 1992; 36:357-362.  

Milner CM, Campbell RD. Genetic organization of the human MHC class III region. 

Front Biosci. 2001; 6:D914-26.  

Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, van Wijngaarden 

P, Wagers AJ, Williams A, Franklin RJM, Ffrench-Constant C. M2 microglia and 

macrophages drive oligodendrocyte differentiation during CNS remyelination. Nat 

Neurosci. 2013; 16:1211-1218. 

Miyata Y, Rauch JN, Jinwal UK, Thompson AD, Srinivasan S, Dickey CA, Gestwicki 

JE. Cysteine reactivity distinguishes redox sensing by the heat-inducible and constitutive 

forms of heat shock protein 70. Chem Biol. 2012; 19:1391-1399.  



 

 

 

 

 

 

 

 

 

 
References 

  

 

153 

Mokhtarian F, McFarlin DE, Raine CS. Adoptive transfer of myelin basic protein-

sensitized T cells produces chronic relapsing demyelinating disease in mice. Nature. 1984; 

309:356-358. 

Monje ML, Toda H, Palmer TD. Inflammatory blockade restores adult hippocampal 

neurogenesis. Science. 2003; 302:1760-1765. 

Montine KS, Quinn JF, Zhang J, Fessel JP, Roberts LJ 2nd, Morrow JD, Montine TJ. 
Isoprostanes and related products of lipid peroxidation in neurodegenerative  diseases. 

Chem Phys Lipids. 2004; 128:117-124. 

Moreno-Castilla P, Rodriguez-Duran LF, Guzman-Ramos K, Barcenas-Femat A, 

Escobar ML, Bermudez-Rattoni F. Dopaminergic neurotransmission dysfunction 

induced by amyloid-β transforms cortical long-term potentiation into long-term depression 

and produces memory impairment. Neurobiol Aging. 2016; 41:187-199. 

Morgan BP, Campbell AK. The recovery of human polymorphonuclear leucocytes from 

sublytic complement attack is mediated by changes in intracellular free calcium. Biochem 

J. 1985; 231:205-208. 

Morgan BP. Complement membrane attack on nucleated cells: resistance, recovery and 

non-lethal effects. Biochem J. 1989; 264:1-14. 

Morgan MJ, Liu ZG. Crosstalk of reactive oxygen species and NF-κB signaling. Cell Res. 

2011; 21:103-115.  

Morrow SA, Metz LM, Kremenchutzky M. High dose oral steroids commonly used to 

treat relapses in Canadian MS clinics. Can J Neurol Sci. 2009; 36:213-215. 

Mosayebi G, Ghazavi A, Ghasami K, Jand Y, Kokhaei P. Therapeutic effect of vitamin 

D3 in multiple sclerosis patients. Immunol Invest. 2011; 40:627-639. 

Mucke L, Selkoe DJ. Neurotoxicity of amyloid β-protein: synaptic and network 

dysfunction. Cold Spring Harb Perspect Med. 2012; 2:a006338. 

Multhoff G, Mizzen L, Winchester CC, Milner CM, Wenk S, Eissner G, Kampinga 

HH, Laumbacher B, Johnson J. Heat shock protein 70 (Hsp70) stimulates proliferation 

and cytolytic activity of natural killer cells. Exp Hematol. 1999; 27:1627-1636.  

Murakami Y, Imamichi T, Nagasawa S. Characterization of C3a anaphylatoxin receptor 

on guinea-pig macrophages. Immunology. 1993; 79:633-638. 

Muris AH, Smolders J, Rolf L, Thewissen M, Hupperts R, Damoiseaux J; 

SOLARIUM study group. Immune regulatory effects of high dose vitamin D(3) 

supplementation in a randomized controlled trial in relapsing remitting multiple sclerosis 

patients receiving IFNβ; the SOLARIUM study. J Neuroimmunol. 2016; 300:47-56.  

Mycko MP, Cwiklinska H, Szymanski J, Szymanska B, Kudla G, Kilianek L, Odyniec 

A, Brosnan CF, Selmaj KW. Inducible heat shock protein 70 promotes myelin 

autoantigen presentation by the HLA class II. J Immunol. 2004; 172:202-213. 

Mycko MP, Cwiklinska H, Walczak A, Libert C, Raine CS, Selmaj KW. A heat shock 

protein gene (Hsp70.1) is critically involved in the generation of the immune response to 

myelin antigen. Eur J Immunol. 2008; 38:1999-2013.  

Nagatsu T, Sawada M. Inflammatory process in Parkinson's disease: role for cytokines. 

Curr Pharm Des. 2005; 11:999-1016. 

Nanduri R, Mahajan S, Bhagyaraj E, Sethi K, Kalra R, Chandra V, Gupta P. The 

Active Form of Vitamin D Transcriptionally Represses Smad7 Signaling and Activates 



 

 

 

 

 

 

 

 

 

 
References 

  

 

154 

Extracellular Signal-regulated Kinase (ERK) to Inhibit the Differentiation of a 

Inflammatory T Helper Cell Subset and Suppress Experimental Autoimmune 

Encephalomyelitis. J Biol Chem. 2015; 290:122222-122236. 

Nauta AJ, Trouw LA, Daha MR, Tijsma O, Nieuwland R, Schwaeble WJ, Gingras 

AR, Mantovani A, Hack EC, Roos A. Direct binding of C1q to apoptotic cells and cell 

blebs induces complement activation. Eur J Immunol. 2002; 32:1726-1736. 

Ngandu T, Lehtisalo J, Solomon A, Levälahti E, Ahtiluoto S, Antikainen R, Bäckman 

L, Hänninen T, Jula A, Laatikainen T, Lindström J, Mangialasche F, Paajanen T, 

Pajala S, Peltonen M et al. A 2 year multidomain intervention of diet, exercise, cognitive 

training, and vascular risk monitoring versus control to prevent cognitive decline in at-risk 

elderly people (FINGER): a randomised controlled trial. Lancet. 2015; 385:2255-2263. 

Ni M, Zhou H, Wey S, Baumeister P, Lee AS. Regulation of PERK signaling and 

leukemic cell survival by a novel cytosolic isoform of the UPR regulator GRP78/BiP. PLoS 

One. 2009; 4:e6868. 

Nielsen TR, Rostgaard K, Askling J, Steffensen R, Oturai A, Jersild C, Koch-

Henriksen N, Sørensen PS, Hjalgrim H. Effects of infectious mononucleosis and HLA-

DRB1*15 in multiple sclerosis. Mult Scler. 2009; 15:431-436. 

Niforou K, Cheimonidou C, Trougakos IP. Molecular chaperones and proteostasis 

regulation during redox imbalance. Redox Biol. 2014; 2:323-332. 

Niino M, Fukazawa T, Yabe I, Kikuchi S, Sasaki H, Tashiro K. Vitamin D receptor 

gene polymorphism in multiple sclerosis and the association with HLA class II alleles. J 

Neurol Sci. 2000; 177:65-71. 

Niino M, Kikuchi S, Fukazawa T, Yabe I, Sasaki H, Tashiro K. Heat shock protein 70 

gene polymorphism in Japanese patients with multiple sclerosis. Tissue Antigens. 2001; 

58:93-96.  

Nikić I, Merkler D, Sorbara C, Brinkoetter M, Kreutzfeldt M, Bareyre FM, Brück W, 

Bishop D, Misgeld T, Kerschensteiner M. A reversible form of axon damage in 

experimental autoimmune encephalomyelitis and multiple sclerosis. Nat Med. 2011; 

17:495-499. 

Nimgaonkar VL, Prasad KM, Chowdari KV, Severance EG, Yolken RH. The 

complement system: a gateway to gene-environment interactions in schizophrenia 

pathogenesis. Mol Psychiatry. 2017 [Epub ahead of print]. 

Nishida N, Walz T, Springer TA. Structural transitions of complement component C3 and 

its activation products. Proc Natl Acad Sci U S A. 2006; 103:19737-19742. 

