
1 

 

University of Eastern Piedmont 
“A. Avogadro” 

Department of Medical Sciences 
 

 
PhD thesis in Molecular Medicine 

 
XXI cycle (2005-2008) 

 
 

GENETIC AND MOLECULAR 
MECHANISMS OF AUTOIMMUNITY 

AND IMMUNODEFICIENCY 
 
 

Dott.ssa Elisa Cerutti 
 
 
 

Tutor: Prof. Umberto Dianzani 
Coordinator: Prof. Umberto Dianzani 

 



2 

 

 

 

 

 

 

….to my family….. 

 

  



3 

 

 

 

 

 

Since the beginning of time, people have yearned to explore the unknown, chart 

where they have been, and contemplate what they have found. The maps we make of 

these treks enable the next explorers to push ever farther the boundaries of our 

knowledge, about the earth, the sea, the sky, and indeed, ourselves….. 
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SUMMARY  

 

There are different approaches to obtain an “insight” in the pathogenesis of human 

diseases. One is to study particular genetic variants and how they affect functioning of 

specific proteins and protein pathways, in order to understand about physiological 

processes in normal and disease states. A comprehensive understanding of genetic 

variation would facilitate to establish relationships between genotype and biological 

function. 

Within this thesis I describe how genetic variations could be a susceptibility factor for 

the complex pathogenesis of autoimmune disease, focusing on Autoimmune 

Lymphoproliferative Syndrome (ALPS). ALPS is due to inherited defects decreasing 

function of the Fas death receptor, involved in the immune response switching off. It 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). Mutations of the Fas 

gene (TNFR6) are the most frequent causes of ALPS. They are usually heterozygous 

and their penetrance depends on their effect on Fas function. Mutations hitting the 

intracellular domain of Fas (death domain) involved in recruitment of FADD and 

caspase-8/10 and initiating the death signal are generally severe since exert a dominant-

negative effect and display high penetrance. By contrast, mutations hitting the 

extracellular portion or causing haploinsufficiency have weak penetrance and may cause 

disease development depending on concurrence of other genetic or environmental 

factors. The first part of this thesis shows that concurrent factors may be genetic 

variations hitting either the Fas pathway itself or other pathways co-involved in the 

immune response switching off. 

The first report, describes two patients that are combined heterozygous for single 

nucleotide substitutions in the TNFRSF6 and CASP10 (caspase-10) genes. The first 

patient showed a heterozygous nucleotide substitution in TNFR6 (c334 -2a>g), located 

in the splicing-acceptor site in the third intron and determining the IVS3-2a>g splice 

site defect. The mutation results in skipping of exon 4, coding for an extracellular 

cysteine-rich domain, frameshift and premature termination after 38 codons. 

Sequencing of CASP10 detected a C>T substitution at nt1502 in exon 10 resulting in a 
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proline to leucine change (P501L) in the small catalytic subunit of the caspase. The 

mutation, was not detected in 80 healthy donors nor in 40 other ALPS patients. The 

second patient had a TNFR6 mutation in exon 2, causing a premature stop codon 

(Q47X). Sequencing of CASP10 detected a heterozygous nucleotide substitution 

(1337A>G) in exon 9 causing the Y446C amino acid change in the predicted protease 

domain of the small subunit. This variation has been previously associated to ALPS, but 

has been reported also in the healthy Caucasian population with allelic frequency 

ranging from 1.6 to 2%. Fas expression was reduced and caspase-10 activity was 

decreased in both patients. In both patients, the mutations were inherited from distinct 

healthy parents. Therefore, this work suggests that mutations of TNFR6 and CASP10 

can cooperate in development of ALPS by hitting the Fas signaling pathway.   

The second report shows that a concurrent factor favoring ALPS/DALD development 

may be perforin gene (PRF1) variations that decrease the function of this protein 

involved in cell-mediated cytotoxicity. Perforin is stored in the lytic granules of 

cytotoxic cells and is released on the target cell surface where it forms pores allowing 

entry of granzymes inducing target cell apoptosis. Cell-mediated cytotoxicity is crucial 

for clearance of viral infections, but plays also a role in switching off the immune 

response by killing of activated immune cells. Sequencing of PRF1 in 14 ALPS, 28 

DALD, and 816 controls detected two variations: the N252S amino acid substitution in 

2 ALPS, and the 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). In one N252S patient, NK 

activity was strikingly defective in early childhood, but became normal in late 

childhood. A91V patients displayed lower NK activity than controls. These data suggest 

that PRF1 variations are a susceptibility factor for development of ALPS and DALD in 

subjects with defective Fas function, possibly because both defects affect the immune 

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

involved in development of type 1 diabetes mellitus and multiple sclerosis. 

Involvement of NK defects in autoimmunity prompted my interest on molecules 

involved on release of lytic  granules by cytotoxic cells, since they might be candidate 

molecules involved in diseases caused by defective cell-mediated cytotoxicity. The 

work was focused on the role of the kinase suppressor of Ras-1 (KSR1) and the third 

report shows that KSR1-deficient mice display reduction of NK cell cytotoxicity. The 
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defect was not mediated by defective cell-cell adhesion, since the absence of KSR1 did 

not affect the ability of NK cells to form conjugates with target cells. Instead, it might 

be mediated by defective polarization of lytic granules, which required KSR1 function. 

Search for the mechanism causing this  defect showed that KSR1 recruitment to the 

membrane is required for recruitment of active ERK to the immunological synapse, 

which may be crucial to allow ERK to phosphorylate specific substrates at the plasma 

membrane. Indeed, ERK-dependent phosphorylation of the PXSP motif in Lck (crucial 

in enhancing T-cell activation) was diminished after KSR1 suppression. These data 

suggest that KRS1 may be crucial for cell-mediated cytotoxicity and may be a 

promising candidate molecule involved in diseases caused by defective cell-mediated 

cytotoxicity. 
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INTRODUCTION  
 

Most inherited diseases are rare, but taken together, the more than 3,000 disorders 

known to result from single altered genes rob millions of healthy and productive lives. 

Today, little can be done to treat, let alone cure, most of these diseases. A better 

understanding of the etiology and pathogenesis of diseases and the development of 

better treatments have, therefore, important implications, not only for the individual 

patient but also for health care and the socioeconomic sector in general. As 

‘experiments of nature’, human diseases and their study offer insight into basic 

mechanisms of the human immune system.   

Similar to other highly prevalent diseases, for example cardiovascular diseases, 

Alzheimer's disease or psychiatric disorders such as schizophrenia or depression, 

autoimmune diseases are complex with respect to their genetic background and 

potential environmental risk factors, and consequently also the multiple pathogenic 

factors that contribute to tissue damage. With respect to clinical presentation, patients 

that have similar signs and symptoms have previously been bundled together under one 

disease heading, but it is becoming clear that such general disease labels might not 

adequately reflect the above complexity and could create difficulties when looking for 

biological markers or when testing new treatments. 

The Human Genome Project helped scientists to better understand etiology and 

pathogenesis of disease. In fact, once a gene is located on a chromosome and its DNA 

sequence worked out, scientists can then determine which protein the gene is 

responsible for making and find out what it does in the body.  

There are different approaches to obtain an “insight” in the pathogenesis of human 

diseases. One of these approaches is to analyze the phenotype of a patient and compare 

the features with which of other diseases, in order to identify the pathway, the proteins 

and the genes responsible for the pathological defect. Genetics seeks to correlate 

variations in DNA sequence with phenotypic differences. The greatest advances in 

human genetics have been made for traits associated with variations in a single gene. 

However, most phenotypes, including common diseases and variable responses to 

pharmacological agents, have a more complex origin, involving the interplay between 
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multiple genetic factors (genes and their products) and non-genetic factors 

(environmental influences). Unraveling such complexity will require both a complete 

description of the genetic variation in the human genome and the development of 

analytical tools for using that information to understand the genetic basis of disease. 

A comprehensive understanding of genetic variation, both in humans and model 

organisms, would facilitate studies to establish relationships between genotype and 

biological function. The study of particular variants and how they affect the functioning 

of specific proteins and protein pathways will yield important new insights about 

physiological processes in normal and disease states. An enhanced ability to incorporate 

information about genetic variation into human genetic studies would introduce us in a 

new era for investigating the genetic bases of human diseases and drug responses. 

On the other hand, genes and gene products do not function independently, but 

participate in complex, interconnected pathways, networks and molecular systems that, 

taken together, give rise to the workings of cells, tissues, organs and organisms. 

Defining these systems and determining their properties and interactions is crucial to 

understanding how biological systems function. Yet these systems are far more complex 

than any problem that molecular biology, genetics or genomics has yet approached. On 

the basis of previous experience, one effective path will begin with the study of 

relatively simple model organisms, such as bacteria and yeast, and then extend the early 

findings to more complex organisms, such as mice and humans. Alternatively, focusing 

on a few well-characterized systems in mammals will be a useful test of the approach. 

Understanding biological pathways, networks and molecular systems will require 

information from several levels. At the genetic level, the architecture of regulatory 

interactions will need to be identified in different cell types, requiring, among other 

things, methods for simultaneously monitoring the expression of all genes in a cell. At 

the gene-product level, similar techniques that allow in vivo, real-time measurement of 

protein expression, localization, modification and activity/kinetics will be needed. It’s 

important to develop and refine techniques that modulate gene expression, such as 

conventional gene-knockout methods, newer knock-down approaches and small-

molecule inhibitors to establish the temporal and cellular expression pattern of 

individual proteins and to determine the functions of those proteins. This is a key first 

step towards assigning all genes and their products to functional pathways.  
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Within this thesis I’ll describe how genetic variations could be a susceptibility factor for 

the complex pathogenesis of autoimmune disease, in particular for the Autoimmune 

Lymphoproliferative Syndrome (ALPS). I show that ALPS, that is regarded as a classic 

monogenic disease generally due to mutations hitting function of the Fas gene involved 

in switching off the immune response, may sometimes be the outcome of multiple 

mutations affecting different steps of the Fas signaling pathway or other pathways 

involved in the immune response switching off.  

 

1-APOPTOSIS IN THE IMMUNE SYSTEM   

 

The immune system is charged with the complex task of providing defense 

against a vast array of potential pathogens, whilst ensuring that those same protective 

mechanisms are not turned against the self. Mechanisms of physiological cell death 

(apoptosis) play key roles in the development, regulation and functioning of the immune 

system. Malfunctioning of the cell death process can cause autoimmune disease, 

immunodeficiencies, and lymphoid malignancies. Apoptosis is the physiological 

process of cell death that occurs in all multicellular organisms. The process of apoptosis 

may be divided into stages: the stimuli that trigger the cell death response; the pathway 

by which the message is transduced to the cell; and the effector mechanisms that 

implement the death program (Vaux et al, 1996). Diverse stimuli may trigger a death 

response in cells but the pathways converge upon the same, evolutionally conserved 

effector mechanisms, the key components of which are a family of cysteine proteases 

called caspases. Upon activation, these cysteine proteases directly or indirectly cause 

the morphological and biochemical changes characteristic of apoptosis, such as 

chromatin condensation and DNA fragmentation. Apoptotic cells are efficiently 

phagocytosed by neighbouring or inflammatory cells. 

 

In the immune system, apoptosis plays an important role during positive and negative 

selection in lymphocyte development, in the “switching off” of the immune response, 

and in the effector function of cytotoxic cells. 

