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Genetic variations in autoimmune demyelinating diseases of the nervous system

SUMMARY

Multiple sclerosis (MS) and chronic inflammatory demyelinating polyneuropathy (CIDP) are two
inflammatory demyelinating nervous system disorders that share some similarities, including an
autoimmune pathogenesis.

During the PhD program | investigated whether variations in genes that were previously associated to
autoimmunity may contribute to MS and CIDP pathogenesis, focusing especially on three genes, UNC13D
gene (that encodes for Munc13-4) and PRF1 (perforin) gene, that are important for immune regulation and
surveillance, and SPP1 gene, that encodes for the inflammatory citokine ostepontin (OPN). Munc13-4 and
perforin proteins play a role in the cell-mediated citotoxicity. Munc13-4, in particular, is involved in the
granule exocytosis pathway, regulating the maturation of the secretory vesicles and in their priming before
granule fusion with the plasma membrane, whereas perforin is stored in the lytic granules and forms pores
in the target cell membrane, triggering the granzymes-mediated apoptosis. Mutations in PRF1 and UNC13D
genes have been associated to familial haemophagocytic lymphohistiocytosis type 2 (FHL2) and type 3
(FHL3) respectively, an autosomal recessive disease due to defective function of cytotoxic cells.

OPN is involved in immune regulation by enhancing Thl and Th17 responses. Increased OPN serum levels
have been associated to several autoimmune diseases including MS and several studies have been
demonstrated that OPN plays an important role in inducing disease relapses. Moreover, it has been
previously reported that OPN gene variations at the 3’ end of the gene are a predisposing factor for MS

development and evolution.

This thesis reports the following findings:

1. Role of UNC13D gene in MS development

The entire UNC13D coding region has been sequenced in 38 MS patients, 21 autoimmune
lymphoproliferative syndrome (ALPS) patients and 20 Dianzani lymphoproliferative disease (DALD)
patients compared to 61 healthy controls. It has been identified four rare missense variations in 3
heterozygous ALPS patients carrying p.Cys112Ser, p.Val781lle and a haplotype comprising both
p.lle848Leu and p.Ala995Pro and it has been demonstrated that these loss of function variations are
risk factors for ALPS development. Concerning MS, two frequent variations has been found,
p.Ala59Thr and p.Arg928Cys, previously described in FHL patients. Their allelic frequencies are
similar in patients and controls (p.Ala59Thr: MS 4%, ALPS 2,4%, DALD 2,5%, controls 4,1%;
p.Arg928Cys: MS 2,6%, ALPS 2,4%, DALD 5%, controls 6,5%), suggesting that these variations are

not involved in the development of MS.
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2. Role of osteopontin in MS development and progression

By sequencing analysis, the +1239A>C SNP, located on 3’ end of SPP1 gene, has been studied in 728
MS patients and 1218 healthy controls (a much larger cohort than the previous report), and the -
156G>GG SNP, located in the 5’ end of the gene, has been typed in the same patients and 912
controls. It has been found that only +1239A>C SNP show a statistically significant association with
MS development, as the frequency of +1239A homozygotes are decreased in MS patients than
controls (46% vs 52%, p=0,011) and they display 1,27 lower risk of MS than +1239C carriers.
Nevertheless, the analysis of -156G>GG SNP frequency have not revealed any significant difference
between patients and controls. Intriguingly, both +1239A and -156GG SNPs influence MS
progression, since patients homozygous for both alleles display slower progression of disability and
slower switch from RR to SP courses than patients carrying +1239C and/or -156G and those
homozygous for +1239A only. Moreover, patients homozygous for +1239A allele also display a
significantly lower relapse rate than patients carrying +1239C, confirming the established role of

OPN in MS relapses.

3. Role of perforin in CIDP

By sequencing PRF1 gene in 94 CIDP patients and 158 age-matched controls it has been identified in
both groups A91V variation, previously associated to FHL2, DALD and MS, and two missense
variation (R4H and R385W) and a novel nonsense variation (Q423X) in CIDP patients. All together,
carriers of these variation has been more frequent in patients than controls (21,3% vs 5,7%;
p=0,0004; OR=4,47). Although A91V has been the most frequent variations and has been displayed
a trend of association with CIDP (19% vs 6%; p=0,0017; OR=3,92), suggesting that A91V and

possibly other perforin variations are susceptible factors for CIDP development.

4. Role of OPN in CIDP

Preliminary results from ELISA assay performed on 44 CIDP patients and 22 healthy controls have
been demonstrated that plasma OPN levels are significantly increased in patients than controls
(mean value: CIDP patients 233,5 ng/mL vs controls 129,6 ng/mL; p=0,011). By typing the +1239A>C
SNP located on the 3’ end of SPP1 gene in 64 CIDP patients, it has been found that the frequency of
+1239A homozygotes are similar to those previously reported in MS patients (47% vs 46%),

nevertheless further studies are needed to establish the role of OPN in CIDP development.



Introduction: multiple sclerosis

MULTIPLE SCLEROSIS

A brief disease overview

Multiple Sclerosis (SM) is a chronic autoimmune inflammatory disease of central nervous system
(CNS) characterized by demyelination and axonal damage [1]. MS is among the most common
causes of neurological disability in young adults, with more than 2 million people affected
worldwide. Many epidemiological studies have been performed in Italy with an estimated
prevalence of about 100 cases per 100,000. Incidence and prevalence rates varied across regions
and the highest values have been found in Sicily and Sardinia [2]. The disease typically appears
between 20 and 40 years of age, occasionally in childhood and late adulthood, and women are
affected approximately twice as often as man [1].

The disease starts with variable symptoms that include weakness in one or more limbs, sensory
disturbances, visual difficulties such as blurred vision and diplopia, gait instability and ataxia.
Concurrently with disease worsening, most patients experience bladder dysfunction, fatigue and
heat sensitivity. Other clinical features are Lhermitte’s sign, an elettrical sensation that runs down
the spine and into the limbs followed by neck flexion, and Uhthoff’s phenomenon, a worsening of
symptoms when core body is exposed to higher temperature, such as after an exercise or an hot
bath, both particularly characteristic of MS, as well as vertigo, tonic spasms and other paroxysmal
symptoms. Cognitive impairment is also common, especially as the disease progresses, and
includes memory loss, deficits in attention and problem-solving difficulties. Depression and
unstable mood occur in the majority of patients [3].

Four clinical patterns of the disease are described:

relapsing-remitting MS (RRMS),

secondary progressive MS (SPMS),

primary progressive MS (PPMS),

progressive relapsing MS (PRMS).

RRSM is the most common form, manifested of about 85% of patients. It is characterized by acute
symptomatic episodes of worsening (called relapses or exacerbations) that occurs in a period of
time, followed by complete or partial recovery (remissions). Approximately in half of these
patients SP course occurs within 10 years of disease onset and they experience a gradual
progressive neurological decline with or without periods of remissions. PP form is more resistant

to current treatments and affects about 10% of MS patients that display a steady worsening of
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disability from onset. Finally, PRMS is a rare clinical pattern, affecting less than 5% of patients, and
it is characterized by gradual progression of disability from disease onset, with relapses that
appear later [3].

Several diagnostic criteria, continuously under revisions, have been proposed over the last decade
to identify the disease [4]. Clinical evidence may be sufficient for a diagnosis, but possibly can be
supported by other analysis. Magnetic resonance imaging (MRI), for instance, is useful for
detecting the presence and the location of demyelinating areas (plaques) in CNS. More than 95%
of patients display multiple asymmetrically lesions in the white matter, especially in the corpus
callosum and in deep periventricular regions. Besides, by extrusion of the heavy metal gadolinium
across the blood-brain barrier (BBB), new active lesions can be discovered, associated to
breakdown of the BBB itself and perivenous inflammation. Advanced technologies can also be
used to detect spinal cord lesions that are frequently present. Cerebrospinal fluid (CSF) studies,
such as electrophoresis analysis, detect oligoclonal bands IgG-restricted in about 90% of MS
patients that can provide evidence of chronic inflammation [3].

The disease evolves over several decades and death generally occurs 30 years of disease onset. On
the average, life expectancy of MS patients is about 5-10 years lower than that of unaffected
people. Nevertheless, two-thirds of the deaths are directly related to the consequences of the
disease (such as increased risks and complications of infections) [1].

In the management of MS, there is no known cure for the disease and currently therapies aim to
ameliorate its course, improving the quality of everyday life. Methylprednisolone or oral anti-
inflammatory corticosteroids are used for the treatment of acute exacerbations that occur in
RRSM, since they are effective in short-term treatments for reducing relapse duration and
relieving symptoms. On the other hand, long-term therapies include disease-modifying treatments
such as B interferons (IFNs), glatiramer acetate and Natalizumab (a monoclonal antibody against
a-4 integrin) that prevent relapse and slow down disease progression. Nonetheless, all these
treatments fail to show a benefit in progressive forms of the disease. Other immunomodulatory
agents are Mitoxantrone, approved for use in RRMS and SPMS as second-line agent, and
Fingolimod, a sphingosine-1-phosphate receptor (S1PR) antagonist. Both treatments reduce the
relapse rate and delay the progression of disability in patients with relapsing forms of the disease.
Advances in understanding the disease stimulated the development of new therapeutic agents
such as Rituximab, a chimeric monoclonal antibody targeting CD20+ B cells. Clinical trial studies

have been demonstrated that this B-cells depleting strategy is effective in decreasing the number
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of CNS lesions, as detected by MRI, and in reducing the relapse rate, but several agents have also
reported promising results [5].

The etiology of MS is unknown. Several studies suggest that environmental triggers in a genetically
susceptible individuals are involved in the pathogenesis of the disease, leading to an altered
immune response directed against self that results in inflammation, demyelination and
neurodegeneration. A large number of environmental factors have been investigated and include
viral and bacterial infections, nutritional and dietary factors, pollution, solar radiation,
temperature, chemical agents, and so on. Herpes virus simplex 1 or 2, cytomegalovirus, measles,
mumps, rubella and Epstein-Barr virus have been promoted as the causative MS agents.
Nevertheless, viral infection hypotesis account of several aspects related to geographical variation,
CSF titer, viral reactivation and MS exacerbation. Instead, the genetic susceptibility in MS, that has
been recently reviewed [6], has been initially suggested by familial aggregation and concordance
twins studies [3]. However, the first genetic factor related to the disease has been the human
leukocyte antigen (HLA) class Il locus in the major histocompatibility complex (MHC) region, on
chromosome 6p21, and the association with haplotype DRB1*1501-DQA1*0102-DQB1*0602 has
been confirmed during the last decades. Other non-HLA candidate genes have been identified by
using Genome-Wide Association Studies (GWAS), highlighting an important role of immune system
in the pathogenesis of the disease, and include cytokines (such as IL7, IL12A, IL12B) and cytokine
receptors (IL7R, IL2RA, IL22RA), co-stimulatory molecules (CD58, CD6, CD40, CD80, CD86) and
signal transducer molecules (TYK2, STAT3). In agreement, results from micro-RNAs (miRNAs) also
underline the involvement of immune regulation in MS. Gene-expression studies performed on
the CNS of both MS patients and experimental autoimmune encephalomyelitis (EAE) mice (MS
animal model) provide valuable details on molecular pathways implicated in the disease and
studies performed on peripheral blood show a central role for T cell activation and inflammation.
In addition, it has been demonstrated that epigenetic factors, such as promoter methylation,
regulates the expression of several genes, such as PAD2, SHP-1 and IL17A. All those findings shed

light on the etiology of the disease, underling the complexity of MS [6].

Insight into MS immunopathogenesis
The hypothesis that MS is an autoimmune disease arises from several findings:
- the presence of inflammation at the site of lesions;

- the course of the disease could be modified by immunomodulatory agents;
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- the presence of oligoclonal bands in CSF of patients;
- the disease susceptibility is associated to genes involved in the immune response [7].
In addition, the animal model shares some similarities with the human disease. In those mice, EAE
is induced though immunization with myelin sheath proteins or peptides, such as proteolipid
protein (PLP), myelin oligodendrocyte glycoprotein (MOG) or myelin basic protein (MBP), and the
disease is also driven by myelin-specific CD4+ T cells, that can be adoptively transferred to healthy
animals. In these conditions, the mice develop a relapsing-remitting or a chronic progressive
courses, characterized by CNS inflammation and demyelination, resembling MS [8]. Myelin-specific
autoreactive T cells are also found in peripheral blood and CSF of MS patients, nevertheless the
way in which these cells become activated in periphery still need to be elucidated. Molecular
mimicry, whereas T cell activated against non-self epitopes from viral/bacterial agents cross-react
with similar self-myelin epitopes, or myelin antigen constitutively exposure are some postulated
mechanisms. After peripheral activation, autoreactive T cells transmigrate across the BBB in CNS,
in a process involving adhesion molecules, chemokines and matrix metalloproteinases (MMPs)
[7]. An important role is carry out by a4B1l integrin (VLA-4, very late activation antigen 4),
expressed on the surface of activated lymphocytes, that interact with VCAM-1 (vascular cell
adhesion molecule 1), expressed on endothelial cells of blood vessels [9]. The relevance of this
interaction is suggested by the fact that Natalizumab, a humanized monoclonal antibody against
a-4 integrin subunit of VLA-4, used in the treatment of MS, inhibits the migration of autoreactive T
cell into the CNS, reducing the disease activity [5]. MMPs are proteolytic enzymes implicated in
BBB distruption through the degradation of the extracellular matrix and the basement
membranes, but they also participate to demyelination, cytokines activation and axonal damage.
Elevated peripheral blood and CSF levels of MMP-9 have been reported in MS patients and
correlate with disease activity [10]. In the CNS, astrocytes, microglia and macrophages act as
antigen presenting cells (APCs) and exhibit myelin antigens through class Il MHC molecules to
CD4+ autoreactive T lymphocytes which are reactivated and are able to differentiate in various
subtypes with different effector functions, such as lymphocyte T helper type 1 (Th1), secreting the
pro-inflammatory cytokine interferon-y (IFN- y). MS is considered a primarily Thl-mediated
disease [7]. Moreover several studies have been demonstrated that Th17, secreting IL-17, have a
role in the pathogenesis of MS. In fact, increased expression of IL-17 have been found in
peripheral blood, CSF and brain tissue of MS patients and the frequency of Th17 cells in CSF is

significantly increased during exacerbations compared to remission phases of the disease [11]. In
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addition, the phenotypic characterization of these cells reveals higher expression of activation
markers and co-stimulatory and adhesion molecules than Th1 subset, highlighting their pathogenic
role in MS [12]. In vitro studies have also demonstrated that Fingolimod, the S1PR modulator used
in current MS therapies, suppress the generation of Th17 cells [5]. Regulatory T cells (Tregs)
CD4+CD25+ may also be involved in MS. Their number in patients and healthy controls is similar,
but patient Tregs have an impaired capacity to suppress the activation of myelin-specific T cells in
the periphery, in particular in RRSM patients [13]. Furthermore several evidences suggest that
CD8+ T cells (cytotoxic T lymphocytes, CTLs) take part in the disease process. In fact, these cells are
present in the inflammatory infiltrate in CNS lesions and the adoptive transfer of activated myelin-
specific CD8+ T cells induce EAE, prompting a role for CD8+ as effector cells in MS pathogenesis.
Besides, axonal damage is correlated with the number of CD8+ T lymphocytes infiltrating MS
lesions which attack directly neurons, probably through the releasing of soluble mediators. The
involvement of the humoral immunity is suggested by the presence of oligoclonal
immunoglobulins in CSF of patients. B cells may directly contribute to demyelination by secreting
antibody that target oligodendrocytes (with or without complement) [7]. In addition, Rituximab
therapy, an anti-CD20 monoclonal antibody which efficiently depletes B cells, reduce MS
inflammatory brain lesions and clinical relapses [5].