Nobili A, Latagliata EC, Viscomi MT, Cavallucci V, Cutuli D, Giacovazzo G, Krashia 

P, Rizzo FR, Marino R, Federici M, De Bartolo P, Aversa D, Dell'Acqua MC, 

Cordella A, Sancandi M et al. Dopamine neuronal loss contributes to memory and reward 

dysfunction in a model of Alzheimer's disease. Nat Commun. 2017; 8:14727. 

Nordberg A, Alafuzoff I, Winblad B. Nicotinic and muscarinic subtypes in the human 

brain: changes with aging and dementia. J Neurosci Res. 1992; 31:103-111. 

Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C. Potential for primary 

prevention of Alzheimer's disease: an analysis of population-based data. Lancet Neurol. 

2014; 13:788-794. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

155 

Noyce AJ, Bestwick JP, Silveira-Moriyama L, Hawkes CH, Giovannoni G, Lees AJ,  

Schrag A. Meta-analysis of early nonmotor features and risk factors for Parkinson disease. 

Ann Neurol. 2012; 72:893-901. 

Ochoa-Repáraz J, Mielcarz DW, Wang Y, Begum-Haque S, Dasgupta S, Kasper DL, 

Kasper LH. A polysaccharide from the human commensal Bacteroides fragilis protects 

against CNS demyelinating disease. Mucosal Immunol. 2010; 3:487-495. 

Odoardi F, Sie C, Streyl K, Ulaganathan VK, Schläger C, Lodygin D, Heckelsmiller 

K, Nietfeld W, Ellwart J, Klinkert WE, Lottaz C, Nosov M, Brinkmann V, Spang R, 

Lehrach H et al. T cells become licensed in the lung to enter the central nervous system. 

Nature. 2012; 488:675-679. 

O'Garra A, Steinman L, Gijbels K. CD4+ T-cell subsets in autoimmunity. Curr Opin 

Immunol. 1997; 9:872-883. 

Ohl K, Tenbrock K, Kipp M. Oxidative stress in multiple sclerosis: Central and 

peripheral mode of action. Exp Neurol. 2016; 277:58-67.  

Oksenberg JR, Barcellos LF, Cree BA, Baranzini SE, Bugawan TL, Khan O, Lincoln 

RR, Swerdlin A, Mignot E, Lin L, Goodin D, Erlich HA, Schmidt S, Thomson G, 

Reich DE et al. Mapping multiple sclerosis susceptibility to the HLA-DR locus in African 

Americans. Am J Hum Genet. 2004; 74:160-167. 

Okuda DT, Srinivasan R, Oksenberg JR, Goodin DS, Baranzini SE, Beheshtian A, 

Waubant E, Zamvil SS, Leppert D, Qualley P, Lincoln R, Gomez R, Caillier S, George 

M, Wang J et al. Genotype-Phenotype correlations in multiple sclerosis: HLA genes 

influence disease severity inferred by 1HMR spectroscopy and MRI measures. Brain. 2009; 

132:250-259. 

Olerup O, Hillert J. HLA class II-associated genetic susceptibility in multiple sclerosis: a 

critical evaluation. Tissue Antigens. 1991; 38:1-15. 

Olson JK, Croxford JL, Calenoff MA, Dal Canto MC, Miller SD. A virus-induced 

molecular mimicry model of multiple sclerosis. J Clin Invest. 2001; 108:311-318. 

Olsson T, Barcellos LF, Alfredsson L. Interactions between genetic, lifestyle and 

environmental risk factors for multiple sclerosis. Nat Rev Neurol. 2017; 13:25-36. 

Oreja-Guevara C, Ramos-Cejudo J, Aroeira LS, Chamorro B, Diez-Tejedor E. 
TH1/TH2 Cytokine profile in relapsing-remitting multiple sclerosis patients treated with 

Glatiramer acetate or Natalizumab. BMC Neurol. 2012; 12:95. 

Orsini F, De Blasio D, Zangari R, Zanier ER, De Simoni MG. Versatility of the 

complement system in neuroinflammation, neurodegeneration and brain homeostasis. Front 

Cell Neurosci. 2014; 8:380. 

Ortiz GG, Macías-Islas MA, Pacheco-Moisés FP, Cruz-Ramos JA, Sustersik S, Barba 

EA, Aguayo A. Oxidative stress is increased in serum from Mexican patients with 

relapsing-remitting multiple sclerosis. Dis Markers. 2009; 26:35-39.  

Ortiz GG, Pacheco-Moisés FP, Bitzer-Quintero OK, Ramírez-Anguiano AC, Flores-

Alvarado LJ, Ramírez-Ramírez V, Macias-Islas MA, Torres-Sánchez ED. Immunology 

and oxidative stress in multiple sclerosis: clinical and basic approach. Clin Dev Immunol. 

2013; 2013:708659. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

156 

Orton SM, Morris AP, Herrera BM, Ramagopalan SV, Lincoln MR, Chao MJ, Vieth 

R, Sadovnick AD, Ebers GC. Evidence for genetic regulation of vitamin D status in wins 

with multiple sclerosis. Am J Clin Nutr. 2008; 88:441-447. 

Orton SM, Ramagopalan SV, Para AE, Lincoln MR, Handunnetthi L, Chao MJ, 

Morahan J, Morrison KM, Sadovnick AD, Ebers GC. Vitamin D metabolic pathway 

genes and risk of multiple sclerosis in Canadians. J Neurol Sci. 2011; 305:116-120.  

Ouardouz M, Coderre E, Basak A, Chen A, Zamponi GW, Hameed S, Rehak R, Yin 

X, Trapp BD, Stys PK. Glutamate receptors on myelinated spinal cord axons: I. GluR6 

kainate receptors. Ann Neurol. 2009; 65:151-159. 

Ousman SS, Tomooka BH, van Noort JM, Wawrousek EF, O'Connor KC, Hafler DA, 

Sobel RA, Robinson WH, Steinman L. Protective and therapeutic role for alphaB-

crystallin in autoimmune demyelination. Nature. 2007; 448:474-479. 

Pablos JL, Carreira PE, Martín-Villa JM, Montalvo G, Arnaiz-Villena A, Gomez-

Reino JJ. Polymorphism of the heat-shock protein gene HSP70-2 in systemic lupus 

erythematosus. Br J Rheumatol. 1995; 34:721-723.  

Page TJ, Sikder D, Yang L, Pluta L, Wolfinger RD, Kodadek T, Thomas RS. Genome-

wide analysis of human HSF1 signaling reveals a transcriptional program linked to cellular 

adaptation and survival. Mol Biosyst. 2006; 2:627-639.  

Panda AK, Ravindran B, Das BK. CR1 exon variants are associated with lowered CR1 

expression and increased susceptibility to SLE in a Plasmodium falciparum endemic 

population. Lupus Sci Med. 2016; 3:e000145. 

Pandey P, Saleh A, Nakazawa A, Kumar S, Srinivasula SM, Kumar V, Weichselbaum 

R, Nalin C, Alnemri ES, Kufe D, Kharbanda S. Negative regulation of cytochrome c-

mediated oligomerization of Apaf-1 and activation of procaspase-9 by heat shock protein 

90. EMBO J. 2000; 19:4310-4322.  

Panjwani NN, Popova L, Srivastava PK. Heat shock proteins gp96 and hsp70 activate the 

release of nitric oxide by APCs. J Immunol. 2002; 168:2997-3003.  

Peleg S, Nguyen CV. The importance of nuclear import in protection of the vitamin D 

receptor from polyubiquitination and proteasome-mediated degradation. J Cell Biochem. 

2010; 110:926-934.  

Pelham HR. Hsp70 accelerates the recovery of nucleolar morphology after heat shock. 

EMBO J. 1984; 3:3095-100.  

Perlmutter LS, Barron E, Chui HC. Morphologic association between microglia and 

senile plaque amyloid in Alzheimer's disease. Neurosci Lett. 1990; 119:32-36. 

Perry RJ, Hodges JR. Attention and executive deficits in Alzheimer's disease.  A critical 

review. Brain. 1999; 122:383-404. 

Peterson CT, Sharma V, Elmén L, Peterson SN. Immune homeostasis, dysbiosis and 

therapeutic modulation of the gut microbiota. Clin Exp Immunol. 2015; 179:363-377. 

