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SUMMARY

There are different approaches to obtain an “irtSigh the pathogenesis of human
diseases. One is to study particular genetic viriand how they affect functioning of
specific proteins and protein pathways, in orderutaerstand about physiological
processes in normal and disease states. A compighennderstanding of genetic
variation would facilitate to establish relationshibetween genotype and biological
function.

Within this thesis | describe how genetic variaiaould be a susceptibility factor for
the complex pathogenesis of autoimmune diseaseusifug on Autoimmune
Lymphoproliferative Syndrome (ALPS). ALPS is dueitderited defects decreasing
function of the Fas death receptor, involved inithenune response switching off. It is
characterized by autoimmune manifestations and naglation of non malignant
lymphocytes in the lymphoid organs with expansiérdauble negative (DN) T cells
lacking CD4 and CD8; this expansion is absent ilABRS incomplete variant named
Dianzani Autoimmune Lymphoproliferative Disease (A. Mutations of the Fas
gene (TNFR6) are the most frequent causes of AOP8y are usually heterozygous
and their penetrance depends on their effect onflrastion. Mutations hitting the
intracellular domain of Fas (death domain) involvedrecruitment of FADD and
caspase-8/10 and initiating the death signal anergdy severe since exert a dominant-
negative effect and display high penetrance. Bytresh mutations hitting the
extracellular portion or causing haploinsufficien@ve weak penetrance and may cause
disease development depending on concurrence @r @énetic or environmental
factors. The first part of this thesis shows thahaurrent factors may be genetic
variations hitting either the Fas pathway itselfadher pathways co-involved in the
immune response switching off.

The first report, describes two patients that avenlwned heterozygous for single
nucleotide substitutions in the TNFRSB6Gd CASP10 (caspase-10) genes. The first
patient showed a heterozygous nucleotide substituti TNFR6 (c334 -2a>Q), located
in the splicing-acceptor site in the third introndadetermining the IVS3-2a>g splice
site defect. The mutation results in skipping obrex4, coding for an extracellular
cysteine-rich domain, frameshift and premature #teation after 38 codons.
Sequencing of CASP10 detected a C>T substitutiont1&02 in exon 10 resulting in a



proline to leucine change (P501L) in the small lg#ita subunit of the caspase. The
mutation, was not detected in 80 healthy donorsimat0 other ALPS patients. The
second patient had a TNFR6 mutation in exon 2, ingua premature stop codon
(Q47X). Sequencing of CASP10 detected a heterozy/gmucleotide substitution
(1337A>G) in exon 9 causing the Y446C amino acidnge in the predicted protease
domain of the small subunit. This variation hasropeeviously associated to ALPS, but
has been reported also in the healthy Caucasianlggagm with allelic frequency
ranging from 1.6 to 2%. Fas expression was redwstl caspase-10 activity was
decreased in both patients. In both patients, th&tions were inherited from distinct
healthy parents. Therefore, this work suggests igations of TNFR6 and CASP10
can cooperate in development of ALPS by hittingkhe signaling pathway.

The second report shows that a concurrent factarifag ALPS/DALD development
may be perforin gene (PRF1) variatiotigat decrease the function of this protein
involved in cell-mediated cytotoxicity. Perforin istored in the lytic granules of
cytotoxic cells and is released on the target fiface where it forms pores allowing
entry of granzymes inducing target cell apoptoSisll-mediated cytotoxicity is crucial
for clearance of viral infections, but plays alsaaode in switching off the immune
response by Killing of activated immune cells. Sewing of PRF1 in 14 ALPS, 28
DALD, and 816 controls detected two variations: H#52S amino acid substitution in
2 ALPS, and the A91V amino acid substitution in ALUD. Frequency of N252S was
higher in ALPS than in controls (7.1% vs 0.1%, [©60.6) and conferred an OR=62.7
(95% CI: 6-654.9); frequency of A91V was higherDALD than controls (12.5 % vs
4.6%, p=0.016) and conferred an OR=3 (95% CI: 112-1n one N252S patient, NK
activity was strikingly defective in early childhdo but became normal in late
childhood. A91V patients displayed lower NK actiihan controls. These data suggest
that PRF1variations are a susceptibility factor for devel@mnhof ALPS and DALD in
subjects with defective Fas function, possibly lnseaboth defects affect the immune
response switching off system. Other data show these variations may also be
involved in development of type 1 diabetes mellansl multiple sclerosis.

Involvement of NK defects in autoimmunity prompteay interest on molecules
involved on release of lytic granules by cytotogedls, since they might be candidate
molecules involved in diseases caused by defeaelemediated cytotoxicity. The
work was focused on the role of the kinase suppressRas-1 (KSR1) and the third
report shows that KSR1-deficient mice display reéducof NK cell cytotoxicity. The
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defect was not mediated by defective cell-cell adire since the absence of KSR1 did
not affect the ability of NK cells to form conjugatwith target cells. Instead, it might
be mediated by defective polarization of lytic grs, which required KSR1 function.
Search for the mechanism causing this defect sthah@at KSR1 recruitment to the
membrane is required for recruitment of active ERKthe immunological synapse,
which may be crucial to allow ERK to phosphorylafeecific substrates at the plasma
membrane. Indeed, ERK-dependent phosphorylatidgheoPXSP motif in Lck (crucial
in enhancing T-cell activation) was diminished af®SR1 suppression. These data
suggest that KRS1 may be crucial for cell-mediatgtbtoxicity and may be a
promising candidate molecule involved in diseasassed by defective cell-mediated

cytotoxicity.
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INTRODUCTION

Most inherited diseases are rare, but taken togethe more than 3,000 disorders
known to result from single altered genes rob onléi of healthy and productive lives.
Today, little can be done to treat, let alone cum®st of these diseases. A better
understanding of the etiology and pathogenesisisdades and the development of
better treatments have, therefore, important imagibns, not only for the individual
patient but also for health care and the socioemamosector in general. As
‘experiments of nature’, human diseases and thiidys offer insight into basic

mechanisms of the human immune system.

Similar to other highly prevalent diseases, for regke cardiovascular diseases,
Alzheimer's disease or psychiatric disorders sushsehizophrenia or depression,
autoimmune diseases are complex with respect to tjenetic background and
potential environmental risk factors, and consetjyealso the multiple pathogenic
factors that contribute to tissue damage. With eéespo clinical presentation, patients
that have similar signs and symptoms have prewdusén bundled together under one
disease heading, but it is becoming clear that gerteral disease labels might not
adequately reflect the above complexity and couddite difficulties when looking for

biological markers or when testing new treatments.

The Human Genome Project helped scientists to rbeitelerstand etiology and
pathogenesis of disease. In fact, once a geneaseld on a chromosome and its DNA
sequence worked out, scientists can then determiheh protein the gene is
responsible for making and find out what it doethe body.

There are different approaches to obtain an “irtSigh the pathogenesis of human
diseases. One of these approaches is to analyphémetype of a patient and compare
the features with which of other diseases, in otdadentify the pathway, the proteins
and the genes responsible for the pathological ctleféenetics seeks to correlate
variations in DNA sequence with phenotypic differes. The greatest advances in
human genetics have been made for traits assocaathdvariations in a single gene.
However, most phenotypes, including common diseases variable responses to

pharmacological agents, have a more complex origirglving the interplay between



multiple genetic factors (genes and their producg)d non-genetic factors
(environmental influences). Unraveling such complewill require both a complete
description of the genetic variation in the humanagne and the development of

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

A comprehensive understanding of genetic variatibath in humans and model
organisms, would facilitate studies to establiskatienships between genotype and
biological function. The study of particular variarand how they affect the functioning
of specific proteins and protein pathways will gieimportant new insights about
physiological processes in normal and diseasesstateenhanced ability to incorporate
information about genetic variation into human dgenstudies would introduce us in a

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

On the other hand, genes and gene products doumatidn independently, but
participate in complex, interconnected pathways$yogks and molecular systems that,
taken together, give rise to the workings of cetissues, organs and organisms.
Defining these systems and determining their pteg®emrnd interactions is crucial to
understanding how biological systems function. tiese systems are far more complex
than any problem that molecular biology, geneticgeanomics has yet approached. On
the basis of previous experience, one effectivén paill begin with the study of
relatively simple model organisms, such as bacen@yeast, and then extend the early
findings to more complex organisms, such as mickharmans. Alternatively, focusing
on a few well-characterized systems in mammals vélla useful test of the approach.
Understanding biological pathways, networks and emwhr systems will require
information from several levels. At the genetic devthe architecture of regulatory
interactions will need to be identified in diffetecell types, requiring, among other
things, methods for simultaneously monitoring tkpression of all genes in a cell. At
the gene-product level, similar techniques thaivalin vivo, real-time measurement of
protein expression, localization, modification aativity/kinetics will be needed. It's
important to develop and refine techniques that utedd gene expression, such as
conventional gene-knockout methods, newer knockrdaapproaches and small-
molecule inhibitors to establish the temporal arellu@r expression pattern of
individual proteins and to determine the functiafighose proteins. This is a key first

step towards assigning all genes and their prodadtshctional pathways.



Within this thesis I'll describe how genetic variats could be a susceptibility factor for
the complex pathogenesis of autoimmune diseaspaiticular for the Autoimmune
Lymphoproliferative Syndrome (ALPS). | show that A&, that is regarded as a classic
monogenic disease generally due to mutations giftinction of the Fas gene involved
in switching off the immune response, may sometitesthe outcome of multiple
mutations affecting different steps of the Fas aligig 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 tskroviding defense
against a vast array of potential pathogens, whkisturing that those same protective
mechanisms are not turned against the self. Mesteniof physiological cell death
(apoptosis) play key roles in the development, laggun and functioning of the immune
system. Malfunctioning of the cell death process cause autoimmune disease,
immunodeficiencies, and lymphoid malignancies. Apsjsz is the physiological
process of cell death that occurs in all multidewrganisms. The process of apoptosis
may be divided into stages: the stimuli that trigtpe cell death response; the pathway
by which the message is transduced to the cell; thedeffector mechanisms that
implement the death program (Vaux et al, 1996).eBe stimuli may trigger a death
response in cells but the pathways converge uperséime, evolutionally conserved
effector mechanisms, the key components of whiehaafamily of cysteine proteases
called caspases. Upon activation, these cysteioegses directly or indirectly cause
the morphological and biochemical changes chaiatiterof apoptosis, such as
chromatin condensation and DNA fragmentation. Apbpt cells are efficiently

phagocytosed by neighbouring or inflammatory cells.

In the immune system, apoptosis plays an importalet during positive and negative
selection in lymphocyte development, in the “swinchoff” of the immune response,

and in the effector function of cytotoxic cells.



1.1 Apoptosis of activated lymphocytes and homeostas$ lymphocyte numbers

Physiological elimination of activated T cells digian immune response can occur via
an active extrinsic pathway triggered by the engeaye of specialized transmembrane
receptors called death receptors. These deathtoesdgelong to the TNFR superfamily
and include Fas (also called CD95, TNFRSF6, or ARPOCFNFR1 (also known as p60
or TNFRSF1A), death receptor 3 (also known as DRINFRSF25), death receptor 4
[also known as DR4, TNF related apoptosis-indudigand receptor 1 (TRAIL-R1), or
TNFRSF10A], death receptor 5 (DR5, or TRAIL-R2 oNARSF10B), and death
receptor 6 (DR6 or TNFRSF21). The TNFR superfanslgharacterized by arrays of
two to five extracellular cysteine-rich domains [@$3 (Locksley et al, 2001). Members
of the death receptor subgroup of TNFRs share aemately conserved region of 80
amino acids in the cytoplasmic portion termed teatd domain (DD), as it is required
for death signaling. Fas, the prototypical deatheptor, plays a critical role in
lymphocyte regulation by apoptosis and, potentialipn-apoptotic death. Fas is
activated by its cognate ligand, FasL, a type 2simembrane protein that can be
released in soluble form by metallo proteinasesléSet al, 1993). Both the ligand and
the receptor can be potently upregulated by antiggimulation of T cells, especially if
cells are activated and cultured in interleukin2ll(Zheng et al, 1998). Stimulation of B
cells can induce expression of death receptorsTafel, but not expression of FasL.
Rather, B cells appear to be killed by conjugatmi cells that express FasL (Wang et
al, 1997). The fundamental mode of signaling bytlileaceptors is protein complex
formation at two levels. First, the receptor asdgnib triggered by ligand to form
stoichiometric complexes with cytoplasmic signalipgteins. Second, higher order
aggregates of receptors, ligands, and signalingeim® immediately follow and are
crucial for signal transmission. In the Fas/Fasistay, within seconds after FasL
stimulation, Fas recruits the adapter molecule FAGDID the initiator caspase-8 and -10
to form a large complex termed death-inducing diggacomplex (DISC) (Kischkel et
al, 1995). DISC formation is crucial for generatiogspase activity and initiate the
apoptotic process. Both Fas and FasL operate asthomars. Their interaction triggers
changes in conformation and/or orientation of #heeptor trimer that allow homotypic
interactions between the DDs in Fas and FADD. lditawh to its COOH terminal DD,
FADD also possesses a NH2-terminal protein-pratgieraction domain of

approximately 80 residues called the death effedbonain (DED), which is also found
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in the initiator (or apical) caspases-8 and -10mRd&ably, DD and DED are both
hexahelical bundles with a similar overall topoldbgt is also shared by the caspase-
recruitment domain (CARD) (Fesik et al, 2000). Henthese domains may be
specializations of a common ancestor. It is gehernhle case, however, that each
domain interacts in a homotypic manner, i.e., DDDIO, but do not cross bind one
another (DD to DED, etc.). Therefore, FADD is brbtuigo the DISC by its DD
association with Fas and then recruits caspasest81® to the complex through DED
interactions (Figure 1) (Tibbets et al, 2003; Zhanal, 1998).
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Figure 1. Fas signaling pathway.Fas is self-trimerized through interactions of #@wainoterminal
domain termed pre-ligand-associating domain (PLADJ)on interaction with membrane FasL (mFasL),
homophilic interactions of death domains allow Hssociation of Fas with the cellular adapter called
FADD. FADD contains another domain called the deeftector domain allowing interactions with
procaspase-8 (Mach/Flice) and 10 (Flice-2) in atld@sucing signaling complex (DISC), thereby
connecting Fas to a proapoptotic pathway.

Within this multiprotein DISC aggregate, the in@ed local concentration of caspase-
8/10 zymogens presumably promotes an altered coatoon that leads to their

autoprocessing and activation. Caspases-8 andadi® @ntain three parts: a double-



DED containing prodomain, a large enzymatic subwamtl a small enzymatic subunit.
Each part is flanked by aspartate residues thah ftaspase cleavage sites especially
sensitive to its own activity. Initially, it was leved that autoprocessing and release of
the two enzymatic subunits were essential for deaghaling (Nicholson et al, 1997).
However, recent data has suggested that apicahsaesan, under certain conditions,
transmit signals without cleavage by relying onlyn aimerization or other
rearrangements of inactive unprocessed monomegtr{Blot et al, 2003). Nevertheless,
processing of apical caspases stabilizes the tatalgtivity as heterotetramers (two
each of the large and small subunits) and allosveeiease into the cytosol (Boatright et
al, 2003). The released, highly active caspasesvelenultiple downstream targets,
including effector caspases that initiate a caspagdification loop leading to the cell’s
demise. In the so-called type I cells, includingntiocytes and peripheral T cells, a high
guantity of active caspase-8/10 is generated aDtB€ that directly activates effector
caspases, i.e., caspases-3, -6, and -7. By cagntraspe Il cells, including tumor cell
lines such as Jurkat and CEM, the DISC is weak®t,caspase activation occurs more
slowly and to a lesser extent than in type | cdhistype Il cells, robust apoptosis is
achieved by caspase-8 processing of Bid, a proapopBH3-only Bcl-2 family
member. The truncated active form of Bid cause®atybmec release from the
mitochondria and activation of the intrinsic apgiopathway (Jiang et al, 2004).
Because of mitochondrial involvement, death reaepb@diated death in type Il cells,
but not type | cells, can be inhibited by anti-ajedig Bcl-2 family members (Krueger
et al, 2003). DISC formation is followed by the rfa@tion of Fas clusters recently
designated as signaling protein oligomerizationnddaiction structures (SPOTS)
(Algeciras et al, 2002; Siegel et al, 2004). SPQif&composed of perhaps thousands
of individual receptor complexes (making them Misilnicroscopically) that further
increase the local concentration of caspase-8 aodqie its autoprocessing and
activation (Siegel et al, 2004). This receptor @figerization depends on the Fas DD
and FADD but does not require caspase activity.eOBPOTS are formed, a further
caspase-dependent clustering and capping of Faplewes is followed by receptor
internalization in vesicles bearing endosomal makelt is unclear whether
internalization downregulates Fas-induced deatis arcritical step for death signaling,
as recently shown for the TNF receptosomes (Schnd&dachert et al, 2004).
Alternatively, since Fas internalization dependscaspase activation, it may be a post-

lethal event that has no regulatory role at alle @otentially important regulator of Fas
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at the DISC level is the cellular FLICE inhibitopyotein (c-FLIP) that is present in two
isoforms: c-FLIPS and c-FLIPL (Thorne et al, 200The c-FLIPL protein is very
similar to caspases-8 and -10, and the geneslftirak are found in a gene cluster on
chromosome 2q33-34; this observation suggeststh®igenes may have arisen by
tandem duplication of one ancestral gene (FernaAtiesmri et al, 1996; Irmler et al,
1997; Rasper et al, 1998). Although a double DEtsct in c-FLIPL, the part of the
gene that encodes the enzymatic subunits containgenmus mutations that prevent
caspase activity (Irmler et al, 1997). c-FLIPSI@ser in structure to a viral counterpart,
v-FLIP, which consists only of the double DED andhort COOH-terminal addition
(Irmler et al, 1997). Both c-FLIPL and c-FLIPS che recruited to the DISC, where
they typically exert an inhibitory effect on casp#sactivation and cell death. c-FLIPL
has been observed to have different, sometimesazbatory functions. c-FLIPL in the
DISC is processed by caspase-8 but cannot proespase-8 in return, so that the latter
is kept in an uncleaved form at the receptor I€kelieger et al, 2001). B cell receptor
stimulation can induce c-FLIPL expression and bldeéks- and TRAIL-mediated
killing; this observation indicates a potentialaah B cell selection and tolerance
(Wang et al, 2000). On the other hand, small answoht-FLIPL can cause caspase-8
activation and cell death and have also been pespds 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 killeXK) cells are highly effective
killers of virally infected and tumorigenic cell&lthough the receptors involved in
recognition of targets by these cells differ, thechmnisms by which they Kkill are
essentially the same. The lytic activity of CTLsld¥K cells is localized in specialized
granules in their cytoplasm and, through the regdlaecretion of these granules, killer
cells can selectively induce target cell death.

In the 1980s, several groups identified the agtkaeins present in CTL and NK cell
granules (Millard et al, 1984; Podack et al, 19859)e key soluble protein was called
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Figure 2. Perforin putative domain structure. The putative domains of the perforin monomer are
shown. The leader peptide of human perforin costaim additional amino acid compared with mouse
perforin. The amino terminus (N-terminus) is preeicto have lytic potential whereas the amphipathic
helix is thought to insert into the target membrane shares homology with terminal members of the
complement membrane attack complex. The calciurdidnC2 domain confers the membrane binding
property of perforin. Approximate amino acid bouriés of each domain are indicated by numbers.

Initially, the structural and functional similarigf perforin to proteins associated with
complement-mediated lysis suggested that this jraentributed to target cell death
simply by damaging the cell membrane through porenétion (Tschopp et al, 1986;
Sauer et al, 1991). However, a series of experisientvhich perforin and granzymes
were overexpressed in the mast cell line RBL, teodowing them with cytotoxic
potential, demonstrated that while overexpressiagopin in isolation induced target
cell membrane permeabilization, it necessitateddbmabined expression of perforin
and granzymes to induce further intracellular eveastsociated with CTL/NK killing,
such as DNA damage (Shiver et al, 1991 and 199Xkajnaa et al, 1995). This

suggested that perforin might form pores in thgdtarcell membrane through which
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granzymes may pass; however, there is little erpartal evidence for this at present.
Plasma membrane disruption, however, is not the fe@ture of cell death inflicted by
CTLs and NK cells. Unlike complement-mediated lygiler cell lysis was found to be
accompanied by extensive cellular deterioration obdy damage to the plasma
membrane, in particular nuclear disintegration,chsuggested that additional factors
in the lytic granules were contributing to cytok/siOther components of the lytic
granules were subsequently identified as serineegses, called granzymes (Lowin et
al, 1995).The granzymes are a family of serine proteasegdtaithin CTL/NK cell
granules, with humans and rodents possessing elitf@ranzyme genes in three linked
chromosomal clusters. Granzymes A, B, C, D, E, K@, M and N are found in the
mouse, while humans possess a more restrictedteegpenamely granzymes A, B, H,
K and M (Grossman et al, 2003).

Granzyme B is a major constituent of CTL/NK cellagules, promoting apoptosis
through proteolysis of a relatively small numbersabstrates (Figure 3) (Masson et al,
1987). There are two main pathways of granzyme dded killing, one involving
direct activation of caspases and the other meatlitteough granzyme B-initiated
promotion of mitochondrial permeabilization. Likeetcaspases, granzyme B cleaves its
substrates after aspartic acid residues, so ibtisurprising that several caspases have
been proposed to be direct granzyme B substratesling caspase-3, -6, -7, -8, -9 and
-10 (Darmon et al, 1995; Martin et al, 1996; Medeetal, 1997; Duan et al, 1996;
Fernanes-Alnemri et al, 1996; Gu et al, 1996; Mwatial, 1996; Orth et al, 1996; Quan
et al, 1996). However, recent work suggests thapase-2, -6 and -9 are cleaved
indirectly by granzyme B-activated caspase-3 (Adgial, 2005)

In many apoptosis pathways, apoptotic signals ageven mitochondria where they
promote the oligomerization of the BCL-2 family mieens BAX and/or BAK in the
outer mitochondrial membrane (Luo et al, 1998; i a, 1998). BAX/BAK
oligomerization promotes mitochondrial permeabti@a with the resulting escape of
mitochondrial intermembrane space proteins inclgdigtochromec (Kuwana et al,
2002). Cytochrome release into the cytosol facilitates the formataina complex,
known as the apoptosome, between APAF-1 and caSp@déighawan et al, 1997; Jiang
et al, 2000). Assembly of the apoptosome resnltsaspase-9 activation followed by a
downstream caspase cascade, which ensures thedesgildof the cell (Slee et al, 1999;
Hill et al, 2004). The antiapoptotic protein BCLa2ts at mitochondria to inhibit cell
death by heterodimerizing with and inhibiting theath promoters BAX and BAK,
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thereby blocking the efflux of cytochroneeand other mitochondrial intermembrane
space proteins (Kluck et al, 1997). Because caspasbitors are ineffective at
preventing granzyme B-mediated cytochroonelease (Pinkoski et al, 2001), whereas
the overexpression of BCL-2 is sufficient to abitegkilling (Davis et al, 2000), this
strongly suggested that granzyme B utilized a esfradependent, mitochondrial-
mediated cell death pathway. The BH3-only protdid Bas subsequently identified as
a substrate for this granzyme. In a manner, anakbgm caspase-8-mediated proteolysis
of BID in the death receptor pathway, processin@i@i by granzyme B is thought to
expose a myristolyation sequence, targeting therlarotein to mitochondria where it
can promote the oligomerization of BAX and/or BAK the outer mitochondrial
membrane (Sutton et al, 2000; Alimonti et al, 20B@rry et al, 2000; Heibein et al,
2000). The resulting cytochroneerelease, followed by assembly of the apoptosome
and the ensuing caspase activation cascade emapré<ell death.