Demyelination is considered a primary pathological feature of MS, while axonal loss is an
important pathological finding that correlate with disease progression and permanent
neurological disability in patients. Mechanisms for axonal damage in MS are several and can
include an immunological attack on axons, soluble mediators such as proteases, cytokines, and
free radicals released in the inflammatory environment or in CSF of MS patients, or lack of axonal

neurotrophic factors provided by oligodendrocytes as a result of chronic demyelination [7].
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CHRONIC INFLAMMATORY DEMYELINATING POLYNEUROPATHY

A picture of the disease

Chronic inflammatory demyelinating polyneuropathy (CIDP) is a rare autoimmune disorder of the
peripheral nervous system (PNS). The disease can occur at any age, but it mainly affect young
adults, especially men. Clinical features, age of onset and the course of the disease vary among
patients. Because of the heterogeneity of clinical presentations and the absence of specific
markers for definite diagnosis, CIDP is often misdiagnosed and probably underestimated. In the
epidemiological studies performed to date, the prevalence ranges from 1 to 7,7 per 100,000 [14].
A Northern Italy study reported a prevalence of 3,58 per 100,000 [15].
CIDP is clinically characterized by symmetrical proximal and distal weakness, associated to altered
sensation, absence or diminished tendon reflexes (areflexia or hyporeflexia), elevated protein
levels in CSF and heterogeneous slowing of nerve conduction, due to demyelination. CIDP is
typically a slowly progressive disease that evolves over more than 2 month, distinguishing from
Guillain-Barré syndrome (GBS), which has an acute onset.
Three types of clinical patterns of the disease have been described:

- a monophasic course, characterized by the progression of the disease until fully recovery

with treatment, usually in absence of relapse;
- a relapsing-remitting course, in which period of relapses are followed by complete
remissions;

- achronic progressive course, in which patients display a progressive deterioration.
About 20-35% of patients show a relapsing-remitting form, while about 7-50% of patients present
a monophasic disease.
CIDP selectively involves the peripheral system, both motor and sensory fibres (although in some
cases motor or sensory fibres are affected). Moreover the disease is characterized by a progressive
worsening or fluctuating course. Occasionally, cranial nerves are affected. CIDP can also be
associated with various conditions, including hepatitis C, inflammatory bowel disease, lymphoma,
monoclonal gammopathy of undetermined significance (MGUS), acquired immune deficiency
syndrome (AIDS), organ transplant and connective tissue disorders. Furthermore, several studies
have been reported that CIDP is more frequent in patients with diabetes mellitus than in general

populations, but other investigations are controversial. CIDP is also been reported in patients with
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Charcot-Marie-Toth disease, suggesting that different inflammatory mechanisms might occur in
hereditary neuropathies and contribute to disability.

CIDP may also appear in childhood and it is characterized by a rapid onset, greater disability at the
peak of the disease and a relapsing course in comparison with adult patients, but it responds
better to treatment, with a more favourable long-term outcome [16].

In general, diagnosis is primary based on a neurological examination, that assess the presence of
clinical features, and on electrophysiological studies, that often show a slowing or blocking of
nerve conduction due to demyelination. Further laboratory investigations can be required and
include CSF investigations, that reveal an increased protein levels and a normal or slightly elevated
cell count, and nerve biopsy, usually of the sural nerve, histological evidence of demyelination and
remyelination, often associated to inflammatory infiltrates.

Therapies are addressed to block the immune processes, aiming to arrest inflammation and
demyelination, and to prevent secondary axonal degeneration, that leads to permanent disability
[17]. The most widely used treatments are intravenous immunoglobulins (IVigs) and
corticosteroids, that are effectively, while plasma exchange can be used as rescue therapy. Several
studies have also been performed to evaluate the beneficial use of immunosuppressant agents in
the treatment of CIDP.

Long-term prognosis is dependent on the age of onset, clinical course of the disease and initial
response to treatment. Young patients with a rapid onset or a monophasic course are more likely
to respond to treatment and recover completely, while in elderly patients (more than 60 years)
the frequency of fully recovery after treatment is less that younger ones. Moreover proximal
weakness has been linked to a higher remission rate and better prognosis compared to clinical
patterns with distal weakness. In addition, progressive course and axonal degeneration are the
main negative prognostic factors of CIDP, meaning that patients with monophasic or relapsing-
remitting courses have a better prognosis than other patients [16].

Few studies have been performed on genetics of CIDP, nevertheless a strong association with a
specific gene have not yet been demonstrated. In agreement with that, several works reported
polymorphisms in the HLA region, but they failed to detect a well-defined associations, due to the
small number of patients and because of the heterogeneity of CIDP [18-21]. Another study suggest
a gender-specific association of DR2 alleles in female patients [22] and recently Mrad et al., by
analyzing HLA-DR/DQ allele in a Tunisian population, have been found an association with the

HLA-DRB1*13 allele [23]. Despite these findings, a significant association has been identified in a
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homozygous genotype for a low repeat number of tandem GA in the SH2D2A gene, encoding for a
T-cell-specific adapter protein (TSAD) [24]. Furthermore, two controversial studies have been
reported that a SNP in the transient axonal glycoprotein-1 (TAG-1) gene is associated with 1VIgs
responsiveness in Japanese CIDP patients [25], by contrast no association has been found in

Chinese patients [26].

Understanding of CIDP immunopathogenesis

Several evidences support that CIDP is an autoimmune disease:

- presence of inflammation in the site of lesions;

- response to immunomodulatory treatments;

- presence of autoantibodies against myelin antigens.
In the pathogenesis of the disease both humoral and cell-mediated immune response are directed
against peripheral nerve antigens, leading to demyelination and secondary to axonal loss, the
major feature causing the neurological disability. Although many efforts carried out in this way,
the target antigen of the immune attack has not yet been identified. In animal models,
experimental autoimmune neuritis (EAN) can be induced by immunisation with peripheral nerve
myelin or myelin proteins with Freund’s adjuvant. A similar disease can be induced also in Lewis
rats with purified myelin protein (P2), myelin protein zero (P0O) and peripheral myelin protein 22
(PMP22), candidate autoantigens in CIDP [27]. Immunohistochemical studies from nerve biopsy
specimens of CIDP patients show an increased number of T cell with Y&-receptors, suggestinga T
cell response against a non-protein antigen, such as gangliosides [28].
Several evidences from human patients and animal model studies identify the presence of T
lymphocytes, belonging to both CD4+ and CD8+ subsets, demonstrating that CIDP is a
predominantly T driven disease [17]. Moreover, increased serum levels of tumor necrosis factor-a
(TNF-a) and IL-2 have been found in patients, suggesting T cell activation [16]. Activated T cells
cross the blood-nerve barrier (BNB) to reach PNS, in a process that involves homing, adhesions
and transmigration. An increase in adhesion molecules, MMPs (especially MMP-9 and MMP-2) and
chemokines has been found in CSF, serum and nerves of CIDP patients [16, 27]. In addition, the
tight-junction proteins, claudin-5 and ZO-1 (zona occludens protein 1) are down-regulated in sural
nerve biopsy specimens, demonstrating a damage to BNB [29]. Following transmigration, T cells
are reactivated inside the endoneurium, as suggested by Schwann cell expression of CD58, the

adhesion and T cell stimulatory molecule, found in nerve samples from CIDP patients [30].
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Furthermore, Comi et al. have demonstrated that T cell apoptosis is impaired in CIDP patients,
which T cells display lower Fas function, a death receptor expressed on activated lymphocytes that
is involved in switching-off the immune response, compared to both healthy controls and GBS
patients [31]. Besides, T cell suppression is also defective, as CIDP patients show a significant
reduction in both number and suppressive function of Tregs compared to healthy controls [32].
Several co-stimulatory molecules implicated in T cell activation, such as B7-1 (CD80) [33] and BB-1
[34], has been found up-regulated in biopsy sample from patients, suggesting a potential role in
the disease. In addition, non-obese diabetic (NOD) mice, deficient in B7-2 (CD86) co-stimulation,
develop a spontaneous autoimmune peripheral polyneuropathy, which has many similarities with
the human disease [35]. The inducible co-stimulatory molecule (ICOS), expressed by T cells, and its
ligand (ICOS-L), localized on macrophages, have been identified in nerves from CIDP and GBS
patients [36]. Macrophages have a double role in the pathogenesis of CIDP: from one side they act
as antigen presenting cells that sustain the immune response, on the other hand they actively
cause demyelination, probably enhancing their phagocytic and cytotoxic activity, with the
production of pro-inflammatory cytokines and the release of toxic mediators such as oxygen
radicals, nitric oxide metabolites, arachidonic acid metabolites, proteases and complement
components [17]. In fact, macrophages, that invade the endoneurium, express pro-inflammatory
cytokines and cyclo-oxygenase 2 [37].

Despite the role of autoantibodies in the pathogenesis of CIDP has been suggested since more
than 20 years ago, antibodies against component of peripheral nerve myelin or neuronal antigen
have been inconsistently found in patients [27]. Experimental animal studies has been
demonstrated that the intraneural injection of serum or purified IgG from patients induce
conduction block and demyelination in rat nerves. In these studies, PO has been identified as one
of the putative antigen and autoantibodies against these proteins are also detected in some CIDP
patients [38]. In agreement with this, in another murine model the adoptive transfer of PO-
reactive T cells are able to induce the neuropathy [39]. Moreover, in another study P2 seem to be
the most likely candidate [40]. The effectiveness of plasma exchange in the treatment of CIDP
support the role of humoral factors, but improvement may additionally bring on the elimination of

inflammatory mediators that contribute to demyelination and subsequently axonal loss [16].
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SECTION 1
Role of UNC13D gene in MS development

1.1 Background: UNC13D gene and role in human diseases

The human UNC13D gene (uncl3 homolog D, referred to C. Elegans gene) is located on
chromosome 1725 and consists of 32 exons encoding for Munc13-4, a protein of 1090 amino
acids. Muncl13-4 is a member of Munc13 family of proteins involved in vesicle priming function
that include four homologous isoforms. Munc13-2 is ubiquitously expressed, while Munc13-1 and
Munc13-3 are mainly present in the brain. Muncl13-4 is the isoform lastly discovered and is highly
expressed in hematopoietic cells, such as CTLs, natural killer (NK) cells and platelets. Munc13-4
exhibit the typical Muncl3 domain structure with two Muncl3 homology domain (MHDs),
involved in the protein localisation, two C2 domains, known to bind calcium and phospholipids,
but lack the N-terminal phorbol ester-binding C1 domain, present in other Muncl13 proteins [41-
42]. It participates in the cytotoxic granule exocytosis, important in the perforin-dependent
pathway for the cytotoxic function of CTLs and NK cells, that play a crucial role in both immune
surveillance and immune regulation (together with death receptor-dependent pathway). This
process involves the formation of granules, their fusion with the plasma membrane and the
release of their contents (perforin and granzymes) through the immunological synapse on target
cells that undertake the apoptotic cell death. In particular, Munc13-4 is involved in the cytolytic
granule maturation, mediating the association of recycling endosomes (through Rab11) with late
endosomes (through Rab7) that form exocytic vesicles, carrying effector proteins of the exocytic
machinery, such as Munc13-4, Rab27a and SLP2 (synaptotagmin-like protein). Following target cell
recognition, these vesicles coalesce with perforin-containing granules and are tethered to the
plasma membrane. Moreover Munc13-4 also mediates a priming step that is required to enable
fusion of the cytotoxic granules with the plasma membrane: Muncl13-4 probably triggers the
conformational change of the docking complex Syntaxin1l/Munc18-2 in the active form,
regulating the interaction between SNARE proteins (N-ethilmaleimide-sensitive factor attachment
protein receptors) expressed on the vesicle membrane (v-SNARE) and on target membrane (t-
SNARE) important for the fusion step [43].

