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1. PREFACE

During my period as a PhD student, | worked ongutgimainly focused on genetic variations
and hematologic alterations associated with the eldgment of autoimmune
lymphoproliferative syndrome (ALPS). ALPS is an @otmune disease due to defective
lymphocyte apoptosis resulting in accumulation ofyplonal lymphocytes in the lymph
nodes and the spleen, and expansion of T cellessing the T cell receptaf (TCRaf) but
lacking the CD4 and CD8 coreceptors, and therefamed double-negative (DN) T cells;
patients often display autoimmune manifestationajniy hemocytopenias.The disease is
caused by genetic mutations that decrease theidanof the Fas death receptor and that
display an autosomal dominant inheritance with mplete penetrance. Most patients carry a
heterozygous mutation in tiRS gene (ALPS-FAS), whereas few patients carry monatin
the FAS LIGAND (ALPS-FASLG) or CASPASE10 (ALPS-CASP10) genes. Moreover, a
substantial number of patients carry somatic moatiin FAS in the DN T cell population
(ALPS-sFAS), whereas the causal mutation is unknowanother substantial proportion of
patients (ALPS-UND). Our laboratoryalso described atignts with
lymphadenomegaly/splenomegaly, autoimmune manifesta and defective Fas function,
but lacking expansion of DN T cells. This diseass been named Dianzani Autoimmune
Lymphoproliferative Disease (DALD) (OMIM referencg05233), and several features
indicate that it may have a genetic component woliring the Fas pathway. Nevertheless, in
both ALPS and DALD, several evidences suggestdtiar gene alterations, apart fromthose
of FAS FASLG or CASPASE10,may influence the disease development as diseaddieno
gene. Our laboratory, indeed,demonstrated that npmlghic variations of the
OSTEOPONTIN (OPN) and PERFORIN(PRF-1) genes may be susceptibility factors for
ALPS and DALD development and may influence diseaspression. Osteopontin is a
proinflammatory cytokine capable to inhibit lymplyte apoptosis, whereas perforin is
involved in cell-mediated cytotoxicity of Naturalilker (NK) cells and Cytotoxic T
Lymphocytes (CTL), involved in the anti-viral resm® but also in the immune response
homeostasis.
The research described in this thesis stemmed tinese works and analyzed the role played
in ALPS and DALD by
1. Variations of th&NC13D gene coding for Muncl3-4involved in perforin
function(Boggio E, et aPLoS One. 2013).



2. Variation of th&AP gene (SLAM-Associated Protein)involved in NK fuioct (Boggio E,
et al.Human Immunology. 2012).
3. Interleukin (IL)-17, a proinflammatory cytokine thamay work in tandem with

osteopontin (Boggio E, et Blood.2013. In this work, | shared the first authorship with
E.Boggio.



2. INTRODUCTION

2.1 Immune defense

The immune response proceeds through an earlyminfitory response recruiting relatively non-
specific effector mechanisms that are immediatelgdy to use, and a lateadaptive response
recruiting highly specific effector mechanisms reig several days to be activated.Key cells of
inflammation are granulocytes and macrophages, lwhimninate the infectious agents primarily
through phagocytosis and cooperate with humorabfagncluding the complement system and the
metalloproteinase network.Key cells of the adaptmmune response are lymphocytes including T
and B lymphocytes, which specifically recognizensales of infectious agents through specific
antigen receptorswhich are T Cell Receptors (TC#) T lymphocytes and antibodies for B
lymphocytes. The antibodies directly recognizeahggens in their native form and can be secreted
in a soluble form. The TCR recognizes the antigesudlly a protein) only after it has been
processed and presented on molecules of the megjmrcbmpatibility system (MHC) by antigen
presenting cells (APC), such as macrophages, dendglls or B lymphocytes.T lymphocytes
include CDSCTL killing either virus-infected cells or neoplasstells, and CD4 T helper (Th)
lymphocytes producing cytokines capable to finelyet the immune and the inflammatory
responses.Over 20 years ago, it was first demdedtthat effector Th cells can be categorized into
two distinct subsets, Thl and Th2, based on thgiokae profile. Thl cells are mainly
characterized by production of large amounts oérieton-gamma (IFN) and tumor necrosis
factor-beta (TNF3). Th2 cells mainly secrete interleukin (IL)-4, 8,-and IL-6. Th1 cells are key
players in delayed type hypersensitivity immunepoese through activation of macrophages
andare involved in the host defense against inttaae pathogens.Th2 cells are more efficient in
mounting humoralimmune responses, supporting B aefivation,production ofantibodies and
eosinophil infiltration. Th2 responsescounteradtaeellular pathogens andcounterbalance the Thl
responses.A further Th cell type characterizedhenlast years includes Th17 producing IL-17 and
supporting the inflammation mediated by granulosyfehey seem to have a key role in protecting
against extracellular microorganisms due to thkilitg to secrete the pro-inflammatory cytokines
IL-17, IL-21, IL-22, and IL-26, as well as small aomts of IL-6 and TNFe. Another Th subset
comprises regulatory T (Treg) cells that produce 10 and Transforming Growth Factor (TGF)-
Band suppress the immune response and inflammakimey include “natural” Treg cells which
originate directly from thymic precursors [1], atidduced” Treg cells that can differentiate from
several subsets of effector Th cells under theceft# several cytokines [2,3] (Figure 1).

Inflammation and the adaptive response are crimighrotection against infectious agents, but can
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also cause diseases, such as in autoimmune dissedeslergies, when they are activated in an

inappropriate manner [1].
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Fipmre 1. Schematic representation of naive CD4 T cells under different stimuli and possible differentiation pathways. IFN-y =
imterferan gamma: IL = interleukin; TGF-B = transforming growth factor beta: Th, Th2 =T helper cells 1 and 2; Tees = regulatory T
cells: M-C5F and GM-CSF = macrophage and granulocyte-macrophage colony-stimulating factor; LE = B lymphooytes.
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2.2 General aspects of autoimmunity

In the early ‘900, Paul Ehrlich realized that safieeases can be caused by an erroneous activation
of the immune system agairsgtf-antigens and termed this condition “horror autatosg”. Indeed,

it is now well known thata key feature of the adaptimmunity is the ability to discriminate
betweenself and non-self antigensin order to develop immune responses sigtia latters and a
specific tolerances@lf-tolerance) against the formers.

A key mechanism ofsef-tolerance is “central tolerance” that occurs dgritymphocyte
development in the primary lymphoid organs whengirezursors of B and T lymphocytes undergo

a rigorous process of clonal selection (negativikectien) deleting those recognizingglf-
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antigens.In the ‘60s, negative selection was betieto be capable of eliminating all the auto-
reactive lymphocytes and thefailure of this proeess believed to be the cause of autoimmune
diseases. Inthe late ‘70s,a broad body of expetmh@vidence showed that the central tolerance
mechanisms are not sufficient to eliminate all thato-reactive lymphocytes, since mature
circulating auto-reactive lymphocytes are normagesent in healthy subjects. However, the
presence of these cells does not inevitably leathé¢odevelopment of autoimmune diseasessince
their activity is controlled by “peripheral tolera? mechanisms acting by inducing deletion,
anergy, and suppression of the auto-reactive lymoytkes.

A key homeostatic mechanism counteracting autoinityus the natural tendency of the immune
responses to bedf-limited. When cells of the immune system are atéd,they upregulate
expression not only of genes involved in prolifematand effector functions, but also of genes
sensitizing the activated cell to apoptotic stinualpable to switch off the immune responseseveral
days after its activation. The apoptotic deathadfi™ activated lymphocytes substantially decreases
the risk that they cross-react agaisett-antigens after the elimination of the infectiogeat [4].
However, the systems involved in central and pemahtolerance sometimes may fail, which gives
rise to development of autoimmune diseases. Thisréamay be caused by multiple factors,
including infections, environmental factors, an@ thenetic background, which may inhibit the
homeostatic tolerance mechanisms and support tberanune effector cells.

Infectionsmay trigger the disease through “antigeimicry”, in which the immune response
against the infectious agenttriggersa crossreacw®immune response agairsdf-antigens
structurally similar to those of the pathogen. Am® mechanism is the release of “sequestered”
self-antigens from tissues damaged by the infectiogsdkelf-antigens may be reccognizedras

self because they had not been previously accessilthe tonmune system and did not activate the
tolerance mechanisms. A third mechanism is the Wa)t effect’exerted by the
inflammatoryresponse to the infection; by inducsegretion of high amounts of cytokines and
expression of costimulatory molecules,it may insestne responsiveness not only to the infectious
agent but also to theelf-antigens expressed in the inflamed tissue. Theszhamisms are not non
mutually exclusive and may act together in chramitoimmune disease to cause the “epitope
spreading” of the autoimmune response, i.e. thgrpssive expansion of the autoimmune response
against multiple auto-antigens during the diseasgrpssion [5].

A key genetic risk factor for most autoimmune dsg=ais the gender since many autoimmune
diseases (such as systemic lupus erythematosusthepéa gravis, scleroderma, multiple sclerosis,
and Sjogren's syndrome) are more frequent in fesrthi@n in males. A key role in this different

susceptibility is probably played by sexual hormngynghose receptors are expressed by immune
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cells and profoundly influence the immune respoisemales and females and during the
pregnancy. However, this is not the only explamatmf female predisposition to develop
autoimmunity since recent experiments in mice slibthat an independent effect may be directly
mediated by genetic factors located in the sexmabsmmes.

The gender is not the only genetic factor influagcsusceptibility to autoimmune diseases since
studies of recurrence risk in families and twinggast a complex mode of inheritance involving
interactions of different combinations of loci idéincing the immune response. Despite several
whole genome surveys, potent loci have not beeactit for most autoimmune diseases. It is
likely that most susceptibility genes have a sreffiect, with the possible exception of the MHC
locus, with a high degree of genetic heterogeneitlifferent individuals. Susceptibility genes may
include genes coding for molecules involved in inm@uesponse control and immune effector
functions. Further genes may be those involvethénitnmune response switching off, which leads
to the homeostatic control of the size of the geeipl lymphocyte pool and reduces the risk of
autoimmunity due to cross-reactions betweremself andself antigens. Intriguingly, some of these
genes are also involved in clearance of viral indes. However, even if many studies detected a
statistical association of autoimmune diseases paitticular alleles of specific genes, often it is
not clear whether these alleles are directly ingdlin the disease development or the statistical
association is due to “linkage disequilibrium”,.itee physical association of that allele with the
allele of a nearby gene which is the real predisgpfactor. Moreover, many alleles have been
found to be associated in some populations butimather, which may be explained with the
genetic heterogeneity of the populations.

