UNIVERSITA' DEGLI STUDI DI PAVIA

Di partimento di Biologia e Biotec

Neuroinflammation in neurodegenerative diseases:
an immunogenetic study onrisk factors in
MultipleSc | er osi s and Al z N

Cristiana Pistono

Dottorato di Ricerca in
Genetica, Biologia Molecolare e Cellulare
Ciclo XXX T A.A. 20142017




UNIVERSITA' DEGLI STUDI DI PAVIA

Di parti mento di Bi ol ogia e Bi

Neuroinflammation in neurodegenerative dgseases:
an immunogenetic study on risk factors in
Mul ti ple Sclerosis ant

Cristiana Pistono

Supervisedby Prof. Mariaclara Cuccia
Prof. Elena Raimondi

Dottorato di Ricerca in
Genetica, Biologia Molecolare e Cellulare
Ciclo XXX T A.A. 20142017



Abstract

The wotd of neurodegenerative disordershighly complex. In fact, thee disordersare
extremely different frononeother, but all of them are characterized by neuroinflammation
and by progressive CNS dysfuncti@®% are sporadicanddetermined by the interplagf
geneticand environmental factor©ur attentionwas focused onpossible genetic risk
factors that could contribute to the development of two neurodegenerative disorders:
multiple sclerosigMS)and Al zhei Wy 6s di sease

Based on these considerations, at present, our research investigates possible risk factors for
the pathogenesis of MS and AD. In particulag areinterested 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 worls focused oMS, a disimmune diseasbaracterisethy an aute
immune attack to CNSn MS, neuroinflammation and neurodegeneration are placte

by side with several processes contrimg to neurodegeneration, including oxidative
stress, energy deficiency and ionic imbalances.

Our researchgroup has previously shown that a SNP (rs1061581herHSPA1B gene,
which encodes a stress inducible chaperaalled Hsp7e, is related to the risk of
developing MS G allele frequency is icreased in MS patientsn this work genetic
variants in HSP70 genes in the MHC class lllregion (chromosome $21.3, were
analysed, considering the SNP HSHYOM rs2227956, located in the HSPAldene
encodingfor the constitutively expresd Hsp7GHom. The C allele confers a twofold
increased risk of developing MS (OR = 2.1B)sease averity, measuigtby the Multiple
Sclerosis Severity Score (MSSSiistributes differently, depending dhe HSP70HOM
genotype CC patients exhibited an inased MSSS of 1.2»n average.These two
polymorphic variants are in linkage disequilibrium. The multilocus analysis shows that the
combination of the two risk alleléscreass MS risk by morethan three times (OR=3.49).
Hsp7GHom protein levels were ingtgatedin vitro on PBMCs. The protein expression
does not correlate withhe HSP70HOM rs2227956 genotype. Howeyea directand
significant relationship between HspHdm protein expression and MS severity has been
reported These results suggest thasg7GHom probably plays a role in promoting
immune system activatiothusinfluencing MS risk and progression.

Considering the importance of HSR20rs1061581 polymorphisdor MS susceptibility

the possible role of the Hsp-ZOprotein in the response ¢xidative stress wasvestigated
treatingin vitro PBMCs from MS patients and healthy controls with hydrogen peroxide
(H,0,) and measuring mitochondrial activity, HspZ @rotein expressigrand intracellular

ROS production.No significant differences were found. The data regarding the
mitochondrial activity and the Hsp7 protein expression levels were stratified by the
HSP702 rs1061581 genotype to verify whether the presence of an allelic variant may
influence the respons® oxidative stress. The correlation of MTT and Hs{@7frotein



levels with the HSP702 rs1061581 genotype does not show any significant differen
Two polymorphisms of theitamin D receptor (VDR) genfchromosome 12q13.11yere
consideredecause of thanportance of the interaction between genetic and environmental
factors.Vitamin D is involved in the correct regulation of the immune systeow levels

of vitamin D constitute an important risk factor for developing MSbiological actions

are mediad by its receptor YDR). This observation leads u® hypothesizethat
polymorphisns in the VDR gene mght influence MS susceptibilityGenotypicand allelic
frequencies of two SNPs, VDRs731236 (Tad) and rs4334089 (HpyCH4V), were
determined. MS pati¢s and healthy controls do not show significant differentés.
investigated whether an altered expression of VDR dnam@e in the distribution of this
receptor betweethe 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 determine@heselevels do not significantly change between MS patients and
healthy controlsand are not correlated to theo polymorphisms The environment
probably acts in astronger waycompared to genetics; for this reasdhe possible
implication of vitamin Dplasmalevels on VDR protein expression in MS patients was
analysed. Our patientsave a mean 25(OH}plasma levels o£1.82 + 13.61 ng/ml
Vitamin D plasma levels camodulate the total VDR protein expression: the increase of 1
unit of vitamin D significantly decreas¢he total VDR protein expressidry 10 units.

In the second pauf the thesis, data about A@rereported Literatureevidence suggest

role of the innate immune system in the pathogenesis ofN&EDroinflammation seents

be an important cotributor to neurodegeneratio@4A and C4B copy number variations
(CNVs) were investigated. The two C4 gen@dHC class Il), encode theserum
complement component ©ur analysis reveals a significant increase in C4A and C4B copy
numbe in AD patientscompared to healthy donors. The increase in C4A and C4B copy
numbes is congstent with the increased protein levels foundhi@CSF and plasma of AD
patients and could influence neuroinflammatiéarthermore, three SNPs in the gene for
the CR1(chromosome 1g32.2)vere investigated, since their potentialpiact on AD
susceptibity. Genotypc 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

1. Introduction

Neurodegenerative diseaseare complex and heterogeneous disorders; they are
multifactorial pathologies and it is difficulit the momento completely understand their
etiology and pathogenesis.

Mul tipl e Scl erosi s ( MS) and Al zhei mer 6s
neurodegenerative diseasghich have a great impact on the socidds is a disabling
neurological disease affecting mpximately 2.3 million people worldae, in particular

young adultswhile over 36.5 million people worlgide are affected by dementia, and the
majority of thecases are ABelated These disordenepresent a co$br the individual, the

family and the society, puttinggreat pressuren the need to better understatite risk

factors that contribute to onsatdprogression. Theesearch isiecessaryo finally find an
effectivetherapy which has not been achieved to date.

Although different in the patigenesis, 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 immunesystem function may contribute to these disorders. However, analysing the
complexscenario of neuroinflammation is not easy, since a plethora of genes is involved in
this process. Not only the classical HLA gene located in class | and |l sag@rssetial

for the immune function: many genes in class lll and also those located on other
chromosomes take part in the orchestration and regulation nétheinflammation

Based on these considerations, at present, our research investigates possible risk factors for
the pathogenesis of MS and AD particular, ve areinterested in investigating whether

the polymorphéms of genes known to be involved in immunomodulation rhaye a
functional impact on the pathagie 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
pathogenesisontributing to the demyelination.x@lative stress, energy deficiency, ionic
imbalance, and the failure of neuroprotectivmechanisms also contribute to
neurodegeneratioWe focus the attention dWHC class Ill 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 polymorphitd we are indeed interested in studyivitgether
particular polymorphisms may have a functional role in MS pathogertasithermore,
environmental factors and their interplay with genetic factors are also important for MS
susceptibility and progression.mfong environmental factors, vitamin D deficiency is

1
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1.Introduction

clearly a risk factor. For this reason, in parallel, the polymorphic gene for the vitamin D
receptor (VDR) (chromosont2) which has a role in immunomodulation, is also analysed.
Regarding AD, in whictiheinvolvement of the innate immune system has been described,
the complement system seems to play an impokahcontroversial role. For this reason
we focus the attention orthe possible involvement of two particulmomplement
components, the C4 andRT proteins The coding gene<4A andC4B are located in the
MHC class lll, while theCR1 gene maps on chromosome These gene are highly
polymorphic and their variants may influence the neuroinflammatory process.



2. Review of the literature

2. Review of the literature

2.1. Neurodegenerative diseases

The central nervous system (CNS)ise ofthe 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 lo§sspecific 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 behavibprablems. Neurodegeneration is

the main pathological hallmark of several disorders affecting the CNS, sudhiltsle
Sclerosis (MS) Alzheimeis disease (AD), Parkins@ disease (PDand Amyotrophic

Lateral Sclerosis (ALS) (Amos et al., 2010). Neuregenerative 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, althbuggveral 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): uniqgue combinations of
conditions can trigger the pathology. In fact, these disorders are complex arfdatauil
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, alteratigpessttranscriptional gene
regulation may influence processes that are relevant to the pathogenesis (Cookson 2017).
Only a few neurodegenerative disorders are genetic diseases, such as Hustiligease

(HD) (Bertram L and Tanzi RE, 2005). An impanmtaetiological 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 itsgpession (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 an&harma SS, 2016). Several cellular and molecular events contribute to
the neurodegenerative processes: protein aggregation, impaired mitochondrial function,

3



2. Review of the literature

neuronal apoptosigxidative stressaltered gene expressid¢dellingerKA 2001; Chiurchi

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 pathologiesxémnple,

in AD, amyloid beta (4) 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 accumulatgsysuclein (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 c€lksann O and Ko#cs R, 2007)mitochondria
produce ATP andhey are also involved in &ahomeostasis, apoptosis and reactive
oxygen species (ROS) production (Filosto M et al., 2011). Mitochondrial functions are
altered in the brains of individuals withegpfic 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, agthancing ROS production (LikT and

Beal MF, 2006; Reddy PH arReddy 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 ligs 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 neuroinflammatoryopesses, which can contribute to oxidative stress and
involve components of the peripheral immune system (Agetral., 2014).

2.1.1Inflammation in the central nervous system

The brain has long been considered an immunologically privileged ssitecalledan
immune sanctuaryThe 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 expressionthend
limited number of antigepresenting cells (APCs) are elements suggesting the concept of
an immune privileged site (WilsoeH et al., 2010). The structural isolation is a
consequence of the presence of the blo@in barrier (BBB) (Figure 1). This biéer 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 (AbNdtet al., 201). The BBB
controls the movements of molecules and cells from the peripheral blood to protect the

4
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CNS from potentially harmful compounds, such as microorganisms, toxins and immune
cells (AbbottNJ et al., 2010).

Basal lamina :
Y| Interneuron

Astrocyte

| d\ﬂg\
A 37K
| / Microglia ,7'3 &%

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 encloskedsly
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 agie. 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 physigiral 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 throug 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 dangefassociated molecular patterns (DAMPSs), endogenous molecules that appear in

5



2. Review of the literature

ca® of tissue damage or in situations of stress (Aget al., 2014). These structures are
recognized by patternrecognition receptors including Toltike receptors (TLRS),
expressed by several CNS cells (Ansaet al., 2014).

Microglial cells are the pritipal 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 exhibitiafimmatory
propriety and can relsa neurotrophic factors (Streit WS, 2002). However, like
macrophages, microglial cells express TLRs and are able to produdefl@nomatory
mediators in response to pathogens or tissue damage (Rivest S, 2003). The inflammatory
response at the level of tkiNS 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 releasg preinflammatory molecules and ROS, thus supporting the
development of an inflammatory reaction (Hanisch &id Kettenmann H2007; Glass

CK et al., 2010). Astrocytes also express innate immune receptors that can directly bind
DAMPs and PAMPs (Bowman CE€t 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 regufimn 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 crdsy peripheral immune cells (Carsbti et al.,

2006), modulates the function and controls the fate of the infiltrating cells (Iférefaal.,

2008).

The activation of the innate immune system involves the production eéhfeonmatory
cytokines and leemokines, 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 (ARat al., 2010) (Figure 2).
Under physiologial 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 hrough 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 regulatellTresponses

(Tian L et al., 2009).
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Figure 2. Immune response in the CNSResident 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 frolRansohoff RM and Brown MA, 2012.

2.1.2Alterations 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 @wetal.,

2014). The immune response is usually-Baifting and resolved once the infection has
been eradicated or the damaged tissue repaired. However, in some casiantineation

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 neuredlatiee
diseases (Glass CK et al., 2010).

The imbalance between the grdflammatory 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 fanctional 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 tlexposure to excessive levels of immune mediators, including pro
inflammatory cytokines; in others, seatfolecules present in degenerating brains may
activate microglia TLRs (Heneka MT et al.,, 2014). The activation of the microglia
promotes the release ofmimune mediators, ROS and reactive nitrogen species (RNS),
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2. Review of the literature

affecting in a complex and unclear way the neighbouring cells, including neurons.
Furthermore, microgli@riven inflammation may cause harmful feedback effects on the
microglia themselves in the diased 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 neadegenerative diseases (Heneka MT et al., 2014). The sustained
release of pronflammatory molecules is known to be involved in the suppression of
axonal transport and adult neurogenesis (Monje ML et al., 2003). Furthermore, the presence
of neuroinflammabn 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).

2.1.3Neuroinflammation 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
diseasespecific 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 ¢h 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 thisk of developing other neurodegenerative diseases.
For example, epidemiological studies show that the use ofirdiatmmatory drugs,
precisely norsteroidal antinflammatory drugs, reduced the risk of developing PD (Rees K

et al.,, 2011; Noyce AJ et ak012). 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 HEBRB1, and genes encoding for the
complement receptor 1 (CR1) atite triggering receptor expressed on myeloid cells 2
(TREM2) (Lambert JC et al., 2009; Lambert JC et2010; Guerreiro R et al., 20L3The
involvement of inflammation in neurodegenerative diseases is supported by observations
that MHC class Ill geneslso play a role in the susceptibility of these disorders. For
example, the frequency gfeculiargenotypes of polymorphisms RAGE (receptor for
advanced glycosylation ergroduc) (rs1800624) and TN (tumor necrosis facteld )
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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 innatenmune 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 aggréga 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). Howe¥, 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 patientéRentzos 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 mSODL1 transgenic mice (Beers DR et al., 2008). Innate as
well as adaptive imune 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 M uultiple sclerosis

MS is a neurodegeneratidésease 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 lowesin subSaharan 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)rhis 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 (Keldknriksen N and @ensen PS, 2010). Furthermore, the
ratio varies from region to region, ranging from 2:1 to 3:1 (Kddbénriksen N and
Sarensen PS, 2010).

People per
100,000 with MS

. >100
@ s0.01-100
B 200160
B so120
D 0-5
I:] Data not provided
Figure 3. Global multiple sclerosis prevalenceMS prevalence greatly varies in different
regions of the world. From: Atlas of MS 2013.

MS is a heterogeneous dider with several disease courses and symptomatologies. Two
main types of disease course are recognizable: relapsinigting MS (RRMS) and
progressive MS (PMS) (Lublin FD et al., 2014). RRMS, the most common form of the
disease, affects approximatively®5of 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)withdemissionsperiods
of clinical recovery (Dendrou CA et al., 2015). The PMS is characterized by progressive
neurological decline with CNS atrophy and axonal loss (Figure 4).

Triggers Preclinical Relapsing-remitting MS Progressive MS
preceding CNS activity
inflammation
Secondary
Primary
| b b e = Clinical threshold_
RAColecencEll
= Predisposing |  |TTTTTTroeeeeeal
genes,someof | [ TTTTheeel
whichinteraet (|  TTTee4l
with lifestyleand| [ T Brain volume
environmental “—————— ~10-15 years ————————s | e
factors I
Time
L L I
Inflammation Systemic adaptive immunity Brain atrophy
(MRI activity) Unknown effect of environmental factors, Mechanisms unclear
apart from smoking, which exacerbates MS * Innate immunity?

* Oxidative pathways
* Insufficient repair

Figure 4. Heterogeneity of multiple sclerosis coursé he light green area represents the
progression of MS. Thedbs represent the episodes of CNS system inflammation typical of
the relapsingemitting 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 thalisease 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 impairmaets, pain and cognitive deficits (Compston A and Coles A, 2008). The
presence of clinical symptoms, togetléth signs and findings from magnetic resonance
imaging (MRI), leads to the diagnosis of MS (Polman CH et al., 2011). The diagnosis is
based ornthe 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 bycerebrospinal fluidCSH findings. Oligoclonal immunoglobulin IgG basdn 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 plagues 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 nedaxonal loss starts and then exacerbates, leading to brain atrophy
(Figure 5). Furthermore, astrocytes form glial scars in the CNS. In tied plitase 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).

Relapsing-
Healthy remitting disease

i Cervical
iThoracic Q @

Coronal brain view

Transverse
spinal cord view'

Lumbar

)

White Grey Demyelinated
matter matter lesions
Relapsing-

Healthy remitting disease e disease
X s : 8> Atrophy at site
?'\,.—of prior lesion

<
—Demyelination in
)| deep grey matter

) Ventricle
White White matter Cortical Ventricular enlargement
matter demyelination demyelination  with increasing atrophy

Figure 5. Formation of plaques during multiple sclerosis progression.MS is
characterizedby 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 wdkfined, butthe disease seems to arise from the
combination of genetic, environmental and epigenetic factors. Genetic variation accounts
for abou 30% of the risk, with polymorphic gendscated in the Human Leukocyte
Antigen (HLA) region playing an important role {&mnational Multiple Sclerosis Genetics
Consortium et al., 2011More than 100 genetic regions outside the HLA are involved in
MS susceptibility (International Multiple Sclerosis Genetics Consortium eCdl3).
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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-ifi'ommatory process against

the myelin (Popescu BF and Lucchinetti CF, 2012). However, MS is not only an
inflammatory diseas 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, theytbenafsts in
the administration of immunomodulating agents that reduce and postpone the risk of

relapsegTable 1)

DRUG

MECHANISMS OF ACTION

Interferon -b

Regulates the immune system, inhibiting T cell proliferat
and balancing the ergssion of pranflammatory and ani
inflammatory cytokines (Dhitdalbut S and Marks S, 2010)

Glatiramer
acetate

Competes with short antigenic MBP peptides to fg
complexes with MCH class Il molecules. GA promotes T
differentiation and activates Treglls (Liblau R, 2009).

Dimethyl
fumarate

Reduces the number of circulating T cells, decreaseg
expression of adhesion molecules on lymphocyte,
reduces the secretion of pirtflammatory cytokines.

DMF promotes the production of amtkidant enzynes
(Pistono C et al., 2017).

Fist-line DMTs

Teriflunomide

Inhibits  the  mitochondrial enzyme dihydroorote
dehydrogenase (DHODH), important fde novosynthesis
of pyrimidines, thus having a cytostatic effect on activate
and B lymphocytes. It also affects T and B cell functionin
It decreases the production of grdlammatory cytokines
and interferes with the interaction between T lymphoc
andAPCs (Pistono C et al., 2017).

Natalizumab

Targets theHM-integrin expressed on the surface of imml
cells, thus reducing immune cell migration across the E
(Sheremata WA et al., 2005).

Alemtuzumab

Targets CD52, which is present tire surface of T and §
lymphocytes, and acts to deplete circulating lymphoc
(Brown JW and Coles AJ, 2013).

Fingolimod

Secondline DMTs

The phosphorylated form competes with the sphingosin
phosphate (S1P) (essential for the maturation of T cells
for their trangion from lymph node to Ilymphati
circulation) for the binding to S1P receptors on the surfag
T lymphocytes. T remain sequestered inside the lyi
nodes. Fingolimod can directly act inside the CNS (Pist
Cetal., 2017).

Table 1. Mechanisms of adon 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 otelomglisability
(Morrow SA et al., 2009). Disease modifyitigerapies (DMTSs) are longerm treatments

that mainly act to decrease the immune respdhae promotes lesion formation, thus
drastically reducinghe number of attacks and decreasiligease progression (Damal K et

al., 2013).Patients with a miledo-moderately active disease start the therapy with & first
line DMT, whereas secodihe DMT are administered to patients with an aggressive form.
When patients treated with a filghe DMT do not show a positive response, they are
switched to a secorthe 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 intrameminfusion. Currently, the number of available
treatments has increased, including three orally administered drugs: dimethyl fumarate
(DMF) (first-line treatment), teriflunomide (firdine treatment) and fingolimod (second

line treatment). In additiorotthe 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).

2.2.1Pathogenesis

The formation of the plagues 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 fibienation of the pques.
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 atdotibodies against myelin and other CNS compgsjesuch

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 ha 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 (CNVSs)
of the genes for the forth complement component (C4A and C4B), with a significantly
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higher frequency of C4AQO allele in patients with the RRMS being reported (Franciotta D
etal., 199).

The infiltration of immune cells from the periphery is the main featutbetarly stages of
MS. Microglia and astrocytes become activated thanks to the secretionioflagnamatory
cytokines by infiltrated immune cells, contributing to demyelination, oligodendrocyte and
neurcaxonal injuries (Popescu BF and Lucchinetti CFL2) (Figure 6).

Adhesion and penetration
of the blood-brain barrier

T-cell re-entry
Into circulation

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 t hanks t-mtegrirh mside theeCNS,fthesd dells avclate 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 antibodiesnstganyelin
peptides, which interact with complement system components to produce mesattaake
complexes that further damage the myelin and oligodendroglial cells. Modified from
Steinman L and Zamvil S, 2003

15



2. Review of the literature

The immune system and CN8sident cells contribute to the damage through direct cell
contactdependent mechanisms and the action of secreted inflammatory and neurotoxic
mediators. After the first manifestation of the disease, an increase in the numirettend
activation of both microglia and macrophages have been observed in lesions and also in the
normalappearing white matter (Giannetti P et al., 2015). As naxomal degeneration
spreads, microglia in the vicinity of the damage become activatedhwimay lead to the
formation of new lesions (Kolasinski J et al., 2012) and contributhecdorain atrophy
(Chard DT et al., 2002).

It seems that in the initial phases of the disease, macrophages can initiate the
demyelination, whereas microglia are invedl in debris clearing (Yamasaki R et al., 2014)

and in the production of neurotrophic factors, such as the-deaived neurotrophic factor
(BDNF) (Chen Z et al., 2014), producing a neuroprotective effect. However, with the
progression of the diseasadtclear that resident microglia have aqmflammatory effect.
Immune system cells seem to mainly target myelin proteins. Circulating CD4+ T cells of
MS patients recognize myelin basic prot@uBP), proteolipid protein(PLP)and myelin
oligodendrocyte lycoprotein (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; Bietkova B et al., 2004).

Furthermore, other molecules can be recognised. For example, it has been hypothesized that
an autoi mmune r-astaloersagexacetatd imflantmatiorb This protein

is the most abundant gene transcript in early adih& lesions, whereas it is absent in
normal brains. It has arsipoptotic and neuroprotectivdunctions and acts to reduce
several inflammatory pathways. The immune response against this negative regulator of
inflammation may increase inflammation ageimydination (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 caduction 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
degenerabn 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
suround the lesions, trying to remyelinate axons without myelin, thereby contributing to
recovery (Scolding N et al., 1998) (Figure 7).
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Myelinating Demyelinated axons Remyelinating

oligodendrocyte oligodendrocyte
Myelin -

debris

Oligodendrocyte
progenitor

Macrophage

Monocyte

Figure 7. Remyelination in MS Remyelination involves a sequence of steps, the
dysregulation ofvhich will result in impairments of this process. During demyelination, (1)
myelin debris are produced2)(Demyelination causes the activation of astrocytes and
microglia @) which, in turn, produce factors that contribute to the recruitment of monocytes
from blood vessels.4) The recruited monocytes differentiate into macrophagga). (
Activated astrocytes and macrophages produce factors that activate each other, as a result
of which (Gb) both produce growth factors that act on oligodendrocyte progelis: ©)
Macrophages also contribute to remove myelin debrisUfder the influence of factors

that are produced by astrocytes and macrophages, recruited oligodendrocyte progenitors
differentiate into remyelinating oligodendrocytes, contributing tonaxremyelination.
Modified from: Franklin RJ, 2002.

