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SUMMARY  

 

Perforin is involved in cell-mediated cytotoxicity which plays a key role in the 

immune response against viral infections, but it is also involved in downmodulation of the 

immune response through fratricide of activated immune cells. Since both viral infections 

and downmodulation of the immune response may be involved in development of 

autoimmune diseases, this thesis investigated whether variations of the perforin gene (PRF1) 

may contribute to development of autoimmunity, focusing on Autoimmune 

Lymphoproliferative Syndrome (ALPS) and Multiple Sclerosis (MS). 

ALPS is an inherited autoimmune diseases caused by mutations decreasing function 

of the Fas death receptor involved in downmodulation of the immune response. ALPS is 

characterized by autoimmune manifestations and accumulation of non malignant 

lymphocytes in the lymphoid organs with expansion of double negative (DN) T cells 

lacking CD4 and CD8; this expansion is absent in an ALPS incomplete variant named 

Dianzani Autoimmune Lymphoproliferative Disease (DALD). ALPS is generally due to 

deleterious mutations of the Fas gene, but mutations of other genes have been detected in 

rare patients.  

MS is a demyelinating autoimmune disease of the central nervous system. Its 

clinical course varies; at onset, approximately 15% 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. 

Both environmental and genetic factors are involved in its development/progression and 

several studies point to a complex inheritance involving interactions between combinations 

of loci that may influence the immune response.  
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This thesis reports the following findings:  

i) ALPS. PRF1 has been sequenced in  14 ALPS, 28 DALD, and 816 controls, 

and two variations have been detected: a N252S amino acid substitution in 2 

ALPS, and an A91V amino acid substitution in 6 DALD. Frequency of N252S 

was higher in ALPS than in controls (7.1% vs 0.1%, p=0.0016) and conferred an 

OR=62.7 (95% CI: 6-654.9); frequency of A91V was higher in DALD than 

controls (12.5 % vs 4.6%, p=0.016) and conferred an OR=3 (95% CI: 1.2-7.1). 

Co-presence of A91V and variations of the osteopontin gene previously 

associated with DALD conferred an OR=17 (p=0.0007) for DALD. In one 

N252S patient, NK activity was strikingly defective in early childhood, but 

became normal in the late childhood. A91V patients displayed lower NK 

activity than controls. The thesis also describes an atypical ALPS patient 

carrying A91V and affected with epidermodysplasia verruciformis, 

characterized by increased susceptibility to human papilloma virus (HPV) 

infection.  

ii) MS. By sequencing the entire PRF1 coding region in 190 MS patients and 268 

controls, A91V and N252S variations have been detected in both groups and six 

novel mutations (C999T, G1065A, G1428A, A1620G, G719A, C1069T) in 

patients (n=7) only; C999T, G1065A, G1428A, and A1620G were synonymous 

variations, whereas G719A and C1069T caused an R240H and an R357W 

substitution respectively. All together, allelic frequency of these variations was 

higher in patients than in controls (10% vs 4.5%, p=0.0016); moreover, 

genotypic analysis showed that carriers of the variations were more frequent in 

patients than in controls (OR=2.06, 95% CI: 1.13-3.77). Since A91V was the 
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most frequent variation and displayed a trend of association with MS in the first 

population of patients and controls (7.6% vs 4.3%, p=0.044), its frequency has 

been assessed in a second population of 966 patients and 1520 controls. Results 

showed that A91V allelic frequency was significantly higher in patients than in 

controls also in the second  population (7.5% vs 5.8%; p=0.019). Genotypic 

analysis of the combined cohorts of 1156 patients and 1788 controls showed 

that A91V carriers were significantly more frequent in patients than in controls 

(OR=1.38, 95% CI=1.10-1.74).  

These data suggest that PRF1 variations are a susceptibility factor for ALPS and MS 

development, possibly because they affect either the anti-viral response or the immune 

response switching off. Other data show that these variations may also be involved in 

development of type 1 diabetes mellitus and systemic lupus erythematosus.  
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INTRODUCTION  

 

1. AUTOIMMUNITY 

The specific immune response involves T and B lymphocytes activated by non self 

antigens. B cells recognize every type of soluble macromolecules in their naive form, 

whereas T cells recognize peptides processed and presented on major histocompatibility 

complex (MHC) molecules expressed on the cell surface by antigen presenting cells (APC) 

(i.e. macrophages, dendritic cells and B lymphocytes). Lymphocyte activation is 

accompanied by modification of expression of several genes that code for surface 

molecules involved in lymphocyte proliferation and effector functions, which allow 

expansion of antigen-specific lymphocytes and their differentiation into effector cells, i.e. 

plasma cells secreting antibodies for B cells, activated T cells secreting cytokines for CD4+ 

T helper (TH) cells, and cytotoxic T lymphocytes (CTL) for CD8+ T cells. Activation also 

triggers expression of several genes coding for molecules involved in immune response 

switching-off, an active process that induces apoptosis of most effector lymphocytes 

several days later. A small subset of activated cells survives to form an expanded pool of 

memory lymphocytes and accounts for the more efficient response upon re-encounter of the 

same antigen (secondary response). 

In the early ‘900 Paul Ehrlich realized that some diseases can be caused by an 

erroneous activation of the immune system which focuses its attack agaist self-antigens, 

instead of foreign antigens, and termed this condition “horror autotoxicus”. This early 

intuitions resulted to be true and it is now well known that the immune system use several 

mechanisms to ensure self-tolerance protecting the body from self-reactive lymphocytes, 
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but failure of these mechanisms can result in inappropriate responses against self-

components and development of  autoimmune diseases. In organ-specific autoimmune 

diseases, the immune response is directed to a target antigen unique to a single organ, so 

that clinical manifestations are largely limited to that organ. In systemic autoimmune 

diseases, the response is directed toward target antigens expressed by a broad range of 

organs and tissues, which are all damaged. Examples of organ-specific autoimmune 

diseases are Hashimoto's thyroiditis and Graves' disease, affecting the thyroid gland, and 

type I insulin-dependent diabetes mellitus (IDDM), which affects the pancreatic islets. 

Examples of systemic autoimmune disease are systemic lupus erythematosus (SLE) and 

primary Sjögren's syndrome, in which tissues as diverse as the skin, kidneys, and brain may 

all be affected. 