 

 

 

 



8 

 

1.1  Apoptosis of activated lymphocytes and homeostasis of lymphocyte numbers  

 

Physiological elimination of activated T cells during an immune response can occur via 

an active extrinsic pathway triggered by the engagement of specialized transmembrane 

receptors called death receptors. These death receptors belong to the TNFR superfamily 

and include Fas (also called CD95, TNFRSF6, or APO-1), TNFR1 (also known as p60 

or TNFRSF1A), death receptor 3 (also known as DR3, or TNFRSF25), death receptor 4 

[also known as DR4, TNF related apoptosis-inducing ligand receptor 1 (TRAIL-R1), or 

TNFRSF10A], death receptor 5 (DR5, or TRAIL-R2 or TNFRSF10B), and death 

receptor 6 (DR6 or TNFRSF21). The TNFR superfamily is characterized by arrays of 

two to five extracellular cysteine-rich domains (CRDs) (Locksley et al, 2001). Members 

of the death receptor subgroup of TNFRs share a moderately conserved region of 80 

amino acids in the cytoplasmic portion termed the death domain (DD), as it is required 

for death signaling. Fas, the prototypical death receptor, plays a critical role in 

lymphocyte regulation by apoptosis and, potentially, non-apoptotic death. Fas is 

activated by its cognate ligand, FasL, a type 2 transmembrane protein that can be 

released in soluble form by metallo proteinases (Suda et al, 1993). Both the ligand and 

the receptor can be potently upregulated by antigenic stimulation of T cells, especially if 

cells are activated and cultured in interleukin IL-2 (Zheng et al, 1998). Stimulation of B 

cells can induce expression of death receptors and TNFα, but not expression of FasL. 

Rather, B cells appear to be killed by conjugation to T cells that express FasL (Wang et 

al, 1997). The fundamental mode of signaling by death receptors is protein complex 

formation at two levels. First, the receptor assembly is triggered by ligand to form 

stoichiometric complexes with cytoplasmic signaling proteins. Second, higher order 

aggregates of receptors, ligands, and signaling proteins immediately follow and are 

crucial for signal transmission. In the Fas/FasL system, within seconds after FasL 

stimulation, Fas recruits the adapter molecule FADD and the initiator caspase-8 and -10 

to form a large complex termed death-inducing signaling complex (DISC) (Kischkel et 

al, 1995). DISC formation is crucial for generating caspase activity and initiate the 

apoptotic process. Both Fas and FasL operate as homotrimers. Their interaction triggers 

changes in conformation and/or orientation of the receptor trimer that allow homotypic 

interactions between the DDs in Fas and FADD. In addition to its COOH terminal DD, 

FADD also possesses a NH2-terminal protein-protein-interaction domain of 

approximately 80 residues called the death effector domain (DED), which is also found 
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in the initiator (or apical) caspases-8 and -10. Remarkably, DD and DED are both 

hexahelical bundles with a similar overall topology that is also shared by the caspase-

recruitment domain (CARD) (Fesik et al, 2000). Hence, these domains may be 

specializations of a common ancestor. It is generally the case, however, that each 

domain interacts in a homotypic manner, i.e., DD to DD, but do not cross bind one 

another (DD to DED, etc.). Therefore, FADD is brought to the DISC by its DD 

association with Fas and then recruits caspases-8 and -10 to the complex through DED 

interactions  (Figure 1) (Tibbets et al, 2003; Zhang et al, 1998).  

 

 
 
Figure 1. Fas signaling pathway. Fas is self-trimerized through interactions of the aminoterminal 
domain termed pre-ligand-associating domain (PLAD). Upon interaction with membrane FasL (mFasL), 
homophilic interactions of death domains allow the association of Fas with the cellular adapter called 
FADD. FADD contains another domain called the death effector domain allowing interactions with 
procaspase-8 (Mach/Flice) and 10 (Flice-2) in a death-inducing signaling complex (DISC), thereby 
connecting Fas to a proapoptotic pathway. 
 
 
Within this multiprotein DISC aggregate, the increased local concentration of caspase-

8/10 zymogens presumably promotes an altered conformation that leads to their 

autoprocessing and activation. Caspases-8 and -10 each contain three parts: a double-
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DED containing prodomain, a large enzymatic subunit, and a small enzymatic subunit. 

Each part is flanked by aspartate residues that form caspase cleavage sites especially 

sensitive to its own activity. Initially, it was believed that autoprocessing and release of 

the two enzymatic subunits were essential for death signaling (Nicholson et al, 1997). 

However, recent data has suggested that apical caspases can, under certain conditions, 

transmit signals without cleavage by relying only on dimerization or other 

rearrangements of inactive unprocessed monomers (Boatright et al, 2003). Nevertheless, 

processing of apical caspases stabilizes the catalytic activity as heterotetramers (two 

each of the large and small subunits) and allows its release into the cytosol (Boatright et 

al, 2003). The released, highly active caspases cleave multiple downstream targets, 

including effector caspases that initiate a caspase amplification loop leading to the cell’s 

demise. In the so-called type I cells, including thymocytes and peripheral T cells, a high 

quantity of active caspase-8/10 is generated at the DISC that directly activates effector 

caspases, i.e., caspases-3, -6, and -7. By contrast, in type II cells, including tumor cell 

lines such as Jurkat and CEM, the DISC is weaker, and caspase activation occurs more 

slowly and to a lesser extent than in type I cells. In type II cells, robust apoptosis is 

achieved by caspase-8 processing of Bid, a proapoptotic BH3-only Bcl-2 family 

member. The truncated active form of Bid causes cytochrome c release from the 

mitochondria and activation of the intrinsic apoptosis pathway (Jiang et al, 2004). 

Because of mitochondrial involvement, death receptor–mediated death in type II cells, 

but not type I cells, can be inhibited by anti-apoptotic Bcl-2 family members (Krueger 

et al, 2003). DISC formation is followed by the formation of Fas clusters recently 

designated as signaling protein oligomerization transduction structures (SPOTS) 

(Algeciras et al, 2002; Siegel et al, 2004). SPOTS are composed of perhaps thousands 

of individual receptor complexes (making them visible microscopically) that further 

increase the local concentration of caspase-8 and promote its autoprocessing and 

activation (Siegel et al, 2004). This receptor oligomerization depends on the Fas DD 

and FADD but does not require caspase activity. Once SPOTS are formed, a further 

caspase-dependent clustering and capping of Fas complexes is followed by receptor 

internalization in vesicles bearing endosomal markers. It is unclear whether 

internalization downregulates Fas-induced death or is a critical step for death signaling, 

as recently shown for the TNF receptosomes (Schneider-Brachert et al, 2004). 

Alternatively, since Fas internalization depends on caspase activation, it may be a post-

lethal event that has no regulatory role at all. One potentially important regulator of Fas 
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at the DISC level is the cellular FLICE inhibitory protein (c-FLIP) that is present in two 

isoforms: c-FLIPS and c-FLIPL (Thorne et al, 2001). The c-FLIPL protein is very 

similar to caspases-8 and -10, and the genes for all three are found in a gene cluster on 

chromosome 2q33-34; this observation suggests that the genes may have arisen by 

tandem duplication of one ancestral gene (Fernandes-Alnemri et al, 1996; Irmler et al, 

1997; Rasper et al, 1998). Although a double DED is intact in c-FLIPL, the part of the 

gene that encodes the enzymatic subunits contains numerous mutations that prevent 

caspase activity (Irmler et al, 1997). c-FLIPS is closer in structure to a viral counterpart, 

v-FLIP, which consists only of the double DED and a short COOH-terminal addition 

(Irmler et al, 1997). Both c-FLIPL and c-FLIPS can be recruited to the DISC, where 

they typically exert an inhibitory effect on caspase-8 activation and cell death. c-FLIPL 

has been observed to have different, sometimes contradictory functions. c-FLIPL in the 

DISC is processed by caspase-8 but cannot process caspase-8 in return, so that the latter 

is kept in an uncleaved form at the receptor level (Krueger et al, 2001). B cell receptor 

stimulation can induce c-FLIPL expression and block Fas- and TRAIL-mediated 

killing; this observation indicates a potential role in B cell selection and tolerance 

(Wang et al, 2000). On the other hand, small amounts of c-FLIPL can cause caspase-8 

activation and cell death and have also been proposed to promote Fas-induced 

lymphocyte proliferation (Thorne et al, 2001).  
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1.2 Apoptosis in cell-mediated cytotoxicity 

 

Cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells are highly effective 

killers of virally infected and tumorigenic cells. Although the receptors involved in 

recognition of targets by these cells differ, the mechanisms by which they kill are 

essentially the same. The lytic activity of CTLs and NK cells is localized in specialized 

granules in their cytoplasm and, through the regulated secretion of these granules, killer 

cells can selectively induce target cell death.  

In the 1980s, several groups identified the active proteins present in CTL and NK cell 

granules (Millard et al, 1984; Podack et al, 1985). The key soluble protein was called 

perforin (Figure 2). 

 

 
 
Figure 2. Perforin putative domain structure. The putative domains of the perforin monomer are 
shown. The leader peptide of human perforin contains an additional amino acid compared with mouse 
perforin. The amino terminus (N-terminus) is predicted to have lytic potential whereas the amphipathic α-
helix is thought to insert into the target membrane and shares homology with terminal members of the 
complement membrane attack complex. The calcium-binding C2 domain confers the membrane binding 
property of perforin. Approximate amino acid boundaries of each domain are indicated by numbers. 
 

Initially, the structural and functional similarity of perforin to proteins associated with 

complement-mediated lysis suggested that this protein contributed to target cell death 

simply by damaging the cell membrane through pore formation (Tschopp et al, 1986; 

Sauer et al, 1991). However, a series of experiments in which perforin and granzymes 

were overexpressed in the mast cell line RBL, thus endowing them with cytotoxic 

potential, demonstrated that while overexpressing perforin in isolation induced target 

cell membrane permeabilization, it necessitated the combined expression of perforin 

and granzymes to induce further intracellular events associated with CTL/NK killing, 

such as DNA damage (Shiver et al, 1991 and 1992; Nakajima et al, 1995). This 

suggested that perforin might form pores in the target cell membrane through which 
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granzymes may pass; however, there is little experimental evidence for this at present. 

Plasma membrane disruption, however, is not the only feature of cell death inflicted by 

CTLs and NK cells. Unlike complement-mediated lysis, killer cell lysis was found to be 

accompanied by extensive cellular deterioration beyond damage to the plasma 

membrane, in particular nuclear disintegration, which suggested that additional factors 

in the lytic granules were contributing to cytolysis. Other components of the lytic 

granules were subsequently identified as serine proteases, called granzymes (Lowin et 

al, 1995). The granzymes are a family of serine proteases stored within CTL/NK cell 

granules, with humans and rodents possessing different granzyme genes in three linked 

chromosomal clusters. Granzymes A, B, C, D, E, F, G, K, L, M and N are found in the 

mouse, while humans possess a more restricted repertoire, namely granzymes A, B, H, 

K and M (Grossman et al, 2003).  