However, histopathological analysis shows that axonal damage may continue to be present
in lesions with signs of remyelation (Bitsch A et al., 2000). Remyelinatiorcreasingly

fails with disease pragssion. 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
remyelinaion. 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 (Mirehal., 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 seeradain 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 axard that myelin displays alterations in
composition (ManriquéHoyos 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 witlsediffu
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 assslfining 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
evens: chronic inflammation, oxidative stress, energy deficiency, ionic imbalance,
combined with the failure of neuroprotective and regenerative mechanisms (Friese MA et
al., 2014) (Figure B

CNS resident cells play a key role in supporting neurodegenerad@roglia 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 productio®@8fddd 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 inqoticatr the

normal neureaxonal function. To help maintain the correct ion homeostasis, important for
the conduction of the nerve impulse, several ion channels, includihanidaC&" channels,

and glutamate receptors become redistributed along the deatgeliaxons (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 &hidwdich
promotes ionic imbalance, worsening the axonal deggion (Friese MA et al., 2014).
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Figure 8. Neurodegenerative processes in multiple sclerosis. &hronic 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 functioiB| Several newwnal 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, contribtatéissue damage€| The degenerative
mechanisms can spread towards the neuronal cell body and the axon terminal, influencing
presynaptic and postsynaptic neurons, respectively. Furthermore, nedeattaan occur.

From: Dendrou CA et al., 2015.

Severalmechanisms are triggered by CNS cells to contrast reexonal injuries, such as
the increased expression of gorvival genes. However, the neurodegenerative
mechanisms are able to override the protective mechanisms, contributing to CNS damage.
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Furthernore, in the later stages of MS, microglia stimulate astrocytes, which, in turn, can
produce C&chemokine ligand 2 and granulocyteacrophage colongtimulating 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, lonterm 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 againshe central nervous system

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

(Thl) and Th17 cells, that secrete pnflammatory cytokines, mainlinterferorrd (IFN-2)
andinterleukin17 (L-17), respectively (O'Garra A et al., 1997; Becher B Segal BM,

2011) (Figure 9). T cell differentiation is deviated away from the Th2 subset, which
exhibits antiinflammatory functions, secreting mainly-dand I-13 (OrejaGuevara C et

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

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 pathogene€i®8+ T cells poduce 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 catls, the
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 thatregulatory T Treg lymphocytes from MS patients armt able to efficiently
suppress effectocells (Venken K et al., 2008)Additionally, effector T cells may be
actively resistant to suppressive mechanisks exampleCD4+ T cells of MS patients

0V er e x-prresdirs 1s which is critical for naive amdfector 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 in34 leading to the activation of autoreactive adaptive immune
cells able to infiltrate and cause dage within the CNS.
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Figure 9. Immune system dysregulation in multiple sclerosisDuring 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 andéor 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, recitign of sequestered CNS antigen, or bystander
activation. Genetic and environmental factors, including infectious agents and smoke
constituents, contribute to these events. Once activ@i@8;+ T cells,differentiated Thl

and Thl7 cells, B cells and ineatmmune cells, can migrate into the CNS, creating an
inflammatory response and inducing tissue damage. B cells can taffaf the CNS and

then undergo affinity maturation in the lymph nodes. Subsequently, they -esterethe

CNS and promote furthetamage. Modified fromDendrou 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 redbk 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 @xpression 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 pregdfin; in MS, it seems that
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viruses can mimic CNS peptides, allowing the initiation of the autoimmwetioa (Olson

JK et al, 2001) The lystander 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 phenoméeFrhe causes for

this triggering are for now only hypotheses, among which CNS viral infections and primary
neurodegenerative peesses (Tsunoda | et al., 2D03

The most accepted hypothesis is that the disease starts with the activation of specific T
lymphocytes in the periphery. This hypothesis is suppdrieahice by the experimental
autoimmune encephalomyelit{EAE). In this model of MS, the injection of myeliror
CNS-derived antigens results in the formation of Cbgcific CD4+ T ells (MokhtarianF

et al., 1984 Mendel | 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 sénting
transiently within lung tissues (Odoardi F et al.,, 2012). They move to the brenchus
associated lymphoid tissues and draining lymph nodesédatex the blood circulation and
ultimately reach the CNS. On the way, a switch towards a migratory pwmles before

the onset of the inflammatory process in the CNS. T lymphocytes reprogram the expression
of their genes, upregulating membrane receptors, such as the sphingpsiogphate 1
receptor (S1B, important in guiding the lymphocytes outside thamph nodes,
chemokines receptors and adhesion molecules. Furthermore, the researchers noticed that
the lungs are a niche not only for activated T cells; myrdactive memory T lymphocytes
strongly proliferate in the lungs and assume migratory progetties 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).

2.2.2Genetic 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%, whéenggstid

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 &ioth

22



2. Review of the literature

whose parents are affected by MS compared to those having only one parent with the
disease (Ebers GC et al., 2000) (Figure 10)

Genetic sharing Relationship
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Figure 10.Recurrence risk for multiple sclerosis.Age-adjusted recurrence risk of MS for
different relatives. The degre&f 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, antdy 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 autoimeuwliseases. Furthermore, some loci
involved in MS susceptibility include immusrelated 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 locatethe 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 Pl et al., 1976). HDRB1*15:01 confers the
highest genetic risk for MS, with an OR of about 3 (Olerup O and Hillert J, 1991;
International Miltiple Sclerosis Genetics Consortium et al., 2011). HMRB1, aslike the

other genes in MHC class Il, is expressed on APCs, presenting peptides to CD4+ T
lymphocytes, cells important in the pathogenesis of MS.
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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 sg@st 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.,aR011
However, HLADRB1*04:05 seems to be the primary rigdlele in the Japanese
population, whereas HLARB1*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 Il
region have been associated with MS in different populations;ekample, HLA
DRB1*03:01, HLADQB1* 02:01 and HLADRB1*13:03 are secondary risk variants for
Northern European populations (International Multiple Sclerosis Genetics Consortium et
al., 2011).

Several MHC class | alleles have also been ifledt These gees code for molecules
which are necessary to present peptides to ‘CD&ells, other important cells in the
pathogenesis of MS. HLA*02 is associated with protection against MS (International
Multiple Sclerosis ®netics Consortium et al., 2011n fact, the absence of HLA*02

and the presence of H:BRB1*15:01 lead to a fivdimesgreater risk of developing MS
(Brynedal B et al., 2007).

In addition, polymorphisms in MHC class lll seem to influence MS risk. This region is
located between class | and clsand 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), preinflammatory cytokines (TN ) and heat shock proteins
genes) (Milner CM and CamplbdrD, 2001). Our research group reported thatirgle
nucleotide polymorphism (&°) (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 estated risk of 1.31 (Boiocchi C et al., 2014).

Genes located outside the MHC region can also modify MS risk. Genatleeassociation
studies (GWAS) have identified about 110 #tébhA SNPs that contribute to influence MS

risk, although their effect is onlynodest (International Multiple Sclerosis Genetics
Consortium et al., 2013). Important in this regard are thes¥dtiated in genes involved in

the regulation of the immune system. The first GWAS from the International Multiple
Sclerosis Genetics Consortiudentified variants n t he genes -ehamadi ng for th
IL2r ecept or (| L 2Rbaipof 47 deceptar (IL7RAN assodiated with MS
(International Multiple Sclerosis Genetics Consortium et al., 2007). Their effect is only
modest: the two SRs (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 examjiteMS patients the protective HI-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). HDERB1*15:01 carrier
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status correlates with dizgse severity (Okuda DT et al., 2009), and another study reported a
correlation between the carriage of HIDRB1*15:01 and the presence of diffuse cord
lesions and higher disability (Qiu W et al., 20bL Moreover, HLADRB1*15:01 is
associated with a lowexge of onset (Masterman T et al, 2000).

2.2.3.Environmental risk factors: the complex interplay with genetics

Non-genetic factorseems tanake 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. Ep&ainvirus (EBV) infections, smoking and

low vitamin D levelswere 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 (Olssign T et
2017).

Severalinfectious agentshave 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 duénfections may directly
influence the CNS (Konsman JP et al., 2004). Furthermore, CNS infections may promote
the release of CNS antigens into the jpleery (Miller SD et al., 1997).

One of the most studied viruses is EBV. There is a lot of evidence torsuggprole in
increasing MS risk. A metanalysis 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 completellyar. 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 reportederadtion between infectious
mononucleosis and HLARB1*15:01. Individuals with HLADRB1*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 (NielS&R et al., 2009).

Another infective agent analysed is cytomegalovirus (CMV), a common virus from the
same family as EBV. In this case, infection from CM¥ems to reduce the risk of MS
(Sundgvist E et al.,, 2014). However, it remains to be proven whehiernegative
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., 20kEyeralstudies have
shown that the risk augments with increasing cumulative exposure to smek&(HVA
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et al.,, 2001; Hedstrom 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 authordhefstudy have
suggested that the negative effect of passive smoking may be due to lung irritation, which
could trigger immune responses (Hedstrom AK et al., 291(Figure 12). The possible

link between lung irritation and MS risk seems to be supportedial studies regarding air
pollution (Heydarpour P et al., 2014). Particulate matter smaller than 10 um seems to also
be related to the risk of relapses in MSigrats (Angelici L et al., 2006

Interestingly, the interaction between smoking and HLA rdkles for MS has been
reported: in Scandinavian population the combined OR of about 5 resulting from the
presence oHLA-DRB1*15:01 and the absence of HLA&02 in non-smokers increases to
almost 14 in smokers (Hedstrom AK et al., 2031 The interactio of smoking with HLA
variants has also been reportedfieumatoid arthritisRA), although the alleles involved

are different (Mahdi H et al., 2009). Smoking is able to activate enzymes in the lung that
can postranslationally modify peptides, so that T cells can recognized them and become
activated, inducing autoimmunity (Klareskbget al., 2009) (Figure 12).

Proinflammation

* Lung irritation CD4* Teell CNS inflammation/

* Chronic |nfe(_:t|ons (autoagressive) multiple sclerosis

* Post-translational
modifications of peptides

Smoking HLA class I
[ ———  (DRBI=15Y

Antigen-
presenting cell

* T cell receptor recognition
of unknown antigens
* Break of tolerance

Figure 12. Smoking can influence multiple sclerosis riskthrough several potential
mechanisms. Smoking may promote activation of piflammatory pathways: it may
inducelung irritationand alter peptides thanks to ptisinslational 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 @Ntigens. Modified from:
Olsson T et al., 2017.

Growing evidence suggests a role ddesity in the risk of developing MS. Obesity during
adolescence has been associated with an increased risk of developing MS in adult life
(Hedstrom AK et al., 2014); furthermore, childhood obesity increases the ngedfatric
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MS (LangerGould A et al., 2013). However, it is not clear how obesity influences MS risk.

It may be significant that obesity is associated with adoade inflammation (Lumeng CN
et al.,, 2007) and with increased levels of leptin, which iatedl to preinflammatory

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 solgewith the HLADRB1*15:01

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

(Hedstrom AK et al., 2014).
In recent yearsgut microbiota has gained attentiof€hanges 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).
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Studies on EAE suggest that the gut microbiota may also play a role {@bf®aReparaz
Jetal., 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 rédacof the preinflammatory state,
suppressing the progression of the clinical symptoms. The suppressive activity seems to
correlate with a shift from a Thl to a Th2 response (Lavasani S et al., 2010). Several factors
contribute to alterations in gut mafsiota, 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,ttaiso 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 welgstablishedole 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 pnoves the clinical course (Racke MK et al., 1995). In the
mouse model of EAE, dietary supplementation oftralhs retinoic acid, the primary
mediator of biological actions of vitamin A, attenuated clinical symptoms and reduced the
expreson of MHC classlIl molecules ondendritic 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).

2.2.4Role 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 Alet2011) and 2) increased exposure

to ultraviolet radiation is related to a decreased risk of developing M3n(elm M et al.,
2012), thus suggesting the importance of vitamin D in this disorder. In fact, solar light is
important for the productionfavitamin D at the level of the skin. Direct evidence of the
importance of vitamin D derives from the observation thatdte supplementation of
vitamin D reduced the risk of developing the disease (Cortese M et al., 2015). A recent
metaanalysis confirmed that people with MS have lower vitamin D levels in the serum
compared to healthy controls (Duan S et al., 2014). In patiititsMS, 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 tepdn 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 deéd 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 im@amt benefits for MS from sun exposure, not only
through vitamin D but also thanks to neitlamin D pathways. In the animal model,
ultraviolet radiation exposure gives protection against neuroinflammation, reducing clinical
signs of EAE, independently aftamin 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 obsed thatultraviolet radiationexposure reduces inflammation in
experimental mice, modulating CD8+ T cell immunity (Rana S et al., 2011). Studies on
mice showed thatultraviolet radiationreduces systemic inflammation thanks to the
induction of tolerogenidreg 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 trialshowed beneficial effects from cholecalciferol supplementation.
For example, when added to IF\treatment, cholecalciferol reduces the lesions detected
by MRI, with patients showing a tendency to reduce disability accumulation {Soilu
Hanninen M et al., @12). However, other trials did not find any improvements in the
clinical parameters (Mosayebi G et al., 2011; Kampman MT et al., 2012).

2.2.4.1Vitamin D production

The precursor vitamin $ also called cholecalciferol, can be obtained through diet, but it is
mainly formed from 7dehydrocholesterol in the skin due taulraviolet light-mediated
reaction(Figure 14) Vitamin D3 is bound by the vitamin-binding protein (DBP) and
transportedto the liver, where it is hydrolysed by the microsomal vitamin B 25
hydroxylases CYP2R1 to produce-Bgdroxyvitamin O (25(OH)Ds), the major circulating

form. 25(0OH)D is transported by DBP to the kidney, where the mitochondrial 1
hydroxylase CYP27B1 fons the 1)25-dihydroxyvitamin B (1U25(OH)}D3), also known

as calcitriol. This reaction occurs mainly in the kidney, but several other cell types, such as
immune cells, can formd25(OH)D; (Figure 14)This form circulates in the bloodstream,
bound to he DBP, reaching several tissues and acting as a nuclear hormone to exert several
functi ons ;D;reglldles 2akciin®ahdl phosphate metabolism, raising their blood
levels via intestinal absorption and renal reabsorption to facilitate bone minigoalizes

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 Bramd immune system
functioning (DeLuca HF, 2004).
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Vitamin D, i n preteitsdtelfferts by adiing assa(h@rhone 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 kidmayss and intestine
(Verstuyf A et al., 2010). It has been estimated that VDR directly or indirectly controls the
transcription of thousands of protegioding mRNAs as well as a huge amount of -non
coding RNAs (Campbell MJ, 2014).

2.2.4.2Vitamin D function on the immune system andts 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 hanks to intestinal absorption and
renal reabsorption (Carmeli& 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 withhe 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 viansirsupported 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). Vitami appears to control pathways
which limit the antibacterial activity of the innate immune system, thus limiting potential
inflammatory events. For exampli vitro vitamin D promotes the dowregulation of

TLR2 and TLR4 expression on monocytes, reducthg 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 i mmune fycantafentthe ianatp @espensedy 1 U, 25 ( OH
upregulatinghe expression of & triggering receptor expressed on myeloid cdlls
(TREM1), a cell surface receptor that is expressed mainly on monocytes and neutrophils
(Kim TH et al., 2013). 1,25(OHIp; 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). \RO's also expressed in activated lymphocytes; after
the activation by mitogensin vitro 1 U, 2 5[0;@sH3 potent inhibitor of T cell
proliferation (Bhalla AK et al., 1984). Vitamin D predominantly acts on the adaptive
immune system by modulating the pheype of T cells (Smolders J et al., 20@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

autdmmune disorders comes froin vitro studies and observations made directly on

patientsIn vitro 1 U, 2 5[); @ibjts the expression of Thl cytokines (Lemire JM et al.,

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

admini strat i 4Dqin thef mousddmozied ¢f BN Was observed to reduce the

progression of the disease (Cantorna MT et al., 1998). VDR deficiency aggravated arthritis
severityinhuman TNl transgenic mice (ZwerinaofK et al ., 2
infl ammatory bowel di s e a s,Psdecredsesl the sym@atamme n t wi t h
thanks to its ability to downegulate 11-17, TNFU, -6JabhdIFNo | evel s and inhibit
activation Th1/Thl17 cells in the colon and spleen (Zhang H et a., 2015).0More

treat ment wbDsreducet the $ge(itOdfystemic lupus erythematosuBLE)

in MRL/1 mice (Lemire JM et al ., ,D3lcouti2 ) . The sup
prevent the initiation and the progression of EAE, the experimental model oE&Bofna

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, patientslbaer 25(0OH)RQ 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)evels have higher disease activity (Sahebari M et

al., 2014; Lin J et al., 2016). It is not alveagasy 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 #sabciate 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, withUR5(OH)D; having the highest affinity.
VDR is an intracellular receptor that belongs to the steroid/thyroid nuclear receptor family.
The Nterminal region includes the DNA binding domain; the ligand binding domain is
located in the @erminal region (Haussler MR at., 1995) (Figure 15 A).

I'n the absen,DgeVDRTtan shuttle2amdn@tHe) cytoplasm and the nucleus.
Furthermore, it can form a heterodimer with the retinoid X receptor (RXR), which is able to
bind to vitanin D response elements (VDRB)his keterodimer is not stable and can bind,
only with low affinity, to the DNA; however, it allows the regulation of the basal level
transcripton of target gene©Onl y wi t h t he b,Dytadthe’VhR dodsthé U, 25 ( OH)
dimer become stable and, based on thtune of VDRE, up or down regulates the
transcription of the targeted ger(&nolders J et al., 2009 G-igure 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
nucl eus. U p.Dsbindihd ko tAeShorddie ligarninding domain (red), VDR is

stabilized by the phosphorylation of serine 51 in theABNnding domain (green) and

serine 208 in the hinge region. VDR associates with the retinoic acid receptor (RXR)
through the dimerization domains (yellowylodified from Deeb KK et al., 2007B|

Intracellular organisation of the VDR. On the left, in thesse nce o0 f,D;IMDR 25 ( OH)
shuttles between the cytoplasm and nucleus. It dimerizes with RXR, forming an unstable
heterodi mer with Iow affinity for t bg VDRE. On
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

The binding of VIR  wi t h 1D} als in¢redses 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 chrammatifying enzymatic
activities or act as a platform for the recruitment of histdestabilizing/stabilizing
enzymes.

The VDR gene is located on chromosome 12 (12g13.11) 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 haveldteento

the presence and/or the severity of many diseases, in particular autoimmune diseases
(Figure 16).

VDR gene
= Chromosome 12
= > I le lald b 2 3 45 6 78 9
= N
u—{Hl- I - | L7
g v {HH { | HH{—H i
= Bsml (A60890G)
E Fokl (C27823T) Tru9l (G61050A)
=) Apal (G61888T) <—Tagl (T61938C)

Figure 16. Vitamin D receptor geneThe humarVDR gene is located on chromosome 12

and composed of promoter and regulatory regionslf)and exns 2 9, which encode the

VDR protein. The figure also shows some SNPYDR studied in human diseases; these

are cfined by restriction enzymes, and the nucleotide change is indicated in parentheses.
From: Deeb KK et al., 2007.

A polymorphism can poteiatly influence the effect of vitamin D on immune system
function, as is the case of the Flogolymorphism (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 longemprotein (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
collaboratorgeported that the short isoform interacts more efficiently with a transcriptional
coactivator (TFIIB) (Jurutka PW et al., 2000). Moreover, Fgolymorphism has been
studied in relati omnDstodectedsethegilifetaiion gf pdogfal 1 U, 25 ( OH)
blood mononuclear cells (PBMC#&) vitro (van Etten E et al., 2007). Furthermore, it
suppresses H12 production by monocytes and dendritic cells (van Etten E et al., 2007). It
seems that this polymorphism has consequences for both the VDR prateiarstand its
transcriptional activity.

However, understanding the consequences of a polymorphism for VDR function and

35



2. Review of the literature

activity, and the possible implication fimmune system function, is neasy. For example,

Aparl (rs7975232) and Bsih (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 bé&tbn an exon but cause a
silent codon change without modifying the amino acid sequence. This is the case, for
example, of the Tadj(rs731236) polymorphism, which causes a substitution from T to C
(Uitterlinden AG et al., 209). Although these polymorpéms do not alter VDR protein,

their variants can be in linkage disequilibrium with other polymorphisms, thus having
potential effets (Uitterlinden AG et al., 2004

The VDR polymorphisms have been studied in MS. The polymorphisms mentioned above
are themost studied. Regarding the Fblpolymorphism 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 aostudy
subjects from the Netherlands (Smolders J et al., 2D09oreover, the short isoform was
associated with lower 25(OH)}Berum levels both in MS patients and in healthy controls
(Smolders J et al., 2009. The association of Apaand Bsml 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 Apd, b and B for Bsml). AA and bb genqigs are more frequent in MS
patients compared with healthy controls. The involvement oflApalymorphism in MS

risk was also reported in an Australian population, with the A allele more frequent in MS
patients compared to healthy controls (Tajouri Llet2005). However, the association of
Apa-|l and Bsml polymorphisms was not reported in other populations (Simon KC et al.,
2010; Sioka C et al., 2011). T4golymorphism was related to MS risk, with the t allele
more frequent in MS patients (Tajouriet 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 metanalysis reported no association between MS and VDR
polymorphisms (FoK, Apa-I, Bsml and Tagl) (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, aétBons that modify vitamin D levels may

be important for MS susceptibility. AVBAS identified CYP27B1, whict o des -f or 1
hydroxylase, and CYP24A1, which encodes the enzyme responsible for initiating calcitriol
degradation, as genes involved in MS risktdinational Multiple Sclerosis Genetics
Consortium et al.,, 2011). Furthermore, polymorphisms in CYP27B1 seem to affect
1 U, 2 5@;0idulating levels (Orton SM et al., 2008) and polymorphisms in DBP also
influence circulating 25(OH)Pconcertrations (Sintte 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 was associated with serum 25(OH)Bvels in twins with

Cc
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MS (Orton SM et ab5OHyLD;®EB &Sinoldera Hetak,i20op 1 0, 2

2.2.50xidative 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 tdsntind 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 oxgg 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 (8, hydroxyl radical (OH), peoxiradicals (ROQ, and norradical
species, such as hydrogen peroxideQH)L Among RNS, nitric oxide (N€ can react with
superoxide aniorto form peroxynitrite (ONOQO), the most deleterious free radical. At
physiological conentrations, 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 oxidet 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, thesenpounds 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 théiren¢tra
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 statuthésnuclear factoterythroid 2related

factor 2(Nrf2). In conditions of oxidative stresthe transcriptional factoNrf2 can enter

inside the nucleus and recognize the antioxidant response elements, thus inducing the
expression of a multitude of antioxidant proteins, idolg enzymes involved in
glutathione synthesis and in the thioredoxin system: superoxide dismuntases 1 and 2 (SOD1
ard SOD2), catalase and heme oxygenase 1 (HMOX1) (Kensler TW et al.,, 2007).
Furthermore, Nrf2 regulates the expression of molecular chaparmhds 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 outbalancexadént defences,
oxidative stres$s assessed, a condition found in MS plag&sdies orpost mortenbrain
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 normahppearing cortex of the MS brain, leading the authors to suggest
that RNA oxidation, induced by oxidative stress, may contribute to MS pathogemgesis b
producing aberrant proteins or by dysregulating the target gene expression (Kharel P et al.,
2016).Furthermore, sveral 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 engthrocytes in CIS, RRMS and SPMgatients, and this may correlate withe
expanded disability status scalEDSS 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 hagbiseeved 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 highlightgdidsy st

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 manifestatiorulR8R et al., 1995).

An in vivoimaging study revealed that the application of oxygen and nitrogen donors to the
spinal cord of healthy mice was sufficient to induce HiE axonal injuries in the absence

of demyelination, suggesting that demyelinatiosymot be a prerequisite for axon damage
(Nikil 1 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 [Ni&t al., 2011).

2.2.5.1.Sources of oxidative stress during multiple sclerosis pathogenesis

Theinflammatory processtypical of MS is critically linked to oxidative stress, and thus to
ROSmediated tissue injury. Immune cells are an important source of ROS. It has been
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observedhat ROS are produced through the interaction of monocytes with the endothelium
of the BBB, inducing alteration of tigfiainction and cytoskeleton rearrangements, thus
contributing to the loss of BBB integrity and the extravasation of immune system tells in
the NS (Van der Goes A et al.,, 200{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
myeloperoxilase, NADPH oxidases (NOX) andducible nitric oxide synthas€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., 2aL2); several studies reported that iINOS 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
cordition described in several autoimmune disordergifkke 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 (Nikil 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
destuction 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 prinflammatory genes; increased levels of cytels and chemokine are

able to recruit macrophages and stimulate myelin phagasyfgan 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 oligodendegyEurthermore, 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 theindtory process is reduced,
other norinflammatory 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 environmbfitochondrial injury with
subsequent energy failure is one of the maininemune mechanisms contributing to MS
pathogenesis (Figure 17).