Phuan PW, Zhang H, Asavapanumas N, Leviten M, Rosenthal A, Tradtrantip L, 

Verkman AS. C1q-targeted monoclonal antibody prevents complement-dependent 

cytotoxicity and neuropathology in in vitro and mouse models of neuromyelitis optica. Acta 

Neuropathol. 2013; 125:829-840. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

157 

Pike CJ, Cummings BJ, Monzavi R, Cotman CW. Beta-amyloid-induced changes in 

cultured astrocytes parallel reactive astrocytosis associated with senile plaques in 

Alzheimer's disease. Neuroscience. 1994; 63:517-531. 

Pike JW, Meyer MB, Bishop KA. Regulation of target gene expression by the vitamin D 

receptor - an update on mechanisms. Rev Endocr Metab Disord. 2012; 13:45-55.  

Pisalyaput K, Tenner AJ. Complement component C1q inhibits beta-amyloid- and serum 

amyloid P-induced neurotoxicity via caspase- and calpain-independent mechanisms. J 

Neurochem. 2008; 104:696-707. 

Pistono C, Osera C, Boiocchi C, Mallucci G, Cuccia M, Bergamaschi R, Pascale A. 
What's new about oral treatments in Multiple Sclerosis? Immunogenetics still under 

question. Pharmacol Res. 2017; 120:279-293.  

Plumier JC, Ross BM, Currie RW, Angelidis CE, Kazlaris H, Kollias G, Pagoulatos 

GN. Transgenic mice expressing the human heat shock protein 70 have improved post-

ischemic myocardial recovery. J Clin Invest. 1995; 95:1854-60.  

Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, Fujihara K, 

Havrdova E, Hutchinson M, Kappos L, Lublin FD, Montalban X, O'Connor P, 

Sandberg-Wollheim M, Thompson AJ et al. Diagnostic criteria for multiple sclerosis: 

2010 revisions to the McDonald criteria. Ann Neurol. 2011; 69:292-302.  

Popescu BF, Lucchinetti CF. Pathology of demyelinating diseases. Annu Rev Pathol. 

2012; 7:185-217. 

Preissner KT, Podack ER, Müller-Eberhard HJ. The membrane attack complex of 

complement: relation of C7 to the metastable membrane binding site of the intermediate 

complex C5b-7. J Immunol. 1985; 135:445-451. 

Provvedini DM, Tsoukas CD, Deftos LJ, Manolagas SC. 1,25-dihydroxyvitamin D3 

receptors in human leukocytes. Science. 1983; 221:1181-1183. 

Prüfer K, Racz A, Lin GC, Barsony J. Dimerization with retinoid X receptors promotes 

nuclear localization and subnuclear targeting of vitamin D receptors. J  Biol Chem. 2000; 

275:41114-41123. 

Prüfer K, Barsony J. Retinoid X receptor dominates the nuclear import and export of the 

unliganded vitamin D receptor. Mol Endocrinol. 2002; 16:1738-1751.  

Prusiner SB. Cell biology. A unifying role for prions in neurodegenerative diseases. 

Science. 2012; 336:1511-1513. 

Qiu W, James I, Carroll WM, Mastaglia FL, Kermode AG. HLA-DR allele 

polymorphism and multiple sclerosis in Chinese populations: a meta-analysis. Mult Scler. 

2011; 17:382-328 a.  

Qiu W, Raven S, James I, Luo Y, Wu J, Castley A, Christiansen FT, Carroll WM, 

Mastaglia FL, Kermode AG. Spinal cord involvement in multiple sclerosis: a correlative 

MRI and high-resolution HLA-DRB1 genotyping study. J Neurol Sci. 2011; 300:114-119 

b. 

Racke MK, Burnett D, Pak SH, Albert PS, Cannella B, Raine CS, McFarlin DE, Scott 

DE. Retinoid treatment of experimental allergic encephalomyelitis. IL-4 production 

correlates with improved disease course. J Immunol. 1995; 154:450-458. 

Radons J. The human HSP70 family of chaperones: where do we stand? Cell Stress 

Chaperones. 2016; 21:379-404. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

158 

Ramachandran S, Bell RB. Heat shock protein 70 gene polymorphisms and multiple 

sclerosis. Tissue Antigens. 1995; 46:140-141.  

Ramagopalan SV, Maugeri NJ, Handunnetthi L, Lincoln MR, Orton SM, Dyment 

DA, Deluca GC, Herrera BM, Chao MJ, Sadovnick AD, Ebers GC, Knight JC. 
Expression of the multiple sclerosis-associated MHC class II Allele HLA-DRB1*1501 is 

regulated by vitamin D. PLoS Genet. 2009; 5:e1000369.  

Ramanan VK, Risacher SL, Nho K, Kim S, Swaminathan S, Shen L, Foroud TM, 

Hakonarson H, Huentelman MJ, Aisen PS, Petersen RC, Green RC, Jack CR, Koeppe 

RA, Jagust WJ et al. APOE and BCHE as modulators of cerebral amyloid deposition: a 

florbetapir PET genome-wide association study. Mol Psychiatry. 2014; 19:351-357. 

Ran Q, Wadhwa R, Kawai R, Kaul SC, Sifers RN, Bick RJ, Smith JR, Pereira-Smith 

OM. Extramitochondrial localization of mortalin/mthsp70/PBP74/GRP75. Biochem 

Biophys Res Commun. 2000; 275:174-179. 

Rana S, Rogers LJ, Halliday GM. Systemic low-dose UVB inhibits CD8 T cells and skin 

inflammation by alternative and novel mechanisms. Am J Pathol. 2011; 178:2783-2791. 

Ransohoff RM, Brown MA. Innate immunity in the central nervous system. J Clin Invest. 

2012; 122:1164-1171. 

Raschetti R, Albanese E, Vanacore N, Maggini M. Cholinesterase inhibitors in mild 

cognitive impairment: a systematic review of randomised trials. PLoS Med. 2007; 4:e338. 

Raviol H, Sadlish H, Rodriguez F, Mayer MP, Bukau B. Chaperone network in the yeast 

cytosol: Hsp110 is revealed as an Hsp70 nucleotide exchange factor. EMBO J. 2006; 

25:2510-2518.  

Rebeck GW. The role of APOE on lipid homeostasis and inflammation in normal brains. J 

Lipid Res. 2017; 58:1493-1499. 

Reddy PH, Reddy TP. Mitochondria as a therapeutic target for aging and 

neurodegenerative diseases. Curr Alzheimer Res. 2011; 8:393-409.  

Rees K, Stowe R, Patel S, Ives N, Breen K, Clarke CE, Ben-Shlomo Y. Non-steroidal 

anti-inflammatory drugs as disease-modifying agents for Parkinson's disease: evidence 

from observational studies. Cochrane Database Syst Rev. 2011; CD008454. 

Reitz C, Jun G, Naj A, Rajbhandary R, Vardarajan BN, Wang LS, Valladares O, Lin 

CF, Larson EB, Graff-Radford NR, Evans D, De Jager PL, Crane PK, Buxbaum JD, 

Murrell JR et al. Variants in the ATP-binding cassette transporter (ABCA7), 

apolipoprotein E ϵ4,and the risk of late-onset Alzheimer disease in African Americans. 

JAMA. 2013; 309:1483-1492. 

Rentzos M, Evangelopoulos E, Sereti E, Zouvelou V, Marmara S, Alexakis T, 

Evdokimidis I. Alterations of T cell subsets in ALS: a systemic immune activation? Acta 

Neurol Scand. 2012; 125:260-264. 

Reth M. Hydrogen peroxide as second messenger in lymphocyte activation. Nat Immunol. 

2002; 3:1129-1134. 

Ricci G, Carlucci M, Cortelazzo A, Cuccia M. Studio di una popolazione italiana; 

evidenza di una selezione contro i portatori di alleli silenti (C4BQ0) della componente 

quarta del complemento. Acta Gerontolog. 1996; 46:42-46. 

Riccio P, Rossano R. Nutrition facts in multiple sclerosis. ASN Neuro. 2015; 7. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

159 

Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system for 

immune surveillance and homeostasis. Nat Immunol. 2010; 11:785-797. 