Granzyme B is a major constituent of CTL/NK cell granules, promoting apoptosis 

through proteolysis of a relatively small number of substrates (Figure 3) (Masson et al, 

1987). There are two main pathways of granzyme B-induced killing, one involving 

direct activation of caspases and the other mediated through granzyme B-initiated 

promotion of mitochondrial permeabilization. Like the caspases, granzyme B cleaves its 

substrates after aspartic acid residues, so it is not surprising that several caspases have 

been proposed to be direct granzyme B substrates including caspase-3, -6, -7, -8, -9 and 

-10 (Darmon et al, 1995; Martin et al, 1996; Medema et al, 1997; Duan et al, 1996; 

Fernanes-Alnemri et al, 1996; Gu et al, 1996; Muzio et al, 1996; Orth et al, 1996; Quan 

et al, 1996). However, recent work suggests that caspase-2, -6 and -9 are cleaved 

indirectly by granzyme B-activated caspase-3 (Adrain et al, 2005)  

In many apoptosis pathways, apoptotic signals converge on mitochondria where they 

promote the oligomerization of the BCL-2 family members BAX and/or BAK in the 

outer mitochondrial membrane (Luo et al, 1998; Li et al, 1998). BAX/BAK 

oligomerization promotes mitochondrial permeabilization with the resulting escape of 

mitochondrial intermembrane space proteins including cytochrome c (Kuwana et al, 

2002). Cytochrome c release into the cytosol facilitates the formation of a complex, 

known as the apoptosome, between APAF-1 and caspase-9 (Nijhawan et al, 1997; Jiang 

et al, 2000).  Assembly of the apoptosome results in caspase-9 activation followed by a 

downstream caspase cascade, which ensures the rapid death of the cell (Slee et al, 1999; 

Hill et al, 2004). The antiapoptotic protein BCL-2 acts at mitochondria to inhibit cell 

death by heterodimerizing with and inhibiting the death promoters BAX and BAK, 
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thereby blocking the efflux of cytochrome c and other mitochondrial intermembrane 

space proteins (Kluck et al, 1997). Because caspase inhibitors are ineffective at 

preventing granzyme B-mediated cytochrome c release (Pinkoski et al, 2001), whereas 

the overexpression of BCL-2 is sufficient to abrogate killing (Davis et al, 2000), this 

strongly suggested that granzyme B utilized a caspase-independent, mitochondrial-

mediated cell death pathway. The BH3-only protein BID was subsequently identified as 

a substrate for this granzyme. In a manner, analogous to caspase-8-mediated proteolysis 

of BID in the death receptor pathway, processing of BID by granzyme B is thought to 

expose a myristolyation sequence, targeting the latter protein to mitochondria where it 

can promote the oligomerization of BAX and/or BAK in the outer mitochondrial 

membrane (Sutton et al, 2000; Alimonti et al, 2000; Barry et al, 2000; Heibein et al, 

2000). The resulting cytochrome c release, followed by assembly of the apoptosome 

and the ensuing caspase activation cascade ensures rapid cell death. 

Several granzymes other than granzyme B are now also considered likely to contribute 

to perforin-dependent target cell death.  Granzyme A, induces intense single-strand 

DNA breaks through cleavage of various components of the SET complex, including 

TREX1 (Chowdhury et al, 2006). Cytotoxic activity has also been described for 

granzyme M, however the mechanism and reliance on caspase activation is still debated 

(Kelly et al, 2004; Lu et al 2006). 
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Figure 3. Delivery of granzymes by perforin and apoptosis. Contents of cytolytic granules such as 
perforin and granzymes are released into the extracellular space upon recognition and synapse formation 
between a cytotoxic lymphocyte and its target. Granzyme B induces caspase-dependent cell death by 
cleaving Bid, which then interacts with Bax and Bak on the mitochondrial membrane. This interaction 
can be inhibited by Bcl-2 family members, including Bcl-2 and Bcl-XL. Mitochondrial membrane 
integrity is then lost, resulting in release of cytochrome c into the cytoplasm. Pro-caspase 9, Apaf-1 and 
cytochrome c then assemble to form the apoptosome complex, which converts pro-caspase 3 into its 
active state. This executioner caspase mediates the release and subsequent translocation of caspase 
activated DNase (CAD) to the nucleus, resulting in DNA fragmentation and, finally, apoptosis of the 
target cell. Granzymes A and M induce caspase-independent cell death. iCAD, inhibitor of CAD; IS, 
immunological synapse. 
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The cytolytic process in CTLs and NK cells needs to be well regulated, and this 

involves additional or enhanced mechanisms for controlling the secretion of lytic-

granule contents in NK cells compared with the process in CTLs.  

The induction of many NK-cell effector functions, including cytotoxicity, requires that 

the NK cell contacts its target cell. This ensures precise targeting of the cytolytic 

process to a single diseased cell in a tissue without affecting its neighbouring cells. The 

events that occur following the interaction between a cytolytic cell and its target cell 

have been well studied. They include the delivery and secretion of cytolytic effector 

molecules at the interface that is formed between the cytotoxic cell and its target cell 

through a process known as directed secretion. Our understanding of directed secretion 

for cytotoxicity has been advanced by the discovery of the immunological synapse. The 

immunological synapse was originally defined in the late 1990s (Grakoui et al, 1999; 

Monks et al, 1998) as the crucial junction between a T cell and an antigen-presenting 

cell (APC) at which T-cell receptors (TCRs) interact with MHC molecules. Subsequent 

studies extended these observations and identified relevant immunological synapses 

between different types of immune cell, as well as between immune cells and non-

immune cells. 

An immunological synapse can be defined as the orderly rearrangement of molecules in 

an immune cell at the interface with another cell. Numerous molecules have been 

identified as participating in the immunological synapse, including receptors, signalling 

molecules, cytoskeletal elements and cellular organelles. Some studies suggest that 

these molecules accumulate in distinct regions in an activating immunological synapse 

to form a supramolecular activation cluster (SMAC), which may be segregated into 

peripheral (pSMAC) and central (cSMAC) zones.  

Although debate regarding the role of the immunological synapse in enabling immune 

responses continues, several of its potential functions seem relevant and worth 

considering. Lytic granules are hybrid organelles that are specialized for the secretion of 

the lytic effector molecules which reside in them.  

For an NK cell to mediate cytotoxicity, lytic granules are emptied onto a target cell at a 

prototypical mature lytic synapse (Figure 4) 
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Figure 4. Immunological synapse. a) Electron micrograph of the synapse between an ex vivo NK cell 
and a K562 target cell; arrows indicate lytic granules and their precursor forms. b) The mature natural 
killer (NK)-cell lytic synapse is defined by the formation of a supramolecular activation cluster (SMAC) 
at the interface between the NK cell and the target cell to which lytic granules polarize. The prototypical 
version of this synapse contains a central SMAC (cSMAC) that includes a secretory domain through 
which lytic granules may traverse. Confocal microscopy images show a human NK cell (YTS cell line) 
that expresses a CD2–GFP (green fluorescent protein) fusion protein making contact with a target cell 
(Epstein–Barr virus- transformed B-cell line). The cell–cell conjugates were fixed, permeabilized and 
evaluated for the presence of perforin (red) using a monoclonal antibody. Perforin is contained in lytic 
granules and therefore can be used as a marker for them; the distribution of CD2 under normal conditions 
parallels filamentous actin at the mature synapse. 
 

In the mature synapse, filamentous actin (F-actin) and adhesion receptors accumulate 

and are thought to form a ring in the pSMAC through which perforin and other lytic-

granule contents are secreted. Domains in the lytic synapse that contain specific 

signalling molecules or secretory machinery have been described in CTLs (Stinchcombe 

et al, 2001). Similar molecule distribution patterns have been observed in NK cells 

(Vyas et al, 2002; Almeida et al, 2006; Orange et al, 2006), but many aspects of NK-

cell synapse organization have not been elucidated. However, lytic granules are large 

organelles and must traverse dense F-actin networks at the synapse, and actin 

reorganization is required for their release. Therefore, synapse formation has the 

specific function in NK cells of enabling cytotoxicity. 

A variety of different signaling molecules are also involved, including calcium 

(Lyubchenko et al, 2001), phosphatidylinositol-3,4,5-triphosphate (Giurisato et al, 2007, 

Jiang et al, 2000) and activation of the ERK MAP kinase (Chen et al, 2006, Robertson 

et al, 2005; Wei et al, 1998). Recently, the recruitment of activated ERK to the 

immunological synapse has been shown to be a future of successful killing of a target 

by cytotoxic T lymphocytes, but the mechanism by which active ERK is recruited is not 

known. 

 

1.2.1-MAPK pathway in granule exocytosis 

As I said before, in a contact-dependent manner, NK cells ‘‘inject’’ cytolytic granules, 

containing perforin and granzymes, into target cells and induce target cell death 

(Trambas et al, 2003). The cytotoxicity process is orchestrated by two cytoskeletal 

elements: filamentous actin (FA) and microtubules (MT). Studies have shown that both 

of them undergo transient and dynamic structural remodeling during NK cell 

cytotoxicity (Wulfing et al, 2003). Filamentous actin accumulates in the NK cell 

immune synapse (NKIS), followed by the directional translocation of the microtubules 

organizing center (MTOC) toward the NKIS (Wulfing et al, 2003; Orange et al, 2003). 
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Perturbation of either actin or microtubules completely eliminates cytolytic activity of 

human NK cells. Studies on microtubules have suggested that the polarization of the 

MTOC is responsible for the polarization of cytolytic granules inside the cytotoxic 

lymphocyte, but dispensable for immune synapse formation (Kopcow et al, 2005). 

Granule polarization is a critical step in cytotoxicity. In NK cells, a pivotal signaling 

pathway from PI3K via Rac, PAK1, MEK to extracellular signal-regulated kinase 

(ERK) has been shown to be involved in triggering the polarization of cytolytic granules 

(Djeu et al, 2002). However, the mechanism by which ERK signaling regulates granule 

translocation was not investigated. Interestingly, the polarization of cytolytic granules in 

NK cells requires intact microtubules filaments (Trambas et al, 2003). Therefore, ERK 

signaling might be able to modulate the movement of the MTOC and thus granule 

transport in the cytotoxicity of NK cells.  

How some of these signal molecules contribute to NK lysis of tumor cells was resolved 

when the sequence of events triggered by NK ligation of tumor cells was systematically 

investigated with one NK cell line. By use of biochemical analysis of kinase enzyme 

activation, gene transfer of dominant-negative and constitutively active signal 

molecules, accompanied by parallel examination of lytic function against 51Cr-labeled 

tumor cells, it became clear that a specific signal cascade was triggered in NK cells by 

exposure to tumor cells. NK cell ligation with tumor cells rapidly caused a transient 

activation of ERK, which apparently controls lytic granule movement (Porter et al, 

2002). In known systems, ERK is downstream of a series of signal cascades, and of 

these, it immediately became apparent that the Ras/Raf/MEK/ERK pathway, which is 

crucial in gene expression and tumor cell growth, is not used in the killing process 

(Djeu et al, 2002). Instead, the utility of a specific phosphoinositide 3-kinase (PI3K)/ 

Rac/PAK/ MEK/ ERK pathway was identified in the NK92 cell line (Jiang et al, 2000). 

It is noteworthy that this same signal cascade for lytic function was also demonstrated 

in freshly isolated human NK cells, documenting its biological relevance (Jiang et al, 

2000). 

How active ERK is recruited to the synapse is not known. Since the kinase suppressor 

of Ras-1 (KSR1) is known to be recruited to the plasma membrane by Ras activation 

(Michaud et al, 1997) and since the immunological synapse is one of the major sites of 

Ras activation (Mo et al, 2006; Rechavi et al, 2007), it seemed plausible to test the 

hypothesis that KSR1 recruitment to the plasma membrane functions to recruit ERK to 

the immunological synapse and facilitate its activation.  
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KSR was originally described as a positive regulator of the RAS–MAPK signalling 

pathway in Drosophila melanogaster and Caenorhabditis elegans (Therrien et al, 1995; 

Kornfeld et al, 1995; Sundaram et al, 1995). KSR binds many proteins, including all 

three components of the ERK signalling pathway (RAF, MEK1 and ERK (Figure 5).  

 

 
Figure 5. Mitogen-activated protein kinase scaffold proteins in immune signalling.| The general 
mitogen-activated protein kinase (MAPK) signaling cascade includes the activation of a MAPK kinase 
kinase (MAPKKK) that then activates a MAPKK, which activates the terminal MAPK. In the 
extracellular-signal regulated kinase (ERK) MAPK pathway, RAF acts as the MAPKKK, MAPK/ERK 
kinase 1 (MEK1) as the MAPKK and ERK as the MAPK. The scaffold protein kinase suppressor of RAS 
(KSR) acts to assemble these components at the plasma membrane to enhance ERK activation. 
 