Autoimmune diseases affect 5-10% of the populatiowestern countries. From a clinical point of
view, autoimmune diseases can be divided in“orgmeific” and “systemic”. In organ-specific
autoimmune diseases, the immune response is direceetarget antigen selectively expressed by a
specific organ, so that clinical manifestations #aggely limited to that organ. In systemic
autoimmune diseases, the response is directed doweget antigens expressed ubiquitously and
therefore involves a broad range of organs anddsswhich are all damaged. Examples of organ-
specific autoimmune diseases are Hashimoto's tthiyisoand Graves' disease, affecting the thyroid
gland, type I insulin-dependent diabetes mellitusich affects the pancreatic islets, and multiple
sclerosis, affecting the central nervous systemaniples of systemic autoimmune disease are
systemic lupus erythematosus and primary Sjogsgmidrome, in which tissues as diverse as the
skin, kidneys, and brain may all be affected [5].

From an immuno-pathogenic point of view, autoimmdiseases can be mediated by antibodies or

T cells. The first include diseases such as autaim@aremocytopenias, caused by autoantibodies

7



against various types of blood cells, or systemjut erythematosus, caused by the deposition in
various tissues of immune complexes formed by adtés against severadlf antigens, including
nuclear antigens such as histones and DNA.Thigoatealso includes organ-specific autoimmune
disease caused by autoantibodies exerting agoniahtagonist activity on the target organ; for
instance, agonist anti-TSH receptor antibodies eahgroid hyperfunction in Graves-Basedow
disease, while antagonist antibodies against tegylaboline receptor inhibit neuromuscular pulse
transmission in myasthenia gravis.

T cell-mediated autoimmune diseases are a growatggory and are primarily mediated by Th1,
Th17 cells and CTL. Examples of this type of autminme diseases are type 1 diabetes mellitus and
multiple sclerosis in which autoreactive T lymphtasyattack pancreatfccells and central nervous
system myelin respectively. In these diseases,yataxh of autoantibodies is also observed [6,7];
these are often regarded as useful markers of sdisewolution as a consequence of “epitope

spreading”, but they are believed to have a mqgustogenic role.



2.3Autoimmune Lymphoproliferative Syndrome (AL PS)

Autoimmune Lymphoproliferative Syndrome (ALPS - QWi 601859) is an autoimmune disease
of childhood caused by a genetic disorder of lyngyt® apoptosis.In most ALPS patients, the
disease is ascribed to mutations of the geAs coding for the Fas death receptor. Most of them
harbor heterozygous germline mutations inheritedam autosomal dominant manner [8,9],
butsomaticFAS mutations are the second most common cause ofiseas# [10,11]. In addition,
mutations in the genes coding for FAS ligartA$L) and caspase 10CASP10) have been
identified in a minority of patients with ALPS, witeas approximately one-third of patients have
yet unidentified genetic defects. Moreover, mutagiin the genes encoding for caspas€&SP8)

and neuroblastoma RASIRAS) have been detected in patients with ALPS-likeases [12-17].
These mutations result in the accumulation of fedting lymphocytes causing chronic
lymphadenopathy, splenomegaly, and peripheral estiparof TCR* CD4/CD8 double-negative
(DN) T cells. Patients often develop multilineaggtopenias secondary to sequestration and
autoimmune destruction, and display increased agkB-cell lymphoma development in the
adulthood [18-21].

The only pharmacological treatment for ALPS pasdastadministration of corticosteroids or other
immunosuppressive agents. However, some patieatefnactory to these treatments and others do
not tolerate their side effects.

Lymphocyte apoptosis can be induced by severaludifimuch as exposure to ionizing radiation,
chemicals or drugs, deprivation of growth factorsstimulation of death receptors, many of
whichbelong to the superfamily of receptors of Themor Necrosis Factor (TNF). The receptors
belonging to this superfamily participate in thenttol of the immune response by regulating
proliferation, differentiation, and survival of imme cells. Among the 26 members belonging to
this superfamily, eight contain an intracytoplasmamain, called Death Domain (DD), which is
involved in activation of the caspase signalinghpaty leading to cell apoptosis, and work as death
receptors. Fas belongs to this group and playssaenéal role in the ALPS etiopathogenesis. The
interaction of Fas with its ligand, Fas-ligand (feasinduces trimerization of Fas on the cell
membrane, which is a critical step for the formatmf an intracellular multimolecular complex
called “Death Inducing Signaling Complex (DISC)"2[23], formed by an adapter molecule,
FADD (Fas-associating protein with Death DomaitM@®RT-1), capable of interacting, through its
C-terminal portion, with the DD of Fas. MoreoveAPD contains a second interaction domain,
called Death Effector Domains (DED) [24], whichoalis recruitment of procaspase-8, procaspase-
10, and cFLIP (FADD-like IL-fg-converting enzyme-inhibitory protein) [8]. Procasp-8 and -10

are cysteine-protease belonging to the caspasdyfathey are present as proenzymes in the
9



cytoplasm and arsdlf activated in the context of the DISC through sedjaé proteolytic cleavage
[25].Activated caspase-8 and -10 are then ablectovade the executor caspase-3, -7 and -6
triggering cell apoptosis [26,27]. cFLIPis a masteti-apoptotic regulator and resistance factor tha
suppresses Fas-induced apoptosis by competingasipase-8 and -10 in DISC formation [28,29].
The ALPS picture is recapitulated in MRL mice howygaus for thdpr (lymphoproliferation) or
the gld (generalized lymphoproliferative disease) characterdeed, the molecular defects of the
Ipr andgld characters were shown to be a loss of function noumsin theFAS and the=FASL genes
respectively [30]. These mice develop a phenotyipalas to that shown by ALPS patients,
characterized by lymphadenopathy, splenomegalywiraatunity with hypergammaglobulinemia,
and polyclonal expansion of DN T cells. Moreoveneyt display production of anti-DNA
autoantibodies, glomerulonephritis, arthritis, &adculitis, which are not typical of ALPS.

The typicallpr mutation is a splicing defect and determines reduexpression of Fas in the
membrane; a variant mutatidpr®, is a point mutation in the DD of Fas which reduits activity.
The gld mutation is a point mutation in the C-terminal domof FasL which reduces its ability to
interact with Fas [30]. The genetic backgrounduefices the penetrance of these mutations since a
severe disease is developed by the MRL mouse stwhite a mild phenotype is developed in the
Balb/c background [31,32].

ALPS classification and diagnostic criteria haverbeecently revised by Oliviera JB et al. (2010)
[21].

The diagnostic criteria include two requiredcrigeriwo accessory primary criteria, and four
accessory secondary criteria (Table 1).

The required criteria are 1) lymphadenopathy ansigdenomegaly, and 2) elevated T&BRDNT
cells in the blood.

The accessory primary criteria are 1) abnormal lyogyte apoptosis, and2) presence of pathogenic
mutations in genes of the FAS pathway.

The secondary accessory criteria arel) presencelevhted blood biomarkers (IL-10, IL-18,
VitB12, soluble FasL), 2) characteristic histopdtigy, 3) combined presenceof autoimmune
cytopeniasand polyclonal hypergammaglobulinemiagnidmily history compatible with ALPS.A
definitive ALPS diagnosis is based on presenceottfifequired criteria plusone primary accessory
criterion. A probable ALPS diagnosis is based oasence of both required criteria and one

secondary accessory criterion (Table 2).
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Table 1 Revised diagnostic criteria for ALPS
Required
1. Chronic (> & months), nenmalignant, noninfactious ymphadenopativy or
splenomeqgaly or both
2. Elevated CD3* TCRap "CO4-CO8~ DNT cells {= 1.5% of iotal lymphocytas or
2 5% of CD3* lymphocyies) in the soiting of nomal or elevated mphocyie
counts
Accassory
Primary
1. Defeciive lymphocyte apoptosis (in 2 separato assays)
2. Somatic or germiing pathogenic mutation in FAS, FASLG, or CASP10
Socondary
1. Elevated plasma sFASL lovals (=200 pg/ml) OR elevated plasma
interloukin-10 levels (=20 pg/mL) OH elevated serum or plasma. vitamin Bz
hevels (= 1500 ng/L) OR elevated piasma interdoukin-18 levels = 500 po/mL
2. Typical immunchistological findings as reviewed by an expanancad
hematopathologist
3. Autoimmune cytopanias (hamodvtic anamia, thrombocyiopenia. or
nautropenia) AND elevated immunoglcbuiin G levels (polydonal
hypergammeaglobulinamia)
4. Family history of a nonmalignant'noninfeciious lymphoproliferation with or
without autoimmunity

A definifive diagnosis is based on the presence of both required criteria plus ono
primary accessorny criterion. A probable diagnosis is based on the presence of both
requéred crtena plus one secondary accessody criterion.

Blood.2010 Oct 7;116(14):€35-40. doi: 10.1182/blood-204280347.

The novel ALPS classification is based on thegendéfectcausing the disease (Table 2) and
includes ALPS-FAS due to mutations BAS, ALPS-FASLG due to mutations ¢fAS., ALPS
CASP10 due to mutations 6GASP10, and ALPS-U due to unknown mutations.

Table 2 Revised classification of ALPS

Previous nomanclature Aovisod nomenclature Gene Duefinition

ALPStypo O ALPS-FAS FAS Pabients hulfill ALPS disgnostic critena and have perming
homozygous mutations in FAS.

ALPS typo la ALPS-FAS FAS Pabents hulfill ALPS dingnostic clena and have gemiine
halerozygous mulations in FAS.

ALPS typa Im ALPS-5FAS FAS Patients fulfil ALPS diagnostic cniona and have somalic
mautations in FAS

ALPStype Ib ALPS-FASLG FASLG Patignts fufll ALPS diagnostic crifena and hove gemiing
muiations in FAS bgand.

ALPE type lla ALPS.CASPI0 CASF1I0 Pabonts hulfill ALPS dingnostic onlena and have gemmiine
mastations in caspase 10.