Rigby WF, Wu YL, Zan M, Zhou B, Rosengren S, Carlson C, Hilton W, Yu CY. 
Increased frequency of complement C4B deficiency in rheumatoid arthritis. Arthritis 

Rheum. 2012; 64:1338-1344. 

Ritossa FA. A new puffing pattern induced by temperature shock and DNP in Drosophila. 

Experientia. 1962; 18:571-573.  

Rivest S. Molecular insights on the cerebral innate immune system. Brain Behav Immun. 

2003; 17:13-19. 

Rogers SL, Farlow MR, Doody RS, Mohs R, Friedhoff LT. A 24-week, double-blind, 

placebo-controlled trial of donepezil in patients with Alzheimer's disease. Donepezil Study 

Group. Neurology. 1998; 50:136-145. 

Rogers J, Li R, Mastroeni D, Grover A, Leonard B, Ahern G, Cao P, Kolody H, 

Vedders L, Kolb WP, Sabbagh M. Peripheral clearance of amyloid beta peptide by 

complement C3-dependent adherence to erythrocytes. Neurobiol Aging. 2006; 27:1733-

1739.  

Roubroeks JAY, Smith RG, van den Hove DLA, Lunnon K. Epigenetics and DNA 

methylomic profiling in Alzheimer's disease and other neurodegenerative diseases. J 

Neurochem. 2017; 143:158-170. 

Roumenina LT, Popov KT, Bureeva SV, Kojouharova M, Gadjeva M, Rabheru S, 

Thakrar R, Kaplun A, Kishore U. Interaction of the globular domain of human C1q with 

Salmonella typhimurium lipopolysaccharide. Biochim Biophys Acta. 2008; 1784:1271-

1276. 

Ruuls SR, Bauer J, Sontrop K, Huitinga I, 't Hart BA, Dijkstra CD. Reactive oxygen 

species are involved in the pathogenesis of experimental allergic encephalomyelitis in 

Lewis rats. J Neuroimmunol. 1995; 56:207-217. 

Sabatelli M, Conte A, Zollino M. Clinical and genetic heterogeneity of amyotrophic 

lateral sclerosis. Clin Genet. 2013; 83:408-416. 

Sadeghi K, Wessner B, Laggner U, Ploder M, Tamandl D, Friedl J, Zügel U, 

Steinmeyer A, Pollak A, Roth E, Boltz-Nitulescu G, Spittler A. Vitamin D3 down-

regulates monocyte TLR expression and triggers hyporesponsiveness to pathogen-

associated molecular patterns. Eur J Immunol. 2006; 36:361-370. 

Sahebari M, Nabavi N, Salehi M. Correlation between serum 25(OH)D values and lupus 

disease activity: an original article and a systematic review with meta-analysis focusing on 

serum VitD confounders. Lupus. 2014; 23:1164-1177. 

Sahu A, Kozel TR, Pangburn MK. Specificity of the thioester-containing reactive site of 

human C3 and its significance to complement activation. Biochem J. 1994; 302:429-436. 

Saibil H. Chaperone machines for protein folding, unfolding and disaggregation. Nat Rev 

Mol Cell Biol. 2013; 14:630-642.  

Saleh A, Srinivasula SM, Balkir L, Robbins PD, Alnemri ES. Negative regulation of the 

Apaf-1 apoptosome by Hsp70. Nat Cell Biol. 2000; 2:476-483.  

Salloway S, Sperling R, Gilman S, Fox NC, Blennow K, Raskind M, Sabbagh M, 

Honig LS, Doody R, van Dyck CH, Mulnard R, Barakos J, Gregg KM, Liu E, 



 

 

 

 

 

 

 

 

 

 
References 

  

 

160 

Lieberburg I, et al. A phase 2 multiple ascending dose trial of bapineuzumab in mild to 

moderate Alzheimer disease. Neurology. 2009; 73:2061-2070. 

Sandberg L, Biström M, Salzer J, Vågberg M, Svenningsson A, Sundström P. Vitamin 

D and axonal injury in multiple sclerosis. Mult Scler. 2016; 22:1027-1031. 

Satoh J, Kim SU. HSP72 induction by heat stress in human neurons and glial cells in 

culture. Brain Res. 1994; 653:243-250.  

Saunders AM. Apolipoprotein E and Alzheimer disease: an update on genetic and 

functional analyses. J Neuropathol Exp Neurol. 2000; 59:751-758. 

Saxena K, Kitzmiller KJ, Wu YL, Zhou B, Esack N, Hiremath L, Chung EK, Yang Y, 

Yu CY. Great genotypic and phenotypic diversities associated with copy-number variations 

of complement C4 and RP-C4-CYP21-TNX (RCCX) modules: a comparison of Asian-

Indian and European American populations. Mol Immunol. 2009; 46:1289-1303. 

Schellenberg GD, Bird TD, Wijsman EM, Orr HT, Anderson L, Nemens E, White JA, 

Bonnycastle L, Weber JL, Alonso ME, Potter H, Heston LL, Martin GM. Genetic 

linkage evidence for a familial Alzheimer's disease locus on chromosome 14. Science. 

1992; 258:668-671.  

Scheltens P, Blennow K, Breteler MM, de Strooper B, Frisoni GB, Salloway S, Van 

der Flier WM. Alzheimer's disease. Lancet. 2016; 388:505-517. 

Schjeide BM, Schnack C, Lambert JC, Lill CM, Kirchheiner J, Tumani H, Otto M, 

Tanzi RE, Lehrach H, Amouyel P, von Arnim CA, Bertram L. The role of clusterin, 

complement receptor 1, and phosphatidylinositol binding clathrin assembly protein in 

Alzheimer disease risk and cerebrospinal fluid biomarker levels. Arch Gen Psychiatry. 

2011; 68:207-13.  

Schneider PM, Carroll MC, Alper CA, Rittner C, Whitehead AS, Yunis EJ, Colten 

HR. Polymorphism of the human complement C4 and steroid 21-hydroxylase genes. 

Restriction fragment length polymorphisms revealing structural deletions, 

homoduplications, and size variants. J Clin Invest. 1986; 78:650-657. 

Schneider PM, Rittner C, Mauff G, Würtzner R. VIIth Complement Genetics Workshop 

and Conference. Proceedings. Mainz, May 21-23, 1998. Exp Clin Immunogenet. 1998; 

15:201-202.  

Schweigert FJ. Inflammation-induced changes in the nutritional biomarkers serum retinol 

and carotenoids. Curr Opin Clin Nutr Metab Care. 2001; 4:477-481.  

Scolding N, Franklin R, Stevens S, Heldin CH, Compston A, Newcombe J. 
Oligodendrocyte progenitors are present in the normal adult human CNS and in the lesions 

of multiple sclerosis. Brain. 1998; 121:2221-2228. 

Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, Kamitaki N, Tooley K, 

Presumey J, Baum M, Van Doren V, Genovese G, Rose SA, Handsaker RE; 

Schizophrenia Working Group of the Psychiatric Genomics Consortium, Daly MJ et 

al. Schizophrenia risk from complex variation of complement component 4. Nature. 2016; 

530:177-183.  

Serrano-Pozo A, Qian J, Monsell SE, Frosch MP, Betensky RA, Hyman BT. 
Examination of the clinicopathologic continuum of Alzheimer disease in the autopsy cohort 

of the National Alzheimer Coordinating Center. J Neuropathol Exp Neurol. 2013; 72:1182-

1192. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

161 

Shen Y, Lue L, Yang L, Roher A, Kuo Y, Strohmeyer R, Goux WJ, Lee V, Johnson 

GV, Webster SD, Cooper NR, Bradt B, Rogers J. Complement activation by 

neurofibrillary tangles in Alzheimer's disease. Neurosci Lett. 2001; 305:165-168. 

Sheremata WA, Minagar A, Alexander JS, Vollmer T. The role of alpha-4 integrin in 

the aetiology of multiple sclerosis: current knowledge and therapeutic implications. CNS 

Drugs. 2005; 19:909-922.  