Mutations of UNC13D gene are responsible for approximately 40% of cases of familial

haemophagocytic lymphohistiocytosis type 3 (FHL3) [42], an autosomal recessive disease affecting
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infants and young children. Mutations in other genes involved in the exocytosis of cytotoxic
granules pathway are also identified in patients affected by FHL and include loss-of-function
mutations in the perforin (PRF1) gene (FHL2), syntaxin-11 (STX11) gene (FHL4) and Munc18-2
(STXBP2) gene (FHL5). The clinical features of the disease include fever, splenomegaly,
hepatomegaly, anemia, thrombocytopenia and neutropenia. NK and CTL cytotoxicity are severely
impaired. Moreover, the disease is also characterized by an uncontrolled immune response that
results in infiltration and destruction of tissues by activating macrophages (CD68+) and CD8+ T
cells, followed by the release of pro-inflammatory cytokines. Activated macrophages and T cells
are often present in the bone marrow, spleen, lymph node, liver and CNS, however other organs
may also be infiltrated [44]. Patients carried UNC13D mutations show a correct docking of
cytotoxic granules at the site of secretion, but these vesicles cannot fuse with the plasma
membrane and are not able to secrete their content, leading to a defective cytotoxic activity [42,

44].

1.2 Rationale for the study and specific aims

Several findings suggest that death receptor- and perforin- dependent pathways are fundamental
for immune surveillance and regulation and that absent or decreased function of proteins involved
in these pathways predisposes to autoimmunity.

FHL is a lymphoproliferative disorder in which a role of both PRF1 and UNC13D gene mutations
has been demonstrated. Mutations in PRF1 gene, encoding for perforin, a molecule stored in the
cytotoxic granules, lead to FHL2, while mutations in UNC13D gene, encoding for Munc13-4, a
protein responsible for the priming of the cytotoxic vesicles before their fusion with the plasma
membrane, are found in patients with FHL3 [44].

Autoimmune lymphoproliferative syndrome (ALPS) is an inherited autoimmune disease caused by
mutations of several genes involved in the Fas death receptor-dependent pathway [45]. The
disease is characterized by defective Fas function, accumulation of non malignant lymphocytes in
the lymphoid organ with lymphadenopathy/splenomegaly, autoimmune manifestation and
expansion of CD4/CD8 double negative (DN) T cells [46]. In most ALPS patients (ALPS-FAS) are
found mutations in the Fas gene (FAS), but a small number of patients (ALPS-FASL and ALPS-
CASP10) carried mutations of Fas ligand (FASL) or caspase-10 (CASP10), downstream effectors in
the Fas/FasL pathway. Moreover, in a substantial proportion of patients (ALPS-U) the mutated
gene is unknown, but it may be another downstream component of the pathway. It is also been

described an incomplete form of ALPS showing defective Fas function, autoimmunity and
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lymphoproliferation, but lacking of DN T cell expansion that has been named Dianzani
lymphoproliferative disease (DALD) [47].

Variations in PRF1 gene are associated to ALPS/DALD in subject with defective Fas function [48]. In
addition, concerning UNC13D gene, we have identified four rare missense variations in 3
heterozygous ALPS patients carrying p.Cys112Ser, p.Val781lle and a haplotype comprising both
p.lle848Leu and p.Ala995Pro and we have demonstrated that these loss of function variations are
risk factors for ALPS development [Article 1].

Defective Fas function are also been found in MS: Fas-induced cell death is significantly lower in
patients than controls and the Fas defect is more frequent in patients with progressive forms of
the disease, suggesting that it may favour the progression of MS [49]. Furthermore, perforin gene
variations have been associated to MS: two FHL2-associated variations (A91V and N252S) and
other six novel mutations (C999T, G1065A, G1428A, A1620G, G719A, C1069T) were found in MS
patients. Such variations collectively confer susceptibility for the disease [50]. These results
highlight that MS (similarly to ALPS) shows defective Fas function and variations of perforin gene
that are involved in the down-modulation of immune response thus predisposing to
autoimmunity.

On the basis of these findings, the aim of this study was to assess the role of UNC13D, another

gene involved in perforin-dependent pathway, in the development of MS.

1.3 Results and conclusions

As reported in the following article, the entire UNC13D coding region has been sequenced in 38
MS patients and has been compared to 61 healthy controls, 21 ALPS and 20 DALD patients. Two
frequent variations has been found in MS patients: p.Ala59Thr (c.175G>A; rs9904366) and
p.Arg928Cys (c.2782C>T; rs35037984), previously described in FHL patients. The first variation
p.Ala59Thr is carried by 3 MS patients and 5 healthy controls, but it is also identified in 1 ALPS and
1 DALD patient. The second variations p.Arg928Cys is carried by 2 MS patients, 8 healthy controls,
1 ALPS and 2 DALD patients. These variations have been detected in all patients and controls with
similar allelic frequencies (p.Ala59Thr: MS 4%, ALPS 2,4%, DALD 2,5%, healthy controls 4,1%;
p.Arg928Cys: MS 2,6%, ALPS 2,4%, DALD 5%, healthy controls 6,5%,) demonstrating that they are

not a risk factor for MS development.
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Abstract

Autoimmune lymphoproliferative syndrome (ALPS) is caused by genetic defects decreasing Fas function and is
characterized by lymphadenopathy/splenomegaly and expansion of CD4/CD8 double-negative T cells. This latter
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multiple sclerosis (MS) patients. We detected four rare missense variations in three heterozygous ALPS patients
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the mutant cDNAs into HMC-1 cells showed that they decreased granule exocytosis, compared to the wild-type
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Introduction hepatosplenomegaly, and cytopenia due to defective function
of CTL and NK cells. FHL has been ascribed to defective

The Iytic granules of cytotoxic T cells (CTL) and natural killer clearance of virus-infected cells leading to cytokine and effector
(NK) cells contain perforin and granzymes, which are released cell overproduction with massive tissue damage [3].
on the target cell surface and induce its death[1]. . The Approximately 40% of FHL cases (FHL2) are due to mutations
exacytosis mechanism of the Iytic granules is not fully  of the perforin gene (PRF7), with another 40% (FHL3) due to
understood, but it involves machinery composed of several mutations of the Munc13-4 gene (UNC13D). Moreover, a small
protemns including Munc13-4, Munc18-2, and syntaxin11 [2]. number of patients with FHL have been found to harbor
Deficiencies of perforin function are responsible for familial mutations of STX71, encoding Syntaxin-11 (FHL4), or

hemophagocytic lymphohistiocytosis (FHL), an autosomal STXBP2, encoding Munc18-2 (FHLS) [4].
recessive disease characterized by bouts of prolonged fever,
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Autoimmune  lymphoproliferative  syndrome  (ALPS) is
another genetic lymphoproliferative  disease and is
characterized by lymphadenomegaly and/or splenomegaly, due
to polyclonal accumulation of lymphocytes, and peripheral
expansion of CD4/CD8 double-negative (DN) T cells [5-10]. In
addition, patients often display autoimmune manifestations that
predominantly involve blood cells and are predisposed to
lymphomas in adulthood [11]. ALPS is due to defective function
of the Fas/Apo-1 (CD95) death receptor, inducing apoptosis of
the Fas-expressing cell upon binding with Fas ligand (FasL)
[12,13]. Activated lymphocytes express Fas and the Fas/FasL
interaction is involved in shutting off immune responses,
lymphocyte lifespan regulation, and maintenance of peripheral
tolerance [14,15]. Moreover, the Fas pathway is an additional
weapon, reinforcing the perforin system in the cytotoxicity
mediated by CTL and NK cells because these cells express
FasL and induce apoptosis of target cells expressing Fas. In
most patients (ALPS-FAS), ALPS is due to mutations of the
Fas gene (FAS), but a small number of patients (ALPS-FASL
and ALPS-CASP10) carry mutations in the genes encoding
FasL (FASL) or caspase-10 (CASP10), a downstream effector
in the Fas/FasL pathway. As a substantial proportion of ALPS
patients (ALPS-U) lack mutations in FAS, FASL, and CASP10,
it seems likely that mutations in unknown genes encoding other
downstream components of the Fas cell death pathway may
give rise to the additional ALPS cases [9,10]. We have also
described an incomplete form of ALPS showing defective Fas
function, autoimmunity, and lymphoproliferation, but lacking the
expansion of DN T cells. This variant form has been named
Dianzani Autoimmune Lymphoproliferative Disease (DALD) by
Victor McKusick (OMIM # 605233) [10,16-18]. Patients with
DALD did not display mutations in FAS, FASL, or CASP10, but
most of the parents displayed a defect in the Fas pathway.
These data suggest that mutations in genes encoding
downstream effectors of the Fas pathway may also give rise to
DALD.

In addition to the Fas defect, the clinical presentation of
ALPS also appears to be influenced by modifier genes. In
mice, a disease displaying features of ALPS has been reported
for MRL lprfipr and gld/gld mice, carrying mutations of FAS and
FASL, respectively. Disease presentation in these mice is
dramatically affected by strain background, with strains other
than MRL showing much milder phenotypes when homozygous
for either lpr or gld mutations [12,19]. Similar background
effects likely explain the incomplete penetrance of ALPS
mutations in  humans [20]. Most ALPS patients are
heterozygous for the FAS mutation, but parents carrying the
same mutation are generally healthy. The same observation is
true in DALD, where parents typically display defective Fas
function, but are otherwise healthy [17,18]. This observation
indicates that mutations in genes of the Fas pathway may be
necessary but not sufficient for ALPS development and
variations in one or more additional genes may influence
disease presentation [9].

In previous works, we correlated certain variants of the
perforin gene (PRF1) with ALPS/DALD development and
suggested that mild heterozygous variations of PRF1 incapable
of inducing FHL may act as susceptibility genes for ALPS/
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DALD development in subjects displaying defective Fas
function [21,22]. The aim of this work was to extend this
observation to the UNC13D gene, looking for variations in
ALPS and DALD patients and assessing its potential role as a
disease-modifier gene. We found that loss-of-function
variations of UNC13D are relatively frequent in patients with
ALPS, suggesting that it may influence the presentation of this
lymphoproliferative disorder.

Materials and Methods

Patients

We analyzed 41 unrelated ltalian patients, 21 with ALPS and
20 with DALD. All patients were diagnosed at the Pediatric
Department of the University of Turin using criteria established
at the 2009 ALPS NIH International Workshop [10]. FAS (NCBI
ID: 355) and CASP10 (ID: 843) were sequenced in all patients
as reported previously [16,17]. Among the ALPS patients, 7
carried heterozygous mutations of FAS (ALPS-FAS), 14 did not
carry any known mutation (ALPS-U). None of the patients
fulfilled the diagnostic criteria for FHL. A total of 61 healthy
individuals were used as controls for UND13D sequencing, and
a second cohort of 100 healthy controls were used to genotype
the rare variations. Moreover, UNC13D was sequenced in 38
patients with Multiple Sclerosis (MS) from the MS Center of the
"Amedeo Avogadro” University of Eastern Piedmont (Novara).
The study was planned according to the guidelines of the local
ethical committee, Azienda Ospedaliera della Canta, of Novara
that approved the study (Protocol 106/CE). For the patients
followed at Paediatric Department of the University of Terino, a
written informed consents was signed by the patients, or by the
parents if they were minors.

Fas function assay

Fas-induced cell death was evaluated on T cells obtained by
activating peripheral blood mononuclear cells (PBMC) with
phytohemagglutinin (Sigma, St Louis, MO, Canada) at days 0
(1 pg/mL) and 12 (0.1 pg/mL) and cultured in RPMI 1640 plus
10% fetal calf serum and recombinant IL-2 (rlL-2, 2 U/mL)
(Sigma). Fas function was assessed 6 days after the second
stimulation (day 21). Cells were incubated with control medium
or anti-Fas monoclonal antibody (mAb) (CH 11, 1 pg/mL)
(Millipore, Billerica, MA) in the presence of rlL-2 (1 U/mL) to
minimize spontaneous cell death. Cell survival was evaluated
after 18 hours by counting live cells by the trypan blue
exclusion test. Assays were performed in duplicate. Cells from
2 healthy donors were included in each experiment as positive
controls. The results were expressed as percent specific cell-
survival, calculated as follows: (total live-cell count in the assay
well/total live-cell count in the control well) X100%. Fas function
was defined as defective when cell survival was less than 82%
(the 95" percentile of data obtained from 200 healthy controls)
[17,18]

UNC13D sequencing

Genomic DNA was isolated from peripheral blood samples
using a BioRobot® EZ1 Workstation (Qiagen, Jesi, ltaly)
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Exons and intron-exon boundaries of UNC13D (ID: 201294),
were amplified and directly sequenced in both directions with
the BigDye® Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems, Foster City, CA, USA). Primers are
available upon request. Sequences were analyzed and
compared with the reported gene structure. The missense
variations identified in patients were also assessed in parents

Allele expression was evaluated in total RNA extracted from
PBMC of heterozygous donors. RNA was reverse transcribed
into cDNA with the ThermoScript™ RT PCR System
(Invitrogen, Burlington, ON, Canada) and the exons containing
the UND13D variations were amplified. PCR products were
subcloned into the pGEM-T vector (Promega Corporation,
Madison, WI, USA) and transformed into TOP10 E. coli
competent cells (Invitrogen). In each selected patient, we
screened 30 independent colonies; plasmid DNA was extracted
with a QIAPrep Spin miniprep Kit (QIAGEN GmbH, Hilden,
Germany) and sequenced.

Functional analysis of the variations

Munc13-4 c¢cDNA (ImaGenes, BioDiscovery, Inc. Suite CA,
USA) was subcloned into the pcDNA 3.1 expression vector
(Invitrogen), and the Sv5 tag was added at the 5" end by PCR.
The mutants were created in the Munc13-4 wild-type construct
by PCR and then transfected into the HMC-1 human mast cell
line, originally established from the peripheral blood of a patient
with mast cell leukemia [23] and kindly provided by C.
Dianzani. Cells were transfected by Amaxa Cell Line
Nucleofactor Kit V (Lonza, Basel, Switzerland), according to
the manufacturer’s instructions. Briefly, 4 pg of each construct
were co-transfected with 1 pg of the pEGFP vector (Invitrogen).
Transfection efficiency was analyzed by cytofluorimetric
evaluation, and determined by calculating the % of GFP
expressing cells. To investigate Munc13-4 expression levels,
cells were lysed and proteins resolved by gel electrophoresis
were analyzed using mAb to Svb and actin (Santa Cruz
Biotechnology, Inc. Santa Cruz, CA, USA). Immunoreactive
proteins were visualized with HRP-conjugated goat anti-mouse
IgG (Sigma).