The oxidative stress established in the area characterized by inflammation can lead to
mitochondrial dysfunctions due to seakmechanisms. 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). Furthermey ROS can influence the synthesis of new camepts in the
respiratory chain binducing mutations in the mDNA (Campbell GR et al., 2011).
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Figure 17. Role of ROS in multiple sclerosis pathogenesik) Upon interaction with the

BBB, monocytes produce R%) 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 degradationybmacrophages. 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 guation 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 fran: van Horssen J et al., 2011.

In chronic inactive lesions, the number of mitochondrisigher, possibly in response to a
higher energy demand (Mahad DJ et al., 200%e 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 conttdto MS pathogenesis in both relapsiegitting

and progressive forms through the involvement in inflammation and in axonal
degeneration, respectively.

2.2.6Heat shock proteins

Oxidative stress can damage cellular proteins, thus leading to the formaticisfoided
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,raépeoteins identify unfolded,
misfolded and nomative 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, 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 andtiaostiational levels
(Niforou K et al., 2014).

In termsof oxidative stress, the heat shock proteins @spfamily of proteins involved in
protein folding and remodelling, which includes constitutive and sinekgible members,

are important. These proteins were first described in response to heat shosga(RA,
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, 1998itéla 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 (SaibiP®L3). 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 theellular compartments and can be secreted in the
extracellular environment, where they have cytokinic functions (Asea A et al., 2008). Hsp
are also expressed in the CNS. However, assessingtheiserole is complicated: several

cell types, includingheurons, microglia, oligodendrocytes and astrocytes, express Hsp, but
they exhibit distinct activation of different HsfFoster JA and Brown IR, 1997).

The transcription of HSP genes is under the control of the heat shock transcription factor 1
(HSF1) (Rge 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 {dmer 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 dlQ)20

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: posttranscriptional modifications such as carbonylation, phospation and
proteinprotein 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,
Hsp®, Hsp40, and the small Hsp families.

The Hspl110 family includes proteins that function mostly as nucleotide exchange factors
for Hsp70 members, thus acting asregulators of the Hsp70 chaperone function (Raviol

H et al., 2006).

The Hsp90 family inclues both constitutive and stresslucible members found in various
subcellular locations, like cytos@ndoplasmic reticulumER) and mitochondria. Members

of the Hsp90 and the Hsp70 families interact, influencing in a coordinated way several
cellular furctions (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 HspO family members are in the mitochondria, where t@yinvolved in

the folding of a subset of mitochondrial proteins. Some members are found in the cytosol,
on the surface of neneuronal cells, and can also be secreted in the extracellular
environment (Gupta RS et al., 2008; Stefano L et al., 2009).

Hsp4 family members act as @haperons, 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 conmasther chaperones, these proteins

do not appear to require ATP for their functioning (Stetler RA et al., 2009). This family
includes proteins like HMOX1 and th#-crystalline.

Hsps are not only molecular chaperons, but thiey several roles at nuclekevel 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).
Furthermoresveral Hsp members can have apoptotic functions. Hsp70 dnHsp90
members form a complex with the apoptotic peptidase activating factor inhibit
apoptosome formation (Pandey P et 2000; Saleh A et al., 2000).

Hsps are also involved in several pathologic states, like cerebral ischemia, trauma, epilepsy
andneurodegenerative diseases (Yenari MA, 2002). In CNS disorders selsm to exert
neuroprotective roles, preventing the aggregation of misfolded proteins and inducing anti
apoptotic mechanisms (Stetler RA et al., 2010).
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2.2.6.1Hsp70

The heat shock protein 7Blsp70) family represents the most widely studied group o6Hsp
and includes several monomeric proteins that are highly conserved in evolution with a
molecular weight of about0 kDa (Radons J, 2016). Hsg78re found in all organisms,

from archaebacterialb plants and humans; the prokaryotic DnaK shares approximately
50% amino aciddentity with eukaryotic Hsp70s. HspFMave also conserved functional
properties across the species; for exampbgeriments demonstrated thBtosophila
Hsp70 expressed inammalian 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 stressnducible. The different members have specific functions and differ with regard
to their expression levels and localization; they play critical roles in mitochorieRa,
lysosomes, cytosol, and cell membranes and can also be secreted in the extracellular
environment. For example, the constitutively expregeedein calledHsc70 is cytosolic,
Grp75 is a mitochondrial protein, and Grp78 is located irEfReSeveral mmbers of the
Hsp70 family can shuttle between compartments. Hdp# 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 imporégfadied 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 chaperocan 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, Hsp70inmdi@ave other
functions. Hsp78 have antapoptotic functions, blocking aptosis at arious levels.
Hsp7G& 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 deaihducing signalling complex (Guo F et aD05).

Hsp7® are also involved in the modulation of immune response. Increased intracellular
Hsp70 levels augment cell tolerance to-pritammatory cytokines suchas TNF a nd | L
(Jaattéd M and Wissing D, 1993 0n the other hand, when Hsgs7ére orthe 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 botkitro and in vivo (Wells AD and
Malkovsky M, 2000; Srivastva P, 2002). Hsp80act 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 etl., 2004). Furthermore, Hsp7@sduce the immune response by
interacting with Tollike receptors (Asea A et al., 2002), permitting the activation of the
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transcription factor NkB and inducing the production of proinflammatory cytokines,
chemokines and NO by macrophagear(®ani NN et al.2002). Hsp78 enhance antigen
presentation by MHC class | and class Il molecules (Mycko MP et al., 2004). Furthermore,
the Hsp76associated peptides bound to MCH class | and Il molecules are more
immunogenic than peptides alone (Chen D and Androlewic20).

Hsp7G are highly conserved molecules with a common structure. They are composed of a
44 kDa Nterminal domain, called mileotide binding domain (NBJ) which binds and
hydrolyses ATP, and a 28 kDa-t€rminal domain, known as substrate binding domai
(SBD), which binds polypeptides. Cytosolic Hsp70 contains arBHPC-terminal region
harbouring an EEVD motif involved in the bimgdj of cochaperones and other Hsps
whereas spéalized proteins such as HspAlbcated in theER, and HspASlocated inthe
mitochondria, do not have this motif but instead-geNninal localization signal (Hartl FU,
1996) (Figure 18).

Hydrophobic linker

l EEVD

\ HspAlA/B
N —( leotide binding domai (w—( Substrate binding domai G—{ Variable c HspA1lL, HspA2
J rewion HspA6, HspA8
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Figure 18. Hsp70 protein structure. Hsp7® are formed by an Nerminal nucleotide
binding domain (NBD) and a substrate binding domain{5Brhe 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 @haperones and other Hsp proteins.
Some Hsp70 proteins have a localization signal; for @anmHspAS5 is expressed in the
endoplasmic reticulum and HspA9 is located in the mitochondria. Fhern@inal ER
retention signal (KDEL:lysine, apartic acid, glutamic acid, ducine) is presented in
HspA5.From: Radons J, 2016.

Many of the functions of bp70 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 thiteraction 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 ADRbound state increases the affinity for the substrate, closing the SBD (Mayer MP et
al., 2000).

The ativity and function of the chaperones are influenced by the binding-ohaperons,
including members of Hsp110 and Hsp40 families (Kelley WL, 1998; Dragovic Z et al.,
2006).

Human Hsp78 are encoded by a multigene family, which includes up to 17 gede30an
pseudogenes. Hsp70 genes express a high number of mMRNA variants and protein isoform,
but it is unclear whether these variants correspond to proteins with distinct functions
(Brocchieri L et al., 2008). The HSB gene family is the result of multiple duplications
facilitated by retrotransposition events of a single highly expressed gene: HSPAS
(Brocchieri L et al., 2008). HS® genes are distributed among several chromosomes: 1, 4,
5,6, 9, 10, 11, 13, 14, 2021, irrespective of their evolutionary relations, except for the
pair of genes HSPA®&nd HSPA7 on chromosome 1 and the triad of genes HSPA1A,
HSPA1B and HSPALL in close proximity on chromosome 6 (Brocchieri L et al., 2008).
HSPA1A, HSPA1B and HSPAI1L are the MHC class lll region, on the short arm of
chromosome 6p21.3, clustering between the genes for complement components and TNF
(Milner CM and CampbelRD, 1990).HSPA1A and HSPAl1Rode for the major stress
inducible Hsp76, called Hsp7al and Hsp7@ (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, whidluémce 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 sippamregulatory regiongDaugaard M et al.,

2007). HSPALL is an intronless gene which encodes a protein called -Hsp7,091%
identical to Hsp7€l. HSPA1L does not contain HSE in its promoter and is constitutively
expressed at high levels in testis and at loleeels in other tissues (Daugaard M et al.,
2007).

These genes are less polymorphic theamyother genes located in the MHC region. Most

of the polymorphisms are located in the coding regions, but many cause silent mutations.
However, some polymorphic kiants 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 Il polymorphismsin 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 silé(Goate AM et al., 1987), and several studies associated it to
different autoimmune disorders, such as SLE and typkabetes (Pablos JL et al., B39
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Zouari Bouassida K et al., 2004).

Other polymorphisms can change the amino acid sequence; for expoipieorphisms in

the HLA1L are mainly located in the region which encodes the SBD. Among these, the
HSP70HOM rs2227956 causes a Met to Thr amino acid substitution at position 493,
located in the SBD (Milner CM and Campbell RD, 1992). This substitutiemsdo 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 SLEdRUB® et al.,
2010).

2.2.6.2Role of Hsp70 proteins in multiple sclerosis

The role of Hsp in MS is not ckar, but it is known that HspgOare related to

neurodegeneration and to immune system regulation, key elements of MS pathogenesis.

Several sidies haveevealed that Hsp70save a neuroprotective role in preventing protein

aggregation and inducing ampoptotic mechanisms. The accumulation of abnormal

protein aggregates is a common histopathological hallmark of several neurodegenerative

disorders. Neuranare 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
reactiveastrocytes, oligodendrocytes and microglia, has been described (SatdhKim

SU, 1994; Foster JA and Brown ,IR997). 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 Hsp¥@re administrated to rat microglial cultures, they induce
microglia activation t hat may facilitate Ab cl
Furthermore, a study points out that HspYOnt er act wi t h sever al Ab struc
fibrils) and that Hsp7@nediated inhibition of protein aggregation is stronger in the early

stages of the formation of Ab agaelseoffPdDt es ( Evans
Hsp70 over exp rSymsascumutation and taxity (Kludken J et al., 2004).

vitro aggregation experiments have demonstrated that Idsiphibit fibril formation

(Huang C et al., 2006).

Based on these experiments, the use of HspTQhe 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-ioducer of Hsp expression, improves

neuromuscular function and extends the lifespam®©D1 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 Sun2001). This compound can
inhibit huntingtin aggregationin a cell culture model ofHD (Sittler A et al.,

2001). However, geldanamycin, even at low concentrations, is toxic for cells, and this may
limit its potential use for longerm treatments (SupkdsJet 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
aB activation, which reduce the release psb-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 théoameurodegenerative disorders.

In MS, the increased expression of severalsHisgluding Hsp70, has beatescribed in

the lesions of MS patients and in EAE models, following the inflammation and the
oxidative stress that is createfigiino DA et al., 1993Chabas D et al., 2001). Myelin
isolated from active plaques contained three to four times more HsciOidharormal
myelin; Hsp7@ 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 imfmediated white
matter destruction may be associated with the altered distributidnespression of
Hsp7G.

It is important to consider that Hsp70 is also an extracellular protein. In the CNSetiia
release Hsp7Meurones which express Hsc70, but are not able to produce high amount of
Hsp70 following stress conditions (Brown IR991), can take up the released Hsp70. In
this way, glial cells protect adjacent neurons, inhibiting cell death during stress conditions
(Guzhova | et al., 2001). This fact suggests that the supply of exogenous Hsp70 into the
CNS may be a potential therapie strategy to reduce neuronal death in neurodegenerative
diseaseslt 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 aeis 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 indues 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 preinflammatory 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 th€NS 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 inuellg)eacting as a
pro-inflammatory cytokine. 2) Endogenous Hsp70 and bacterial Hsp70 (bHsp70) may
engage celsurface signalling receptors, such as -Tigk receptors, to induce cytokines,
chemokines and NO production by DC and monocyte. 3) bHsp70 dsegsed
intracellularly and presented by MHC class | and Il molecules by APCs, leading to the
generdion of bHsp76specific T cells andl) the production of anttHsp70 antibodies. 5)
Despite the presence of the BBB, leukocytes can reach the CNS. 6) DNtBethe
inflammatory environment triggers Hsp70 expression. 7) bHspeégific lymphocytes

may be directed against endogenous Hsp70, causing an autoimmune response. 8) In
addition, myelin peptides, such as PLP and MBP, generated during myelin destmeyion
associate with Hsp70. HspRLP and Hsp7MBP 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. Hspd0d®ihand PLP
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peptides to create highly immunogenic complexes, which are efficiently internalized by
endocytosis, processed and presented by MHC class Il molecules on APCs, thus
stimulating specific CD4+ T cell responses (Cwiklinska H et al., 2003; MycRoeMal.,
2004) . I n patients with RRMS, the presence of
Hsp70 has been described (Battistini L et al., 1995). These cells have a potent cytotoxic
activity and can destroy oligodendrocyteés vitro (Freedman MS te al., 1991).
Furthermore, the abnormal increase of Hsp70 levels following heat shock and
lipopolysaccharide (LPS) stimulatioim 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 inde autoimmunity starting from infections. T lymphocytes

and antibodies produced against microbial Hsp may targetHselfthanks to the
recognition of conserved epitopes or by molecular mimicry (Figure 19).

In MS, Hsp70 seems to be the target of humionahune response, with antibodies directed
against both extracellular proteins and membrane proteins. However, the same levels of
antikFHsp70 antibodies have been described éngéra of healthy subjects altb patients
(Bustamante MF et al., 2011). Thes#tilaodies 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 Sadt, 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 funcsidrapgens 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 consideoléhef Hsp70 in

the immune function. Hsp70 overexpression may have-infleanmatory role (Figure 19).

A recent work suggests that, although Hsfj7€ould play a role in neuroprotection, in the
MOG-induced EAE model this protein seems to be relevamhintine regulation. Hsp7D
deficient mice are more resistant to developing EAE comparedwiliihtype (WVT) mice,
suggesting that this protein may play a role in promoting a specific T cell response
(Mansilla MJ et al., 2014). Although the neuroprotectivie has been suggested by several
studies, Hsp7@ 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 downegulate Hsp70 exprsi®n 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 contrdiféetdmt
signalling pathways, all of which aim at preserving cellular homeostasis under oxidative
stress conditions.

Particularly important are the genescoding for antioxidant and asgpoptotic proteins,

which become activated when the cell needpraserve homeostasis (Calabrese V et al.,
2010). In addition to the genes encoding for-amidant enzymes, the heat shock response
genesare essentiglCalabrese V et al., 2010

In conditions of oxidative stress, misfolded proteins can aggregate so®DHxpression is
increased, contributing to proteinf@ding 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 oheat shock responge the protection against oxidative stress (Zhang Y

et al ., 2011) . This transcription factor
(Majmundar AJ et al., 2010) and MB (Morgan MJ e Liu ZG, 2011). HSF1 becomes
activated in conditions of oxidative stredise to the oxidation of specific cysteine residue

of the transcription factor (Trott A et al., 2008ISF1 allows the transcription of different
molecular chaperons, including members of the Hsp70 family.

Furthermore, Hspcan directly respond to the redstatus of the cell, allowing also for a
posttranslational regulation. Hspg(can perceive the redox status thanks to cysteine
residue, which can be oxidised (Vignols F et al., 2003). Inducible Hspa@ a redox
sensitive cysteine near their ATP binglipockets, 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 specificysteineresidues in HspAQ 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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23 Al zhei mer 6s di sease

AD is a complex and multifactorial neurodegenerative disorder that accounts76p60f

all the cases of dementia in elderly adults (Alzheimer's Association, 2016). The disease is

characterized by progressive loss of memory and consciousness and neghéiec

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 shddgrm and episodic memory. As the dise 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 helpagith 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 ¢Akimer'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 NINGDRDA

(Nationd Institute of Neurological and Communicative Disorders and Stroke and the

Al zhei mer 6s Di sease and Rel at ed Di sorder s Asso
sensitivity and specificity (>80%) for distinguishing patients with AD disease from people

without deme nt i a ; however, it i s | ess accurate in di
disease and other dementias such vascular dementi&8¢238 (Ballard CG and Bannister

C, 2005). Only thgost mortermanalysis 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 ADb peptides, an-ghodplorylatedtauom t he agg
protein, within a patientoés brainguer® hall marks
Ab peptides accumulate in senile plagques from t
precursor protein (APP), mediated by the secretases, a family of enzymes. Accumulation of

Ab may interfere with neur on cdeathmNFhsiblockt i on and c ¢
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 thaihlmhanges 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 damsigletle 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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Amyloid pl
Amyloid plaque yloid plaque

Severity

Figure 200The pathol ogi cal hall mar ks anAdyloedv ol uti on of
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, whiatoiselated 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 inlif@icand
associated with dominant inherited mutation genes encoding for APP and for presenilins

1 and 2 (PSEN1 anBSEN?) (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 pregsion 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 iobviously nat 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 fitsgree relative with AD have a
higher probability of develping AD, and the risk is even higher for individuals who have
more than one firstlegree 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 id&ntifie
Inherit apolipoprotein E (APE) U4 allele is one otfherishe major ger

of developing AD is threéimes more likely with one allele artdelve times more likely
with two alleles (Farrer LA et al., 199%aunders AM, 2000In fact, the APEU4 al |l el e
i mpairs ADb clearance from the brain and is assoc
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of Ab peptides in the brain at earlier ages

allele decreases the age of onset of AD by approximately 8iyeAROE U4 heté er ozyg
patients and 15 yearsin ABO U4 homozygote subjects (Corder EH

2012). However, the relative risk associated with other identified variants is lower, usually
between 1.2 and 1.5 (Ballard C et al., 2011).

2.3.1Pathogenesis

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, 197 )eiffore, a
significant loss ofacetylcholine 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 declineoghitive functions
(Whitehouse PJ et al ., 1988; Nordberg A et
cholinergic neurotransmissidn vitro (Kar S et al., 1998). Based on the hypothesis that
degeneration in cholinergic neurotransmission in theloat 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 precursord grostsynaptic and presynaptic cholinergic
stimulation with a muscarinic and nicotinic agonist (LIle6 A et al., 2006; Contestabile A,
2011). Beneficial effects on cognitive, functional and behavioural symptoms were noticed
with the use of cholinesterase ibitors (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 lwlinesterase 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 anultisystem 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 inhie animal models (Tanaka Y et al., 2003; Mor@astilla 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 Ab deposition and
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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 amyloidcascade hypothesis has been the major pathogenic mechanism
considered; the accumul ation of Ab peptide follo
synaptic and neuronal dysfunction and loss (Figure 21).

Changes in Ap metabolism
* Increase in total AB production
+ Increase in the AB42/AB40 ratio

Dementia with plaque and tangle
pathology

Figure 21. Diagram ofthe amyloid cascade hypothesig:rom Barage SH and Sonawane
KD, 2015.

According to theamyloid cascade hypothesis, the aberrant processing APP and/or the
altered clearance of Ab peptide represent the in
(Hardy J ad Selkoe DJ, 2002). The cleavage of APP can follow two pathways (Figure 22).
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Figure 22. The noramyloidogenic and the amyloidogenic pathways for APP cleavage.

Cleavage of APP in the neamyloidogenic pathway is physiological: APP is cleaved first

by-s€dcret ase -aedr @thesne .byl m t he -searejasecleadagg eni ¢ pat hv
of APP is preecedadebyl kRPavage, reptiglas Intotheng i n t he r
extracellul ar compartment . Ab monomers <can form
arrow thickness indicates the |ikelihood of con
Heppner FL et al., 2015.

The nonamyloidogenic pathway is physiologica and APP i -secretdseeamdd ed by U

then-skkyretase; however, in the amyloidogenic pa
secretase issesumhsttadatedadys b&retase camacton 2012) . Th
several cleavage sites to produce pepsd of di fferent size: ADB38, ADbB4O0
al . 2001). These peptides display a different d

the higher propensity to aggregate (Suzuki N e a
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neurotoxic (Mucke Lanéel koe DJ, 2012). Ab peptides can accl
monomers, oligomers, protofibrils and fibrils, forming senile plaques in the extracellular
compart ment ( Mucke L and Sel koe DJ, 2012) . I mp

interstitial fluid IS andtheCSF can aggravate the process of acc!l
(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 rinatn s geni ¢ mi c e resul ts
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 genewrodudiend(Gdate Aethln or ma l Ab p
1991; Schellenberg GD et al., 1992; Ldvghad 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 depositioNFargican be

found in cognitively nor mal el derly subjects (Ai
accumulation does not correlate completely with neuronal loss and cognitive dysfunction

(SerranePozo A et al ., 2013) . Mo thaughvefficient int r eat ment s
reducing Ab fragment s, do not stop AD progressi

evidence suggests that ot her factors besi des Ab
contribute to the neuronal damage typical in AD.

A b d e p o splague tormatianncdn activate both astrocytes and micr(idlial 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.Neuroinflammationi n Al zhei mer 6 s dihgetesse: i nfl ammatory

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 ofipftammatory cytokines: TN a n-@lhave L

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 astrocytess 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 Ab deposition, since Ab aggregat e:c
the complement sysin cascade, leading to the release ofipflammatory cytokines. This

chronic activation contributes heavily to neuronal damage. This hypothesis is also

supported by recent experimental evidences from the AD (PS1VgYImouse model. At

6 months a signifi a n t increase in Ab was observed, associ
and tau phosphorylation (Wang W et al., 2016). Furthermore, PS1V§#hice can be

differentiated fromWT littermates in terms of the detection of increased plasma levels of

pro-inflammabry cytokines.

However, some evidence suggests an earlier role for neuroinflammation in AD, not only as

a consequence of Ab deposition; sever al studi es
AD, such as MCI, with the presence of inflammatory changesedsed plasma levels of

Creact i ve -apichgroteypsim and B6lwere 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 inflammatory cytokine TNFU and decr eased
production of the antinflammatory cytokine TG#h wer e found i n the CSF (Ta
et al., 2003).

The possible keyole of inflammation in AD is also supported by a matelysis, which

suggests that nesteroidal ati-inflammatory drugs might decrease the risk of developing

AD (McGeer PL et al., 1996). Other studies show that the use ehéiathmatory drugs in

patients with symptomatic AD or MCI did not result in a beneficial effect (Aisen PS et al.,

2003; Thal LJet 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 aiflammatory treatment only when administered in the

ealy, asymptomatic phase of the disorder.

Recently, it has been noticed that systemic immune challenyéTimmice leads to the
developmentofan AD i ke pathol ogy with the formation of A
microglia activation and reactive gliosis (Krstic D et al., 2012). This observation suggests

that the immune reaction can precede AD and may drivgp@tbogenesis independently of

A b accumul ati on, t hus exacerbating t he di sease
inflammation are associated with increased cognitive decline in AD patients (Holmes C et

al., 2009).

Positon emissiondmographyimaging studiesevealed 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 associatiobetween the presence of AD and several mutations in genes involved in the

immune system function provide evidence beyond the purelyiggge level: mutations in

TREM2 (Guerreiro R et al., 2013), the myeloid cell surface antigen CD33 (Bradshaw EM
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et al, 2013), andCR1 (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 prmflammatory cytokine levels in AD patients in the prodedm

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 Ill, whose

genotypic frequencies deviate between AD patients and healthy contrgbarticular,
variants of RAGEand TNFU genes have been related to AD susce
al., 2013). Furthermore, the frequency of TTGAA haplotype (giver3By T/A and-429

T/C polymorphism of RAGEand-238 G/A, -308 G/A and-857 G/A polymorphisms of

TNF-U) decreases significantly in AD patients <co
implication for the disease of this haplotype points to a possible involvement of the entir

HLA class Il region in the variation of AD risk; a fact confirmed by another study in

which a larger MHC class Il haplotype was investigated, considering also HSP70 genes

(Boiocchi C et al., 2015). The haplotypes TTGATAGG and TTGATGGG (giverB9

T/C RAGE, -374 T/A RAGE, +190 G/C HSP?D, +1267 A/IG HSPT@, +2437 T/C

HSP70HOM, -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 haplotypesmay have greater Ab aggregation, incre
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 canbe 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 genegthirol
the production of Ab: APP, PSEN1 and PSEN2 (Goat
al., 1992; LevylLahad 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 ut@degenerative 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 andill J, 2013).