Several granzymes other than granzyme B are nawcalssidered likely to contribute
to perforin-dependent target cell death. Granzymeanduces intense single-strand
DNA breaks through cleavage of various componehtthe SET complex, including
TREX1 (Chowdhury et al, 2006). Cytotoxic activityas also been described for
granzyme M, however the mechanism and relianceaspase activation is still debated
(Kelly et al, 2004; Lu et al 2006).
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Figure 3. Delivery of granzymes by perforin and apoptosisContents of cytolytic granules such as
perforin and granzymes are released into the esitrd@r space upon recognition and synapse formatio
between a cytotoxic lymphocyte and its target. Gyame B induces caspase-dependent cell death by
cleaving Bid, which then interacts with Bax and Bak the mitochondrial membrane. This interaction
can be inhibited by Bcl-2 family members, includiBgl-2 and Bcl-XL. Mitochondrial membrane

integrity is then lost, resulting in release ofanfiromec into the cytoplasm. Pro-caspase 9, Apaf-1 and
cytochromec then assemble to form the apoptosome complex, wbictverts pro-caspase 3 into its

active state. This executioner caspase mediategelbase and subsequent translocation of caspase

activated DNase (CAD) to the nucleus, resultingdiNA fragmentation and, finally, apoptosis of the
target cell. Granzymes A and M induce caspase-inggnt cell death. iCAD, inhibitor of CAD; IS,
immunological synapse.
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The cytolytic process in CTLs and NK cells needsb® well regulated, and this
involves additional or enhanced mechanisms for rotlimg the secretion of Iytic-
granule contents in NK cells compared with the pssan CTLSs.

The induction of many NK-cell effector functionsgcluding cytotoxicity, requires that
the NK cell contacts its target cell. This ensupescise targeting of the cytolytic
process to a single diseased cell in a tissue witatfecting its neighbouring cells. The
events that occur following the interaction betweenytolytic cell and its target cell
have been well studied. They include the delivarg aecretion of cytolytic effector
molecules at the interface that is formed betwéenctytotoxic cell and its target cell
through a process known as directed secretion.uBderstanding of directed secretion
for cytotoxicity has been advanced by the discowéhe immunological synapse. The
immunological synapse was originally defined in taiee 1990s (Grakoui et al, 1999;
Monks et al, 1998) as the crucial junction betwaeh cell and an antigen-presenting
cell (APC) at which T-cell receptors (TCRs) inte¢raith MHC molecules. Subsequent
studies extended these observations and identieant immunological synapses
between different types of immune cell, as wellbasween immune cells and non-
immune cells.

An immunological synapse can be defined as therlgrdearrangement of molecules in
an immune cell at the interface with another cBllmerous molecules have been
identified as participating in the immunologicahapse, including receptors, signalling
molecules, cytoskeletal elements and cellular cetlesr Some studies suggest that
these molecules accumulate in distinct regionsimativating immunological synapse
to form a supramolecular activation cluster (SMA@hich may be segregated into
peripheral (pSMAC) and central (cSMAC) zones.

Although debate regarding the role of the immunigalgsynapse in enabling immune
responses continues, several of its potential fonst seem relevant and worth
considering. Lytic granules are hybrid organeltes tare specialized for the secretion of
the lytic effector molecules which reside in them.

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

prototypical mature lytic synapse (Figure 4)
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Figure 4. Immunological synapsea) Electron micrograph of the synapse betweesxamivoNK cell
and a K562 target cell; arrows indicate lytic glasuand their precursor forms. b) The mature nhtura
killer (NK)-cell Iytic synapse is defined by therfoation of a supramolecular activation cluster (SB)A
at the interface between the NK cell and the tacgétto which lytic granules polarize. The prototal
version of this synapse contains a central SMAQWAS) that includes a secretory domain through
which lytic granules may traverse. Confocal micagscimages show a human NK cell (YTS cell line)
that expresses a CD2-GFP (green fluorescent pydigion protein making contact with a target cell
(Epstein—Barr virus- transformed B-cell line). Tbell-cell conjugates were fixed, permeabilized and
evaluated for the presence of perforin (red) usingonoclonal antibody. Perforin is contained inclyt
granules and therefore can be used as a markdrefior, the distribution of CD2 under normal condigo
parallels filamentous actin at the mature synapse.

In the mature synapse, filamentous actin (F-aadm] adhesion receptors accumulate
and are thought to form a ring in the pSMAC throwgtich perforin and other lytic-
granule contents are secreted. Domains in the kyitapse that contain specific
signalling molecules or secretory machinery hawenlescribed in CTLs (Stinchcombe
et al, 2001). Similar molecule distribution pat®rnave been observed in NK cells
(Vyas et al, 2002; Almeida et al, 2006; OrangeleR@06), but many aspects of NK-
cell synapse organization have not been elucidaietever, lytic granules are large
organelles and must traverse dense F-actin netwatkshe synapse, and actin
reorganization is required for their release. Tfuees synapse formation has the
specific function in NK cells of enabling cytotokic

A variety of different signaling molecules are algovolved, including calcium
(Lyubchenko et al, 2001), phosphatidylinositol-3;&jphosphate (Giurisato et al, 2007,
Jiang et al, 2000) and activation of the ERK MARdasge (Chen et al, 2006, Robertson
et al, 2005; Wei et al, 1998). Recently, the rdoment of activated ERK to the
immunological synapse has been shown to be a fatuseiccessful killing of a target
by cytotoxic T lymphocytes, but the mechanism bychtactive ERK is recruited is not

known.

1.2.1-MAPK pathway in granule exocytosis

As | said before, in a contact-dependent manner chlis “inject” cytolytic granules,
containing perforin and granzymes, into targetscelhd induce target cell death
(Trambas et al, 2003). The cytotoxicity proceslishestrated by two cytoskeletal
elements: filamentous actin (FA) and microtubuld). Studies have shown that both
of them undergo transient and dynamic structurahodeling during NK cell
cytotoxicity (Wulfing et al, 2003). Filamentous @mctaccumulates in the NK cell
immune synapse (NKIS), followed by the directiotrahslocation of the microtubules
organizing center (MTOC) toward the NKIS (Wulfinga, 2003; Orange et al, 2003).
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Perturbation of either actin or microtubules cortgdle eliminates cytolytic activity of
human NK cells. Studies on microtubules have sugdethat the polarization of the
MTOC is responsible for the polarization of cytadygranules inside the cytotoxic
lymphocyte, but dispensable for immune synapse dton (Kopcow et al, 2005).
Granule polarization is a critical step in cytow#y. In NK cells, a pivotal signaling
pathway from PI3K via Rac, PAK1, MEK to extracedlulsignal-regulated kinase
(ERK) has been shown to be involved in triggerimg polarization of cytolytic granules
(Djeu et al, 2002). However, the mechanism by wii&K signaling regulates granule
translocation was not investigated. Interestintflg, polarization of cytolytic granules in
NK cells requires intact microtubules filamentsgifibas et al, 2003). Therefore, ERK
signaling might be able to modulate the movementhef MTOC and thus granule
transport in the cytotoxicity of NK cells.

How some of these signal molecules contribute toly$#s of tumor cells was resolved
when the sequence of events triggered by NK ligadibtumor cells was systematically
investigated with one NK cell line. By use of biechical analysis of kinase enzyme
activation, gene transfer of dominant-negative atwhstitutively active signal
molecules, accompanied by parallel examinationytod function against 51Cr-labeled
tumor cells, it became clear that a specific sigr@@cade was triggered in NK cells by
exposure to tumor cells. NK cell ligation with tumeells rapidly caused a transient
activation of ERK, which apparently controls lytizanule movement (Porter et al,
2002). In known systems, ERK is downstream of @seof signal cascades, and of
these, it immediately became apparent that theRR&#SIEK/ERK pathway, which is
crucial in gene expression and tumor cell growshnot used in the killing process
(Djeu et al, 2002). Instead, the utility of a spiecphosphoinositide 3-kinase (PI3K)/
Rac/PAK/ MEK/ ERK pathway was identified in the NK8ell line (Jiang et al, 2000).
It is noteworthy that this same signal cascaddyfie function was also demonstrated
in freshly isolated human NK cells, documentinghtslogical relevance (Jiang et al,
2000).

How active ERK is recruited to the synapse is navkn. Since the kinase suppressor
of Ras-1 (KSR1) is known to be recruited to thespla membrane by Ras activation
(Michaud et al, 1997) and since the immunologigalapse is one of the major sites of
Ras activation (Mo et al, 2006; Rechavi et al, 30@&7seemed plausible to test the
hypothesis that KSR1 recruitment to the plasma mmangfunctions to recruit ERK to

the immunological synapse and facilitate its attora
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KSR was originally described as a positive regulatbthe RAS—-MAPK signalling

pathway inDrosophila melanogasteand Caenorhabditis elegan@herrien et al, 1995;

Kornfeld et al, 1995; Sundaram et al, 1995). KSRdbimany proteins, including all
three components of the ERK signalling pathway (RMEK1 and ERK (Figure 5).

Pseudokinase
domain

)

Serine/threonine-
rich domain

Cysteine-rich
domain

KSR

Figure 5. Mitogen-activated protein kinase scaffoldproteins in immune signalling| The general
mitogen-activated protein kinase (MAPK) signalirescade includes the activation of a MAPK kinase
kinase (MAPKKK) that then activates a MAPKK, whichctivates the terminal MAPK. In the
extracellular-signal regulated kinase (ERK) MAPKipeay, RAF acts as the MAPKKK, MAPK/ERK
kinase 1 (MEK1) as the MAPKK and ERK as the MAPHKieTscaffold protein kinase suppressor of RAS
(KSR) acts to assemble these components at theplaembrane to enhance ERK activation.

In mammals, KSR1 is highly expressed in the braiymus and spleen, and analysis of
T cells from KSR1-deficient mice confirmed that KE® required for efficient ERK
activation (Nguyen et al, 2002). The defect in ER&tivation that was observed in
KSR1-deficient mice resulted in attenuated cytokmmeduction and defective T-cell
proliferation in the periphery. Surprisingly, despsignificant expression of KSR1 in
the thymus and a known role for ERK in thymopoidsisher et al, 2005), thymocyte
development seemed to be normal in KSR1-deficignerfNguyen et al, 2003). KSR1
is also expressed by neutrophils and macrophagéshas been shown to be required
for ERK activation in response to pro-inflammataoggokines (Fusello et al, 2006).

We found that KSR1 was recruited to the immunolalgisynapse and that KSR1
appeared to be required for the localization oivadERK at the contact site (Giurisato
et al. 2009). As KSR1 deficient cells exhibit aetfin killing, this suggests that KSR1

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

The concept of autoimmunity was first predictedNmbel Laureate Paul Ehrlich at the
start of the twentieth century, and he describedast ‘horror autotoxicus’. His
experiments led him to conclude that the immuneesysis normally focused on
responding to foreign materials and has an inleiftdency to avoid attacking self
tissues. But when this process goes wrong, the mensystem can attack self tissues
resulting in autoimmune disease. The perplexingeissf what allows the immune
system to attack self tissues is a continuing fafuesearch. In the past, autoimmune
diseases have been studied on the basis of the affgcted, but in recent years the
focus has switched to a more cross-disciplinaryr@gogh with a view to providing a
better understanding of the common mechanisms Iymugithe pathogenesis of these
diseases.

Autoimmune diseases are major causes of morbidity mortality throughout the
world. Many of these diseases tend to be diffioulimpossible to cure, for the obvious
reason that the focus of the immune responseasétiens, cannot be eliminated. The
physical, psychological and economic burden ofdhdiseases is especially devastating
because they often attack young adults. The proidestso compounded by the failure
of conventional cellular immunological analysesskeed much light on the pathogenic
mechanisms. Recently developed therapies, suchurasrtnecrosis factor (TNF)
antagonists, have had some remarkable successdbeba treatments target resulting
organ damage and not the, usually unknown, undaeylyauses. The realization that the
development of autoimmunity is strongly influenceg inherited polymorphisms
brings hope that understanding the genetics ofifamane diseases will teach us about

the causal derangements, and perhaps lead to eeap#utic strategies.

2.1 Cellular mechanisms of self tolerance and autoimunity

The mammalian immune system has an extraordinaignpal for making receptors
that sense and neutralize any chemical entity ieigtehe body. Inevitably, some of
these receptors recognize components of our owry, et so cellular mechanisms
have evolved to control the activity of these ‘fidden’ receptors and achieve
immunological self tolerance. Many of the genes prateins involved are conserved
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between humans and other mammals. Our immune systém body’s sixth sense. It
can react to any chemical structure imaginable ightf off every possible
microorganism. The receptors coordinating this fa@ antibodies expressed on the
surface of B cells as B-cell receptors (BCRs) arzkll receptors (TCRSs) displayed on
T cells. Huge receptor diversity is encoded inrttnmalian genome by two processes
of somatic genome modification that occur seletyiva lymphocytes. First, V(D)J
recombination assembles unique BCR and TCR germs three separate gene
segments, the variable (V), diversity (D) and jo@i(J) genes, during T-cell
differentiation. This takes place in the ‘centnahphoid tissues’, which are principally
the bone marrow for B cells and the thymus for lsc&econd, somatic hypermutation
substitutes single nucleotides of BCR genes duitaje phase of the immune response
in peripheral lymphoid tissues (such as the splégmph nodes and tonsils). A
significant fraction of the receptors generatedboyh these processes bind to one or
more self components in the body, a product of Ebeately random receptor-
generating process.

Between 20 and 50% of TCRs and BCRs generated byJJecombination bind with

a potentially dangerous affinity to a self antigégmatowitc et al, 1996, Zerrahn et al,
1997, Laufer et al, 1996, Wardermann et al, 2003).

Since only 3—-8% of the population develops an autmine disease (Jacobson et al,
1997), it is remarkable that this enormous burdiesetf-reactive receptors is so well
regulated in most of us.

Each lymphocyte usually produces only a single ptreout of the billions possible.
Experiments have established that if this rece@oself reactive, then four cellular
strategies are employed to deal with them (FigureFgst, the cell displaying the
‘forbidden’, or self-reactive receptor can be teged to die. Second, a cell bearing a
forbidden receptor can ‘edit’ the offending recepty further V(D)J recombination or
somatic hypermutation to display a different recephat is not self reactive (Nemazee
et al, 2003). Third, intrinsic biochemical and gexgression changes can reduce the
ability of the cell to be triggered by self-reaetiveceptors. This is generally termed
clonal anergy or tuning (Healy et al, 1998; Schwaital, 2003; Grossman et al, 2000) .
Finally, even if the cells have evaded the threeharisms above, collectively called
‘immunological ignorance’, extrinsic controls camit the danger of self-reactive
receptors. These extrinsic controls limit the sypplf essential growth factors,

costimuli, pro-inflammatory mediators and othertéms, and also include active
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suppression by regulatory T (Treg) cells, throughmachanism that is poorly
understood. These four mechanisms act as checkpainthe pathway leading to the

production of secreted antibodies and effectorllE ¢Eigure 6).

Celldoleted Ancptosis induced by inhibiting BZL-2 survival
pathway Ctor ecample BIM noiction) or by activabing
death -eceatars (forexample FAS)

. V.
Self-reactive R k fited . .
receptor i ik X / Fezeptor edited by V(D) recombination or ECR
. - o — | hysermutation to red sce binding to self antigen
Self antigen =N s 4 \\ /
"5\. Il'r .\'.I e e 4
] —— !
¥\ § —
- s C - ™,
e ’ Regulation by:
L — . \ IntrirsicaAly regulztad \&;\( A BCR/TCR downregu ation
Al —_— | Indaction of inhiotory receptors (COS, CTLAA)
u:’- \ J  Phosphatases (5HF1 SHIFY
b= /,f’ Uslguitn ligases (CEL, GRAIL ITCH, ROQUIN)
d .
F =y
bxtrinciczlly regulated \)}/' “\‘ Regulaticn by:
QQ ! | Limiting survival factoss (BAFF, IL-7)
\£. ] Limiting costimuli (CC40L, TLR ligands. B7 nolecules)
:g’ /  Active suppression
f :\\___r 4 Limiting inaate inflammatory mechanisms

Figure 6. Four cellular strategies are used to regulate setkactive receptors at different points
during B- and T-cell differentiation. a, The cell is deleted through induction of cell tthed, The
receptor is edited to one that is less self-reactivBiochemical or gene-expression changes intriligica
dampen the self-reactive receptor’s ability to\att the cell.d, The ability of self-reactive cells or
antibody to cause autoimmunity is limited by usexgrinsic suppression and by limiting essentiamlgio
factors, costimuli and inflammatory mediators.

2.1.1 Central Tolerance

The prevention of autoimmunity begins in the thynwish the process of central
tolerance, whereby self-reactive T cells are ddleterough positive and negative
selection. Immature thymocytes undergo gene regeraent of their T-cell receptor in
the thymus such that each thymocyte displays auenitgCR capable of binding self-
peptides from the periphery bound to the majorokmtpatibility complex (MHC)
molecules. The strength of this interaction wiltedenine the fate of the thymocyte.
Those that fail to interact with MHC—peptide conygle undergo apoptosis in the
positive selection process, whereas those thabxigh affinity for such complexes
are deleted in the negative selection process (l€eiral, 2005). The remaining
population of the mature thymocytes are then rel@asto the periphery.

An inherent problem of the central tolerance sysisnthat not all peripheral self
peptides are expressed in the thymus. It is estishtdtat medullary thymic epithelial

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

against the onset of autoimmunity, namely periphtetarance.

2.1.2 Peripheral Tolerance

Mature T cells that enter the periphery from thgntbhs have low to intermediate
affinity for self-antigens presented in the thymb®wever, a small subset of T cells
released will be autoreactive to self-antigens bseaf the absence of their expression
in the thymus. Control and/or deletion of such Tisces essential if the autoimmune
state is to be prevented. Peripheral tolerance amsmms that perform this role can act
directly on the T cell and include ignorance anckrgy, phenotype skewing, and
apoptosis (Walker et al, 2002), or they can acadtwating other cells such as dendritic
cells (DCs) and regulatory T cells (Treg).

Ignorance is probably the simplest mechanism apperal tolerance whereby a T-cell
response to self-antigen does not occur becausentigens are either located in sites
that are not accessible to the T cell (Alferinkagt 1998)or present in insufficient
numbers to trigger a T-cell response (Kurts etl8B8). However, if the T cell does
interact with self-antigens, this can lead to apewghich is a functional inactivation of
the T cell itself. Two molecules that have beenpps®d as contributing to the anergic
state are the costimulatory molecule, cytotoxicyMyphocyte-associated antigen
(CTLA)-4 and the programmed cell death (PD)-1 molecExpression of CTLA4, is
induced at a high threshold of TCR self reactiatyd inhibits T-cell activation by
competing with CD28 for ligation with B7 moleculesd by transmitting inhibitory
signals (Waterhouse et al, 1995). Lack of CTLA4semumassive accumulation of self-
reactive T cells in peripheral lymphoid and nonlyrofl tissues, by disrupting intrinsic
regulation of TCR-induced proliferation. PD-1 mayt by inhibiting cytokine secretion
or by causing cell-cycle arrest (Freeman et al020@tchman et al, 2001

Phenotypic skewing is also thought to be partiaibdiated by costimulatory molecules
and involves alteration of the Th1l/Th2 cytokinep@sse by T cells in response to
signals from these molecules received when the BCGRtivated (Kuchroo et al, 1995;
Dong et al, 2001). This can result in the developnod a non-pathogenic phenotype,
thus preventing autoimmune damage. Apoptosis ibglily the most effective direct-
acting mechanism to prevent autoimmunity from depilg, as it involves deletion of
the autoreactive T cell through interaction betwEas ligand and its receptor (Walker

et al, 2002). However, in most cases, not all Tiscate deleted but remain in the
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periphery in an anergic state, suggesting that tagaponly occurs until the levels of
autoreactive T cells are such that they can beralted by the process of anergy
(Walker et al, 2002). In addition to these directitay mechanisms, activation of other
cells can also aid peripheral tolerance. The megtis involved in this process are DCs
and Tregs. DCs have been proposed to aid tolerapasvo mechanisms. The first
hypothesizes that DCs have receptors that recogaitegen-associated molecules and
initiate an immune response upon encountering suetolecule (Janeway et al, 1992;
Matzinger et al, 1994). In the absence of suchnaownter, any interaction with a T cell
will lead to anergy or apoptosis. The second theoiggests that immune responses to
pathogens only occur when the pathogen causes @amage body. This is detected by
the release of intracellular components of the aelll provides a signal to DCs to
initiate an immune response (Matzinger et al, 1986sence of these “danger” signals
would result in induction of tolerance upon intérac with a T cell.

Regulatory T cells are either naturally expressetthé thymus and express CD25 or are
induced in the periphery. Absence of CD25+ T cellmice has been shown to lead to
multiple autoimmune diseases (Asano et al, 199&jjcating their importance in
regulating peripheral tolerance. They represent 18CD4+ T cells in humans
(O'Garra et al, 2004) and are thought to functignpbeventing T-cell proliferation to
self-antigen (Thornton et al, 200@)rough cell—cell contact ( Kuniyasu et al, 2000).
These cells express the forkhead/winged helix trgptson factor Foxp3, with loss of
function mutations of this gene leading to the abseof CD25+ Tregs and the
development of multiple autoimmune diseases in lotmans and mice (Ramsdell et
al, 2003). Lack of regulatory CD25+ T cells hasrbshown to increase autoimmunity
(McHugh et al, 2002), and, although the molecuésgiired to enable Tregs to function
are unknown, it can be hypothesized that downréignleof such molecules would
affect the ability of Tregs to inactivate autor@aetT cells (Groux et al, 1997). Induced
Tregs are termed TR1 cells (Sundstedt et al, 2@@d)rely on interleukin 10 (IL)-10
and transforming growth factor (TGB)to function. They have been shown to inhibit
T-cell proliferation in vitro, suppress autoimmutisease that has been experimentally
induced and control CD4+ and CD8+ numbers in vi$oo(x et al, 1997; Sundstedt et
al, 2003; Oida et al 2003). As can be seen, botiraleand peripheral tolerances are
complex processes, involving the interaction of ynaomponents, defects of which

could cause a breakdown in tolerance. However,ratiechanisms that could cause
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tolerance breakdown and lead to autoimmunity hasenbpostulated. These include

molecular mimicry, exposure of cryptic epitopespocrobial superantigens.