ALPS typa Il ALPE.U LUinknwwn Patients maet ALPS diagnostic critera; howavar, genalic
delact is undetormined {no FAS, FASL or CASP10
delact)

Blood.2010 Oct 7;116(14):35-40. doi: 10.1182/blood-2026280347.

Our laboratory, also described patients with lyng#momegaly/splenomegaly, autoimmune

manifestations and defective Fas function, butifeglkexpansion of DN T cells. This disease has

been named Dianzani Autoimmune Lymphoproliferatbesease (DALD) (OMIM reference

#605233), and several features indicate that it hease a genetic component in involving the Fas
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pathway [33-38]. This disease has been classiiethaPS-related” disease in the revised ALPS
classification.
Apart from the causal mutation, ALPS developmerd aaurse can be influenced also by other
genetic factors influencing the immune response gnagphocyte apoptosis. This may in part
explain the great clinical variability of the diseaoutcome that can be detected not only between
patients carrying different mutations, but alsowssn those belonging to the same family and
carrying the same mutation. Often the disease ibesl to heterozygous mutations with
incomplete penetrance and generally the parentdraes the mutation is either healthy or displays
minor laboratory signs of the disease [8]. Thertbe disease expression may depend on the co-
presence of other genetic or environmental prediggofactors [33].From the point of view of the
genetic predisposing factors, our laboratory havipusly shown that polymorphic variations of
the osteopontin@PN) and perforin PRF-1) genes may be susceptibility factors for ALPS and
DALD development and may influence disease expowessi [34,36]. Osteopontin is a
proinflammatory cytokine capable to inhibit lymplyte apoptosis, whereas perforin is involved in
cell-mediated cytotoxicity of NK cells and CTL whicre involved not only in the anti-viral
immune response but also in the immune responsetsiasis.
The research described in this thesis stemmed th@se works and analyzed the role played in
ALPS and DALD by

1. Variations of thdJNC13D gene coding for Munc13-4 involved in the perfdunction.

2. Variation of theSAP gene (SLAM-Associated Protein) involved in NK ftioo.

3. IL-17, a proinflammatory cytokine that may worktandem with osteopontin.

24 Muncl3-4

Munc13 proteins are a family of four proteins (MiBel, Muncl13-2, Munc13-3, Munc13-4) with
homology to the protein Unc-13p expressed by Cdeafmlitis elegans. The Muncl3 proteins
generally contain a C1 domain (capable of bindieterephorbol), two C2 domains (capable of
binding calcium and phospholipids), and two MHD dans (Muncl3-homology-domains) [39].
They regulate, during exocytosis, the formationaoprotein complex (trans-SNARE complex)
between the membrane of secretory vesicles anglasena membrane. Muncl13-2 is ubiquitously
expressed in the body, while Munc13-1 and MuncEe3expressed only in the brain. Munc13-1 is
expressed by all neurons and plays a role in dadivaf synaptic exocytosis vesicles; Muncl13-3 is
expressed in the cerebellum and controls the relebseurotransmitters [40];Munc13-4is involved

in degranulation of several immune and non immuetks ¢39].
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UNC13D gene is present on chromosome 17925, it is longll 7132 exons) and encodes for
theMunc13-4 protein consisting of 1088 amino acidse protein comprises of two MHD and C2
domains but no C1 domain.The MHD domaings{Flg77 for MHD1 and EsgKggs for MHDZ2)
consist ofa-helices with different lengths and amino acid tegpa&s and are essential for the
localization of the protein [39]. The C2 domaingoffH2s4for C2A e AsosPioa7for C2B) contain
five aspartic acid residues forming a site for,.Cens that mediate the calcium-dependent
interaction with membrane phospholipids. Moreotee, presence of arhelix in the loop-3 of the
C2A domain allows binding with the plasma membraven in the absence of calcium [39].
Muncl13-4 is expressed in cells of the bronchiaduis spleen, reproductive apparatus and, at a
lesser extent, in the cardiac and skeletal musties, kidney, and brain [39,41].In the immune
system, the expression of Muncl3-4 is expressedTih, NK cells, mast cells, and platelets.In
platelets, Muncl13-4 is distributed between the gigem and the plasma membrane but is not
associated with the dense granules [42]. In mdi, déK cells and CTL, it is expressed in the
granule membrane [39,43] and is involved in theet@an process [44], which consists of several
stages: recruitmentof the secretory vesicles towsadmmunological synapse and anchorage to the
plasma membrane, activation and vesicle fusion, sextetion of the vesicles contents. Rab
GTPases are key regulators of the formation, niytiind fusion of the vesicles. Following an
activation stimulus (e.g. the binding of the TCRhaihe MHC plus peptide), lysosomes united to
late endosomes lead to the formation of Iytic glasmuthat polarize towards the mature
immunological synapse [45]. The activation stimudllews the transition from inactive RabGDP to
active RabGTP, promoted by the GEF factor [46,#FEn, RabGTP interacts with specific effector
proteins that allow granule binding to the plasmambrane (anchorage phase). After
anchoring,another step (activation) is needed t&enthe vesicles competent to fuse with the
plasma membrane. Muncl13-4 is importantin the secretf the cytotoxic granules in CTL and NK
cells butit is not involvedin cytokinesecretion[4Moreover, it is involvedin granule secretionin
mast cellsandplatelets[39,41].By interacting withibR7a/GTP, it forms a complex that acts during
the stage of vesicle-plasma membrane fusion amovaved in the activation phase [41]. Then,
Munc13-4 binds the syntaxin-11/Muncl8-2 complextbe plasma membrane and promotes its
transition to an active conformation. This changenptes the formation of a structure composed
of RabGTP/SIp2_t-SNARE (SNAP23, sintaxin-11/Mun@)8v-SNARE (VAMP7) [45]. The
complex sintaxin-11/Muncl18-2 probably regulates #&chorage of granules and the initial
formation of the SNARE complex before the beginronghe activation phase [45]. Following their
fusion to the plasma membrane, the granules reldhse contents in the extracellular

microenvironment [41,42,48].
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Familial haemophagocytic lymphohistiocytosis (FHis) a recessive genetic disease due to
defective function of perforin-mediated cytotoxycresulting in ineffective compensatory immune
hyperactivation upon viral infection with excesslymphoproliferation and interferopsecretion,
causing massive macrophage activation, tissue damagl fatal outcome. The most frequent
genetic causes are mutations of the perforin (FHlt2ylunc13-4 (FHL3) genes, which hit perforin
function and its secretion respectively [39]. Rasewith FLH3show anormalanchoringof the
vesiclesto the plasma membrane, buta defectin ub®rfand release of their contents[41].Less
frequently FHL can be caused by defective exocgtotithe lytic granules due to mutations of the
syntaxin-11 (FLH4) or Munc18-2 (FLH5) genes [40].

2.5 Slam Associating Protein (SAP)

SAP (Slam associating Protein), also called SH2$A Homology 2 Domain 1A containing
protein), is a small intracytoplasmic protein of BBa consisting of a single SH2 domain and a
short tail of 28 amino acids at the C-terminus witlo phosphorylable tyrosine residues [49]. The
SAPgene maps on the X chromosome at position Xq25ay&b comprises four exons and three
introns.SAP conforms a family of proteins includiagso EAT2 (Ewing 's sarcoma-associated
trancript-2) and, in rodents, ERT (EATZ2-relatedht@ducer). Unlike SAP, the other two members
are located in tandem on chromosome 1 and probaidynated from gene duplication. SAP is
expressed on T cells, NK cells, eosinophils, ptaselwhereas its expression on B cells is still
controversial. SAP is involved in signal transdomtiby binding to receptors of the SLAM
(Signaling Lymphocyte Activation Molecule)family,naluding six transmembrane receptors
belonging to the immunoglobulin superfamily: SLAKZ150), 2B4 (CD244), Ly -9 (CD229), NK
-TB (NTB-A or Ly-108), CD84, and CRACC. With the @ption of 2B4, whose ligand is CD48,
all the other members of this family of receptars self-ligands and mediate cell-cell interactions.
The expression of these receptors is restrictethéohematopoietic lineage, and differs in the
various cell types. In particular, SLAM is presentactivated T and B lymphocytes, dendritic cells,
monocytes and platelets [50-53]. SLAM is a transimeme protein of 70 kDa characterized by an
extracellular domain composed of two Ig-like motifist mediate homotypic interactions, a single
transmembrane domain, and a long cytoplasmic regi@racterized by three consensus motifs
known as ITSM (immunoreceptor tyrosine-based switchotif-TxYxxV/l) containing
phosphorylable tyrosine residues [50,54,55]. In€llsg SLAM triggering by agonist antibodies
causes proliferation and production of IF[$6] independently from activation through the TCR.

However, SLAM knock-out (KO) mice showed normal Hyproduction but reduced secretion of
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IL-4 [57].Therefore, SLAM is regarded as a co-stiaiory molecule, whose signal modulates
cytokine secretion in T cells [53,55]. SLAM parpetes in the immunological synapse since it is
recruited in proximity to the TCR and is phosphatgtl by the tyrosine kinases Fyn and Lck in the
ITSM domain (Tyr 281, 307 and 327) upon stimulatidthe TCR [54].

SAP and EAT-2 are the main interactors of the SLAddeptor family members; while the binding
of EAT-2 to thesereceptors occurs only when thesiyres are phosphorylated, SAP exhibits the
peculiar capacity to associate with SLAM (CD15Q@)t bot with other receptors of the family, even
in the absence of phosphorylation [54].SAP assiociavith SLAMinvolves the SAP SH2 domain
and the ITSM domainsof SLAM; in particular,SAP cdiind the motifs containing the
phosphotyrosines 307 and 327,whereas the motifacong the tyrosine 281 is bound even in the
absence of phosphorylation [54,58]. In addition,PSéan simultaneously bind Fyn, which is
required for SLAM activation [59-61]. SAP is able translocate Fyn in the membrane and
guiescent lymphocytes display a stable complex SL3P/Fyn that,upon stimulation with agonist
antibodies, promotesthe phosphorylation of SLAM #mel recruitment of other effectormolecules
such as inositol phosphatase SHIP-1, Shc adapbek]l Dok2, and guanine exchangers as
RasGAP [50,55,62] (Figure 2).