Shi Y, Feng Y, Kang J, Liu C, Li Z, Li D, Cao W, Qiu J, Guo Z, Bi E, Zang L, Lu C, 

Zhang JZ, Pei G. Critical regulation of CD4+ T cell survival and autoimmunity by beta-

arrestin 1. Nat Immunol. 2007; 8:817-824. 

Shiina T, Hosomichi K, Inoko H, Kulski JK. The HLA genomic loci map: expression, 

interaction, diversity and disease. J Hum Genet. 2009; 54:15-39.  

Shirvani-Farsani Z, Kakhki MP, Gargari BN, Doosti R, Moghadasi AN, Azimi AR, 

Behmanesh M. The expression of VDR mRNA but not NF-κB surprisingly decreased after 

vitamin D treatment in multiple sclerosis patients. Neurosci Lett. 2017; 653:258-263. 

Simon KC, Munger KL, Xing Yang, Ascherio A. Polymorphisms in vitamin D 

metabolism related genes and risk of multiple sclerosis. Mult Scler. 2010; 16:133-138. 

Simpson S Jr, Blizzard L, Otahal P, Van der Mei I, Taylor B. Latitude is significantly 

associated with the prevalence of multiple sclerosis: a meta-analysis. J Neurol Neurosurg 

Psychiatry. 2011; 82:1132-1141. 

Singhrao SK, Neal JW, Rushmere NK, Morgan BP, Gasque P. Spontaneous classical 

pathway activation and deficiency of membrane regulators render human neurons 

susceptible to complement lysis. Am J Pathol. 2000; 157:905-918. 

Sinotte M, Diorio C, Bérubé S, Pollak M, Brisson J. Genetic polymorphisms of the 

vitamin D binding protein and plasma concentrations of 25-hydroxyvitamin D in 

premenopausal women. Am J Clin Nutr. 2009; 89:634-640.  

Sioka C, Papakonstantinou S, Markoula S, Gkartziou F, Georgiou A, Georgiou I, 

Pelidou SH, Kyritsis AP, Fotopoulos A. Vitamin D receptor gene polymorphisms in 

multiple sclerosis patients in northwest Greece. J Negat Results Biomed. 2011; 10:3. 

Sittler A, Lurz R, Lueder G, Priller J, Lehrach H, Hayer-Hartl MK, Hartl FU, 

Wanker EE. Geldanamycin activates a heat shock response and inhibits huntingtin 

aggregation in a cell culture model of Huntington's disease. Hum Mol Genet. 2001; 

10:1307-1315.  

Smolders J, Thewissen M, Peelen E, Menheere P, Tervaert JW, Damoiseaux J, 

Hupperts R. Vitamin D status is positively correlated with regulatory T cell function in 

patients with multiple sclerosis. PLoS One. 2009; 4:e6635 a.Smolders J, Peelen E, 

Thewissen M, Menheere P, Tervaert JW, Hupperts R, Damoiseaux J. The relevance of 

vitamin D receptor gene polymorphisms for vitamin D research in multiple sclerosis. 

Autoimmun Rev. 2009; 8:621-626 b. 

Smolders J, Damoiseaux J, Menheere P, Tervaert JW, Hupperts R. Fok-I vitamin D 

receptor gene polymorphism (rs10735810) and vitamin D metabolism in multiple sclerosis. 

J Neuroimmunol. 2009; 207:117-121 c.  

Soilu-Hänninen M, Aivo J, Lindström BM, Elovaara I, Sumelahti ML, Färkkilä M, 

Tienari P, Atula S, Sarasoja T, Herrala L, Keskinarkaus I, Kruger J, Kallio T, Rocca 

MA, Filippi M. A randomised, double blind, placebo controlled trial with vitamin D3 as an 



 

 

 

 

 

 

 

 

 

 
References 

  

 

162 

add on treatment to interferon β-1b in patients with multiple sclerosis. J Neurol Neurosurg 

Psychiatry. 2012; 83:565-571. 

Solomon A, Kivipelto M, Wolozin B, Zhou J, Whitmer RA. Midlife serum cholesterol 

and increased risk of Alzheimer's and vascular dementia three decades later. Dement 

Geriatr Cogn Disord. 2009; 28:75-80. 

Srivastava P. Roles of heat-shock proteins in innate and adaptive immunity. Nat Rev 

Immunol. 2002; 2:185-94. 

Stahel PF, Morganti-Kossmann MC, Perez D, Redaelli C, Gloor B, Trentz O, 

Kossmann T. Intrathecal levels of complement-derived soluble membrane attack complex 

(sC5b-9) correlate with blood-brain barrier dysfunction in patients with traumatic brain 

injury. J Neurotrauma. 2001; 18:773-781. 

Steckley JL, Dyment DA, Sadovnick AD, Risch N, Hayes C, Ebers GC. Genetic 

analysis of vitamin D related genes in Canadian multiple sclerosis patients. Canadian 

Collaborative Study Group. Neurology. 2000; 54:729-732.  

Stefano L, Racchetti G, Bianco F, Passini N, Gupta RS, Panina Bordignon P, 

Meldolesi J. The surface-exposed chaperone, Hsp60, is an agonist of the microglial 

TREM2 receptor. J Neurochem. 2009; 110:284-94.  

Steinman L, Zamvil S. Transcriptional analysis of targets in multiple sclerosis. Nat Rev 

Immunol. 2003; 3:483-492. 

Stetler RA, Gao Y, Signore AP, Cao G, Chen J. HSP27: mechanisms of cellular 

protection against neuronal injury. Curr Mol Med. 2009; 9:863-72. 

Stetler RA, Gan Y, Zhang W, Liou AK, Gao Y, Cao G, Chen J. Heat shock proteins: 

cellular and molecular mechanisms in the central nervous system. Prog Neurobiol. 2010; 

92:184-211.  

Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N, Micheva 

KD, Mehalow AK, Huberman AD, Stafford B, Sher A, Litke AM, Lambris JD, Smith 

SJ, John SW et al. The classical complement cascade mediates CNS synapse elimination. 

Cell. 2007; 131:1164-1178.  

Strauss S, Bauer J, Ganter U, Jonas U, Berger M, Volk B. Detection of interleukin-6 

and alpha 2-macroglobulin immunoreactivity in cortex and hippocampus of Alzheimer's 

disease patients. Lab Invest. 1992; 66:223-230. 

Streit WJ. Microglia as neuroprotective, immunocompetent cells of the CNS. Glia. 2002; 

40:133-139. 

Su B, Wang X, Zheng L, Perry G, Smith MA, Zhu X. Abnormal mitochondrial 

dynamics and neurodegenerative diseases. Biochim Biophys Acta. 2010; 1802:135-142. 

Sudduth TL, Schmitt FA, Nelson PT, Wilcock DM. Neuroinflammatory phenotype in 

early Alzheimer's disease. Neurobiol Aging. 2013; 34:1051-1059. 

Sundqvist E, Bergström T, Daialhosein H, Nyström M, Sundström P, Hillert J, 

Alfredsson L, Kockum I, Olsson T. Cytomegalovirus seropositivity is negatively 

associated with multiple sclerosis. Mult Scler. 2014; 20:165-173. 

Supko JG, Hickman RL, Grever MR, Malspeis L. Preclinical pharmacologic evaluation 

of geldanamycin as an antitumor agent. Cancer Chemother Pharmacol. 1995; 36:305-315.  



 

 

 

 

 

 

 

 

 

 
References 

  

 

163 

Suzuki N, Cheung TT, Cai XD, Odaka A, Otvos L Jr, Eckman C, Golde TE, Younkin 

SG. An increased percentage of long amyloid beta protein secreted by familial amyloid 

beta protein precursor (beta APP717) mutants. Science. 1994; 264:1336-1340.  

Szigeti K, Lal D, Li Y, Doody RS, Wilhelmsen K, Yan L, Liu S, Ma C; Texas 

Alzheimer Research and Care Consortium. Genome-wide scan for copy number 

variation association with age at onset of Alzheimer's disease. J Alzheimers Dis. 2013; 

33:517-523. 

Szilagyi A, Blasko B, Szilassy D, Fust G, Sasvari-Szekely M, Ronai Z. Real-time PCR 

quantification of human complement C4A and C4B genes. BMC Genet. 2006; 7:1. 