2.1.3 Other factors causing tolerance breakdown

- Molecular Mimicry

One of the most intriguing hypotheses is that amounity is the by-product of the
immune response fighting infections. The initialndestration that a virus-specific
cytotoxic T lymphocyte (CTL) response can lead étestive damage of pancreafic
cells resulting in diabetes (Olstone et al, 19943 opened a new axis of research. The
basis for molecular mimicry lies on the intrinsiexibility of the T-cell receptor (TCR),

a molecule capable to interact with multiple ligawdth a certain degree of degeneracy
(Evavold et al, 1995; Ford et al, 2004). As a reslutells can be triggered by peptides,
which often have minimal homology to the primaryniomogenic peptide, as long as
they present a similar antigenic conformation (@Qu&no et al, 1995). This is an
important feature of T cells, which permits effeetiT-cell responses to the largest
number of potential foreign peptide sequences cexgal to MHC molecules.
Furthermore, even a shift in the binding registan cause a dramatic change in the
appearance of a peptide:MHC complex (Quarantirad, €it995; Bankovich et al, 2004).
By changing the MHC-binding residues into TCR coht&sidues, the TCR antigenic
surface can be highly altered, converting two défe peptide:MHC complexes into a
cross-reactive pair. The observation that a sii@® can recognize quite distinct but
structurally related peptides from multiple pathaogéhas important implications for
understanding the pathogenesis of autoimmunitydénde for a role of molecular
mimicry in autoimmunity has been reported in moasd human. In human, both viral
and bacterial peptides can efficiently activate M&fecific T cells isolated from
multiple sclerosis patients (Wucherpfenning et393). Also in MS, a particular human
T-cell clone can recognize peptide MBP (85-99) amdEpstein-Barr virus (EBV) DNA
polymerase epitope (627—641) presented by DRBQ1 and DRB®0101, respectively,
two MHC molecules contained in the MS associate@ DRplotype (Lang et al, 2002).
Viral infections play a role in shaping the peripier-cell repertoire and also in the
initiation of autoimmunity through molecular mimycrThus, autoimmune responses
provoked by molecular mimicry should occur when tbeeign and self-determinants

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

T cells can only be tolerized to epitopes thatpesented to them in sufficient levels to
be recognized. However, epitopes exist that areremignized by T cells as they are
either present at very low levels or inaccessiblthe T cell. They are known as cryptic
epitopes, and it has been proposed that they negygmajor role in the autoimmune
response if they increase in number or become lgisib the immune system
(Lanzavecchia et al, 1995). Several mechanisms be&e proposed as to how this may
occur. First, increased antigen may be processstlirlg to levels of the epitope
increasing above the threshold for recognitioné®alet al, 1995). Second, the antigen
may be processed in a different manner, thus riexeatyptic epitopes to the immune
system (Simitsek et al, 1995), and, third, there @ an increase in human leukocyte
antigen (HLA) class Il or costimulatory moleculepeassion, leading to increased levels
of the epitope being present to activate T cellandavecchia et al, 1995). These
mechanisms may act together or independently toat@ian autoimmune response.
These mechanisms could be triggered by presentatiself antigen containing cryptic
epitopes on DCs, presentation of these epitopesomyprofessional APCs such as B

cells, or activation of autoreactive B cells bysbepitopes (Lanzavecchia et al, 1995).

- Superantigens
Superantigens, of either viral or bacterial origusfivate T cells through the variable

domain of the beta chain of the TCR. They are ciapabbinding to a large number of
MHC class Il molecules, thus activating a large ylapon of T cells with a wide
variety of MHC/peptide specificities (Wucherpfengiat al, 2001). It has been shown
that they are capable of causing relapse and ebxatt@m of experimental autoimmune
encephalomyelitis (EAE) in mice (Brocke et al, 1pB@t cannot induce this disease in
previously unaffected animals. However, in a simeenario to molecular mimicry, it
is difficult to prove a causative role for supergehs in autoimmune disease. The
pathogen needs to be identified in patients wittoimumune disease and be isolated at
the time of infection. This relies on the diagnasiishe autoimmune disease at the time
of infection, an impossible task for most autoimmuhsorders that do not exhibit an
acute onset following infection (Wucherpfenningagt 2001), therefore, although the
hypothesis of microbial superantigens triggeringpemmunity is attractive, it remains

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

Owing to the observation that multiple autoimmursedses can cluster within families,
it has been postulated that such disorders wiltdaesed by a combination of common
and specific genes. To date, only three genes/gegiens have been consistently
associated with multiple autoimmune conditions ngntlee HLA class Il region on
chromosome 6p21 (Awata et al, 1992; Badenhoop, €t98I5; Simmonds et al, 2005),
the CTLA-4gene on chromosome 2933 (Vaidya et al, 1999; Uedh 2003), and the
PTPN22gene encoding lymphoid tyrosine phosphatase (LYPxlwromosome 1p13
(Smyth et al, 2004; Criswell et al, 2005).

With the exception of the three genes mentioneehtitication of novel susceptibility
loci has been a slow process largely because dflsgtonly contributing small effects
to disease susceptibility. To detect such effdetgie data sets are needed to provide
sufficient power to ensure that any associatiom $e@ true association and not a false-
positive result because of a small data set. A&urconfounding problem in this search
is that some genes appear to confer susceptibitity to specific diseases or in specific
populations, making replication studies difficult.

The pathways leading to the development of autoinendisease are complex,
involving defects in the immune system leadinghe telease of autoreactive T cells
into the periphery, which can trigger disease. Ma@@nes and gene products are
involved in this process with a combination of bodmmon and specific genes leading
to the development of specific disorders. The rea€mances in genotyping technology
have vastly improved the ability of the geneti¢tsharrow down the search for primary
etiological variants within these genes; howeverthier advances are necessary to
identify rare variants that may contribute to thefisorders and to elucidate the

functional role that susceptibility loci play inséiase 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 lymphofan@ition, peripheraéxpansion of
double-negativexp T (DNT) cells, and impaired lymphocyte apoptogisitoimmune
disease and an increased risk of lymphoma areodiserved. The clinical presentation
of ALPS in humans reflects impaired lymphocyte hostasis, particularly of the DNT
cells (Sneller et al 2003; Rieux-Laucat et al, 200&ble 1).

Criteria

Required featires

Chronic nonmalignant Iymphadenopathy, splenomegaly, or both

More than 1% circulating DNT cells

Demon stration of defective in vitro lymphocyte apoptosis
(except ALPS Ib and Im)

Supporting feanares

Farnily history of ALPS

Iypical findings on histopathologic analysis of ly mph node or splenic
tissue

Autoimmune disease

Mutation of genes encoding Fas or related apoptosis signaling

molecules

Table 1. NIH criteria for the diagnosis of ALPS

ALPS is generally due to deleterious mutations e Fas gene (TNFRSF6) and is
classified as ALPS type-la (ALPS-la) (Fisher et H)95; Rieux-Laucat et al, 1995).
Other mutations, namely of the FasL gene in ALP®A et al, 1996; Del-Ray et al,
2006; Bi et al, 2007), and the caspase-10 gene R2ABIn ALPS-II (Wang et al, 1999;
Zhu et al, 2006; Cerutti et al, 2007) are occaslpmketected, whereas some patients do
not present any known mutations (ALPS-III) (Strawsal, 1999; Dianzani et al, 2003
and 1997; Sneller et al, 2003;Ramenghi et al, 2@@dnpagnoli et al, 2006). Recently,
mutations of the NRAS gene have been suggesteduseca further type of ALPS
(ALPS-1V) (Oliveira et al, 2007).

Lymphoproliferation apparently results from the dyral accumulation of lymphocytes
that have not undergone normal programmed cellhdektis proliferation leads to

chronic enlargement of the lymph nodes, thymusr)iand/or spleen, beginning in
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early childhood. Both B cells, including CD5+ Blseland T cells are elevated. Not all
lymphocyte subsets are affected, as CD4+CD25+ atesolumbers are reduced and
CD4+CD25- absolute numbers are not increased. Birast, expansion of an unusual
population of peripheral CD4-CD8- T cells is stnigi These peripheral DNT cells
expressup T cell receptor (TCR) chains as well as the CD4&#Rorm B220 (typically
expressed on B cells); this expression distinggishem from peripherals T cells,
which naturally lack CD4 and CD8 coreceptors (Bleg®t al, 2001). DNTs also differ
from double-negative thymocytes, an immature sw@fgé cells in which TCR genes
have not yet completely rearranged (Zuniga et@6). The DNT cells could be either
previously activated, mature T cells that have ©BI8 or CD4 coreceptor expression,
or a special minor cell lineage (Blessing et aD20 In the blood, DNT cells constitute
less than 1% in normal individuals, but can reaphta 40% in patients with ALPS
(Blessing et al, 2001). The DNT expansion is alsmlent histologically by nearly
pathognomic abnormalities of the architecture afoséary lymphoid tissues, with
paracortical and follicular hyperplasia. DNT celjgpear to play a crucial role in disease
development. In certain ALPS patients lacking gerenmutations in the death receptor
Fas, Holzelova et al. (Holzelova et al, 2004) foangbpulation of DNT cells harboring
somatic dominantly interfering Fas mutations. Thuisregulated and excessive DNT
cells are seemingly sufficient to cause disease previously described characteristics
of DNT cells may explain how. First, the DNT cedise primary producers of strikingly
elevated IL-10 observed in ALPS patients. By castirdNT cells from normal
individuals do not produce IL-10. Moreover, healtkiatives of ALPS patients bearing
both Fas mutations and in vitro apoptotic defe@gehonly modestly elevated DNTs
and IL-10 (Lopatin et al, 2001). Besides elevatedl0, ALPS patients also exhibit
increased IL-4 and IL-5, but decreased IL-2 and-{F(fuss et al, 1997; Lopatin et al,
2001). This cytokine profile is characteristic of hElper type 2 (Th2) cells, which
inhibit cell-mediated immunity and promote humomamune responses. Thus, the
overall cytokine environment may favor autoantibquypduction in ALPS. Second,
DNT cells exhibit an unusual phenotype including2B2expression and altered cell
surface O-glycans (Blessing et al, 2001). This phge could change the trafficking
pattern and/or potential interactions of DNT c&ligh other cell types. There are some
important and unresolved paradoxes regarding DF¥irst, they are very difficult to
culture in vitro and almost immediately die despiteostensible resistance to apoptosis

in vivo. Their lifespan is not extended by IL-1@&c®nd, although DNTs are believed to
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play a role in hyperactive immune responses, they generally unresponsive to
proliferative and activating stimuli (Sneller ef 4092). Finally, the antigen specificities
recognized by the TCRs on DNTs have not been difimet the general assumption is
that they will include self-antigens.

Autoimmunity accompanies lymphoproliferation in ARPMost patients have elevated
serum immunoglobulin levels and autoantibodies. i-8atdiolipin antibodies are
frequent but not usually associated with thrombo@ioldisease . Many patients exhibit
Coombs’ positive hemolytic anemia and/or immuneoithibocytopenia (Sneller et al,
2003). Less common autoimmune manifestations in RLAclude anti-nuclear
antibodies, rheumatoid factor, autoimmune neutri@eglomerulonephritis, uveitis,
autoimmune hepatitis, primary biliary cirrhosis, il@in-Barre, vasculitis, linear IgA
dermopathy, and anti-Factor VIII antibodies withagalopathy (Sneller et al, 2003;
Wong et al, 2004). It is not known why, in contrastother autoimmune diseases,
antibody-mediated autoimmune disease is primaiigcted against the hematopoietic
system in ALPS patients. However, autoimmune phgiog is imprecise, as illustrated
by the discovery of a patient, initially diagnosetth systemic lupus erythematosus
(SLE), who was later found to have a Fas ligandatm with defective apoptosis (Wu
et al, 1996). An interesting question is whether thduced CD4+ CD25+ cells seen in
ALPS patients might represent a defect in regwatoells that contributes to
autoimmune disease.

Although lymphoproliferation is initially nonmaligmt, ALPS patients have a marked
propensity to develop B or T cell malignancies watli4-fold and 51-fold increased
incidence of non-Hodgkin lymphoma and Hodgkin lyropia, respectively (Straus et
al, 2001). The lymphomas were found anywhere baiwliéeto 48 years after onset of
ALPS symptoms (Straus et al, 2001). Analysisymphoma tissue from ALPS patients
showed no loss of Fas heterozygosity or increapegtasis resistance. Interestingly,
the responsible mutations impair apoptosis, butFas-induced NkB and mitogen
activated protein kinase (MAPK) signaling (Legembee al, 2004). Hence, the
contribution of Fas mutations to lymphomagenesiy mmaolve blocking death and
releasing growth-promoting effects. It is also plolssthat the increased number of
lymphocytes in general may provide a larger pooltéonorigenesis (Davidson et al,
1998).

In an early clinical description of ALPS, Snellardacolleagues recognized that ALPS

closely resembled thipr/lpr (Ipr) andgld/gld (gld) mouse strains. On certain inbred
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genetic backgrounds, homozygosity of these alleses mice to develop profound
lymphoproliferation involving DNT cells, hypergamglabulinemia, autoantibodies,
autoimmune disease, and lymphomas (Davidson €it98i8; Cohen et al, 1991). Not
surprisingly, these naturally arising mouse stréiasge molecular defects in some of the
same genes as ALPS patients. The Ipr and gld naice dutosomal recessive mutations
in Fas and FasL, respectively, resulting in defitiexpression, whereas the Iprcg
variant has a point mutation in Fdsat renders it nonfunctional (Kimura et al, 1994;
Nagata et al, 1998). Although the Fas locus isptir@ary genetic determinant, there is
a strong effect of the inbred mouse strain backggoon the autoimmune phenotype.
Severe disease occurs on the MRL background, whelisaase is substantially reduced
on a B6 or BALB/c background. These mice do notettgy the autoimmune hemolytic
anemia and thrombocytopenia seen in human patigtiisALPS. Instead, they display
certain features resembling SLE (anti-dsDNA, amh;S anti-immunoglobulin
autoantibodies) with a predilection for developigipmerulonephritis, polyarteritis,
sialoadenitis, and, with lesser frequency, arthiti primary biliary cirrhosis (Nose et
al, 2000; Tsuneyama et al, 2001). The Agnm3 losssa@ated with glomerulonephritis
corresponds to allelic polymorphisms of the ostedpogene. Polymorphisms of this
gene, which is highly expressed in T cells, comasbto functional differences in
activating macrophages and B cell antibody produact{Miyazaki et al, 2005).
Interestingly, we found that allelmolymorphisms of osteopontin may influence disease
penetrance in humans who have a variant of ALP®ddrDALD (Chiocchettiet al,
2004).

In all but the most severely affected patients, dleical course of ALPS waxes and
wanes over time and often improves with age. Thymiolution may decrease the
output of T cells, and it is known that neonatgitlectomy in Ipr mice prevents disease
(Hang et al, 1984; Wofsy et al, 1982). Clinical qoiwations relate mainly to the
severity of autoimmune disease. Infections may oafter splenectomy or secondary to
immunosuppressive treatment.

Finally, minor clinical variants of ALPS may refledifferent and uncharacterized
molecular defects in lymphocyte homeostasis meshasi A significant fraction of
ALPS or ALPS-like patients has no mutations in gle@es encoding proteins involved
in the Fas signaling. Approximately half of thesstignts have no apoptosis defect
following direct challenge with an agonist anti-Fastibody. Although the ALPS
diagnosis requires documentation of impaired amptof mature lymphocytes, most
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laboratories rely on assessment of apoptosis ibtlw@ugh the Fas death receptor.
Defects in Fas-mediated apoptosis usually coinaitle defects in TCR-restimulation-
induced death; however, an ALPS patient with norfras mediated apoptosis but
impaired apoptosis following stimulation with phlgemagglutin plus IL-2 has been
described (Hundt et al, 2002). ALPS could also ltdsom defects involving non—death
receptor—induced intrinsic pathways of apoptosatieAts can also exhibit the main
clinical features as ALPS, with lymphoproliferatjoapoptosis defects, autoimmune
disease, and cancer, but lack DNT @&{pansion (Ramenghi et al, 2000). This ALPS
variation has been termed Dianzani autoimmune |yppfliferative disease (DALD)
by Makusic in the OMIM web site (OMIM reference #BAB3;
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=@NW) . DALD patients likely share
with ALPS patients a common affected pathway doweash of the Fas receptor. In
summary, there are number of variant and overlappimical subtypes that will be
extremely interesting to explore at the molecutael.
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4-DEFECTIVE CELL-MEDIATED CYTOTOXICITY: IMMUNODEFIC  IENCY
DISEASES

Primary immunodeficiency diseases in humans areactexrized by genetic aberrations
that impair immunological function, anti microbidefense or both. Several of these
diseases affect NK cells (Orange et al, 2002 ar@bR@nd an informative subset is
characterized by a specific block in the stagets|da to the formation of a functional

lytic synapse (Table 2).

Disease Gene Protein HLH Effect on the lytic synapse
phenotype

LAD-I ITGB2 CD1s No Decreased canjugation with target cell

WAS WAS WASP Some Decreased F-actin reorganization and
integrin redistribution

CHS LYST LYST Yes Inability to generate normal lytic
granules for trafficking to the synapse

HP52 AP3B1 AP3 Yes Inappropriate formation of lytic granules

B-subunit and movement along microtubules

G52 RAB27A  RABZTA Yes Lytic granules move to the synapse but
remain associated with microtubules

FHL3 UNC13D MUNC13-4  Yes Lytic granules move to the synapse but

fail to dock and so do not achieve an
intimate association with the NK-cell
plasma membrane

FHL4 5TX11 Syntaxin-11  Yes Lytic granules polarize to and dock at the
NK-cell plasma membrane but fail to fuse

Table 2. Defects of the lytic synapse in NK cellsdm patients with genetic diseaseAP3B1, adaptor-
related protein complex Bl subunit; AP3, adaptor protein 3; CHS, Chediak-adig syndrome; F-actin,
filamentous actin; FHL, familial haemophagocytienighohistiocytosis; GS2, Griscelli syndrome type 2;
HLH, haemophagocytic lymphohistiocytosis; HPS2, mansky—Pudlak syndrome type PIGB2
integrinf32; LAD-I, leukocyte adhesion deficiency typeUYST lysosomal trafficking regulator; NK,
natural killer; STX11, syntaxin-11; WAS, Wiskott-dxich syndrome; WASP, WAS protein.

So far, none of the diseases in this subset hasfberd to exclusively impair NKells
and should affect all cytotoxic lymphocytes. Ingighto how the lytic synapse is
formed in cells from patients with these diseas&s lbeen gained mostly from T-cell
studies, but the functional defect has been estadadi in NK cells too. Although
cytotoxic lymphocytes have crucial roles in hosfiedee and immune regulation, there

are likely to be specific contributions of NK-cdkficiency to the clinical phenotypes.
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Most of these diseases can result in haemophagobymphohistiocytosis(HLH)
(Henter et al, 2004)HLH represents an inappropriately robust immune resptmse
infection (typically with herpes virusgswhich results in persistent symptoms of septic
shock and is also associated with the pathologiicding of haematophagocytosis (the
ingestion of red blood cells by phagocytes). Théedein cytotoxic lymphocytes is
believed to contribute to this phenotype, as thected cells and other activated cells
that promote inflammation cannot be eliminated. tdéfls may be most relevant to the
HLH phenotype, given their localization to thrarginal zone of lymphoidrgans after
viral infection, their innate function early in tlweurse of infection (Biron et al, 1999)
and their inherent ability to eliminate hyperactech macrophages (Nedvetzki et al,
2007). Although the defective NK cells are unaldesliminate infected cells by direct
cytotoxicity, they can still carry out other furmtis, including the production of
cytokines and the stimulation of inflammatory rasges. This is consistent with the
idea that the requirements for secretion of cytekiand lytic-granule contents at the
synapse are distinct. However, the inability of K&ls to eliminate infected cells early
in the infection (before T cells would have expat)jdmay be an important cause of
HLH.

Other primary immunodeficiency diseases that impwgiolytic cell function but do not
disrupt the formation of the NK-cell synapse casoaksult ilrHLH. For example, HLH
occurs in patients with a mutation in the gene dimgpperforin (Stepp et al, 1999) and,
in this setting, the disease is characterized bynthrmal secretion of Iytic granules that
are unable to mediate cytotoxicity owing to theemz® of perforin (Mercenaro et al,
2006).

The diseases that provide specific insight intoNikecell lytic synapse are considered
in two groups. Diseases in the first group afféeps that are involved in the initiation
stage or the activation steps of the effector stdgg/napse formation. Diseases in the
second group affect steps in lytic-granule traffigkto the synapse in the effector stage.
For the aim of this thesis we catso consider the third grouy disease in which there

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

formation.

Leukocyte adhesion deficiency typdLAD-I) results from a defect in the CD182-
integrin) component of leukocyte integrin heteroeim (Kishimoto et al, 1987).
Leukocytes from patients with LAD-I do not adhere ibhflamed or activated cells
properly and cannot localize effectively to tissaes sites of inflammation. This leads
to increased numbers of leukocytes in the bloodsarsdeptibility to infectious diseases.
Because early steps in NK-cell synapse formatiainesion and activation signaling,
depend on integrins, NK cells from patients with@A do not adhere to their target
cells, which results in defective cytotoxicity (Bdiu et al, 2003; Krensky et al, 1985;
Khol et al, 1984; Bryceson et al, 2006). LAD-I isstthguished from other diseases
because it does not lead to HLH. This is presumablyause NK cells from LAD-I
patients do not form immunological synapses andchateactivated through the synapse
to produce cytokines.

Wiskott—Aldrich syndrome (WAS) results from a ddfetactin reorganization and cell
signalling in haematopoietic cells owing to WASFfidency (Orange et al, 2004).
Patients lacking WASP expression or expressing rab@loWASP have NK cells with
decreased cytolytic capacity (Gismondi et al, 2004ange et al, 2002). Clinically,
patients with WAS are susceptible to infection wilrpes viruses (Sullivan et al, 1994)
and can develop HLH (Snover et al, 1981; Pasit, @083; Wang et al, 2005), which is
consistent with a functional role for WASP in NKHcéytic-synapse formation.
Accordingly, formation of the lytic synapse is abmal in NK cells from WAS patients
and is associated with decreased F-actin accuronlatid adhesion-receptor clustering
at the synapse (Orange et al, 2003 and 2002; Gineval, 2004).

4.2 Diseases affecting lytigranule traffic to the NK -cell lytic synapse.

Chediak—Higashi syndrom@&HS) andHermansky—Pudlak syndrome type(RPS2)

both affect the normal formation of Iytic granulasd lead to the presence of ‘giant’
lytic granules. both syndromes are also associatébdalbinism, which is caused by the
aberrant function of melanocytes, the function dicl is to pigment the skin through

the secretion of melanosomes (an equivalent o€ Igtanules). CHS and HPS2 are
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similar in that they both result from a block irettate effector stages of NK-cell lytic-
synapse function owing to a failure in the migratiof the abnormal lytic granules
along microtubules to the MTOC. CHS results fromw#ation in theLYSTgene, which
encodes lysosomal trafficking regulator (IntronaletL999).

Although not explored recently, older studies idfesd a defect in the cytolytic activity
of NK cells from patients with CHS, despite nornNK-cell adhesion to target cells
(Roder et al, 1982; Katz et al, 1982; Haliotis [et1l880; Targan et al, 1983; Klein et al,
1980). These defective NK cells feature abnormaigiytic granules (Abo et al, 1982),
and studies in CTLs indicate that such granulesedrom the fusion of individual lytic
granules (Stinchcombe et al, 2000).

HPS2 is caused by a mutation in thek3B1gene (Huizing et al, 2001), which encodes
the B-subunit of adaptor protein 3 (AP3) and, unlike CHES2 is associated with
excessive bleeding owing to the lack of the platsierage pool and ensuing abnormal
platelet aggregation. In addition, patients with 2P have defective NK-cell
cytotoxicity (Fontana et al, 2006; Enders et al0@0and HLH (Enders et al, 2006).
AP3 is required for the appropriate sorting of ncales from the Golgi into Iytic
granules. Similar to patients with CHS, CTLs fromtients with HPS2 have enlarged
granules that fail to move along microtubules (Kketral, 2003).

Griscelli syndrome type ZGS2) is a third syndrome that combines albinisnd an
immunodeficiency and is also associated with arelacated phase of HLH. GS2 is
caused by a mutation in tlAB27Agene, which encodes the RAb27A small GTPase
(Menasche et al, 2000). NK-cell cytotoxicity is desed in patients with GS2, but is
not necessarily absent (Klein et al, 1994; Plebztnal, 2000). So, the mechanism
underlying the defective lytic synapse in NK celtem patients with GS2 is also
distinct from that in patients with CHS and HPS2udies carried out in mouse
RAb27A-deficient CTLs show that lytic granules natg and polarize towards the
synapse but fail to dock at it (Stinchcombe e@01).