SLAM

related

SAP
— 5H1 domain
R78 residue

FYNT
+— 5H3 domain

®

¥

e —
[‘Activation signals
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Figure 2. Action mechanism of SAP
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This multiprotein complex promotes the productidncgtokines in combination with the signal

generated by the TCR. In fact, the signal transdngiathways used by the members of the SLAM

family partly overlap with those used by the TCRlaeinforce TCR signaling to generate an

appropriate immune response[49]. The importanci@fsignal generated by the SLAM and SAP

in the immune response has been underlined byd#mification of loss-of-function mutations of

SAP in approximately 60% of patients with X-linkdgmphoproliferative disease (XLP), a
15



recessive X-linked genetic disease characterizeghlipicreased and disorganized immune response
to Epstein Barr Virus (EBV) infection [63]. The d&se is almost asymptomatic in the absence of
EBV infection, although in the long term lymphopfefation, dysgammaglobulinemia and some
autoimmune phenomena may nevertheless become e{édgnThese features may be ascribed to
defective function of the antiviral cytotoxic resps@ by NK cells and CTL and to altered regulation
of the Th response with defective recruitment oRTdells in favor of Thl cells. The defect
becomesfully evident following infection of B cellgth EBV, resulting in lymphoproliferation and
systemic damage, that may be lethal in the pediatte [50,64,65]. Moreover, Th cells from XLP
patients expressed less ICOS and produce a redueednt of IL-10, which may contribute to the
decreased immunoglobulin isotype switchingand tiipogammaglobulinemia detected in these
patients [66]. Although mice are not susceptible BBV infection, SAP KO mice develop
functional alterations of the immune system, follogvviral infection, partly recapitulating XLP
features, such as defective plasma cell and meop&rynaturation, IgE production, germinal center
formation, and excessive, but ineffective, actiwatof CD8 lymphocytes [67]. These evidences
correlate with altered T cell activatian vitro, with deficient secretion of IL-4 and increased
production of IFNy [68].

SLAM and SAP may also play a role in certain autoune diseases since increased expression of
SLAM has been detected in T cells from synoviaidflef patients with rheumatoid arthritis,
whichmay contribute to increase the production I6fLl0, IFN-y and TNFein the autoimmune
process [69].Moreover, increased expression of SLiAdd been detected in T cells from patients
with multiple sclerosis, although the contributiom the development of the disease is still
unclear.In MRILpr/lprmice, loss of expression of SAP attenuatesthe ladehopathy and several
autoimmune features of the ALPS-like disease dysualdy these mice [70].

2.6 Interleukin 17 (IL-17)

Interleukin 17A (IL-17A) is the founding member af family of proinflammatory cytokines
comprising also IL-17B, IL-17C, IL-17D, IL-17E (IR5) and IL-17F [71,72].The genes encoding
for these cytokine are located in the chromosonielBA is secreted by several cell types and
characterizes the function of Th17 cells, whoséetghtiation is driven by the expression of the
transcription factor RORtinduced upon TCR triggering in the presence of PGH- 1B, and IL-

6. The expansion of Th17 cells is further suppoligdL-23.IL-17A is also secreted by CDg

cells, Tyo cells, NK cells and neutrophils.
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IL-17A acts as a potent inflammatory cytokine bothitro andin vivo by inducing the expression
oflL-6, IL-1a and TNFe, several chemokines (suchas KC, MCP-1 and MIP+#) matrix
metalloproteases, which mediatetissue infiltratemmd tissue destruction [73]. IL-17A is also
involved inthe proliferation, maturation and chetaias of neutrophils [74].1t activates induction of
IL-6, IL-8 and G-CSF in non-immune cells such dgdblasts and epithelial cells, at least in part
through activation of the NF-kB transcription fac[6,21] and the MAPK pathways. In addition,IL-
17A costimulates T cells and enhances the maturati@endriticcells [73]In vivo,mice deficient

for the IL-17 receptor (IL-17R) display increaseaghsitiveness to lungbacterial infections because
of reduced recruitment of neutrophils into thelufigS]. Moreover, overproduction of IL-17A in
the lungs leads to increased chemokineexpressmtissue inflammation [76].

A huge bulk of data suggests that Th17 cells avelied in defense against bacterial infection,
chronic inflammatory diseases, allergy and autoimityu

IL-17A and IL-17F have been implicated in a variefyautoimmune diseases, such as rheumatoid
arthritis, multiple sclerosis, inflammatory boweselase, asthma, and psoriasis [73,74,76-86]. They
share50% amino acid sequence identity and aretedcas homodimers or IL-17A/F heterodimers
[76,77,87-91]. The crystal structure of IL-17F slsothat it forms a disulfide-linked dimer that
contains a cysteine knot motif similar to that néed for members of the nerve growth factor and
the TGF superfamilies [92-94]. Given the high degoé amino acid homology between IL-17A
and IL-17F and the conservation of the four cysteithat form the knot, it is likely that IL-17A and
IL-17F adopt a similar structure[95-97].

The members of the IL-17 cytokine family interacthwa family of IL-17 receptors (IL-17R),
comprising IL-17RA, RB, RC, RD, and RE. Despite siderable sequence divergence, several
genes encoding for these receptors are clusterdigeimuman chromosome 3 (for IL-17RB, IL-
17RC, IL-17RD and IL-17RE), or the mouse chromos®lgIL-17RA, IL-17RC and IL-17RE)
and 14 (IL-17RB and IL-17RD). These receptors acdaract with each other to form multimeric
complexes binding different cytokines of the IL-fiafily and can be expressed by several cell
types, such as epithelial cells, fibroblasts, reqltils, T and B lymphocytes (Table 3). Similarly to
other cytokine receptor complexes, such as the @hdrthe Toll-like receptors, these complexes
are pre-assembled in the plasma membrane, whiolwsalh rapid and specific response upon
binding to their ligand cytokine.

IL-17RA binds IL-17A with high affinity and IL-17Rvith low affinity, which suggests that both
IL-17A and IL-17F utilize IL-17RA as a part of theieceptor complex; this complex undergoes a
conformational change upon binding of the IL-17A lbr17F homodimers or the IL-17AF

heterodimer. These dimers bind, with similar affes, also IL-17RC, that seems to work as a co-
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receptor with IL-17RA for IL-17A and IL-17F signaly. IL-17RA can interact also with IL-17RB
to bind to IL-25 involved in allergic disease arefehse against helminthic parasites, but IL-17RB
can bind also IL-17B and the IL-17E/IL-25 heterodmnIL-17RD too can interact with IL-17RA,
although the biological significance of this asation remains unclear, whereas IL-17RE is known
to bind IL-17C (Table 3) [98].

Nat Rev Immunol. 2009 August ; 9(8): 556. do1:10.1038/n125806

Other Beceptoris) Main functions Expres:zion
CoINInon
names
IL-17 I-17A, IL-17RA Auntoimpmune pathology. Thl7, CDE cells, y&-
CTLA-R IL-17RC MNeutrophl recrurtment. TCE+ T cells, NE,
Immunity e HET,LT1
extracellular pathogens
IL-17B IL-17EB Pro-mflammatory Gl tract, pancreas,
activities? neurons
IL-17C IL-17RE Pro-mflammatory Prostate, fatal kidney
activities?
IL-17D 7 Pro-mflammatory Muscle, brain heart
activities? hing, pancreas,
adpoze tiszue
IL-17E I.-25 IL-17EB Induce Th2, suppress Intraspithelial
IL-17RA Th17 lvmphocvtes, lung
epithelial cells,
alveolar
macrophages,
eosinophils,
basophils, HET cells,
Th? cells, mast cells,
Gl tract, uterus
IL-17F IL-17RA MNeutrophl recrurtment. Thl7, CDE cells, v&-
IL-17TRC Immumnity to TCE+ T cells, NE,
extracellular pathogens NET,LT:
IL-1TAF IL-17RA Autoimmune pathology Thl7, CDS calls, y&-
IL-17RC (presumed), Neutrophal TCE+ T cells, NE,
recruitment, mmunity to HET,LT:1
extracellular pathogens
vIL-17 QRF13 IL-17RA unknown Hevpesvirus saimiri
IL-17RLCY

Table 3. Extended IL-17/IL-17R family, expression and kmofunctions
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Several studies in the late 1990s implicated ILiiThe pathogenesis of autoimmunity. Elevated
IL-17 levels were found in rheumatoid arthritis, semic lupus erytemathosus, psoriasis,
inflammatory bowel disease and vasculitis. In pafér, patients with systemic lupus

erythematosus display high serum levels of IL-174l dL-23 and increased numbers of IL-17-
producing T cells in the peripheral blood, and ¢héggh levels correlate with disease activity.
Moreover, some SLE patients show expansion of Déells, a hallmark of ALPS, secreting high

levels of IL-17A. Moreover, high levels of IL-17A@produced by DN T cells that infiltrate the

nephritic kidneys in MRLpr/lpr mice.

Rodent models of rheumatoid arthritis, such asageih-induced arthritis, indicated that IL-17
might play a key role in the disease pathogen&Xisversely, antibodies to IL-17 dramatically
reduced inflammation and bone erosion in CIA [84#,88d IL-17A KO mice are resistant to

collagen-induced arthritis[85]. Treatments withidht17A antibodies were found to be protective
also in a mouse model of Crohn's disease and inkmweetal Autoimmune Encephalomyelitis, a

mouse model of MS.
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Abstract

Autoimmune lymphoproliferative syndrome (ALPS) is caused by genetic defects decreasing Fas function and is
charactenzed by lymphadenopathy/splenomegaly and expansion of CD4/CD8 double-negative T cells. This latter
expansion is absent in the ALPS vanant named Dianzani Autoimmuneflymphoproliferative Disease (DALD). In
addition to the causative mutations, the genetic background influences ALPS and DALD development. We previously
suggested a disease-modifying role for the perforin gene involved in familial hemophagocytic lymphohistiocytosis
(FHL). The UNC13D gene codes for Munc13-4, which is involved in perforin secretion and FHL development, and
thus, another candidate for a disease-modifying role in ALPS and DALD. In this work, we sequenced UNC13D in 21
ALPS and 20 DALD patients and compared these results with sequences obtained from 61 healthy subjects and 38
multiple sclerosis (MS) patients. We detected four rare missense variations in three heterozygous ALPS patients
carrying p.Cys112Ser, p.Val781lle, and a haplotype comprising both p.lleB48Leu and p Ala995Pro. Transfection of
the mutant cDNAs into HMC-1 cells showed that they decreased granule exocytosis, compared to the wild-type
construct. An additional rare missense variation, p.Pro271Ser, was detected in a healthy subject, but this vanation
did not decrease Munc13-4 function. These data suggest that rare loss-of-function variations of UND130 are risk
factors for ALP'S development.
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Introduction hepatosplenomegaly. and cytopenia due to defective function
of CTL and NK cells. FHL has been ascribed to defective