Tagami T, Lutz WH, Kumar R, Jameson JL. The interaction of the vitamin D receptor 

with nuclear receptor corepressors and coactivators. Biochem Biophys Res Commun. 1998; 

253:358-363. 

Tajouri L, Ovcaric M, Curtain R, Johnson MP, Griffiths LR, Csurhes P, Pender MP, 

Lea RA. Variation in the vitamin D receptor gene is associated with multiple sclerosis in an 

Australian population. J Neurogenet. 2005; 19:25-38. 

Tanaka Y, Meguro K, Yamaguchi S, Ishii H, Watanuki S, Funaki Y, Yamaguchi K, 

Yamadori A, Iwata R, Itoh M. Decreased striatal D2 receptor density associated with 

severe behavioral abnormality in Alzheimer's disease. Ann Nucl Med. 2003; 17:567-573. 

Tanzi RE. The genetics of Alzheimer disease. Cold Spring Harb Perspect Med. 2, 2012. 

Tariot PN, Solomon PR, Morris JC, Kershaw P, Lilienfeld S, Ding C. A 5-month, 

randomized, placebo-controlled trial of galantamine in AD. The Galantamine USA-10 

Study Group. Neurology. 2000; 54:2269-2276. 

Tarkowski E, Andreasen N, Tarkowski A, Blennow K. Intrathecal inflammation 

precedes development of Alzheimer's disease. J Neurol Neurosurg Psychiatry. 2003; 

74:1200-1205. 

Taylor DM, Tradewell ML, Minotti S, Durham HD. Characterizing the role of Hsp90 in 

production of heat shock proteins in motor neurons reveals a suppressive effect of wild-

type Hsf1. Cell Stress Chaperones. 2007; 12:151-162.  

Taylor RP, Ferguson PJ, Martin EN, Cooke J, Greene KL, Grinspun K, Guttman M, 

Kuhn S. Immune complexes bound to the primate erythrocyte complement receptor (CR1) 

via anti-CR1 mAbs are cleared simultaneously with loss of CR1 in a concerted reaction in a 

rhesus monkey model. Clin Immunol Immunopathol. 1997; 82:49-59.  

Terasaki PI, Park MS, Opelz G, Ting A. Multiple sclerosis and high incidence of a B 

lymphocyte antigen. Science. 1976; 193:1245-1247.  

Thal LJ, Ferris SH, Kirby L, Block GA, Lines CR, Yuen E, Assaid C, Nessly ML, 

Norman BA, Baranak CC, Reines SA; Rofecoxib Protocol 078 study group. A 

randomized, double-blind, study of rofecoxib in patients with mild cognitive impairment. 

Neuropsychopharmacology. 2005; 30:1204-1215. 

Thouvenot E, Orsini M, Daures JP, Camu W. Vitamin D is associated with degree of 

disability in patients with fully ambulatory relapsing-remitting multiple sclerosis. Eur J 

Neurol. 2015; 22:564-569. 

Tian L, Rauvala H, Gahmberg CG. Neuronal regulation of immune responses in the 

central nervous system. Trends Immunol. 2009; 30:91-99. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

164 

Tizaoui K, Hamzaoui K. Association between VDR polymorphisms and rheumatoid 

arthritis disease: Systematic review and updated meta-analysis of case-control studies. 

Immunobiology. 2015; 220:807-816. 

Tizaoui K, Kaabachi W, Hamzaoui A, Hamzaoui K. Association between vitamin D 

receptor polymorphisms and multiple sclerosis: systematic review and meta-analysis of 

case-control studies. Cell Mol Immunol. 2015; 12:243-252.  

Tough DF, Borrow P, Sprent J. Induction of bystander T cell proliferation by viruses and 

type I interferon in vivo. Science. 1996; 272:1947-1950. 

Trott A, West JD, Klaić L, Westerheide SD, Silverman RB, Morimoto RI, Morano 

KA. Activation of heat shock and antioxidant responses by the natural product celastrol: 

transcriptional signatures of a thiol-targeted molecule. Mol Biol Cell. 2008; 19:1104-1112.  

Tsunoda I, Kuang LQ, Libbey JE, Fujinami RS. Axonal injury heralds virus-induced 

demyelination. Am J Pathol. 2003; 162:1259-1269. 

Turturici G, Sconzo G, Geraci F. Hsp70 and its molecular role in nervous system 

diseases. Biochem Res Int. 2011; 2011:618127.  

Uitterlinden AG, Fang Y, Van Meurs JB, Pols HA, Van Leeuwen JP. Genetics and 

biology of vitamin D receptor polymorphisms. Gene. 2004; 338:143-156.  

Van Cauwenberghe C, Bettens K, Engelborghs S, Vandenbulcke M, Van Dongen J, 

Vermeulen S, Vandenberghe R, De Deyn PP, Van Broeckhoven C, Sleegers K. 
Complement receptor 1 coding variant p.Ser1610Thr in Alzheimer's disease and related 

endophenotypes. Neurobiol Aging. 2013; 34:2235.e1-6.  

Van der Goes A, Brouwer J, Hoekstra K, Roos D, van den Berg TK, Dijkstra CD. 
Reactive oxygen species are required for the phagocytosis of myelin by macrophages. J 

Neuroimmunol. 1998; 92:67-75.  

Van der Goes A, Wouters D, Van Der Pol SM, Huizinga R, Ronken E, Adamson P, 

Greenwood J, Dijkstra CD, De Vries HE. Reactive oxygen species enhance the migration 

of monocytes across the blood-brain barrier in vitro. FASEB J. 2001; 15:1852-1854. 

van Etten E, Verlinden L, Giulietti A, Ramos-Lopez E, Branisteanu DD, Ferreira GB, 

Overbergh L, Verstuyf A, Bouillon R, Roep BO, Badenhoop K, Mathieu C. The 

vitamin D receptor gene FokI polymorphism: functional impact on the immune system. Eur 

J Immunol. 2007; 37:395-405. 

van Horssen J, Witte ME, Schreibelt G, de Vries HE. Radical changes in multiple 

sclerosis pathogenesis. Biochim Biophys Acta. 2011; 1812:141-150. 

van Lookeren Campagne M, Wiesmann C, Brown EJ. Macrophage complement 

receptors and pathogen clearance. Cell Microbiol. 2007; 9:2095-2102. 

Veldman CM, Cantorna MT, DeLuca HF. Expression of 1,25-dihydroxyvitamin D(3) 

receptor in the immune system. Arch Biochem Biophys. 2000; 374:334-338. 

Venken K, Hellings N, Thewissen M, Somers V, Hensen K, Rummens JL, Medaer R, 

Hupperts R, Stinissen P. Compromised CD4+ CD25(high) regulatory T-cell function in 

patients with relapsing-remitting multiple sclerosis is correlated with a reduced frequency 

of FOXP3-positive cells and reduced FOXP3 expression at the single-cell level. 

Immunology. 2008; 123:79-89. 

Verbovetski I, Bychkov H, Trahtemberg U, Shapira I, Hareuveni M, Ben-Tal O, 

Kutikov I, Gill O, Mevorach D. Opsonization of apoptotic cells by autologous iC3b 



 

 

 

 

 

 

 

 

 

 
References 

  

 

165 

facilitates clearance by immature dendritic cells, down-regulates DR and CD86, and up-

regulates CC chemokine receptor 7. J Exp Med. 2002; 196:1553-1561. 

Verstuyf A, Carmeliet G, Bouillon R, Mathieu C. Vitamin D: a pleiotropic hormone. 

Kidney. 2010; 78:140-145. 

Vignols F, Mouaheb N, Thomas D, Meyer Y. Redox control of Hsp70-Co-chaperone 

interaction revealed by expression of a thioredoxin-like Arabidopsis protein. J Biol Chem. 

2003; 278:4516-4523.  

Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, Szoeke C, 

Macaulay SL, Martins R, Maruff P, Ames D, Rowe CC, Masters CL; Australian 

Imaging Biomarkers and Lifestyle (AIBL) Research Group. Amyloid β deposition, 

neurodegeneration, and cognitive decline in sporadic Alzheimer's disease: a prospective 

cohort study. Lancet Neurol. 2013; 12:357-67. 