Familial haemophagocytic lymphohistiocytosis (FLippes 3 and 4 are similar to GS2
but are not associated with albinism, which indisathat the affected genes are not
essential in melanocytes. FHL3 is caused by a moatam the UNC13D gene, which
encodes MUNC13-4. Initially defined in CTLs, thetity granules in MUNC13-4-
deficient cells polarize towards the synapse artk da the plasma membrane but do

not fuse with it (Feldmann et al, 2003). Defectepolytic activity and decreased
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granule fusion with the plasma membrane have atsn lobserved in MUNC13-4-
deficient NK cells (Mercenaro et al, 2006).

FHL4 is caused by mutations in tBdX11gene, which encodes syntaxin-11 (zur Stadt
et al, 2005). Studies indicated a direct role fgmtaxin-11 in NK-cell degranulation
(Arneson et al, 2007; Bryceson et al, 2007). Imgaty, the polarization of lytic
granules to the synapse of NK cells from FHL4 pdsiewithout subsequent
degranulation has been directly observed. FHL4 eptdi have diverse clinical
phenotypes, with some showing late onset of dis¢ase Stadt et al, 2006), which
implies that syntaxin-11 mutations are hypomormrithat there is some redundancy of
the protein in enabling lytic-granule fusion. Irpport of some level of redundancy, IL-
2 stimulation of NK cells from patients with FHL4rt restore degranulation (Bryceson
et al, 2007), which suggests an activation-indugegdhesis of proteins that complement

defective syntaxin-11 function.

4.3 Diseases affecting perforin function.

Loss of perforin function in mice is associatednwihmune dysregulation and impaired
cytotoxicity, clearly demonstrating the crucialegderforin has as an immune effector
molecule (Kagi et al, 1994 and 1996; van den Brektlal, 1996). Perforin-deficient
mice are viable and healthy under specific pathdgsm conditions, however
compromised cellular cytotoxicity is observed umbrallenge with certain viruses and
they display defects in tumor and transplant regect A recent study has suggested that
a perforin-dependent immune surveillance proceghingxist in humans.

Amongst a group of 29 patients that presented wiitner non-Hodgkin lymphoma or
Hodgkin disease, four had biallelic mutations ardirfothers had monoalleleic
mutations of the perforin gene (Clementi et al, 20@f the latter four patients, one
also carried a mutation of the Fas gene. Notablyst-germinal centre B-cell
malignancies have a higher incidence of mutatioth& Fas gene (particularly in the
death domain) compared with pre-germinal centreeBBand non-B-cell malignancies
(Muschen et al, 2002). Taken together, these daggest that mutation and/or
deficiencies in the perforin and/or death receptthways might be present in patients
who have lymphoma and potentially support a medmaniof tumor immune
surveillance in humans. A relatively common humarfqrin polymorphism, A91V, is

not associated with increased risk of childhoodt@dymphoblastic leukemia, but
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A91V frequency was significantly increased in cheld with BCR-ABL positive acute
lymphoblastic leukemia (Meheta et al, 2006). We desirated recently that mutations
and polymorphism in perforin gene are involved ibP&S are susceptibility factors to
development of ALPS, DALD, diabetes and multipléesusis (Clementi et al, 2006;
Orilieri et al, 2008; Cappellano et al, 2008). Rert information correlating perforin
mutations and polymorphisms with prognosis in thietext of human malignancies and
graft-versus-leukemia, in which immune surveillante operating, will be of
importance.

In 1999, mutations in several FLH patients were peapto the perforin locus at
chromosome 10g22. Perforin mutations have been shiovaccount for between 15%
and 60%(with an average of 30%) of all FLH casad, many mutations throughout the
gene have been identified (Molleran Lee et al, 26Gtano et al, 2005; zur Stadt et al,
2006; Voskoboinik et al, 2006). These patients gmesvith fever, hepatosplenomegaly
and pancytopenia, have marked elevations of T-h€lj® type 1 and type 2 cytokines,
and have impaired NK cell and CTL cytotoxicity. &ipathogens have been implicated
as triggering the onset of disease, but no spetifitcs has been identified to date.
Identification of mutations in perforin as the causf FLH should allow prenatal

diagnosis of the disorder.
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AIMS OF THE STUDY

Autoimmune disease have a complex etiology, invg\he interplay between multiple
genetic (genes and their products) and non-gefeatiors (environmental influences).
A comprehensive understanding of the genetic vanatpredisposing to these diseases,
in both animal models and humans, would facilitatestablish relationships between
genotype and biological function. Moreover, funotb characterization of these
variations may help to understand the molecular haeisms involved in the
pathogenesis of these disease and detect novelcuterietargets for therapeutic

interventions.

Aim of this study was to search for variations efigs involved in the immune response
switching off in Autoimmune Lymphoproliferative Sgrome, 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"

1.1Aim

ALPS is generally due to deleterious mutations e Fas gene (TNFRSF6) and is
classified as ALPS type-la . Fas mutations are llyshaterozygous, their penetrance
depends on their effect on Fas function. Mutatioitting the intracellular death domain
of Fas, involved in recruitment of FADD and casp8s10 and initiating the death
signal, are often the most severe. They exert airdominegative effect and display
high penetrance. By contrast, mutations hitting #xéracellular portion or causing
haploinsufficiency have weaker penetrance. Most 3LRype-la patients are
heterozygous for the Fas mutation, but the parantying the mutation is generally
healthy. Other complementary factors may thus heired to the development of the
disease. One possibility is that mild Fas mutationly induce ALPS when cooperate
with mutations of other genes impairing functiontloé Fas system itself. In the past,
Lenardo et al identified two CASP10 mutations imedl in ALPS: the missense
mutations causing the L285F and [406L amino aclisstutions. They were detected
in 1 and 3 heterozygous patients respectively. Bothations decreased caspase-10
activity and exerted a dominant negative effectrenwild type protein, but neither was
sufficient to induce the overt disease, since s#vautated familial components were
healthy, and some displayed serum autoantibodigs on

Aim of the first paper was to demonstrate that rmoms of TNFR6 and CASP10 can
cooperate in development of ALPS by hitting the &igsaling pathway. We described
two unrelated patients carrying different doubd¢enozygous mutations in the Fas and
caspase-10 genes. Although these substitutiontaffetie protein activities, in both
patients, they were inherited from distinct healgfgrents, which suggests that their
coinheritance had been crucial for ALPS developnretitese patients.
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Abstract

Background: Autcimmune lymphoproliferative syndrome (ALPS) is a rare inherited disorder
characterized by defective function of Fas, autoimmune manifestations that predominantly invelve
blood cells, polyclonal accumulation of lymphocytes in the spleen and lymph nodes with
lymphoadenomegaly and/or splenomegaly, and expansion of TCRap+ CD4/CD8 double-negative
(DN) T cells in the peripheral blood. Most frequently, it is due to Fas gene mutations, causing ALPS
type la (ALPS-la). However, other mutations, namely of the FasL gene (ALPS-Ib) and the caspase-
10 gene (ALPS-II) are occasionally detected, whereas some patients do not present any known
mutations (ALPS-1Il). Recently, mutations of the NRAS gene have been suggested to cause ALPS-IV.

Results: This work reports two patients that are combined heterczygous for single nucleotide
substitutions in the Fas and caspase-10 genes. The first patient carried a splice site defect
suppressing allele expression in the Fas gene and the P501L substitution in caspase-10. The second
had a mutation causing a premature stop codon (Q47X) in the Fas gene and the Y446C substitution
in caspase- | 0. Fas expression was reduced and caspase-|0 activity was decreased in both patients.
In both patients, the mutations were inherited from distinct healthy parents.

Conclusion: These data strongly suggest that co-transmission of these mutation was responsible

for ALPS.
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Background

Autoimmune lymphoproliferative syndrome (ALPS) is a
rare inherited disorder characterized by autoimmune
manifestations that predominantly involve blood cells,
polyclonal accumulation of lymphocytes in the spleen
and lymph nodes with lymphoadenomegaly and/or
splenomegaly, expansion of TCRuf+ CD4/CD8 double-
negative (DN) T cells in the peripheral blood and defec-
tive in vitro apoptosis of mature lymphocytes induced by
the Fas death receptor [1-4]. Individuals with ALPS also
have an elevated incidence of several types of lymphoma
[5]-

Fas belongs to the Tumor Necrosis Factor Receptor
(TNFR) superfamily and induces cell death upon trigger-
ing by FasL [6,7]. Tt is highly expressed by activated effec-
tor lymphocytes in the immune response and switches it
off by limiting clonal expansion of lymphocytes and
favoring peripheral tolerance. Fas signaling starts from
aggregation of Fas, the adaptor molecule FADD (Fas-asso-
ciated death domain protein), and caspase-8 forming the
Death Inducing Signaling Complex (DISC) which triggers
caspase-8 activation and induces cell apoptosis through
two partly interconnected pathways; the extrinsic pathway
involves caspase-8-mediated direct activation of the cas-
cade, whereas the intrinsic pathway proceeds through
mitochondrial release of cytochrome ¢ and activation of
caspase-9. Both pathways converge in the activation of
effector caspases, such as caspase-3, -6 and -7. In humans,
but not in mice, the extrinsic pathway also involves cas-
pase-10, that is recruited into the DISC and cooperates
with caspase-8 in activation of the caspase cascade [8-10].

ALPS is generally due to deleterious mutations of the Fas
gene (TNFRSF6) and is classified as ALPS type-la (ALPS-
1a) [11,12]. Other mutations, namely of the FasL gene in
ALDPS-1b [13-15], and the caspase-10 gene (CASP10) in
ALDPS-1I [16,17], are occasionally detected, whereas some
patients do not present any known mutations (ALPS
I[)[1-3,18-20]. Recently, mutations of the NRAS gene
have been suggested to cause a further type of ALPS (ALPS-
IV) [21]. ALPS does not behave as a classical monogenic
disease. Most ALPS type-la 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
|22]. One possibility is that mild Fas mutations only
induces ALPS when cooperate with mutations of other
genes impairing function of the Fas system itself or other
systerns involved in similar functions. In line with this
possibility, we have described osteopontin and perforin
gene variations that predispose to ALPS [23,24]. The oste-
opontin gene variation correlated with production of
increased amounts of this cytokine, which is involved in
inflammation and also inhibits activation-induced cell

http://www biomedcentral com/1471-2172/8/28

death. The perforin gene variations were associated with
decreased function of cytotoxic cells, which may switch
off the immune response by fratricide of effector lym-
phocytes.

This work describes two unrelated patients that are double
heterozygous for mutations of the Fas and the caspase-10
gene. Since the two mutations were inherited from dis-
tinct healthy parents, their co-transmission probably
resulted in ALPS.

Results

Analysis of TNFRSFé and CASPI0

Pt.1 showed a heterozygous nucleotide substitution in
TNFRSF6 (c334 -2a>g, [Cenbank NM 000043.3]) located
in the splicing-acceptor site in the third intron and deter-
mining 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 termina-
tion after 38 codons. The mutated allele produces no pro-
tein. This mutation had already been described in a
homozygous ALPS patient, whose heterozygous parents
were healthy [25,26].

Sequencing of CASP10 detected a C>T substitution at
nt1502 in exon 10 [Genbank NM 032977.2] resulting in
a proline to leucine change (P501L) in the small catalytic
subunit of caspase. The mutation, not previously
described, was not detected in 80 healthy donors nor in
40 other ALPS patients. Family analysis showed that the
CASP10 mutation was inherited from the apparently
healthy mother, who did not carry the TNFRSF6 muta-
tion. This was presumably inherited from the father, who
was not available for analysis, or was a de novo mutation.

P't.2 carried a heterozygous C>T substitution at nt139 in
TNFRSF6. It was located in exon 2 cading for an extracel-
lular domain and created a premature stop codon
(Q47X). The mutation was predicted to cause haploinsuf-
ficiency due to nonsense mediated decay of the aberrant
mRNA; alternatively, a truncated soluble Fas fragment
mightbe produced. Sequencing of CASP10 detected ahet-
erozygous 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 healty Caucasian population with allelic fre-
quency ranging from 1.6 to 2% [17,20]. Family analysis
showed that the Fas mutation was inherited from the
apparently healthy mother; the CASP10 variation was
possibly inherited from the father, who was not available
for the study.

The pedigrees of these families are shown in the Figure 1.
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Pedigrees of Family | and Family 2. Inheritance of the CASP10 and TNFRSFé mutations and electropherograms of the
sequences performed on the genomic DNA of Pt.| and Pt.2. Circles represent females; squares, males; subjects carrying a
CASP10 mutation are marked in black, those with a TNFRSF6 are marked with striped lines. Numbers indicate the cell survival
upon Fas triggering by mAb in T cell lines generated form each subject: Fas function was defective in Pt.] and borderline in the
other subjects (normal values of cell survival: median 60%, 95t percentile 82%)

Functional analysis of the mutations

Analysis of Fas function in PHA-activated T cells from the
patients and their mothers showed that it was defective in
Pt.1 and borderline in Pt.2 since cell survival upon trigger-
ing of Fas was 92% in the former and 78% in the latter
(normal values: median 60%, 95t percentile 8§2%). More-
over, Fas function was borderline in both mothers since
cell survival was 80% in the Pt.1's mother and 78% in the
Pt.2 mother (Fig. 1).

To asses whether the TVS3-2a>g and Q47X TNFRSF6
mutations affected Fas expression, activated T cells from
Pt.1 and Pt.2 were stained by direct immunofluorescence
with an anti-Fas mAb and analyzed by flow cytometry.
Results showed that both patients displayed decreased Fas
expression (Fig. 2a).

To assess whether the P501L and Y446C caspase-10
amino acid substitutions affected the enzyme function,
we evaluated caspase-10 activity induced by triggering of
Fas with anti-Fas mAb in activated T cells from available
mutated subjects, i.e. Pt.1, his mother, and Pt.2. All sub-
jects showed a caspase-10 activity that was lower than that
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ofthe controls (Fig. 2b). These data suggest that both sub-
stitution decrease caspase-10 activity. Data on Y446C are
in line with those previously reported [17] showing that
the cloned Y44 6C-caspase-10 is less effective than the wild
type form in restoring Fas-mediated apoptosis in cells
lacking endogenous caspases-8 and -10, but does not exert
dominant negative activity on the wild type.

To further assess the activity of the novel P501L-caspase-
10, the cDNAs coding for it or the wild-type protein (iso-
form d) were cloned into the pcDNA3.1 Myc-His vector,
fused to HA- or FLAG-tag sequences respectively (P501LHA
and WT'AC plasmids). Both were transiently transfected
into 293T cells, expressing minimal levels of endogenous
caspase-10. Moreover, 293T cells were cotrasfected with
the P501LHA and WTTAC plasmids to determine whether
the mutated form exterted a dominant negative activity on
the wild type form. Western blot analysis showed that
both constructs were expressed at comparable levels in all
trasfectants and both proteins were spontaneously
cleaved, the mutated form even more efficiently than the
wild type form (Fig. 3). However, analysis of the caspase-
10 enzyme activity on the lysates by a fluorimetric assay
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Fas expression and caspase-10 activity in subjects carrying the TNFRSFé and CASP10 mutation. a) Fas expres-
sion was evaluated in T cell lines obtained by activating PBMC with PHA (1 pg/ml) and cultured for 6 days in RPMI 1640 +10%
FCS+rIL-2 (2 U/mL). Before activation (day 0), and at day 3 and day 6 of culture, cells were stained with a FITC-conjugated
anti-Fas mAb and analyzed with a cytofluorimeter. The upper panel shows the cytofluorimetric staining of cells from Pt.1, Pr.2,
and a control donor after 6 days of culture. The lower panel shows the MFl ratio calculated for each subject at different times of
culture. Control data are the medians + interquartile ranges (25—-75% range) from 5 control donors; their 5% percentile value
at day 6 was MFI-R = 6.48. b) Caspase- 10 activity was evaluated in PHA-activated T cells cultured for 12 days (see Methods) in
RPMI 1640 +10% FCS+rIL-2 (10 U/mL) and then treated or not with an anti-Fas mAb for 3 hours. Results are expressed as rel-
ative caspase activity % calculated as follows: (result displayed by each subject/mean of the results displayed by the 2 controls
run in the same experiment) * 100; 100% indicates the mean of the results obtained with the 2 control donors run in parallel
with the patient samples in each experiment: the dotted horizontal lines indicate the 5% percentile of the activity displayed by
all normal controls. The color code is the same in all panels.

showed that the P501L-caspase-10 displayed about 50%
of the activity displayed by the wild type. Cells cotrans-
fected with the P501L14 and WTMAS plasmids showed lev-
els of caspase-10 activity intermediate between those of
cells transfected with each plasmid alone, which indicates
that the mutated form does not exert a dominant negative
activity on the wild type.
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Discussion

This work reports that mutations of TNFRSF6, characteriz-
ing ALPS type Ia, and CASP10, characterizing ALPS type II,
can cooperate in the development of ALPS.

Fas mutations are the most frequent in ALPS. Usually het-
erozygous, their penetrance depends on their effect on Fas
function. Mutations hitting the intracellular death
domain of Fas, involved in recruitment of FADD and cas-
pase-8 and initiating the death signal, are often the most
severe. They exert a dominant-negative effect and display
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Figure 3

Caspase-10 activity in 293 T cells transfected with P501L-caspase-10. Analysis of 293T cells transiently transfected
with the mock, WTFLAG P50|LHA, or P50 | LHA+HWTFLAG plasmids, as indicated in the panel. a) Western blot analysis of cell
transfectant lysates performed with anti-caspase- 10 antibody; expression of the transfected molecules was confirmed using
anti-HA and -FLAG antibodies (data not shown). The white arrow shows the pro-caspase-10; black arrows indicate the cleaved
forms. b) Fluorimetric enzyme assay of caspase- 10 activity evaluated in the cell transfectant lysates 24 h after transfection; data
are relative to those displayed by mock-transfected cells (indicated as 100%) and are the means + SE of data from 6 independ-

ent experiments. The asterisks mark the data significantly different from those obtained with P501LHA-transfected cells (p <
0.01, Mann Whitney test).
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high penetrance. By contrast, mutations hitting the extra-
cellular portion or causing haploinsufficiency have
weaker penetrance [22,27].

Both our patients carried mutations predicted to cause
haploinsufficiency. In line with this prediction, T cells
from both Pt.1 and Pt.2 expressed low levels of Fas. Pene-
trance of these mutations is presumably weak. This is sug-
gested for the nonsense Q47X mutation by the lack of any
sign of ALPS in the Pt.2's carrier mother. By contrast, the
absence of Pt.1's father meant that clinical effect of IVS3-
2a>g splice site defect could not be determined by a pedi-
gree analysis, since it might have been a de novo muta-
tion. However, this mutation has been previously
described in a different family, where its heterozigosity
was not sufficient to cause ALPS [26].

Only two CASP10 mutations have so far been unequivo-
cally involved in ALPS. They are the missense mutations
causing the L285F and 1406L amino acid substitutions
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 [16,17].

Both CASP10 mutations carried by our patients are mild
heterozygous missense mutations decreasing caspase-10
activity without exerting a dominant negative eftect on the
wild type protein. It is therefore intriguing that these
patients also displayed mild Fas mutations that were pre-
sumably required to worsen the apoptotic defect and
cause ALPS development. Pt.2 carried the Y446C muta-
tion, previously reported in one heterozygous patient dis-
playing a mild form of ALPS [17]. This mutation
decreased caspase-10 function, without inducing a domi-
nant negative effect on the wild type protein. The muta-
tion is not sufficient to induce ALPS since it is also
detected in 1-2% of the healthy Caucasian population
[17,20]. 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.
Decreased activity was clearly detected in lymphocytes
from both this patient, who also carried the Fas mutation,
and his mother, who only carried the CASP10 mutation.
Moreover, 293T cells transfected with the mutated form
displayed about 50% of the enzyme activity displayed by
the wild type. Lack of negative dominance was shown
when cotransfection with both the mutated and the wild
type forms produced an additive and not an antagonistic
effect on caspase-10 enzyme activity. It is noteworthy that
western blot analysis of transfected cells showed that
P501L did not affect cleavage of caspase-10, which is often
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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 [28].

The effect of the interaction between these Fas and cas-
pase-10 mutations seems opposite to those reported for
interactions between Fas mutations and caspase-10 mis-
sense variation V4101 [16,17]. This variation was initially
posited as a cause of ALPS since it had been detected in
one homozygous patient. Tt has since been found as an
"innocent” polymorphism carried by 3-5% of the Cauca-
sian population [16,17,29]. An association analysis,
indeed, suggested that it gave protection against severe
ALPS in 63 families with ALPS-Ia caused by severe domi-
nant mutations of Fas [17]. It is intriguing that the first
ALPS patient homozygous for V4101 harbored a hetero-
zygous missense mutation in the tumor necrosis factor
receptor-1 gene (INFRSF1A), which is mutated in the TNF
receptor-associated periodic fever syndrome (TRAPS) and
may explain its clinical pattern [30]. This suggests that the
caspase-10 variation also influenced the clinical pheno-
type due to the TNFRSF1A mutation.

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 the outcome of digenic or even oligogenic mutations
affecting different steps of the Fas signalling pathway.

Methods

Patients

Patient 1 (Pt.1) was a 27-year-old Caucasian male. At the
age of 23, he presented fever of unknown origin associ-
ated with mucositis, weight loss and nocturnal sweating.
Laterocervical, axillary and inguinal lymphadenopathies
with hepatomegaly and splenomegaly were clinically dis-
closed. Blood analyses showed reduced white blood cell
and platelet counts, borderline hemoglobin levels, posi-
tive Coombs test and hypergammaglobulinemia, and
expansion of DN T cells in the peripheral blood (6%).
Histopathologic examination of left axillary lymph nodes
showed reactive follicular hyperplasia with regular distri-
bution of T- and B-dependent areas. Defective Fas-
induced apoptosis of lymphocytes in cell death assays
pointed to ALPS. Oral steroids improved the clinical pic-
ture, reduced lymph nodes and spleen size, and increased
the platelet count and hemoglobin level.
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Patient 2 (Pt.2) was a 12-year-old Caucasian male who
displayed an ALPS phenotype at the age of 3, with late-
rocervical lymphadenopathy, mild hepatosplenomegaly,
immune neutropenia and thrombocytopenia. His-
topathologic examination of a submaxillary lymph node
demonstrated follicular hyperplasia. DN T cells were 3.6%
and Fas-induced lymphocyte apoptosis was borderline.
Blood analyses also showed increased IgM and IgA levels
and lupus anticoagulant. At the age of 4, he developed
transient mild hemolytic anemia; hematological altera-
tions spontaneously remitted at the age of 5, but laterocer-
vical adenopathy increased to bulky masses. The left
submaxillary and cervical lymph nodes began to com-
press the upper airways and were excised when he was ten
years old; he is now in hematological remission, with per-
sisting bulky laterocervical lymphadenopathies. The
patient's father died of peritoneal carcinosis at 33. The
paternal grandfather had died of gastric cancer.

Sequence analysis

Genomic DNA was extracted from PBMCs by standard
methods (Pure Gene DNA Isolation Kit, Gentra Biosystem
Unc, Minneapolis, Minnesota) after informed consent. All
coding exons and intron-exon boundaries of TNFRSF6
[Genbank  AY450925.1] and CASP10 [Genbank
NT 005403.14] were amplified by polymerase chain reac-
tion (GeneAmp PCR System 9700, Applied Biosystems,
Foster City, CA); primer sequences and annealing temper-
atures for each primers pair used for amplification were
previously reported [20,31]. The PCR products were
sequenced with the BigDyeTM Terminator Kit (Applied
Biosystems,) on an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems) using the same primers. The family
segregation of mutations was ascertained by enzymatic
digestion.