The Iytic granules of cytotoxic T cells (CTL) and natural KIlEr  cjearance of virus-infected cells leading to cytokine and effector
(NK) cells contain perforin and granzymes, which are released cell overproduction with massive tissue damage [3].

on the target cell surface and induce its death[1]. . The Approximately 40% of FHL cases (FHL2) are due to mutations
exocylosis mechanism of the Iylic granules is not fully  of the perforin gene (PRF1), with another 40% (FHL3) due to
understood, but it involves machinery composed of several mutations of the Munc13-4 gene (UNC13D). Moreover, a small
proteins including Munc13-4. Munc18-2, and syntaxini1 [2]. number of patienis with FHL have been found to harbor
Deficiencies of perforin function are responsible for familial mutations of STX71, encoding Syntaxin-11 (FHL4), or

hemophagocytic lymphohistiocytosis (FHL), an autosomal STXBP2, encoding Munc18-2 (FHLS) [4].
recessive disease characterized by bouts of prolonged fever,

PLOS ONE | www _plosone.org 1 July 2013 | Volume B | Issue 7 | 268045
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Autoimmune  lymphopraliferative  syndrome  (ALP3) s
znother genetic  lymphoproliferatve  disease and  is
characterizec by Ilvmphadenomegaly and/cr splenomegaly, dus
to polyclonal accumulation of lymphocytes, and peripheral
cxpansion of CD4/CDE doudle-negative (DM) T cells [5-10]. In
gddilion, paliens ollen display aulcimmune mdanifes&abons hal
predominantly involve blood cells and are predisposed to
lymphomas in adulthood [11]. ALPS is due to defective function
of the Fas/Apo-1 (CD95) death receptor, inducing apoptosis of
the Fas-cxpressing coll upon bnding with Fas ligand (Fasl)
[12,13]. Aclivaled lymphocyles express Fas and lhe Fas/FasL
interaction is involved in shutting off immune responses,
Iymphocyte lifespan regulaton, and mantenance of peripheral
tolerance [14,15]. Moreover, the Fas pathway is an additional
weapon, reinforcing the perform system in the cytotoxicity
mediated by CTL and NK cells because these Cells express
FasL and induce apoptosis of target cells expressing Fas. In
most patients (ALPS-FAS). ALPS Is due to mutations of the
Fas gene (FAS), but a small number of patients (ALPS-FASL
and ALPS-CASPI10) carry mutations in the genes encoding
FasL (FASL) or caspase-1C (GASPT0), a downstream emector
in the Fas/FasL pathway As a substantial proporticn of ALPS
patents (ALFS-U) lack mutations in FAS, FASL. and CASP70;
il seems likely that mutations in unknown genes encoding olher
cownstream components of the Mas cell death pathway may
cive nse 10 ne addimional ALPS caszes |4,10]. Ve have also
cescribed an incomplete form of ALPS showing defective Fas
function, autcimmonity, and iymphopraliferation, bat lacking tha
expansion of DM T cells. This variant form has been named
Dianzani Autoimmune Lymphoproliferative Disease (DALD| by
Victlor Mchusics (OMIM # 6U5Z33) [10,15—-18]. Patents wiin
DALD did not displav mutations in FAS, FASL, or CASP10, but
most of the parents displayed a defect n the Fas pathway
These data suggest tha: mutations in genes encoding
cownstream effectors of the Fas pathway may also give rise to
DALD.

In addition to the Fas defect, the clinical presenation of
ALPS also appears to be influenced by modifier genes. In
mice, a disease displaying fzatures of ALPS nhas been reported
Tor MRL fpeApr and gidigld mice, canying mulalions of FAS and
FASL, respectively. Cisease presentation in these mice is
cramatically affected by strain backcround, with strains other
than MREL showing much milder phenotypes when homozygous
for cither for or gfd mutations [1219]. Simiar background
effects likely explan the incomplele peneliance of ALPS
mu@ators in humans [20]. Most ALPS patients ars
Feterozygous for the FAS mutation. but parents carrying the
same mutation are generally healthy. The same abservalion is
fruc in DALD, where parcnts typically display defeclive Fas
mnctlion, but are otherwise nealthy [17,18]. This observalon
indicates that mufations in genes of the Fas pathway may bz
recessary but not sufiiciznt for ALPS development and
varations in one or more additional genes may influenca
cisease preseniation [S].

In previous waorks, we corelated cerain varants of the
perforin gene (PRF1) with ALP3/DALD developmean: and
sucgested that mild helerozygous varatons of PRF incapablz
of nducing FHL may act as susceptibility genes for ALPS/
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Role of UNCT3D Gene in ALPS/DALD Development

DALD development in subjects dsplaving defective Fas
function [21.22]. The aim of this work was to extend this
observation to the UNC13D gene. looking for variations in
ALFPS and DALD patients and assessing its potential role as a
disease-modifier gene. We found that loss-of-funclion
varialions of UNGTAD aig eldlively lequerd in palienls with
ALPS, suggesting that it may nfluence the presentation of this
iymphoprolferative dsorder.

Materials and Methods

Fatients

We analyzed 41 unrelaied talian patients, 21 with ALPS and
20 win DALL. Al patients wers diaghosed at e Fediatnc
Cepartment of the University of Turin using criteria established
at the 2009 ALFS NIH International Workshop [10]. FAS (NCBI
ID: 355) and CASP70 (ID: 843) were sequenced in all patients
ds lepuiled previously [16,17]. Amung e ALPS palients, 7
camed heterozygous mutations of FAS (ALPS-FAS), 14 did not
cammy any known mutation (ALPS-U). None of the patients
fulfiled the diagnostic criteria for FHL. A total of 61 healthy
individuals were uscd as controls for UND13D scquencing, and
d second cohwrl of 100 healhy conbols were used Lo genolype
the rare variaticns. Moreover, UNG13D was sequenced in 38
patiznts with Multiple Sclerosis (MS) from the MS Center of the
"Amedeo Avogadra” University of Eastern Piedmont (Movara).
The study was planned accorcing to the guidelines of the local
ethical committee, Azlenda Ospedallera della Carlia, of Novara
that approved the study (Frotocol 106/CE). For the patients
followed at Paediatric Department of the University of Torino, a
written informed consents was signed by the batents, or by the
parenis if they wers minors.

Fas function assay

Fas-induccd ccll death was cvaluated on T cells obtained by
dilivaling peripheral Llood mononuclear cells (PBMC) wilh
phyohemaggiutinin (Sigma, St Louis, MO, Canaca) at days 0
(1 pa/mL) and 12 (0.1 ug'mL) and cultured in RPMI 1640 plus
10% fetal calf serum and recombinant IL-2 ({riL-2, 2 L/mL)
{Sigma). as function was assessed G days afier the second
slirmulation (day 21). Cells werz incubaled wilh conliol medium
or anti-Fas monoclonal antibody (mAb) (CH 11, 1 pg/mL)
{Milipore, Billerca, MA) in the presence of ril-2 (1 WmL) to
minmze spontaneous cell death. Cell survival was evaluated
after 18 hours by courting live cells by the trypan blue
exclusion tesl. Assays were performed In duplicate. Cells from
2 healthv donors were included in each experiment as positive
controls. The results were expressad as percent specific cell-
survival, calculated as follows: (total live cell count in the assay
welltotal live-cell count in the control well) X100%. I'as function
was defnned as defectve whner cell survival was [ess than 82%
(the 95" percentile of data cbtained from 200 healthy controls)
[17.18]

UNC13D sequencing

Genomic CNA was isolated from penpheral blood samples
usirg a BioRobot® EZ1 Workstation (Qiagen, Jesi, Italy).

July 2013 | Violume f | Issue 7 | efBO45

22



Exons dand nbion-exon bounddnies of UNCT3D (ID. 201294),
were ampimed and direclly sequenced in toth directions with
the BigDy=& Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems. Foster City. CA. USA). Primers are
available upon request  Sequences  were  analyzed  and
compared with the reported gene siructure. The missense
variations identfied in patients were also assessed in parents.

Allele expressicn was evaluated In wial RNA extracted mom
PBMC of heterozygous donors. RNA was reverse transcribed
info cDNA with the Thermo3cripi™ RT PCR Syslem
(Invitrogen Buringion, ON | Canada) and the exons contfaining
the UND{3D varnations were amplified. PCH products were
subcloned into the pSCM-T vector (Fromega Corporation,
Madison, WI, USA} and transiormed Into TOP10 E colf
competznt cells (Invitoger). In each selected patent, we
screened 30 independent colonies; plasmid DNA was extracted
with a QlAPrep Spin miniprep Kit (QIAGEN GmbH. Hilden.
Germany) and sequenced.

Functlonal analysls of the varlatdons

Munc13-4 cDNA (ImaGenes, BioDiscovery, Inc. Suite CA,
UsSA) was subcloned inte the pcDNA 3.1 expression vector
(Invitrogen), and the Sv5 tag was added at the 5' end by PCRL
The mutants were created in the Munc13-4 wild-type corstruct
by PCR and then bansfecled inle e HMC-1 human masl cel
line, originally established from the peripheral blood of a patient
with mast cell keusemia [22] and kindly provided by C.
Dianzani. Cells were fIransfected by Amaxa Cell Line
Mucleolactor Kit V (Lonza, Basel, Switzerland), accordng to
the manufacturcr's instructions. Ericfly, 4 pg of cach construct
were co-liansfecled wilh 1 pg of e pEGFP veclor (Inviliogen).
lranstecuon  emaiency was anayzed by Cylonuonmetnc
evaluaton, and determined by calculating the % of GFP
expressing cells. To investigate Munc13-4 exprassion levels,
cellz were lysed and proteins resolved by gel eectrophoresis
were analyzed using mAb to Svd and aclin (Santa Cruz
Bistechnology, Inc. Santa Cruz, CA, U3A). Immunorsaciive
protelns werz visualized with HRP-conjucated goat antl-mouse
g5 (Sigmay).