Moreover, some autoimmune diseases are predominantly mediated by autoantibodies, 

whose productions is supported by T helper type 2 (Th2) lymphocytes secreting cytokines 

supporting the humoral response (mainly IL-4, IL-5 and IL-6), whereas other are 

predominantly mediated by T helper type 1 (Th1) lymphocytes, producing proinflammatory 

cytokines (IL-2, IFNγ and Lymphotoxin), and by T cytotoxic (Tc) cells. Examples of the 

former are autoimmune hempocytopenias, pemphigous vulgaris, systemic lupus 

erytematosus, miastenia gravis, Graves disease; examples of the latter are insulin-dependent 

diabetes mellitus (IDDM) and multiple sclerosis (MS).  

 

1.1 The aetiology of autoimmune diseases 

In the ‘60s, it was believed that all self-reactive lymphocytes were eliminated 

during their development in the bone marrow and thymus which generated a central 
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tolerance for self-antigens and that failures to eliminate these lymphocytes led to 

autoimmunity. 

Since late ‘70s, a broad body of experimental evidence has countered that belief, 

revealing that not all self-reactive lymphocytes are deleted by central tolerance. Instead, 

normal healthy individuals normally possess mature, recirculating, self-reactive 

lymphocytes which do not cause disease because they are controlled by several 

mechanisms generating a peripheral tolerance and acting by inducing deletion, anergy, or 

suppression of self-reactive lymphocyte clones. A breakdown in this regulation can lead to 

activation of self-reactive clones of T or B cells, generating humoral or cell-mediated 

responses against self antigens. These reactions can cause serious damage to cells and 

organs, sometimes with fatal consequences.  

The role of environmental factors in the aetiology of autoimmune diseases is clear 

when considering the disease concordance rate between monozygotic twins. More than 

50% and sometimes 70% or 80% of monozygotic twins are discordant for major 

autoimmune diseases even if they generally share the same environment, at least during 

childhood.  

A large bulk of data suggest that a key role is played by infectious agents, in 

particular viruses. Infections may trigger autoimmunity by 3 mechanisms: 

i) The first mechanism is antigen mimicry and suggests that the immune response 

against infectious agents may trigger autoimmune diseases against self antigens 

sharing epitopes with the non self antigens. This hypothesis is supported by 

abundant epidemiological, clinical, and experimental evidences of the associations 

of infectious diseases with autoimmune disease and by the observations that a 
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number of bacterial or viral proteins display the amino acid stretches with high 

homology with sequences of self proteins.  

ii)  The second mechanism is the release of sequestered antigens and suggests that 

infections may damage tissues causing release of self antigens which had not been 

previously accessible to the immune system and are therefore recognized as non self. 

iii)  The third mechanism is the adjuvant effect and suggests that infections trigger tissue 

inflammation that support the autoimmune response by inducing secretion of high 

amounts of cytokines and expression of costimulatory molecules by antigen 

presenting cells (APC), which is the effect of adjuvant in vaccine formulations. 

These mechanisms are not non mutually exclusive and may act together in chronic 

autoimmune disease to cause the “epitope spreading”, i.e. the progressive expansion of the 

autoimmune response against multiple epitopes (intramolecular epitope spreading) and 

antigens (intermolecular epitope spreading) during the disease progression which is a 

phenomenon.  

 

1.2 Genetics of autoimmune diseases 

Studies of recurrence risk in families and twins suggest a complex mode of inheritance 

involving interactions of different combinations of loci influencing the immune response. 

Despite several whole genome surveys, potent locus have not been detected for most 

autoimmune diseases. It is likely that most susceptibility genes have a small effect, with the 

possible exception of the MHC locus, with a high degree of genetic heterogeneity in 

different individuals. Susceptibility genes may include genes coding for molecules involved 

in immune response control and immune effector functions. Further genes may be those 

involved in the immune response switching off, which leads to homeostatic control of the 
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size of the peripheral lymphocyte pool and reduce the risk of autoimmunity due to cross-

reactions between non-self and self antigens. Intriguingly, some of these genes are also 

involved in clearance of viral infections. However, even if many studies detected a 

statistical association of autoimmune diseases with particular alleles of specific genes, often 

it is not clear whether these alleles are directly involved in the disease development or the 

statistical association is due to linkage disequilibrium, i.e the physical association of that 

allele with the allele of a nearby gene which is the real predisposing factor. Moreover, 

many alleles have been found to be associated in some populations but not in other, which 

may be explain with the genetic heterogeneity of the populations. 

 

1.3 Gender as a risk factor for autoimmune diseases 

Many autoimmune diseases have a different frequency in female and the male and 

most of them (such as systemic lupus erythematosus, myasthenia gravis, scleroderma, 

multiple sclerosis, and Sjögren's syndrome) are much more frequent in females than in 

males. Conversely, ankylosing spondylitis is more common in males. The reasons for this 

different susceptibility are not known with certainty, but one possibility is that a role is 

played by sex hormones. It is unclear whether the sex steroid hormones have a direct 

impact on the lymphocytes, but this possibility is suggested by the fact that other steroids 

such as cortisone, have a very powerful effect. However, also other hormones are 

differentially expressed in male and female and may play a role, for instance, prolactin, 

whose receptor is expressed by both T and lymphocytes and that can modulate these cell 

activation in vitro. Sex hormones can modulate the immune response during pregnancy, 

mainly directing the immune response to Th2 type responses, in order to support IgG 

responses which are protective to the fetus and reduce cell-mediated responses that might 
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attack the placenta. Indeed, pregnancy exacerbates some autoimmune diseases, which are 

mainly antibody-mediated (and therefore favoured by the Th2); instead, it reduces other 

autoimmune diseases which are mainly mediated by Th1 and inflammatory cells. Therefore, 

the different immune responsiveness influenced by the different levels of sex hormones 

may be a factor influencing the initiation and evolution of the autoimmune response in 

males and females. However, this is not the only explanation of female predisposition to 

develop autoimmunity since recent experiment on mice showed that an independent effect 

may be directly mediated by genetic factors located in the sex chromosomes. 