Wallis R, Mitchell DA, Schmid R, Schwaeble WJ, Keeble AH. Paths reunited: Initiation 

of the classical and lectin pathways of complement activation. Immunobiology. 2010; 

215:1-11. 

Wan T, Zhou X, Chen G, An H, Chen T, Zhang W, Liu S, Jiang Y, Yang F, Wu Y, 

Cao X. Novel heat shock protein Hsp70L1 activates dendritic cells and acts as a Th1 

polarizing adjuvant. Blood. 2004; 103:1747-1754.  

Wang L, Wang ZT, Hu JJ, Fan R, Zhou J, Zhong J. Polymorphisms of the vitamin D 

receptor gene and the risk of inflammatory bowel disease: a meta-analysis. Genet Mol Res. 

2014; 13:2598-2610. 

Wang W, Lu L, Wu QQ, Jia JP. Brain Amyloid-β Plays an Initiating Role in the 

Pathophysiological Process of the PS1V97L-Tg Mouse Model of Alzheimer's Disease. J 

Alzheimers Dis. 2016; 52:1089-1099. 

Wang Y, Hancock AM, Bradner J, Chung KA, Quinn JF, Peskind ER, Galasko D, 

Jankovic J, Zabetian CP, Kim HM, Leverenz JB, Montine TJ, Ginghina C, Edwards 

KL, Snapinn KW et al. Complement 3 and factor h in human cerebrospinal fluid in 

Parkinson's disease, Alzheimer's disease, and multiple-system atrophy. Am J Pathol. 2011; 

178:1509-1516. 

Wang YL, Tan MS, Yu JT, Zhang W, Hu N, Wang HF, Jiang T, Tan L. Toll-like 

receptor 9 promoter polymorphism is associated with decreased risk of Alzheimer's disease 

in Han Chinese. J Neuroinflammation. 2013; 10:101. 

Wang YP, Tang Z, Peng BK, Zhen Q, Zhou SL, Jin XF. Heat shock protein 70 

polymorphisms in Chinese patients with Graves' disease. Genet Mol Res. 2015; 14:18376-

18383.  

Wang Z, Lei H, Zheng M, Li Y, Cui Y, Hao F. Meta-analysis of the Association between 

Alzheimer Disease and Variants in GAB2, PICALM, and SORL1. Mol Neurobiol. 2016; 

53:6501-6510. 

Welch WJ. Heat shock proteins functioning as molecular chaperones: their roles in normal 

and stressed cells. Philos Trans R Soc Lond B Biol Sci. 1993; 339:327-333.  

Wells AD, Malkovsky M. Heat shock proteins, tumor immunogenicity and antigen 

presentation: an integrated view. Immunol Today. 2000; 21:129-132. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

166 

Westerlind H, Ramanujam R, Uvehag D, Kuja-Halkola R, Boman M, Bottai M, 

Lichtenstein P, Hillert J. Modest familial risks for multiple sclerosis: a registry-based 

study of the population of Sweden. Brain. 2014; 137:770-778. 

Whitehouse PJ, Martino AM, Marcus KA, Zweig RM, Singer HS, Price DL, Kellar 

KJ. Reductions in acetylcholine and nicotine binding in several degenerative diseases. Arch 

Neurol. 1988; 45:722-724. 

Williams A, Piaton G, Lubetzki C. Astrocytes--friends or foes in multiple sclerosis? Glia. 

2007; 55:1300-1312. 

Wilson EH, Weninger W, Hunter CA. Trafficking of immune cells in the central nervous 

system. J Clin Invest. 2010; 120:1368-1379. 

Wilson JG, Andriopoulos NA, Fearon DT. CR1 and the cell membrane proteins that bind 

C3 and C4. A basic and clinical review. Immunol Res. 1987; 6:192-209. 

Woodruff TM, Ager RR, Tenner AJ, Noakes PG, Taylor SM. The role of the 

complement system and the activation fragment C5a in the central nervous system. 

Neuromolecular Med. 2010; 12:179-192. 

Wu YL, Savelli SL, Yang Y, Zhou B, Rovin BH, Birmingham DJ, Nagaraja HN, 

Hebert LA, Yu CY. Sensitive and specific real-time polymerase chain reaction assays to 

accurately determine copy number variations (CNVs) of human  complement C4A, C4B, 

C4-long, C4-short, and RCCX modules: elucidation of C4 CNVs in 50 consanguineous 

subjects with defined HLA genotypes. J Immunol. 2007; 179:3012-3025.  

Wu YL, Yang Y, Chung EK, Zhou B, Kitzmiller KJ, Savelli SL, Nagaraja HN, 

Birmingham DJ, Tsao BP, Rovin BH, Hebert LA, Yu CY. Phenotypes, genotypes and 

disease susceptibility associated with gene copy number variations: complement C4 CNVs 

in European American healthy subjects and those with systemic lupus erythematosus. 

Cytogenet Genome Res. 2008; 123:131-141.  

Wu YL, Hauptmann G, Viguier M, Yu CY. Molecular basis of complete complement C4 

deficiency in two North-African families with systemic lupus erythematosus. Genes 

Immun. 2009; 10:433-445.  

Wu YR, Wang CK, Chen CM, Hsu Y, Lin SJ, Lin YY, Fung HC, Chang KH, Lee-

Chen GJ. Analysis of heat-shock protein 70 gene polymorphisms and the risk of 

Parkinson's disease. Hum Genet. 2004; 114:236-241.  

Wyss-Coray T, Yan F, Lin AH, Lambris JD, Alexander JJ, Quigg RJ, Masliah E. 

Prominent neurodegeneration and increased plaque formation in complement-inhibited 

Alzheimer's mice. Proc Natl Acad Sci U S A. 2002; 99:10837-10842. 

Wyss-Coray T. Inflammation in Alzheimer disease: driving force, bystander or beneficial 

response? Nat Med. 2006; 12:1005-1015. 

Yamasaki R, Lu H, Butovsky O, Ohno N, Rietsch AM, Cialic R, Wu PM, Doykan CE, 

Lin J, Cotleur AC, Kidd G, Zorlu MM, Sun N, Hu W, Liu L et al. Differential roles of 

microglia and monocytes in the inflamed central nervous system. J Exp Med. 2014; 

211:1533-1549. 

Yang LB, Li R, Meri S, Rogers J, Shen Y. Deficiency of complement defense protein 

CD59 may contribute to neurodegeneration in Alzheimer's disease. J Neurosci. 2000; 

20:7505-7509. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

167 

Yang X, Wang J, Zhou Y, Wang Y, Wang S, Zhang W. Hsp70 promotes 

chemoresistance by blocking Bax mitochondrial translocation in ovarian cancer cells. 

Cancer Lett. 2012; 321:137-143. 

Yang Y, Chung EK, Wu YL, Savelli SL, Nagaraja HN, Zhou B, Hebert M, Jones KN, 

Shu Y, Kitzmiller K, Blanchong CA, McBride KL, Higgins GC, Rennebohm RM, Rice 

RR et al. Gene copy-number variation and associated polymorphisms of complement 

component C4 in human systemic lupus erythematosus (SLE): low copy number is a risk 

factor for and high copy number is a protective factor against SLE susceptibility in 

European Americans. Am J Hum Genet. 2007; 80:1037-1054. 

Yang Z, Mendoza AR, Welch TR, Zipf WB, Yu CY. Modular variations of the human 

major histocompatibility complex class III genes for serine/threonine kinase RP, 

complement component C4, steroid 21-hydroxylase CYP21, and tenascin TNX (the RCCX 

module). A mechanism for gene deletions and disease associations. J Biol Chem. 1999; 

274:12147-12156.  

Yasojima K, Schwab C, McGeer EG, McGeer PL. Up-regulated production and 

activation of the complement system in Alzheimer's disease brain. Am J Pathol. 1999; 

154:927-936. 

Yenari MA. Heat shock proteins and neuroprotection. Adv Exp Med Biol. 2002; 513:281-

299. 