In mammals, KSR1 is highly expressed in the brain, thymus and spleen, and analysis of 

T cells from KSR1-deficient mice confirmed that KSR1 is required for efficient ERK 

activation (Nguyen et al, 2002). The defect in ERK activation that was observed in 

KSR1-deficient mice resulted in attenuated cytokine production and defective T-cell 

proliferation in the periphery. Surprisingly, despite significant expression of KSR1 in 

the thymus and a known role for ERK in thymopoiesis (Fisher et al, 2005), thymocyte 

development seemed to be normal in KSR1-deficient mice (Nguyen et al, 2003). KSR1 

is also expressed by neutrophils and macrophages, and has been shown to be required 

for ERK activation in response to pro-inflammatory cytokines (Fusello et al, 2006).  

We found that KSR1 was recruited to the immunological synapse and that KSR1 

appeared to be required for the localization of active ERK at the contact site (Giurisato 

et al. 2009). As KSR1 deficient cells exhibit a defect in killing, this suggests that KSR1 

recruitment to the synapse may be important in the cytolytic killing of target cells. 
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2-AUTOIMMUNITY 

 

The concept of autoimmunity was first predicted by Nobel Laureate Paul Ehrlich at the 

start of the twentieth century, and he described it as ‘horror autotoxicus’. His 

experiments led him to conclude that the immune system is normally focused on 

responding to foreign materials and has an inbuilt tendency to avoid attacking self 

tissues. But when this process goes wrong, the immune system can attack self tissues 

resulting in autoimmune disease. The perplexing issue of what allows the immune 

system to attack self tissues is a continuing focus of research. In the past, autoimmune 

diseases have been studied on the basis of the organ affected, but in recent years the 

focus has switched to a more cross-disciplinary approach with a view to providing a 

better understanding of the common mechanisms underlying the pathogenesis of these 

diseases.  

Autoimmune diseases are major causes of morbidity and mortality throughout the 

world. Many of these diseases tend to be difficult or impossible to cure, for the obvious 

reason that the focus of the immune response, self antigens, cannot be eliminated. The 

physical, psychological and economic burden of these diseases is especially devastating 

because they often attack young adults. The problem is also compounded by the failure 

of conventional cellular immunological analyses to shed much light on the pathogenic 

mechanisms. Recently developed therapies, such as tumor necrosis factor (TNF) 

antagonists, have had some remarkable successes, but these treatments target resulting 

organ damage and not the, usually unknown, underlying causes. The realization that the 

development of autoimmunity is strongly influenced by inherited polymorphisms  

brings hope that understanding the genetics of autoimmune diseases will teach us about 

the causal derangements, and perhaps lead to new therapeutic strategies. 

 

2.1 Cellular mechanisms of self tolerance and autoimmunity 

 

The mammalian immune system has an extraordinary potential for making receptors 

that sense and neutralize any chemical entity entering the body. Inevitably, some of 

these receptors recognize components of our own body, and so cellular mechanisms 

have evolved to control the activity of these ‘forbidden’ receptors and achieve 

immunological self tolerance. Many of the genes and proteins involved are conserved 
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between humans and other mammals. Our immune system is the body’s sixth sense. It 

can react to any chemical structure imaginable to fight off every possible 

microorganism. The receptors coordinating this feat are antibodies expressed on the 

surface of B cells as B-cell receptors (BCRs) and T-cell receptors (TCRs) displayed on 

T cells. Huge receptor diversity is encoded in the mammalian genome by two processes 

of somatic genome modification that occur selectively in lymphocytes. First, V(D)J 

recombination assembles unique BCR and TCR genes from three separate gene 

segments, the variable (V), diversity (D) and joining (J) genes, during T-cell 

differentiation. This takes place in the ‘central lymphoid tissues’, which are principally 

the bone marrow for B cells and the thymus for T cells. Second, somatic hypermutation 

substitutes single nucleotides of BCR genes during a late phase of the immune response 

in peripheral lymphoid tissues (such as the spleen, lymph nodes and tonsils). A 

significant fraction of the receptors generated by both these processes bind to one or 

more self components in the body, a product of a deliberately random receptor-

generating process. 

Between 20 and 50% of TCRs and BCRs generated by V(D)J recombination bind with 

a potentially dangerous affinity to a self antigen (Ignatowitc et al, 1996, Zerrahn et al, 

1997, Laufer et al, 1996, Wardermann et al, 2003). 

Since only 3–8% of the population develops an autoimmune disease (Jacobson et al, 

1997), it is remarkable that this enormous burden of self-reactive receptors is so well 

regulated in most of us. 

Each lymphocyte usually produces only a single receptor out of the billions possible. 

Experiments have established that if this receptor is self reactive, then four cellular 

strategies are employed to deal with them (Figure 6). First, the cell displaying the 

‘forbidden’, or self-reactive receptor can be triggered to die. Second, a cell bearing a 

forbidden receptor can ‘edit’ the offending receptor by further V(D)J recombination or 

somatic hypermutation to display a different receptor that is not self reactive (Nemazee 

et al, 2003). Third, intrinsic biochemical and gene-expression changes can reduce the 

ability of the cell to be triggered by self-reactive receptors. This is generally termed 

clonal anergy or tuning (Healy et al, 1998; Schwartz et al, 2003; Grossman et al, 2000) . 

Finally, even if the cells have evaded the three mechanisms above, collectively called 

‘immunological ignorance’, extrinsic controls can limit the danger of self-reactive 

receptors. These extrinsic controls limit the supply of essential growth factors, 

costimuli, pro-inflammatory mediators and other factors, and also include active 
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suppression by regulatory T (Treg) cells, through a mechanism that is poorly 

understood. These four mechanisms act as checkpoints on the pathway leading to the 

production of secreted antibodies and effector T cells (Figure 6). 

 

 
 
Figure 6. Four cellular strategies are used to regulate self-reactive receptors at different points 
during B- and T-cell differentiation. a, The cell is deleted through induction of cell death. b, The 
receptor is edited to one that is less self-reactive. c, Biochemical or gene-expression changes intrinsically 
dampen the self-reactive receptor’s ability to activate the cell. d, The ability of self-reactive cells or 
antibody to cause autoimmunity is limited by using extrinsic suppression and by limiting essential growth 
factors, costimuli and inflammatory mediators. 
 

2.1.1 Central Tolerance 

The prevention of autoimmunity begins in the thymus with the process of central 

tolerance, whereby self-reactive T cells are deleted through positive and negative 

selection. Immature thymocytes undergo gene rearrangement of their T-cell receptor in 

the thymus such that each thymocyte displays a unique TCR capable of binding self-

peptides from the periphery bound to the major histocompatibility complex (MHC) 

molecules. The strength of this interaction will determine the fate of the thymocyte. 

Those that fail to interact with MHC–peptide complexes undergo apoptosis in the 

positive selection process, whereas those that exhibit high affinity for such complexes 

are deleted in the negative selection process (Keir et al, 2005). The remaining 

population of the mature thymocytes are then released into the periphery.  

An inherent problem of the central tolerance system is that not all peripheral self 

peptides are expressed in the thymus. It is estimated that medullary thymic epithelial 

cells express 10% of all known genes in addition to those basally expressed on such 
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cells (Kyewski et al, 2004). It is, therefore, necessary to have a second-line of defence 

against the onset of autoimmunity, namely peripheral tolerance. 

 

2.1.2 Peripheral Tolerance 

Mature T cells that enter the periphery from the thymus have low to intermediate 

affinity for self-antigens presented in the thymus. However, a small subset of T cells 

released will be autoreactive to self-antigens because of the absence of their expression 

in the thymus. Control and/or deletion of such T cells is essential if the autoimmune 

state is to be prevented. Peripheral tolerance mechanisms that perform this role can act 

directly on the T cell and include ignorance and anergy, phenotype skewing, and 

apoptosis (Walker et al, 2002), or they can act by activating other cells such as dendritic 

cells (DCs) and regulatory T cells (Treg). 

Ignorance is probably the simplest mechanism of peripheral tolerance whereby a T-cell 

response to self-antigen does not occur because the antigens are either located in sites 

that are not accessible to the T cell (Alferink et al, 1998) or present in insufficient 

numbers to trigger a T-cell response (Kurts et al, 1998). However, if the T cell does 

interact with self-antigens, this can lead to anergy, which is a functional inactivation of 

the T cell itself. Two molecules that have been proposed as contributing to the anergic 

state are the costimulatory molecule, cytotoxic T-lymphocyte-associated antigen 

(CTLA)-4 and the programmed cell death (PD)-1 molecule. Expression of CTLA4, is 

induced at a high threshold of TCR self reactivity and inhibits T-cell activation by 

competing with CD28 for ligation with B7 molecules and by transmitting inhibitory 

signals (Waterhouse et al, 1995). Lack of CTLA4 causes massive accumulation of self-

reactive T cells in peripheral lymphoid and nonlymphoid tissues, by disrupting intrinsic 

regulation of TCR-induced proliferation. PD-1 may act by inhibiting cytokine secretion 

or by causing cell-cycle arrest (Freeman et al, 2000; Latchman et al, 2001).  

Phenotypic skewing is also thought to be partially mediated by costimulatory molecules 

and involves alteration of the Th1/Th2 cytokine response by T cells in response to 

signals from these molecules received when the TCR is activated (Kuchroo et al, 1995; 

Dong et al, 2001). This can result in the development of a non-pathogenic phenotype, 

thus preventing autoimmune damage. Apoptosis is probably the most effective direct-

acting mechanism to prevent autoimmunity from developing, as it involves deletion of 

the autoreactive T cell through interaction between Fas ligand and its receptor (Walker 

et al, 2002). However, in most cases, not all T cells are deleted but remain in the 
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periphery in an anergic state, suggesting that apoptosis only occurs until the levels of 

autoreactive T cells are such that they can be controlled by the process of anergy 

(Walker et al, 2002). In addition to these direct-acting mechanisms, activation of other 

cells can also aid peripheral tolerance. The major cells involved in this process are DCs 

and Tregs. DCs have been proposed to aid tolerance by two mechanisms. The first 

hypothesizes that DCs have receptors that recognize pathogen-associated molecules and 

initiate an immune response upon encountering such a molecule (Janeway et al, 1992; 

Matzinger et al, 1994). In the absence of such an encounter, any interaction with a T cell 

will lead to anergy or apoptosis. The second theory suggests that immune responses to 

pathogens only occur when the pathogen causes damage to the body. This is detected by 

the release of intracellular components of the cell and provides a signal to DCs to 

initiate an immune response (Matzinger et al, 1995). Absence of these “danger” signals 

would result in induction of tolerance upon interaction with a T cell.  

Regulatory T cells are either naturally expressed in the thymus and express CD25 or are 

induced in the periphery. Absence of CD25+ T cells in mice has been shown to lead to 

multiple autoimmune diseases (Asano et al, 1996), indicating their importance in 

regulating peripheral tolerance. They represent 10% of CD4+ T cells in humans 

(O’Garra et al, 2004) and are thought to function by preventing T-cell proliferation to 

self-antigen (Thornton et al, 2000) through cell–cell contact ( Kuniyasu et al, 2000). 

These cells express the forkhead/winged helix transcription factor Foxp3, with loss of 

function mutations of this gene leading to the absence of CD25+ Tregs and the 

development of multiple autoimmune diseases in both humans and mice  (Ramsdell et 

al, 2003). Lack of regulatory CD25+ T cells has been shown to increase autoimmunity 

(McHugh et al, 2002), and, although the molecules required to enable Tregs to function 

are unknown, it can be hypothesized that downregulation of such molecules would 

affect the ability of Tregs to inactivate autoreactive T cells (Groux et al, 1997). Induced 

Tregs are termed TR1 cells (Sundstedt et al, 2003) and rely on interleukin 10 (IL)-10 

and transforming growth factor (TGF)-β to function. They have been shown to inhibit 

T-cell proliferation in vitro, suppress autoimmune disease that has been experimentally 

induced and control CD4+ and CD8+ numbers in vivo (Groux et al, 1997; Sundstedt et 

al, 2003; Oida et al 2003). As can be seen, both central and peripheral tolerances are 

complex processes, involving the interaction of many components, defects of which 

could cause a breakdown in tolerance. However, other mechanisms that could cause 
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tolerance breakdown and lead to autoimmunity have been postulated. These include 

molecular mimicry, exposure of cryptic epitopes, or microbial superantigens. 