Poentially modifiable risk factors for AD have been determined: diabetes mellitudifenid
hypertension, midife obesity, physical inactivity, depression and smoking (Norton S et al.,
2014). However, these factors require further evaluation to assesstbelFurthermore, 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 indaeelopment 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). Howeversitiot 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 ithe immune function

GWAS have identified several genes that can contribute to the risk of developing sporadic
AD. These genes are |linked to the Ab cascade
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 isasyt

to understand how variants directly contribute to AD pathogenesis; it inat&ssaryo

consider that identified variants are sometimes in linkage disequilibrium with others that
are more important (Cuyvers E and Sleegers K, 2016). Thanks terfuntrestigations,

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).

Follow-up
e
PTK2B
SORL1 Identification of disease-relevant variants
1 SLC24A4 RIN3 locus CR1: copy number variation
BIN1 INPPSD QU: rarevariantsin B chain Identification of genes in risk loci
MS4A gene AN"AEAFE2SC BIN1: indel variant For example :
cluster FERMT2 €D33: splicing variant Transcriptomics
2005 2000 ABGA7 CASS4 ABCA7: loss-of -function mutations Methylomics
First au CD2AP ZOWPWL SORL1: rare pathogenetic variants Epigenomics
1992 published  CRI @33 HLA-DRBS HLA-DRB1 locus Proteomics
APOE €4 GWAS PICAM EPHA1 CELF1 Drosophila screenings

with Alzheimer's disease

Risk profiling
Approaches beyond GWAS Clinical subdivision of patients

In-vivo and in-vitro screening assays
For example:

Pluripotent induced cell lines
Drosophila screenings

Transcriptomics

Figure 23.Progress in gene identification by GWASor 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 consistehewith

observation that high cholesterol levels in #ifd increases the risk of developing AD

(Sol omon A et al ., 2009). As mentioned above, AP
factor for sporadic AD, augmenting the risk of developing AD threefottl wme 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 trartspt also controls

inflammation, synaptic function, neurogenesis, and the generation and trafficking of APP

and Ab (Hauser PS et al ., 2011, Rebeck GW, 2017)
isoforms can influence A bitorcih ediferennwag(Balea ggr egati on
KR et al ., 2009; Castellano JM et al ., 2011) . A
compared with U2 and U3 (Bales KR et al., 2009).

APOE U4 allele show RamananeVk eteat, 20d4) furtteimdre, | evel s (
subjects with this allele have elevated hippocampal atrophy (Lu PH et al., 2011). Moreover,
APOE U4 contr i but-mndependent mMebhangi;tthis isaform pkdimotes

A Binduced inflammatory response inneudronac el I s i n AD, whereas APOE U
it (Dorey E et al.,, 2017). APOE is also linked to tau protein. CSF levels of tau and
phosphorylated au have been observed to increase in pat

(Han MR et al., 2010). Also in this caseeth APOE U2 allele is associated
AD pathology, since it is related to a decrease in tau and phosphoitgaté@hiang GC et

al., 2010).

Several SNPs located in other genes involved in lipid metabolism, such as ABCA7 (ATP
binding cassettsubfamily 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 GWASSs, several SNiPsgenes 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 geneseinvolved 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 alswiassl 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 betweerromdlammation and the
disorder.

CR1 was one of the first susceptibility genes identified for AD (Lambert JC et al., 2009).
This gene, located on chromosome 1@32ncodes a transmembrane glycoprotein found
mainly on the membrane of erythrocytes, leukesyand dendritic cellshis glycoproteris
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involved in complement systenegulation(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). Airagenic CNV leads to the formation of a
longer isoform (CR4S: slow migration) which has more C3b and Qihding sites than

does the shorter isoform (CHR fast migration), a fact that might inhibit complement
activation. The association between CRform 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 loathebrain of patients (Kok EH et al., 2011).

SNPs related to AD have also been identifiecbiher genes important for the immune
system functioning such ake genes folCD33 (a transmembrane protein expressed on
myeloid cells and microgllaand TREM2 (triggering receptor on myeloid celld grateno

H et al.,, 2007;Jonsson T et al., 2013; Guerreiro R et al., 2013; Jin SC et al.).2014
Mut ations in TLRs may have a role in the clear an:c
(rs187084) may modify AD risk irlan Chinese population (Wang YL et al., 2013).

2.3.4The complement system

2.3.4.1.The complement system: a player ithe innate immune system

The complement system consists of more than 50 serum and membrane proteins which are
extremely important for the innate inume 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 pathologii€Ricklin D et al., 2010). Genes coding for
complement proteins map on several chromosomes (1, 3, 4, 5, 6, 8,19, 1@, 16, 19,

20, 21 and X)pnly a few chromosomeso not contairgenes for complement (Mayilyan

KR, 2012). The genes located on chremme 6, C2, Bf, C4A and C4B, cluster together in

the MHC class Il 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: classicain lead
alternative, each converging to the cleavage of the inactive C3 protein into the functional
fragments C3a, an inflammatory mediator, and C3b, an opghaincan bind the cell
surfaceln this way, all three pathways converge in a common termatalyay 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 (Hibeg 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).

Classical pathway Lectin pathway Alternative pathway | | Extrinsic pathway
PAMPs Ag-Ab complexes High-density arrays of
and Apoptotic cells/DNA mannose, fucose and R Tissue factor
DAMPs C reactive protein (CRPY | N-acetylated sugars on pathogen surfaces
f-amyloid on cell surfaces C3-tick over
Initiator C1q MBL, ficolins, C3(H,0)
Molecules collectin-11
thrombin, plasmin,
Proteases C1r, Cls MASP-1,MASP-2, factor B, kallikrein
factor D '
MASP-3 actor factorXlla
Czb g:
Cda C3a
Cdb + C2a
C3 convertase CabZa C3bBb #---._
+ - R
C3a < c3 »C3a |
NFLAMMATION ,{/r \\. L
C3b OPSONIZATION Cib =
C5 convertase C4abZa3b C3bBhb3b

C5a C5b
INFLAMMATION
C6, C7,C8, C8

C5b-9
CELLLYSIS

Figure 24. Overview of the complement system cascade. the classical pathway, C1q
recognizes antigeantibody 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 tyetspontaneous 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 foration of the C5 convertase. From Orsini F et al., 2014.
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Theclassical pathwayi s acti vated by the binding of a

globular target recognition domains. Clqg is able to bind different target molecules,
including 1gG ad IgM, already bound to the surface antigens, PAMPs such as bacterial
porins and LPS, and molecules exposed on the surface of dying cells (Alberti S et al., 1996;
Nauta AJ et al.,, 2002Roumenina LT et al., 2008). Once Clq binds the target, a
conformationchange allows the induction of the attctivation of C1r, a serine protease,
which cleaves and activates Cls (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 complginding 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
antigenantibody complex or the adjacent surface of the cell (ZiccardilB8]1). 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 thdectin pathway is possiblethanks 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 serficform a specific pattern, the complex can
engage several carbohydrate recognition domains or fibriAidgedomains for collectins

and ficolins. MBL-associated serine proteases associated with the recognition molecules are
activated and cleave C4 afi@, leading to the formation of the C3 convertase C4b2a (Dahl
MR et al., 2001).

In the alternative pathway, the C3 is spontaneoug hydrolyzed to the bioactive form
C3(H,0) whichundergoes a structural change that allows the exposition of novel binding
sites necessary to recruit the Factor B (FB). The g3f#dound 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 CZBb, 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 eafiiabt

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 afteznpathway
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) alees 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 oféhmembrane attack complex (MAC) pore (Bubeck D,
2014). C5b interacts with C6, and this complex recruits C7:TTBHipophilic and binds to

the cell membrane (Preissner KT et al., 1985). C8 can penetrate the lipid bilayer, and up to
18 C9 molecules can brecruited to form a tubular channel (Bhakdi S and Tradenmsen

J, 1991), creating a functional MAC which can directly lyse metabolically inert cells and
Gramnegative bacteria (Koski CL et al., 1983; Bhakdi S et al., 1987).

Metabolically active cells anmore resistant to the lysis induced by the complement system.
Multiple MACs have to be inserted in the membrane (Morgan BP, 1989), leading to
increased Cd influx and signal transduction that contribute to cell death (Morgan BP and
Campbell AK, 1985). Irthis 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 @ese the expression of complement
regulators (Verbovetski | 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 immunepesse toward sefintigens (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. Ithis 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 syt 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 ofdaptive 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), duén part to the increased generation of complement
anaphylatoxins. These small molecules (C3a and Cb5a), constantly released during
complement activation, support the inflammation and activation of cells that express
anaphylatoxin receptors (Klos A et alQ@®), 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 systemilA| z h ei me r: @munckar wle a s e

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 C1qg and C3, together wittmplementegulators and eeptors (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 systémthe CNShas 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 membrargssociated 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 gleitiyt
(Leinhase | et al., 20060n 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 nduwlanzage (Phuan

PW et al. 2013).

Regarding AD, since the early 1980s, the presence of complement componerggras b
reported Early studies showed the presence of Clq, C3, C3b and C4 in the senile plaques
(Eikelenboom P and Stam FC, 1982) and revealed\Rd's are immunopositive for C1q,

C3, C4 and C519 (McGeer PL et al., 1989). The latter observation has also been confirmed
by a more recent analysigaus u c h as Ab peptide i s a potent
classicakomplemenpathway (Shen Y et al., 200Burthermore, more recepbst mortem
analysis of the brain of AD patients revealed an increase in complement components
(Zanj ani H et al., 2005), and several studies sh
and the alternative pathways of the commairsystenin 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 complementomponents, such as C1qg, 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) havebeen 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 classicapathway. It seems that complement activation can have a protective role
during the early stages of the disease, probabl
during the more chronic phases of AD, complement activation seems to have a negative
role, contibuting 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 Clg, which seems to confer
neuroprotection against neuronal death induced by fibrillary and g o mer i ¢ Ab i n cor ti
neurons botlin 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 CREBMP response elemebinding
protein), increasing the expression of neuroprotective genes (Benoit ME et al., 2013).
However, at later stages Clgq seems to have a detrimental effect on neuronal integrity,
enhancing the inflammatory process, as suggestaxkjperiments on mice lacking in C1q.
These mice have shown a reduction in the activation of microglia surrounding senile
plagues and improved neuronal integrity (Fonseca Ml et al., 2004).

C3 may play a role in tissue homeostasis, decreasing patholody infAl aqu e s . El evated C
|l evel s were associated with reducedordyb accumul at
T et al ., 2002) . Further mor e, t he i nhibition o]

deposition and the degeneration of neurons, suggesting thedritipdement system may

protect -iagduanesd mMéur ot oxicity, proBaayTy promoting
et al., 2002). Consistent with these findings, AD transgenic mice deficient in C3 show an
ageassociated increase i flossAbthednerg, oheir microgin and neur o
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 (Mdiget al., 2008).

Regarding the terminal pathway, its components seem to play a detrimental role during AD
progression. During Ab accumulation in senile pl
have been observed; furthermore, C5a receptors colocakize\wiTs (Fonseca Ml et al.,

2013). Transgenic AD mice showed an -aged diseasassociated increase of Cba

receptors on mi croglia | ocated i n proximity to
Furthermore, the use of C5 receptors antagonist in transgeniciédimduced a decrease
in microglia activation and in the burden of AbDb

in cognitive performance (Fonseca Ml et al., 2009).

It is important to consider that complement regulator levels normally decrease with,agei
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 activatibess 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 complexgsenman 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
singlechain precursor molecule of 200 kDa, which is subsequently processed in three
chains, inked by disulphide bounds (Hall RE and Colten HR, 1977; Janatova J, 1986).
Furthermore, the mature C4 protein is formed after a series oftrpostational
modifications such as sulfation and glycosylation (Fey G et al., 1980; Karp DR, 1983).

The C4 genés in the MHC class Il 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 2hydroxilase, and TNX for tenascin X. These four genes constitute

a malule 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
nonfunctional (Yang Z et al., 1999) (Figure 25).

@ cz @ [{ ca @ [ ea IHiE
— T CYP21B i
Qq‘,lé\'é-q q'il S" Qg Trimodular
& A
& 13
Re1}{  ca @ [{ ca L.
T CYP21B i
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RP1][  ca [ TNXB '|
CYP21B Monomeodular

Figure 25. Modular variations of human RCCX module in the MHC class Il region.

RP1: Ser/Thr protein kinase; C4: Complement Component 4 (each C4 gene may code
either the C4A or the C4B protein); CYP21: Steroidh3tiroxylase; TNX: tenasciX.

From Szilagyi A et al., 2006.

C4A andC4B encoddhe 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 humber counts
for C4in a Europeaiderived 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 C4BQO 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 iri 20%, and heterozygous C4A or C4B null alleles occur in
approximately 4656% (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 ititegration of the human endogenous
retrovirus HERVK(C4) of 6.36 kb in intror®, which lengthens the gene without changing
the potein sequence (Dangel AW et al., 1994).

2.3.4.4 ComplementC3b/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 complementC3b/C4b receptor 1 alled 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 (Klgtkin 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 clearanceotiible 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 Tphyweytes 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 (K8adberg M and
Atkinson JP, 2001).

CR1 gene maps on chromosoftg32.2 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 (LliRk3téin LB et al.,

1987 (Figure 26) The number of LHR regions differ for the isoforms, so they have a
different size. CR1*3 (CRC) has 3 LHRg160 kDa) CR1*1 (CRZ%A) has 4 LHRY190

kDa), CR1*2 (CR1B) has 5 LHR4220 kDa)and CR1*4 (CR4D) has 6 LHRg250 kDa)

The CR1*1 and CR1*2 isofms 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 m
mediated adherence to erythrocytes (Rogers J et al., 2006); furthermore, CR1 is expressed
on microglia, contributing directl, g0l3¥.he AbB <cl ear
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However, activated microglia show increased CR1 expression, that correlate with increased
intracellular superoxide anion generation and the secretion of -UN#d IL-16, thus
having a detrimental effect on neuro@¢han H et al., 2033

CR1-A/CR1*1

LHR-A LHR-B LHR-C LHR-D

Site 1 Site 2 Site 2 Site 3

CR1-B/CR1*2

LHR-A LHR-S LHR-B LHR-C LHR-D

WS"8 EEEN_| EEES. "EEEN. _EESS IS EEESEE_ =
=

Site 1 sltI 2 site 2 snI 3

Binds Cab Binds C3b and Cab Binds C3b and C4b Binds C3b and Cab Binds C1q and MBL

Figure 26. Sructure 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 fronzhu 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 pathogeviasig.studies

on several SNPs in CR1 in distinct populations show their association Wit{Séhjeide

BM et d., 2011; Chen LH et al., 20),2but the association is not foumdstudieson other
populations Chung SJ et al., 20).3

Among the several SNPs in CR1 studied in AD, the CR1 rs6656401 polymorphism causes
a A to G transition, locatedhia noncoding regionit is associated with the inclusion of a

fith LHR domain, creating the CR1*2 isoforffLambert 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, leadjrto an amino acid substitution from Ser to TKe¢nan BT et al.,
2012. This SNP is ina region of the molecule that is implicated in the binding to C1q,
MBL and ficolins Jacquet M et al., 20}3C1q, C3b and C4b are present in AD plaques
(Eikelenboom Rand Stam FC, 1982nd the CR1s4844609 polymorphismogiether with

the CR1rs665640lp ol y mor phi s m, may have an i mpact
The CR1 rs2274567 polymorphism causes a substitution from A to G that leads to an
amino acid changiom His to Arg Ma XY et al., 2014

69

t

he



3. Studying Multiple Sclerosis

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 focuss mainly on two projects: one regarding pot&h genetic risk
factors in the MHC class Il regigrand the otheconcerningthe study of the interplay
between genetic and environmental factors, in particular vitamin D.
Our research group has been intereébpednany years in genes located in thél®l class
Il (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 HSP701), HSPA1B (or HSP7@) and HSPALL (or HSP7ZHOM) are three
polymorphic genesvhich map on the MHC class ltegionandcode for Hsp7§, which are
highly conserved molecular chaperonéSome of them are expressed in normal
physiological conditionswhile the amount ofhe others increases in response to a variety
of stress stimuli, including oxidative stress. The role of Hsp@MS pathogenesis is not
clear: they may have a neuroprotective role, but when they are secreted in the extracellular
environment, they can act as prdlammatory cytokine and participatein
neuroinflammation.
In 2014, our research grodipundthat HSP7€2 rs1061581 polymorphism is related to the
risk of developing MS: the G allele frequency is increased in MS patients compared to
healthy controls. Bsedon this consideratigranother HSP70 gene will be analysedhis
study HSPA1L, which encodes the constitutively expreddisp76Hom. On the other
hand, we want to continube analysis othe possible role of the stress inducible Hsg70
in MS, consideng its role in the response to oxidative stress.
In detail, the aims of the study are to:
1 investigate the association of HSPAO@M rs2227956 polymorphism with MS risk
and severity and elucidate its involvement in the regulation of Hejwr protein
expression levels. The HSPHDM rs2227956 polymorphism, also known as
HSP70HOM +2437 T/C, is localized in the coding regiontbé HSPALL gene and
causes a Met to Thr amino acid substitution at position 493teldaa the peptide
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binding domain regionThis substitution seems to be associated with the variation in
the peptide binding specificity, thus affectithgge HSP70Hom biologic function.

A casecontrol study will be conducteth compareallelic and genotypic frequencies
between MS patients and ltbsg 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 HSPALL are in lindesgeuilibrium, we

will focus on multilocus analysiso test whether it is possible to identify combined
genetic predictors of MS riskSubsequently Hsp70Hom protein levels will be
consideedin order to understand whether the HSPHOM rs2227956 polymorphism
may influence the protein expression. Furthemm a statistical analysis will be
performed to assess a possible association between Hspi@rotein levels and MS
severity.

investigateex vivothe influence of oxidative stress on PBMCs from MS patients and
healthy controls. PBMCs will be treatedth hydrogen peroxide; their mitochondrial
activity, Hsp702 protein expression and the production of intracellular ROS will be
assessed at different time points. In addition, mitochondrial activity and F&sp70
proteins levels will be related to the prewsly studied HSP7Q rs1061581
polymorphism, also known as HSR2Z0+1267 A/G. This polymorphism is localized

in the coding region othe HSPA1B gene and causes a synonymous mutation that
seens to influence the process of RNA translatitimereforejt mayvary the response

to oxidative stress.

Considering the complex interplay between genatitd environmental factors in
determining MS risk, wevill direct our attentiomo vitamin D and its receptp¥DR.
Vitamin D hasimmunomodulatory effects and its fagency is a risk factor for the
development of MS. Vitamin D exarits effects by binding to the VDRwhich can
recognize and bind to VDRESs, upregulating or downlagg the transcription of tget

genes. Althouglthe VDR gene is not located in the MHclass 11, it attracts our attention

becausdt is polymorphig it is located on chromosome 12qlaathd genetic variations
within this gene could alter the response to vitamin D.
The aim is to investigate the possible role of VDR polymorphisms in $ffecifically,

allelic and genotypic frequencies of VDR rs731236 (Taql T/C) and VDR rs433408
(HpyCH4V GJ/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 Cwhichresults in a silent codon change. The second polymorphism,
VDR rs4334089, is located in the 56UTR.

protein expression will be analysed to understand whether the two VDR pplyistos
could influence VDR protein expression and/or its distribution in the belhddition,

serum vitamin D levels [25(OH}3Dwill 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 MStlaad
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

3.2.1Subjects and ethics statement

Patients with a diagnosis of MS according to the 2010 revised McDonald Criteria were
recruited from the MS Centre of the | RCCS
(Pavia, Italy). The neurologicalisability 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 cotrols 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
InstituteA C. Mondinoo (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 sidrieformed consent.

3.2.2Separation 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 wsisatified 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 plama and platelets.

A portion of the plasma layer was collected and stored froz&30&€.

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. Cedls we
counted using a Burker chamber and by staining with Trypan blue. fBelextracing
proteinswere storedt-80°Cas dry pellet, another amount was suspended in RPMI for the
cell culture.
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3.2.3Evaluation of vitamin D plasma levels

Vitamin D plasma levelsvere evaluated by using tiig#ecsys® Vitamin D total assayn

thecobas €601 immunoanalyzgocheDiagnostics.

3.2.4Cell cultures and H,O,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),

supplemered with 10% fetal bovine serym% L-glutammine, penicillin (100 U/ml) and

streptomycin

(100 eg/ ml).

3.2.4.2MTT assay and HO, treatments

P B Mdinsospheeer e

ncubated

The MTT assay is a colorimetric assay used to assess cell viability or to measure cell
proliferation. The MTT [3(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide] is a
yellow light sensitive salt, when solubilized in PBif is able to enter intdhe 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@he formazan must be solubilized to produce

a homogeneous solution suitable for measurement of optical density.

A

G

1 2 3 4 5 6 17 8

00000000000
900000000000
L N s
0000

30

) 909090000

9 10 11 12

qupggb
Q===

90000000000
200000000000

o
& (=

Healthy MS MS
control patient 1

Medium
TO
T15
T3h
T15
T3h
T15
T3h

patient 2

Figure 27. Scheme for the treatment with HO, for the MTT assay
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In this study the MTT assay was used to assess PBMCs viadfiidy HO, treatments.
Briefly, PBMCs were seeded into 96 well plates at a density of 5.0 gel@/well in 100

pl of RPMI 1640 medium and incubated at 37 °C in 5%, @mMosphere. A scheme of the
subdivision of tle wells is reported in figure 2Normalization was done on the medium.
Cells were treated with 10 uM B, (SigmaAldrich) for different time exposures: 15
minutes and 3 hours. Immediately after removing the medium wi@®y,H0 pl 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 ul 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 re&geefgyHT, BioTeKnstruments,
Inc.).

3.2.4.3H,0, treatments for the evaluation of Hsp762 protein expression

To assess the Hsp70 protein levels, PBMCs were seeded into 6 well plates at a density of
3.0 x 16 cells/well in 1 ml of RPMI 1640 medium and incubated at 37 °C in 5% CO
atmosphere.

Cells were treated with 10 uM.B, (Figure 2§. After the oxidative treatment, the medium

with H,O, was removed, the cells washed with 1 ml of PBS. PBMCs were resuspended in
PBS and collected using a csttraper. PBMCs were then washed, and the cellular pellet
was stored ai80 °C for subsequent Western blotting analysis.

1 2 3
A QQQ Healthy control
B QOQ o
TO T15' T3h

Figure 28. Scheme for the treatment with HO, to evaluate Hsp762 protein levels.

3.2.5Cell fractionation

Nuclear and cytoplasmic fractions of PBMC from MS patients and healthy controls were
prepared using the Nucl ear Extract Kit
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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 wasspesided 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 centrifugediof min at 14000 x at 4°C. The
supernatant, representing the nuclear fraction, was transferred and s8@%Cat

3.2.6Protein expression analysis

3.2.6.1. Homogenizationof the samples

To evaluate Hsp#blom and total VDR protein expression, PBMCs isolated from
peripheral blood of MS patients and healthy controls and stored as dry peiet@twere

used. The cells were homogenized in a buffer containing 20 mWMHTIs(pH 7.4), 2 mM
EDTA, 0.5 mM ethylene glycol tetraacetic acid (EGTA), 50 mNh2rcaptoethanol, 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 hormergeniz
and sonicating twice for 10 s.

3.2.6.2.Protein content estimation

The protein content of each sample of nuclear, cytoplasmic and -“a#lblfractions was
measured via Bradford's method using bovine serum albumin (BSA; Sigma Aldrich) as
standard. 96 wells ples 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 pg/ml; 1 pg/ml; 2 pg/ml; 4 pg/ml; 8 pg/ml; 16 pg/ml). Each well
was filledwith 200 pl 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 SD&lectrophoresis

To evaluate Hsp#Blom protein expression, equal amounts of extracted proteins were
diluted in a protein gel loading solution 2X containing 0.125 M Tris HCI (pH 6.8), 20%
glycerol, 4% SDS, 0.05%romophenol blue, 10% mM-&ercaptoethanol and boiled for 5
min, at 95°C to denature the proteins.