To invesligate primary granule exocyiosis, transfected
HIMC-1 cells {1x10%/ml) were incubated in Tyrod Buffer (Hepes
1C mM pH-7.4, NaCl 173 mM, KCI 29 mM, NaHCO, 12 mM
with 1.€ mM CzCl, and 5 mM Glucose) and stimulated with 10°
M formyl-methionyl-leucyl-phenylalanine peptide (MMLFP, Sigma)
at 37°C for 10 min. Exccytosis was then assessed on the GFP-
expressing cells by cytofluormetric analysis of CDG3
expression, using the mean fluorescence intensity ratio
between stimulated and unstimulzsted cells set at 100% [21].

The functional effects of the FAS mutations were assessed
by transfecting the mutated cDNA, subcloned Into pcONAS.
(Invitrogen) in 293T cells. Wild-type cDNA of FAS bearing the
FLAG tfag at the 5-end was a Kind gift of Giovina Ruberi
(National Research Council. CNR. Rome). The p.Gn273His
and p.Glu261Lys mutants were created in the FAS construct by
MCR. Cells were transfected and lyscd as for Munc13-4 and
immunoebiotled will anti-FLAG mAb (Sigima)
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Analysis of caspase-8 activity

Cespasa-£ activity was evaluated, as previously reporied
[25], in 100 pg of cell lysates ootained from Fas-transfected
203T cells (5 x 10°). 24 hours after transfection. using a
fiunrimetric assay according to the mamifaciurers nstnictiong
{MBL. Watertown, MA) The recults were expressed as relalive
caspasc-£ activity (in %), which was calculated as (activity of
Fas hansiecled cellsfactivily ohmock lransiecled cells) X 100%.

Functional analyses of patient NK cells

PEMC were cultured ovemioht at 37°C ir 5% CO; in media
with or without riL 2 (600 Ul/mi) (Proleukin, Chron Corp.,
Cmenyville, USA) to test decranulation of resting and actvated
NK cells, respeclively. PBVC derived Tom palienls” relalives
andfor unrelated nhealthy donors were lested In paralel
Surface expression of CD107a was assessed on CD3CD36"
cells upon co-incubation of PBMC with K562 cells in the
presence of Phycoeryihrin-conjugated anti-CD107a mAb for 2
hours at 37°C, 2s previously dascribed [2627]. Thereafter,
cells were stained with APC conjugated anti CD55 anc PerCP
conjugated anfi-CDJ3 mAb, and analyzed by flow cytemetry
(FACSCalibur, Beclon Dickinson Biosciences, CA, USA). The
results were considered by @ss2ssing the change In % CD107a
(i.e., % CD107a* cells in stimulated samples — % CD107a*
cells in unsimulated samples). All reagents were from BD
Biosciences. NK cells were also punfied using the RosetteSep
method (StemCell Technolngies, Vancoiwer, Brifish Columhia,
Canada), following manufaciurer's instructions, and cultured in
appropriatc conditions to obtain high numbers of polyclonal
dclivaied NE cells [26]. To analyze he cylolylic zclivily in 4
ncur ='Cr-release assays, PBMC were tested against KBz
cells. while acfivated NK cells were tes'ed against the HLA-
class knegative B-EBV cell Ime 721.221, as previously
described; Ivtic units were czlculated at 30% lysis [26.27].

Statistical analysis

Statistical analysis was perormed using the ANUOVA
folowed by Dunnett's multiple comparison tesl, *p<005,
**p<0.01. The results are showr as the mean and standard
ermor (SE). Genctype distributions were analyzed with the
Fisher's exact tesi. Al Pwalues are 2-talled, and the
significance cut off was p=<0.05

Results

Genetic analyses

The coding scguonces (cxons and intron boundaries) of
UNG13D were sequenced in 21 patients with ALPS (ALPS-
FASI N=7, ALPS-U'N = 14) and 20 with DALD. We IdentTled &
NELEIOZYgous mIssense varatons i UNC 730 1in 8 patients (2
ALPS-FAS, 3 ALPS-U, 3 DALD). The varations and their
inheritance are described in Table 1 and Figure 1.

Twn varations had been previously described in patients
with FHL; two patients cammied pAIRSSTHhr (c 175G=A;
r33004366) and three p.Argd28Cys (c.2782C>T, rs35037084).
lour other variations were identified, ie., p.Cys1123zr (c
335G>C, 1514 1540453) pvalrétile (L2342G=4,
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Figure 1.
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UNC13D and FAS variations carried by ALPS3/DALD patients. Graphical representation (not in scale) of the
Munc13-4 JA] and Fas [B] proteins (upper schemes: numbers indicste the amino acid positions) and genes (lower scheme: hoxes
represent e exons, armows indicale e mulations). ©2. G2 domzin, MAD. Munc13-homuolugy dumnain. PLAD. preligand assembly
domain; TM: transmemkbrans doman, DD: death domain.

Table 1. Gene variatinns detected in patients with Al FS ar DAIT

Patients
[gendar) Diagnosie Fae function® FAS UNC1ID
Pt F M Variation Inbi Variation Inkri
PL1 (female) ALPS-FAS D N pGINZr3HE  F pArgeEzacys ™M
(c.819G=C) {(e2782C=T) orFf
Pt2 male) ALPS-FAS ND ND pGLBIys F pCyst2Ser M
{c.755C=4) {e335C-C)
Pt3 (female) ALPS-U D D pAlaSSThr M
(. 175G=A)
Ptd male) Al PSS n n plieRdflen M
(C.25428-C)
pAladGsIrm M
(C.2983G=C)
PtS ffomalc) ALDS-U ND WL pVel781ilc HD
(C.2342G=4)
PLG (e} DALl D o PAlaSSTIe F
(e AT5G=A)
PLf (female)  LIALLY ) U pArgdlslys M
{e.2782C=-T)
Pt8 male) DALD D ND pArgi?Ecys MDD
{e27BIC=T)

' D = defectve, N=ncrmal Pt = patizne, F = father, M= mother
| bilerilamce, F = fslter, M= mother, HD = ool delenmimed, mo parenl displayed ALPS, DALD, XLP or FHL, PL s roolee Disd rheorssloid snln (e
T bnth parerts namiad the vanation
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Tahle 2. Misserse variations detected in 21 AIPS, 20
DALD, 33 MS pafients, and 61 healthy controls.

Functional eflectt ALPS DALD Controls MS

[N=42y ([N=40)" (N=122)* [N=76)'
Freguent varn ialiuns!
Am928Cys Mot performead 1 2 8 2
Alasd ar Mat peromsd 1 1 = 3
Tota! alsles with frequeat vanaions 2 3 13 5
Mrivate variationa!
lle848Let Loss-ot-functicn® 1 0 0 i
AlaFIST* Lizssubunmedion® 1 o 4] o
Cym 11 05Rer | mmnlfincticn 1 n i 1
Valfslie Lossolmncticn 1 u u 4
Pm271Ser Mormal Function 2 ] 1 i}
Total aleles with loss of funcion 3 0 0 1]
p—0.0F
* allele numbers

1 arinn sl sakzsbiulion
1 camied n the samre allzle
% P value vs Conirols (Fisher exact t2si)

rs149871493), p.licB48Leu (c2542A>C; r3144963313), and
pAIRYSEPM (e 298360 rs13RTAN4ED) These variafinns
have been recently described n the db3NP datebase as rere
variants with an allele frequency of =0.01%, and each varian:
was found in a single patient. Pt. 4 camied two variations,
plled4aleu and p. Ala33571o, inherited from the same parent.

To ass2ss the variation frequency in the general populations
and n subjacts win a difierent autcimmune diszese, we
sequenced UNCTID In G1 healthy controls and 30 patienis with
MS. The results showed that p. AlaS9Thr was found in 5 healthy
conlrols and 3 MS palienls, and pArgS23Cys in 8 heallhy
controls and 2 MS patients. Moreover, one healthy control
carried the novel variation 0.2ro2713er (c.811C=T). absent in
the other groups (Table 2). Because pAleDIThr and p.
Argb2BCys were detected ir all patients and control groups
with  similar allelic  frejuencies, they wers nct jurrer
considered Gecause p.Cys112S5er, pVal7l1lle, pleddlleu
and p Ala9aqFPro were detected in the Al PS group alone, we
Turiner assessed NElr frequency n the [tallan population by
genotyping them in 100 additional healthy controls. Monz of
these wvariations were identiied in the healthy controls,
indiczling hal e gliele Feguency is rekalively low.

Cf the five patients whose inheritance pafterr of UNC13D
variations could be determined, four (80%) were maiemal and
one (20%) was pat=mal (Table 1). To evaluae whether this
apparent bias was duve to genetic imprinfing  favoring
expression cr the maternal allizle, we perormed RT-PCR on
mRINA derived from M2, PLT, and two other paticnts wno
were hefernzygoirs for the commaon synonymots polymorphism
C3798A=C (p.GIn1066GIN,. Cuomplemenidry DNA were 2
cloned, and 30 independent clones ware secuzncec for each
patient. The results showed that both alleles were expressed a
approximately the same levels in 2ach subject, which did not
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suppert maternal genetic imprinting in thesc paticnis (data not
shown)

Functional analyses

Fas-induced cell death assessed in T cells from the ALPS
and DALD patlents camying the UNGT30 variations 15 shown In
Figure 24, All patierts displayed defective Fas functior excepl
for Pt1, whose Fas function was considered &s bordering with
regard 1o statistical significance.

The FAS mtations present in Pt1 and Pt2?  were
p.Gn273His  and  p.GluZ61Lys  missenss mutations,
respectively. To assess their effect on Fas function, the wild-
type (Fas™™) and mutated (Fas®™™=" Fas>'2%''¥) forms of Fas
cDMNA were transfected nio 233T celis. Twenty four hours afler
transfection. 293T cells were harvesied and caspase-8 activity
was assessed in cell lysates The results showed thai
raspase-A acivalion was  significantly  lower in the cells
ramsfecled  wilh Fas®@=™"® gng Fas™®= e |han in lhose
transfected with Fas™T (Figure 2B).

Tne effects of e UNCIED missense varations on
Munc13 4 protzin expression and MK function were evaluated
in the PBMC of all patients NK function was svauatec by
assessing the cylotoxic activity of resting MK cells against KSG2
rells and that of activated NK cells against the Hl A-class |-
negalive B-EBY well line 727.221. Resling and aclivaled NK
cells were alsc tested for granule sxocyiosis, th2 mosi
approprate assay 1o deect Munc13-4 detects |248]. | he results
showed that values were in the nomal range for all paticnts
(data not shown). which was consisient with previous data on
donors carrying heterczvgous mutations of UNC130.