To investigate primary granule exocytosis, transfected
HMC-1 cells (1x10%ml) were incubated in Tyrod Buffer (Hepes
10 mM pH=7.4, NaCl 173 mM, KCI 2.9 mM, NaHCO; 12 mM
with 1.6 mM CaCl; and 5 mM Glucose) and stimulated with 10°
M formyl-methionyl-leucyl-phenylalanine peptide (fMLP, Sigma)
at 37°C for 10 min. Exocytosis was then assessed on the GFP-
expressing cells by cytofluorimetric analysis of CD63
expression, using the mean fluorescence intensity ratio
between stimulated and unstimulated cells set at 100% [24].

The functional effects of the FAS mutations were assessed
by transfecting the mutated cDNA, subcloned into pcDNA3.1
(Invitrogen) in 293T cells. Wild-type cDNA of FAS bearing the
FLAG tag at the 5-end was a kind gift of Giovina Ruberti
(National Research Council, CNR, Rome). The p.GIn273His
and p.Glu261Lys mutants were created in the FAS construct by
PCR. Cells were transfected and lysed as for Munc13-4 and
immunoblotted with anti-FLAG mAb (Sigma).
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Analysis of caspase-8 activity

Caspase-8 activity was evaluated, as previously reported
[25], in 100 pg of cell lysates obtained from Fas-transfected
293T cells (5 x 10%), 24 hours after transfection, using a
fluorimetric assay according to the manufacturer's instructions
(MBL, Watertown, MA). The results were expressed as relative
caspase-8 activity (in %), which was calculated as (activity of
Fas transfected cells/activity of mock transfected cells) X100%.

Functional analyses of patient NK cells

PBMC were cultured overnight at 37°C in 5% CQO, in media
with or without rlL-2 (600 Ul/ml) (Proleukin, Chiron Corp.,
Emeryville, USA) to test degranulation of resting and activated
NK cells, respectively. PBMC derived from patients’ relatives
and/or unrelated healthy donors were tested in parallel
Surface expression of CD107a was assessed on CD3 CD56°
cells upon co-incubation of PBMC with K562 cells in the
presence of Phycoerythrin-conjugated anti-CD107a mAb for 2
hours at 37°C, as previously described [2627]. Thereafter,
cells were stained with APC-conjugated anti-CD56 and PerCP-
conjugated anti-CD3 mAb, and analyzed by flow cytometry
(FACSCalibur, Becton Dickinson Biosciences, CA, USA). The
results were considered by assessing the change in % CD107a
(i.,e., % CD107a* cells in stimulated samples — % CD107a*
cells In unstimulated samples). All reagents were from BD
Biosciences. NK cells were also purified using the RosetteSep
method (StemCell Technologies, Yancouver, British Columbia,
Canada), following manufacturer's instructions, and cultured in
appropriate conditions to obtain high numbers of polyclonal
activated NK cells [26]. To analyze the cytolytic activity in 4
hour *'Cr-release assays, PBMC were tested against K562
cells, while activated NK cells were tested against the HLA-
class I|-negative B-EBV cell line 721221, as previously
described; Iytic units were calculated at 30% lysis [26,27].

Statistical analysis

Statistical analysis was performed using the ANOVA
followed by Dunnett's multiple comparison ftest; *p<0.05,
**p=0.01. The results are shown as the mean and standard
error (SE). Genotype distributions were analyzed with the
Fishers exact test. All P-alues are 2-tailed, and the
significance cut-off was p<0.05.

Results

Genetic analyses

The coding sequences (exons and intron boundaries) of
UNC13D were sequenced in 21 patients with ALPS (ALPS-
FAS: N=7; ALPS-U:N = 14) and 20 with DALD. We identified 6
heterozygous missense variations in UNC13D in 8 patients (2
ALPS-FAS, 3 ALPS-U, 3 DALD). The variations and their
inheritance are described in Table 1 and Figure 1.

Two variations had been previously described in patients
with FHL; two patients carried p.Ala59Thr (c.175G=A;
rs9904366) and three p Arg928Cys (c.2782C=T, rs35037984)
Four other variations were identified, i.e., p.Cys112Ser (c.
335G=>C; rs141540493), p.Val781lle (c.2342G=A;
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Figure 1. UNC13D and FAS variations carried by ALPS/DALD patients. Graphical representation (not in scale) of the
Munc13-4 [A] and Fas [B] proteins (upper schemes: numbers indicate the amino acid positions) and genes (lower scheme: boxes
represent the exons; arrows indicate the mutations). C2: C2 domain; MHD: Munc13-homology domain. PLAD: preligand assembly
domain; TM: transmembrane domain; DD: death domain.

doi: 10.137 1/journal . pone 0068045001

Table 1. Gene variations detected in patients with ALPS or DALD.

Patients
{gender) Diagnosis Fas function® FAS UNC13D
Pt Pt F M Variation Inht Variation Inht
Pt1 (female) ALPS-FAS D D N p.Gin273His F pAGIZECYs M
(c.819G=C) (c2782C-T) orF%
Pt.2 (male) ALPS-FAS D ND ND p.Glu2éilys F p.Cys1125er M
(c.755G=A) (€.335C=G)
Pt.3 (female) ALPS-U D D D p.Ala59Thr M
(c.175G=A)
Pt.4 (male) ALPS-U D D D plleg48ley M
(c.2542A>C)
p.Alag9sPro M
(£.2983G>C)
PL5 (female) ALPS-U D ND ND p.val7atle ND
(c2342G=A)
Pt.6 (male) DALD D D D p.Ala59Thr F
(c.175G=A)
Pt.7 (female) DALD D D D p.Arg928Cys M
(c2782C-T)
P8 (male) DALD D D ND p.Arg928Cys ND
(c2782C>T)

* D = defectve, N = normal, Pt = patient, F = father, M = mother
T Inheritance, F = father, M = mother, ND = not determined; no parent displayed ALPS, DALD, XLP, or FHL; Pt.1’s mother had rheumatoid arthritis.
T beth parents carried the variation.
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Table 2. Missense variations detected in 21 ALPS, 20
DALD, 38 MS patients, and 61 healthy controls.

Functional effect* ALPS DALD Controls MS
(N=42)* [N=40)" (N=122)* (N=T6)"

Frequent variations®

Arg928Cys Mot performed 1 2 8 2
Alas9Thr Mot performed 1 1 5 3
Total alleles with frequent variations 2 3 13 5
Private variations®

lleB48Lewr Loss-of-function® 1 i} 0 i}
Ala%95PT0* Loss-of-function® 1 i} 0 i}
Cys1123er Loss-of-function 1 i} 0 i}
ValTg1lle Loss-offunction 1 1] 0 V]
Pro2713er Normal Function 0 0 1 1]
Total alleles with loss of function 3 1] 0 V]
p=0.03

* allele numbers
T amino acid subsfitution
1 carmied in the same allele
§ P value vs Controls (Fisher exact test)

rs149871493), p.lleB48Leu (c2542A>C; rs144968313), and
p-Ala895Pro (c.2983G=>C; rs138760432). These variations
have been recently described in the dbSNF database as rare
variants with an allele frequency of <0.01%, and each variant
was found in a single patient. Pt. 4 carried two variations,
p-lle848Leu and p.Ala%995Pro, inherited from the same parent.

To assess the variation frequency in the general populations
and in subjects with a different autoimmune disease, we
sequenced UNC13D in 61 healthy controls and 38 patients with
MS. The results showed that p.Ala59Thr was found in 5 healthy
controls and 3 MS patients, and p.Arg928Cys in 8 healthy
controls and 2 MS patients. Moreover, one healthy control
carried the novel variation p.Pro271Ser (c.811C=>T), absent in
the other groups (Table 2). Because p.Ala59Thr and p.
Arg928Cys were detected in all patients and control groups
with similar allelic frequencies, they were not further
considered. Because p.Cys112Ser, p.Val781lle, p.lleB48Leu,
and p.Ala995Pro were detected in the ALPS group alone, we
further assessed their frequency in the Italian population by
genotyping them in 100 additional healthy controls. None of
these wvariations were identified in the healthy controls,
indicating that their allele frequency is relatively low.

Of the five patients whose inheritance pattern of UNC13D
variations could be determined, four (80%) were maternal and
one (20%) was paternal (Table 1). To evaluate whether this
apparent bias was due to genetic imprinting favoring
expression of the maternal allele, we performed RT-PCR on
mRNA dernived from Pt2, Pt.7, and two other patients who
were heterozygous for the common synonymous polymorphism
c.3198A>G (p.GIn1066GIn). Complementary DNA were then
cloned, and 30 independent clones were sequenced for each
patient. The results showed that both alleles were expressed at
approximately the same levels in each subject, which did not
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support maternal genetic imprinting in these patients (data not
shown).

Functional analyses

Fas-induced cell death assessed in T cells from the ALPS
and DALD patients carrying the UNC13D variations is shown in
Figure 2A. All patients displayed defective Fas function except
for Pt.1, whose Fas function was considered as borderline with
regard fo statistical significance.

The FAS mutations present in Pt1 and Pt2 were
p.GIn273His and p.Glu261Lys missense  mutations,
respectively. To assess their effect on Fas function, the wild-
type (Fas"™) and mutated (Fas®?*= Fas®2'¥) forms of Fas
cDNA were transfected into 293T cells. Twenty-four hours after
transfection, 293T cells were harvested and caspase-8 activity
was assessed in cell lysates. The results showed that
caspase-8 activation was significantly lower in the cells
transfected with Fas®3= and Fas®™¥*'“= than in those
transfected with Fas"T (Figure 2B).

The effects of the UNC13D missense variations on
Munc13-4 protein expression and NK function were evaluated
in the PBMC of all patients. NK function was evaluated by
assessing the cytotoxic activity of resting NK cells against K562
cells and that of activated NK cells against the HLA-class |-
negative B-EBV cell line 721.221. Resting and activated NK
cells were also tested for granule exocytosis, the most
appropriate assay to detect Munc13-4 defects [28]. The results
showed that values were in the normal range for all patients
(data not shown), which was consistent with previous data on
donors carrying heterozygous mutations of UNC13D.

To further assess the functional effect of the UNC13D
variations detected in one subject only, they were inserted into
a cDNA encoding UNC13D fused to the SV5 epitope tag. The
Munc13-4* Munc13-4Cyst123=r Munc13-4vareile
Munc13-4"=548tee  Munc] 3-442885Pre  \nc3-4/e84leuiissisPo gng
Munc13-4Fm2715e constructs were transfected into the HMC-1
mastocytoma cell line. Western blot analysis showed that all
constructs were expressed at similar levels indicating that the
polymorphisms did not have a substantial effect on Munc13-4
expression (data not shown). To assess the effect of these
variations on Munc13-4 function, we evaluated the capacity of
fMLP to induce secretory granule fusion with the plasma
membrane in HMC-1 cells. Fusion was monitored by an
increase in CD63 expression on the cell surface. Figure 3
shows that fMLP increased surface expression of CD63 by
similar amounts in the cells transfected with Munc13-4** or
Munc13-4""415% constructs. In contrast, fMLP increased CD63
expression to a significantly lower extent in cells that have
been transfected with the Munc13-4%s112%e Munc13-4Vvareiie
Munc13-4"=848len - Munc13-441885Fe - gnd Munc13-4/le8ssleuzessio
constructs (*p<0.05).

Discussion

Munc13-4 is a member of the Munc13-like family of proteins.
It is highly expressed in CTL, NK cells, and mast cells and it is
involved in granule exocytosis. Once granules are tethered to
the plasma membrane, a priming step is required to enable
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Figure 2. Defective Fas function in the ALPS and DALD patients carrying the UNC13D variations. [A] Fas-induced cell death
in T cells from the ALPS and DALD patients carrying the UNC13D variations. Activated T cells were treated with anti-Fas mAb and
survival was assessed after 18 hours. The results are expressed as specific cell survival %. The dotted line indicates the upper limit
of the normal range calculated as the 95" percentile of data obtained from 200 healthy controls; two or more were run in each
experiment as positive controls; each patient was evaluated at least twice with the same result. [B] Fas expression and caspase-8
activity in lysates of 293T cells transfected with the wild-type (WT) or mutated form of FAS (Pt.1: p.GIn273His, Pt.2: p.Glu261Lys),
cells were lysed 24 hours after transfection. Upper panels: Western blot analysis of the transfected Fas performed using anti-FLAG
and anti-B-actin antibodies. Lower panels: fluorimetric enzyme assay for caspase-8 activity. Data are relative to those displayed by
mock-transfected cells and are expressed as the mean and SE of the results from 4 experiments performed in duplicate. *p<0.05,

**p<0.01 vs. Fas™ transfected cells.
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fusion of the granule membrane with the plasma membrane. In
this priming step, granules interact with a docking complex
composed of Munc18-2 and Syntaxin-11. Thus, Munci13-4
triggers the switch of syntaxin-11 from a closed to an open
conformation enabling fusion [29].

The present study detected six missense variations of
UNC13D in ALPS-FAS (2/7, 29%), ALPS-U (3/14, 21%), and
DALD (3/20, 15%) patients. Among them, two (p.Ala59Thr,
p-Arg928Cys) had been previously reported in FHL3, whereas
the other four (p.Cys112Ser, p.Val781lle, p.lleB48Leu,
p.Ala995Pro) were reported in the dbSNP database as rare
variations with  unknown functional and pathological
significance. Moreover, both lleB48Leu and Ala995Pro have
been described in cis in one patient with systemic Juvenile
Idiopathic Arthritis (SJIA) and patients with FHL [30].