To evaluate Hsp?@ protein expression cells treatéd vitro were used. PBMCs were
resuspended directly in 25 pl of 1X SDS protein gel loading solutioncated and boiled

for 5 min, at 95°C.

3.2.6.4 Electrophoresis and western blot

SDSpolyacrylamide 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 polyacrylaomitsng

using Tris HCI 1.5 M pH 8.8, 0.01% SDS, 0.05% ammonium persulfate (APS), 0.05%
N,N,N',N*-tetrametiletilendiammind TEMED) and poured into the gap between the outer
and the inner glass. Gels were left to polymerise fe6@3ninutes at room tempeuag

After polymerization, the stacking gel was added (5% polyacrylamide, Tris HCI 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 prestained protein Bder (Amersham Pharmacia Biotech Rainbow Markers,
Amersham) was loaded as well. Gels were running at 120 mV in running buffer containing
0.025 M TRISHCI, 0.2 M glycine and 3.4 mM SDS. Resolved proteins were transferred to
nitrocellulose membrane, previdygonditioning in the transfer buffer containing 0.025 M
TRIS-HCI, 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 antts 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 TrisHCI, 200 mM NacCl and 0,1% Tween20 and
then blocked in 6% milk in TB-T buffer for 2 hours to avoid nespecific antibodies
binding. Membranes were incubated with the primary antibodies at 4°C overnight. Mouse
monoclonalanttHsp70Hom antibody (Enzo Lifescience) was dédt at 1:1000, rabbit
monoclonal anttHsp702 antibody (Enzo Lifescience) was diluted 1:75(house
monoclonal antVDR antibody (Santa Cruz Biotechnologyps diluted 1:750andmouse
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monoclonal antibody anti*tubulin (SigmaAldrich) was diluted at 1:1000 in 6% milk in
TBS-T buffer. Membranes were washed four times for 10 minutes with-TB8ffer to
remove the unbound antibody and then incubated with horseradish peroxidase (HRP)
conjugated secondary antibodies for 1 hour at RT. Amiuse and antiabbit antibodies
(SigmaAldrich) werediluted 1:3000 in 6% milk in TBS buffer. The unbound antibody
was removed by washing the membranes three times for 10 minutes v DBffer.
Membianes were treated with enhance chemiluminescence (ECL) liquid (Biorad) for 2
minutes and the excess of liquid was removed to detect imneagtdive bands on
autoradiographic films (Amersham Biosciences) after 1 to 10 minutes of exposition under
dark condiions. The chemiluminescent reaction is based on t-Hependent 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 dedelop
using devedper and fixer liquids (Kodak) anacquired by scannindands intensity was
analysed on the densitometric values obtainedyusia V1.62 NIH Image software.

3.2.7Genetic analysis

3.2.7.1.DNA extraction from whole blood

Whole blood was collected byenepuncture, in Vacutainer tubes containing
ethylenedinitrilotetraacetic acid (EDTA). Hu man
of whole blood using the QIAamp DNA Blood Mini Kit (QIAGEN) following the

manufacturer's protocol. The concentration and yudf DNA was determined by
spectrophotometric analysis. Obtained DNA were store?l0aC.

3.2.7.2.Gene polymorphism analysisvith PCR-RFLP

In order to establish alleles and genotypes for HSRG® rs2227956, HSP7D rs1061581

and VDR rs731236 polymorphisms, alfinerase Chain ReactionRestriction Fragment

Length Polymorphism (PGIRFLP) 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. Thiemgawceed

in a series of three repeated cycles: denaturation of the DNA, annealing of primers to the

single-stranded DNA templates and extension.

To analyse HSP7?Blom rs2227956, HSPY® rs1061581 and VDR rs731236

polymorphisms, PCR amplificatonswerac r i ed out iin a total volume of
1 ¢l of genomic DNA(final concentration 20 ngl), 0.1 ¢l of Taq polymerase (Eurobio)
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(final concentration 0.02 gl), 2.5¢l PCR Buffer 10X (Eurobio), 0.78IMgClI2 (Eurobio)
(firaAlconcentration 1.5 mM), 2.5 ¢l ldnfe&s
specific forward and reverggimers (final concentratiort ng€l) (Table2) and 16.1%1 of
sterile HO, using the thermal cycleQycler (Biorad).

Gene Primers Size

F : -GBACAAGTCTGAGAAGGTACAG3 6
HSP7GHOM R:5 &TAACTTAGATTCAGGTCTGG3 6 878 bp

F : -CBT&CGACTTCTACACGTCCA3 6
HSP702 R: -CBARAGTCCTTGAGTCCCCAAGC3 6 1117bp

F . -GB@ACTGGAGGGCTTTGE 6
VDR R: -GEBGCACTCAGGCTGGAA3 6 381 bp

Table 2. Sequence gfrimers and size of fragments obtained following the PCR.

The following amplification conditions were applied for HSRHOM rs2227956 and

(final

HSP702 rs1061581 polymorphisms: initial incubation at 95 °C for 5 min, followed by 35

cycles each of 95 °C for 30 83 °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 polymorphistine following amplification conditions were

applied:initial incubation at 95 °C for 5 min, followed by 30 cycles each®f® 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 performechélagarose in crystals (Eurobio) waslted in 1X TRIS

Boric acidEDTA (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 specifenk and once

solidified, the gel was placed in an electrophoretic apparatus and covered with 1X TBE

buf fer. Subsequentl vy, 10 ¢l of sampl e
DNA Ladder; Fermentas) were loaded into the wells. The gels werd oomstant voltage

of

(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

wavelength, the ethidium bromide emits radiation in theblé allowing the detection of
the bands: 878 bp for HSP-Hbm rs2227956 polymorphism, 1117 bp for HSR70
rs1061581 polymorphism, 381 bp for VDR rs731236 polymorpliisable 3.

Genotypes for HSP7BOM rs2227956, HSP72 rs1061581 and VDR rs731236

polymorphismswere determined by digestion with an appropriate restriction enzyme,
through the PCHRFLP. This method is based on the fact that a single nucleotide change in
the recognition sequence of resioct enzymes alters the pattern of "cuts" operated in

78

cor

ampl i fi

on



3. Studying Multiple Sclerosis

DNA, and therefore the restriction enzyme is no able to cut the DNA.

For HSP76HOM rs2227956 polymorphism, PCR products were then treated Nuith
(New England Biolabsas restriction enzymillowingt hi s
Enzyme

e |
BSA

3.5
e |

Tagql

ang®d 5. 65

(final

Nucl ease
el

H
The same protocol was applied for HSPZ61061581 polymorphism, but using Pstl (New
England Biolabs) as striction enzyme.
For VDR rs731236, PCR products were then treated Waidl (New England Biolabsas
restriction enzymé ol | owi ng

t he
concentr,@ti on:

(NE)

protocol

0.2

15
U/iel)

protocol
Buffer

15

10X,

el

PCR product

and

The reacthin was then carried out for HSRADM rs222796 and HSP7@ rs1061581
polymorphisms at 37°C, for VDR rs731236 at 65°C, for 16 hours and the restriction
fragments were then septed on a 3% agarose gel (Tablg Finally, the gel was
photographed usingkodak DC290 digital camera (Figure 29

Gene

SNP

Enzyme

Fragments (bp)

HSP70HOM

rs222795

Ncol

878 (C)
551 (T)
327

HSP702

rs106158

Pstl

1117 (A)
936 (G)
181

VDR

rs731236

Taq|

381 (T)
203 (C)
178

Table 3 Restriction enzymes and restriction fragments of the

polymorphisms.
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Figure 29. Representative images of agarose gels for the genotyping by PGRELP. A|
Genotyping of the HSP7HOM rs222796 polymorphism.Lane 1: DNA ladder; lane 2:
homozygous genotype TT; lanes 3: heterozygous genotype TC; lane 4: homozygous
genotype CCB| Genotyping of the HSP7P rs106158 polymorphism.Lane 1: DNA
ladder; lane 2: homozygous genotype AA; lanes 3: heterozygous genotype AG; lane 4:
homozygous genotype G&| Genotyping of the/DR rs731236polymorphism.Lane 1:

DNA ladder; lane 2homozygous genotype TTanes 3homozygous genotyp&C; lane4:
heterozygous genotype TC
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3.2.7.3.RealTime PCR

Alleles and genotypes for VDIRs4334089polymorphismwere assessed by Rédme

PCR.

The analysis of a SNP using Rdaine PCR takes advantage of two TagMan probes.
TagMan probes are single strand oligonucleotide, a fluorophore is covalently attached to

t heerbd of the pr obe -end The guergheemoledule suppeesbest he 3 6
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 isfldoblished and

the fluorescent signal is detectable. Sequeapeific forward and reverse primers allow

DNA amplification and allelespecific probes, which hybridize to the SNP polymorphic

site, permitthe discrimination of the two alleles. The two alleles are labelled with different
fluorophores: VICGlabeled probe detects allele 1 sequence and H#idled probe detects

allele 2 sequence. During the reaction, the fluorescence signal of each dye teddaelc
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 samplérigure 30.
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Figure 30. Representative result ofgPCR based on the custom allele discrimination
Tagman assay.The results for the VDRs4334089 polymorphismare shown.Clusters

show genotypes: green for homozygous GG (minor) genotype; red for heterozygous AG
genotype and blue fdromozygous AA (wild type) genotype.
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The VDR rs4334089 was analysed by REmhe PCR using the specific assay
C__ 2880798 10 (Applied Biosystem). 1 ul of DNA were aliquoted into each well of a
384well plate (final concentration: 10 ng/ul); the reactioaswcaried out in a final volume

of 5 ul adding: 2.5 pl of 2X Master mix Probe (Biorad)0625¢| pl of assay an@.4375

pl of sterile HO. The SNP detection was carried out in the LightCycler 480 (Roche),
following the thermal cycling conditions: ondenaturation 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 #mtype was determined (Figure) 30

3.2.8Statistical analysis

Genotyjic and allele frequencies of the analysed polymorphisms (H&RW@ 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
HadyiWei nberg Equil i briufitesising a goodness of fit
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% confidece intervals (95% CI) were derived and used as measure of effect.

For the HSP7HOM rs2227956p0lymorphisman 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 homggous 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 polymorphisin 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 riskposidering 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 HSP7&@ and HSP7HOM multilocus variation influences MS pewe and
severity and whether a single locus had an independent effect.

A linear regression model was use to analyse the association between-HSF70
polymorphism and MS severity, and between HSATWM polymorphism and the
quantitative expression of HsprHom 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 decrases MSSS mean or HspA®@m 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 prote
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) (hegative
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 represiemtsffect 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
covariate. Separated models were fitted to study proteipression in the overall sample

and in cases/controls samples separately.

The Wilcoxon ranksum test was performed to compare the Hag@th protein expression

levels between low and high MS impact patients.

For data on MTT, Hsp7@ protein expressiomnd ROS levels, normality distribution of
endpoint variables was tested by the Shagiitk 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 axed model parametric analysis of variance
(ANOVA) was used with the aim of verifying the effect of groups (MS cases vs healthy
control s), time period (TO, T156, T3 h) and the
categories (AA, AG, GG), time period (TOLT5 6, T3h) and their interactioa
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 Hsp7062 protein levels of PBMCs endpoint variabla norparametric approach was
chosen, using Friedman test for the evaluation of the effect of the time of exposure (TO,
T156, T 3 h }Whitey cand MiaugkalVallis tests for the comparison of the two
groups (MS cases vs healthy controls) and the gpeotategories (AA, AG, GG)
respectively.

All the statistical analyses were performed using Plink &r@i7Stata 14 statistical software
(Stata Corporation, College Station, TX, USA).

83



3. Studying Multiple Sclerosis

3.3. Results

3.3.1.Role of Hsp7GHom in multiple scleross

3.3.1.1HSP70-HOM rs2227956 polymorphism

The SNP Hp70-HOM rs2227956 was analysed in order to find a possible relation with MS
onset anfbr disease progression.

The genotype of 191 MS patients and 365 healthy controls, displayed full clinical and
demographic informatiorywas determined. Statistical analysigere adjusted by age and
gender a possible MS risk confounders (MS patients were older compared to healthy
controls,44.1+ 10.7 vs35.7+ 8.6 years,p < 0.001;MS female to male ratio was higher
compared to the groupf controls 1.81 vdl.31, p < 0.05. Genotyjc frequencies in the
control group did not deviate from the tdgi Weinberg equilibrium (> 0.05).

TT genotype and T allele we considered respectively as the reference genotype and the
reference allele in thanalysis. Comparing the group of MS patients with ¢hokhealthy
subjects, HSP7BIOM gene polymorphism resulted significantly associated with MS
(Table 4)

. Adjusted OR
MS patients Healthy controls (:)5% cI p value !
N=191 N=365
CC 29 (15%) 10 (3%) 6.71 (3.1114.43) <0.0001
TC 52 (27%) 84 (23%) 1.53 (1.002.35) 0.046
TT 110 (58%) 271 (74%) 1
C 110 (29%) 104 (14%) 2.13 (1.602.86) <0.0001
T 272 (71%) 626 (86%) 1

Table 4. Alleles and genotypes frequenciesf HSP7GHOM 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 c evalue s 0.01ldod thetganotgpe madél dnd @.0125 for the
allelic model.

Regarding the genotypic model, the CC genotype increased the risk of developing MS of
almost sevetfold compared to the TT wildype genotype (OR= 6.71, p < 0.0001
Bonferroni threshold applied to the multivariable model: p=)).@hereas the TC genotype
conferred only a modate risk (OR = 1.53, p = 0.048\ith regard to the allelic model, the
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C allele increased of twipld the risk of developig the diseas€OR = 2.13, p < 0.0001)

(Table4).

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 HEP¥D

rs2227956 polymorphism genotype. @@&tients exhibited an increased MSSS on average

of 1.22 compared to TT patits (95% CI: 0.222.21, p=0.01), whereas MSSS did not
significantly increase in TCl :heit@8p@§ypous patien
(Figure 3).
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Figure 31 MSSS distribution by HSP70HOM rs2227956 genotypeMS patients (black
dots) are grouped by HspHbm rs2227956 genotype. 25th percentile, median and 75th
percentile are reported on the dot blot (black bars). MSSS is significantly increaS&d in
carriers, compared to TT carriers.

3.3.1.2.Combined effect ofHSP70-2 and HSP70HOM

In this work, HSP7€HOM rs2227956 polymorphism was found to be associated with MS.

Furthermore, our research group previously find an association between -ASP70
rs1061581polymorphism and MS, ith the G allele as risk allei@Boiocchi C et al, 2014).

Considering that the variants of the two polymorphisms are in partial linkage

di sequilibrium (DN = 0.2), a multilocus analysis
to identify combined genetic predictors of MS risk.

A significant increased frequency of the combination of the GC risk alleles of the F2SP70
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rs1061581 and the HSP-HIOM rs2227956 polymorphismsespectivelywas found in MS
patients compared to healthy cofgr(OR: 3.49, p < 0.0001) (Tablg.50n the other hand,
MS patients showed a significant decreased frequency of the combination of -ASP70
rs1061581 and the HSP-HIOM rs2227956 pgimorphisms wildtype AT allelescompared

to healthy control¢OR: 0,57, p <0.0001) (Table b

HSP70-2 HSP70HOM MS Healthy | Adjusted OR value
rs1061581 rs2227956 | patients | controls (95% ClI) P
N=191 N=365
3.49
0, 0
G C 14% 5% (2.175.6 <0.0001
1.87
0, 0,
A C 15% 9% (1.27:2.75) 0.000152
0.93
0, 0,
G T 26% 28% (0.7061.22) 0.582
0.57
0, 0
A T 45% 59% (0.440.73) <0.0001

Table 5. HSP702 and HSP70HOM multimarker analysis. The overall variation of the
alleles formed by the HSP7Drs1061581 and HSPHOM 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 variatinrthe combined loci, HSP70
HOM exhibited an independent effect on MS risk (conditional LR test p < 0.0001), whereas
HSP702 was only borderline ghificant (conditional LR test p = 0.059)

3.3.1.3Hsp70-Hom protein expression

To evaluate Hsp7#blom protein expression, proteins levels were quantified by Western
blot, using PMBCs from a subgroup of 47 MS patients and 29 healthsotpmandomly
selectedFigure 32).

Hsp7GHom protein expression did not significantly vary between MS patients and healthy
controls or wihin HSP76Hom genotypes (Table &igure33 A).

However, Hsp7éHom protein levels ware significantly linked to MS severity. We arbitrary
chose a ctitoff value of an MSSS of 3: MS patients with a MSSS < 3 were considered
affected by a mild form of disease, MSS S
form of MS. Patients with a mild form of MS (MSSS score < 3; 55% of patients) stewed
lower level of the median protein levels, compared to that of the other MS patients (MSSS
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O 3; 45% of patient s) 6 p=0088]. 8e roticedrthéit ndné &Fthe r espect i

patients with Hsp78om protein levels below the 25th percentile hadigh tvalue of
MSSS (ligh disease severity) (Figure 83.

Hsp70-hom — S — s 72KDa

C-TUDUEIN e e s s s 52KDa

TC TT CC TC TT CC
MS Patients Controls

Figure 32. Representative Western blot images of Hsp7@ o m  a 4tubulin(p rotein
content in PBMCs from MS patients and controls. They are subdivided bthe HSP70
HOM rs2227956enotype (TC, TT, CC Utubulin was used to normalize the data.
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Figure 33. Hsp70Hom protein expression. A|[MS patients (black dots) and controls

(white dots) are grouped by HSRHDM rs2227956enotype; 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 withiRASOM genotypes are

observe(p > 0.05).B| MS patients (black dots) are grouped by MS severity (MSS$H), 25

percentile, median, 75th percentile are reported on the dot plot (black bgpZp-Hism

protein levels e significantly reduced in MS patients with low MS severity (MSSS < 3),

compared to MS patients with higher disease sever
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b-coefficent Standard p-value
error

HSP70hom genotypes

CTvsTT 397.32 663.9 0.49
CCvsTT 452.87 657 0.55
Multiple sclerosis yesvsno -209.18 657.04 0.49
Sex (femalevsmale) -78.42 415.94 0.62
Age (in years) 77.84 349.98 0.82

Table 6. Hsp70Hom protein expression levels b-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.

3.3.2Role of Hsp70G2 and oxidative stressn multiple sclerosis

3.3.2.1.Subjects analysed

To understand the influence of oxidative stress on PBMC, mitochondrial activity, 2sp70
protein levels and production of intracellular ROS were assessed using PBMCs from a
total of 77 MS patients and 49 healtbgntrols displaying full clinical and demographic
information. Of every subject HSP-ZD rs1061581 polymorphism egotype was
determined. Genotypifrequencies of HSP7R rs1061581 polymorphism in the control
group did not deviate from the Hardfyeinberg eqilibrium (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 gflesmmollection was quite
similar to MS cass (48.00+£13.30, p > 0.n1

3.3.2.2MTT levels

To investigate the influence of oxidative stress on PBMCs, we analyzed the mitochondrial
activity of PBMCsin vitro.

Concentration/response curves tg0x of PBMCs cultures from 49 MS patients and 46
healthycontrols were assessed (Figurg.34
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Figure 34. MTT levels in response to HO, of PBMC cultures from MS patients (red)
and healthy controls (green)Mean values and standard deviations are reported.

The relationship amongl TT 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 sigmfitTT variability over timepoints

for both groups (Table @nd Figure34).

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

Table 7. ANOVA mixed model for the relationship between MTT levels, exposure
time to H,O, and group of subjects.f is the Ftest statistics value, df are the degrees of
freedom combination.

* Due to the violation of sphericity the Huysiteldt correction was applied.

Consideing the whole sample (MS patients and healthy controls togetherpotitehoc
analysis for multiple comparisons among exposure time levels shows that MTT basal levels
decreased after 15 minutes from the oxidative stre@sgedtn=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 alracest
restored @onferon=3-41, df=94, p=0.003): no significant difference was found between
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basal level and 3 hours of oxidative stress.

Since the importance of HSP20rs1061581 polymorphism for MS risk, we decided to
analyze whether it could influea PBMCs response to oxidative stress. For this reason,
our data were stratifiely the HSP7@ rs10615& 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 subjst 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 dhe HSP702 rs106158 genotype; no interction effects was
detected between time dugenotype (Tabl8 and Figure35).
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, 200 - e
2 191.86142.90 459 50162.13.-~"
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E 180.12+60.93 .
€ 180 a e
€ 171.17440.70 S - m-AG
£ 170 161.88437.95 - eSS
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160 | 170-12£32.10 e
758 156.17+38.55
TO T15' T3h
Exposure time to H,0,

Figure 35 MTT levels in response to HO, 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 statistically
significant. Post hocanalysis 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 levelgfton=2.72, df=8, p=0.028). In detail, the
reduction was of 15.00, 8.24, 2.36 units for AA, AG and GG individualpectively. The
mitochondrial activity increased at 3 hoursgedition=2.36, df=48, p=0.067), particularly

for GG and AG patients that showed a boriderlsignificant increase of 14.71 and 18.24
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units respectively. AA patients had a less pronounogtbchondrial activity increment,
compared to AG and GG patients, with a smaller increment of 8.94 units.

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

Table 8 ANOVA mixed model for the relationship between MTT levels, exposure
time and HSP702 rs106158 genotype.f is the Ftest statistics value, df are the degrees
of freedom combination.

* Due to the violation of sphericity the Huysiteldt correction was applied.

3.3.2.3 Hsp70-2 protein levels

Hsp702 protein expression was evaluated followtgD, treatmentson PBMCsfrom 77
MS patients and 49 healthy donors. Protein expression was quantified by Western Blotting
(Figure 36.

Hsp70-2 — — D —

d-tubulin | e ——— e —— ——

TO T15 T3h TO T15 T3h

MS patient Control

Figure 36. Representative Western blot images of Hsp7®  a ntdbulit protein
content in PBMC from MS patients and controls.They are subdivided by exposure time
toH,O,( TO, T L Btbbulin Wa® bsed to normalize the data.

The relationship among HspZprotein expression, exposure time, and group of subjects
was studied using a ngparametric approach and the mddsp7@2 protein levels were
visualized on a curve on the base of time exposure@ fFigure J).

The exposure time to &, did not change significantly Hsp7D protein expressioim
eitherMS pati ent s -¢gqiarerlesd, wifa2) éxact peOhdbd) healthy controls

( Fri ed msquatesl.ll; Hf¥2, exact p=0.596). Furthermore there was no significant
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difference between the two groups at each level of exposure time to oxidative treatment

( Mann Whitney U: at TO=1800, a&xpad26, atp=0. 81 ; at
T3h=1677.5, exact p=0.74); although a slightly increase is noticed after 15 min of oxidative

stress.
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Figure 37. Hsp70-2 protein levels in response to kD, of PBMC cultures from MS
patients subjects (red) and healthy subjects (greenMedian values (interquartile range)
of Hsp702 protein expression are reported.

Also in this case the HSPZD polymorphismwas consideredstratifying the analyses by

the HSP7e rs10615& genotype ineach group of subjects (Figure 38 and 3 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 ofpesure time to kD, in any genotype category

was found (AA:s qhirairedmiangs ddtri2, exact p=0.37; A (
square=0.42, df =2, ex a-squareg2=80df=82,&xact =G37).We i edmanbds
did not find significant differenceamong genotypes after different® exposure times

(KruskatWa |l | i s chi squar e: at TO=4.01, p=0.13; at
p=0.63).

Also MS patients did not show significant effects related 10.th any genotype category

( AA: Friesgqmaa®es=12%x.h5 3, df =2, e X a esgquare=3.85, 51 ; AG: Fr
df =2, exact p=0. lLdguare3 @3, df-2rekaetp+0a6).Ne signiticant

differences among genotypes was found at different -fioiets (KruskalWallis chi

square: at T0=0.26p =0. 88; at T156=4.99, p=0.08, at T3h=1.9
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Figure 38. Hsp70-2 protein levels in response to kD, of PBMC cultures with different
HSP702 rs1061581 genotype AA (blu), AG (orange) and GG (purple), A] in the
group of healthy controls and BJ| in MS patients.Median values (interquartile range) of
Hsp702 protein expression are reported.