 

1.4 Association with  HLA haplotype 

The best-known genetic factor predisposing to autoimmunity is the HLA 

haplotype, since most autoimmune diseases have been found to be associated with specific 

HLA alleles. Most frequently association has been found with class II HLA alleles, 

although in some cases class I alleles are involved. For instance, the risk of developing 

IDDM is about 20 times higher in subjects expressing HLA-DR3 and DR4 molecules, 

whereas the probability of developing multiple sclerosis is 5 fold higher in DR2 carriers 

and that of myasthenia gravis is 5 fold higher in DR3 carriers. In several instances the 

association has been ascribed to the capacity of the predisposing molecule to "present" the 

self peptides responsible for the autoimmune disease to the self reactive lymphocytes.  
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2. PERFORIN 

2.1 Functional features of perforin 

Perforin is produced by cytolytic lymphocytes and is stored within cytoplasmic 

granules of these cells. This cytolytic mediator owes its name to the fact that it can 

‘perforate’ target membranes by forming transmembrane pores, such that target cells lose 

membrane integrity and appear to die of colloid osmotic lysis, at least in vitro.  

Perforin has been purified from cytotoxic lymphocytes of mice, rats and humans. 

Mature mouse perforin protein comprises 534 amino acid residues (after the cleavage of a 

signal peptide of 20 residues in length), with approximately 70% and 85% identity, 

respectively, to human and rat perforin. Its molecular mass of 66kDa or 70kDa [1-2], 

determined by SDS-PAGE under reducing conditions, suggests that perforin molecules are 

post-translationally modified at potential N-glycosylation sites (three in mouse and rat; two 

in human). Indeed, N-glycanase, but not endoglycosidase-H, has been shown to remove the 

carbohydrate moieties from the polypeptide backbone of perforin. Following synthesis in 

the rough endoplasmic reticulum, perforin molecules travel through the Golgi apparatus, 

where post-translational modification continues, and are finally packaged into lysosome-

like cytoplasmic granules. Although another granule protein, granzyme A, has been shown 

to be targeted to the granules through the mannose 6-phosphate-dependent pathway, 

perforin molecules do not seem to use the same targeting signal during their intracellular 

journey [3]. However, it is clear that the release of perforin molecules is predominantly 

controlled by regulated secretion. Upon conjugation with the appropriate target cell, the 

cytoplasmic granules within the killer cell reorient towards the cell-cell contact site, as 

demonstrated by electron microscopic (EM) studies [4]. The contents of the granules, 

including perforin, are then released into the intercellular space [5]. The release of perforin, 
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and the execution of its lytic function, are strictly dependent on presence of calcium ions 

(Ca2+). It is generally accepted that perforin monomers can bind and insert into the target 

membrane, and polymerize to form aggregates comprising various numbers of monomers 

[6]. These aggregates form pores allowing entry of granzymes, which are also released 

from the cytotoxic granules, in the target cell cytoplasm. Granzymes are serine proteases 

cleaving several substrates including several pro-caspases, which are in turn activated to 

initiate the apoptotic death of the target cell.  

Perforin is an essential lymphocyte effector molecule; in fact, in mice, absence of 

functional perforin cause severe immune deficiency and/or affects lymphoid and myeloid 

homeostasis [7-8]. For instance, gene-engineered mice with two disrupted PRF1 alleles are 

killed by 10.000-100.000 fold fewer infectious ectromelia (mouse poxvirus, corresponding 

to human smallpox or bovine cowpox) particles than wild-type mice [9]. However, 

perforin-deficient mice are not impaired for clearance of other viruses, such as vaccinia 

virus, vesicular stomatitis virus, murine cytomegalovirus, Semliki Forest virus [10], 

cowpox virus [9], rotavirus [11], coxsackie B virus [12], and murine herpesvirus-68 [13], a 

mouse homologue of Epstein–Barr virus (EBV). Perforin-deficient mice are also highly 

prone to fatal, disseminated B cell lymphoma that develops in >60% of mice, generally 

above one year of age [14]. 

 

2.2 Features of the human perforin 

The human perforin gene, located on chromosome10q22, consists of three exons. 

The coding sequence is located in exons 2 and 3. Perforin is a 555 amino acid protein that 

has a 21 amino terminal signal sequence, an approximately 300 amino region that shares 

homology to the C9 complement protein, a 36 amino acid epidermal growth factor-like 
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domain, and a 132 amino acid domain homologous to the C2 domain of protein kinase C. 

The protein contains two N-linked glycosylation sites. [15-16]. Perforin is synthesized as 

an inactive precursor, which must be cleaved at its carboxy terminus, releasing the 

approximately 20 carboxy terminal amino acids, to yield the active form of the protein [16]. 

The C2 domain of perforin is important for its binding to the phospholipid bilayer of 

cytoplasmic membranes and conserved aspartate residues at positions 429, 435, 483, and 

485 are essential for calcium-dependent plasma membrane binding and cell lysis. The C2 

domain in the uncleaved form cannot bind to the membrane, because of presence of a bulky 

N-linked glycan on the carboxy terminal domain of the protein. Proteolytic cleavage of the 

carboxy terminal domain allows the C2 domain to bind to the membrane [17]. 

Perforin is harmful to cell membranes; however, the granule membrane 

encompassing the protein is not destroyed by perforin. The pH inside granules is very 

acidic (pH <5) and this probably keeps perforin in an inactive state. When exocytosis 

occurs and perforin is released, pH becomes neutral and perforin becomes active. In 

addition, proteoglycans usually cover and inactivate perforin in the granule [18-19]. 

When the granule content is released from the cell, perforin separates from 

proteoglycans and binds to cell membranes of target cells. Cathepsin B, a lysosomal 

protease, moves to the surface of CTLs during granule exocytosis [20]; since cathepsin B 

can cleave perforin, the membrane-bound form of cathepsin B is thought to destroy perforin 

on the surface of CTLs protecting their membrane from perforin aggression [20]. 

 

2.3 Deficit of perforin in the Familial Hemophagocytic Lymphohistiocytosis (FHL) 

In humans, genetic defects impairing perforin synthesis, function, or release can 

result in Familial Haemophagocytic Lymphoistocytosis (FHL). 
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FHL is an autosomal recessive disease affecting infants and young children who 

are usually healthy at birth. Most patients display symptoms during the first year of life 

[21], but some as late at the third decade of life [22]. Signs and symptoms include fever, 

splenomegaly, hepatomegaly, anaemia, thrombocytopenia, neutropenia, 

hypertriglyceridaemia, hypofibrinogenaemia, and cerebrospinal fluid pleocytosis [23]. 