Only p.Ala59Thr and p.Arg928Cys were found in more than
one patient, with the former carried by an ALPS-U and a DALD
patient, and the latter by an ALPS-FAS and two DALD patients
These p.Ala59Thr and p.Arg928Cys variations were detected
in several healthy controls and MS patients with similar allelic
frequencies (p.Ala59Thr: ALPS 2.4%, DALD 2.5%, healthy
controls 4.1%, MS 4%; p.Arg928Cys: ALPS 2.4%, DALD 5%,
healthy controls 6.5%, MS 26%). These data argue against
substantial role for these variations in ALPS and DALD. The
p.Ala59Thr variation had been previously reported in two
families with FHL, but always in cis with a pathogenic mutation,

PLOS ONE | www_plosone.org

making it difficult to assess its contribution to pathogenesis
[31]. The p.Arg928Cys variation had been previously reported
in FHL patients and a recent genotype-phenotype study
detected 1t in 8 patients carrying biallelic UNC13D mutations
from 7 unrelated families [27];, yet, some of these FHL3
patients had a third missense mutation too. However, it could
be a mild variant whose effect could not be detected in the
small groups of subjects used in our study.

The other four varations were carried by three ALPS
patients and were absent in DALD and MS patients, and in the
healthy controls. The p.Cys112Ser variation was detected in an
ALPS-FAS patient who also camied a FAS mutation
(p.GIn261Lys); the FAS and the UNC13D mutations were
inherited from the father and the mother, respectively. The
p.lle848Leu and p.Ala995Pro vanations were camed by an
ALPS-U patient and were in cis, as previously reported in SIJA
and FHL [30], because both of them were inherited from the
mother. The p.Val781lle variation was detected in an ALPS-U
patient. These variations were located within key functional
domains of Munc13-4, characterized by two C2 domains (C2A,
C2B) separated by long sequences containing two Munc13-
homology domains (MHD) [29,32-34]. C2 domains bind
calcium ions and are involved in targeting proteins to cell
membranes; MHD domains are essential for the cellular
localization of Munc13-4. The p.Cys112Ser variation was
located in the C2A domain, p.Val781lle and p.lleB48Leu in the
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Figure 3. Functional effect of the “private” missense variations of UNC13D. HMC-1 cells were transiently transfected with
wild-type (WT) UNC13D and mutated forms carrying the (p.Cys112Ser, p.Val781lle, p.lleB48Leu, p.Ala995Pro, p. lleB48Leu/
p-Ala995Pro, and p.Pro271Ser) variations (C = untransfected cells). Twenty-four hours after transfection, cells were teated (or not)
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shown. [B] Mean and SE of the fMLP-induced expression of CD63 from six experiments; results are relative to the CD63 expression
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cells transfected with the WT form; *p<0.05; *p<0.01 vs MUNC*" transfected cells.

doi: 10.1371/joumnal pone.0068045.g003

MHD2 domain, and p.Ala995Pro in the C2B domain. The effect
of these variations was assessed upon transfection in the
HMC-1 mast cell line, commonly used to study granule
exocytosis, which showed that all of them significantly
decreased Munc13-4 function as detected by decreased fMLP-
induced granule exocytosis. By contrast, one further variation
(p.Pro271Ser) detected in a healthy control was located in the
C2A domain but functional analysis showed that it did not
significantly decrease Munc13-4 function.

The loss of function effects detected in the transfected cells
are in contrast with the normal NK activity detected in the
PBMC of the patients carrying the p.Cys112Ser, p.Val781lle,
plle848Leu, and p.Ala995Pro varation. This discrepancy may
be ascribed to a difference in sensitivity of the two types of
assays. The NK function assays can, in fact, detect severe
defects displayed by subjects carrying biallelic loss of function
mutations of PRF1 or UNC13D, but not the mild defect
displayed by their healthy parents carrying monoallelic
mutations. By contrast, mild defects could be detected by our
assay in HMC-1 cells in which transfection forces expression of
high levels of the Munc13-4 variants.

These data showed that rare loss of function variations of
UNC13D are observed in ALPS patients with a higher

PLOS ONE | www plosone.org

frequency (7%) than in the healthy control (0%), DALD (0%),
and MS (0%) groups. Thus, these variations may have an
impact in the development of ALPS. Support for this hypothesis
comes from a patient who carried loss-of-function mutations in
FAS, UNC13D, and XIAP. He was not included in this study
because the genetic and clinical complexity of his picture
fulfilled the diagnostic criteria of ALPS but also shared features
of FHL and X-linked lymphoproliferative disease (Boggio E. et
al, submitted).

Defective functions of Fas and Munc13-4 might cooperate in
disrupting the ability of the immune system to shut off and
interfere with the anti-viral response. These processes involve
both Fas and NK/NKT cell function whose cytotoxicity is crucial
for the clearance of virus-infected cells and the fratricide of
activated immune cells [35]. Persistence of viral infection and
an inability to switch off the immune response may contribute
to the lymphocyte accumulation and the autoimmune reactions
displayed by ALPS patients.

These data suggest that the UNC13D variations may be
considered part of an oligogenic background, predisposing
individuals to ALPS development. This may involve genes
encoding for perforin (PRF1), osteopontin (OPN), and
Signaling Lymphocyte Activation Molecule-Associated Protein
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(SH2D1A), whose varnations have been suggested to be risk
factors for ALPS or DALD development. From this perspective,
patients 1, 3, 4, 5, 6, 7, and 8 also notably carried the c.
1239A=C variation of OFN, associated with ALPS and DALD
[36]. Further, patients 2 and 8 displayed hemizygosity for the
-349T variation of SH2D1A, which has been associated with
ALPS and DALD [37]. Finally, patient 7 also carried the
p-Ala91Val variation of PRF1, which has been associated with
DALD [22].

ALPS and DALD display a similar clinical picture and share
an inherited defect of Fas function and the modifying effect
exerted by variants of OPN, PRF1, and SH2D1A. However, DN
T cell expansion 1s only present in ALPS, which may mark
immunopathological differences because a direct role has been
ascribed to these cells in ALPS development. This work shows
that mutations of UNC73D may also represent an immunologic
difference because they were detected in ALPS but not in
DALD patients. Moreover, the UNC13D variations were not
detected in MS patients, which suggested that they are not a
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common nsk factor for autoimmunity. However, a possible role
of UNC13D in development of autoimmune diseases other than
ALPS has been previously suggested in patients with SJIA
[30,38], who may also display decreased NK function [39]. By
contrast, the OPN and PRF1 variants were involved in
development of several other autoimmune diseases [40-47].
Future whole-genome or exome sequencing studies will reveal
the complex genetic scenario that may contribute to ALPS and
DALD.
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Section 2: role of osteopontin in MS development and progression

SECTION 2

Role of osteopontin in MS development and progression

2.1 Background: OPN, role in immune regulation and association with MS

Osteopontin (OPN) is a glycosylated phosphoprotein, expressed in a variety of tissues and cells and
secreted into body fluids. It was firstly discovered as a bone matrix protein and subsequently
identified as cytokine (early T cell activation, Eta-1) produced by activated T cells and transformed
cell lines. OPN binds certain integrins and CD44 variants ubiquitously expressed, mediating cell
adhesion, migration and survival in several cell types. Through these interactions OPN is involved
in many physiological and pathological processes such as wound healing, bone turnover,
tumorigenesis, inflammation, ischemia and immune responses. The OPN encoding gene, SPP1
(secreted phosphoprotein 1), formed by 7 exons and 6 introns, is mapped on human chromosome
4921-g25. The full-length protein is composed of 324 amino acids, with a molecular weight that
vary between 25 and 80 KDa, depending to post-translational modifications, that include
glycosylation, phosphorylation and proteolytic cleavage by thrombin and MMPs, important for the
protein function. OPN has a RGD (arginine-glycine-aspartate) domain, common to many
extracellular matrix proteins, that is involved in the integrin engagements. After proteolytic
cleavage by thrombin, OPN expose the peptide sequence SVVYGLR, important in promoting the
adhesion of cells expressing a4 and a9 integrins (a9B1, a4B7), as leukocytes. OPN is also cleaved
by MMPs, in particular MMP-3 and MMP-7 [51]. The protein also contains an aspartate-rich
region, two heparin-binding site and a region near the C-terminus that binds specific CD44
variants, as v6- and v7- containing isoforms. Though this interaction, important for the
immunomodulatory function of the protein, OPN reduces the expression of the anti-inflammatory
cytokine IL-10 and favours the production of the pro-inflammatory IL-12, sustaining a Thl
response [52]. It has also been demonstrated that CD44-v6 blocks Fas-mediated apoptosis,
probably interfering with the receptor trimerization, an important step for the activation of the
apoptotic pathway. Moreover, it has been postulated that OPN may enhance the interaction of
CD44-v6 with Fas, exerting in this way their anti-apoptotic ability [53]. Furthermore, an
intracellular form of OPN (iOPN), generated by an alternative downstream translation start site,

and lacking the N-terminal signal protein sequence has been described. iOPN favors the
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polarization of Th17 cells, down-regulating the dendritic cells (DCs) production of the inhibitory
cytokine IL-27 (inhibitor of IL-17) [54].

In the immune system, OPN is expressed by many different cell types including macrophages,
neutrophils, DCs, NK cells, T and B lymphocytes [51]. Monocytes show low level of OPN that
increase during differentiation. OPN is constitutively expressed in macrophages and regulates their
functions such as migration, activation, phagocytosis, pro-inflammatory cytokine production and
nitric oxide synthesis, in response to inflammatory stimuli. It also plays an important role in
neutrophil recruitment at inflammatory sites, acting as a chemoattractant factor [51]. OPN is also
involved in the regulation of DCs function: it is highly expressed in immature DCs and promotes
their maturation, followed by their migration in peripheral lymph nodes, where they present
processed antigens to naive T cells [55]. It has also been demonstrated that OPN-activated DCs
produce IL-12 and TNF-a, sustaining Th1 polarization [56]. As previously reported, OPN is secreted
by activated T cells and is involved in cell-mediated immunity: OPN enhances Thl response,
supporting IFN-y production from T cells and IL-12 production from macrophages, but also
inhibiting the production of IL-10 (Th2 response). It also modulates the proliferation and
differentiation of T cells and induces B cell proliferation and antibody production.

All these findings can in part explain the pro-inflammatory capacity of OPN and its involvement in
autoimmunity. The up-regulation of OPN has been linked to the pathogenesis of many
autoimmune diseases such as MS, systemic lupus erythematosus (SLE), rheumatoid arthritis,
atherosclerosis and other inflammatory diseases including cardiovascular disease, inflammatory
bowel disease and asthma [51]. The association with MS is supported by several findings. OPN is
the cytokine mostly expressed in lesions from MS patients and [57] its levels are significantly
higher in RRMS compared to patients with progressive courses of the disease, particularly during
relapses [58, 59]. In addition, several evidences from EAE models demonstrate that OPN have an
important role in inducing relapses and in the progression of the disease. In particular, it has been
demonstrated that SPP1 knock-out mice are resistant to the progressive form of EAE and the
administration of OPN in those mice induce recurrent relapses, worsening paralysis and
neurological deficits, including optic neuritis. OPN triggers neurological relapses through two
mechanisms: on one hand, OPN stimulates myelin-specific T cells to expressed pro-inflammatory
mediators, including Thl and Th17 cytokines that are regulated by NF-KB (nuclear factor-KB). On
the other hands, OPN inhibits FOXO3A-(forkhead box O3A)-dependent apoptosis of autoreactive

immune cells. These OPN mediated signalling results in the survival of autoreactive T cells [60, 61].
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Also Th17 cells play a role in the pathogenesis of MS. It has been demonstrated that OPN
expression is increased in DCs during EAE and MS and induces the production of IL-17 by T cells,
suggesting that OPN is a key mediator that amplifies the inflammatory process in MS and this
relationship may be implicated in other autoimmune diseases [62].

Several genetic studies has been performed on the SPP1 gene. It has been identified four OPN
SNPs: +282T>C in exon 6 (rs4754), +750C>T in exon 7 (rs11226616), +1083A>G (rs1126772) and
+1239A>C (rs9138) in the 3’-untranslated region (3’-UTR), forming three haplotype combinations
(haplotype A: 282T-750C-1083A-1239A; haplotype B: 282C-750T-1083A-1239C; haplotype C: 282C-
750T-1083G-1239C) that have been linked to several autoimmune disease [63-67]. In particular,
carriers of haplotype B or C display about 1,5 higher risk of developing MS [65], type 1 diabetes
[66] and SLE [64] and about 8 higher risk of developing ALPS [63], than haplotype A homozygotes.
In addition, it has been demonstrated that these genotypes also correlate with OPN serum levels:
haplotype B and C are associated to high OPN level than haplotype A homozygotes, probably due
to the increased stability of mRNA coded by haplotype B and C [63]. Furthermore, haplotype A
homozygous MS patients show a slower switch from a RR to a SP form and milder disease with
slower evolution of disability in comparison to patients carrying haplotype B or C [65]. Moreover,
in the promoter region of SPP1 gene has been identified three SNPs that may modulate its
transcriptional activity and include -66T>G, -156G>GG (rs7687316) and -443T>C [68]. It has been
demonstrated a combined effect of -156G>GG and +1239A>C on risk of SLE development [64].

2.2 Rationale for study and specific aims

Several findings have demonstrated that OPN has a role in the pathogenesis of MS. In particular,
OPN is highly expressed in MS lesions [57] and its levels are increased, mainly during relapses, in
patients with RR course than in patients with progressive forms of the disease [58, 59].

A previous study on SSP1 gene showed that haplotype A carriers have a 1,5 lower risk of
developing MS than haplotype B or C carriers and they are characterized by a slower progression
of the disease to SP form with slower evolution of disability than other patients [65]. The
+1239A>G SNP is located on 3’ end of the gene and allows to discriminate between haplotype A
(carrying the +1239A allele) and haplotype B or C (carrying the +1239G allele). It has been
demonstrated that this SNP and another one located in the promoter region of OPN gene
(156G>GG) contribute to SLE susceptibility [64].