 

2.1.3 Other factors causing tolerance breakdown 

- Molecular Mimicry 

One of the most intriguing hypotheses is that autoimmunity is the by-product of the 

immune response fighting infections. The initial demonstration that a virus-specific 

cytotoxic T lymphocyte (CTL) response can lead to selective damage of pancreatic β 

cells resulting in diabetes (Olstone et al, 1991) has opened a new axis of research. The 

basis for molecular mimicry lies on the intrinsic flexibility of the T-cell receptor (TCR), 

a molecule capable to interact with multiple ligands with a certain degree of degeneracy 

(Evavold et al, 1995; Ford et al, 2004). As a result, T cells can be triggered by peptides, 

which often have minimal homology to the primary immunogenic peptide, as long as 

they present a similar antigenic conformation (Quarantino et al, 1995). This is an 

important feature of T cells, which permits effective T-cell responses to the largest 

number of potential foreign peptide sequences complexed to MHC molecules. 

Furthermore, even a shift in the binding register can cause a dramatic change in the 

appearance of a peptide:MHC complex (Quarantino et al, 1995; Bankovich et al, 2004). 

By changing the MHC-binding residues into TCR contact residues, the TCR antigenic 

surface can be highly altered, converting two different peptide:MHC complexes into a 

cross-reactive pair. The observation that a single TCR can recognize quite distinct but 

structurally related peptides from multiple pathogens has important implications for 

understanding the pathogenesis of autoimmunity. Evidence for a role of molecular 

mimicry in autoimmunity has been reported in mouse and human. In human, both viral 

and bacterial peptides can efficiently activate MBP-specific T cells isolated from 

multiple sclerosis patients (Wucherpfenning et al 1995). Also in MS, a particular human 

T-cell clone can recognize peptide MBP (85–99) and an Epstein-Barr virus (EBV) DNA 

polymerase epitope (627–641) presented by DRB1∗1501 and DRB5∗0101, respectively, 

two MHC molecules contained in the MS associated DR2 haplotype (Lang et al, 2002). 

Viral infections play a role in shaping the peripheral T-cell repertoire and also in the 

initiation of autoimmunity through molecular mimicry. Thus, autoimmune responses 

provoked by molecular mimicry should occur when the foreign and self-determinants 

are similar enough to cross-react yet different enough to break immunological tolerance. 
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- Cryptic Epitopes 

T cells can only be tolerized to epitopes that are presented to them in sufficient levels to 

be recognized. However, epitopes exist that are not recognized by T cells as they are 

either present at very low levels or inaccessible to the T cell. They are known as cryptic 

epitopes, and it has been proposed that they may play a major role in the autoimmune 

response if they increase in number or become visible to the immune system 

(Lanzavecchia et al, 1995). Several mechanisms have been proposed as to how this may 

occur. First, increased antigen may be processed, leading to levels of the epitope 

increasing above the threshold for recognition (Salemi et al, 1995). Second, the antigen 

may be processed in a different manner, thus revealing cryptic epitopes to the immune 

system (Simitsek et al, 1995), and, third, there may be an increase in human leukocyte 

antigen (HLA) class II or costimulatory molecule expression, leading to increased levels 

of the epitope being present to activate T cells (Lanzavecchia et al, 1995). These 

mechanisms may act together or independently to initiate an autoimmune response. 

These mechanisms could be triggered by presentation of self antigen containing cryptic 

epitopes on DCs, presentation of these epitopes by nonprofessional APCs such as B 

cells, or activation of autoreactive B cells by these epitopes (Lanzavecchia et al, 1995).  

 

- Superantigens 

Superantigens, of either viral or bacterial origin, activate T cells through the variable 

domain of the beta chain of the TCR. They are capable of binding to a large number of 

MHC class II molecules, thus activating a large population of T cells with a wide 

variety of MHC/peptide specificities (Wucherpfenning et al, 2001). It has been shown 

that they are capable of causing relapse and exacerbation of experimental autoimmune 

encephalomyelitis (EAE) in mice (Brocke et al, 1993) but cannot induce this disease in 

previously unaffected animals. However, in a similar scenario to molecular mimicry, it 

is difficult to prove a causative role for superantigens in autoimmune disease. The 

pathogen needs to be identified in patients with autoimmune disease and be isolated at 

the time of infection. This relies on the diagnosis of the autoimmune disease at the time 

of infection, an impossible task for most autoimmune disorders that do not exhibit an 

acute onset following infection (Wucherpfenning et al, 2001), therefore, although the 

hypothesis of microbial superantigens triggering autoimmunity is attractive, it remains 

to be proven for the majority of such disorders. 
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2.2 Genetic regions associated with autoimmune diseases 

 

Owing to the observation that multiple autoimmune diseases can cluster within families, 

it has been postulated that such disorders will be caused by a combination of common 

and specific genes. To date, only three genes/gene regions have been consistently 

associated with multiple autoimmune conditions namely the HLA class II region on 

chromosome 6p21 (Awata et al, 1992; Badenhoop et al, 1995; Simmonds et al, 2005), 

the CTLA-4 gene on chromosome 2q33 (Vaidya et al, 1999; Ueda et al, 2003), and the 

PTPN22 gene encoding lymphoid tyrosine phosphatase (LYP) on chromosome 1p13 

(Smyth et al, 2004; Criswell et al, 2005). 

With the exception of the three genes mentioned, identification of novel susceptibility 

loci has been a slow process largely because of such loci only contributing small effects 

to disease susceptibility. To detect such effects, large data sets are needed to provide 

sufficient power to ensure that any association seen is a true association and not a false-

positive result because of a small data set. A further confounding problem in this search 

is that some genes appear to confer susceptibility only to specific diseases or in specific 

populations, making replication studies difficult.  

The pathways leading to the development of autoimmune disease are complex, 

involving defects in the immune system leading to the release of autoreactive T cells 

into the periphery, which can trigger disease. Many genes and gene products are 

involved in this process with a combination of both common and specific genes leading 

to the development of specific disorders. The recent advances in genotyping technology 

have vastly improved the ability of the geneticist to narrow down the search for primary 

etiological variants within these genes; however, further advances are necessary to 

identify rare variants that may contribute to these disorders and to elucidate the 

functional role that susceptibility loci play in disease development. 
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3- DEFECTIVE APOPTOSIS OF ACTIVATED LYMPHOCYTES: TH E 

AUTOIMMUNE LYMPHOPROLIFERATIVE SYNDROME (ALPS) 

 

ALPS is a rare human disorder defined by lymphoproliferation, peripheral expansion of 

double-negative αβ T (DNT) cells, and impaired lymphocyte apoptosis. Autoimmune 

disease and an increased risk of lymphoma are also observed. The clinical presentation 

of ALPS in humans reflects impaired lymphocyte homeostasis, particularly of the DNT 

cells (Sneller et al 2003; Rieux-Laucat et al, 2003) (Table 1). 

 

 
Table 1. NIH criteria for the diagnosis of ALPS 

 

ALPS is generally due to deleterious mutations of the Fas gene (TNFRSF6) and is 

classified as ALPS type-Ia (ALPS-Ia) (Fisher et al, 1995; Rieux-Laucat et al, 1995). 

Other mutations, namely of the FasL gene in ALPS-Ib (Wu et al, 1996; Del-Ray et al, 

2006; Bi et al, 2007), and the caspase-10 gene (CASP10) in ALPS-II (Wang et al, 1999; 

Zhu et al, 2006; Cerutti et al, 2007) are occasionally detected, whereas some patients do 

not present any known mutations (ALPS-III) (Straus et al, 1999; Dianzani et al, 2003 

and 1997; Sneller et al, 2003;Ramenghi et al, 2000; Campagnoli et al, 2006). Recently, 

mutations of the NRAS gene have been suggested to cause a further type of ALPS 

(ALPS-IV) (Oliveira et al, 2007).  

Lymphoproliferation apparently results from the gradual accumulation of lymphocytes 

that have not undergone normal programmed cell death. This proliferation leads to 

chronic enlargement of the lymph nodes, thymus, liver, and/or spleen, beginning in 
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early childhood. Both B cells, including CD5+ B cells, and T cells are elevated. Not all 

lymphocyte subsets are affected, as CD4+CD25+ absolute numbers are reduced and 

CD4+CD25− absolute numbers are not increased. By contrast, expansion of an unusual 

population of peripheral CD4−CD8− T cells is striking. These peripheral DNT cells 

express αβ T cell receptor (TCR) chains as well as the CD45R isoform B220 (typically 

expressed on B cells); this expression distinguishes them from peripheral γδ T cells, 

which naturally lack CD4 and CD8 coreceptors (Blessing et al, 2001). DNTs also differ 

from double-negative thymocytes, an immature stage of T cells in which TCR genes 

have not yet completely rearranged (Zuniga et al, 1996). The DNT cells could be either 

previously activated, mature T cells that have lost CD8 or CD4 coreceptor expression, 

or a special minor cell lineage (Blessing et al, 2002). In the blood, DNT cells constitute 

less than 1% in normal individuals, but can reach up to 40% in patients with ALPS 

(Blessing et al, 2001). The DNT expansion is also evident histologically by nearly 

pathognomic abnormalities of the architecture of secondary lymphoid tissues, with 

paracortical and follicular hyperplasia. DNT cells appear to play a crucial role in disease 

development. In certain ALPS patients lacking germline mutations in the death receptor 

Fas, Holzelova et al. (Holzelova et al, 2004) found a population of DNT cells harboring 

somatic dominantly interfering Fas mutations. Thus, unregulated and excessive DNT 

cells are seemingly sufficient to cause disease. Two previously described characteristics 

of DNT cells may explain how. First, the DNT cells are primary producers of strikingly 

elevated IL-10 observed in ALPS patients. By contrast, DNT cells from normal 

individuals do not produce IL-10. Moreover, healthy relatives of ALPS patients bearing 

both Fas mutations and in vitro apoptotic defects have only modestly elevated DNTs 

and IL-10 (Lopatin et al, 2001). Besides elevated IL-10, ALPS patients also exhibit 

increased IL-4 and IL-5, but decreased IL-2 and IFN-γ (Fuss et al, 1997; Lopatin et al, 

2001). This cytokine profile is characteristic of T helper type 2 (Th2) cells, which 

inhibit cell-mediated immunity and promote humoral immune responses. Thus, the 

overall cytokine environment may favor autoantibody production in ALPS. Second, 

DNT cells exhibit an unusual phenotype including B220 expression and altered cell 

surface O-glycans (Blessing et al, 2001). This phenotype could change the trafficking 

pattern and/or potential interactions of DNT cells with other cell types. There are some 

important and unresolved paradoxes regarding DNTs. First, they are very difficult to 

culture in vitro and almost immediately die despite an ostensible resistance to apoptosis 

in vivo. Their lifespan is not extended by IL-10. Second, although DNTs are believed to 
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play a role in hyperactive immune responses, they are generally unresponsive to 

proliferative and activating stimuli (Sneller et al, 1992). Finally, the antigen specificities 

recognized by the TCRs on DNTs have not been defined, but the general assumption is 

that they will include self-antigens. 