Fas function assay

Fas-induced cell death was evaluated as previously
reported on T cell lines obtained by activating PBMCs
with PHA atdays 0 (1 pg/ml) and 15 (0.1 pg/ml) and cul-
tured in RPMI 1640 + 10% FCS + rIL-2 (2 U/ml) (Biogen,
Geneva, Switzerland). Fas function was assessed 6 days
after the second stimulation (day 21) [18,19]. Cells were
incubated with control medium or anti-Fas mAb (CH11,
IgM isotype) (1 pg/ml) (UBI, Lake Placid, NY) in the pres-
ence of rIL-2 (1 U/ml) to minimize spontaneous cell
death. Cell survival was evaluated after 18 h by counting
live cells in each well by the trypan blue exclusion test and
by flow cytometry of cells excluding propidium iodide
and unstained by annexin V-FITC; the two methods gave
overlapping results. Assays were performed in duplicate.
Cells from two normal donors were included in each
experiment as positive controls. Results were expressed as
specific cell survival %, calculated as follows: (total live
cell count in the assay well/total live cell count in the con-
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trol well) x 100. Fas function was defined as defective
when cell survival was >82 % (the 95th percentile of data
obtained from 200 normal controls).

Immunophenotype analysis

Expression of surface molecules was evaluated by direct
immunofluorescence and flow cytometry (FACScan. Bec-
ton Dickinson, San Jose, CA). The following mAb were
used: anti-CD4 (Leu-3a), -CD8 (Leu-2a), -TCRuf (Becton
Dickinson), and -Fas (Immunotech, Marseilles, France).
CD4 and CD8 DN TCRaB-positive cells were detected by
2-color immunofluorescence with fluorescein isothiocy-
anate (FITC)-conjugated anti-TCRuff mAb and phyco-
erythrin (PE)-conjugated anti-CD4 and anti-CD8 mAbs.
Fas was detected by 2-color immunofluorescence on rest-
ing or activated T cells, using PE-conjugated anti- TCRof
mAb and FITC-conjugated anti-Fas mAb (Chemicon,
Temecula, CA). Nonspecific background fluorescence was
established with the appropriate isotype-matched control
mADb (Becton Dickinson)

Caspase-10 activity

PBMCs were activated with PHA at days 0 (1 pg/ml) and
8 (0.1 ug/ml) and cultured in RPMI 1640 + 10% FCS + rlL-
2 (10 U/ml). Four days after the second stimulation, 6 x
106 T cells were treated or not with anti Fas mAb (CH11,
IgM isotype) (1 ug/ml) on ice for 30 min, then moved to
37°C for 3 h and centrifuged. At least 2 control samples,
using T cells from different healthy donors, were always
run in parallel. Caspase-10 activity of T-cells and trans-
fected 293T was assessed in cell lysates using a fluorimet-
ric assay (MBL, Watertown, MA).

Caspase-i0 cloning

cDNA coding for wild type caspase-10 was obtained as
previously reported [16]. To obtain the eDNA of mutated
caspase-10, we amplified the fragment containing the
P501L mutation, from 1055 bp to 1569 bp [Genbank
NM 032977.2] by RT-PCR. Briefly, total RNA extracted
from patient's PBMC was reverse-transcribed with the
ThermoScript RT-PCR system (Invitrogen, Milan, Italy)
and amplified with primers C10 Ncol-fw and C10 Xhol-
rev (Table 1). The fragment from ATG to 1055 bp was
obtained from the wild type clone by PCR using a 5'-
primer adding the HA TAG (C10HA-fiv/C10 Ncol-rev). In
order to discriminate between the wild type and the
mutated form, we added the FLAG TAG to the wild type
clone by PCR (C10FLAG-fw/Ncol-rev). Both cDNAs were
then cloned into the pcDNA3.1 Myc-His vector (Invitro-
gen) and sequenced.

Transient Transfection and Western Blotting

Human embryonic kidney 293T cells (ATCC #CRL-
11268) were cultured in Dulbecco's modified essential
medium (DMEM) supplemented with 10% FCS at 37°C.
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Table |: Primers used for caspase-10 cloning
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CIOHA-fw
CIOFLAG-fw
C10Ncol-fw
Cl0Ncol-rev
Cl0Xhol-rev

5'-ccgaatteatgtaccettatgatg

ggtcaacattgg-3'

-BCCAE: 8

5'-ccgaatreatggactacaaggacgacgatgacaagaaatetcaaggtcaacategg-3'
5'-grtctgtattcrgacceatgggag-3'

5'-tecaaatcrcecatgggte-3'

5'-cegetegagraatgaaagrgeatceag-3'

3 x 106 cells were plated in 10 cm dishes and transfected
with 24 pg of the empty vector, the WITAG vector, the
P5011LHAvector, or a mix of them by Lipofectamine 2000
kit (Invitrogen). After 24 h, adherent and floating cells
were harvested in lysis buffer (MBL) for 30 min. Cell
debris were removed by centrifugation and equal
amounts of the cleared lysates were heated for 5 min at
95°C. Protein extracts were then separated by SDS-PAGE,
transferred to Hybond-C extra membranes (Ce Health-
care, Piscataway, NJ, USA), blotted with anti-caspase-10
(1 pg ml') (MBL), anti-HA (1 pg ml!') (Santa Cruz Bio-
technology, Santa Cruz, CA, 11.5.A.), anti-FLAG (1 ug ml-
1) (Sigma, Milan, Italy), anti-tubulin (1 pug ml-1) (Sigma)
and a peroxidase-conjugated anti-mouse or rabbit anti-
bodies (Ge Healthcare), and revealed by chemilumines-
cence.

Authors’ contributions

UD, EC and AC drafted the manuscript, all authors con-
tributed to the revision. EC, MFC, MF, EG, NC performed
experiments. AR diagnosed one patient and contributed
to the manuscript writing. LG was responsible for data
collection and analysis. ML critically revised the paper and
is responsible for important intellectual content. UD and
UR were involved in the conception and design of the
study. All authors edited and approved the written manu-
script.

Acknowledgements

Thiswork was partially supported by grants from "Banea del Piemonte” and
University of Torine to UR, by grants from Compagnia di San Pacle (Turin),
Regione Piemonte {Turin), Telethon grant El 70 (Rome), FISM grant 2003/
R#20 (Genoa), PRIN Project (MIUR, Rome), AIRC (Milan), Fondazione
CARIPLO (Milan) to UD. We wish to thank dr Claudio Favre and Dr Mar-
gherita Nardi, Pediatric Onco-Hematology Drept, University of Pisa for
their help in following the patients.

References

. Scraus SE, Sneller M, Lenarde M), Puck JM, Strober W: inherited dis-
order of lymphocyte apoptosis: the autoimmune lympho-
proliferative syndrome. Annint Med 1999, 130:591-601.

2. Dianzani U, Chiccchetti A, Ramenghi U: Role of inherited defects
decreasing Fas function in autoimmunity. Life Sciences 2003,
72:2803-2824.

3. Sneller MC, Dale JK, Straus SE: Autoimmune lymphoprolifera-
tive syndrome. Curr Opin Rheumn 2003, 15:417-21.

4. Rieux-Laucat F, Le Deist F, Fischer A: Autoimmune lymphopro-
liferative sy ndromes: genetic defects of apoptosis pathways.
Cell Death Diff 2003, 10:124-133.

5. Straus SE, Jaffe ES, Puck JM, Dale JK, Elkon KB, Rosen-Wolff A, Peters
AM), Sneller M, Hallahan CW, Wang ], Fischer RE, Jackson CM, Lyn
AY, Baumler ES, Marx A, Vaishnaw AK, Gredzicky T, Fleisher TA,

N

20.

49

Lenardo M): The development of lymphomas in families with
autoimmune lymphoproliferative syndrome with germline
Fas mutations and defective lymphocyte apoptosis. Blood
2001, 98:194-200.

Nagata S: Apoptosis by death factor. Cell 1997, 88:355-365.
Krammer PH: CD95's deadly mission in the immune system.
Nature 2000, 407:78%-95.

Woang ], Chun H|, Wong W, Spencer DM, Lenarde M]: Caspase-10
is an initiator caspase in death receptor signaling. Proc Nat
Acad Sci USA 2001, 98:13884-13888.

Kischkel FC, Lawrence DA, Tinel A, LeBlanc H, Virmani A, Schow P,
Gazdar A, Blenis |, Amott D, Ashkenazi A: Death rec
recruitment of endogenous caspase-10 and apoptosis i
tion in the absence of caspase-8. | Biol Chem
27 6:46639-46646.

Sprick MR, Rieser E. Sthal H, Grosse-Wilde A, Weigand MA, Walczak
H: Caspase-10 is recruited to and activated at the native
TRAIL and CD95 death-inducing signaling complexes in a
FADD-dependent manner but can not functionally substi-
tute caspase-8. EMBO J 2002, 21:4520-4530.

Fisher GH, Rosenberg F, Straus SE, Dale JK, Middleton LA, Lin AY,
Strober W, Lenardo M), Puck |M: Deminant interfering Fas gene
mutations impair apoptosis in a human autoimmune lym-
phoproliferative syndrome. Cell 1995, 81:935-46.

Rieux-Laucat F, Le Deist F, Hivroz C, Roberts IA, Debatin KM, Fischer
A, deVillartay JP: Mutations in Fas associated with human lym-
phoproliferative syndrome and autoimmunity. Science 1995,
268:1347-9.

Wu |, Wilson ], He ], Xiang L, Schur PH, Meuntz |D: Fas ligand
mutation in a patient with systemic lupus erythematosus
and lymphoproliferative disease. | din Invest 1996, 98:1107-13.
Del-Rey M, Ruiz-Contreras |, Bosque A, Calleja S, Gomez-Rial ],
Roldan E, Morales P, Serrano A, Anel A, Paz-Artal E Allende LM: A
homozygous Fas ligand gene mutation in a patient causes a
new type of autoimmune lymphoproliferative syndrome.
Blood 2006, 108:1306-12.

Bi LL, Pan G, Atkinson TP, Zheng L, Dale |K, Makris C, Reddy V,
MeDanald JM, Siegel RM, Puck M, Lenarde M], Straus SE: Dominant
Inhibition of Fas Ligand-Mediated Apoptosis due to a Heter-
ozygous Mutation Associated with Autoimmune Lympho-
proliferative Syndrome (ALPS) Type Ib. BMC Med Genet 2007,
8:41.

Wang |, Zheng L, Lobite A, Chan FK, Dale |, Sneller M, Yao X, Puck
JM, Straus SE, Lenarde M]: Inherited human Caspase |0 muta-
tions underlie defective lymphocyte and dendritic cell apop-
tosis in autoimmune lymphoproliferative syndrome type Il
Cell 1999, 98:47-58.

Zhu S, Hsu AP, Vacek MM, Zheng L, Schaffer AA, Dale |K, Davis |,
Fischer RE, Straus SE, Boruchov D, Saulsbury FT, Lenardo MJ, Puck
JM: Genetic alterations in caspase-10 may be causative or
protective in autoimmune lymphoproliferative syndrome.
Hum Genet 2006, | 19:284-94.

Dianzani U, Bragardo M, DiFranco D, Alliaudi C, Scagni P, Buonfiglio
D, Redoglia V, Bonissoni §, Correra A, Dianzani |, Ramenghi U: Defi-
ciency of the Fas apoptosis pathway without Fas gene muta-
tions in pediatric patients with autoimmunity/
lyrmphoproliferation. Blood 1957, 89:2871-2879.

Ramenghi U, Bonisseni S, Migliaretti G, DeFranco S, Bottarel F, Gam-
baruto C, DiFrance D, Priori R, Conti F, Dianzani |, Valesini G, Mer-
letti F, Dianzani U: Deficieney of the Fas apoptosis pathway
without Fas gene mutations is a familial trait predisposing to
development of autoimmune diseases and cancer. Blood 2000,
95:3176-82,

Campagnoli MF, Garbarini L, Quarelle P, Garelli E, Carando A, Barav-
alle V, Doria A, Biava A, Chiocchetti A, Rosclen A, Dufeur C, Dian-

a-

2001,

Page 8 of 9
(page number not for citation purposes)



BMC Immunology 2007, 8:28

21

22

23.

24.

25.

26.

27.

28.

29.

30.

3L

zani U, Ramenghi U: The broad spectrum of autoimmune
lymphoproliferative disease: molecular bases, clinical fea-
tures and long-term follow-up in 31 patients. Haematologica
2006, 91:538-41.

Oliveira |B, Bidere N, Niemela JE, Zheng L, Sakai K, Nix CP, Danner
RL, Barb J, Munson P, Puck JM, Dale |, Straus SE, Fleisher TA, Lenarde
M]: NRAS mutation causes a human autoimmune lympho-
proliferative syndrome. Proc Nad Acad Sci USA 2007, 104:8953-8.
Jacksen CE, Fischer RE, Hsu AP, Anderson SM, Choi Y, Wang |, Dale
JK, Fleisher TA, Middelten LA, Sneller MC, Lenarde M, Straus SE,
Puck |M: Autoimmune lymphoproliferative syndrome with
defective Fas: genotype influences penetrance. Am | Hum Gen
1999, 64:1002-1014.

Chiocchetti A, Indelicate M, Bensi T, Mesturini R, Gierdano M,
Sametti $, Castelli L, Bottarel F, Mazzarino MC, Garbarini L, Giacopelli
F, Valesini G, Santera C, Dianzani |, Ramenghi U, Dianzani U: High
levels of Osteopontin associated to polymorphisms in its
gene are arisk factor for developmient of autoimmunity/ lym-
phoproliferation. Bloo 2004, 103:1376-1382.

Clementi R, Chiocchett A, Cappellano G, Ceructi E, Ferretti M,
Orilieri E, Dianzani |, Ferrarini M, Bregni M, Danesino C, Bozzi V, Putti
MC, Cerutti F, Cometa A, Locatelli F, Maccario R, Ramenghi U, Dian-
zani U: Variations of the perforin gene in patients with
auteimmunity/lymphopreliferation and defective Fas func-
tion. Blood 2006, 108:3079-84.

Liu C, Cheng J, Mountz |D: Differential expression of human Fas
mRNA species upon peripheral blood mononuclear cell acti-
vation. Biochem | 1995, 310:957-63.

Kasahara ¥, Wada T, Niida Y, Yachie A, Seki H, lshida Y, Sakai T, Koi-
zumi F, Koizumi S, Miyawaki T, Taniguchi N: Novel Fas (CD95/
APO-|) mutations in infants with a lymphoproliferative dis-
order. Intimmunaol 1998, 10:195-202.

Rieux-Laucat F, Blachere S, Danielan S, De Villartay JP, Oleastro M,
Solary E, Bader-Meunier B, Arkwrighc P, Pondaré C, Bernaudin F,
Chapel H, Nielsen S, Berrai M, Fischer A, Le Deist F: Lymphoprolif-
erative syndrome with autoimmunity: A possible genetic
basis for dominant expression of the elinical manifestations.
Blood 1999, 94:2575-82.

Boatright KM, Renatus M, Scott FL, Sperandio S, Shin H, Pedersen IM,
Ricci JE Edris VWA, Sutherlin DP, Green DR, Salvesen GS: A unified
model for apical caspase activation. Mol Cell 2003, 2:529-41.
Gronbaek K, Dalby T, Zeuthen ], Ralfkiaer E, Guldberg P: The V4101
(G1228A) variant of the caspase-1 0 gene is a common poly-
morphism of the Danish population. Blood 2000, 95:2184-2 185.
Hull KM, Drewe E, Aksentijevich |, Singh HK, Wong K, McDermott
EM, Dean ), Powell R, Kastner DL: The TNF receptor-associated
periodic syndrome (TRAPS): emerging concepts of an
autoinflammatory  disorder. Medicine  (Baltimore) 2002,
81:349-68.

Clementi R, Locatelli F, Dupre L Garaventa A, Emmi L, Bregni M,
Cefalo G, Moretta A, Danesina C, Comis M, Pession A, Ramenghi U,
Maccaria R, Arico M, Roncarolo MG: A proportion of patients
with lymphoma may harbor mutations of the perforin gene.
Blood 2005, 105:4424-8.

50

http:/mwww biomedcentral com/1471-2172/8/28

Publishwith Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researchin our lifetime."

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
= available free of charge to the entire biomedical community
= peer reviewed and publishedimmediately upon acceptance
= cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: BioMedcentral

hittp:/fwvw.biomedcentral.comvinfo/publishing_adv. asp

Page 9 of 9
(page number not for citation purposes)



1.3Conclusions

Both patients described in this paper carried TNRFR@ations predicted to cause
haploinsufficiency. In line with this predictiorheir T cells expressed low levels of Fas.
This type of mutations have been shown to have \pealktrance. In fact, the nonsense
Q47X mutation was not sufficient to cause ALPSha Pt.2's carrier mother. Similarly
in the case of Pt.1, the IVS3-2a>g splice sitedeivas probably carried by father who
did not display ALPS, but his unavailability doest mllow to rule out the possibility
that this was a de novo mutation. However, thisatiom has been previously described
in a different family, where its heterozigosity wast sufficient to cause ALPS
(Kasahara et al, 1998).

Pt.2 carried also the Y446C mutation in CASP10sThutation has been previously
reported in one heterozygous patient displayingld farm of ALPS (Zhu et al, 2006)
and codes for a caspase-10 displaying defectivetgdiut no dominant negative effect
on the wild type protein. The mutation is not st#ffnt to induce ALPS since it is
carried by 1-2% of the healthy Caucasian populatf@n et al, 2006; Campagnoli et
al, 2006).

Pt.1 carried the novel P501L mutation, locatede 466C, in the small subunit of
caspase-10. P501L, too, decreased caspase-10ofuneihout inducing a dominant
negative effect on the wild type protein as showmahalyzing cells from the patient
and the mother and 293T cells transfected withnmioéated and or the wild type forms
of caspase-10. Interestingly the western blot amslgf transfected cells showed that
P501L did not affect cleavage of caspase-10, wisdften interpreted as an evidence
of activation. However, the decreased activity det® by the in vitro caspase-10
enzyme assay supports the model proposed by Bloa#igl. that cleavage is neither
sufficient or necessary for activation of initiatoaspases, that mainly depends on
dimerization (Boatright et al, 2003).

In conclusion this work suggests that ALPS may dones be caused by the concurrent
effect of mutations hitting different genes invalven Fas function and hence that it
may be both a classic monogenic disease, as orcthie presence of severe mutations
hitting the intracellular portion of Fas, and aahg or even oligogenic disease caused
by mutations affecting different steps of the Hgsaalling 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 dassic monogenic diseases. Most
ALPS type-la patients are heterozygous for therfatation, but the parent carrying the
mutation is generally healthy. Other complemenfagtors may thus be required in
function of the severity of the mutation. In lineithv this hypothesis, our group
previously demonstrated that a concurrent factahéndevelopment of the disease is a
polymorphic variant of the osteopontin gene (ORNjucing production of high levels
of this cytokine that inhibits activation-induceellcdeath (AICD) of lymphocytes
(OPN"9" variations).

A previous work from our group described a patiaffiected with ALPS type la who
carried a heterozygous mutation of the perforinegg?RF1) together to a heterozygous
mutation of the Fas gene (Clementi et al, 2004gs€éhmutations were inherited from
distinct parents who were healthy, which suggested their co-transmission was
responsible for the son's ALPS. Interestingly, dedls and perforin are involved in cell-
mediated cytotoxicity and in control of lymphocytemeostasis.

The aim of the second paper was to extend the sisafPRF1 gene to a larger number
of patients with ALPS or DALD and to evaluate itder in the development of the

diseases.
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Variations of the perforin gene in patients with autoimmunity/lymphoproliferation

and defective Fas function

Rita Clementi, Annalisa Chiocchetti, Giuseppe Cappellano, Elisa Cerutti, Massimo Ferretti, Elisabetta Orilieri, Irma Dianzani,
Marina Ferrarini, Marco Bregni, Cesare Danesino, Valeria Bozzi, Maria Caterina Putti, Franco Cerutti, Angela Cometa, Franco Locatelli,
Rita Maccario, Ugo Ramenghi, and Umberto Dianzani

Mutations decreasing function of the Fas
death receptor cause the autolmmune
lymphoproliferative syndrome (ALPS)
with autolmmune manIfestations, spleen/
lymph node enlargement, and expanslon
of CD4/CD8-negatlve T cells. Dlanzanl Au-
tolmmune Lymphoptoliferative Disease
(DALD) Is a varlant lacking this expan-
slon. Petfotin Is Involved In cell-mediated
cytotoxicity and Its blallelic mutations
cause famlllal hemophagocyllc lympho-
histlocytosls (HLH). We previously de-
scribed an ALPS patlent carrylng het-

erozygous mutatlons of the Fas and
perforln genes and suggested that they
concurred In ALPS. Thls work extends
the analysls to 14 ALPS, 28 DALD, and
816 controls, and detects an N252S amino
acld substitution In 2 ALPS, and an A91V
amino acld substitution In 6 DALD. N252S
conferred an OR = 62.7 (P = .0016) for
ALPS and A91V conferred an OR=3
(P = .016) for DALD. Copresence of A91V
and varlations of the osteopontin gene
previously assoclated with DALD con-
ferred an OR = 17 (P = .0007) for DALD.

In one N252S patlent, NK activity was
strikingly defective In early childhood,
but became normal In late childhood.
A91V patlents displayed lower NK activity
than controls. These data suggest that
perforin varlations are a susceptibliity
factor for ALPS/DALD development In
sublects with defective Fas function and
may Influence disease expression. (Blood.
2006;108:3079-3084)

© 2006 by The American Soclety of Hematology

Introduction

Fas is a death receptor belonging to the tumor necrosis factor
receptor (TNFR) superfamily and induces cell death upon trigger-
ing by FasL.'* In the immune response, it is highly expressed by
activated effector lymphocytes and is involved in switching off the
immune response, limiting clonal expansion of lymphocytes, and
favoring peripheral tolerance. Moreover, FasL is expressed by
cytotoxic T cells and NK cells and is involved in killing of target
cells expressing Fas. Fas induces cell apoptosis by triggering a
cascade of caspases through 2 partly interconnected pathways: the
extrinsic pathway invol ves caspase-8—mediated direct activation of
the cascade, whereas the intrinsic pathway proceeds through
mitochondrial release of eytochrome ¢ and activation of caspase-9.
Both pathways converge in the activation of effector caspases, such
as caspase-3, -6, and -7.13

Defective Fas function leads to the unwanted accumulation of
lymphocytes and favors autoimmunity possibly by impairing the
switching off of autoreactive lymphocytes. This has been shown in
the autoimmune lymphoproliferative syndrome (ALPS), an inher-
ited disease characterized by (1) defective function of Fas, (2)
autoimmune manifestations that predominantly involve blood
cells, (3) polyclonal accumulation of lymphocytes in the spleen and
lymph nodes with lymphoadenomegaly andfor splenomegaly, and
(4) expansion of TCRap + CD4/CD8 double-negative (DN) T

cells in the peripheral blood. Moreover, ALPS patients are predis-
posed to develop lymphomas in adulthood ! ALPS is generally
due to deleterious mutations of the Fas gene (TVFRSF6) and is
classified as ALPS type-Ia, but rare mutations of other genes have
been detected. for instance, the FasL genes in ALPS-Ib, and the
caspase-10 gene in ALPS type-1la, whereas the mutated gene is not
known in other patients. Mutations of the Fas and the FasL gene
detected in MLR Ipr/lpr and gld/gld mice, respectively, give rise to
a disease that overlaps ALPS. We described an ALPS variant that
fulfils the first 3 criteria but lacks expansion of DN T cells and
mutations of the Fas, FasL, or caspase-10 genes.!%* Since the
complete paradigm of ALPS could not be demonsteated, this disease has
been provisionally named Dianzani Autoimmune Lymphoprolifera-
tive Disease (DALD) by McKusick (OMIM reference #605233:
htip://www.nebrnlm.nih.govlentrez/query.fegi?db = OMIM).
ALPS-like disorders do not behave as classic monogenic
diseases.™® This is true in Ipr/Ipr and gld/gld mice and even more
evident in ALPS and DALD. The lpr and gld mutations cause the
disease in homozygosity, but its expression greatly depends on the
genetic background, since it is much milder in BALB/c than in
MLR mice. Most ALPS type-la patients are heterozygous for the
Fas mutation, but the parent carrying the mutation is generally
healthy. Other complementary factors may thus be required in
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function of the severity of the mutation.'* The same observation is
true in DALD patients, since both parents generally display
defective Fas function, but are healthy.!> We suggested that a
concurrent factor may be production of high levels of osteopontin
(OPN), a cytokine involved in inflammation that inhibits activation-
induced cell death (AICDY) of lymphocytes. We found that DALD
patients display increased frequency of polymorphic variants of the
OPN gene (OPNE" gene variants) that cause increased production
of OPN by stabilizing its mRNA and increase the risk of DALD by
about 8-fold.'51¢

A second concurrent factor may be inherited alterations of the
perforin gene (PRFI) that decrease the function of this protein,
which is stored in the lytic granules of cytotoxic cells and plays a
crucial role in cell-mediated cytotoxicity by forming pores in the
target-cell membrane.!” Biallelic mutations of PRFI cause about
30% of cases of familial hemophagocytic lymphohistiocy tosis
(HLH), a rare life-threatening immune deficiency ascribed to
decreased capacity of CD8+ T cells and NK cells to kill
virus-infected cells.'™22 A further 25% of patients display muta-
tions of the MUNC 13-4 gene involved in perforin storage in the
Iytic granules and exocytosis.” HLH is a recessive disease and subjects
carrying heterozygous PRF1 mutations are generally healthy.