The following study [Article 2] aims at extending the analysis of +1239A>C SNP in a much larger

cohort of MS patients compared to a previous study [65] and at investigating for the first time the
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role of the -156G>GG SNP in the development of the disease. Moreover, this study also points at

assessing the impact of these variations on disease evolution.

2.3 Results and conclusions

By sequencing analysis, the +1239A>C SNP has been typed in 728 MS patients and 1218 healthy
controls, while the -156G>GG SNP has been typed in the same patients and 912 controls. The
frequency of +1239A homozygotes are decreased in MS patients than controls (46% vs 52%;
p=0,011) and they display 1,27 lower risk of MS than +1239C carriers. These findings confirm the
previous results [65] and show that +1239A carriers display a slight protection against MS
development. On the other hands, the analysis of the frequencies of -156G>GG SNP have not
revealed any statistically significant difference between patients and controls. Nevertheless, the
results from the impact of these variations on the MS course have been confirmed not only the
correlation between +1239A>C SNP and disease progression, but also have been displayed a
significantly lower relapse rate in +1239A homozygous patients, supporting the establish role of
OPN in MS relapses. Intriguingly it has also been detected an additional effect of -156G>GG on
disease progression since patients homozygous for both +1239A and -156GG show a milder
disease, with slower switch from RR to SP form of MS and slower progression of disability than
other patients, suggesting that -156GG homozygosity in the 5’ end of the gene confer a further

protection, especially in subject carrying the protective genotype at the 3’ end of the gene.
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Osteopontin is a proinflammatory molecule, modulating TH1 and TH17 responses. Several reports suggest its involvement in
multiple sclerosis (MS) pathogenesis. We previously reported that OPN gene variations at the 3’ end are a predisposing factor for
MS development and evolution. In this paper, we extended our analysis to a gene variation at the 5" end on the —156G > GG single
nucleotide polymorphism (SNP) and replicated our previous findings at the 3" end on the +1239A > C SNP. We found that only
+1239A > C SNP displayed a statistically significant association with MS development, but both +1239A > C and —156G > GG
had an influence on MS progression, since patients homozygous for both +1239A and —156GG alleles displayed slower progression
of disability and slower switch to secondary progression than those carrying +1239C and/or —156G and those homozygous for
+1239A only. Moreover, patients homozygous for +1239A also displayed a significantly lower relapse rate than those carrying
+1239C, which is in line with the established role of OPN in MS relapses.

interactions between combinations of loci that may influence
the immune response [3, 4]. An increasing bulk of data

Multiple sclerosis (MS) is an inflammatory disease of the
central nervous system characterized by an autoimmune
response against the myelin sheaths and axons, resulting in
progressive neurological dysfunction [1]. Patients with MS
display variable clinical course; at onset, approximately 10%
of patients display a primary progressive form (PP), whereas
the remainder start out with a relapsing remitting form (RR),
and most of them switch to a secondary progressive form
(SP) within 10-30 years [2]. Both genetic and environmental
factors are involved in the development/progression of MS,
and several studies point to a complex inheritance involving

suggest that osteopontin (OPN) may play a role in the patho-
genesis of MS [5]. OPN is a 60 kDa-secreted phosphoprotein
functioning as a free cytokine in body fluids or as an immo-
bilized extracellular matrix molecule in mineralized tissue
[6]. OPN serum levels are increased in several autoimmune
diseases and may influence development of these diseases
through the OPN immunoregulatory effects enhancing the
proinflammatory T helper type 1 (TH1) and TH17 cell res-
ponses and inhibiting the TH2 responses [7].

OPN transcript is abundant in plaques dissected from
brains of patients with MS, whereas it is absent in control
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brain tissue; this finding has been confirmed in rat experi-
mental autoimmune encephalomyelitis (EAE) by microarray
c¢DNA analysis of spinal cord tissue [8]. OPN serum levels
are higher in relapsing-remitting than in progressive patients,
particularly during the relapse [9, 10]. Chowdhury et al.
reported a correlation between cerebrospinal fluid (CSF)
OPN levels and disease activity in patients with MS. These
levels did not correlate with disability status but were higher
in patients with active disease [11].

The human OPN gene (OPN) is located on chromosome
4q22.1, and single nucleotide polymorphisms (SNPs) are
associated with development and/or disease activity of sev-
eral autoimmune diseases [12—14]. A link between the gene
and protein data was suggested by the correlation between
some OPN genotypes and OPN serum levels [15]. Four SNPs
of the OPN gene (+282T > C in exon VI: 1s4754; +750C > T
in exon VII: rs11226616; +1083A > G: rs1126772 and
+1239A > C: rs9138) in 3' UTR form three haplotype com-
binations: haplotype A (282T-750C-1083A-1239A), haplo-
type B (282C-750T-1083A-1239C), and haplotype C (282C-
750T-1083G-1239C). Carriers of haplotype B and C dis-
played higher OPN serum levels and higher risk of devel-
oping autoimmune diseases than haplotype A homozygotes.
Several data suggested that the high OPN levels were due to
increased stability of the mRNA coded by haplotype B and
C [15]. Regarding MS, we previously found that haplotype
A homozygotes displayed about 1.5 lower risk of developing
MS and lower OPN serum levels than haplotype B or C
carriers. Moreover, clinical analysis showed that haplotype A
homozygous patients displayed slower switching from a RR
to a SP form and milder disease with slower evolution of
disability than patients carrying haplotype B or C [16].

Interindividual differences of OPN expression may be
also influenced by variations in the promoter region of
OPN that may modulate its transcriptional activity. This role
has been suggested for the —66T > G [17], —156G > GG
(rs7687316), and —443>T > C [17] SNPs by Giacopelli et al.
[18], and we detected a combined effect of —156G > GG and
+1239A > C on risk of systemic lupus erythematosus (SLE)
development [14].

According to these findings, the aims of this study were
(1) to replicate our previous findings on the +1239A>C SNP,
(2) to investigate the role of the —156G > GG SNP, (3), to
assess the impact of these variations on disease evolution.

2. Materials and Methods

2.1. Patients. We analyzed 728 Italian patients (278 males,
450 females; M/F: 0.62) with MS diagnosed according to the
revised McDonald criteria [19] and 1218 randomly selected
ethnically and age-matched healthy controls. Patients were
consecutive patients enrolled from the Multiple Sclerosis
Centers of the “Amedeo Avogadro,” University of Eastern
Piedmont (Novara), the University of Milan, IRCCS Poli-
clinico Hospital (Milan), the Don C Gnocchi Foundation,
IRCCS, S Maria Nascente (Milan), and the “Santa Croce
e Carle” Hospital (Cuneo), Italy. Their clinical and demo-
graphic features were similar to those of other series [20, 21].
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Controls were consecutive Italian donors obtained from the
transfusion services of the respective hospitals. Patients and
controls were unrelated, Caucasian and Italian, matched for
age and gender, with no family history of autoimmune
diseases in first degree relatives. According to their clinical
course, patients were defined as follows [22]:

RR: occurrence of exacerbations, each lasting at least 24 h
and separated by at least one month of inactivity, with full
recovery or sequelae (n = 447);

PP: steady worsening of symptoms and signs from onset
for at least 6 months, whether superimposed with relapses or
not, with occasional plateau and temporary minor improve-
ments; (1 = 71);

SP: initial RR course followed by steady worsening of
symptoms and signs for at least 6 months, whether super-
imposed with relapses or not, with minor remissions, and
plateau (n = 210).

We performed an analysis of the following outcome
measures: time to reach Kurtzke expanded disability status
scale [23] (EDSS) score > 3.0 and time to reach a progressive
course, since it was previously shown that OPN SNPs at the
3" UTR region may influence these measures in MS patients
[16]. According to Hawkins and McDonnell [24], disease of
patients who, after at least 10 years from onset, had a mild
disability, that is, EDSS score = 3.0, was defined benign MS.
Patients who reached secondary progression within 10 years
from onset were defined fast progressive. Patients who did
not reach the endpoints were excluded.

In RR patients, EDSS score was assessed in remission
phase.

The annual relapse rate before treatment was collected in
327 patients with bout onset (RR patients and SP patients)
[21]. Only relapses that occurred in the first three years of
disease were included in the analysis.

Samples from patients with RR were drawn during
remission. All patients gave their informed consent according
to the Declaration of Helsinki [25]. The research was approv-
ed by the local ethical committee.

2.2. DNA Analysis. Genomic DNA was isolated from periph-
eral blood mononuclear cells (PBMCs) using standard
methods and primers used to evaluate OPN SNPs were the
following: 5'-gccgtgaattccacagecatg-3' (OPN F) 5'-ttgaa-
tgtaataagaatttggtgg-3' (OPN R)(for +1239 SNP) and 5'-
agccctctcaageagtcatc-3' (promo 1F) 5'-cetgtgttggtggaggatgt-
3" (promo 1R) (for —156 SNP). PCR products were purified
with the EXO/SAP kit (GE, Healthcare, Piscataway, NJ, USA).
Sequencing was performed with the ABI PRISMR BigDyeTM
Terminator kit (Applied Biosystems, Foster City, CA) on
an automatic sequencer (Applied Biosystems 3100 Genetic
Analyser) according to the manufacturer’s instructions.

2.3. OPN ELISA Assay. Serum OPN concentrations were
evaluated in a capture enzyme-linked immunoadsorbent
assay (ELISA) according to the protocol provided by the
manufacturer (Calbiochem, San Diego, CA). The optical
density was measured at 450 nm with a microplate reader
(Bio-Rad, Hercules, CA). The I-smart program was used to
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create a regression curve. All assays were performed in
duplicate, and the observer (E.O.) was blinded to the diag-
nosis.

2.4. Statistical Analysis. Allelic frequencies and outcome
measures were compared with the chi-square test with the
Yate’s correction. Relapse rate was compared with the Mann-
Whitney U-test. For the ELISA experiments, the approxi-
mation of population distribution to normality was tested
by using statistics for kurtosis and symmetry. Results were
asymmetrically distributed and consequently presented as
median values and percentiles. ELISA data comparisons were
performed with the nonparametric Mann-Whitney U test.
All P values are 2-tailed and the significance cut-off was
P <0.05.

3. Results

We typed the +1239A > C SNP in 728 patients and 1218
controls and the —156G > GG SNP in 728 patients and 912
controls, not overlapping with the cohorts analyzed in our
previous study [16]. The +1239A > C SNP was analysed
because it allows to discriminate between the A and non-A
haplotypes (not carrying versus carrying the +1239C allele,
resp.).

Frequency of +1239A homozygotes was decreased in MS
patients compared to controls (46% versus 52%; P = 0.011),
and +1239A homozygotes displayed 1.27 lower risk of MS
than +1239C carriers (Table 1). These findings confirmed
our previous results on different groups of 425 patients and
688 healthy controls, showing that carriers of the +1239A
display a slight protection against MS development. Con-
versely, no statistically significant difference between patients
and controls was found for the —156G>GG SNP (Table 2).

Genotypic distribution did not deviate significantly from
the Hardy-Weinberg equilibrium in any group (data not
shown).

The next step was to assess the impact of these varia-
tions on MS evolution, since we previously reported that
+1239A homozygotes displayed slower disease progression
and milder disability over time compared to +1239C carriers
[16]. According to our previous work, disease progression
was evaluated by comparing patients switching from RR to
SP within 10 years from onset (fast progressive, n = 184) and
those remaining RR over 10 years (slow progressive, n = 444)
and disease severity was evaluated by comparing patients
with an EDSS score = 3.0 ten years or more after onset
(benign MS, n = 194) and those who reached a score > 3.0
within ten years (non-benign MS, n = 446).

Table 3 shows that the proportion of slow progressive
patients was significantly higher in +1239A homozygotes
than in +1239C carriers (80% versus 63%, P < 0.0001),
whereas no difference was found between —156GG homozy-
gotes and —156G carriers (73% versus 70%, P = 0.3).
Patients homozygous for both +1239A and —156GG showed
a significantly higher proportion of slow progressive patients
than those carrying +1239C and/or —156G (95% versus

TasLE 1: Frequency distribution of OPN +1239A > C genotypes in
MS patients and healthy controls.

Genotype SNP +1239  *MS (n=728)  'Controls (n = 1218)
AA 335 (46) 634 (52)

AC 314 (43) 486 (40)

CC 79 (11) 98 (8)

AA 335 (46) 634 (52)
Non-AA 393 (54) 584 (48)

*OR = 1.27 P = 0.011 (95% CI: 1.05-1.54)

*Multiple sclerosis patients.

Tnumber of subjects and proportions are shown in the brackets. Genotypic
distribution did not deviate significantly from the Hardy-Weinberg equilib-
rium in any group (data not shown).

#(dds ratio (OR), 95% confidence limits (95% CI), f test calculated on
allelic frequencies, and P values are 2-tailed.

TasLE 2: Frequency distribution of OPN-156G/GG genotypes in
MS patients and healthy controls.

Genotype SNP —156  TMS (n = 728) fControls (n = 912)
GG/IGG 78 (10.7) 112 (12.3)
G/GG 304 (41.8) 384 (42.1)
GG 346 (47.5) 416 (45.6)

fOR =091 P = 0.25 (95% CI: 0.79-1.06)

" Multiple sclerosis patients.

"Number of subjects, proportions are shown in the brackets. Genotypic
distribution did not deviate significantly from the Hardy-Weinberg equilib-
rium in any group (data not shown).

#0dds ratio (OR), 95% confidence limits (95% CI), y* test calculated on
allelic frequencies, and P values are 2-tailed.

68%, P < 0.0001) and those homozygous for +1239A only
(95% versus 80%, P = 0.0094).

Table 3 also shows that the proportion of benign MS
patients was significantly higher in +1239A homozygotes
than in +1239C carriers (38% versus 24%, P = 0.0001) and
in —156GG homozygotes than in —156G carriers (46% ver-
sus 28%, P = 0.0018). Patients homozygous for both +1239A
and —156GG showed a significantly higher proportion of
benign MS patients than those carrying +1239C and/or
—156G and those homozygous for +1239A only (52% versus
389, P = 0.038).