Autoimmunity accompanies lymphoproliferation in ALPS. Most patients have elevated 

serum immunoglobulin levels and autoantibodies. Anti-cardiolipin antibodies are 

frequent but not usually associated with thromboembolic disease . Many patients exhibit 

Coombs’ positive hemolytic anemia and/or immune thrombocytopenia (Sneller et al, 

2003). Less common autoimmune manifestations in ALPS include anti-nuclear 

antibodies, rheumatoid factor, autoimmune neutropenia, glomerulonephritis, uveitis, 

autoimmune hepatitis, primary biliary cirrhosis, Guillain-Barrè, vasculitis, linear IgA 

dermopathy, and anti-Factor VIII antibodies with coagulopathy (Sneller et al, 2003; 

Wong et al, 2004). It is not known why, in contrast to other autoimmune diseases, 

antibody-mediated autoimmune disease is primarily directed against the hematopoietic 

system in ALPS patients. However, autoimmune phenotyping is imprecise, as illustrated 

by the discovery of a patient, initially diagnosed with systemic lupus erythematosus 

(SLE), who was later found to have a Fas ligand mutation with defective apoptosis (Wu 

et al, 1996). An interesting question is whether the reduced CD4+ CD25+ cells seen in 

ALPS patients might represent a defect in regulatory cells that contributes to 

autoimmune disease. 

Although lymphoproliferation is initially nonmalignant, ALPS patients have a marked 

propensity to develop B or T cell malignancies with a 14-fold and 51-fold increased 

incidence of non-Hodgkin lymphoma and Hodgkin lymphoma, respectively (Straus et 

al, 2001). The lymphomas were found anywhere between 15 to 48 years after onset of 

ALPS symptoms (Straus et al, 2001). Analysis of lymphoma tissue from ALPS patients 

showed no loss of Fas heterozygosity or increased apoptosis resistance. Interestingly, 

the responsible mutations impair apoptosis, but not Fas-induced NF-κB and mitogen 

activated protein kinase (MAPK) signaling (Legembre et al, 2004). Hence, the 

contribution of Fas mutations to lymphomagenesis may involve blocking death and 

releasing growth-promoting effects. It is also possible that the increased number of 

lymphocytes in general may provide a larger pool for tumorigenesis (Davidson et al, 

1998). 

In an early clinical description of ALPS, Sneller and colleagues recognized that ALPS 

closely resembled the lpr/lpr (lpr) and gld/gld (gld) mouse strains. On certain inbred 
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genetic backgrounds, homozygosity of these alleles causes mice to develop profound 

lymphoproliferation involving DNT cells, hypergammaglobulinemia, autoantibodies, 

autoimmune disease, and lymphomas (Davidson et al, 1998; Cohen et al, 1991). Not 

surprisingly, these naturally arising mouse strains have molecular defects in some of the 

same genes as ALPS patients. The lpr and gld mice have autosomal recessive mutations 

in Fas and FasL, respectively, resulting in deficient expression, whereas the lprcg 

variant has a point mutation in Fas that renders it nonfunctional (Kimura et al, 1994; 

Nagata et al, 1998). Although the Fas locus is the primary genetic determinant, there is 

a strong effect of the inbred mouse strain background on the autoimmune phenotype. 

Severe disease occurs on the MRL background, whereas disease is substantially reduced 

on a B6 or BALB/c background. These mice do not develop the autoimmune hemolytic 

anemia and thrombocytopenia seen in human patients with ALPS. Instead, they display 

certain features resembling SLE (anti-dsDNA, anti-Sm, anti-immunoglobulin 

autoantibodies) with a predilection for developing glomerulonephritis, polyarteritis, 

sialoadenitis, and, with lesser frequency, arthritis or primary biliary cirrhosis (Nose et 

al, 2000; Tsuneyama et al, 2001). The Agnm3 locus associated with glomerulonephritis 

corresponds to allelic polymorphisms of the osteopontin gene. Polymorphisms of this 

gene, which is highly expressed in T cells, correspond to functional differences in 

activating macrophages and B cell antibody production (Miyazaki et al, 2005). 

Interestingly, we found that allelic polymorphisms of osteopontin may influence disease 

penetrance in humans who have a variant of ALPS termed DALD (Chiocchetti et al, 

2004). 

In all but the most severely affected patients, the clinical course of ALPS waxes and 

wanes over time and often improves with age. Thymic involution may decrease the 

output of T cells, and it is known that neonatal thymectomy in lpr mice prevents disease 

(Hang et al, 1984; Wofsy et al, 1982). Clinical complications relate mainly to the 

severity of autoimmune disease. Infections may occur after splenectomy or secondary to 

immunosuppressive treatment.  

Finally, minor clinical variants of ALPS may reflect different and uncharacterized 

molecular defects in lymphocyte homeostasis mechanisms. A significant fraction of 

ALPS or ALPS-like patients has no mutations in the genes encoding proteins involved 

in the Fas signaling. Approximately half of these patients have no apoptosis defect 

following direct challenge with an agonist anti-Fas antibody. Although the ALPS 

diagnosis requires documentation of impaired apoptosis of mature lymphocytes, most 
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laboratories rely on assessment of apoptosis induced through the Fas death receptor. 

Defects in Fas-mediated apoptosis usually coincide with defects in TCR-restimulation-

induced death; however, an ALPS patient with normal Fas mediated apoptosis but 

impaired apoptosis following stimulation with phytohemagglutin plus IL-2 has been 

described (Hundt et al, 2002). ALPS could also result from defects involving non–death 

receptor–induced intrinsic pathways of apoptosis. Patients can also exhibit the main 

clinical features as ALPS, with lymphoproliferation, apoptosis defects, autoimmune 

disease, and cancer, but lack DNT cell expansion (Ramenghi et al, 2000). This ALPS 

variation has been termed Dianzani autoimmune lymphoproliferative disease (DALD) 

by Makusic in the OMIM web site (OMIM reference #605233; 

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

with ALPS patients a common affected pathway downstream of the Fas receptor. In 

summary, there are number of variant and overlapping clinical subtypes that will be 

extremely interesting to explore at the molecular level. 
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4-DEFECTIVE CELL-MEDIATED CYTOTOXICITY: IMMUNODEFIC IENCY 

DISEASES 

 

Primary immunodeficiency diseases in humans are characterized by genetic aberrations 

that impair immunological function, anti microbial defense or both. Several of these 

diseases affect NK cells (Orange et al, 2002 and 2006) and an informative subset is 

characterized by a specific block in the stages that lead to the formation of a functional 

lytic synapse (Table 2). 

 

 
 
Table 2. Defects of the lytic synapse in NK cells from patients with genetic disease. AP3B1, adaptor-
related protein complex 3, β1 subunit; AP3, adaptor protein 3; CHS, Chediak–Higashi syndrome; F-actin, 
filamentous actin; FHL, familial haemophagocytic lymphohistiocytosis; GS2, Griscelli syndrome type 2; 
HLH, haemophagocytic lymphohistiocytosis; HPS2, Hermansky–Pudlak syndrome type 2; ITGB2, 
integrin-β2; LAD-I, leukocyte adhesion deficiency type I; LYST, lysosomal trafficking regulator; NK, 
natural killer; STX11, syntaxin-11; WAS, Wiskott–Aldrich syndrome; WASP, WAS protein. 
 

So far, none of the diseases in this subset has been found to exclusively impair NK cells 

and should affect all cytotoxic lymphocytes. Insight into how the lytic synapse is 

formed in cells from patients with these diseases has been gained mostly from T-cell 

studies, but the functional defect has been established in NK cells too. Although 

cytotoxic lymphocytes have crucial roles in host defence and immune regulation, there 

are likely to be specific contributions of NK-cell deficiency to the clinical phenotypes. 
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Most of these diseases can result in haemophagocytic lymphohistiocytosis (HLH) 

(Henter et al, 2004). HLH represents an inappropriately robust immune response to 

infection (typically with herpes viruses), which results in persistent symptoms of septic 

shock and is also associated with the pathological finding of haematophagocytosis (the 

ingestion of red blood cells by phagocytes). The defect in cytotoxic lymphocytes is 

believed to contribute to this phenotype, as the infected cells and other activated cells 

that promote inflammation cannot be eliminated. NK cells may be most relevant to the 

HLH phenotype, given their localization to the marginal zone of lymphoid organs after 

viral infection, their innate function early in the course of infection (Biron et al, 1999) 

and their inherent ability to eliminate hyperactivated macrophages (Nedvetzki et al, 

2007). Although the defective NK cells are unable to eliminate infected cells by direct 

cytotoxicity, they can still carry out other functions, including the production of 

cytokines and the stimulation of inflammatory responses. This is consistent with the 

idea that the requirements for secretion of cytokines and lytic-granule contents at the 

synapse are distinct. However, the inability of NK cells to eliminate infected cells early 

in the infection (before T cells would have expanded) may be an important cause of 

HLH. 

Other primary immunodeficiency diseases that impair cytolytic cell function but do not 

disrupt the formation of the NK-cell synapse can also result in HLH. For example, HLH 

occurs in patients with a mutation in the gene encoding perforin (Stepp et al, 1999) and, 

in this setting, the disease is characterized by the normal secretion of lytic granules that 

are unable to mediate cytotoxicity owing to the absence of perforin (Mercenaro et al, 

2006).  

The diseases that provide specific insight into the NK-cell lytic synapse are considered 

in two groups. Diseases in the first group affect steps that are involved in the initiation 

stage or the activation steps of the effector stage of synapse formation. Diseases in the 

second group affect steps in lytic-granule trafficking to the synapse in the effector stage. 

For the aim of this thesis we can also consider the third group of disease in which there 

is a defect in perforin function itself.  
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4.1 Diseases affecting initiation or activation steps of NK‑‑‑‑cell lytic‑‑‑‑synapse 

formation.  

 

Leukocyte adhesion deficiency type I (LAD-I) results from a defect in the CD18 (β2-

integrin) component of leukocyte integrin heterodimers (Kishimoto et al, 1987). 

Leukocytes from patients with LAD-I do not adhere to inflamed or activated cells 

properly and cannot localize effectively to tissues and sites of inflammation. This leads 

to increased numbers of leukocytes in the blood and susceptibility to infectious diseases. 

Because early steps in NK-cell synapse formation, adhesion and activation signaling, 

depend on integrins, NK cells from patients with LAD-I do not adhere to their target 

cells, which results in defective cytotoxicity (Riteau et al, 2003; Krensky et al, 1985; 

Khol et al, 1984; Bryceson et al, 2006). LAD-I is distinguished from other diseases 

because it does not lead to HLH. This is presumably because NK cells from LAD-I 

patients do not form immunological synapses and are not activated through the synapse 

to produce cytokines. 

Wiskott–Aldrich syndrome (WAS) results from a defect in actin reorganization and cell 

signalling in haematopoietic cells owing to WASP deficiency (Orange et al, 2004). 

Patients lacking WASP expression or expressing abnormal WASP have NK cells with 

decreased cytolytic capacity (Gismondi et al, 2004; Orange et al, 2002). Clinically, 

patients with WAS are susceptible to infection with herpes viruses (Sullivan et al, 1994) 

and can develop HLH (Snover et al, 1981; Pasic et al, 2003; Wang et al, 2005), which is 

consistent with a functional role for WASP in NK-cell lytic-synapse formation. 

Accordingly, formation of the lytic synapse is abnormal in NK cells from WAS patients 

and is associated with decreased F-actin accumulation and adhesion-receptor clustering 

at the synapse (Orange et al, 2003 and 2002; Gismondi et al, 2004).  

 

4.2 Diseases affecting lytic‑‑‑‑granule traffic to the NK‑‑‑‑cell lytic synapse.  

 

Chediak–Higashi syndrome (CHS) and Hermansky–Pudlak syndrome type 2 (HPS2) 

both affect the normal formation of lytic granules and lead to the presence of ‘giant’ 

lytic granules. both syndromes are also associated with albinism, which is caused by the 

aberrant function of melanocytes, the function of which is to pigment the skin through 

the secretion of melanosomes (an equivalent of lytic granules). CHS and HPS2 are 
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similar in that they both result from a block in the late effector stages of NK-cell lytic-

synapse function owing to a failure in the migration of the abnormal lytic granules 

along microtubules to the MTOC. CHS results from a mutation in the LYST gene, which 

encodes lysosomal trafficking regulator (Introne et al, 1999).  