3.3.2.4ROS formation

The formation of intracellular ROS was measured on PBMCs from 32 MS patients and 22
healthy controls after treatment with,® 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 waso interaction effect between exposure time and grdigulgjects (Table &nd
Figure 3).

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 Ftest statistics value, df are the degrees of freedom
combination.
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Figure 39. ROS levels in response to D, of PBMC cultures from MS patients
subjects (red) and healthy shjects (green).Mean values and standard deviations of ROS
levels are reported.

Considering the whole sample (MS patients and healthy controls togeplost),hoc
analysis for multiple comparisons among exposure time levels showed that ROS basal
levels ircreased after 15 minutes of the oxidative stregslon=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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di fferences

significant.

bet ween

T150

and T3h

3.3.3VDR polymorphisms and vitamin Dlevels in rultiple sclerosis

3.3.3.1.VDR polymorphisms

and

The VDR SNPs rs731236 and rs4334089 were analysed in order to find agossitibn

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 weler compared to healthy
controls, 45+11 vs 37+9 years, [001; MS female to male ratio was slightly higher
compared to the group of contsdbut not significant). Genotypfeequencies in the control
group did not deviate froniné Hardy Weinbergequilibrium (p> 0.05).
For the VDR rs73123@olymorphism, the TT genotype was considered as the reference
genotype in the analysis (Table)1@& dominant model was also applied to consider the

effect of fAat | eld)st one C alleled (Tabl e
VDI?TZ:_?)H% MS patients Healthy controls A(:Jgﬁt/fdcf)m va?ue
N=185 N=242
CcC 20 (11%) 24 (10%) 1.13(0.731.76) | 0.58
TC 94 (51%) 119 (49%) 1.06 (0.522.17) | 0.87
TT 71 (38%) 99 (41%) 1

Table 10 Genotype frequencies of VDR rs731236 polymorphisi@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.

VDR 15731236 MS patients Healthy controls Adjusted OR b
(Tag-I) (95% ClI) value
N=185 N=242
C 134 (36%) 167 (35%) 1.12 (0.731.71) | 0.60
T 236 (64%) 317 (65%)

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 teasiminor allele (C) vs absence of

C allele
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For the VDR rs4334089 the reference ggpetwas the GG genotype (Table);12

dominant model was applied to consider the effeét af t

|l east

polymorphism, no significant association with MS was found.

one). A
Comparing the group of MS patients withose of healthy subjects, for both the analysed

V?ﬁp;?jj@?sg MS patients Healthy controls A?g;f?;f))R vaFI)ue
N=186 N=263
AA 12 (6%) 23 (9%) 0.98 (0.641.51) | 0.92
AG 74 (40%) 96 (36%) 0.66 (0.291.50) | 0.33
GG 100 (54%) 144 (55%) 1

al

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 tieéerence genotype in the genotypic model.

V[()ﬁp;séjj@())% MS patients Healthy controls A?gﬁf%gm va?ue
N=186 N=263

A 98 (26%) 142 (27%) 0.92 (0.611.39) | 0.68
G 274 (74%) 384 (73%)

Table 13 Alleles frequencies of VDRrs4334089polymorphism 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

3.3.3.2.1Total VDR protein expression

To evaluate the total VDR protein expression, protein quantificatienpggormed, using
Western bloon PMBCs from 111 MS patients and 55 healthy conti€ilgure 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 1528 arbitrary units and
healthy controls showed a mean VDR protein expression of 1@24 arbitraryunits (p >

0.05) Figure 40 B.

l el eod

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
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genotypes, using a linear regression madilistel by the presence of MS (Table)1#lo
statistically significant difference emerged between the VDR rs731236 polymorphism and
the total expression levels of VDR protein (p > 0.05ble 14.

B 4000+
A
30004 .
VDR G e — — .
..
a-tubulin . . — — 2
> 2000
=
MS - tees
= .
patients  Controls o ®
10004 —E—;‘Eﬁs—
et
Co,00
v Controls ms

Figure 40. A| Representative Western blot images dbtal VDR a n d-tubdlin protein
content in PBMC from MS patients and controls.U-tubulin was used to normalize the
data. B| Total VDR protein expression. MS patients and controls (black dots) are
grouped; 25th percetgi 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).

- Standard
b-coefficient p-value
error
VDR rs731236 (Tagl) genotypes
TCvsTT -11.76 90.41 0.897
CCvsTT -98.31 118.78 0.409
Multiple sclerosis yesvsno 33.22 85.21 0.697

Table 14. Total VDR protein expression levels related to VDR rs731236
polymorphism. b-coefficient and standard error of analysed factorsdaréved from a
linear regression model. TT genotype is considered the reference genotype.
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The same type of analysis waarformed for the total VDR protein expression levels and to
the second polymorphism studied: VDR rs4334088 statistically significat differences
between the rs4334089 polymorphism and the total expression levels of VDR were found
(p > 0.05) (Tabldb).

b-coefficient Standard p value
error
VDR rs4334089 (HpyCH4V) genotypes
GA vs GG -121.62 97.25 0.213
AA vs GG 12.84 130.51 0.92
Multiple sclerosis yesvsno 42.78 102.91 0.678

Table 15 Total VDR protein expression levels related to VDR rs4334089
polymorphism. b-coefficient and standard error of analysed factors are derived from a
linear regression model. GG genotypedssidered the reference genotype.

3.3.3.2.2Cytoplasmic 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).

Red
Ponceau

VDR

C N C N

MS

patients Controls

Figure 41. Representative Western blot images VDR proteinontent in PBMC from
MS patients and controls. They are subdivided in cytoplasmic (C) and nuclé@dy
fraction. Red ponceau was used to normalize the data.
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No statistically significant differences between MS patients and healthy controls were
observedoth for the VDR expression in the cytosol and in the nucleus. PBMCs from MS
patients showed a mean cytosolic protein expressid@®3 + 524 arbitrary units, whereas
PBMCs from healthy donors had a mean protein expression of 1017 + 437 arbitrafp units
> 0.05) (Figure 428). Regarding the VDR protein levels in the nucleus, PBMCs from MS
patients had a mean protein expressioh2ifé £465 arbitrary units and those from healthy
subjects showed a mean protein expressiohdd5 + 323 arbitrary units (p 0.05) (Figure

42 B).
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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). Nsiatistically 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 preseinMS 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 andlear expression levels of VDR
protein (p > 0.05) (Table6). Also for the VDR rs4334089 polymorphism, no statistically
significant differencesvere found (p > 0.05) (Table 17
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Cytosol b-coefficient Standard p-value
error
VDR rs731236 (Tagl) genotypes
TCvsTT 127.22 108.79 0.245
CCvsTT 179.97 163.37 0.273
Multiple sclerosis yesvsno 24.38 106.00 0.819
Nucleus
VDR rs731236 (Tagl) genotypes
TCvsTT -77.35 95.10 0.418
CCvsTT -40.25 146.10 0.783
Multiple sclerosis yesvsno 54.09 93.89 0.566

Table 16. Cytoplasmic and nuclear VDR protein expression levels related to VDR
rs731236 polymorphism b-coefficient and standard error of analysed factors are derived

from a linear regression model. TT genotype is considereatbeence genotype.
Cytosol b-coefficient Standard p-value
error

VDR rs4334089 (HpyCH4V) genotypes

GA vs GG 26.72 114.42 0.816

AA vs GG -282.43 192.88 0.147

Multiple sclerosis yesvsno 113.49 139.89 0.420
Nucleus

VDR rs4334089 (HpyCH4V)genotypes

GA vs GG -40.14 104.76 0.7

AA vs GG -235.84 176.06 0.1&4

Multiple sclerosis yesvsno 32.71 134.24 0.808

Table 17. Cytoplasmic and nuclear VDR protein expression levels related to VDR
rs4334089 polymorphism b-coefficient and standarerror 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 Dplasma levels

Since the importance of vitamin D levels in the susceptibility to MS, the plasma levels of
25(0OH)D; of a subgroup of 89 MS patients, randomly selecteste determinedlrhe mean

age of this subgroup w&$.52+ 11.26 and the MSSS was 3.19 + 2.47.

MS patients showed a mean 25(OHMvels 0f21.82 + 13.61 ng/ml.
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To understand a possible relation between total VDR protein expression levels and
25(0OH)D; plasma levels, a linear regression model, considering also the clinical
parameters, were analysed. The analysis revealed that the 25(@QBE3Ma levels were
significantly able to modulate the total VDR protein expression (p = 0.023) (T&pblgve
noticad an inwerse relation between 25(OH)plasma levels and VDR protein expression:
the increase of 1 unit of vitamin Slgnificantly decreases thetal VDR protein expression

by 10 units.

Total VDR b-coefficient Standard p-value
error
25(0OH)Dslevels -10.68 4.60 0.023
Sex (femalevsmale) -63.68 126.83 0.617
Age (in years) -1.88 5.69 0.742
MSSS 24.81 130.99 0.850

Table 18. Total VDR protein expression levels related to 25(OH)Pplasma levels in
MS patients. b-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(OHpiBsma levelsould
influence the VDR expression in the cytosol and in the nucleus, respectively. No significan
results were reported (Table 19 and.2ZZb(OH)D; plasma levelseemsonly to influence

the total VDR expression.

Cytosolic VDR b-coefficient Standard p-value
error
25(0OH)Dslevels 4.30 4.46 0.339
Sex (femalevsmale) 87.93 123.02 0.477
Age (in years) -10.68 6.14 0.087
MSSS -69.85 127.87 0.587

Table 19. Cytosolic VDR protein expression levels related to 25(OHYplasma levels
in MS patients. b-coefficient and standard error of analysed factors are derived from a

linear regression model.
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Nuclear VDR b-coefficient Standard p-value
error
25(OH)Dslevels 5.30 4.24 0.216
Sex (femalevsmale) -98.07 120.96 0.421
Age (in years) 5.55 5.95 0.355
MSSS 28.70 124.30 0.818

Table 20 Nuclear VDR protein expression levels related to 25(OH)Yblasma levels in
MS patients. b-coefficient and standard error of analysed factors are derived from a linear
regression model.

3.4.Discussion

Up to now, MS etiologyhas not been well understood Genetic, environmental and
epigenetic factors are involved in MS onset. Genfetitorsaccount for about 30% of MS

risk, and avast number of allelic variants relatively common within the population
probably havea cumulative effect, contributing only a small portion to the riske
environmental factor@re important as underling 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 particulaf the myelin (McFarland HF and Martin R, 2007).
Activated T lymphocytesanbreak the BBB and infiltrate inside the CNS. T lymphocytes
initiate the characteristic autoflammatory processes of MS pathogenesisich involves
macrophages, microglia activati, B cells and the production of atdatibodies, thus
leading to demyelination, neusxonalinjury and oligodendrocytes loss (Yong VW and
Marks S, 2010). With myelin destruction, the correct transmission of the nerve impulse is
impaired and the symptom&hich depend on the location of the area of demyelination,
arise. With the progression of the disease, additional amplification mechanisms of tissue
injury become increasingly importanimitochondrial damagein brain cells havethe
potential to amplifyoxidative injury within the braimof MS patients (Lassmann H et al.,
2014).

Considerable evidencéendicates that oxidative stress plays an important role in the
pathogenesis of MS. The excess of ROS and RNS is mainly generated by immune cells,
particularl the activated microgligndhas been implicated ag mediator of demyelination
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and axonal damage (Dheen ST et al., 2007). In MS plain@sased free radical levels

and alterations of antioxidant expression were observed (van Horssen J et al., 2011).
Activated mononuclear cells and microglia produgsta mount s of ROS and
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
mitochordria (Lassmann H et al., 2014).

Numerous factors participate in the pathogenesis of &8 Hsp78 are assumedo be
involved (Mansilla MJ et al., 2012). However, the exact role of these highly conserved
molecular chaperones in MS is not clear. Hg&®@ 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 diseakeasAD
(Hoshino T et al., 2011) and P@@ifondorwa DJ et al., 2012). On the other hand, Hsp70
cantrigger boththe 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
diseasslike MS.

Consdering 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
interess of our researciior many yeardas been the MHC class Il regiomhich contans

several polymorphic genes reldte® immune system funan. Interestingly, three genes
code for Hsp78 HSPA1A (or HSP7€2) HSPA1B (HSP7&) and HSPA1L (HSPZ0
HOM). Taking advantage of this consideration, we decided to investigate closelythe

role of Hsp78 in MS, considering the importance of genetic variants in their genes.
Furthermore, our group previously published a work on the simdssible Hsp7e2: the
HSP702 rs1061581polymorphism revealed a significant association betweeGthele

and the presence of MS (Boiocchi C et al., 2014). Our idea was to continue analysing
genetic variants in HSP genes on MHC classdgjionandto further investigate the role of
Hsp762 in MS. For this reasorthe HSPALL gene, which encodése constutively
expressed Hsp7Hom protein, was considered by analysing H#&P70HOM rs2227956
polymorphism. On the other hand, the analysis of the possible role of 2sp70IS was
continuedconsidering the importance of oxidative streEsslisease path@pesis.

The HSP7€HOM rs2227956 polymorphism, located in the coding regiotheHSPA1L

gene which encods the constitutively expressl Hsp7GHom protein, was considered in
order to analyse the possible role of the polymorphisms in MS. The C alleleres
frequent in MS patients compared to healthy contradsl it confers a twofold increased

risk of developing the disease (OR = 2.13, 95% CI: 12856, p < 0.0001). Furthermore,
comparing the genotypic frequencies of MS patients and healthy cor8Isisk is
significantly higher for the homozygous CC, leading to an increased risk of about seven
times (OR = 6.71, 95% CI: 3.114.43, p < 0.0001).
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MS severity was taken into accouitttends to be distributed differently among patgent
depending on tlie HSP70HOM genotype. CC patients exhibited an increased MSSS of
1.22 on average compared to TT carriers (95% Clii@24, p=0.017).

Our findings are in contrast with previous studies in the literature that did not detect any
significant correlation. Nho and colleagues analysed the influence of HSR@M +2437

T/C polymorphism on MS risk, severity and progressiothenJapanese population (Niino

M et al.,, 2001). In this study, no significant differences in the genotypic distribution
analysed was observellloreover,a work that analysed 59 Canadian MS patients did not
detect any significant correlation beten the HSPZBIOM polymorphism and MS
(Ramachandran S and Bell RB, 1995). The different results can heedpectively to
ethnical differences and the small number of MS Canadian patients involved in the study.
In addition to analysing the distribution of the HSRTOM polymorphism, a multilocus
analysis was performed, including the HSR278s1061581 and HSPHOM rs2227956
polymorphisms. The analysis shows that the combination of the two risk alleles, the G of
the HSP7@ rs1061581 polymorphism and the C for the HSPTIM rs2227956
polymorphism, increases MS ridly most than three times (OR=3.49, 95% CI. 2516,
p<0.0001) and shows that HSPAOM rs2227956 polymorphism affects MS risk
independentlyf HSP702 rs1061581.

Although it is clear that the HSPHOM rs222B56 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 positiont4@3 of
HSP70Hom protein: from Mt 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 speculatedt may affect the functional efficiency

of peptidebinding specifidiy, leading to an accumulation of misfolded proteins in neurons
and glia. Such anaccumulation may lead to primary cytodegeneration and to the
subsequent release of antigens, tlasisingthe autoimmune response in predisposed
individuals. However, it is &sential to consider that HspHdm is not only important for

its chaperoning ability: italso induces antapoptotic mechanisms in neurons and glia,
suggesting that HSP7HOM polymorphism may also influence this mechanism, increasing
MS risk. FurthermorelHsp7G cantrigger both innate and adaptive respa@nstsp7@& can

act asan adjuvant by binding immunogenic peptgléhus inducing T cell response. These
peptides are internalized into the cells and subsequently presentdii@amolecules (Li

Z et al.,2002). The alteration of Hsp70 expression and/or a perturbation of their functions
might affect MS pathogenesigierebyexacerbating the immune response or eliciting the
presentation of autoantigens.

Hsp7GHom protein levels was also investigatédom the obtained data we can deduce
that the protein expression does not correlate thittHSP70HOM rs2227956 genotype in
either MS patientsor healthy controls. The lack of correlation between HSRTM
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rs2227956 polymorphism and protein expression in PBi@s MS patients and healthy
subjects may bbecauseHsp70Hom havea low but constitutive RNA expression (Milner

CM and Campbell RD, 1990). Similarly, data on Hs{d78nd Hsp7& expression shows

that PBMCs from MS patients and healthy controls prodheesame baseline levels of
these two stresmducible proteins (Cwiklinska H et al., 2010). Only under stress
conditions (heat shock and LPS stimulation) an overexpression of Hsai@ Hsp7& in
PBMCs from MS patients has been reported. However, tletexechanisms and
pathways involved in Hsp7Hom regulation and expression are not clear. Fourie and
colleagues reported th#tte Hsp7GHom protein is relatively more expressed compared to
Hsp701 and Hsp7€, in response to I ( F AMI et al.e 2001). Further experiments

are needed to understand the exact regulation of Hdp#i@

Our work reportsa direct and significant relationship between HspHbmM protein
expression and MS severity. MS patients with mild disease severity displdgvels of
Hsp78Hom, whereas patients with a moderate to severe form of MS have higher protein
expression. Howeveit is not clear whether the severity of the disease is the cause or the
effect of Hsp7eéHom expressionThis may be becauseHsp70 proteinsplay a role in
immunemodulation. Lower Hsp7om 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: hsp70/1mice, in contrast to hsp7ufficient mice, presented a
milder form of EAE (Mycko MP et al., 2008).

These results indicate that Hsp@m plays a more relevant role in promoting immune
system activation and an effective T lymphocytes response against myelin antigens
compared to its neuropetive role. However, the underlying mechanisms involved in the
negative outcome are not cleand additional studies will be importaint explainingthe

exact role of Hsp7®om and its possible application asbiomarker and/or therapeutic
target in MS herapy.

At the same timewe decided to continue studying the sti@skicible Hsp7€e2 protein,
based also on the positive resuftem our previous published work, in which the
association of the HSP7D rs1061581 polymorphism with the presence of MS was
reportedwherethe G allelewasthe risk allele. This protein is involved in the response to
oxidative stress. Hsp7® protein expression is induced by several types of stress, including
oxidative stress, and it plays a role in cell protection. In thigggnesis of MS, oxidative
stress contributeto disease pathogenesis (Ohl K et al., 2016). For this reason, the use of
antioxidative drugs is promising, as demonstrated by the introductioDMfF in MS
therapy this drug can induce the production of &aokidant enzymesand play a
neuroprotective role combinedth its antiinflammatory effects (Pistono C et al., 2017).

We decided to analyse Hsp20in the pathogenesis of MS and its involvement in the
response to oxidative stress. The effect of oxidativess on PBMCs from MS patients and
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healthy controls, using 10 uM 8, 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 activityhen different
exposure times to oxidative strem® consideredAfter 15 minutes of oxidative stregbe
mitochondrial activityfirst decreases arttienis restored after 3 hours from the exposore t
H,O,. No significant difference between the two groups was found, suggesting that both
PBMCs from MS patients and healthy controls initially suffertte presence of an
oxidative challengewhich reducesheir mitochondrial activity. However, theyanrestore

the physiologic levels after 3 hours, probably becausg dhe able to contrast the damage
inducel by oxidative stress. The fact that PBMEan adapt to an oxidative chafige is
consistent with the observation that similar treatments witfO,Hat increasing
concentrations of 50 uM, 100 uM and 250 puM for 2 hours did not show any cytotoxic
effect. Only 2 hours of exposure to,® 500 pM significantly reducd cell viability
(Emamgholipour S et al., 2016).

We then speculated that HspZGOcould be invtved in the response to oxidative stress
therefore the expression of Hsp7®in PBMCs from MS patients and healthy donors was
analysed.Under stress conditienHsp7032 expression can vary really quickly; HspZ0
levels may increase within one hour afteath shockMaloyan Aet al., 1999Doberentz E

et al., 201Y. However, in our casdné exposure time toJ, does not significantly change

the protein expressiomjtherin PBMCs from MS patientsr in thehealthy controls, thus
confirming that PBMCs respond in a similar way to the presence of an oxidative challenge,
independentiypf the presence of the disease.

To better understand the role of the stress inducible H&a@tein in the response to an
oxidative stimulus the HSP7€ rs1061581 polymorphismvas investigated to verify
whether the presence of a variant may influence the response to oxidative stress, given that
this specific polymorphism has been associateith autoimmune diseases (Zouari
Bousssida K et al., 2004; Wang YP et al., 2015). For this reason, our data regarding the
mitochondrial activity and the HspD protein expression levels were stratified by the
HSP702 rs1061581 genotype. The correlation of MTT and HspPdotein levels witlihe
HSP7062 rs1061581 genotype does not show any significant difference. This
polymorphism does not influence the response to oxidative stress, altihaggms to be
important in the susceptibility to MS (Boiocchi C et al., 2014).

The data suggestthat Hsp732 does not appedo play a key role in cell survival ithe
presence of an oxidative challenge in PBMCs, although it is essential for the proper folding
of the proteins and has aatpoptotic functions (Beere HM, 2004); other compensatory
cellularmechanisms are probably involved in such a response.

The intracellular ROS levels wetkeninvestigatedin PBMCs from both MS patients and
healthy subjects, a significant increase after 15 minutes of oxidative stress was observed.
Consistently with oufindings, rat PBMCs treated with J@, 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
ROSIlevels remain unaltered after 3 hours, compared to the basal levels and to 15 minutes
of oxidative stimulus mitochondrial activity is enhanced, suggesting that PBM&s
trigger a compensatory response cmunter oxidative stress. A putative mechanism of
response to an oxidativetimulusis 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, sulfatbozuhoxin,
glutathione peroxidase and glutathione reductase (Joshi G and Johnson JA 2012). The
involvement of the antbxidant enzymes at different levels maydssumegfor instance,

in human PBMCs an increment in catalase activity after oxidativesstas been reported,

as opposed tam reduced activity of the manganetependent superoxide dismutase,
MnSOD (Emamgholipour S et al., 2016).

Assessing the role of HspZDin the pathogenesis of MS is not easy since this protein can
act on the one handasa neuroprotective elemenandon 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 addptoxidative stress conditions.
Furtherstudies 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
patientsln this regard, our results indicate that HsfZ7@oes not seem to playkey role in

the protective reaction against oxidative stress. Nevertheessideringthat MS patients
benefit from antioxidative drugs, such aBMF, further studies are needed to identify
which specific proteins significantly contribute to this deiiee response in order to
improve MS treatments.

The results on Hsp7® and Hsp7éHom highlight the complex role ahe Hsps in MS
pathogenesis. Although genetic variants in their genes are important for MS susceptibility,
it is difficult to assesgheir exact role,which can be neuroprotective and also pro
inflammatory. A further level of difficultyderives fromthe fact that we work on PBMCs.
Although these cells are central in MS pathogenesis, they do not give us a complete
indication of what hapgrs during MS pathogenesisyhere the CNS is the site of the
disease. However, understanding the effects of genetic variants in MS risk and progression
is importantin understandinghe factors that lead thesedisorders. Furthermore, trying to
better asess the role of Hspg0nay be importanin understandingetter the pathogenic
mechanisms of MSyhich are usefuln suggestinghew treatments.

Our attention was also focused on vitamin D. Low levels of vitamin D constitute an
important environmentalsk factor for developing MS. The biological actions of vitamin D
are mediated by the VDR (gene on ammosomel2gl13.11). The interaction between
1,25(0OH}D; and the receptor induces the heterodimerization with RXR and the
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translocation of the complex intbe nucleus (Prifer 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 HIRB1*1501 underlines

the involvenent of vitamin D in MS susceptibility?DRE is highly conserved in the major

MS associated haplotype HEBRB1*15, but not among neMS associated haplotypes
(Ramagopalan SV et al., 2009). The regulatory sequences-kBNR transcription factor
importantfor pro-inflammatory response, also contain VDRESs (Yu XP et al., 1995). These
observatios highlight the ability of vitamin D to modulate immunelated genes, thus
influencing immune function.

Polymorphisnsin the VDR gene might influence MS susceptibjlithusaltering 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 environmesmtal genetic factors, our
attention was focueion the VDR, through which vitamin Basits effects. The VDR gene

is polymorphi¢ and several studies have analysed the role of different VDR gene SNPs in
MS, although their results are conflicting (GarMartin E et al., 2013; Tizaoui K et al.,
2015).