Tn furher assess the fnctinonal effect of the [INC130
variglions deeclzd in one subjecl only, ey were inserled int
a cDMA encoding UNCT 2D fused o the SV5 epilope tag. The
Munci3-4*, MUNE 1 3-gerees= MLINC 13-4« =
MU“C1 3_‘_.1I'-&¢E.1.al ﬁl-, N‘unc']e’_‘ttlﬂlﬂ.ﬂﬂm‘ Munc1 3_4I!ﬂﬂnﬂl HI.'!.I.HQSEm' ﬂnd
Munc13-472%er constructs were Tansfected into the BEMC-1
mastocytoma cell line. Western blot analysis showed that all
constructs were expressed at simiar keves indicatng that the
polyrmorpinismes did nol fave d subskantEl efect on Munc | 3-4
expression (data not shown). To assess the =flect of these
Jananons on Munc13-4 tuncton, we evaluated the capaciy of
ML to induce sccreory granule fusicn with the pasma
membrane in HMC-1 cells. Fusion was monitored by an
incrzase in CDE3 expression on the cell surface. Figure 3
shows thalt M P increased surface aypression of CIR3 hy
simiiar amounis In the cells Tansfected with Munc13-4* or
Munc13 4502758 eaneinucts. In contrast, MLP increased CDE2
g¥pression o a signmcantly lower extent in cells hat have
been transfocted with the Munc12-49E1158e pMune 13-4 rarsue
Munc13-48s4ites. Munc13-44==Pn and Munc]3-4tesdailewnacsen
constructs p<0.03).

Discussion
Munc13-4 is a member of the Munc13-like family of profeins.
It is highly expressed in CTL, KK cels. and mast cells and it is

invclved in granule sxocytosis. Once grarwes are tethered to
the plasme membrane, a prming step Is requirsd © enable
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Figure 2. Defective Fas function in the ALPS and DALD patients carrying the UNC13D variations. [A] Fas-induced cell death
in T cells from the ALPS and DALD patients camying the UNC130D variations. Activated T cells were treated with anti-Fas mAb and
survival was assessed after 18 hours. The results are expressed as specific cell survival %. The dotted line indicates the upper limit
of the normal range calculated as the 95" percentile of data obtained from 200 healthy confrols; two or more were run in each
experiment as positive controls; each patient was evaluated at least twice with the same result. [B] Fas expression and caspase-8
activity in lysates of 293T cells transfected with the wild-type (WT) or mutated form of FAS (PL1: p.GIn273His, Pt.2: p.Glu261Lys);
celis were lysed 24 hours after transfection. Upper panels: Westemn blot analysis of the transfected Fas performed using anti-FLAG
and anti-g-actin antibodies. Lower panels: fluorimetric enzyme assay for caspase-8 activity. Data are relative to those displayed by
mock-transfected cells and are expressed as the mean and SE of the results from 4 experiments performed in duplicate. *p<0.05;

*p=<0.01 vs. Fas* transfected cells.
doi: 10,137 1/journal pone. 0068045.q002

fusion of the granule membrane with the plasma membrane. In
this priming step, granules interact with a docking complex
composed of Munci8-2 and Syntaxin-11. Thus, Munc13-4
triggers the switch of syntaxin-11 from a closed to an open
conformation enabling fusion [29].

The present study detected six missense variations of
UNC13D in ALPS-FAS (2/7, 29%), ALPS-U (3/14, 21%), and
DALD (3/20, 15%) patients. Among them, two (p.Ala59Thr,
p.Arg928Cys) had been previously reported in FHL3, whereas
the other four (p.Cys112Ser, p.Val781lle, p.lleg48Leu,
p.Ala995Pro) were reporied in the dbSNP database as rare
variations with unknown functional and pathological
significance. Moreover, both lle848Leu and Ala995Pro have
been described in ¢is in one patient with systemic Juvenile
Idiopathic Arthritis (SJIA) and patients with FHL [30].

Only p.Ala59Thr and p.Arg928Cys were found in more than
one patient, with the former carried by an ALPS-U and a DALD
patient, and the latter by an ALPS-FAS and two DALD patients.
These p.Alas9Thr and p.Arg928Cys variations were detected
in several healthy confrols and MS patients with similar allelic
frequencies (p.Ala53Thr: ALPS 24%, DALD 2.5%, healthy
controls 4.1%, MS 4%; p.Arg928Cys: ALPS 2.4%, DALD 5%,
healthy controls 6.5%, MS 2.6%). These data argue against
substantial role for these variations in ALPS and DALD. The
p.Alab9Thr variation had been previously reported in two
families with FHL, but always in ¢fis with a pathogenic mutation,

PLOS ONE | www_plosone.org

making it difficult to assess its confribution to pathogenesis
[31]. The p.Arg928Cys variation had been previously reported
in FHL patients and a recent genotype-phenotype study
detected it in 8 patients carmying biallelic UNC 13D mutations
from 7 unrelated families [27]; yet, some of these FHL3
patients had a third missense mutation too. However, it could
be a mild variant whose effect could not be detected in the
small groups of subjects used in our study.

The other four variations were camied by three ALPS
patients and were absent in DALD and MS patients, and in the
healthy controls. The p.Cys112Ser variation was detected in an
ALPS-FAS patient who also camied a FAS mutation
(p.GIn261Lys), the FAS and the UNC13D mutations were
inherited from the father and the mother, respectively. The
p.lleB48Leu and p.Ala995Pro variations were carried by an
ALPS-U patient and were in cis, as previously reported in SIJA
and FHL [30], because both of them were inherited from the
maother. The p.Val781lle variation was detected in an ALPS-U
patient. These variations were located within key functional
domains of Munc13-4, characterized by two C2 domains (C2A,
C2B) separated by long sequences containing two Munc13-
homology domains (MHD) [29,32-34]. C2 domains bind
calcium ions and are involved in targeting proteins to cell
membranes; MHD domains are essential for the cellular
localization of Munci13-4. The p.Cys112Ser variation was
located in the C2A domain, p.Val781lle and p.lle848Leu in the
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Figure 3. Functional effect of the “private” missense variations of UNC13D. HMC-1 cells were transiently fransfected with
wild-type (WT) UNCT30 and mutated forms carrying the (p.Cys112Ser, pVal781lle, p.lle848Leu, p Ala995Fro, p. le81ElLeu’
PLAlE995PIe, and p Pru27 13er) vanalions (G = unlransiecled celis). Twenly-fow hows aller bansieclion, cells were lealed (o not)
for 10 min with AALP, and expression of CDE3 was evaluated by flow cytometry. [A] Cytoflucrimetric histograms of CD63 expression
in fMLP-stimulatad (black) and urstimulated (white) cells transfected with each construct; one experimental representative of six is
shiowr. [B] Mearn and SE ol the MMLP-nduced expression of CDG3 rom six expariments, resulls are rglalive o the CDE3 expiession
displeved by unstimulated cells (set &t 100%) in each experiment. the aslensk marks the statistically significant difference versus
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cells fransfected with the WT form; *p=0.05; **p=<0.01 vz MUMNC™" transfected cells.
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MHUZ domain, and p.Ala¥4oPro in the C28 domaim. 1he effect
of these variations was assessec upon fransfection in the
1IMC-1 mast cell line, commonly used tc study granule
exocytosis, which showed that all of tham significantly
decreased Munc12 £ function as detected by decreased MLP
Inducad granule exocytosls. By contrast, one further vanation
{p Pro27 1Ser) detected in a healihy control was located in the
C2A domain but functional anaysis showed that it did not
significanily decrease Munc13-4 function.

The loss of function effects defected in the transfected cells
dgre in conbiast with the nonmal MK aclivily delecled in lhe
FBMC of the patients camying the p.Cys112Ser. p.Val781lle,
p.licB48Leu, and p.Alaf95Pro variaticn. This discropancy may
be ascnbed to a diference in sensiivity o he Wwo types of
assays. The MK funclion assays can, in fact, detect severe
defzcts displayed by subjects camrying biallelic loss of function
mutations of PRFT or UNC{3D, but not the mild defect
displayed by ‘their healthy parents ecamying moncallelic
mutatons. By conrast, mild defects could be detected Dy our
Assay in HMC-1 cells in which fransfertinn forces expression of
high l=vels of the Muncid-4 vanants.

These data showed that rare loss of function varnations of
UNCI3D are observed in ALPS patienis with a higher

PLOS ONE | waw.plosone.org T

frequency (/%) than in the heathy control (U%), UALL (U%).
and MS (0%) groups. Thus, these vanations may have an
impact in the development of ALPS. Support for this hypothesis
comes from a patient who camied loss-of-function mutations in
FAS, UNC12D, and XIAP. He was not included in this study
pecause e genetic and cinical complexity of his picture
fulfilled the diagnastic criteria of A1 PS it alsn shared feafures
of FHL and X-inkcd lymphoprolfcrative discasc (Boggio E. ¢t
al, submitted).

Defective functons of Fas and Munc13-4 might cooperzte in
distupling e abilily ol the immune syslem lo shul ofl and
interfere with the anti-viral response. These processes nvolve
beth Fas and NKINKT cell function whese cytotoxcity is crucial
for the clearance of virus-infected cells and ihe traincide of
activated immune cells [35]. Persistence of viral infection and
an inability to switch off the immune response may contribute
to the lvmphocyte accumulaticn and the autommune reactions
displayed by ALPS patients.

These data suggest that the UNCT3D varatons may be
ronsidered part of an cligngenic hackground, predisposing
individuals to ALPS development. This may invelve gsnes
encoding for perforin (FRET), osieopontin (OPN), and
Signaling Lymphocyte Activation Molecule-Associated Protein
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(SH2D1A), whuse variglions heve been suyygesled o be risk
faciors for ALPS or DALD development. From this perspaciive,
patients 1, 3, 4, 5 6, 7 and O also notebly carried the c
1235A>C variation of OPN. associzted with ALPS and DALD
[26]. Further, patierts 2 and 2 dispayed hemrizygosity for the
-349T vanaticn of 5H207A, which has been assoclated with
AlPS and DAID [37] Finzlly, patient 7 alsn camied e
PAlad 1Val vanalion of PRFT, which bas been associaled wilh
DALD [22].