Although not explored recently, older studies identified a defect in the cytolytic activity 

of NK cells from patients with CHS, despite normal NK-cell adhesion to target cells 

(Roder et al, 1982; Katz et al, 1982; Haliotis et al, 1980; Targan et al, 1983; Klein et al, 

1980). These defective NK cells feature abnormal giant lytic granules (Abo et al, 1982), 

and studies in CTLs indicate that such granules arise from the fusion of individual lytic 

granules (Stinchcombe et al, 2000). 

HPS2 is caused by a mutation in the AP3B1 gene (Huizing et al, 2001), which encodes 

the β-subunit of adaptor protein 3 (AP3) and, unlike CHS, HPS2 is associated with 

excessive bleeding owing to the lack of the platelet storage pool and ensuing abnormal 

platelet aggregation. In addition, patients with HPS2 have defective NK-cell 

cytotoxicity (Fontana et al, 2006; Enders et al, 2006) and HLH (Enders et al, 2006). 

AP3 is required for the appropriate sorting of molecules from the Golgi into lytic 

granules. Similar to patients with CHS, CTLs from patients with HPS2 have enlarged 

granules that fail to move along microtubules (Clark et al, 2003). 

Griscelli syndrome type 2 (GS2) is a third syndrome that combines albinism and 

immunodeficiency and is also associated with an accelerated phase of HLH. GS2 is 

caused by a mutation in the RAB27A gene, which encodes the RAb27A small GTPase 

(Menasche et al, 2000). NK-cell cytotoxicity is decreased in patients with GS2, but is 

not necessarily absent (Klein et al, 1994; Plebani et al, 2000). So, the mechanism 

underlying the defective lytic synapse in NK cells from patients with GS2 is also 

distinct from that in patients with CHS and HPS2. Studies carried out in mouse 

RAb27A-deficient CTLs show that lytic granules migrate and polarize towards the 

synapse but fail to dock at it (Stinchcombe et al, 2001).  

Familial haemophagocytic lymphohistiocytosis (FLH) types 3 and 4 are similar to GS2 

but are not associated with albinism, which indicates that the affected genes are not 

essential in melanocytes. FHL3 is caused by a mutation in the UNC13D gene, which 

encodes MUNC13-4. Initially defined in CTLs, the lytic granules in MUNC13-4-

deficient cells polarize towards the synapse and dock at the plasma membrane but do 

not fuse with it (Feldmann et al, 2003). Defective cytolytic activity and decreased 
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granule fusion with the plasma membrane have also been observed in MUNC13-4-

deficient NK cells (Mercenaro et al, 2006).  

FHL4 is caused by mutations in the STX11 gene, which encodes syntaxin-11 (zur Stadt 

et al, 2005). Studies indicated a direct role for syntaxin-11 in NK-cell degranulation 

(Arneson et al, 2007; Bryceson et al, 2007). Importantly, the polarization of lytic 

granules to the synapse of NK cells from FHL4 patients without subsequent 

degranulation has been directly observed. FHL4 patients have diverse clinical 

phenotypes, with some showing late onset of disease (zur Stadt et al, 2006), which 

implies that syntaxin-11 mutations are hypomorphic or that there is some redundancy of 

the protein in enabling lytic-granule fusion. In support of some level of redundancy, IL-

2 stimulation of NK cells from patients with FHL4 can restore degranulation (Bryceson 

et al, 2007), which suggests an activation-induced synthesis of proteins that complement 

defective syntaxin-11 function. 

 

4.3 Diseases affecting perforin function.  

 

Loss of perforin function in mice is associated with immune dysregulation and impaired 

cytotoxicity, clearly demonstrating the crucial role perforin has as an immune effector  

molecule (Kagi et al, 1994 and 1996; van den Broek et al, 1996). Perforin-deficient 

mice are viable and healthy under specific pathogen-free conditions, however 

compromised cellular cytotoxicity is observed upon challenge with certain viruses and 

they display defects in tumor and transplant rejection.  A recent study has suggested that 

a perforin-dependent immune surveillance process might exist in humans. 

Amongst a group of 29 patients that presented with either non-Hodgkin lymphoma or 

Hodgkin disease, four had biallelic mutations and four others had monoalleleic 

mutations of the perforin gene (Clementi et al, 2005). Of the latter four patients, one 

also carried a mutation of the Fas gene. Notably, post-germinal centre B-cell 

malignancies have a higher incidence of mutation in the Fas gene (particularly in the 

death domain) compared with pre-germinal centre B-cell and non-B-cell malignancies 

(Muschen et al, 2002). Taken together, these data suggest that mutation and/or 

deficiencies in the perforin and/or death receptor pathways might be present in patients 

who have lymphoma and potentially support a mechanism of tumor immune 

surveillance in humans. A relatively common human perforin polymorphism, A91V, is 

not associated with increased risk of childhood acute lymphoblastic leukemia, but 
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A91V frequency was significantly increased in children with BCR-ABL positive acute 

lymphoblastic leukemia (Meheta et al, 2006). We demonstrated recently that mutations 

and polymorphism in perforin gene are involved in ALPS are susceptibility factors to 

development of ALPS, DALD, diabetes and multiple sclerosis (Clementi et al, 2006; 

Orilieri et al, 2008; Cappellano et al, 2008). Further information correlating perforin 

mutations and polymorphisms with prognosis in the context of human malignancies and 

graft-versus-leukemia, in which immune surveillance is operating, will be of 

importance.  

In 1999, mutations in several FLH patients were mapped to the perforin locus at 

chromosome 10q22. Perforin mutations have been shown to account for between 15% 

and 60%(with an average of 30%) of all FLH cases, and many mutations throughout the 

gene have been identified (Molleran Lee et al, 2004; Katano et al, 2005; zur Stadt et al, 

2006; Voskoboinik et al, 2006). These patients present with fever, hepatosplenomegaly 

and pancytopenia, have marked elevations of T-helper (Th) type 1 and type 2 cytokines, 

and have impaired NK cell and CTL cytotoxicity. Viral pathogens have been implicated 

as triggering the onset of disease, but no specific virus has been identified to date. 

Identification of mutations in perforin as the cause of FLH should allow prenatal 

diagnosis of the disorder. 
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AIMS OF THE STUDY  

Autoimmune disease have a complex etiology, involving the interplay between multiple 

genetic (genes and their products) and non-genetic factors (environmental influences). 

A comprehensive understanding of the genetic variations predisposing to these diseases, 

in both animal models and humans, would facilitate to establish relationships between 

genotype and biological function. Moreover, functional characterization of these 

variations may help to understand the molecular mechanisms involved in the 

pathogenesis of these disease and detect novel molecular targets for therapeutic 

interventions. 

Aim of this study was to search for variations of genes involved in the immune response 

switching off in Autoimmune Lymphoproliferative Syndrome, used as a prototypic 

autoimmune diseases with strong genetic component.  
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RESULTS 

 

1 “CO-INHERITED MUTATIONS OF FAS AND CASPASE-10 IN 

DEVELOPMENT OF THE AUTOIMMUNE LYMPHOPROLIFERATIVE 

SYNDROME” 

 

1.1 Aim 

ALPS is generally due to deleterious mutations of the Fas gene (TNFRSF6) and is 

classified as ALPS type-Ia . Fas mutations are usually heterozygous, their penetrance 

depends on their effect on Fas function. Mutations hitting the intracellular death domain 

of Fas, involved  in recruitment of FADD and caspase-8/10 and initiating the death 

signal, are often the most severe. They exert a dominant-negative effect and display 

high penetrance. By contrast, mutations hitting the extracellular portion or causing 

haploinsufficiency have weaker penetrance. 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 to the development of the 

disease. One possibility is that mild Fas mutations only induce ALPS when cooperate 

with mutations of other genes impairing function of the Fas system itself. In the past, 

Lenardo et al identified two CASP10 mutations involved in ALPS: the missense 

mutations causing the L285F and I406L amino acid substitutions. They were detected  

in 1 and 3 heterozygous patients respectively. Both mutations decreased caspase-10 

activity and exerted a dominant negative effect on the wild type protein, but  neither was 

sufficient to induce the overt disease, since several mutated familial components were 

healthy, and some displayed serum autoantibodies only.  

Aim of the first paper was to demonstrate that mutations of TNFR6 and CASP10 can 

cooperate in development of ALPS by hitting the Fas signaling pathway. We described 

two unrelated  patients carrying different double heterozygous mutations in the Fas and 

caspase-10 genes. Although these substitution affected the protein activities, in both 

patients, they were inherited from distinct healthy parents, which suggests that their 

coinheritance had been crucial for ALPS development in these patients.  
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1.2 Paper 
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1.3 Conclusions 

 

Both patients described in this paper carried TNFR6 mutations predicted to cause 

haploinsufficiency. In line with this prediction, their T cells expressed low levels of Fas. 

This type of mutations have been shown to have weak penetrance.  In fact, the nonsense 

Q47X mutation was not sufficient to cause ALPS in the Pt.2's carrier mother. Similarly 

in the case of Pt.1,  the IVS3-2a>g splice site defect was probably carried by father who 

did not display ALPS, but his unavailability does not allow to rule out the possibility 

that this was a de novo mutation. However, this mutation has been previously described 

in a different family, where its heterozigosity was not sufficient to cause ALPS 

(Kasahara et al, 1998). 

Pt.2 carried also the Y446C mutation in CASP10. This mutation has been previously 

reported in one heterozygous patient displaying a mild form of ALPS (Zhu et al, 2006) 

and codes for a caspase-10 displaying defective activity but no dominant negative effect 

on the wild type protein. The mutation is not sufficient to induce ALPS since it is 

carried by 1–2% of the healthy Caucasian population (Zhu et al, 2006; Campagnoli et 

al, 2006). 

Pt.1 carried the novel P501L mutation, located, like Y466C, in the small subunit of 

caspase-10. P501L, too, decreased caspase-10 function without inducing a dominant 

negative effect on the wild type protein as shown by analyzing cells from the patient 

and the mother and 293T cells transfected with the mutated and or the wild type forms 

of caspase-10. Interestingly the western blot analysis of transfected cells showed that 

P501L did not affect cleavage of caspase-10, which is often interpreted as an evidence 

of activation. However, the decreased activity detected by the in vitro caspase-10 

enzyme assay supports the model proposed by Boatright et al. that cleavage is neither 

sufficient or necessary for activation of initiator caspases, that mainly depends on 

dimerization (Boatright et al, 2003).  

In conclusion this work suggests that ALPS may sometimes be caused by the concurrent 

effect of mutations hitting different genes involved in Fas function and hence that it 

may be both a classic monogenic disease, as occurs in the presence of severe mutations 

hitting the intracellular portion of Fas, and a digenic or even oligogenic disease caused 

by mutations affecting different steps of the Fas signalling pathway. 
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2 “VARIATIONS OF THE PERFORIN GENE IN PATIENTS WITH  

AUTOIMMUNITY/LYMPHOPROLIFERATION AND DEFECTIVE FAS 

FUNCTION” 

 

2.1 Aim 

 

ALPS-like disorders , like DALD, do not behave as classic monogenic diseases. 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. In line with this hypothesis, our group  

previously demonstrated that a concurrent factor in the development of the disease is a 

polymorphic variant of the osteopontin gene (OPN), inducing production of high levels 

of this cytokine that inhibits activation-induced cell death (AICD) of lymphocytes 

(OPNhigh variations).  

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

carried a heterozygous mutation of the perforin gene (PRF1) together to a heterozygous 

mutation of the Fas gene (Clementi et al, 2004). These mutations were inherited from 

distinct parents who were healthy, which suggested that their co-transmission was 

responsible for the son's ALPS. Interestingly, both Fas and perforin are involved in cell-

mediated cytotoxicity and in control of lymphocyte homeostasis.  