In our analysis, two SNPs of the VDR gene were considered: rs731236)(&ad
rs4334089 (HpyCH4V). MS patients and healthy controls do not show any significant
differenceeitherin allelic or genotypic freqancies for the two polymorphisms.

The absence of an association between the VDR rs731236 polymorphism and MS is
supported by other studies (Steckley JL et
researchers suggest an involvement of this polyhisnp 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 inceea risk of MS forthe VDR rs731236 CC
genotype, involved 727 MS patients133 trio families (MS patients and both parents) and
604 healthy controls (Cox MB et al., 2012). However, a recent stydypdollahzadeh and
collaborators orthe Iranian populationwhich includedonly 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 famaibed study involving

larger sample size (364 MS patients and,861 healthy controls, firalegree relatives)

also found no association between VDR rs731236 polymorphism and MS risk (Orton SM
et al., 2011).The differences arprobably also due to the fact that different population
were considered with genetic differences betweedhe studied groupsin this regard,
another study on the Italian population did fiotl any difference between MS patients and
healthy controls for the VDR rs731236 polymorphism (Agnello L et al., 2016).
Understanding th real consequences of the VDR rs731236 polymorphism is not easy
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because, althoughis on exon 9, the T to C transition is a synonymous chamgkso the
amino acid does not change and the protein structure is not impaired.

Regarding the VDR rs433408folymorphism, atpresentno studies correlate this
polymorphism to MSIn this cases well| finding no significant differences may be due to
the sample siz There is also the possibility that the VDR rs4334089 polymorphism,
whichi s | oc at e @R, maynottafieet thé tbansttipt. 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 th& DR rs4334089 has no association with the development of
neurodegenerative diseases, such as MS andhBbDghfurther 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 analys®R 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
contwls. The lack of correlation between the two polymorphisms and protein expression in
PBMCs from MS patients and healthy subjects mapdmausdhe two polymorphismdo

not influence RNA expressioiWDR rs731236 polymorphism causes a synonym mutation
in exon 9 andthe VDR rs4334089 polymorphisins | oc at e d. They prabably 5 6
do not affect transcript stability or translational modulat@mdthus may not vary protein
levels.

Consistently with our results, a 2011 study reported no changes in VIEnpeapression

in PBMCs from MS patients according to the VDR rs731236 genotype (Agliardi C et al.,
2011). Theauthorsdescribed an alteration in VDR protein expression only in PBMCs
stimulated with the MBP: the cells carrying the TT or CT genotypes hmveficantly
higher VDR protein levels compared to CC genotype cells.

The bi oact iDgexerts its,effebts tktahks to the association with YDRhe
absence o0 %D; VDR shAutiésCodtjveen the nucleus and the cytoplasm. The
binding with 1 U, 2 50, &tab)lized the VDR/RXR heterodimewhich moves to the
nucleus, where it binds tthe VDREs (Prifer 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 availabil t y for t he JD§, dhasnidfluericibg Adrécty Hhe
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 differeweesobtained
betweenMS patients and healthy controdstherin the cytosobr nucleus.

In this caseas well the data was analyséd relationto the two studied polymorphisn

VDR rs731236 and VDR rs4334089, to analyse whet@r variantsmay influence VDR
localization.No statisticaly significant differences in the levels of expressiorth& VDR
protein in the cytoplasm and nucleusere associated with VDR rs731236 and VDR

10¢

UTR



3. Studying Multiple Sclerosis

rs4334089.

Thedata suggestthat 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 variatiordoesnot havea great impact on the risk of developing M&ther it is the
environment thatnainly determines this risk/itamin D is related t@several autoimmune
diseass, and haveimmunomodulatory functions. Studies on animal models support the
potential protective effect of vitamin D in autoimmune disorders (Lemire JM,el982;
Casteels K et al., 19%98and the efficiency of higldose vitamin D supplementation in
patients with autoimmune diseases has been tested (Muris AH et al., 2016; Buondonno | 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 investigatadgth a particular focusn MS patients.

Our patients have a mean 25(OH)plasmalevels of 21.82 + 13.61 ng/ml. This is
consistent vith the fact that low 25(OH)Plevels, around 20 ng/méare usually observed in

MS patients already at the beginning of the diseaseh asin CIS or during the first
relapses in RRMS patients (Ascherio A et al., 2014; Behrens JR et al., 2016).

25(0OH)D; plasma levelganmodulate the total VDR protein expressidime increase of 1

unit of vitamin D significantly decreaséhe total VDR protein expressiday 10 units.

It is known that in some cell type¥DR expression is modulated by the presence of its
own | i gandDslUT e (tOHYi ¢ al r ,B38s ppregslaiontofoVDR U, 25 ( OH)
expression. This can be due to the fact that the VDR gene c®W@RES; in this way

10, 2 5@;®dupes VDR gene tanscription (Zella LA et al., 2010). Moreover, some
studies suggest that the VDR-tggulation can also be due to the stabilization of the VDR

i tself (Peleg S and Nguyen CV et ,Bslup, 2010; Zel
regulates VDR expression IRBMCs following their activation (Yu XP et al., 1991). A
more recent study anal,p;0® DR texpressian finf pardfied o f 10, 25(
human CD4+ T cells activated vitro; 1 U, 2 5,[0; GpHegulates VDR protein expression
approximately Xold 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 supplementation2 months th&/DR mRNA expression
decreases (Shirvafiarsani Z et al., 2017). This result suppootur findings that the
incrementin 25(OH)D; plasma levels leads to decreased VDR expression.

The opposite resultare likely because of the transience thie upregulation of VDR
expression. This is supported by Khan and colleagues: the incubation of rat ileum slices
wi t h 1 UD;4d6 @ @ddlds, but not after 12 hours, significantly induced VDR
expression in a transient manner (Khan AA et al., 2010).

Further studies are needto 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 implicat®of VDR protein in MS may be importaint reaching
a more focused supplementation therapy.
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4.Studying Al zhei mer 6s

4.1. Aims of the work

In recentyears the importance of neuroinflammation in AD pathogenesis has incréased
importanceln the contextof neuroinflammation, the role dfie complement system seems

to be important though itis not clear. A component frequentfgund 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 humber of gene copen influence C4
protein levelsTheincreased expression of C4 has been observed in AD patients in several
studies.

To understandvhether the increment C4 proteinin AD patients is a consequenoe a

cause involved ithe inflammatory procesg,is necessaryo know better the pathogenesis

of this complex disease.

For thisreasonwe are interested in investigating polymorphic genes for components of the
complement system that may have an impdatpathogenesisiVe will focus our attention

on C4A and C4Bgenes located in the MHC class llhy determiningthe distribution of
CNVs in AD patients compared with healthy controls, in order to analyse a pagsitatc
variation that cancontribute to complement activation, thus playing a role Ad
pathogenesis.

Our attentionwill be also directed on the C3b/C4b receptor called CR1. This receptor
seems to benvolvedin Ab ¢ | e a rseveral studiesrhave identified many SNiPits

gere (chromosomelq32.2)thatmaybe associated to ABDur attention will befocused on

three SNPsrs6656401,rs4844609 and rs2274567. The first is located in aaualing
region, but influence the isoform of CR1 protein produced. The BR844609 and the
rs227456polymorphisms are located in exon 37 and 30, respectifedpsecontrol study

will be conducted, comparing allelic and genotypic frequencies between AD patients and
healthy subjects, in order to establish a possible association of threeMBNRD risk.
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4.2. Materials and methods

4.2.1Subjects and ethics statement

Patients with AD were enrolled by: 1) the Neurologic Science Department, IRCCS

Nati onal Neur ol ogi cal I nstitute AC. Mondinoo (Pa
Medicineanl Ther apeuti cs, Section of Geriatrics and C
University of Pavia (Pavia, Italy); 3) #fAConte Fr

Italy). Clinical presence of AD was assessed according to the NINOFEDA diagnostic

criteria were used (McKhann G et al., 1984). For patients with milchaderate cognitive
impairment Mini Mental State Examination (MMSE) > 18written informed consent was
obtained from the patient and their families. For patients with severe cognifiedrment
(MMSE O 18), written consent was obtained only f
informed about the study.

Healthy controls matched for ethnicity and age, were selected from healthy subjects
assessed to be free from any kind of disordetgther physical or mental, at the time of
blood sampling. The healthy subjects analysed in this study were periodically follpyed

If a subject in the healthy control group presented a serious disease, such as diabetes,
cardiovascular disorders, cancer, 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 controlssigned informed @nsent.

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.

4.2.2CNVs analysis

To evaluate theCNV of both the C4A and C4B genes, quantitative PCR (qPCR) was
performed using TagMan probes, based on the protocol previously described by Wu and
collaborators (Wu YL et al., 2007). The gPCR technique allows detection and
quantification of unique target sesnuces in DNA samples as the reaction progresses in real
time.

Initially, samples with the most common C4A and C4B CNVsewsesed for assessment
(Table 2). One sample was characterized thanks to the VII Complement Genetics
Workshop of Mainz (Schneider PM &l., 1998).

C4A and C4B differ in fivebase 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 TagMan probes (Eurofins Genomics, Ebersberg, Germaerg) labelled with the
fluorescent dye #AM, 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
out i grthe éorwad amhdardverse o | u me

reaction was
primers (Table 22 f o

carried

r both targets and control

probe and the elogenous control probe (Table)235 ng of test genomic DNA and 2X
Master mix Probe master (Biorad). Réiate PCR was perforngeusing 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 gPCR test was performed. Copy number status was
determined by TagMahased genomic qPCR ugi two TagMan assays: Hs07226349 cn
and Hs07226350_cn (Life Technologies), which are specifically designed for analysis of

C4A and C48B.

For this

assay a 10

e |

of 2
amplicons
reaction mi X

2X Master mix Probe master (Biorad), C4A orBC#aqMan probe, and RNaseP TagMan
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.

IHW Code | Copy number of C4A | Copy humber 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

Table 21. DNA samples characterized for C4A and C4B CNV, obtained from the"?

International Histocompatibility Working Group (www.ihvg.org) and * from VII

Complement Genetics Workshop.
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Gene | Primers
Forward C4F2 Reverse C4/82

C4A 5-CCTTTGTGTTGAA 5-TCCTGTCTAACACT
GGTCCTGAGTTF3' GGACAGGGGT3'
Forward C4BF ReverseC4BR2

C4B 5-TGCAGGAGACATCT 5-CATGCTCCTATGTA
AACTGGCTTCT-3' TCACTGGAGAGA:3'
Forward RP1E4F Reverse RP1E4R

RP1 5-GACCAAATGACA 5-GACTTTGGTTGG
CAGACCTTTGG3 TTCCACAAGTC-3'

Table 22 Primers used for the amplification of C4A, C4B and the reference geriRP1.

Gene Probe
C4AB
CaA VIC-CCAGGA GCA GGT AGG AGG CTC G(Q
CaB C4AB3
VIC-AGC AGG CTG ACG GC
RP1
RP1 FAM-AGG GAC TCAGAAATC ACGT

Table 23 Probes used for the amplification of C4A, C4B and the reference gene RP1.

4.2.3RealTime PCR

Alleles and genotypes fo€R1 rs6656401 CR1 rs4844609and CR1 rs2274567%vere
assessed by Re@lme PCR.

The CR1 rs6656401 CR1rs4844609and CR1 rs227456%vere analysed by Realime
PCR using the specific ass@y 30033241 10C_ 25598589 1@ndC__ 12080027_10
respectively(Applied Biosystem). Jul of DNA were aliquoted into each well of a 38&lI
plate (final concentration: 10 ngj; the reaction was cded out in a final volume o5 pl
adding:2.5 pl of 2X Master mix Probe (Biorad),0625¢! pl of assay an®.4375pl of
sterile HO. The SNP detection was carried out in the LightCycler 480 (Roche), following
the thermal cycling conditions: one denaturation cycle of 10 mirb4Z,Yollowed by 9
cycles each of & for 15 s and 6@ for 1 min. Fluorescence was measured by the
dedicated software (RealPlex 2d)d the genotype was determined.
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4.2 .4Statistical analysis

To analyse C4A and C4BNVs amultivariate 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 referencealue. A model selection was based on the likelihcoh test.
Comparison of C4A and/or C4B copy numbers were performed with thepaoametric
MannWhitney test, a p value of <0.05 was considered significant.

Genotype and allele frequencies of the gsedl polymorphisms (CRis4844609, CR1
rs6656401 and CR1 rs227456Vere calculated in AD patients and healthy controls.

Allelic frequencies in controls were examined to detect any significant deviation from the
Hardyi Weinberg Equilibrium using a goodnass ~ “fteilstt 6

Allele and genotype frequencies were compared between AD patients and healthy controls
using thed” test,a p value of <0.05 was considered significant

All the statistical analyses were performed using Statd $tatistical software (Stata
Corporation, College Station, TX, USA).
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4.3.Results

4.3.1C4A and C4B copy number variations inAl z hei mer 6 s di

C4A and C4BCNVs was determine in 191 AD patients and 120 healthy controls:

sease

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 okhlthy subjects.

The analysis of C4A and C4B CNVs revealed a significant increase in copy number for

both the genes in AD patients, comgéto healthy subjects (b 24and Figuret3).
Since the likelihoodatio test of the comparison of the two modelgh 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 C484& were more
prevalent, compared to healthy controls (OR = 5p/8 0.001 and OR = 6.66 p < 0.001
respectively).

Healthy controls AD patients
(N/%) (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

Table 24. C4A and C4B copy numbers of healthy controls and Apatients.
*OR=5.78 p< 0.001; C.l.=2.6112.8

** OR=7.07; p< 0.001 C.I. 3.44.70

*** OR=6.6; p <0.001 C.1.=2.94.5.06

In each subject, no more than three C4B copies were observed, but four C4A copies were
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detected: we noticed that 31 AD patiehgsl four C4A copies (21.7%), but only 18 healthy
subjects presented four C4A copies (6.3%) and the difference wasticstiy significant

(OR =7.07p < 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,
MannWhitney test).

C4A and C4B CNV distribution

. | ‘ ‘
30.0%
20.0%
- I I I I
F—— [ O
pies C4A 1 copy C4A 2 copies C4A 3 copies 48 0 copies C48 1 copy C48B 2 copies C4B 3 copies
| ]

CAAO cc CAA 4 copies C
1

arl mA

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 thick bars and
healthy controls by the grey ones.

432CR1 polymorphisms in Al zheimerds disease

The genotype foICR1 rs6656401, CR¥s4844609 ad CR1 rs227456polymorphisms
were determine in 150 AD patients and 313 healthy controls. Genotypic and allelic
frequencies of AD patients were compared to those of healthy subjects Zbable

Genotypic frequencies in the control group did not deviate from the Hakthinberg
equilibrium (p > 0.05).

Comparing the group of AD patients with those of healthy subjéatsall the three
analysed polymorphissnno significant association with AD was found (p > 0.05). Only
considering the allelic frequencies of the SNP GB4844609a difference between AD
patients and healthy subjects was notjcatthough it wasnot statistically significant
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(p=0.069: the A allelewasmore frequent in AD patients

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.%%) 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 07.8%) 142 ©4.7%)
A 8 (1.3%) 9 (3.0%)
T 618 (98.7%) 291 @7.0%
rs2274567| Healthy controls AD patients
N=304 N=149
AA 196 64.3%) 99 (66.9%)
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%)

Table 25. Allelesand genotypes frequencies dhe three SNPs in CR1 gene.
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4.4 . Discussion

AD is themost common type of agelated dementia, characterized dgrogressive loss

of cognitive abilities, severe neurodegeneration, and neuroinflammation. Aggregates of A
peptides in senile plagues and NFTs of hypleosphorylated tau are neuropatlyibal
hdlmarks of AD (Krstic D andKnuesel | 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 hagdn interested in the possible role of MHC class lll genes in AD
pathogenesifor several years (Maggioli E et al., 2013; Boiocchi C et al., 2015).

Somedata inthe literature suggestthe possible role of the complement system in AD
pathogenesis (Bennedtet 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 lsyuBaborg and
collaborators repoed that C4 expression increased accordinghtopatient® 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 lliregion These two genes differ only for fivaucleotides located in

exon 26 and both are expressed. C4A and C4B are highly polymorphic gétie€NVs,

gene duplicationsas well asnull alleles, called C4AQ0 and C4BQe€espectively, are
possible (Castley AS and Martinez OP, 201&). associatiorhas been reporteldetween

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 sugptibility of autoimmune disordersLow C4 copy
numbersepresent 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 alsdnked to psychiatric disorders aride role of C4 has been
established in schizophrenia

The RNA expression of C4A and C4B increased proportionally withcopy number of

C4A and C4B genesespectively (Sekar A et al., 2016).

Based on this consideratiowe decidd 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 hidher 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 impastm AD

brains (Yasojima K et al., 1999). The correlation betwadngher C4A and C4B copy
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number andncreased 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
(MargeryMuir AA et al., 2014).

Interestingly, a study by our group showed that the presehtse C4BQOallele is less
frequent in healthy elderly subjedisan inyounger 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 cplement system. This result is consistent
with a study performed in 2003, which showed anasggociated decrease in the frequency

of theC4BQOallele in elderly people (Arason GJ et al., 2003). The null allele seems to be a
negative selection factor fourvival.

It is important toconsiderthe possible involvement of linkage disequilibrium between C4
copy number variations and other HLA genes. However, 20X0 study, only a slight
correlation between C4 copy number and MHC class | and |l variants emasndtrated
(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 | et al., 2016).

This studyreportsan elevated number of C4 genesAD patients than ifealthy controls.
Considering the limitations of this study, independent confirmatfayur results in a larger
cohort is necessary. Thdifferences we observehould encourage further studies on
markersof 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 neurodevelopmentcomplementsysem is involved in synapse formation and
elimination (Stevens Bet al., 2007. It seems to hava role inremoving dysfunctional
neurons and dendritic processescontributing to sculpure the brain during the
neurodevelopmentlterations may contribute to neurological disordear{gaonkar VL

et al., 2017.

Our attention was focused dlme polymorphicCR1 gene Initially, the GERAD1(Genetic

and EnvironmentaRisk in AD Consortium 1study suggested thassociatiorof this gene

with AD (Harold D et al., 2008and in the last yeaiadependent large multicenter datasets
and metaanalyss strongly support the role of several SNPs@R1in AD susceptibility

(Jin C et al., 2012Ma XY et al., 2013 Furthermore, CR1 haseen related to several
disorderscharacterized bgn inflammatory componenfior example SNPs in this gene are
associated with inflammation amdth the risk ofcardiovasculadiseass (de Vries MAet

al., 2017, and to SLE susceptibilityP@nda AK etl., 2017).

Our attention was focesl onthree SNPs of the CRgene rs6656401 rs4844609and
rs2274567 From our analys, AD patients and healthy controls do not show any
significant difference both in allelic and genotypic frequencies for theee
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polymorphismsHowever,otherstudies support a role of these SNPs in AD susceptibility.
In a GWAS performed in 2006n 3,978AD patientsand 3,297 controlfrom Belgium,
Finland, Italy and Spajnthe SNPrs6656401in the CR1reacheda genomewide
significance (Lambert JC et al.,, 2009)The association between the CRI6656401
polymorphism and AD was algeplicated ina casecontrol study om62 patientsand 350
healthysubjectsrom the $uthern Chinese populatipwith therisk allele A conferring an
OR 0f 1.97 (Chen LH et al., 2012)In our study, no significant association between the
polymorphism and AD is reported; this contrasting resodty be due tothe lack of
statistical powelbecause othe smaller sample sizeHowever,our finding supports the
work by KlimkowiczMrowiec and collaboratoren 253 AD patientsand 240 healthy
controls from Poland,in which ro significant differences in the distribution &R1
rs6656401genotypesvere observe@limkowicz-Mrowiec A, etal., 2013)

Also theCR1 154844609 polymorphisiwas associateto AD in GWAS (1,019 AD cases
and 591 healthy control§ (Corneveaux JJ et al., 2010Furthermore, a2012 study
associated the A allele tpisodic memoryecline,increasing theAD neuropathological
feature(Keenan BT et al., 2012RQIthough it is possible that the SNP has an impact in the
cl ear anc e pathbgenit fmechani¢n®e not clear andurther analyseswill be
fundamental Our result on the role of this polymorphism in AR conflicting. no
association between the CR44844609polymorphism and ADis found. This result is
supported by 2013 study on a largeFlandersBelgian cohort (1276 AD patientsand
1,128 healthy controlgvan Cauwenberghe C et al.,, 2013 he authors reportedo
associatiorbetween theCR1 rs48446090lymorphism andAD susceptibility in addition,
the SNP d@snot seem tanfluence memory impairmertnd it is not associated witbSF

A B4 levels The researchersupposedthat CNVs in the CR1 gene may be the true
functional risk factofor AD development.

Interestingly, in a study by Fonseca aralleaguesantiCR1 antibodieglirected against
different epitopes of the receptaere usedn orderto localize CR1in postmortembrains
andto assess theelative binding affinitieof the CR1 ligands (C1q and Q3f-onseca Ml
et al., 201%. They noticed thathe amount of astrocyt&aining vaied among the samples,
but thedifferenceseems noto be associated witlthe SNPs rs4844609 amg66564010of
CR1 gene. They suggested thas unlikely that astrocyte CR1 expression lev@l€1q or
C3b binding activitywerethe causef the association of CR1 variants with AD identified
by GWAS Their results dirthersuppot the need ofunctional studiesn order b determine

if the variantdictated number of CR1 expressed on red bloelils contributesto the
clearance op e r i p ha if @hler madhanissareinvolved.

Finally, in our study the CR1s2274567polymorphism was analysedNo significant
association with AD was foundOur result is m contrastwith the resultsby Ma and
collaborators which reported an association between the GBA274567polymorphism
and the presencd &D: the ATG haplotype, formed by the SNPs2274567 rs3737002,

122



4. StudyindtAl zhei mer 6s di sease

and rs6691117was associated with an increased risk lige onset AD(Ma XY et al.,
20149).

The influence otheseinvestigated polymorphisnman AD susceptibility and progressias
probably weak and a very large population is needed to reveal the association
Furthermore, multiple functional variants in th€R1 genemay be implicated in AD
susceptibility, contributing together to thisk of developing the diseasdt will be
necessary t@erformmore indepthgenetic analysi®f other functionalvariants to fully
evaluatethe possible associatidmetween CR1 and Abnset or progressiostudies on the
biological mechanisms of CR1 in AD pathogenes$isuld beencourage.

Future studies couldclarify the exact role of complement activation in AD, because, at
present, it is not clear whether dontributesto or is a defenceagainst further
neurodegenerationt will be important to consider other genes for other complement
components and analg the possible interactiommong their variants. A more
comprehensive understandingtbe complement system in ABill hopefully lead to the
development of novel therapeutics tbe prevention and treatment of this disorder
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5. Conclusions and perspectives

Neurodegenerative disorders are heterogeneous disorders, but a common charé&teristic
the presence of an inflammatorgrocess 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 mulctorial neurodegenerative disorders (MS and AD), in which the
alteration é the immune system takes partttee pathogenic process, were studi€deir
etiology and pathogenesis are not completely clear; the factors that contribute to disease
onset and gression are difficult to detect. Furthermdteés not always easy to assess the
contribution of each single factoto the diseas@athogenesjsbecausdts effectmay be
obscured or confounded by other contributing factors.

Based on the importance oturoinflammation in these neurodegenerative disordezs, w
were interested in investigating polymorphic genes that are involved in immunomodulation,
to understand whether they have an impad¥i@and ADrisk and progression.

In the thesisthe attention was mainly focused on MS, a disimmune disease in which the
autoinflammatory 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 diSeaseal other
mechanims 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 Il genes (chromosome @)e attention was focused on the polymorpbenes

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 therstuesisle
chaperone called Hsp7) was related to the risk of developing MS: G allele is
significantly associated to MS with an OR of 1(8biocchi C et al., 2014)

In this work, he rs2227956 polymorphism in the HLA1L gene, that encodes the
constitutively expressed Hsp#8om, is significantly associated to MS: the C allelenfers

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 HSRTOM 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 times3@RB).