Lymphadenopathy, rash, neurological abnormalities, leucopenia, elevated liver function 

tests, elevated ferritin, and hyponatraemia may also be present. Neurological abnormalities 

range from irritability and hypotonia to seizures, cranial nerve deficits and ataxia. The 

inciting event is thought to be initiated by infection. In late disease, bone marrow biopsy 

usually shows hypoplasia or aplasia. Patients who are not treated, or who do not respond to 

therapy, usually die within a few months from onset of symptoms. Most deaths are the 

result of infections, disseminated intravascular coagulopathy with uncontrolled bleeding, or 

central nervous system disease. Haemophagocytosis is a prominent feature of the disease. 

Haemophagocytosis occurs when activated macrophages (histiocytes) ingest erythrocytes 

and sometimes platelets and leucocytes. The bone marrow is the most common site of 

haemophagocytosis, although it can also be detected in the spleen, liver and lymph nodes. 

In the early stage of the disease, histiocytes are present in focal areas of the bone marrow; 

in later stages, they are distributed diffusely throughout the bone marrow. When 

haemophagocytosis is prominent in the bone marrow, it can be accompanied by decreased 

numbers of hemopoietic precursors and pancytopenia. In the lymph nodes, histiocytes are 

increased in the sinuses and T-cell areas, and lymphocyte depletion is often observed. In the 

spleen, histiocytes are distributed diffusely and erythrophagocytosis is frequently present. 

NK cell and CTL cytotoxicity are severely impaired. Uncontrolled immune responses result 

in infiltration and destruction of tissues by activated macrophages (CD68+) and CD8+ T 
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cells. Activated macrophages and T cells are often present in the bone marrow, spleen, 

lymph nodes, liver and central nervous system; other organs including the lungs, heart, 

intestine, thymus, kidney and pancreas may also be infiltrated. Uncontrolled activated 

macrophages and T cells release pro-inflammatory cytokines, which result in elevated 

serum levels of IFN-γ, TNF-α, IL-1 receptor antagonist, soluble IL-2 receptor, IL-6, IL-10, 

IL-12, IL-18, IP-10, and M-CSF. High levels of these cytokines contribute to 

haemophagocytosis, cellular infiltration, and organ damage. Lipoprotein lipase deficiency 

is associated with the elevated levels of serum triglycerides [24-31]. Linkage analysis 

studies showed that FHL is linked to three loci. 

About 10% of FHL are linked to chromosome 9q21-22 (FHL1), 20-40% to 

chromosome 10q21 (FHL2), while most cases are to other mutations [32,33]. While the 

gene responsible for FHL1 is unknown, perforin mutations are responsible for FHL2 [34]. 

A further gene is Munc 13-4, whose mutations result in FHL3 [35]; Munc 13-4 is located 

on chromosome 17q25 and is important for fusion of the granule membrane with the cell 

membrane. Finally, mutations in the coding region of the syntaxin gene cause FHL4; these 

mutation impair degranulation of the cytotoxic granules [36]. 

Stepp et al [34] first showed that the perforin gene (PRF1) is responsible for FHL 

in several patients. These patients were homozygotes or double heterozygtes for mutations 

of PRF1 that dramatically decreased expression of perforin and impaired cell-mediated 

cytotoxicity in vitro. In contrast, levels of granzyme B, were normal. The heterozygous 

parents were asymptomatic but expressed reduced levels of perforin in NK, CD8+, or 

CD56+ T cell and some of them also displayed decreased NK function in vitro, but they are 

asymptomatic. [37,38]. 
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A variety of mutations, including stop codons, single amino acid mutations or 

deletions, have been reported in the PRF1 coding sequence in patients with FHL2 

[22,33,34,37,39-40]. Most of them cause decreased CTL- and NK cell-mediated  

cytotoxicity. Certain mutations are typical of patients from specific ethnic backgrounds. For 

instance, the most frequent mutations in Japanese patients are nucleotide changes resulting 

in frameshift mutations at amino acid 69 (reported in 38% of Japanese patients) or amino 

acid 364 (reported in 63%) [41]. A stop codon at amino acid 374 is frequent among Turkish 

patients [22,33,34,42]. A nucleotide deletion resulting in a frameshift mutation at amino 

acid 17 is frequent among Afro–American patients [40]. 

Mutations in the coding sequence of PRF1 are responsible for approximately 20–

40% of FHL patients among Japanese, European and Middle Eastern countries [33,43],  

and 58% patients from North America [40]. The impaired activity of perforin in these 

patients can be the result of reduced expression, instability, or incorrect trafficking of the 

protein, failure of the protein to bind to target cells, or failure of the protein to lyse the cells. 

[8,44]. 

 

2.4 Involvement of  perforin in other human diseases 

Clementi et al described a patients with FHL2, who developed B cell 

lymphoblastic lymphoma, suggesting that perforin-dependent cell-mediated cytotoxicity 

plays a protective role against development of lymphoproliferative disorders not only in 

mice but also in human [45,46]. 

Solomou et al [47] identified mutations in PRF1 in 5 unrelated patients with adult-

onset aplastic anemia. Four of them showed hemophagocytosis in bone marrow biopsy, but 

none had clinical manifestations of FHL. Perforin protein levels in these patients were very 
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low or absent and NK cell activity was substantially decreased. PRF1 mutations may 

explain the aberrant proliferation and activation of cytotoxic T cells in aplastic anemia. 

Moreover, germline mutations in the coding region of PRF1 have been described in 

patients with anaplastic large cell lymphoma (ACCL), and they have been suggested to play 

a predisposing role [48]. 
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SECTION I  

3.1 Autoimmune Lymphoproliferative Syndrome (ALPS) 

Inherited factors that may play a role in development of autoimmunity are those 

causing functional defects of the Fas death receptor [49-50]. Fas belongs to the Tumor 

Necrosis Factor Receptor (TNFR) superfamily and induces cell death upon triggering by 

FasL [51-52]. It is expressed by activated lymphocytes and plays a role in depletion of 

effector cells and switching off the immune response. 

The association between Fas defects and autoimmunity was first observed in mice 

homozygous for the lpr (lymphoproliferation) and gld (generalized lymphoproliferative 

disease) characters, due to mutations of the Fas and FasL genes respectively. These mice 

develop an autoimmune/lymphoproliferative picture with lymphadenopathy, splenomegaly 

and autoimmunity. Moreover, they show peripheral expansion of T cells expressing the 

TCRαβ but lacking both CD4 (marking Th) and CD8 (marking Tc) and therefore named 

“double negative” (DN) T cells. Causal relationship of this picture with defective Fas 

function was confirmed in Fas-/- knock-out mice [53]. 