We have identified a heterozygous mutation of PRF/ in an
ALPS patient who also carried a heterozygous mutation of the Fas
gene. Since these mutations were inherited from distinct parents
who were healthy, we suggested that their cotransmission was
responsible for the son’s ALPS.>

Systematic evaluation of the role of PRFI in ALPS was not
undertaken on that occasion. The present study has thus been performed
to extend the analysis of PRF] to a larger number of patients and
evaluate its role in the development of ALPS and DALD.

only.

Patients, materials, and methods

Patlents

We analyzed 14 ALPS and 28 DALD lialian patients (some have already
been presented in Dianzani et al.’? Ramenghi et al}? and Campagnoli et
al*%). Diagnosis of ALPS was based on the presence of all the following
criteria: (1) autoimmune manifestations: (2) chronic nonmalignant lymph-
adenopathy (2 or more lymph nodes enlarged over 2 em in diameter) and/or
splenomegaly: (3) defective Fas-induced apoptosis in vitro; and (4) mutations in
the Fas, FasL. or caspase-10 genes and/or expansion of DN T cells in the
peripheral blood. The Fas, Fasl, caspase-10, and OPN genes were
sequenced from genomic DNA, as previously reported.'!* Seven ALPS
patients (patients 1-7) carried heterozygous mutations of the Fas gene.

Diagnosis of DALD was based on the presence of the first 3 criteria, but
lack of the fourth one. Two DALD patients (DALD-2 and -24) carried a
heterozygous variation of the caspase-10 gene, causing a V4101 amino acid
substitution. initially associated with ALPS in homozygosity. ! but then
recognized as a polymorphism.?32

No patients displayed the diagnostic criteria for HLH. Controls
(n = 816) were ethnically martched, healthy individuals. All patients and
controls were unrelated, white and Iralian. Peripheral-blood specimens and
serum were obtained from patients and healthy comtrols with written
informed consent. which was obtained in accordance with the Declaration
of Helsinki. The study was performed according to the guidelines of the
local ethics committee of the Ospedale Maggiore of Novara (Novara, Italy ).

Flow cytometry

Analysis of lymphocyte subpopulations in peripheral-blood mononuclear
cells (PBMCs) was performed by direct immunofluorescence and flow
cytometry. Perforin expression was evaluated in fixed and permeabilized
cells (Cytofix-Cytoperm: BD PharMingen, San Diego, CA) using a
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phycoerythrin (PE}—conjugated antiperforin antibody (BD PharMingen)
and flow cytometry.

Fas functlon assay

Fas-induced cell death was evaluated as previously reported on T-cell lines
obtained by activating PBMCs with phytohemagglutinin at days 0 (1
pg/ml) and 15 (0.1 pg/mL) and cultured in RPMI 1640 + 10% fetal calf
serum (FCS) + rlL-2 (2 U/mL) (Biogen., Geneva, Switzerland). Fas
[unction was assessed O days after the second stimulation (day 21),'*1?
Cells were incubated with control medium or anti-Fas MAb (CH11, IgM
isotype) (1 pg/mL) (UBI, Lake Placid, NY) in the presence of IL-2 (1
U/mL) to minimize spontaneous cell death. Cell survival was evaluated
after 18 hours by counting live cells in each well by the trypan blue
exclusion test and by flow cytometry of cells excluding propidium iodide
and unstained by annexin V-FITC; the 2 methoeds gave overlapping results.
Assays were performed in duplicate. Cells from 2 healthy donors were
included in each experiment as positive controls. Results were expressed as
specific cell-survival percent, calculated as follows: (total live-cell count in
the assay well/total live-cell count in the control well) > 100.

Fas function was defined as defective when cell survival was less than
82% (the 95th percentile of data obtained from 200 healthy controls).

Ampllification of PRF1 and mutation detection

Genomic DNA was isolated from PBMCs, and exon 2 and 3 of the perforin
coding region were amplified in standard polymerase chain reaction (PCR)
conditions. The primers used for amplification have been previously
described. PCR products were purified with the EXOfSAP kit.?* Sequenc-
ing was performed with the ABI PRISMR BigDye Terminator kit (Applied
Biosystems, Foster City, CA) on an automatic sequencer {Applied Biosys-
terns 3100 Genetic Analyzer) according to the manufacturer’s instructions
with the amplificadon primers plus 2 internal primers (forward 5'-
CAGGTCAACATAGGCATCCACG-3"; reverse 5'-GAACAGCAG-
GTCGTTAATGGAG-3") for exon 3. OPN gene variants were typed as
previously reported.!*

Cytotoxlclty assays

NK activity of PBMCs was assessed by a standard 4-hour 3'Cr release assay
with K562 cells as the target. Results are expressed as specific lysis percent
calculated as follows: (sample *!Cr release-spontaneous release)/{imaximal
release-spontaneous release) 3 100.

Statlstical analysls

Comparisons of NK activity, perforin expression, and NK-cell distribution
were performed with the nenparametric Mann-Whitney U test. Genotype
distributions were analyzed with the * test or the Fisher exacl test as
reported. All P* values are 2-tailed, and the significance cut-off was P below .03,

Results

The work involved 14 patients with ALPS and 28 with DALD.
Both groups displayed autoimmune manifestations, lymphadenopa-
thy andfor splenomegaly, and defective Fas function; ALPS
patients alone also displayed mutations of the Fas gene and/or
peripheral-blood expansion of DN T cells. Figure 1 shows Fas
function of T cells from all patients and available parents. That of
ALPS-4 and -7 was borderline, but they were included in the ALPS
group because they also carried a Fas gene mutation and expansion
of DN T cells. Most parents, too, displayed defective Fas function.

The coding region of PRF] was sequenced from genomic DNA
in all patients and 816 random controls in the search for variations
previously associated with HLH. Only 2 HLH-associated missense
variations were detected, a C/T substitution in position 272 of the
¢DNA (numerations are referred to ¢DNA clone M28393,
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Figure 1. Fas-induced T-cell death in patients with ALPS or PATIENTS PARENTS
DALD and several of their parents. Data from ALPS patients’
families are marked with squares, those from DALD patients’ ALPS DALD ALPS DALD
families with circles; gray symbols mark patients; black symbols, 140
the fathers; and white symbols, the mothers. Numbers corre-
spond to the code assigned to each patient. Long-term T-cell lines
wara treated with anti-Fas Mab, and survival was assessed after 120 2] i
18 hours. Results are expressed as relative cell-survival percent. =
The horizontal lines indicate the upper limit of the normal range, — =
calculated as the 95th percentile of data obtained from 200 L2100 Am B @@ @@@@@@ [iE]
healthy donors (median cell survival of controls was 60%; the mEm eﬁﬁg & 317} @
5th-85th percentile range was 38%-82%). In the control wells (ie, ; o | E] @ % ®@
in the absence of apoptotic stimuli), spentanecus cell loss was 3 0 .........E‘ | @ EIM
always less than 10% of the seeded calls and similar in cultures ¥
fromthe patients and healthy donors. ALPS patients 1 to 7 carried "% g | ] ®
heterozygous mutations of the Fas gene. e E

40
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ATG = +1) and an A/G substitution in position 755. which caused
an A9 1V and an N252S amino acid substitution at the protein level,
respectively. The genotypic distributions of these variations did not
dewviate significantly from the Hardy-Weinberg equilibrium in
either group.

The N2528 substitution was found in 2 ALPS patients (ALPS-5
and ALPS-11), 2 controls, and no DALD patients. The overall
genotype distributions (Table 1) were significantly different in
ALPS and controls (P = .0016). The N2528 allelic frequency was
significantly higher in the ALPS patients (7.1% vs 0.1%, P = .0016)
and conferred an OR = 62.7 (95% CI: 6-654.9). This variation had
been previously reported by some of us in ALPS-5.2*

The A91V variation was carried by 6 DALD patients only: it
was heterozygous in 5 (DALD-3, -6, -9, -14, -25) and homozygous
in one (DALD-10). Moreover, it was detected in 72 controls:
heterozygous im 69 and homozygous in 3. The overall genotype
distributions (Table 1y were significantly different in DALD and
controls (P = .01). The A91V allelic frequency was significantly

Table 1. Frequency distribution of the A91V and N252S PRF1 variations
and the OPN"9" genotypes in 14 ALPS and 28 DALD patients

ALPS* DALD} Controls
Genotypes according to variation N % N % N %
PRF1 N2528
NN 12 857 28 100 814 00.8
NS 2 143 0 0 2 02
85 o 0 a 0 0o 0
PRF1 AS1V
AA 14 100 22 785 744 912
AV o 0 5 178 69 &4
v o 0 1 38 3 04
PRF1 and OPN susceptibility genotypes$
None 4 286 6 214 51 381
PRFT alone 2 143 0 0 10 7.5
OPN alone & 571 16 &72 T0 522
PRFi+0PN o 0 6 214 3 22

“The owerall genotypic distribution of N252S was significantly different from
controls (P = .0016, Fisher exact test).

tThe overall genotypic distribution of AS1V was significantly different from
controls (P = .01, Chi square test); frequency of PRF1+0PN susceptibility geno-
types was significantly higher than in controls (P = .0009, Fisher exact test).

$Genotypes with the: N252S {in ALPS) or A91Y (in DALD) PRF1 variations (either
homozygous or heterozygous) and/er the 262C-750T-1083A-1238C or 262C-750T-
1083G-1239C OPN"Eh haplotypes.
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higher in the DALD patients (12.5% wvs 4.6%., P = .016) and
conferred an OR = 3(95% CI: 1.2-7.1).

Four other nucleotide variations were detected, but were not
further evaluated since they did not change the amino acid nor
influence the splicing sites. Two (C822T and T900C) had been
previously reported as common polymorphisms not associated with
HLH. Their frequency was similar in the patients and the controls.
The other 2 (G435A and A462G) were in perfect linkage disequilib-
rium with the A/G substitution in position 755 (N2528) and were in
fact only detected in the 4 subjects carrying this variation.

‘We had previously found that DALD development is favored by
the 282C-750T-1083A-1239C and 282C-750T-1083G-1239C single
nucleotide polymorphism haplotypes of the OPN gene (OPN#e!
gene variants)."* To determine whether PRFI and QPN variations
have a cooperative effect on ALPS/DALD development, we typed
the OPN gene in all patients and 134 controls and evaluated the
frequency of copresence of the PRFI and OPN genotypes confer-
ring susceptibility to ALPS/DALD (Table 1). Copresence was
displayed by 6 (21.4%) of 28 DALD patients. but only 3 (2.2%) of
134 controls, and increased the risk of DALD by 17-fold relatively
to the absence of both factors (OR = 17; 95% CI. 2.7-122;
P = .0007) and by 9-fold relatively to the presence of only one
(OR = 8.8,95% CI:1.7-50.5; P = .004). By contrast, this coopera-
tion was not detected in ALPS patients since none of them carried
both factors.

‘We had previously shown that ALPS-5 carried a heterozygous
mutation of the Fas gene. His PRF1 N252§ variation was
inherited from the mother, whereas the Fas mutation also was
carried by the father and a brother, and cosegregated with defective
Fas function (Figure 2A). Since all 3 relatives were healthy, we
suggested that co-inheritance of the Fas and perforin gene varia-
tions played a role in ALPS development in this patient. The
mutated gene was not known in ALPS-11, and his inheritance
pattern was determined by analyzing Fas function and sequencing
PRF1 in his parents. N2528 was carried by his father only, whereas
Fas function was defective in his mother only (Figure 2A). Once
again, therefore, Fas and perforin alterations were inherited from
different parents, who were both healthy. These data indicate that
association of defective Fas function with the N252S variation
strongly favors ALPS development.

A family analysis also was conducted for 3 DALD patients
carrying the A91V variation (DALD-3, -6, -10, Figure 2B). In
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A Figure 2. Pedigrees of patients ALPS-5 and -11 and DALD-3,6,
and -10. (A) Inheritance of the N2525 PRF1 mutation (PRF1#) and
ALPS-S ALPSal1 defective Fas function (D) in ALPS-5 and -11; inheritance of the Fas
B mutation (TNFRSF&) Is also shown for ALPS-5. (B Inheritance of the
TNFRSF&* PRF1? PRF1* "/D A1V PRF1 variation (PRF1°) and defective Fas function (D) in the 3
DALD patients. Subjscts with ALPS/DALD are marked in gray; the
sister of DALD-3 displayad CVID. PRF1°® marks A91V homozygotes.
Fas function was evaluated as reported in Figure 1.
TNFRSFG*
PRFL* THFRSPa* PRF1#
B
DALD-3 DALD-6 DALD-10
n D)' PRF1° '/D PRFL°® PlFl“@ @FRFI‘
PRFL“\-L)j Q PRFL® PRFL® ) El PRF1° PRF1°*
CVID

DALD-3's family, Fas function was defective in both parents and
the sister, whereas A91V was carried by the mother and the sister:
both parents were healthy, whereas the sister presented common
variable immune deficiency (CVID). Intriguingly, DALD-3 also
developed hypogammaglobulinemia some years after disease on-
set. In DALD-6's family, Fas function was defective in both
parents, whereas A91V was carried by the mother (homozygous)
and the sister; all these relatives were healthy. In DALD-10"s
family, Fas function was defective in both parents and the sister,
whereas A91'V was carried by both parents; all these relatives were
healthy. Analysis of the OPN gene showed that all subjects in these
3 families also carried the OPNbh gene variants (data not shown).
Association of defective Fas function and the AY1V variation is
thus not sufficient to induce DALD, even in the presence of the
OPN susceptibility alleles, since 4 of 8 subjects with this associa-
tion were healthy.

To assess whether N2525 and A91V correlated with altered
function and/or expression of perforin, NK activity was evaluated
by a standard ' Cr-release assay and perforin expression by flow
cytometry in 5 patients: ALPS-3 and -11 with N252S, and
DALD-3, -6, and -10 with A91V. Perforin expression was slightly
decreased in ALPS-5, DALD-6, and DALD-10, but normal in the

other subjects, whereas the proportion of NK cells, detected as
CD3 CD56% or CD3CDI16" cells, was in the normal range in all
stubjects. NK activity was significantly lower in the patients with
A91V than in the controls (P = .015), but not decreased in those
with N252S (Table 2). However, in ALPS-11, previous analyses
showed that NK activity was almost undetectable at the age of 3 (ie,
at diagnosis), extremely low but detectable at the age of 3, and
normal at the age of 12 (Table 2). In ALPS-5, NK activity was
assessed at the age of 30, and no previous analyses were available.

Discussion

This paper follows a description of an ALPS patient (ALPS-5) with
variations of both the Fas gene and PRFI.** Tt shows that his
N2525 variation is significantly more frequent in ALPS patients
than in healthy controls. Moreover, the frequency of a second
HLH-associated PRF1 variation, A91V, is significantly increased in
DALD patients, who display an incomplete ALPS pattern. N252§
was detected in 2 of 14 ALPS patients (ALPS-5 and -11). Tt
increased susceptibility to ALPS by about 63-fold and was found
only in 2 of 816 ethnically matched controls, as in other studies.>

Table 2. NK activity, perforin expression, and proportion of NK cells in PBMCs of ALPS/DALD patients carrying the N252S and A91V

perforin variations

Subjects according Effector-target ratios for NK activityt

Perforin expressiont Peripheral-blood NK cells, %

to PRF1 variation® 100:1 30:1 10:1 % MF1 CD3-CD16* CD3-CD56*
N2528

ALPS-5 58 49 8 66 0§ 11 16

ALPS-11 (12 years) 35 26 18 24 50 13 15

{5 years) 7§ 48 2§ nd nel nd nd

(3 years) 35 1§ 0§ nd nd nd nd
A1V

DALD-3 13 12 3 45 62 a a8

DALD-6 28 12 a 15 61 13 13

DALD-10 18 11 4 36 17§ 9 13

Median 18 12 a 36 61 ] 13
Controls| 31 (13-56) 23 (6-35) 12 (2-31) 23(17-26) 47 (28-74) (5:31) 17 (4-27)

nd indicates not dete mined.

"All patients were helerozygous for the indicated variation except for DALD-10, who was homozygous.
TNK activity is expressed as specific cell-lysis percent, and it is the mean of triplicate assays, whose standard deviation was always < 10% of the mean, Spontaneous cell

lysis was always < 10% of maximal cell lysis.

$Perforin expression is shown as percentage of positive cells and mean fluorescence intensity (MFI) in arbitrary units.

§< 5th percentile of controls.

|[Median (5th-85th percentile range) from 10 controls. The NK activity of these DALD patients was significantly lower than that of the controls (P = .015, Mann-Whitney

test).
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N252S occurs within the membrane-attack-complex, a region
critically involved in the pore-forming activity of perforin, but its
functional significance has been debated since it has been associ-
ated with normal NK activity!7%29 as in both ALPS-5 and -11 at
the time of this study. The finding that ALPS-11 displayed a
striking defect of NK activity when he was 3 and 5 years old
suggests that N252S is here associated with other factors decreas-
ing NK function in early childhood, followed by normalization on
the part of unknown compensatory mechanisms.

A91V was detected in 6 of 28 DALD patients. It increased
susceptibility to DALD by 3-fold and was relatively frequent
(4.6%) in the controls, as in other studies.2?3%3! This variation
decreases perforin function by altering its conformation, decreas-
ing its cleavage to the active form and increasing its degrada-
tion.” % In line with this view, our patients displayed lower NK
activity than the controls, especially at low effector-to-target ratios.

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. Fas function is normal in HLH and hence is not a
contributory of this discase.?!

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 OPNbeh gene variants, but even
their combination with A9TV and the Fas defect was not sufficient
to induce DALD in 4 of 8§ DALD family members. Combination of
N2528 with the Fas defect seems to have a stronger effect than
AOQ1V, since we found it in patients only. However, even this
combination may not be sufficient for ALPS development, since
Rieux-Laucat et al*> have described an ALPS patient and his
healthy father carrying both N252S and a Fas gene mutation. The
observation that N2525 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. A second possibility is that concurrent roles are

only
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played by other factors. The fact that @PN did not cooperate with
N2525 in ALPS development may be related to the stronger effect
displayed by N252S in ALPS than by A91V in DALD, and to the
possibility that the genetic hit of Fas function is more severe in
ALPS than in DALD.

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* cell types, but a regulatory
activity also has been ascribed to perforin-mediated killing of
effector lymphocytes and antigen-presenting cells.*>** In this
connection, it is noteworthy that OPN inhibits lymphocyte AICD.
another mechanism involved in switching off the immune re-
sponse. Lymphocyte accumulation and autoimmunity displayed by
ALPS and DALD patients may be favored by both defective
immune response switching off and decreased virus clearance that
would prolong the immune response. This possibility opens the
way to the view that ALPS/DALD may overlap both HLH and
other inherited diseases characterized by lymphoproliferation and
defective control of viral infections, such as the X-linked lympho-
proliferative syndrome (XLP) due to mutations of the SAP gene
altering function of the 2B4 NK coreceptor.® Intriguingly, both
ALPS and XLP are associated with high susceptibility to lymphoid
neoplasia, which also seems favored by inherited PRFI variations.*
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2.3 Conclusions

This report shows that a concurrent factor favoiid?S/DALD development may be
perforin gene (PRF1) variatiorieat decrease the function of this protein involed
cell-mediated cytotoxicity. We detected the N2528r@ acid substitution in 2 ALPS
(frequency 7.1% vs 0.1% controls), and the A91Vramacid substitution in 6 DALD
(12.5 % vs 4.6%). Several works have shown thatA@écreases perforin function by
altering its conformation, decreasing its cleavagéhe active form, and increasing its
degradation (Molleran Lee et al, 2004; Trambasl,e2@05; Voskoboinik et al, 2005).
By contrast, the functional significance of N252&sbeen debated because it occurs
within the membrane attack complex, a region @ilycinvolved in the pore forming
activity of perforin, but several works have asateml it with normal NK function and
perforin expression (Stepp et al, 1999; Trambaal,e2005; Voskoboinik et al, 2005;
Risma et al, 2006). Interestingly, in one of our5R3 patients, NK activity was
strikingly defective in early childhood, but becamermal in late childhood. Instead
A91V patients displayed lower NK activity than cais. These data suggest that some
PRF1 variations that cause HLH when combined witeeond PRF1 variation may
favor ALPS/DALD development if inherited defectsttimg Fas function also are
present. The family analyses showed that combinaticA91V with the Fas defect was
not sufficient to induce DALD since several healtfamily members carried both
alterations. This risk was significantly increadeg copresence of the OPX gene
variations, but even their combination with A91\dathe Fas defect was not sufficient
to induce DALD in 4 of 8 DALD family members. Commigition of N252S with the Fas
defect seems to have a stronger effect than A9éeswve found it in patients only.
However, even this combination may not be sufficiem ALPS development, since
Rieux-Laucat et al (Rieux-Laucat et al, 2005) hdescribed an ALPS patient and his
healthy father carrying both N252S and a Fas gen&ation. The observation that
N252S is in perfect linkage disequilibrium with &#8 and A462G raises the
possibility that these variations or others incliide the ancestral haplotype play a role
in ALPS development.

These data suggest that Fas and perforin altesati@y cooperate in affecting both the
antiviral response and the switching off of the ioma response. Both molecules are
used by cytotoxic cells to kill virus-infected IMoreover, Fas is highly expressed by

effector lymphocytes that are switched off by salérasL-positive cell types, but a
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regulatory activity also has been ascribed to perdimediated killing of effector
lymphocytes and antigen-presenting cells. Defedtdath of these functions may
predispose to autoimmunity by prolonging the immuesponse and increasing the risk
of cross-reactions between viral and self antiggnmolecular mimicry. In line with a
role of the perforin gene in the pathogenesis dbieunune diseases, we recently
demonstrated the association variations of thiegeith 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 regulaff the RAS—-MAPK signalling
pathway inDrosophila melanogasteand Caenorhabditis elegan@herrien et al, 1995;
Kornfeld et al, 1995; Sundaram et al, 1995). KSRcfions as a MAP kinase scaffold
because binds many proteins, including all threepmnents of the ERK signalling
pathway (RAF, MEK1 and ERK ).While the exact funatiof KSR is unknown,
preassembling the three components of the ERK MiARske cascade could function to
enhance the efficiency of ERK activation, potehiadégulate the subcellular location of
ERK activation, and promote access to specific sllildar substrates.