Like for many other variants implicated in MS risk, these two polymorphisms contribute to
small portions of the disease risk, becauseptabablydetermined by cumulative effect of

a great number of allelic variants. These positive results should encourageluk®n of
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polymorphisms of MHC class Il geaén GWAS studies for MS genetic susceptibility,
adding information on MS genetic risk.

Howe\er, it is not always cleanow these polymorphismsould be associated the disease
pathogenesiddsp7GHom protein levels do not correlate with the HSPHOM rs2227956
genotype, but a direct significant relationship between H$® protein expression and

MS severity has been reporteguggesting that Hsp##8om probably plays a role in
promoting immune system activation

Considering the importance of HSRZ(rs1061581 polymorphism for MS susceptibility,
the possible role of the HspZ0 protein in the regmse to oxidative stress was also
investigated treatingn vitro PBMCs from MS patients and healthy contralgh H,O..
PBMCs suffer initially for the presence of oxidative stress, but then they are able to
increase again their mitochondrial activittHowever, no significant difference in
mitochondrial activity, Hsp7@ protein expression, and intracellular ROS production
between MS patients and healthy subjects was found. Also, stratifyingdadairof the
mitochondrial activity and the Hsp7D protein expression levels by the HSRZ0
rs1061581 genotype, no significant difference was noticed. The presence of an allelic
variant, involved in the risk of developing MS, does se¢m tanfluence tle response to
oxidative stressprobably because of the colep protective mechanisms that involve
several molecules, including amkidantsenzymes

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 regavd, golymorphisms of the vitamin D
receptor (VDR) gene (chromosome 12q13.11) were analysed: igD#236 (acgl) and
rs4334089 (HpyCH4\)Vitamin D is involved in the correct regulation of the immune
system anddw levels of vitamin D are considered an important risk factor for developing
MS. MS patients and healthy controls do not show significant differeimcedlelic and
genotypic frequencies of the two analysed polymorphisms. Howewetroversial results
about the association of tMDR rs731236 polymorphisiwith MS are present in literature,

with both positive and negative findings. It should be streslsatithe opposite results
obtained in several studieanbe due to the fact that different populations weresidered,;

it is clear that differences in the genetic background betwéaric groupsare presemd
Regarding the VDR rs4334089 polymorphisim,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 wholedl, the cytosolic and the nude 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 subjectsay bedue to the fact thathe two polymorphisms do not
influence RNA expression. They probably do not affect transcript stability or translational
modulation, andius may not vary protein levels.

Our data suggests that VDR rs731236 and VDR rs433408otanfluence MS risk and

VDR protein expressiom whole-cell, cytoplasmic and nuclear fractionsis 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 mairdetermines thrisk. Based on our data, 25(0OH)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. The typical
response tyis lpdeglaion 6fWPR expression, but the transience of this
process should be taken into account. This result higkligktimportancego understand

the VDR regulation in MS patienisit could be important fora more focused
supplementation therapy. Fahis 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 dscause or a consequenof the
neurodegeneration, wansidered 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 analysingolymorphic genes involved in
immunomodulatiorin order tounderstand whether they have an impact on diseasdrrisk.

this regard, wdirstly focus the attention on two polymorphic genes located in the MHC
class Ill: C4A and C4B. They encode two isofgrohthe serum complement component 4,
involved in the classical pathway. C4A and C4B are polymorphic genes, presenting CNVs,
genesize variations, and nucleotide polymorphisms. Our analysis revealed a significant
increase in C4A and C4B copy number in ADigiats 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 compleme@Bb/C4breceptor 1 called CR1 (chromosorhg32.9

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 polymorphis®856401rs4844609 ad
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 ofomplementgenes inAD, highlighting the importance of
neuroinflammati on and supporting the fAneuroinfla
consider thathe influence of these investigated polymorphisms on AD risk may be weak,
and a very large population is needed to reveal possible associations. $tutlies,
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5. Conclusions and perspectives

considering also genes for other complement componeott clarify better theole of

complement activation in AD.

It is not always easy to understand how genetic variants associatatewitinflammation

andneurodegenerative disorders affect disease onset and progression, a fact which reflects

their complexity. Our observationsiay 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.

I'n his book dlLead ,baMaragd i Ma lnvaal di says about polic
investigation is I|like a battleship. At the begi
anything. But it is fundamental that you remember where you shot, because the fact that

you di dmybhing ifan imdortaat 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 withaaiiterion. I't is only a matter of timed. The
be canpared 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.
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mechanisms are involved in multiple sclerosis (MS). Growing evi-

dences highlight the role of HSP70 genes in the susceptibility of some neurological diseases.
In this explorative study we analyzed a polymorphism (i.e. HSP70-hom rs2227956) of the gene HSPA1L, which
encodes for the protein hsp70-hom

chain reaction (PCR), in 191 MS patients and 365 healthy con-

trols. The hsp70—hom protein expression was quantified by western blotting.

am:ﬁdﬂms We reported a strong association between rs2227956 polymorphism and MS risk, which is independent from the
Ms association with HSP70-2 rs1061581, and a significant link between hsp70-hom protein expression and MS
MSSS severity.
SNP © 2016 Elsevier B.V. All rights reserved.
Heat shock protein
hsp70-hom
152227956
1. Introduction expression likely affect both the hsp70 cyto-protective and/or immune-
modulatory effects.
Multiple sclerosis (MS) is a disi diated neurod - Among the several proteins included in hsp70s family, the two

tive disease characterized by demyelinated lesions scattered through-
out the white and the grey matter of the brain and the spinal cord
(Compston and Coles, 2008). The precise aetiology of MS is actually un-
known but evidences suggest that demyelinated lesions are induced by

different i logical mech including c of both
the adaptive and the innate immune system (Mallucci et al., 2015). Ox-
idative stress is also i in MS path isand p by di-
rect and indirect mech of action(L 2014), which also

encompass the heat shock proteins 70 (hsp70s) family(Mansilla et al.,
2012).

Intracellular hsp70s act as chap (i.e. assi ins that
prevent proteins mis-folding and/or aggregation) and ann-apoptonc
proteins (Mayer, 2013). Extracellular hsp70s process and present anti-
gens, promoting the activation of immune system (Li et al., 2002). Poly-
morphisms leading to either quantitative or qualitative change in hsp70

* Corresponding author at: Multiple Sclerosis Centre, Department of Clinical Neurology,
National Neurological Institute ‘C. Mondmo Vn Mondino 2, 27100 Pavia, Italy.
E-mail address: robs it (R
! These author contributed equally to the work.

http://dx.doi.org/10.1016/j jneuroim.2016.07.011
0165-5728/© 2016 Elsevier B.V. All rights reserved.

major stress-inducible members (i.e. the Hsp70-1 and Hsp70-2) are
encoded by HSPA1A and HSPA1B gene respectively, and the constitu-
tively expressed non-inducible protein (i.e. Hsp70-hom) is encoded by
HSPA1L gene (Brocchieri et al., 2008). These three genes are located
on chromosome 6 (6p21.3) (Milner and Campbell, 1990), within the
human leukocyte antigen (HLA) class Il region. Polymorphisms of the
HLA class Il have not yet been included in genome wide association
studies aimed at studying MS genetic susceptibility, which actually
have found >110 known MS risk variants in and out HLA class 1 and II
region (International Multiple Sclerosis Genetics Consortium, Nat
Genet 2013; Moutsianas et al., 2015). The HSPA1L gene located within
the HLA class IIl region may be a good candidate gene for the analysis
of MS genetic susceptibility adding some information on MS genetic
risk. Those results will be validated in bigger studies.

While polymorphisms within HSPA1A exons are silent (Milner and
Campbell, 1992), we recently demonstrated that + 1267 A/G HSPA1B
(rs1061581) polymorphism is associated with an increased MS risk
and MS patients with GG or GA genotype display a significant reduction
of hsp70-2 expression compared to patients with AA genotype
(Boiocchi et al., 2014). Polymorphisms in the HSPA1L gene are mainly
located in the region coding for the substrate-binding domain. Among
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these, HSP70-hom rs2075800 has been associated with rheumatoid ar-
thritis (Jenkins et al., 2000) and uveitis in patients with sarcoidosis
(Spagnolo et al., 2007) and HSP70-hom rs2227956 has been linked to
Loegren's syndrome and sarcoidosis (Bogunia-Kubik et al., 2006).

The aims of this study were to analyze the effect of - 2437 HSP70-
hom (rs2227956) polymorphism on MS risk and MS severity and its
contribution to oxidative stress, in order to better define the real contri-
bution of the gene HSPA1L as a MS onset/severity genetic susceptibility
locus.

2. Material and methods
2.1. Subjects and ethics statement

We consecutively included in this study 195 Caucasian patients with
a diagnosis of MS according to the 2010 revised McDonald Criteria
(Polman et al., 2011), patients were recruited from the MS Centre of
the National Neurological Institute “C. Mondino” (Pavia, Italy). The neu-
rological disability of MS patients was quantified by the Expanded Dis-
ability Status Scale (EDSS) (Kurtzke, 1983) while the clinical impact of
MS was calculated applying the Multiple Sclerosis Severity Score
(MSSS) (Roxburgh et al., 2005) which relates scores on EDSS to disease
durations. From our extended clinical experience, we arbitrary chose a
cut-off value of an MSSS of 3: MS patients with a MSSS < 3 were consid-
ered affected by a mild form of disease; MSSS 2 3 reflected instead pa-
tients with a moderate to severe form of MS. The control population
includes 439 Caucasian subjects. Controls were randomly selected
from healthy individuals, as judged by regular checks, attending the Na-
tional Neurological Institute C. Mondino. MS patients and controls de-
mographical and clinical characteristics were recorded when blood
samples were collected and are listed in Table 1 for the subjects with
no missing information included in the analyses.

The study has been approved by local ethics committees and has
been conducted in accordance with principles expressed in the Declara-
tion of Helsinki.

2.2. Gene polymorphism analysis

Human genomic DNA was obtained from 200 ul of whole
blood [collected by venipuncture in Vacutainer tubes containing
ethylenedinitrilotetraacetic (EDTA, BD)), using the QIAamp DNA
Blood Mini Kit (QIAGEN) following the manufacturer's instructions.
The concentration and purity of DNA was determined by spectro-
photometric analysis. In order to establish alleles and genotypes for
the investigated polymorphism, + 2437 HSP70-hom (rs2227956 C)
and + 1267 HSP70-2 (rs1061581 G) we used a polymerase chain re-
action-restriction fragment length polymorphism (PCR-RFLP). Am-
plification was performed using I-Cycler (BioRad). For the + 12437
T/C HSP70-hom and + 1267 A/G HSP70-2 polymorphisms, and the
following amplification protocol was applied: 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 is carried out at
72 °C for 7 min. The PCR products were visualized by electrophoresis

Table 1

Demographic and clinical characteristic of MS patients and controls. Data are expressed as number of subjects and

in 2% agarose gel (Agarose Standard, Eurobio). Genotypes were de-
termined by digestion with an appropriate restriction enzyme. The
restriction patterns were obtained by gel electrophoresis in 3% aga-
rose gel (Table 1 supplement). To confirm the reliability of our data
obtained by PCR- RFLP we performed further genotyping by
RealTime PCR. Genotyping was performed with TagMan® SNP
Genotyping Assays on LightCycler 480 system (LC480) (Roche
S.p.A., Milano, Italy). Assays were purchased from Applied Biosystem
(€__25630755_10). The overlap of the data was 100%.

2.3. Peripheral blood mononuclear cells (PBMCs) isolation from whole
blood

Five milliliter of blood were diluted 1:1 with Ficoll (Histopaque-
1077, Sigma-Aldrich) and centrifuged at 450 x g for 30 min. PBMCs
above the Ficoll ring were harvested and washed twice with phosphate
buffered saline 1x (PBS). The cellular pellets were stored at — 80 *C
until further analysis.

2.4. Western blotting

PBMCs from MS patients and controls were collected and homoge-
nized 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, and a protease inhibitor cocktail
at the dilution suggested by the manufacturer (Roche Molecular Bio-
chemicals), by using a Teflon/glass homogenizer and sonicating twice
for 10 s. The protein content was measured via Bradford's method
using bovine serum albumin (Sigma Aldrich) as standard. Proteins
were diluted in sodium dodecy! sulfate (SDS) protein gel loading solu-
tion 2 x, boiled for 5 min, separated by 12% SDS-polyacrylamide gel
electrophoresis, and then processed as previously described. The
mouse anti-HSP70-hom antibody (Enzo Lifescience) was diluted at
1:1000, and the mouse anti-ac-tubulin (Sigma-Aldrich) at 1:1000. All
the antibodies were diluted in TBST buffer [10 mM Tris-HCl, 100 mM
NaCl, 0.1% (v/v) Tween 20, pH 7.5] containing 6% (v/v) milk. The nitro-
cellulose membrane signals were detected by chemiluminescence. The
experiments were performed in duplicate for each sample using a-tu-
bulin to normalize the data. The analysis was performed on the densito-
metric values obtained using the V1.62 NIH Image software after image
acquisition.

2.5. Statistical analysis

To assess the association between the + 2437 T/C HSP70-hom poly-
morphism and MS we performed an unconditional logistic regression
analysis adjusted by sex and age; adjusted Odds Ratios (OR) with 95%
confidence intervals (95% CI) were derived and used as measure of ef-
fect. An additive allelic model and a genotypic model were fitted to es-
timate i) the C allele risk; ii) the heterozygous TC versus wild type TT
risk and iii) the homozygous CC versus wild type TT genotype risk.
Moreover, allele frequencies in controls were examined to detect any
significant deviation from the Hardy-Weinberg Equilibrium using a

(%) or mean + . t-Test for age and » test

for gender are calculated to compare cases and controls, p < 0.05 is

significant. § C¢

of age or sex among MS patients and MS patients sub-group is not

significant (p > 0.05).  Comparison of age or sex among controls and controls sub-group is not significant (p > 0.05).

MS patients Controls MS patients sub-group Controls sub-group

(n=191) (n = 365) p-Value (n=47) (n=29) p-Value
Age (years) 441 +£107 35786 <0.001 454 = 11.33§ 393 + 1307 >0.05
Sex (F/M ratio) 181 131 <0.05 1618 0.701 <001
MS duration (years) 126 +83 120 + 758
EDSS 266 + 2.14 297 + 2.19§
MSSS 30+24 330 + 2358

Abbreviation: EDSS = expanded disability status scale; F/M = female to male ratio. MS = multiple sclerosis; MSSS = multiple sclerosis severity score.
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Hsp70-hom — o — m 72KDa
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Fig. 2. Western blot analysis. Imnmunoblotting analysis of the HSP70-hom rs2227956
protein is performed on PBMC from MS patients and controls. a-tubulin serve as the
loading control. Data shown are a representative Western blot of performed

and show that ion of hsp70-hom does not differ between MS

polymorphisms, using only the 365 controls successfully genotyped
for rs2227956, shows that the combination of the two risk alleles (G
and C, respectively) increases MS risk and shows that HSP70-hom
152227956 affects MS risk independently from HSP70-2 rs1061581).
Due to lack of functional studies, we can only speculate on the bio-
logical consequences of the association between HSP70-hom
r$2227956 and MS. The T-to-C HSP70-hom gene polymorphism leads
to a novel amino acid at residue 493 of HSP70-hom (i.e. Met to Thr
amino acid substitution). According to the model structure by Zhu
(Zhu et al., 1996), HSP70-hom residue 493 lies within one of the [>-
sheets and form the floor of the peptide-binding grove. This non-synon-
ymous polymorphism might therefore affect the functional efficiency of
peptide-binding hsp70-hom specificity leading to an accumulation of

patients and controls and between the three genotypes (TC, TT and CC). :
HSP = heat shock protein; MS = multiple sclerosis; PBMC = i

mononuclear cell.

the patients with hsp70-hom below the 25th percentile had a high
value of MSSS (i.e. high MS severity) (Fig. 3B).

4. Discussion

The presence of a predisposing effect on disease development and a
detrimental effect on disease evolution is uncommonly found in MS ge-
netic association studies. Comi et al. 2012 studied the Impact of Osteo-
pontin Gene Variations on MS. Their work confirms that osteopontin
and the OPN gene may be involved in MS development and, especially,
progression. Similarly, in our study we are interested to study the im-
pact of hsp70 on MS. In particular, we document an association between
avariation in HSP70-hom gene (i.e. rs2227956 C) and MS risk. Addition-
ally, we report that hsp70-hom expression is connected with MS
impact.

The HSP70-hom (rs2227956) polymorphism increases about seven
times the risk of MS in CC carriers compared to the wild-type TT carriers.
Interestingly, the multilocus analysis including the HSP70-2
(rs1061581,(Boiocchi et al, 2014) and HSP70-hom (rs2227956)

p into neurons and glia. This will induce a primary
blood cytod ion which will release antigens and, in predisposed indi-
viduals, i and i y MS (Stys et

al, 2012).

However, the alteration in hsp70-hom chaperoning ability is only
one of the possible mechanism through which HSP70-hom polymor-
phism might lead to an increased MS risk. Hsp70s not only prevent pro-
tein misfolding but also induces antiapoptotic mechanisms in both
neurons and glia, suggesting that mechanisms that affect hsp70s hinder
both reparative and regenerative processes. Hsp70s exhibit immuno-
modulatory functions and trigger both innate and adaptive response.
Macrophages and dendritic cells are stimulated via the toll-like
receptors to release pro-inflammatory cytokines [such as interleukin
(IL)-1p, IL-6, and tumour necrosis factor (TNF)-at)], chemokines (such
as RANTES) and nitric oxide (Arango Duque and Descoteaux, 2014). T
cell response is induced by the hsp70 adjuvant ability to bind immuno-
genic peptides. These peptides are internalized into cells and further
presented via MHC-I and MHC-II molecules (Li et al., 2002). The aber-
rant hsp70 ion and/or a p ion of hsp70 functions likely
affects MS pathogenesis by exacerbating the immune response or
eliciting the presentation of autoantigens.

Our results are in contrast with previous studies that do not detect
any significant association between HSP70-hom rs2227956 and MS
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Fig. 3. Hsp70-hom protein expressions. A) MS patients (black dots) and controls (white dots) are grouped by HSP70-hom genotype; 25th percentile, median and 75th percentile are
reported on the dot plot (black bars). No statistically significantly difference between MS patients and controls or within HSP70-hom genotypes are observed, p > 0.05. B) MS patients
(black dots) are grouped by MS severity (i.e. MSSS), 25th percentile, median, 75th percentile are reported on the dot plot (black bars). Hsp70-hom protein expression is significantly
reduced in MS patients with low MS severity (i.e. MSSS < 3) compared to the other MS patients (i.e. MSSS 2 3), *p < 0.05. Abbreviation: HSP = heat shock protein; MS = multiple

sclerosis, MSSS = multiple sclerosis severity scale.
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risk. Ramachandran and Bell studied this polymorphism in 59 Canadian
MS patients ethnically matched to healthy controls (Ramachandran and
Bell, 1995); and Niino and colleagues studied this polymorphisms in
107 Japanese MS patients ethnically matched to healthy controls
(Niino et al., 2001). The small size of Canadian sample and the ethnical
diversity of the Japanese sample, might explain the discrepancy with
our sample.

Further we have explored PBMC-derived hsp70-hom expression in a
sample of the MS and control groups, and the relationship between
HSP70-hom genotypes and hsp70-hom expression. Though, the
hsp70-hom expression does not correlate with HSP70-hom rs2227956
variation in both MS patients and controls, we have found a direct sig-
nificant relationship t hsp70-hom and the degree
of MS severity, measured by the MSSS. While MS patients with a mild
impact disease (i.e. MSSS < 3) display low levels of hsp70-hom, the
other MS patients (i.e. MSSS 2 3) have higher hsp70-hom expression.
Weather the severity of the disease is the cause or the effect of hsp70-
hom expression has still yet to be elucidated. The data on hsp70-1 and
hsp70-2 (hsp70-1,-2) expression show that PBMCs produce same base-
line levels of stress-inducible hsp70-1,-2 in MS patients and controls;
and that hsp70-1, -2 are overproduced in MS patients in comparison
to controls when under stress conditions (Cwiklinska et al., 2010). Addi-
tionally, hsp70-hom is relatively more expressed, compared to hsp70-1,
-2, in response to interferon-vy (Fourie et al., 2001) studies on mRNA
show enhanced levels of the mRNA for hsp70-hom and hsp70-1, -2 in
response to lipopolysaccharide (LPS) (Fourie et al., 2001). Despite fur-
ther experiments are needed to und d the exact mechani:
and pathways involved in hsp70-hom regulation and expression, our
results are encouraging and also supported by data from the experi-
mental model of MS that show a mild form of the disease in hsp70-de-
ficient C57BL/6 (Mycko et al., 2008).

These results indicates that hsp70-hom plays a more relevant role in
promoting a pro-inflammatory immune system activation and an effec-
tive T cell response against the myelin antigens compared with its role
in protecting CNS cells from infl. yinjury; h the underly-
ing mechanisms involved in this unfavorable outcome are not clear yet
and additional studies are necessary to disclose them.

In conclusion, this work outlines the increased risk of MS in HSP70-
hom rs2227956 C carriers and the enhanced expression of hsp70-hom
in MS patients with a not mild form of the disease. These results docu-
ment the harmful effect of the HSP70-hom gene polymorphism and
its related protein. Further studies are required to clarify the exact
roles of hsp70-hom and its possible applications as biomarker and/or
as target therapy in MS.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jneuroim.2016.07.011.
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in the pathogenesis of Alzheimer's discase (AD), which is a complex neurodegenerative disorder. Com-
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plement activation occurs in the brain of patients with AD and seems to contribute to an important local
inflammatory state. Increased expression of the fourth serum complement component 4 (C4) has been
observed in AD patients in many studies. This protein has two isoforms, encoded by two genes: C4A
and C4B localized to the HLA class I11 region. These genes exhibit copy number variations (CNVs) and
this different gene copy number can influence C4 protein levels. We focalized our attention on these two
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genes, d the distribution of CNVs in AD patients, compared with healthy controls, in order to
analyse their possible involvement in AD pathogenesis.

Methods: We investigated 191 AD patients and 300 healthy controls. The C4A and C4B copy numbers
were assessed by quantitative PCR (qPCR).

Results: The results obtained showed a statistically significant increase in the number of copies for both
C4A and C4B in AD patients, compared with healthy controls (p<0,001).

Conclusion: The presence of high C4A and C4B copy numbers in AD patients could explain the in-
creased C4 protein expression observed in AD patients, thus highlighting a possible role for C4A and
C4B CNVs in the risk of developing AD.
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INTRODUCTION

Alzheimer’s Discase (AD) is a complex multifactorial
and probably multigenic neurodegenerative disorder, that is
clinically associated with the progressive loss of conscious-
ness and memory [1]. This disease represents the most com-
mon cause of dementia in elderly adults and can be classified
as sporadic or familial. The majority (95%) of AD cases be-
long to the sporadic type, which is strictly correlated with
age [2]. Various factors seem to be involved in AD devel-
opment, such as oxidative stress, neuroinflammation and
gender. AD pathogenesis is complex and characterized by
three different types of injury: injury due to extracellular
deposition of beta amyloid peptide and tau protein; injuries
due to loss of neurons in specific areas of the brain and, in-
Jjury due to reactive p such as infl i
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The path ic “infl ion hypothesis™ which has re-
cently emerged, is based on evidence of altered immune
processes in AD patients that cannot be ignored [3]. Accord-
ing to this hypothesis, during the early stages of the inflam-
matory process, beta amyloid peptides lead to the activation
of microglia within the central nervous system. This triggers
increased expression of inflammatory cytokines in the brain,
and results in the release of potentially neurotoxic sub-
stances, including reactive oxygen species (ROS), reactive
nitrogen species (RNS) and various proteolytic enzymes
which can in turn bring about degenerative changes in neu-
rons. Activated microglia, elements of the complement cas-
cade and pro-inflammatory cytokines are markers for the
presence of inflammatory processes in senile plaques, a
characteristic post-mortem feature of the disease. Recently,
Xu and colleagues, in 2012, confirmed that several inflam-
matory mechanisms are involved in the pathogenesis of cog-
nitive dysfunction in AD [4]. The inflammation hypothesis is
also supported by epidemiological observations, which have
provided evidence that anti-inflammatory approaches may be
protective against AD progression [5].
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