Yokokura M, Mori N, Yagi S, Yoshikawa E, Kikuchi M, Yoshihara Y, Wakuda T, 

Sugihara G, Takebayashi K, Suda S, Iwata Y, Ueki T, Tsuchiya KJ, Suzuki K, 

Nakamura K, et al. In vivo changes in microglial activation and amyloid deposits in brain 

regions with hypometabolism in Alzheimer's disease. Eur J Nucl Med Mol Imaging. 2011; 

38:343-351. 

Yong VW, Marks S. The interplay between the immune and central nervous systems in 

neuronal injury. Neurology. 2010; 74 Suppl 1:S9-S16.  

Yu XP, Hustmyer FG, Garvey WT, Manolagas SC. Demonstration of a 1,25-

dihydroxyvitamin D3-responsive protein in human lymphocytes: immunologic 

crossreactivity and inverse regulation with the vitamin D receptor. Proc Natl Acad Sci U S 

A. 1991; 88:8347-8351.  

Yu XP, Bellido T, Manolagas SC. Down-regulation of NF-kappa B protein levels in 

activated human lymphocytes by 1,25-dihydroxyvitamin D3. Proc Natl Acad Sci U S A. 

1995; 92:10990-10994.  

Zanjani H, Finch CE, Kemper C, Atkinson J, McKeel D, Morris JC, Price JL. 
Complement activation in very early Alzheimer disease. Alzheimer Dis Assoc Disord. 

2005; 19:55-66. 

Zella LA, Meyer MB, Nerenz RD, Lee SM, Martowicz ML, Pike JW. Multifunctional 

enhancers regulate mouse and human vitamin D receptor gene transcription. Mol 

Endocrinol. 2010; 24:128-147. 

Zhan XX, Liu Y, Yang JF, Wang GY, Mu L, Zhang TS, Xie XL, Wang JH, Liu YM, 

Kong QF, Li HL, Sun B. All-trans-retinoic acid ameliorates experimental allergic 

encephalomyelitis by affecting dendritic cell and monocyte development. Immunology. 

2013; 138:333-345. 



 

 

 

 

 

 

 

 

 

 
References 

  

 

168 

Zhang H, Wu H, Liu L, Li H, Shih DQ, Zhang X. 1,25-dihydroxyvitamin D3 regulates 

the development of chronic colitis by modulating both T helper (Th)1 and Th17 activation. 

APMIS. 2015; 123:490-501.  

Zhang T, Hamza A, Cao X, Wang B, Yu S, Zhan CG, Sun D. A novel Hsp90 inhibitor 

to disrupt Hsp90/Cdc37 complex against pancreatic cancer cells. Mol Cancer Ther. 2008; 

7:162-170.  

Zhang Y, Ahn YH, Benjamin IJ, Honda T, Hicks RJ, Calabrese V, Cole PA, Dinkova-

Kostova AT. HSF1-dependent upregulation of Hsp70 by sulfhydryl-reactive inducers of 

the KEAP1/NRF2/ARE pathway. Chem Biol. 2011; 18:1355-1361.  

Zhao XJ, Larkin TM, Lauver MA, Ahmad S, Ducruet AF. Tissue plasminogen 

activator mediates deleterious complement cascade activation in stroke. PLoS One. 2017; 

12:e0180822. 

Zhou L, Miranda-Saksena M, Saksena NK. Viruses and neurodegeneration. Virol J. 

2013; 10:172. 

Zhou TB, Jiang ZP, Lin ZJ, Su N. Association of vitamin D receptor gene polymorphism 

with the risk of systemic lupus erythematosus. J Recept Signal Transduct Res. 2015; 35:8-

14. 

Zhu XC, Yu JT, Jiang T, Wang P, Cao L, Tan L. CR1 in Alzheimer's disease. Mol 

Neurobiol. 2015; 51:753-765.  

Ziccardi RJ. Activation of the early components of the classical complement pathway 

under physiologic conditions. J Immunol. 1981; 126:1769-1773. 

Zlokovic BV. Cerebrovascular effects of apolipoprotein E: implications for Alzheimer 

disease. JAMA Neurol. 2013; 70:440-444. 

Zouari Bouassida K, Chouchane L, Jellouli K, Chérif S, Haddad S, Gabbouj S, 

Danguir J. Polymorphism of stress protein HSP70-2 gene in Tunisians: susceptibility 

implications in type 2 diabetes and obesity. Diabetes Metab. 2004; 30:175-180.  

Zwerina K, Baum W, Axmann R, Heiland GR, Distler JH, Smolen J, Hayer S, 

Zwerina J, Schett G. Vitamin D receptor regulates TNF-mediated arthritis. Ann Rheum 

Dis. 2011;  70:1122-1129. 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

169 

List of original manuscripts 
 

 

 Boiocchi C, Monti MC, Osera C, Mallucci G, Pistono C, Ferraro OE, Nosari G, 

Romani A, Cuccia M, Govoni S, Pascale A, Montomoli C, Bergamaschi R. Heat 

shock protein 70-hom gene polymorphism and protein expression in multiple 

sclerosis. J  Neuroimmunol. 2016; 298:189-193. 

 Zorzetto M, Datturi F, Divizia L, Pistono C, Campo I, De Silvestri A, Cuccia M, 

Ricevuti G. Complement C4A and C4B gene copy number study in Alzheimer's 

disease patients. Curr Alzheimer Res. 2017; 14:303-308. 

 Pistono C, Osera C, Boiocchi C, Mallucci G, Cuccia M, Bergamaschi R, Pascale A. 

What is the best pharmacological oral treatment for Multiple Sclerosis? Be careful of 

immunogenetics. Pharmacol Res. 2017; 120:279-293. Review.  

 Pistono C, Monti MC,
 
Boiocchi C, Gigli Berzolari F, Osera C, Mallucci G, Cuccia M, 

Pascale A, Montomoli C, Bergamaschi R. Involvement of Hsp70-2 protein in 

oxidative stress: a study on multiple sclerosis. J  Neuroimmunol. Under review. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

170 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

171 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

172 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

173 

 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

174 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

175 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

176 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

177 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

178 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

179 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

180 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

181 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

182 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

183 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

184 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

185 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

186 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

187 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

188 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

189 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

190 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

191 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

192 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

193 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

194 

 

 



 

 

 

 

 

 

 

 

 

 
List of original manuscripts 

 

195 

 

INVOLVEMENT OF HSP70-2 PROTEIN IN OXIDATIVE STRESS: 

A STUDY ON MULTIPLE SCLEROSIS 

 

 

Cristiana Pistono
1
, Maria Cristina Monti

2
,
 
Chiara Boiocchi

3
, Francesca Gigli Berzolari

2
, 

Cecilia Osera
4
, Giulia Mallucci

3
, Mariaclara Cuccia

1
, Alessia Pascale

4
, Cristina 

Montomoli
2
, Roberto Bergamaschi

3
.  

 
1
 Laboratory of Immunogenetics, Department of Biology & Biotechnology “L. 

Spallanzani”, University of Pavia, Pavia, Italy. 
2
 Department of Public Health Experimental and Forensic Medicine, Unit of Biostatistics 

and Clinical Epidemiology, University of Pavia, Pavia, Italy. 
3
 Inter-Department Multiple Sclerosis Research Centre, National Neurological Institute “C. 

Mondino”, Pavia, Italy.  
4
 Department of Drug Sciences, Section of Pharmacology, University of Pavia, Pavia, Italy. 

 

 

ABSTRACT 

 

The complex scenario of Multiple Sclerosis (MS) pathology involves several mechanisms, 

among which oxidative stress response and Heat Shock Proteins (Hsp) are implicated. Our 

research has been focused on MHC class III, on gene HSPA1B encoding for the inducible 

Hsp70-2. 

We investigated the influence of oxidative stress (hydrogen peroxide) on PBMCs from MS 

patients and healthy controls. PBMCs mitochondrial activity, Hsp70-2 protein expression 

and the production of intracellular ROS was assessed and the expression of Hsp70-2 

protein was related to the HSP70-2 rs1061581 polymorphism. 

Overall, our results indicate that Hsp70-2 does not seem central in the protection towards 

oxidative stress. 

 