KSR1-deficient mice develop without any obviousedt$ (Nguyen et al, 2002), but
KSR1-deficient cells exhibit an attenuation of ERd€tivation with defects in cell
proliferation.

Aim of the third paper was to investigate the role KSR1 in NK cell-mediated
cytolysis. The killing of a target cell by a cyttity T cell or NK cell is a complicated
process that involves cell polarization with mictmile-dependent movement of
cytolytic granules to the immunological synapse.vériety of different signaling
molecules are also involved in this process, inagccalcium, phosphatidylinositol-
3,4,5-triphosphate and activation of the ERK MARdse. Recently, the recruitment of
activated ERK to the immunological synapse hasbg®wn to be a feature of
successful killing of a target by cytotoxic T lymgadytes (Yachi et al, 2006).

How active ERK is recruited to the synapse is mavin. Since KSR1 is known to be
recruited to the plasma membrane by Ras activgiiohaud et al, 1997), it seemed
plausible to test the hypothesis that KSR1 recreitimto the plasma membrane

functions to recruit ERK to the immunological sysa@nd facilitate its activation.
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3.2 Paper
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KSRI1 is a mitogen-nctivated protein (MAP) Kinase scaffold that enhances the activation of the MAF Kinase
extracellular signal-regulated kinase (ERK). The function of KSR1 in NK cell function is not known. Here we
show that KSR1 is required for efficient NK-mediated cytolysis and polarization of cytolytic granules, Single-
cell analysis showed that ERK is activated in an all-or-none fashion in both wild-type and KSR1-deficient cells.
In the absence of KSR1, however, the efficiency of ERK activation is attenuated. Imaging studies showed that
KSR1 is recruited to the immunological synapse during T-cell activation and that membrane recruitment of
KSRI1 is required for recruitment of active ERK to the synapse.

Kinase suppressor of Ras was originally identified in Dro-
sophila melanogaster (53) and Caenorhabditis elegans (19, 32,
52) as a positive regulator of the extracellular signal-regulated
kinase (ERK) mitogen-activated protein (MAP) kinase signal-
ing pathway. It is thought to function as a MAP kinase scaffold
because it can bind to Raf, MEK, and ERK (18, 19, 27, 28, 44,
59). While the exact function of KSR is unknown, preassem-
bling the three components of the ERK MAT kinase cas-
cade could function to enhance the efficiency of ERK acti-
vation, potentially regulate the subcellular location of ERK
activation, and promote access to specific subcellular sub-
strates (16, 45, 46).

While only one isoform of KSR is expressed in Drosophila
(53), two KSR isoforms have been identified in C. elegans (19,
32, 52) and most higher organisms. They are referred to as
KSR and KSR2 (32, 43). While KSR1 mRNA and protein are
detectable in awide variety of cells and tissues, including brain,
thymus, and muscle (10, 11, 29), little is known about the
expression pattern of KSR2.

We previously reported the phenotype of KSR 1-deficient
mice (30). These mice are born at Mendelian ratios and de-
velop without any obvious defects. Using gel filtration, we
showed that KSR1 promotes the formation of large signaling
complexes containing KSR 1, Raf, MEK, and ERK (30). Using
both primary T cells stimulated with antibodies to the T-cell
recepior as well as fibroblasts stimulated with growth factors,
we showed that KSR 1-deficient cells exhibit an attenuvation of
ERK activation with defects in cell proliferation.

Here we explored the role of KSRI in NK cell-mediated
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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 an
area that is proximal to the contact surface or immunological
synapse (7, 33, 34, 48-50, 54). A variety of different signaling
molecules are also mvolved, including calcium (23), phospha-
tidylinositol-3,4.5-triphosphate (13, 17), and activation of the
ERK MAP kinase (6, 42, 56). Recently, the recruitment of
activated ERK to the immunological synapse (IS) has been
shown to be a feature of successful killing of a target by cyto-
toxic T lymphocytes (58).

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 (24), and since the immunological synapse is
one of the major sites of Ras activation (26, 41), it seemed
plausible to test the hypothesis that KSR1 recruitment to the
plasma membrane functions to recruit ERK to the immuno-
logical synapse and facilitate its activation. We found that
KSRI1 was recruited to the immunological synapse and that
KSR1 appeared to be required for the localization of active
ERK at the contact site. As KSRI1-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.

MATERIALS AND METHODS

Mice. KSR1-deficient mice (KSRI™'™) have been described previously (30).
All mice were housed under specifie-pathogen-free eonditions in the Washington
University animal facilities in accordance with institutional guidelines.

Cell coltnres and antibodies. Jurkat E6.1 T cells, Daudi lvmphoma B cells,
YAC-1 lymphoma cells, human K562 eritroblastoma cells, and RMAs and
RMAs-Raele cells were grown in RPMI 1640 medium supplemented with 109
fetal bovine serum (FBS). Human interleukin-2 (hlL-2)-dependent cell line
NKO2 cells (15) were grown in RPMI 1640 medium supplemented with 109 FBS
and 100 U/m! of hIL-2. Mouse NK cells were purified by DX5% magnetic-
activated cell sorting enrichment (Miltenyi) and grown in hIL-2-containing me-
dium (5). Polyclonal rabbit anti-Grb2, rabbir anti-ERKZ, rabbit anti-KSRI, and
mouse anti-Lck were obtained from Santa Cruz Biotechnology. Polyclonal rabbit
anti-phospho-ERK [pERK1/2 (Thr202/Tyr204)] and rabbit anti-phospho-



VoL. 29, 2009

MAPK/CDK substrates (PXSP) were obtained from Cell Signaling Technology.
Monoclonal anti-MAP kinase (diphosphorylated ERK1/2) and mouse anti-a-
tubulin were purchased from Sigma. Fluorescein isothiocyanate-labeled CD3e
and phycoervthrin (PE)-NK1.1-labeled antibody were obtained from BD Bio-
sciences.

Generation of DNA constructs. Murine KSR1 (mKSR1) full-length cDNA was
subeloned into a pEYFP-N1 vector (Clontech). After EcoR1 and Notl digestion,
mKSR1-YFP was cloned into a pMX retrovirus vector {31 ). The C350 and €362
mutants in the CA3 domain of mKSR1 (CCSS mutant) were generated using
PCR site-directed mutagenesis (Stratagene). The primers used for C3595 were
SGATT TTT GGC GTG AAG AGC AAA CAC TGC AGG-3" and 5-CCT
GCA GTG TTT GCT CTT CAC GCC AAA AAT C-3'; for C362S they were
5GTG AAG AGC AAA CAC AGC AGG TTA AAA TGC CAT AAC-3" and
STGTT ATG GCA TTT TAA CCT GCT GTG TTT GCT CTT CAC-Y'. The
integrity of all constructs was confirmed by automated sequencing.

Retroviral transduction. The Phoenix amphotropic retroviral packaging cell
line was kindly provided by Garry Nolan. After transfection using Lipofectamine
2000 (Life Technologies), cells were transferred to 32°C to allow accumulation of
wirus in the supernatant. Virus-containing supernatant was harvested at 24 and
48 h after transfection and filtered throngh 0.45-pm syringe filters (Millipore ).
Jurkat cells were incubated with viral supernatant in the presence of 8 wg/ml
of Polybrene (Sigma) and then centrifuged at 900 ¢ g. This step was repeated
after 4 h. Cells expressing yellow fluorescent protein {YFP) were sorted 3 to
5 days later ona Beckton Dickinson FACSVantage SE at the Flow Cytometry
Core Facility (Dept. of Pathology and Immunology, Washingron University,
St. Louis, MO).

RNA interference and lentivitus production. KSR1 small hairpin RNA
(shRMA) and luciferase shRNA (control) constructs were generated using the
multifunctional lentivirus system (pFLRu lentivector; provided by Y. Feng and
G. D. Longmore). To generate human KSR1 shRNA fragments, two sequences
corresponding to nucleotides 1507 to 1530 and 2139 10 2157 were selected.
Primers (sequence | forward, GTG GAA AGG ACG AAA CAC CGC CTA
CTT CAT TCA TCA TAG ATA GCA TTC AAG AGA TGC TG; sequence 2
forward, GTG GAA AGG ACG AAA CAC CGC AGA CGT CTC TGG ACG
TCA ATT CAA GAG ATT GAT GT) were designated together with their
complementary counterparts and annealed by PCR to obtain shRNA fragments.
Joint PCR was carried out by using human U6 promaoter forward primer (ACA
GAA TTC TAG AAC CCC AGT GGA AAG ACG CGC AG), shRNA reverse
primer, and mixed template (1 pl of purified human U6 promoter and 2 pl of
purified shRNA fragment). The PCR products were purified, digeswed with
Xhol/Xbal, and subcloned into pFLRu lentivector [pFLRu-(KSR1-shRNA)]. To
reconstitute KSR1 expression, mKSR1-YFP wild type and CCSS mutant were
subcloned into the pFLRu-KSR1#1-shRNA vector to create pFLRu-(KSR1#1-
shRNA)-mKSRI(WT)-YFP and pFLRu-(KSR1#1-shRNA)-mKSR1(CCSS)-
YFP, respectively. The integrity of all constructs was verified by automated
sequencing. For lentivirus production, subconfluent cultures of 2937 cells were
transfected with packaging plasmid (pHR'82AR/pCMV-VEV-G at a ratio of
#:1) and pFLRu-derived plasmid (Y. Feng, H. Zhao, B. Wang, and G. D
Longmore, submitted for publication) using Lipofectamine 2000. The lentivirus
infection of Jurkat cells was performed using the protocol described above, and
vells expressing the same level of YFP were sorted 3 to 5 days later.

Confoeal imaging and immonofluorescence staining, To study the recruitment
of phosphorylated ERK (pERK) into the immunological synapse, purified NK
cells from wild-type (WT) or KSRI™'— mice were mixed with equal amount of
carboxyfluorescein succinimidyl ester (CFSE)-preloaded YAC-1 target cells. Af-
ter centrifugation, cells were gently resuspended and placed onto poly-p-lysine-
coated glass slides for 10 min at 37°C. After aspiration of the medium, cells were
fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min.
Cells were permeabilized with 90% methanol for 30 min at —20°C, washed with
PBS containing 4% FBS, and incubated with mouse anti-pERK for 45 min at
room temperature. After washing, cells were incubated with Cy3-comugated
anti-mouse immunoglobulin (Jackson ImmunoResearch Laborateries, Ine.) for
30 min at room temperature. To image the lytic granule polarization, the indi-
cated mouse NK cells were loaded with 100 nM Lysotracker (Molecular Probes)
for 20 min at 37C. After washing, loaded mouse NK cells were mixed with
RMAs-Raele target cells at a 1:1 ratio and flowed onto a parallel plate of flow
cells in a remperature-controlled chamber at 37°C. Images were taken over 0 1o
20 min using a Zeiss LSM 510 laser-scanning confocal microscape {Oberkochen,
Germany)y with 63x objective lenses. To study the recruitment of KSRI and
PERK into the T-cell immunological synapse, transduced Jurkat cells were mixed
with an equal amount of Daudi B cells preloaded with or without staphylococcal
enteratoxin E (SEE). After centrifugation, cells were gently resuspended, placed
onta poly-L-lysine-coated glass slides for 5 min at 37°C, fixed, permeabilized, and
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stained as described above. To quantitate the recruitment of KSR1-YFP or YFP
1o the contact site, boxes were drawn at the contact area berween the effector and
target cells, at the cytosol, and in a background area outside the cell by using the
Image J software program (WNIH). The relative recruitment index (RRI) was
calculated as follows: (mean fluorescence intensity [MFI] at synapse — back-
ground )/(MFT at regions in the cytosol — background). For each experiment, the
percentage of Jurkat cells with an RRI of more than 1.1 was calculated. For
quantification of pERK translocation to the cell-cell contact area, the ratio of
MFT at the contact area versus an equivalent in the cytosol was calculated and a
ratio of more than 1.1 was scored as protein accumulation. At least 30 conjugates
were examined for each experiment, and three different experiments were per-
formed.

Cytotoxicity assays. Cytotoxic activity of mouse NK cells was tested against
YAC-1 or RMAs or RMAs-Raele target cells using standard 4-h 31Cr release
assays (5). Where indicated, NK cells were preincubated with 10 pM specific
MEK inhibitor (UO126; Calbiochem) at 37°C for 20 min. In all experiments,
spontancous release did not exceed 10% of maximum release.

CFSE labeling and in vive NK killing assay. The in vivo NK cell cytolytic
experiments were performed essentially as previously described (3). RMAs and
RMAs-Raele cells (107) were labeled with 1 pM (low peak) and 10 pM (high
peak) CFSE (Molecular Probes) for 13 min at 37°C in RPMI 1640 medium
supplemented with 59 FBS. Labeling was blocked with 1:1 (voljvoly FBS, and
cells were washed several times with RPMI complete medium. CFSE-loaded
cells were counted, mixed at a 1:1 ratio, and injected intraperitoneally (8 x 108
10 10 % 10° cells/mouse in a 300-wl volume) in WT and KSR ™'~ mice, A small
sample of injection mix was acquired at the zero time point to record the ratio
berween RMAs and RMAs-Raele cells. At 24 h after injection, cells were
recovered by peritoneal lavage. After washing, the Raele expression was mon-
itored by binding with a specific antibody (anti-Raele antibady conjugated to
biotin; provided by Marina Cella) followed by the appropriate secondary anti-
body. The ratio between RMAs and RMAs-Raele cells from CFSE-labeled cells
was determined by How cytometry,

Cell conjugation assay. Target cells were loaded with 10 pM CFSE for 15 min
ar 37°C. NK cells from WT or KSRI~'~ mice were stained with PE-labeled
NKI.1 antibody (BD Biosciences). After washing, stained NK cells were mixed
with CFSE-loaded target cells at a 1:1 ratio, centrifuged, and incubated for 20
min at 37°C to form conjugates. After fixation in 4% paraformaldehyde in PBS
for 100 min, cells were analyzed by flow cylometry.

Flow cytometric measorement of intracellular ERK activation. T cells trans-
duced with the indicated lentivectors were mixed with SEE-pulsed Daudi B cells
at a 1:1 ratio, spun at 350 % g for 10 s, and placed at 37°C for 5 min. T-cell-
antigen-presenting cell (APC) conjugates were then separated with ice-cold
PBS-25 mM EDTA and fixed with 4% paraformaldehyde for 10 min on ice.
Cells were permeabilized with 909 methanol for 20 min at —20°C, washed with
PBS containing 37 fetal bovine serum, and incubated with mouse anti-pERK for
45 min at reom temperature. After washing, cells were ingubated with phyco-
erythrin-labeled F(ab'); anti-mouse immunoglabulin (Jackson ImmuneResearch
Laboratories, Inc.) for 30 min at room temperature. Staining was measured by
flow cytometry after gating for YFP-positive T cells and analyzed using FlowJo.

Cell stimnlation, immunoprecipitation, and immunoblotting. Jurkat cells
transduced with the indicated lentivectors were starved for 1 b in RPMI 1640,
Daudi cells were loaded with 100 ng'ml of SEE (Toxin Technology, Inc. ) for 30
min before mixing 2:1 (T cells:B cells) with T cells in RPMI medium. Cells were
gently centrifuged for 30 s and placed at 37°C for the indicated times. After
stimulation, the pellet was resuspended in ice-cold lysis buffer (0.1 M Tris base,
140 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mg/ml apoprotein, I mM phenyl-
methylsulfonyl fluoride, 1 mM sodium orthovanadate, and 50 mM sodium fluo-
ride). After centrifugation, proteins from cell lysates were resolved by sodium
dadecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed
by immunoblotting with the indicated primary antibodies followed by incubation
with anti-mouse immunoglobulin G or anti-rabbit immunoglobulin G coupled to
horseradish peroxidase. To quantified the level of KSR1, whole-cell lysates from
Jurkat or NK92 cells transduced with the indicated lentivector were resolved by
SDS-PAGE. KSR protein bands were detected and guantified by immunaoblot-
ting with the Odyssey system (Li-Cor). NK92 cells (5 x 10°sample) transduced
with the indicated lentivectors, after sorting, were IL-2 starved for 4 h in RPMI
1640 containing 5% FBS. Cells were incubated with an equal number of K362
target cells at 37°C for the indicated times. Cells were resuspended in ice-cold
lysis buffer and were centrifuged as described above. Cell lysates were analyzed
by immuneblotiing with antibodies specific for phosphorylated ERK. In the
immunoprecipitation experiments, nucleus-free supernatant was incubated with
2 pg/ml of monoclonal anfi-Lek at 4°C for 60 min and then incubated with
pratein A-Sepharose beads (Pharmacia) at 4°C for 90 min. After washing. Lek
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immunoprecipitates were resolved by SDS-PAGE, transferred to a membrane,
and analyzed by immunoblotting with the indicated antibodies.

Statistics. Statistical analyses were performed using a paired Student's f test.
Differences that were statistically significant are noted in the figures below.

RESULTS

KSR1 is required for NK Iytic activity. Previously we showed
that thymic and peripheral T-cell populations in KSRI™'~ mice
were similar to wild type (30). To determine the role of KSR1
in NK cell development, we measured the numbers of NK cells
by using antibodies to CD3 and NK1.1 in the spleens of wild-
type and KSR/~ mice (Fig. 1A). Flow cytometric analysis
showed that NK cells (NK1.1* CD3™ cells) were normally
represented in spleens of KSR/™'~ mice (Fig. 1B). We also
observed that KSR1 deficiency did not affect the numbers of
NKT cells (NK1.1" CD3™). Altogether, these data suggest that
NK cell development is normal in KSRI =/~ mice.

We then tested the role of KSR1 in NK cell killing. Splenic
NK cells from wild-type and KSR1-deficient mice were puri-
fied and NK lytic activity was tested by incubation with YAC-1
target cells. While wild-type NK cells efficiently killed YAC-1
cells (Fig. 2A), there was a significant reduction of killing when
using KSR1-deficient NK cells.

Since YAC-1 cell recognition is complex and involves several
different receptors (5), we also tested NK lytic activity medi-
ated by the NK receptor NKG2D. For these experiments we
used RMAs cells transfected with the mouse NKG2D ligand
Raele (RMAs-Raels) as targets. NK cells from KSRI-defi-
cient mice showed a significant reduction in cytolytic activity
(Fig. 2B) that was specific to NKG2D, as there was no killing,
of RMAs cells lacking Raele expression. Importantly, the re-
duction of NK cell cytotoxicity was not mediated by the de-
creased cell-cell adhesion, since the absence of KSR1 did not
affect the ability of NK cells to form conjugates with the indi-
cated rarget cells (Fig. 2C).

We confirmed the NK cell killing defect in vivo by injecting
wild-type and KSRI1-deficient mice with RMAs and RMAs-
Raele cells and monitoring tumor growth as previously de-
scribed (3). In this system, elimination of RMAs-Rae le cells is
mediated by NK cells in an NKG2D-dependent manner.
RMAs and RMAs-Raele cells (107) were distinguished by
labeling with either 1 pM (low staining) or 10 pM (high stain-
ing) CFSE, respectively. Tumor cells were mixed at a 1:1 ratio
and injected intraperitoneally (8 % 10°to 10 % 10° cells/mouse
in a 300-pl volume). A sample was measured before injection
to document the starting ratio between RMAs and RMAs-
Raele cells (Fig. 2D and G). Twenty-four hours after injection,
cells were recovered by peritoneal lavage and stained with
anti-Raele, and the ratio between RMAs and RMAs-Raele
cells in the CFSE-labeled cells was determined by flow cytom-
etry. As expected (12), RMAs-Raele cells were preferentially
eliminated in wild-type mice (Fig. 2E and G). In contrast,
elimination of RMAs-Raele cells in KSR/~ mice was im-
paired (Fig. 2F and G). This demonstrates that KSR1 is re-
quired to mediate NK cell lytic activity in vivo.

NKG2D-induced lytic granule polarization is impaired in
KSRI™'™ mice, NK killing of the target cells is mediated by the
polarized release of Iytic granules (13, 34). Since NK lytic
activity was impaired in the absence of KSRI, we investigated
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FIG. 1. Normal numbers of NK cells in KSRI ~'~ mice. (A) Expres-
sion of KSR1 in splenocytes of WT and KSR/ ™'~ mice. Total cell
lysates of WT and KSR/~ mice were analyzed by immunoblotting
with anti-KSR 1 antibody. Grb2 antibody was used as a loading control.
(B) Splenocytes of WT and KSR ™'~ mice were stained with NK1.1-PE
and CD3s-fluorescein isothiocyanate antibody and analyzed by flow
cytometry. The dot blot is representative of three different experiments
(two mice/experiment).

whether KSR1 was required for lytic granule polarization. Pu-
rified NK cells from wild-type and KSRI™'~ mice were incu-
bated with Lysotracker to label lytic granules and then imaged
before and after conjugate formation with YAC-1 cells. Prior
to conjugation, Iytic granules were randomly distributed in the
cytosol (Fig. 3A). After interaction with YAC-1 cells, lytic
granules of wild-type NK cells moved to a location near the site
of contact with the target cell (Fig. 3A and C). This was spe-
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FIG. 2. KSR is required for NK lytic activity in vitro and in vivo. (A and B) Cytotoxicity of WT and KSR ™"~ NK cells was tested against
YAC-1 cells (A) or RMAs and RMAs-Raele target cells (B) in vitro. Purified NK cells (=96% NK1.1* CD3e™) were IL-2 starved in RPMI
medium for 4 h before incubation with the indicated target cells. Where indicated. NK cells were preincubated with the MEK inhibitor UO126
(10 pM). Data are representative of three independent experiments. E:T ratio, effector:target ratio. (C) Conjugate formation is normal in
KSR1-deficient cells. NK cells from WT or KSRI™'™ mice were stained with NK1.1-PE antibody and mixed with CFSE-loaded target cells. Cells
were allowed to form conjugates for 20 min at 37°C, fixed, and analyzed by flow cytometry. The bar graphs represent the percentages of NK1.17
CFSE™ double-positive cells from the total pool of NK1.17 cells. Data are represented as averages *+ standard errors of the means of at least three
separate experiments. (D to G) NK killing assay in vivo. RMAs and RMAs-Raele cells were labeled with different concentrations of CFSE and
mixed at a 1:1 ratio. (D) An aliquot of the cell mixture was analyzed before injection (time zero). (E and F) The cell mixture was injected
intraperitoneally into WT and KSRI™'~ mice. Twenty-four hours after injection, cells were recovered by peritoneal lavage. Raele expression was
assessed by labeling with anti-Raele antibody and examined by flow cytometry. The RMAs/RMAs-Raele ratio was obtained by comparing high
and low CFSE-labeled cells. (G) Summary of RMAs/RMAs-Raele ratios in six WT and six KSRI™'~ mice. Horizontal bars indicate the mean
ratios.

cific, as the polarized movement of Iytic granules was inhibited polarization was significantly reduced (Fig. 3B and C). These
by using inhibitors of phosphatidylinositol 3 kinase (data not results suggest that KSR1 is also important in Iytic granule
shown). While the ability of KSR1-deficient NK cells to form  polarization and that defects in granule polarization may be
conjugates with YAC-1 cells was not affected, lytic granule responsible for defects in cytolytic killing.
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contact site

% conjugates with LG polarized into

WT KSR1-/-

FIG. 3. Lytic granule polarization is impaired in NK cells from
KSRI™'™ mice. (A and B) Time-lapse experiment, exttacted from a
maowie, showing representative images of the localization of Iytic gran-
ules (red) in primary NK cells purified from spleens of WT (A} and
KSRI™" (B) mice and conjugated with CFSE-loaded YAC-1 target
cells {green; time in seconds). Bar, 5 pm. (C) Lytic granule (LG)
polarization at the contact site with the indicated targer cells was
quantitated after 5 min of incubation. Data represent the mean
(=standard error of the mean) percentage of conjugates from three
independent experiments with at least 40 conjugates. =, P* < (L05.