In humans, a similar picture has been described in patients carrying mutations of 

the Fas gene [49,54-57] and the disease has been named autoimmune lymphoproliferative 

syndrome (ALPS). ALPS is characterized by (1) defective function of Fas, (2) autoimmune 

manifestations that predominantly involve blood cells (i.e. thrombocytopenia, anemia, 

neutropenia), (3) polyclonal accumulation of lymphocytes in the spleen and lymph nodes 

with lymphadenomgaly and/or splenomegaly, and (4) expansion of DN T cells in the 

peripheral blood [58-60]. To date, several genetic lesions have been associated with ALPS 

(OMIM 601859). A classification names ALPS type 0 the disease due to homozygous 

mutation of the Fas gene, causing complete deficiency of Fas expression; ALPS type Ia is 
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due to heterozygous mutations of Fas; ALPS type Ib to mutations of the FasL gene; ALPS 

type II to mutations of the caspase 10 gene [61-65]. The term ALPS type III is used to 

define the disease due to unknown genetic defects causing defective Fas function. ALPS 

type IV has been provisionally used for a patient displaying normal Fas function but 

defective mitochondrial-induced apoptosis carrying a mutation of the N-Ras gene [66]. 

An ALPS variant has been described in patients displaying the first 3 criteria but lacking 

expansion of DN T cells and mutations of the Fas, FasL o caspase 10 genes. This disease 

has been provisionally named DALD (Dianzani autoimmune Lymphoproliferative disease) 

by McKusick (OMIM reference no. 60523; 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM). 

ALPS-like disorders do not behave as classical monogenic diseases. This is true in 

lpr and gld mice and even more evident in ALPS and DALD. The lpr and gld mutations 

cause the disease in homozygosity, but its expression greatly depends on the genetic 

background, since it is much milder in BALB/c than in MRL mice [53]. Most ALPS type-Ia 

patients are heterozygous for the Fas mutation, but the parent carrying the mutation is 

generally healthy. Other complementary factors may thus be required in function of the 

severity of the mutation [54]. One possibility is that mild Fas mutations only induces ALPS 

when cooperate with mutations of other genes impairing function of the Fas system itself or 

other systems involved in similar functions. These genes may act as “genes modifiers” 

affecting the phenotypic expression of another gene. DALD, too, seems genetically 

heterogeneous: different genes may be involved in different families and multiple gene 

alterations may be required to develop the overt disease. This is suggested by the 

observation that, generally, both parents of such patients display defective Fas function, but 

are healthy.  
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A concurrent factor may be production of high levels of osteopontin (OPN), a 

cytokine involved in inflammation that inhibits activation-induced cell death (AICD) of 

lymphocytes. ALPS/DALD patients indeed display increased frequency of polymorphic 

variants of the OPN gene (OPNhigh gene variants), that cause increased production of OPN 

by stabilizing its mRNA and increase the risk of ALPS/DALD by about 8-fold [67]. The 

increased osteopontin levels may favour ALPS/DALD because of the effect on AICD 

whose inhibition affects a mechanism to switch off the immune response that is partly 

alternative to Fas. 

ALPS patients also display increased risk to develop lymphomas [68]. A study on 

130 patients carrying Fas mutations showed that the risk of developing Hodgkin 

lymphomas is increased by about 50 fold, while that of non-Hodgkin lymphomas is 

increased by about 14 fold than the matched control population [69-71]. This might be 

ascribed to the altered control of lymphocyte homeostasis or to defective immune 

surveillance. 

 

3.2 Epidermodysplasia verruciformis 

Epidermodysplasia verruciformis (EV) is a rare disorder, characterized by 

persistent human papillomavirus (HPV) infection with an autosomal recessive inheritance 

[72]. It is associated with disseminated HPV infection and immunological abnormalities 

[73-74]. EV results from an abnormal susceptibility to specific human papillomavirus 

(HPV) genotypes and to the oncogenic potential of some of them, mainly HPV5 [75]. This 

disorder was first described by Lewandowski and Luiz in 1922 [76].  

Although the pattern of inheritance displays autosomal recessive inheritance in 

most cases, cross-linked inheritance and sporadic mutations have also been reported [72,77]. 
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Several abnormalities of cell-mediated or humoral immunity have been suggested to play a 

role in the pathogenesis of EV [73,78]. The first evidence of an impaired cell-mediated 

immunity in EV patients was obtained 30 years ago [79]. Decreased T  cell counts and 

CD4+/CD8+ T cell ratio, as well as a reduced T cell responsiveness to mitogens have also 

been reported. By contrast, patients with EV were found to display normal or increased 

natural killer (NK) cell activity using the standard  K562 cell killing assay [80-81]. 

Although EV has been recently classified as a primary deficiency [82] of innate 

immunity to specific HPV genotypes with a central role assigned to keratinocytes, the 

molecular mechanisms underlying abnormal susceptibility to a single type of weakly 

pathogenic infectious agent are still unclear. 

Ramoz et al mapped two susceptibility loci for EV, EV1 located at  chromosome 

17q25 (EV1) and EV2 at chromosome 2p21-p24 [83].  In 2002, two novel genes, EVER1 

and EVER2, have been identified in the EV1 locus [84]; their function is unknown, but 

nonsense mutations in these genes have been associated with EV in some consanguineous 

families and sporadic cases [85-86]. 
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3.3 RATIONALE  

 

A previous work from our group described a patient affected with ALPS type Ia who 

carried a heterozygous mutation of PRF1 together to a heterozygous mutation of the Fas 

gene [46]. These mutations were inherited from distinct parents who were healthy, which 

suggested that their co-transmission was responsible for the son's ALPS. This observation 

was intriguing since both Fas and perforin are involved in cell-mediated cytotoxicity and 

control of lymphocyte homeostasis. Systematic evaluation of the role of PRF1 in ALPS 

was not undertaken on that occasion. The study reported in the paper 1 has thus been 

performed to extend the analysis of PRF1 to a larger number of patients and evaluate its 

role in the development of ALPS and DALD. The paper 2 describes a peculiar patient, not 

included in paper 1, displaying defective function of Fas together with a mutation of the 

PRF1 gene, and displaying signs of ALPS together with a EV picture, which has never 

been previously associated with Fas or perforin defects. 