To further evaluate the clinical impact of OPN variations,
we analyzed the relapse rate in bout-onset patients carrying
different genotypes. Data were available for 327 patients (157
AA, 170 non-AA). The relapse rate was significantly lower
in +1239A homozygotes than in +1239C carriers (0.5/yr
versus 1.3/yr, P = 0.01), whereas no difference was found
between —156GG homozygotes and —156G carriers (0.8/yr
versus 1.1/yr; P = 0.09) or between subjects carrying both
protective genotypes and those carrying at least one predis-
posing genotype (0.6/yr versus 1.2/yr; P = 0.06) (Table 4).

Finally, we explored whether OPN serum levels varied
in patients displaying different outcomes. Consistently, we
found that benign patients, as well as slow progressive
patients, showed significantly lower protein levels compared
to nonbenign and fast progressive patients, respectively
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TasLe 3: Frequency distribution of different outcomes in MS patients carrying different OPN genotypes.
Genotypes
+1239A > C —156GG > G +1239A >C
Outcome —156G > GG
AA C GG/GG G AA €
GG/GG G
Fast progressive® 57 (20) 127 (37) 18 (27) 166 (30) 3(5) 181 (32)
Slow progressive® 2285 (80) 216 (63) 58 (73) 386 (70) 57 (95) 387 (68)
P < 0.0001¢ P =10.311 P < 0.0001
Benign MS? 110 (38) 84 (24) 36 (46) 158 (28) 35 (52) 159 (28)
Non benign MS® 183 (62) 263 (76) 42 (54) 404 (72) 32 (48) 414 (72)
P = 0.0001 P =10.0018 P = 0.0002

“Patients displaying RR form (slow progressive) or EDSS < 3 (benign MS) after 10 years from onset.

®Number of patients displaying that disease status; proportions are shown in brackets.

Patients displaying either RR course and less than 10 years of followup (29/728) or PP course (71/728) were excluded from the analysis of progression. Patients
displaying EDSS < 3.0 and less than 10 years of followup (88/728) were excluded from the analysis of disability.

“Patients switching to SP form (fast progressive) or reaching ED5S > 3 (non-benign MS) within 10 years from onset.

dStatistical analysis was performed by comparing the different outcomes with the y? test.

Total number in the analysis of progression: 628 patients: 285 AA; 343 non-AA; 76 GG; 552 non-GG; 60 AAGG; 568 non-AAGG.

Total number in the analysis of course 640 patients: 293 AA, 347 non-AA; 78 GG, 562 non-GG; 67 AAGG, 573 non-AAGG.

TasLE 4: Relapse rate in patients with bout onset displaying different OPN genotypes.

Genotype
Outcome measure AA C GG/GG Non-GG AAGG CG
N =153 N =174 N=33 N =294 N =26 N =301
Relapse rate 0.5* (0.2-1) 1.3 (0.6-1.7) 0.8 (0.4-1.2) 1.1 (0.5-1.3) 0.6 (0.2-1.3) 1.2 (0.5-1.5)
P =0.01° P =0.09 P =0.06

“Median values; interquartile ranges are shown in the brackets.
PMann-Withney U test.

(median value 132 versus 237 ng/mL, interquartile range 94—
164 versus 189-289ng/mL, P < 0.0001; median value 154
versus 280 ng/mL, interquartile range 100-207 versus 228—
341 ng/mL, P =< 0.0001).

4. Discussion

This work stems from our previous observation of a protec-
tive effect of +1239A homozygosity at the 3'UTR of OPN
for MS development and evolution. In our previous paper,
this genotype decreased the risk of MS development by 1.56-
fold [16]. The parallel observation of a combined effect of
+1239C and —156G on risk of (SLE) development [14]
prompted this work extending the OPN analysis in MS to
—156GG > G.

The current data, obtained on a much larger independent
population, replicated our previous findings on +1239A >
C, showing that the frequency of +1239A homozygotes was
decreased in MS patients and that these subjects displayed
1.27 lower risk of MS development than +1239C carriers.
The same SNPs in the 3’ UTR region of the OPN gene have
been studied in 326 Spanish MS patients and 484 controls
by other authors. They did not find statistically significant
differences between patients and controls, and this apparent

discrepancy might be explained by differences in both size
and ethnic background of the population under study [26].

By contrast, analysis of —156G > GG SNP did not detect
statistically significant differences between patients and
controls (OR 0.91, P = 0.25), which indicated that this
genetic variation was not associated to MS development. To
our knowledge, this is the first paper on this SNP in the MS
population.

The most intriguing results were those on the role of
these SNPs on the MS course. On the one hand, this study
not only confirmed the correlation between +1293A > C and
disease progression, but also strengthened this finding show-
ing that +1239A homozygotes displayed a lower relapse rate
than the other patients. On the other hand, it detected an
additional effect of —156G > GG on disease progression
since patients homozygous for both +1239A and —156GG
displayed a milder disease, with slower progression of disabil-
ity and slower switch to secondary progression, than those
carrying +1239C and/or —156G and those homozygous for
+1239A only. Therefore, —156GG homozigosity in the 5'
end of the gene conferred a further protection especially in
subjects also carrying the protective genotype at the 3" end of
the gene.

These protective effects might be related to functional
outcomes of these OPN variations. In our previous work,
in fact, we showed that +1293C was associated with a high
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“baseline” production of serum OPN, possibly related to
increased stability of the OPN mRNA [15]. Moreover, posi-
tion —156 seems to fall in a putative binding site for a com-
ponent of the RUNX family of transcription factors and
might influence osteopontin expression [18].

A further point supporting a protective role of AA
genotype is provided by the analysis of OPN serum levels in
patients displaying different disease outcomes. As a matter of
fact, patients showing increased frequency of AA genotype,
that is, benign and slow progressive MS patients, displayed
lower OPN levels. Moreover, our findings are in line with
the work by Kariuki SN et al. who reported that OPN gene
variants modulate cytokine levels in SLE [27].

In conclusion, this work confirms that osteopontin and
the OPN gene may be involved in MS development and,
especially, progression. These observations suggest that this
cytokine may be a therapeutic target to counteract MS pro-
gression supporting the finding of Steinman et al. showing
that anti-OPN antibodies ameliorate the disease course in
experimental autoimmune encephalomyelitis [28].
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SECTION 3

Role of perforin gene in CIDP

3.1 Background: perforin and its role in human diseases

Perforin is a pore-forming protein of about 67 KDa, expressed in cytotoxic lymphocytes (CTLs and
NK cells), that has an important role in immune regulation and surveillance. It takes part at the
perforin-dependent secretory granules death pathway: in particular it is stored in secretory
granules and after their release in the immunological synapse, it polymerizes and forms a
transmembrane pore allowing the entry of the pro-apoptotic serine proteases (granzymes) into the
cytosol of target cells [43]. The human PRF1 gene, located on chromosome 10922, is composed of
three exons, which exons 2 and 3 forms the coding sequence. Perforin is a multidomain protein of
555 amino acids. It is synthesized as inactive precursor containing an N-terminal leader peptide
which is cleaved to the active form of protein characterized by a positively charged N-terminal
peptide with lytic activity (lytic peptide). Perforin also contains one putative amphipathic a-helical
domain, in the centre of their sequence, which shares some similarity to membrane-attack
complex (MAC)-like proteins, particularly C9 complement protein, involved in membrane insertion;
two long regions of low homology at the N- and C-terminal to the MAC-like domain, characteristic
of perforin and conserved through evolution; an epidermal growth factor (EGF)-like domain of
unknown function and a carboxil C2 domain, that binds calcium and it is important for the
regulation of perforin cytotoxic activity [69]. In particular, it has been demonstrated that conserved
aspartate residues at position 429, 435, 483 and 485 in the perforin C2 domain are essential for its
calcium-dependent plasma membrane binding and cell lysis. Moreover, at acidic pH (<5) of
granules, that is perforin storage condition, these residues are protonated (uncharged) and are
incapable of binding calcium, preventing premature activation of perforin until exocytosis and
protecting the cell from autolysis during their synthesis and trafficking [70]. Finally, the cleavage of
the N-glycosilated C-terminus of the protein allows the C2 domain to bind the membrane [71].

As previously reported, mutations in PRF1 gene account for up to 30% of all FHL2 cases and include
frameshift, nonsense and missense mutations that compromise the cytotoxic lymphocyte function
[72]. In addition, it has also been found that variations of PRF1 gene are susceptible factors for the
development of some autoimmune disease, such as ALPS/DALS [48], type 1 diabetes [73] and MS

[50]. In particular, concerning lymphoproliferative disease with defective Fas function, two FHL2-
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associated variations, N252S and A91V, have been linked respectively to ALPS and DALD, and
intriguingly DALD patients that carried A91V and osteopontin gene variations have been an
increased risk of developing the disease [48]. These variations with other six novel mutations
(C999T, G1065A, G1428A, A1620G, G719A, C1069T) of PRF1 gene have been also associated to MS.
A91V has been the most frequent variation observed and increase the risk of MS of about 1,4-fold

[50].

3.2 Rationale for study and specifics aims

CIDP is a demyelinating autoimmune disease of PNS in which pathogenesis are involved humoral
and cell-mediated immunity [27]. It has been demonstrated that Schwann cells, that forms the
myelin sheath around neuronal axons, are able to induce the apoptosis of infiltrating T cells
through Fas ligand and perforin pathways, providing a protection against immune attacks of PNS
[74]. Moreover, Comi et al. have been reported that CIDP patients display defective Fas function,
which also correlates to disease development and progression [31, 75, 76]. Defective Fas function
has also been showed in MS patients [49], suggesting that defective Fas-mediated apoptosis may
be involved in the development of diseases affecting the central and peripheral nervous system
[77]. The findings that PRF1 variations are susceptible factors for autoimmunity, as it has been
previously demonstrated for ALPS/DALD [48] and MS [50], prompt to search for PRF1 variations
also in CIDP patients, aiming to investigate the role of perforin in the development of CIDP, as it has

been performed in the following study.

3.3 Materials and methods

3.3.1 Patients

Genomic DNA samples have been isolated using standard methods from peripheral blood of 94
CIDP patients, diagnosed according to the American Academy of Neurology criteria (Ad Hoc
Subcommittee of the American Academy of Neurology AIDS Task Force) [78]. All patients
underwent routine analyses to rule out other causes of neuropathy, CSF examination, and
electrodiagnostic tests. Patients have been enrolled from the Neurology Departments of the
following institutions: University of the Eastern Piedmont ‘Amedeo Avogadro’ Novara (6),
University of Padua (33), University of Turin (31), and L. Sacco Hospital, University of Milan (24). It
has been also analysed the genomic DNA of 158 healthy Italian donors as controls, which samples

have been obtained from the transfusion services of the Neurology Departments of University of
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the Eastern Piedmont ‘Amedeo Avogadro’ Novara. Patients and controls are unrelated, Caucasian
and Italian, matched for age and gender and analysed in parallel.

3.3.2 DNA analysis

From DNA genomic samples of each subjects enrolled in this study, the entire coding region of
PRF1 (exon2 and exon3) has been amplified and sequenced as previously reported [48]. For allele-
specific PCR the wild-type (4R) and mutant (4H) alleles have been independently amplified using
specific PCR amplification of genomic DNA (forward primer: 4Rfor 5’-tctgcagctccatggcagtccg-3’ or
4Hfor 5’-tctgcagctccatggcagtcca-3’; reverse primer used for amplification of exon 2). R4H and
A91V substitutions have been typed by using the same primers.

3.3.3 Statistical analysis

Allelic frequencies have been compared with the chi-square test with the Yates’ correction. All p
values are two-tailed and the significance cut-off is p<0,05.

Putative functional significance of the missense variations have been evaluated with the PolyPhen

program (http://genetics.bwh.harvard.edu/pph).

3.4 Results and conclusions

By sequencing PRF1 coding region in 94 CIDP patients and 158 healthy matched controls three
missense variations have been identified, C272T (rs35947132), G11A (rs35418374) and C1153T
(numerations are referred to the GenBank cDNA clone M28393, ATG=1) that lead to A91V, R4H
and R385W amino acids substitution at the protein level and a nonsense variation, C1267T,
resulting in a premature stop codon (Q423X). A91V and R4H variations have been described in
general population, nevertheless A91V has been previously associated to FLH2 [72], DALD [48] and
MS [50], whereas R4H has been reported in a patient with acquired aplastic anemia [79]. The
R385W has been described in a patient with lymphoma [80], instead Q423X variation is novel. The
PolyPhen algorithm has been used to predict the functional effect of R385W missense variation
and showed that may damage the function and structure of the protein (R385W: score=0,959).
Indeed, the Q423X variation, may affect protein function missing the C2-domain, responsible for
the calcium-dependent plasma membrane binding (Figure 3.1, A-B).

Moreover, it has also been identified two synonymous variations, C822T (rs885821) and C900T
(rs885822) respectively, previously reported as common polymorphisms. Their frequencies have
been similar in patients and controls (data not shown).

A91V is carried by 18 CIDP patients (16 heterozygotes and 2 homozygotes) and 9 healthy controls

(all heterozygotes). Interestingly, R4H variation has been detected in heterozygosis in 1 CIDP

38



Section 3: role of perforin gene in CIDP

patient that has been also heterozygous for A91V variation. Through allele-specific PCR analysis

the two variations have been found on different alleles (Figure 3.1, C-D).

Moreover, PolyPhen algorithm has predicted the functional effect of R4H missense variation may

damage the function and structure of the protein (R4H: score=1).

Figure 3.1: On the left electropherograms of the variations R385W (A) and Q423X (B), carried by two different CIDP
patients. On the right, electropherograms of biallelic mutations R4H (C) and A91V (D) found in a CIDP patient.

A R385W C R4H
AA/ \/\/\/ \V\ f\ '\ W \
Q423X A91V

All together, the frequency of these variations are significantly higher in patients compared to the

controls conferring a risk about 4,47-fold to develop CIDP (21,28% vs 5,69%; OR=4,47; 95% Cl:1,82-

11,22; p=0,00039) (Table 3.1).
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Table 3.1: Summary of the genotypes of 94 CIDP patients and 158 controls carrying PRF1 variations.