The aim of the second paper was to extend the analysis of PRF1 gene to a larger number 

of patients with ALPS or DALD and to evaluate its role in the development of the 

diseases.  
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2.2 Paper 
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2.3 Conclusions 

 

This report shows that a concurrent factor favoring ALPS/DALD development may be 

perforin gene (PRF1) variations that decrease the function of this protein involved in 

cell-mediated cytotoxicity. We detected the N252S amino acid substitution in 2 ALPS 

(frequency 7.1% vs 0.1% controls), and the A91V amino acid substitution in 6 DALD 

(12.5 % vs 4.6%). Several works have shown that A91V decreases perforin function by 

altering its conformation, decreasing its cleavage to the active form, and increasing its 

degradation (Molleran Lee et al, 2004; Trambas et al, 2005; Voskoboinik et al, 2005). 

By contrast, the functional significance of N252S has been debated because it occurs 

within the membrane attack complex, a region critically involved in the pore forming 

activity of perforin, but several works have associated it with normal NK function and 

perforin expression (Stepp et al, 1999; Trambas et al, 2005; Voskoboinik et al, 2005; 

Risma et al, 2006). Interestingly, in one of our N252S patients, NK activity was 

strikingly defective in early childhood, but became normal in late childhood. Instead 

A91V patients displayed lower NK activity than controls. These data suggest that some 

PRF1 variations that cause HLH when combined with a second PRF1 variation may 

favor ALPS/DALD development if inherited defects hitting Fas function also are 

present. The family analyses showed that combination of A91V with the Fas defect was 

not sufficient to induce DALD since several healthy family members carried both 

alterations. This risk was significantly increased by copresence of the OPNhigh gene 

variations, but even their combination with A91V and the Fas defect was not sufficient 

to induce DALD in 4 of 8 DALD family members. Combination of N252S with the Fas 

defect seems to have a stronger effect than A91V, since we found it in patients only. 

However, even this combination may not be sufficient for ALPS development, since 

Rieux-Laucat et al (Rieux-Laucat et al, 2005) have described an ALPS patient and his 

healthy father carrying both N252S and a Fas gene mutation. The observation that 

N252S is in perfect linkage disequilibrium with G435A and A462G raises the 

possibility that these variations or others included in the ancestral haplotype play a role 

in ALPS development. 

These data suggest that Fas and perforin alterations may cooperate in affecting both the 

antiviral response and the switching off of the immune response. Both molecules are 

used by cytotoxic cells to kill virus-infected cells. Moreover, Fas is highly expressed by 

effector lymphocytes that are switched off by several FasL-positive cell types, but a 
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regulatory activity also has been ascribed to perforin-mediated killing of effector 

lymphocytes and antigen-presenting cells. Defects of both of these functions may 

predispose to autoimmunity by prolonging the immune response and increasing the risk 

of cross-reactions between viral and self antigens by molecular mimicry. In line with a 

role of the perforin gene in the pathogenesis of autoimmune diseases, we recently 

demonstrated the association variations of this gene with type 1 diabetes mellitus and 

multiple sclerosis respectively.  
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3 “THE MITOGEN-ACTIVATED PROTEIN KINASE SCAFFOLD KS R1 IS 

REQUIRED FOR RECRUITMENT OF EXTRACELLULAR SIGNAL-

REGULATED KINASE TO THE IMMUNOLOGICAL SYNAPSE” 

 

3.1 Aim 

 

KSR1 was originally described as a positive regulator of the RAS–MAPK signalling 

pathway in Drosophila melanogaster and Caenorhabditis elegans (Therrien et al, 1995; 

Kornfeld et al, 1995; Sundaram et al, 1995). KSR functions as a MAP kinase scaffold 

because binds many proteins, including all three components of the ERK signalling 

pathway (RAF, MEK1 and ERK ).While the exact function of KSR is unknown, 

preassembling the three components of the ERK MAP kinase cascade could function to 

enhance the efficiency of ERK activation, potentially regulate the subcellular location of 

ERK activation, and promote access to specific subcellular substrates. 

KSR1-deficient mice develop without any obvious defects (Nguyen et al, 2002), but 

KSR1-deficient cells exhibit an attenuation of ERK activation with defects in cell 

proliferation.  

Aim of the third paper was to investigate the role of KSR1 in NK cell-mediated 

cytolysis. The killing of a target cell by a cytolytic T cell or NK cell is a complicated 

process that involves cell polarization with microtubule-dependent movement of 

cytolytic granules to the immunological synapse. A variety of different signaling 

molecules are also involved in this process, including calcium, phosphatidylinositol-

3,4,5-triphosphate and activation of the ERK MAP kinase. Recently, the recruitment of 

activated ERK to the immunological synapse  has been shown to be a feature of 

successful killing of a target by cytotoxic T lymphocytes (Yachi et al, 2006). 

How active ERK is recruited to the synapse is not known. Since KSR1 is known to be 

recruited to the plasma membrane by Ras activation (Michaud et al, 1997), it seemed 

plausible to test the hypothesis that KSR1 recruitment to the plasma membrane 

functions to recruit ERK to the immunological synapse and facilitate its activation.  
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3.2 Paper 
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3.3 Conclusions  

 

This work shows that KSR1-deficient mice display reduction of NK cell cytotoxicity. 

The defect was not mediated by defective cell-cell adhesion, since the absence of KSR1 

did not affect the ability of NK cells to form conjugates with target cells. Instead, it 

might be mediated by defective polarization of lytic granules, which required KSR1 

function. Search for the mechanism causing this  defect showed that KSR1 recruitment 

to the membrane is required for recruitment of active ERK to the immunological 

synapse, which may be crucial to allow ERK to phosphorylate specific substrates at the 

plasma membrane. 

It is intriguing to speculate that recruitment of KSR1 and the ERK MAP kinase cascade 

to the immunological synapse may have functions in addition to simply facilitating 

ERK activation. By holding active ERK at the immunological synapse, KSR1 may 

function to allow ERK to phosphorylate specific substrates at the plasma membrane 

essential for T-cell function. For example, it has been proposed that ERK 

phosphorylation of Lck may play a role in facilitating a positive feedback loop that is 

important for enhancing T-cell activation (Stefanova et al, 2003). Our 

immunoprecipitation data indicated that ERK-dependent phosphorylation of the PXSP 

motif in Lck was diminished after KSR1 suppression, supporting the role of KSR1 on 

ERK substrate phosphorylation into the synapse. 

It seems possible that the granule polarization defect seen in the KSR1-deficient cells is 

due to defects in ERK phosphorylation of critical substrates at the immunological 

synapse. The localization of the MAP kinase cascade at different sites in the cell has 

been suggested to play an important role in T-cell biology (Mor et al, 2006). While it 

was originally thought that Ras activation of the MAP kinase cascade could only be 

initiated at the plasma membrane, it has now become clear that different Ras isoforms 

are localized and activated at distinct intracellular membranes (Apolloni et al, 2000; 

Choy et al, 1999; Plowman et al, 2005). These studies suggest that localized Ras 

signaling is important in the activation of location-specific effectors, but it is also 

possible that this plays a role in localizing active ERK close to the location-specific 

substrates. Unfortunately, in these studies, the localization of active ERK was not 

determined. 
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Whether KSR1 localizes to sites other than the plasma membrane is not yet known. It 

would be interesting if KSR1 and KSR2 were recruited to distinct membranes. 

Unfortunately, little is known about the expression pattern of KSR2. 

In conclusion these data suggest that KRS1 may be crucial for cell-mediated 

cytotoxicity and may be a promising candidate molecule involved in diseases caused by 

defective cell-mediated cytotoxicity. 
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CONCLUSIONS 

Autoimmune lymphoproliferative diseases are disorders of lymphocyte homeostasis 

caused primarily by defects in the Fas apoptotic pathway. These disorders include 

autoimmune lymphoproliferative syndrome (ALPS) and Dianzani autoimmune 

lymphoproliferative disease (DALD). In most cases, ALPS is due to deleterious 

mutations of the Fas gene (TNFRSF6) and is classified as ALPS type-Ia . Fas mutations 

are usually heterozygous, their penetrance depends on their effect on Fas function. 

Mutations hitting the intracellular death domain of Fas, involved in recruitment of 

FADD and caspase-8/10 and initiating the death signal, are often the most severe. They 

exert a dominant-negative effect and display high penetrance. By contrast, mutations 

hitting the extracellular portion or causing haploinsufficiency have weaker penetrance. 

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 to the development of the disease. One possibility is that mild Fas mutations 

only induces ALPS when cooperate with mutations of other genes impairing function of 

the Fas system itself. In line with this hypotesis we identified two unrelated ALPS 

patients carrying heterozygous mutations both in TNFR6 and CASP10 gene. The 

TNFR6 mutations were the weakly penetrant mutations Q47X and IVS3-2a>g and were 

not sufficient for development of ALPS. In these two patients a concurrent factor may 

be the co-present mutations of CAP10 (Y466C and P501L) which decreased the activity 

of caspase-10 and were per se insufficient to induce ALPS development. 

 

Another mechanism involved in downmodulation of the immune response is the cell-

mediated cytotoxicity. Cytotoxic T lymphocytes and natural killer cells are able to kill 

the target cell through both the Fas/FasL or perforin/granzymes systems. This 

cytotoxicity is crucial to kill virus-infected cells and clear viral infections but may also 

be involved in downmodulation of the immune response by fratricide of effector 

lymphocytes and antigen-presenting cells. The possibility of the involvement of perforin 

in the pathogenesis of autoimmune disease was first suggested by the observation of an 

ALPS patient with a Fas gene mutation inherited from the father and with a PRF1 

mutation inherited from the mother. Since both parents and the patient’s brother, who 

carried the Fas mutation only, were healthy, it appeared that both mutations contributed 

to the development of ALPS (Clementi et al, 2005). We confirmed this result in a larger 
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group of ALPS/DALD patients, where we detected two HLH-associated amino acid 

substitutions of PRF1 N252S and A91V. We found that the frequency of N252S was 

increased in typical forms of ALPS and increased the risk of its development by about 

62-fold, whereas that of A91V was increased in an incomplete variant of ALPS and 

increased this risk by about three fold. This risk was significantly increased by 

copresence of the OPNhigh gene variants, but even their combination with A91V and the 

Fas defect was not sufficient to induce DALD in 4 of 8 DALD family members. These 

results underlined the complexity of the pathogenesis of ALPS, in which different 

mechanism may be involved affecting downmodulation of the immune response and /or 

viral clearance (Su et al, 2004; Badovinac et al, 2003; Zhou et al 2002). 

 

Involvement of cell-mediated cytotoxicity defects in autoimmunity and defective viral 

clearance has been shown in other several diseases. Insight into how the lytic synapse is 

formed in cells from patients with these diseases has been gained mostly from T cell 

studies, but functional defects have been established in NK cells too. Protein involved 

on release of lytic granules by cytotoxic cell might be candidate molecules involved in 

diseases caused by defective cell-mediated cytotoxicity. The diseases that provide 

specific insight into the NK-cell lytic synapse are normally divided into two groups. 

Diseases in the first group affect steps that are involved in the initiation stage or the 

activation steps of the effector stage of synapse formation. Diseases in the second group 

affect steps in lytic-granule trafficking to the synapse in the effector stage. We can 

speculate that defect in KSR1 function may be involved in the pathogenesis of the 

second group of disease. In fact, the defect in NK cell cytotoxicity displayed by KSR1-

deficient mice was not due to defective cell-cell adhesion, since the absence of KSR1 

did not affect the ability of NK cells to form conjugates with target cells. Instead, it is 

mediated by defective polarization of lytic granules to the immunological synapse. 

Searching for the mechanism causing this defect, we demonstrated that KSR1 

recruitment to the membrane is required for recruitment of active ERK to the 

immunological synapse, which may be crucial to allow ERK to phosphorylate specific 

substrates at the plasma membrane essential for NK-cell function.  

It might be interestingly take in consideration a systematic evaluation of the role of 

KSR1 in the pathogenesis of autoimmune and immunodeficiency disease, due to cell-

mediated cytotoxicity defects. 
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