These papers showed that PRF1 variations may be a genetic concurrent factor favouring 

development of ALPS-like pictures in subjects carrying defects of Fas function. Moreover, 

paper 2 suggests that further genetic alterations affecting the anti-viral response, i.e. those 

involved in EV development, may be co-involved in some patients.  
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3.4 RESULTS 

3.4.1 Paper 1 

 



 

27

 



 

28

 



 

29

 



 

30

 



 

31

 

 

 

 

 

 

 

 
 
 
 
 
 



 

32

3.4.2 Paper 2 
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SECTION II  

4. MULTIPLE SCLEROSIS: an overview. 

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central 

nervous system (CNS) due to autoimmune aggression of myelin antigens. Its onset is 

usually between 20 and 40 years of age and displays a chronic development leading to 

substantial disability because of deficits of sensitive and motor functions. Its aetiology 

remains unclear and risk is greater in women than in men; the female-to-male ratios are 

between 1.5 and 2.5 in most populations, with a trend toward greater values in the most 

recent studies [87]. In high-risk populations, the lifetime risk for MS is about 1 in 200 for 

women and somewhat less for men.  

MS is rare in Asia and, in all continents, it is rare in the tropics and subtropics. 

Within regions of temperate climate, MS incidence and prevalence increase with latitude, 

both north and south of the equator [87]. 

Italy shows a prevalence of 20/100.000, with a total number of patients estimated at about 

50.000, with  the highest prevalence in Sicily and Sardinia [88-89]. Genetic predisposition 

most likely contributes to geographic variations in MS incidence [90] with the highest risk 

in the Caucasian population. However, the remarkable differences in risk among people of 

common ancestry who migrate to areas of high or low MS prevalence suggest the role of 

environmental factors, which are confirmed by several epidemiological studies. These 

environmental factors seem to be predominantly effective in age childhood and first 

adolescence, since the immigrant populations tend to keep their disease risk similar to that 

detected in the area of origin if migration occurred after the fifteenth year of age, whereas 

they acquire the risk of the immigration area if migration occurred after that age [91]. 
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Three main clinical course of MS have been described: a) relapse remitting (RR), 

b) secondary progressive (SP), and c) primary progressive (PP) [92]. RR is the most 

common form and is the type most people are initially diagnosed with. It is characterized 

by relapses with a flare up of symptoms followed by remissions to symptom free phases. 

The SP form is an evolution of the RR form and it is characterized by incomplete recovery 

from relapses and chronic progressive evolution of disability; this evolution may happens 

within 5-20 years from onset. Around 65% of people diagnosed with RR MS go on to 

develop secondary progressive MS. About 15% of people with MS is affected by PP MS 

that is characterized by a lack of the RR phase; symptoms creep up slowly and steadily get 

worse. People with this type of multiple sclerosis tend to be diagnosed when they are older. 

About 85% of sufferers with this form of the disease develop walking difficulties because, 

unlike RR MS in which nerve damage is found in both the brain and spinal cord, the 

disease primarily attacks the spinal cord. They are unlikely to have the cognitive problems 

associated with damage to the brain [92]. 

Two other types of MS have been described: (1) benign MS, in which one or two 

mild attacks, mainly affecting the sensory functions, are followed by complete recovery, 

and (2) progressive relapsing MS that is progressive from the outset with clear acute attacks 

and symptom flare ups, but without complete remissions since symptoms continue to get 

worse in between relapses. 

 

4.1Aetiology 

4.1.1 Genetic Factors 

The earliest evidence supporting a genetic influence on MS susceptibility was derived from 

observations of familial aggregation and differences in MS risk among ethnic groups 
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residing in the same geographical regions. In Northern Europe, recurrence risk in a sibling 

is around 3% and the point prevalence is approximately 1 per 1.000 [93-96]. Second- and 

third-degree relatives of MS patients are also at an increased risk for MS, supporting the 

possibility that genetic factors, which are distinct from a common environmental exposure, 

influence familial susceptibility [97]. Studies carried out in Canada of adoptees [98], half-

siblings [99] and spouses [100] seem to confirm that genetics is primarily responsible for 

the co-incidence of MS within families. However, an intriguing association with month of 

birth was observed in the Canadian study, suggesting an interaction between genes and an 

environmental factors operating during gestation or shortly after birth [101]. Parent-of-

origin genetic effects might influence both disease susceptibility and outcome [102-104], 

and concordance in families for early and late clinical features indicates that, in addition to 

susceptibility, genes influence disease course and other aspects of the clinical phenotype 

[105-108]. Finally, twin studies from several populations consistently indicate that a 

monozygotic twin of an MS patient is at higher risk (~30% concordance) for MS than is a 

dizygotic twin (~5% concordance) [109-112], providing additional evidence for a 

significant, but complex, genetic aetiology.  

Two main issues have confounded efforts to identify susceptibility genes in complex 

diseases such as MS. First, the effects attributable to individual genes are modest. Second, 

the significant amount of genetic variations in the human population means that relevant 

signals have to be sorted from an overwhelming amount of noise [113-114]. The number of 

MS susceptibility loci, their effect size, and mode of inheritance can not be judged with 

certainty by studying the pattern of inheritance in multi-case families. However, the 

nonlinear relationship between familial recurrence risk and the degree of relatedness, as 

well as the available genetic data, suggest that between 20 and 100 common variants, each 
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increasing risk by only a modest factor of 1.2–1.5, would be sufficient to account for the 

prevalence and heritability of MS. Alternatively, many hundreds, if not thousands, of rare 

variants would be required to explain MS susceptibility,  even if they individually increase 

the risk by as much as 10–20 fold [115]. 

Despite many linkage and association studies performed over the years and in many 

populations, until very recently, the only replicated genetic risk factor remained the one 

mapping in the human Major Histocompatibility complex (HLA) region. The strongest 

association in this region is with the Class II allele HLA-DRB1*1501 (DR15) that in most 

tested Caucasoid populations increased the risk by about 3. Recent data point to the 

presence of a second MS risk modulating factor in the HLA-Class I region. Three 

associated  alleles were recently reported by three different groups, namely HLA-A*2, 

HLA-C*05 and MOG-L142, all conferring a protective effect decreasing the risk by values 

between 0.49 and 0.7 independent of linkage disequilibrium with DR alleles [116-118]. 

While these data demonstrate that genes in the HLA class I region indeed exert an 

additional influence on the risk of MS, the identification of the primarily associated class I 

gene requires further studies.  