Allele 1 Allele 2 CIDP Controls
(n=94)* (n=158)°
A91V A91V 2 0
A91V R4H 1 0
A91V wt 15 9
R385W wt 1 0
Q423X wt 1 0
Total 20 9
(21.28%) (5.69%)

bOR=4.47; 95% Cl: 1.82-11.22; p =0.00039

Abbreviations: Cl, confidence intervals; OR, odds ratio; wt, wild type. a: number of subjects (frequency in the brackets).
b: OR and 95% Cl limits; p=values are two-tailed.

Interestingly, A91V has been the most frequent variation identified in CIDP patients than controls,

and by itself it confers a risk about 3,92-fold (OR=3,92, 95% Cl:1,57-9,96; p=0,0017) (Table 3.2).

Table 3.2: Genotype frequencies of A91V in CIDP patients (n=94) and healthy controls (n=158).

Genotype CIDP (n=94)® Controls (n=158)*
AA 76 (0.81) 149 (0.94)

AV 16 (0.17) 9 (0.06)

W 2 (0.02) 0(0)

AV+VV vs AA bOR=3.92; 95% Cl: 1.57-9.96; p =0.0017

Abbreviations: Cl, confidence intervals; OR, odds ratio. a: Number of subjects; frequencies are shown in the brackets.
Genotypic distribution did not deviate significantly from the Hardy—Weinberg equilibrium in any group (data not
shown). b: OR and 95% Cl limits; p-values are two-tailed.

The pathogenic role of A91V variation has been also supported by several functional studies,
demonstrating an impaired protein expression and a partial loss of its citolytic activity [81-83] and
finally compromising the immune homeostasis if the variation is inherited in homozygosis or if it is

coinherited with another mutated PRF1 allele [84]. In this cohort of CIDP patients, 91V allele alone
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has conferred a risk about 4-fold to develop CIDP; though almost of patients are carried this
mutation in heterozygosis and only in 2 patients it is found in homozygosis. Interestingly, one
patient is carried of the biallelic mutations: A91V and R4H respectively. R4H variation has been
previously reported in heterozygosis in a patient with acquired aplastic anemia and this mutation
resulted in null perforin protein expression and NK cells cytolitic activity [79]. This is also
confirmed by PolyPhen algoritm which has been predicted that this variation is probably
damaging, with maximum score. On the basis of these evidences, in this patient both variations
might have contributed to its CIDP peculiar phenotype.

In addition, other PRF1 variations have been found in CIDP patients. One patient is carried the
R385W substitution previously described in a patient with lymphoma [80], but its functional effect
has not been elucidated yet. In silico analysis performed by using PoliPhen software have been
predicted that it may damage perforin structure and function. In another patient a novel variation
Q423X of perforin has been found in heterozygosis, leading a truncated protein of C2-domain,
involved in the calcium-dependent plasma membrane binding, responsible for its cytolytic activity
[70]. In conclusion, this work suggests that private missense PRF1 variations and the common
A91V variation may have a mild effect on CIDP development, because most of them have been
found in heterozygosis, by compromising one PRF1 allele. Nevertheless, other clinical analysis are
needed in CIDP patients that carried these variations, to further explore their impact on the course
of the disease. These findings suggest that perforin may have both a protective and a detrimental
role, depending on the local context and disease stage. On one side perforin physiologically
protects peripheral nerve from autoimmune attacks as following its release by Schwann cells. On
the other hand, CTLs released perforin may also contribute to the damage of peripheral nerve
tissue too. Impaired perforin function in CIDP patients associated with defective Fas function may
be responsible for defective apoptosis leading to demyelination; and from other point of view a
reduction in its function when mutated may cause a mild axonal damage in patients carrying these

mutations.
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SECTION 4

Role of osteopontin in CIDP

4.1 Rationale for study and specific aims

As of today, few evidences on the role of OPN in inflammatory polyneuropathies have been
reported. It has been demonstrated that OPN is constitutively expressed in PNS and its expression
is up-regulated in EAN model [85]. Furthermore it has been suggested that the interaction
between OPN and CD44-v6 may be involved in the inhibition of Fas-mediated apoptosis [53] and
Comi et al. have shown that Fas function is defective in CIDP patients [31]. In addition, it has been
demonstrated that OPN enhances Th1 and Th17 responses, that are involved in the pathogenesis
of several autoimmune diseases [51, 52]. The role of Thl and Th17 cells in the pathogenesis of
CIDP has not been established yet, however it has been recently reported that Th17 cells frequency
is significantly higher in the peripheral blood mononuclear cells (PBMCs) and CSF of active CIDP
patients in comparison to remitting CIDP patients, suggesting that these cells may be important for
the evolution of the disease [86].

Based on this findings, this study aims to assess the role of OPN in the development of CIDP,
evaluating OPN plasma levels though a ELISA assay in CIDP patients compared to healthy controls

and typing the CIDP patients for the +1239A>C variation, located in 3’ end of OPN gene.

4.2 Materials and Methods

4.2.1 Patients

Genomic DNA has been analysed in 64 CIDP patients diagnosed according to the American
Academy of Neurology criteria [78] (see section 4) and plasma OPN levels has been evaluated in 44
CIDP patients of the previously group and 22 healthy controls, which samples have been obtained
from the transfusion services of the Neurology Departments of University of the Eastern Piedmont
‘Amedeo Avogadro’ Novara. Patients and controls are unrelated, Caucasian and Italian, matched
for age and gender and analysed in parallel.

4.2.2 Sample preparations

Genomic DNA samples of each subject enrolled in the study have been isolated from peripheral
blood using standard methods. Plasma samples have been obtained after centrifugation and stored

at -80°C for measurements of cytokine levels.
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4.2.3 DNA analysis

From genomic samples, the +1239A>C SNP of OPN gene has been typed as previously reported
(article 2).

4.2.3 OPN ELISA assay

Plasma OPN concentration has been evaluate in a capture enzyme-linked immunoadsorbent assay
(ELISA) according to the protocol provided by the manufacturer (IBL, Gunma, Japan). All assays
have been performed in duplicate. The optical density has been measured at 450 nm with a
microplate reader (Bio-Rad, Hercules, CA, USA).

4.2.4 Statistical analysis

ELISA data comparisons have been performed with the nonparametric Mann-Whitney U-test. The

p value is two-tailed and the significance cut-off is p<0,05.
4.3 Preliminary results and conclusions

4.3.1 CIDP patients display increased OPN plasma levels

1400 p=0,0117
1200 A
A
1000 A
A CIDP (n=44)
800 -
Controls (n=22)
OPN 600 -
ng/mtL AAA
400 - A
agkh
200 —
Add ‘t‘ﬂu‘ VY IV
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Figure 4.1: OPN concentration in plasma samples from 44 CIDP patients and 22 age-matched healthy controls. Lines
indicate the median values for each group (CIDP patients: 233,5 ng/mL; controls:129,6 ng/mL). The p value has been
calculated using the Mann-Whitney U test.

OPN concentration has been evaluated performing an ELISA assay on plasma samples from 44 CIDP

patients and 22 age-matched controls. Results show that OPN plasma levels are significantly
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increased in CIDP patients compared to controls (mean value: CIDP patients 233,5 ng/mL vs

controls 129,6 ng/mL; p=0,011).

4.3.2 Analysis of OPN +1239A>C SNP in CIDP patients

SNP + 1239
Genotype CIDP (n=64)
AA 30 (47)
AC 26 (41)
CcC 8(12)
AA 30 (47)
Non-AA 34 (53)

Table 4.1: Frequency distribution of OPN +1239A>C genotypes in CIDP patients. Number of subject and proportions are
shown in the brackets.

The +1239A>C SNP located on 3’ end of OPN gene has been typed also in 64 CIDP patients. The
frequency of homozygotes for +1239A allele is similar to those previously reported in MS patients

(47% vs 46%) (article 2).

These preliminary results suggest that OPN may be involved in CIDP, but further studies are needed
to clearly establish the role of OPN in CIDP development. Firstly these findings must be confirmed
in a larger sample of patients compared to age-matched controls. In addition, it can be observed if
the increased OPN plasma level are due to inflammation that generally occurs in CIDP or to the
genetic variations, since it has been demonstrated in several autoimmune diseases including MS
[65] that haplotype B or C carriers show higher OPN level than haplotype A carriers. Furthermore,
the role of these variations on CIDP evolution may be assess by analysing their frequency in

comparison to the clinical courses of the disease.
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A
AIDS: acquired immune deficiency syndrome.
ALPS: autoimmune lymphoproliferative syndrome
APCs: antigen presenting cells.

B
BBB: blood-brain barrier.
BNB: blood-nerve barrier.

C
CASP-10: caspase-10.
CD4: cluster of differentiation 4.
CD8O0: cluster of differentiation 80 (B7-1).
CD8e6: cluster of differentiation 86 (B7-2).
Cl: confidence intervals.
CIDP: chronic inflammatory demyelinating
polyneuropathy.
CNS: central nervous systems.
CSF: cerebrospinal fluid.
CTLs: cytotoxic T lymphocytes.

D
DALD: Dianzani lymphoproliferative disease
DCs: dendritic cells.
DN: double negative.

E
EAE: experimental autoimmune encephalomyelitis.
EAN: experimental autoimmune neuritis.
EGF: epidermal growth factor.
ELISA: enzyme linked immunosorbent assay.
Eta-1: early T cell activation (OPN).

F
Fas: Fas cell surface death receptor (APO-1, apoptosis
antigen 1; CD95).
FasL: Fas ligand.
FHL: familial haemophagocytic lymphohistiocytosis.
FOXO3A: forkhead box O3A.

G
GBS: Guillain-Barré syndrome.
GWAS: Genome-Wide Association Studies.

H
HLA: human leukocyte antigen.

|
ICOS: inducible T cell co-stimulator.
ICOS-L: inducible T cell co-stimulator ligand.
IFNs: interferons.
IFNy: interferon-y.
1gG: immunoglobulin .
IL-17: interleukin-17.
IL-2: interleukin-2.

ABBREVIATIONS

IVIgs: intravenous immunoglobulins.

M
MAC: membrane-attack complex.
MBP: myelin basic protein.
MGUS: monoclonal gammopathy of undetermined
significance.
MHC: major histocompatibility complex.
MHDs: Munc13 homology domains.
miRNAs: micro-RNAs.
MMPs: matrix metalloproteinases.
MOG: myelin oligodendrocyte glycoprotein.
MRI: magnetic resonance imaging.
MS: multiple sclerosis.
Munc13-4: protein unc-13 homolog D (C. Elegans).

N
NF-KB: nuclear factor-KB.
NK: natural killer.
NOD: non-obese diabetic.

OPN: osteopontin.
OR: odds ratio.

PO: myelin protein zero.

P2: myelin protein.

PAD2: peptidyl arginine deaminase type II.
PBMCs: peripheral blood mononuclear cells.
PCR: polymerase chain reaction.

PLP: proteolipid protein.

PMP22: peripheral myelin protein 22.

PNS: peripheral nervous system.

PP: primary progressive.

PPMS: primary progressive multiple sclerosis.
PRF1: perforin gene.

PRMS: progressive relapsing multiple sclerosis.

R
Rab?7: Ras related protein 7.
RRMS: relapsing-remitting multiple sclerosis.

S
S1PR: sphingosine-1-phosphate receptor.
SH2D2: SH2 domain containing 2A, T-cell-specific
adapter protein (TSAD) gene.
SLE: systemic lupus erythematosus.
SLP2: synaptotagmin-like protein.
SNARE: N-ethilmaleimide-sensitive factor attachment
protein receptor.
SNPs: single nucleotide polymorphisms.
SP: secondary progressive.
SPMS: secondary progressive multiple sclerosis.
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SPP1: secreted phosphoprotein 1 (OPN gene). U
STAT3: signal transducer and activator of transcription UNC13D: unc-13 homolog D (C. Elegans).
3. UTR: untranslated region.
STX11: syntaxin-11 gene.
STXBP2: syntaxin-binding protein 2 (Munc18-2 gene). Vv
VCAM-1: vascular cell adhesion molecule 1.
T VLA-4: very late activation antigen 4.
TAG-1: transient axonal glycoprotein-1. v-SNARE: vesicle SNARE.
Thi1: lymphocyte T helper type 1.
Th17: lymphocyte T helper type 17. w
TNF-a: tumor necrosis factor-a. wt: wild type.
Tregs: regulatory T cells.
TYK2: Tyrosine Kinase 2. z
t-SNARE: target SNARE Z0-1: zona occludens protein

53



Genetic variations in autoimmune demyelinating diseases of the nervous system

ACKNOWLEDGEMENTS
“..surprises, like misfortunes, seldom come alone”
from The Adventure of Oliver Twist, Charles Dickens
Thanks to...
my husband Stefano,

this is for us and for our dreams becoming true.

Cris,
who gives me this great opportunity.

Beppe,
for your honesty and the continuous support. You are so brilliant!

Valentina and Valeria,
for your friendship and the good times enjoyed together.

my mom Massimiliana and my dad Domenico,
and all those who always believed in me (Laura, Maurizio, Cesare and Valeria).

Brian, Nick, Aj, Kevin and Howie,
that with your music always inspire me.

“..le sorprese, come le disgrazie, non vengono mai sole”
da Le avventure di Oliver Twist, Charles Dickens

Grazie a...

mio marito Stefano,
a noi e alla realizzazione dei nostri sogni.

Cris
per avermi dato questa grande opportunita.

Beppe,
per la tua lealta e il continuo supporto. Sei geniale!

Valentina e Valeria,
per la vostra amicizia e per le belle giornate trascorse insieme.

mia mamma Massimiliana e mio papa Domenico,
e tutti quelli che hanno sempre creduto in me (Laura, Maurizio, Cesare e Valeria).

Brian, Nick, AJ, Kevin and Howie,
che con la loro musica ispirano sempre le mie creazioni.

54