PERK recruitment into the NK IS is impaired in KSRI™~
mice. Recently it has been reported that pERK is recruited to
the immunological synapse of CD8" T cells (58). Since it is
postulated that the subcellular localization of signaling mole-
cules is mediated by scaffold molecules (18, 39, 45), we won-
dered whether KSR1 might be involved in ERK localization to
the IS.
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We tested whether KSR1 plays a role in pERK localization
by first imaging pERK localization using NK cells from KSR1-
deficient mice. Purified NK cells from wild-type and KSRI~/~
mice were conjugated with YAC-1 cells. Cells were stained
with antibodies to pERK and analyzed by confocal microscopy.
While pERK was detectable in both wild-type and KSRI-
deficient NK cells, pERK localization at the synapses was in-
frequent in KSRI-deficient NK cells compared to wild-type
cells (Fig. 4A and B).

So that we could dissect the mechanism of KSR1 function,
we attempted to replicate these findings using Jurkat cells
where KSR1 expression was suppressed using lentiviruses ex-
pressing two different KSR1-specific ShRNAs. Bulk sorting of
green fluorescent protein-positive cells showed that both
shRNAs resulted in over 70% inhibition of expression (Fig.
4C). pERK recruitment to the synapse was then analyzed by
forming conjugates between Jurkat cells and superantigen-
coated APCs (Fig. 4D and E). While pERK was easily detected
at the IS of conjugates formed using wild-type Jurkat cells (Fig.
4D, upper panels, and E), suppression of KSR1 expression
significantly impaired the recruitment of pERK to the IS (Fig.
4D, lower panels, and E). Similar results were obtained when
the same shRNAs were used in the human NK cell line NK92
(data not shown).

Consistent with results from KSR-deficient T cells (30), sup-
pression of KSRI expression in the Jurkat cells attenuated
ERK activation (Fig. 5A). This suggested that our inability to
detect pERK at the synapse could be due to a generalized
defectin ERK activation. This seemed unlikely, as strong stain-
ing with the pERK antibody was easily detected in some of the
KSRI1-deficient cells (Fig. 4D). Germain and coworkers have
demonsirated that ERK activation by the T-cell receptor is all
or none in individual CD&" T cells (1). What they found was
as the strength of T-cell receptor (TCR) signaling increases,
there is not a graded increase in ERK activation. Rather, at the
mdividual cell level, ERK is either fully activated in cells or not
activated at all. We, therefore, hypothesized that in the ab-
sence of KSR, cells could still be activated but that the total
number of activated cells was lower. To confirm this, we used
flow cytometry to compare ERK activation in control versus
KSRI shRNA-treated cells. As we expected, KSR1 shRNA
cells were able to activate ERK to levels similar to wild-type
cells but the number of cells that were activated was much
lower (Fig. 5B). This suggests that KSR1 functions to increase
the sensitivity of TCR-mediated activation of ERK. In addi-
tion, it suggests that the lack of pERK at the synapse is not due
to a generalized defect in ERK activation and supports the
hypothesis that KSR1 is required for the synapse localization
of pERK.

KSRI1 recruitment is required for pERK accumulation into
the immunological synapse. To determine whether KSR1 itself
is recruited to the IS, Jurkat T cells were transduced with a
construct encoding KSR1 fused to YFP (KSRI1-YFP). After
conjugation with superantigen-coated APCs, KSR1-YFP was
easily detected at the IS (Fig. 6A, lower panel, and B). As a
control, YFP by itself was distributed homogenously through-
out Jurkat cells with or without stimulation by SEE (Fig. 6C).
The KSR1-YFP recruitment was specific to T-cell activation,
as conjugation with APCs in the absence of superantigen did
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FIG. 4. Recruitment of pERK into the NK IS is impaired in KSR1-deficient mice. (A) Representative images showing the localization of pERK
(red) in primary NK cells purified from spleens of WT and KSR/~ mice that were conjugated with CFSE-loaded YAC-I target cells (green). Bar,
5 pm, (B) pERK accumulation at the NK 1S was quantitated by dividing the percentage of cells with pERK at the NK IS by the total number of
pERK-positive cells imaged. Data represent the mean (=*standard error of the mean) percentage of conjugates with an RRI (see Materials and
Methods) of =1.1, from three independent experiments with at least 30 conjugates, =, P < 0,05, (C) KSRI1 knockdown in Jurkat T <ells,
Immunoblotting results are for KSR1 and Grb2 expression in Jurkat T cells (3.5 x 10° cells/lane) transduced with the indicated shRNA. KSR1
expression levels were compared to control shRNA Jurkat T eells. (D) pERK recruitment into the contact site is impaired in KSR1 knockdown
T cells. Representative differential interference contrast and Cy2 fluorescence images are shown for shRNA-expressing Jurkat T cells conjugated
with Daudi B cells preloaded with 100 ng/ml of superantigen. Bar, 5 pm. (E) Percentage of conjugates with pERK recruited into the synapse, as
described for panel D, Quantitative analysis was done for pERK accumulation at the contact site from three independent experiments with at least
40 conjugates. Data represent the mean { =standard error of the mean) percentage of conjugates with an RRI of =1.1. =, /* = 0.05.

not result in any detectable KSR1 recruitment to the synapse
(Fig. 6A, upper panel, and B).

After Ras activation, KSR1 is recruited to the plasma mem-
brane via its CA3 domain (24). To verify that synapse recruit-
ment of KSR1 is responsible for pERK localization in the
synapse, we rescued KSR1-deficient Jurkat cells with either a
CA3-mutated KSR1-YFP construct or a wild-type KSR1-YFP
fusion. The CA3 domain has two conserved cysteine residues
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that can be mutated to disrupt the structure of the domain and
its ability to bind to membranes (60). Cell sorting was used to
isolate a population of cells with similar expression levels (Fig,
7A). Since high-level expression of KSR1 is known to inhibit
ERK activation (20, 21), we first verified that the level of KSR1
expression in the cells that we isolated was able to restore ERK
activation. Flow cytometric analysis showed that the level of
wild-type KSR1 was sufficient to reconstitute ERK activation.
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FIG, 5. Antigen-induced T-cell activation is regulated by KSRI.
(A) ERK activation is impaired in KSR1 knockdown T cells. shRNA-
transduced Jurkat T cells were stimulated with superantigen-coated
Daudi cells (100 ng/ml) for the indicated times (in minutes) and ana-
Iyzed for pERK1/2 by Western blotting. Blotting for c-tubulin (a-b)
was used to demonstrate equal loading of each sample. (B) Suppres-
sion of KSR 1 expression inhibits the number of activated Jurkat cells.
Representative histograms show the distribution of pERK as mea-
sured by flow cytometry of Jurkat T cells after activation by Daudi
preloaded with or without superantigen (10 ng/ml SEE). In the ab-
sence of stimulation, no shift in the x axis of histograms was observed
in either control or KSR1 shRNA-expressing, Jurkat cells. Notably,
after stimulation the change in area under the peak indicates that ERK
activation was observed in a higher number of control shRNA cells.

Interestingly, the CA3 mutant was able to partially rescue ERK
activation, suggesting that KSR1 can facilitate ERK activation
in the absence of membrane recruitment (Fig. 7B).

‘We next tested whether cells expressing the CA3-mutated
KSR1-YFP could rescue pERK localization at the IS. Imaging
experiments showed that the wild-type KSR1-YFP was re-
cruited to the synapse and was able to rescue pERK localiza-
tion at the IS. In contrast, the CA3 mutant was not recruited to
the IS, nor was pERK detectable at the IS (Fig. 7C and D).
Together, these results demonstrate that KSR1 recruitment to
the 1S is mediated by its CA3 domain and that KSR1 recruit-
ment to the IS is required for pERK localization at the immu-
nological synapse.

Phosphorylation of the Lek PXSP motifl is regulated by
KSRI-mediated ERK activation. The requirement for active
ERK recruitment to the IS suggesis that it is required for the
phosphorylation of proteins that are present in the synapse.
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Singe Lek 1s a known substrate for ERK during T-cell activa-
tion (47, 55, 57). we tested whether KSR1 was required for Lck
phosphorylation. A KSR1-specific shRNA-expressing lentivi-
rus was used (o inhibit endogenous KSRI1 expression in a
human NK cell line (Fig. 8A), We confirmed that suppression
of KSR1 reduced ERK activation in the human NK cell line
after stimulation with target cells (K562 cells) (Fig. 8B). Lek
immunoprecipitates were prepared from both wild-type and
KSR1 shRNA-expressing cells and blotted with an antibody
that recognizes ERK phosphorylation sites (PXSP). The in-
duction of Lek phosphorylation after target cell incubation was
reduced in KSR1 shRINA-treated NK cells compared to wild-
type cells (Fig. 8C). This supports the hypothesis that KSR1
recruitment of ERK facilitates the phosphorylation of ERK
substrates at the synapse.

DISCUSSION

Here we examined the role of KSR1 on the cytolyvtic func-
tion of NK cells and found that KSR1-deficient NK cells ex-
hibit a defect in killing. The defect appeared to be related to an
inability to polarize cytolytic granules. Since pERK recruit-
ment to the immunological synapse was recently reported dur-
ing the activation of CD8" T cells (58), and because ERK
activation is required for killing (6, 56), we explored the hy-
pothesis that pERK recruitment to the synapse might be facil-
itated by KSR1. Indeed, we found that in KSR1-deficient T
cells, pERK recruitment to the immunological synapse was
defective.

KSR is thought to function as a scaffold for the Ras/MAP
finase pathway (18, 27, 28, 44). This scaffold molecule regu-
lates the intensity and duration of growth factor-induced ERK
activation to modulate a cell's proliferative, oncogenic, and
adipogenic potential (20, 21, 40). It binds to all three kinases of
the ERK MAP kinase cascade, Raf-1, MEK, and ERK (19, 51,
53), and is recruited to the plasma membrane during Ras
activation, where it presumably facilitates the interaction be-
tween active Ras and Raf-1 (18, 28, 35). More recent data
suggest that KSR may have additional roles facilitating phos-
phorylation of the activation loop of Raf (9). Previously, we
showed that in KSR 1-deficient T cells the activation of ERK
was still detectable but highly attenuated (30). We interpreted
this to mean that KSR is required for the efficient activation
of ERK.

In this study, we analyzed the ERK activation defect in more
detail. We previously used immunoblotting to measure ERK
activation (10, 30). This method, because it relies on the lysis of
millions of cells, averages the biochemical changes that occur
at a specific moment in time. Using such a method, an atten-
uation of ERK activation could be due to attenuation of ERK
activation in all cells or reflect a defect in ERK activation in
some but not others. Using flow cytometry to analyze ERK
activation at a single-cell level, we were surprised to find that
in KSR1-deficient cells, the defect of ERK activation only
affected some but not all cells. A small fraction of KSRI-
deficient cells showed levels of ERK activation that are similar
1o wild-type cells.

Previous work had suggested that ERK activation in CD8™
T cells is stochastic, that it is an all-or-none process (1). A weak
stimulus results in only a few cells that are fully activated and
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FIG. 6. KSRI is recruited into the immunological synapse. {A) Representative differential interference contrast. YFP, and Cy3 fluorescence
images of Jurkat T cells expressing KSR1-YFP after conjugation with Daudi B cells loaded with or without SEE (100 ng/ml). In the absence of
SEE (-SEE), ERK (red) is not phosphorylated and KSR 1 (green) is not recruited into the contact site. In the far right panel, the location of pERK
is shown in false color. Bar, 5 pm. (B) KSR1 and pERK accumulation at the contact site was quantitated from three independent experiments with
al least 50 conjugates. Data are represented as the average (*standard error of the mean) of conjugates with an RRI of >1.1 (see Materials and
Methods). (C) Representative differential interference contrast, YFP, and Cy3 fluorescence images of Jurkat T cells expressing YFP conjugated
with Daudi B cells and stimulated as for panel A. Images are representative of two independent experiments with at least 30 conjugates.

as the strength of a stimulus is increased, more and more cells
show full ERK activation. In support of this idea, we found that
the attenuation of ERK activation seen in KSR 1-deficient cells
is due to decreased numbers of activated cells, suggesting that
KSR1 functions by lowering the threshold stimulus required
for the stochastic activation of ERK. We speculate that by
helping to recruit the RaffMEK/ERK module to active Ras,
KSR1 may function to enhance the activation of the pathway
(22).

It is intriguing to speculate that recruitment of KSRI and
the ERK MAP kinase cascade to the immunological synapse
may have functions in addition to simply facilitating ERK ac-
tivation. By holding active ERK at the immunological synapse,
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KSR1 may function to allow ERK to phosphorylate specific
substrates at the plasma membrane essential for T-cell func-
tion. For example, it has been proposed that ERK phosphor-
ylation of Lck may play an important role in facilitating a
positive feedback loop that is important for enhancing T-cell
activation (47). 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.
Other important substrates at the immunological synapse in-
clude stathmin, a molecule that plays a key role in helping to
regulate microtubule polymerization (4). It seems possible that
the granule polarization defect seen in the KSR1-deficient cells
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FIG. 7. KSRI recruitment affected pERK accumulation into the contact site and antigen-induced T-cell activation. (A) Immunoblotting for
KSR expression in Jurkat T cells (600 x 107 cells/lane) transduced with control sSiRNA, KSR1#1 shRNA, or rescue KSR1#1 shRNA lentivector
containing KSR1(CCSS)-YFP or KSR1{WT)-YFP. Transduced Jurkat T cells with rescued CCSS mutant and WT KSR1 were sorted to achieve
a pool of cells with similar expression levels (low and high) of KSR1-YFP. The KSR1 expression level compared to control shRNA transduced
Jurkat T cells is indicated. (B) Representative histograms of the distribution of pERK as measured by flow cytometry of the indicated transduced
Jurkat T cells after activation by Daudi cells preloaded without {-SEE) or with 1.000 ng/ml of superantigen (+SEE). (C) KSR1 is required for
pERK recruitment into the IS. Images shown are representative of differential interference contrast (DIC), YFP (KSR1). and Cy3 (pERK)
fluorescence images of KSR1#1 shRNA-KSR1{WT)-YFP or KSR1#1 shRNA-KSR1(CCSS)-YFP Jurkat T cells conjugated with Daudi B cells
preloaded with SEE (100 ng/ml). In the far right panel, the location of pERK is shown in false color. Bar, 5 pm. (D) Quantitative analysis of KSR1
and pERK accumulation levels at the contact site from three independent experiments with at least 40 conjugates. Data are presented as the
average (*standard error of the mean) of conjugates with an RRI (see Materials and Methods) of >1.1.

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 (26). While it was originally thought that Ras

71

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 intracellu-
lar membranes (2, 8, 37). At steady state, while K-Ras is mainly
localized to the plasma membrane and N-Ras and H-Ras are
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FIG. 8. ERK phosphorylation of Lck is facilitated by KSR1 in NK
cells. (A) Inhibition of KSR1 expression after KSR - spemﬁc shRNA
transduction in the human NK92 cell line (3 x 10° cells/lane). Immu-
noblotting was performed with antibodies to KSR1 and Grb2. (B) De-
fective ERK activation in KSR1 knockdown NK92 cells. NK92 cells
were stimulated with target cells (K562) for the indicated times (in
minutes) and analyzed for pERK1/2 by Western blotting. Blotting with
a-tubulin (a-tub) was used to demonstrate equal loading. (C) Serine
phosphorylation of the Lck PXSP motif is facilitated by KSR1. Control
and KSR1 shRNA-expressing NK92 cells were incubated with K562
cells as described for panel B. Lek immunoprecipitates were prepared
at the indicated times (in minutes) and were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and probed with a
phospho-specitic antibody 1o the sequence PXpSFP. The membrane was
then stripped and reprobed with monaclonal anti-Lck to confirm equal
loading of Lck.

mainly localized to the Golgi apparatus (36). Philips and co-
workers showed that TCR stimulation alone resulted mainly in
Golgi complex activation of Ras, while costimulation with anti-
LFA-1 allowed for plasma membrane and Golgi complex ac-
tivation (25). In other systems, Ras signaling has been shown to
occur on endosomes as well as in endoplasmic reticulum mem-
branes (14, 38). Inherent in these studies is the idea that
localized Ras signaling is important in the activation of loca-
tion-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.

Whether KSRI 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. Unfortu-
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nately, little is known about the expression pattern of KSR2.
Probe sets for KSR2 are available on commercial microarrays
for bath human and mouse, but there are no data documenting
any level of expression in any tissue. In our own hands, we have
been unable to detect KSR2 message using a variety of differ-
ent methods in any lymphoid or myeloid compartment.
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3.3 Conclusions

This work shows that KSR1-deficient mice displaguetion of NK cell cytotoxicity.
The defect was not mediated by defective cell-aghesion, since the absence of KSR1
did not affect the ability of NK cells to form camgjates with target cells. Instead, it
might be mediated by defective polarization ofdygjranules, which required KSR1
function. Search for the mechanism causing thifealeshowed that KSR1 recruitment
to the membrane is required for recruitment of vactERK to the immunological
synapse, which may be crucial to allow ERK to plhasplate specific substrates at the
plasma membrane.

It is intriguing to speculate that recruitment d8KR1 and the ERK MAP kinase cascade
to the immunological synapse may have functionaddition to simply facilitating
ERK activation. By holding active ERK at the immilogical synapse, KSR1 may
function to allow ERK to phosphorylate specific stibtes at the plasma membrane
essential for T-cell function. For example, it hégen proposed that ERK
phosphorylation of Lck may play a role in faciliteg a positive feedback loop that is
important for enhancing T-cell activation (Stefaaovet al, 2003). Our
immunoprecipitation data indicated that ERK-depengdosphorylation of the PXSP
motif in Lck was diminished after KSR1 suppressisapporting the role of KSR1 on
ERK substrate phosphorylation into the synapse.

It seems possible that the granule polarizatioeatefeen in the KSR1-deficient cells is
due to defects in ERK phosphorylation of criticalbstrates at the immunological
synapse. The localization of the MAP kinase cas@ddifferent sites in the cell has
been suggested to play an important role in THomellogy (Mor et al, 2006). While it
was originally thought that Ras activation of thé\Rkinase cascade could only be
initiated at the plasma membrane, it has now becdeer that different Ras isoforms
are localized and activated at distinct intracallunembranes (Apolloni et al, 2000;
Choy et al, 1999; Plowman et al, 2005). These studiuggest that localized Ras
signaling is important in the activation of locatispecific effectors, but it is also
possible that this plays a role in localizing aetiZRK close to the location-specific
substrates. Unfortunately, in these studies, tlmalitation of active ERK was not

determined.
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Whether KSR1 localizes to sites other than thenptasmnembrane is not yet known. It
would be interesting if KSR1 and KSR2 were recdiit® distinct membranes.
Unfortunately, little is known about the expresspaitern of KSR2.

In conclusion these data suggest that KRS1 may roeiat for cell-mediated
cytotoxicity and may be a promising candidate maleanvolved in diseases caused by
defective cell-mediated cytotoxicity.
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CONCLUSIONS

Autoimmune lymphoproliferative diseases are disrdaf lymphocyte homeostasis
caused primarily by defects in the Fas apoptotithyay. These disorders include
autoimmune lymphoproliferative syndrome (ALPS) amianzani autoimmune
lymphoproliferative disease (DALD). In most caséd,PS is due to deleterious
mutations of the Fas gene (TNFRSF6) and is classds ALPS type-la . Fas mutations
are usually heterozygous, their penetrance dependtheir effect on Fas function.
Mutations hitting the intracellular death domain Feds, involved in recruitment of
FADD and caspase-8/10 and initiating the deathasjgre often the most severe. They
exert a dominant-negative effect and display highgbrance. By contrast, mutations
hitting the extracellular portion or causing hapkifficiency have weaker penetrance.
Most ALPS type-la patients are heterozygous for fas mutation, but the parent
carrying the mutation is generally healthy. Othemplementary factors may thus be
required to the development of the disease. Onsilpbty is that mild Fas mutations
only induces ALPS when cooperate with mutationstbér genes impairing function of
the Fas system itself. In line with this hypotegis identified two unrelated ALPS
patients carrying heterozygous mutations both inFRB and CASP10 gene. The
TNFR6 mutations were the weakly penetrant mutat@#sX and IVS3-2a>g and were
not sufficient for development of ALPS. In theseotpatients a concurrent factor may
be the co-present mutations of CAP10 (Y466C andLPb@hich decreased the activity

of caspase-10 and were per se insufficient to iadldPS development.

Another mechanism involved in downmodulation of thrmune response is the cell-
mediated cytotoxicity. Cytotoxic T lymphocytes amaktural killer cells are able to Kkill
the target cell through both the Fas/FasL or pevfgranzymes systems. This
cytotoxicity is crucial to Kill virus-infected calland clear viral infections but may also
be involved in downmodulation of the immune resmgory fratricide of effector
lymphocytes and antigen-presenting cells. The pdggiof the involvement of perforin
in the pathogenesis of autoimmune disease wassfiggiested by the observation of an
ALPS patient with a Fas gene mutation inheritednfrthe father and with a PRF1
mutation inherited from the mother. Since both pteand the patient’s brother, who
carried the Fas mutation only, were healthy, itesppd that both mutations contributed

to the development of ALPS (Clementi et al, 2008 confirmed this result in a larger
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group of ALPS/DALD patients, where we detected tWbH-associated amino acid
substitutions of PRF1 N252S and A91V. We found that frequency of N252S was
increased in typical forms of ALPS and increaseslribk of its development by about
62-fold, whereas that of A91V was increased in rasomplete variant of ALPS and
increased this risk by about three fold. This rislas significantly increased by
copresence of the OPq gene variants, but even their combination with A% the
Fas defect was not sufficient to induce DALD inf88dALD family members. These
results underlined the complexity of the pathogene$ ALPS, in which different
mechanism may be involved affecting downmodulatbthe immune response and /or
viral clearance (Su et al, 2004; Badovinac et@D3 Zhou et al 2002).

Involvement of cell-mediated cytotoxicity defects autoimmunity and defective viral
clearance has been shown in other several disdasggt into how the lytic synapse is
formed in cells from patients with these diseasas lbeen gained mostly from T cell
studies, but functional defects have been estadlish NK cells too. Protein involved
on release of Iytic granules by cytotoxic cell ntite candidate molecules involved in
diseases caused by defective cell-mediated cywtpxiThe diseases that provide
specific insight into the NK-cell lytic synapse amermally divided into two groups.
Diseases in the first group affect steps that avelved in the initiation stage or the
activation steps of the effector stage of synapsadtion. Diseases in the second group
affect steps in lytic-granule trafficking to thensypse in the effector stage. We can
speculate that defect in KSR1 function may be wedlin the pathogenesis of the
second group of disease. In fact, the defect inddKKcytotoxicity displayed by KSR1-
deficient mice was not due to defective cell-celhasion, since the absence of KSR1
did not affect the ability of NK cells to form camgates with target cells. Instead, it is
mediated by defective polarization of lytic grarsul® the immunological synapse.
Searching for the mechanism causing this defect, deemonstrated that KSR1
recruitment to the membrane is required for reoraiit of active ERK to the
immunological synapse, which may be crucial tovalERK to phosphorylate specific
substrates at the plasma membrane essential farelKunction.

It might be interestingly take in consideration ystematic evaluation of the role of
KSR1 in the pathogenesis of autoimmune and immuiwelecy disease, due to cell-

mediated cytotoxicity defects.
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