The identification of non-HLA susceptibility loci has remained elusive, with no reliably 

replicated association, likely because most non-HLA susceptibility genes have a small 

phenotypic effect conferring marginal risk values that only extremely large patient and 

control datasets have the statistical power to detect. At last, thanks to the implementation of 

high throughput techniques and the employment of large data sets, some apparently reliable 

results are starting to be reported. A whole genome association study performed with about 

300000 single nucleotide polymorphisms (SNPs) identified a strong association with two 

intronic SNPs within the interleukin-2 receptor alpha gene (IL2RA) (p=2.9x10-8) and a 
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nonsynonymous SNP (T244I, rs6897932) in the interleukin-7 receptor alpha gene (IL7RA) 

(p=2.9x10-7) [119]. The MS association of IL7R T244I SNP was replicated in independent 

data sets analysing a total of about 7.000 MS patients and 7.000 controls from Northern 

Europe/US. The associated allele conferred a MS risk ranging from 1.2-1.3 and induced a 

twofold increased skipping of exon 6 which produces a soluble IL7RA isoform [120-121]. 

 

4.1.2 The role of infections 

The relatively low concordance rate of identical twins indicates a contribution of 

nongenetic factors to MS aetiology. Viral and bacterial infections are candidates as 

environmental triggers of MS [122]. Evidences stem from experimental autoimmune 

encephalomyelitis (EAE), since almost 100% of transgenic mice expressing a TCR (T Cell 

Receptor) that is specific for an encephalitogenic peptide of Myelin Basic Protein (MBP) 

develop EAE when the transgenic mice are housed under nonpathogen-free conditions, 

whereas the same animals housed in a pathogenic-free facilities remain disease free. 

Important clues may also come from the investigation of MS epidemics. Of the 

several reported, the most convincing, albeit not uncontroversial, occurred in the Faroe 

Islands [123]. The Faroes are a group of islands in the North Atlantic Ocean that have been 

a semi-independent unit of the Kingdom of Denmark since 1948. According to 

investigations by Kurtzke and others, MS was virtually absent among indigenous Faroese 

until the islands were occupied by the British troops in 1940. After the occupation, 25 cases 

were identified with onset between 1943 and 1960, most among residents of parishes where 

the troops were located [123]. A detailed analysis of the time course of the epidemic lead 

Kurtzke to postulate that there is a widespread transmissible agent that causes an 

asymptomatic persistent infection or “primary MS affection”; rarely, and years after the 
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primary infection, this agent would cause neurological symptoms (MS). Overall, the data 

support the possibility that an environmental factor introduced by the British troops caused 

an increase in MS incidence . 

The viral aetiology of a number of human demyelinating disease [progressive 

multifocal leukoencephalopaty caused by papovirus JC; postinfectious encephalitis and 

subacute sclerosing panencephalitis (SSPE), both caused by measles virus; herpes simplex 

virus (HSV); HIV encephalopathy] explains the continued interest in virus as triggers for 

MS [124-127]. Moreover, animal models of virus-induced demyelinating diseases, such as 

encephalomyelitis by Theiler’s murine encephalomyelitis (TMEV), neurotropic strains of 

mouse hepatitis virus, and rat- adapted measles virus also support the possible involvement 

of a virus in MS. Among virues that are pathogenic in humans, herpesviruses are of 

particular interest owing their neurotropism, ubiquitous nature, and tendency to produce 

latent, recurrent infections. Human herpesvirus (HHV-6) and Epstein-barr virus (EBV) are 

the leading candidates [126-128].  

HHV-6 can lead to meningo-encephalitis, and several observations suggest a role 

in MS, including its detection in oligodendrocytes in MS plaque tissue (but also in normal 

brains), the infection of astrocytes, and the presence of HHV-6 DNA and anti-HHV-6 IgG 

and IgM in serum and cerebro-spinal fluid (CSF) of MS patients [126-127]. 

EBV is an ubiquitous herpesvirus that infects over 90% of the population. Primary 

infection generally occurs in early childhood and is usually subclinical; however, in older 

patients, it may manifest as infectious mononucleosis. After primary infection, EBV 

establishes latency in B cells and this persistent infection is etiologically linked to several 

lymphoid and epithelial tumors, including Burkitt lymphoma, nasopharyngeal carcinoma, 

and Hodgkin lymphoma. A meta-analysis estimated that the odds of MS are more than 10 
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times higher among EBV-positive versus EBV-negative subjects. Longitudinal studies 

showed that the risk for MS in apparently healthy adults was directly correlated with levels 

of anti-EBNA-1 IgG (EBV nuclear antigen 1) [129]. Interestingly, these anti-EBV 

antibodies are significantly increased up to 20 years before the onset of MS and then 

remain constant. A recent work found evidence of EBV infection in a substantial proportion 

of brain-infiltrating B cells and plasma cells in nearly all MS patients (investigated post-

mortem). Expression of viral latent proteins was regularly observed in MS brains, whereas 

viral reactivation appeared restricted to ectopic B cell follicles and acute lesions. These 

findings provide evidence that EBV persistence and reactivation in the CNS play a role in 

MS immunopathology [128-129] . 

Human herpesvirus 1 (HSV-1) and varicella zoster virus (VZV or HSV-3) have 

also been considered as MS-triggering agents on the basis either of CSF antibody studies or 

finding that VZV encephalitis is characterizied by demyelination. Among bacteria, 

Chlamydia pneumoniae has been implicated in MS [130]. 

Two main mechanisms have been propososed to explain how infections could 

induce MS: (a) molecular mimicry, i.e. the activation of autoreactive T cells by cross-

reactivity between self-antigens and foreign antigens, can lead to the migration across the 

blood-brain barrier (BBB), CNS infiltration and finally to tissue damage by anti-viral 

lymphocytes cross-reacting against myelin antigens; and (b) bystander activation, which 

assumes that autoreactive cells are activated because of non-specific inflammatory events 

that occur during infection and work as adjuvant for the autoimmune response. A third 

proposal is that infections induce MS through a combination of these two mechanisms. 
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4.2 Pathogenesis of MS 

Most studies on MS pathology and pathogenesis have been focused on focal 

demyelinated lesions in the white matter, named sclerotic plaque. Its characteristic 

pathological feature is demyelination. Both the myelin sheath and the oligodendrocyte itself 

are destroyed within lesions, following attack by lymphocytes that react with myelin-

related epitopes, such as MBP. Immune attack involves both cellular immunity, with T 

cells directed at myelin and oligodendrocytes and inciting phagocytosis by macrophages, 

and humoral immunity with secretion of anti-myelin antibodies from B cells and 

subsequent fixation of complement and opsonization of the myelin sheath and 

oligodendrocytes. 

The CNS has long been considered to be an immunoprivileged site with few, if 

any, lymphocytes present in the absence of active infections. However, accumulating 

evidence has demonstrated that a small number of T cells traffic through the CNS 

surveying for infection and injury, and that T cells activated in the periphery can penetrate 

the blood–brain barrier (BBB) and enter the CNS [131-133]. EAE can be induced using 

CNS homogenates, myelin proteins, or their encephalitogenic peptides in adjuvant. Myelin-

specific CD4+ T cells are considered to be the initiators of disease in both MS and EAE, 

but clonal expansion of CD8+ T cells has been detected in both MS and EAE lesions [134-

135]. In addition, adoptive transfer of myelin-specific CD8+ T cells can induce an EAE-

like disease in recipient animals [136]. Myelin oligodendrocyte glycoprotein (MOG)-

induced EAE is characterized by many pathophysiological processes detected in MS, 

including encephalitogenic T cell and demyelinating antibody responses with axonal 

damage that is quantitatively and qualitatively similar to that seen in MS [137-139]. 
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In addition to damage of myelin and oligodendrocytes, axonal loss and injury are 

also characteristic features of sclerotic plaques. Axonal loss is determined by counting 

processes in histological samples. Injury can be detected by the accumulation of amyloid 

precursor protein (APP) in swellings where axonal transport has been interrupted or the 

axon physically sectioned. APP accumulation is a transient phenomenon and staining for 

this protein can thus be taken as an index of recent axonal damage. In end-state multiple 

sclerosis, up to 60% of the axons present in sclerotic plaques may have disappeared [138-

144]. This proportion of axonal loss in clinically silent ‘burnt-out’ plaques appears to be 

independent of the extent of remyelination and the number of residual oligodendrocytes 

[144]. Axonal loss is also observed in normally appearing white matter adjacent to ‘burnt-

out’ lesions in the cervical cord [139]. However, axonal damage is an early event in lesion 

formation [145-147]. In fact, APP accumulation in axons is most prominent in early disease 

and is correlated with the extent of infiltration of T cells and macrophages into the lesions 

[148]. The extent of acute axonal damage is more pronounced in lesions in which active 

demyelination is proceeding, compared to inactive demyelinated lesions, consistent with a 

causal relationship between inflammation and axonal injury [148]. However, neuroaxonal 

damage can also be demonstrated in cortical plaques where infiltration of immune cells is 

less pronounced [149]. 

A number of cellular and humoral mediators of the immune response have been 

shown to be capable of damaging axons, including T cells, macrophages, antibodies, nitric 

oxide, glutamate, and matrix metalloproteases. 

Binding of T cells to neurites may be facilitated by an increased expression of 

MHC proteins in neurons and their processes under the influence of interferon-γ from T 

cells infiltrating the lesion [150]. These observations would be consistent with the 



 

45

hypothesis that release of toxic soluble mediators from these immune cells may be 

instrumental in damaging the axons. Axon damage has been suggested to be mediated by 

perforin [151], whose secretion by CD8+ T cells is up-regulated in active multiple sclerosis 

lesions [151-153], and Fas-mediated death [144]. In the Theiler’s virus encephalopathy 

model of multiple sclerosis, suppression of perforin gene expression protects mice against 

neuronal loss and neurological impairment, whereas demyelination is unaffected [154]. 

Disruption of the blood brain barrier (BBB) is a hallmark feature of immune-

mediated neurological disorders as diverse as viral hemorrhagic fevers, cerebral malaria 

and acute hemorrhagic leukoencephalitis. Recently, CNS-infiltrating antigen-specific CD8 

T cells have been shown to display the capacity to initiate BBB tight junction disruption 

through a non-apoptotic perforin-dependent mechanism [155]. 

Activated macrophages release nitric oxide and glutamic acid. Nitric oxide has 

been demonstrated to cause reversible conduction block in demyelinated axons [156]. 

Exposure to concentrations of nitric oxide likely to be generated by macrophages in 

multiple sclerosis lesions leads to Wallerian degeneration of electrically active axons and to 

damage of axonal membranes [157]. A role for glutamic acid-mediated citotoxicity is 

suggested by the observation that treatment of mice with EAE with the excitatory amino 

acid receptor antagonist NBQX results in considerable and significant rescue of axons 

[158]. Axonal sparing was accompanied by increased oligodendrocyte survival and an 

improvement of the clinical state. However, markers of inflammatory activity were not 

affected by treatment with NBQX.  

Finally, antibodies against axonal epitopes released from B cells may also be 

involved in concurrence with complement. In the rat EAE model, depletion of the C6 
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complement protein has been shown to prevent axonal damage as well as demyelination, in 

spite of normal levels of T cell infiltration into the nervous system [143]. 
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4.3 RATIONALE  

 

Families of patients with ALPS, carrying inherited defects of Fas-induced 

apoptosis, display increased frequency of common autoimmune diseases, including MS 

[159]. This prompted an analysis of Fas function in MS patients, which showed that a 

substantial proportion of them (50%) display defective Fas-induced apoptosis and that the 

defect was more frequent in those with progressive courses (70%). The Fas gene was not 

mutated, but the finding that the healthy parents of the patients displayed the same defect 

suggested a genetic component [160]. Therefore, inherited alterations involved in ALPS 

may also be involved in MS development. This possibility was supported by the 

observation that the variants of the osteopontin gene inducing production of high levels of 

this cytokine increased not only the risk of ALPS by 8 fold (see the Introduction section), 

but also the risk of MS by 1.5-fold [67,161]. These observation prompted the work 

described in the paper 3 aimed to evaluate whether variations of the perforin gene are 

involved not only in ALPS (as shown in the paper 1), but also in MS development. This 

possibility was supported by studies showing that a region of chromosome 10q22.1, located 

near to PRF1, may be a susceptibility locus for MS [162]. 

The paper 3 shows that, indeed, variations of the perforin gene are a susceptibility 

factor for MS development. 
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4.4 RESULTS  

4.4.1 Paper 3 
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