ALPE and DALD display a similar clinical picture and sharc
an innernted defect of Fas uncuon and the modirying efrect
exerted by variants of OPN, PRF1 and SH2D1A However. DN
T cell expansion IS only present In ALPS, which may mark
immunopathological differences becaiise a direct role has hean
ascribed fo these cells in ALPS development. This work shows
that mutations of UNGC 130 may also represent an immunologic
difference becausc they were detected in ALPS but not in
DALL patients. Moreover, the UNLT3D varatons were not
detecied n MS patients, which suggested that thay are nol 2
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Inherited defects decreasing function of the Fas death receptor cause autoimmune fymphoproliferative
syndrome (ALPS] and its variant Dianzani autoimmune lymphoproliferative disease {DALD). Since a delete-
rious mutation of the SH2D74 gene protects MELprIpr mice from ALPS development, we imvestigated the
role of SH2D1A, located in the X chromosome, in 51 patients with ALPS or DALD by mutational screening of
coding and regulative sequences. Allelic frequency of the -3460=T polymorphism was different in male
patients and controls (-346T: 61%vs 36X, p = 001, with similar Frequencies in ALPS and DALD. By contrast,
ni differences were found among females or between the controbs and patienss with multiple sclerosis {229
males, 157 females), Further analyses showed that - 3460 was a methylation site in CDE * T and natural killer
cells, and SH2DTA expression was higher in -346T than in - 3450 males, Finally, in viro-activated T oells from
-346T males produced lower amounts of interferon-y than those from -346C males. These data suggest that
-346T is a predisposing factor for ALPS and DALD in males possibly because of its effect on SAP expression
influencing the T-cell response.

o 2012 American Society For Histocompatibility and Immunogenetics. Published by Elsevier Inc, All rights

reserved.

1. Inreduction

Fas{Apo-1 {CDO5) is a ubiguitous dearh recepror, and cells ex-
pressing it undergo apoptosis upon interaction with Fas ligand
(FasL} | 1-3}, In lymphocyres, Fas migegering does not induce apo-
prosis in resting and recently activared T cells, bur the apoprosis-
inducing pathway is connecied o Fas several days afier cell activa-
tion, This Fas/FasL interaction is involved in shurting off immune
responses, regulanng the lymphocyte lifespan, and mainaining
peripheral wberance, Moreover, cytotoxic T lymphocytes {CTLL T
helper 1 {Tyy; ), and namaral killer (MK} cells express FasL, whose
inreracticn with Fas expressed by rarget cells is one of the mecha-
nisms rhat they use o exert their cytoroxic funcion,

The autoimmune i mphoproliferacve sy ndrome | ALPS) is char-
acterized by defective funcron of Fas, autcimmune manifestations
thar predominancly involve bleod cells {ie. thrombogy topenia, ane-
mia, neurropenia), polyclonal accumularion of lymphocytes in the
spleen and lymph nodes, and peripheral expansion of T-cell recep-

*  Cormesponding surhor
E-mail address: deanzans@med.unipmn.in L. Dianzani).

or (TCR} ep* CD4/CDE double-negative (DN) T cells [4-9). More-
over, ALPS patients are predisposed 1o develop lymphomas in
adulthood | 10).

Muost ALPS cases are caused by delererious mutations of the
Fas gene {ALPS-FAS], although a few partienis carry mutarions of
the FasL gene (ALPS-FASL) or the caspase 10 gene (ALPS-
CASP10). However, the mutated gene is not known in a substan-
tial proportion of patents (ALPS-U) [4-9]. In mice, a disease
overlapping ALPS is displayed by MRELIpripr and gid'eld mice,
carrying murations of the Fas and the FasL gene, respectively
i1.2.11]. Moreover, we described an incomplere form of ALPS
fuiflling che first three criteria bur lacking an expansion of DN T
cells. These patients did nor display Fas, FasL, or caspase 10
mutarions, although most of their parents displayed the Fas
funcrion defect, and we suggested an involvement of inherited
mutations hiting the Fas pachway downstream from the recep-
1or [9,12-14]. Because the complere paradigm of ALPS could not
be demonstrated, this form has been named Dianzani auroim-
mune lymphoproliferative disease (DALD) by McKusick (OMIM
Darabase ID; 601240, reference £605233) [9],

0198-E850/1 27 $35.00 - see fropt mamer & 2012 Amerscan Socieny for Histncomparibility and Immunogenerss. Published v Elsevier Inc. AB rights reserved
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epression ass3y [Asszy-on Demand: SAP, Assay No. HsDD158078_ml;
Applied Binsystems). The glyceraldehyde 3-phosphare dehydrogenase
gene {GAPDH Assay No, Hs00000005_m1; Applied Biosystem ) was used
o nommialize for CONA amounts, Real-time PCR was performed using
the 70 Sequence Derection System [(Applied Biosystems) in du-
plicate for each sample in a 20 gl final volume cont@ining 1 gl
dilured cDMA, 10 pl TagMan universal PCR mascer mix [Applied
Biosystems). and 1 pl Assay-on Demand mix. The chermocycler
paramerers were 95°C for 10 minutes, followed by 40 cycles of 95°C
for 15 seconds and GO°C for 1 minute. The results were analyzed
with a Defea-Delra CT method.

2.6, Wesrem blor analysis

Cells werew ashed owice with PBS and lysed for 20 min on ice in
a lysis buffer (150 mmaol/l MaCl, 20 mmol/l Tris-HCl, pH 8, 0.5%
Nonider P40 Substitute, 5 mM EDTA, aprotnin 1 gg/ml, leupeprin 1
peiml, pepstacin A 1 pgfml, PMSF 100 pg/ml). Lysates were then
cleared by centrifugarion for 200 min ar 13,000 rpm ar 4°C and
separated on 12% SDS-PAGE gel after denaruration in SDS-PACE
loading buffer (63 mmaolfl Tris-HCl pH 6.8, 5% glycerol, 12505, 2.5%
bromophenol-blue), and ransferred o nirroceliulose, Filters were
then blocked in TBST buffer plus 5% non-fat mitk for 1 hour and then
intubared with anti-SAF monoclonal andbody {mADb) {Upsiate,
Lake Placid, NY) overnight at 4°C in TBST buffer plus 5% bovine
serum albumin. SAP signals were revealed with a peroxidase-
conjugared anti-mouse Ig secondary antibody (GE Healthcare,
Bockinghamshire, UK} and derecred by enhanced chemilumines-
cence. g-Actin was dereceed with mouse mAb (Sigma) and de-
recred wirh the same secondary antibody, Bands were quantified
with the CelDoc EQ system {BioRad, Hercules, CA),

2.7. Funceional assays

PEMC were culured for 9 days in RPMI 1640 supplemented
with 10% FBS, PHA (1 pgfml} and IL-2 (2 U'ml) 1o increase SLAM
expression, Then, cells [ 1x10%'well} were seeded in round-bormom
S6-well plares pre-coated with 100 pl of anp-CD3 mAb (OKT3, 1
e /ml) overnight ar 4°C, and culmured fior 72 hours in the presence
and absence of soluble ant-5LAM mAb {1 pg/ml; Biolegend, San
Diego, CA). Secretion of cyrokines was evaluared in the supema-
tants after 72 hours of culure by caprore enzyme-linked immu-
nosorbent assay (ELISA); Inrerleukin (1L)-4 and IFN- using ELISA
MAX Dehwe (Biolegend), 1L-10 and IL-17 using Human DuoSet
(R&D Sy stems, Minneapolis, MN), Toanalyze cell proliferarion, [*H|
thymidine (0.5 pCiwell) was added during the last & houwrs of
culware; cells were then harvested and [*H| thymidine uprake was
evaluated with a g-counter { Perkin Elmer, Norwalk, CT).

2.5, Sracisrice! anafysis

Starisrical analyses of allele and genorype distributions were
performed using the y* test with the Yares correcrion. Hapioty pe
analysis was performed using the Haploview program (3,11 ver-
sion. Broad Institeee of MIT and Harvard, 2003-200G). This program

also calculared pairwise linkage disequlibrium {LD) values {r* and
Lewontn D' | among the SNP alleles, Allele mansmission from the
mochers o the affected sons was evaleared according to the Af-
fecred Family-BAsed Control {AFBAC) method. In families ascer-
@ined for the presence of an affected child, the parental alleles not
transmitted o the affected child were used as “control™ alleles.
whereas the parental ransmirted alleles were used as “case” al-
leles, Transmission Disequilibrium Test (TDT) analysis was per-
formed using Haploview program. The use of nuclear family darain
case-conmrol association smdies was developed o avoid possible
ethnic mismarching berween paients and randomly ascertained
controls, Funcrional data were analyzed with the nonparamerric
Mann-Whimey U test,

3. Resuhs
3.1. Generic analysis

To assess the robe of SHZDA in development of ALPS and DALD,
the genomic DNA corresponding 1o the 5'UTR, the four exons and
their inoronfexen boundaries, and the 3'UTR of SH2D1A were se-
quenced in 31 male patents with ALPS or DALD (& ALPS-FAS, O
ALPS-UE and 16 DALD), and 369 male healthy controls, asvariarions
of a X-linked genewould have a prominent effect in males, In both
patients and controls, we only found three SNPs, ie -346C=T
(rs12164382) in the 5'UTR, and -494G=A (rs7357804) and
-631G=A (rs090545) in the 5 fanking region (numeracion is re-
ferred 1o ATG = +1), Resulis showed thar the frequencies of the
-346T and -631A alleles were significantly higher in the panents
than in the conrrols {-346T; 61% vs 36%; 631A; 61% vs 37%) and
conferred an OR of 278 (05% (1 = 1.24-630; p - 0.01) and 274
(9% (1 = 122-6232; p = 0.01), respectively, for ALPS or DALD
development (Table 1) No significant difference was found in rthe
frequency of -404G=A,

To assess whether a similar associanon was detectable in females
oo, we iy ped the three SNPs in 20 female patenis wicth ALFS or DALD
(three ALPS-FAS, nine ALPS-L), eight DALD} and 165 marched conmrols.
Resulis showed thar allelic and genotypic frequencies were similar in
partients and controfs among the females. Moreover, allelic frequency
of -346T and -631A were significandy higher in the males than in the
females among the patients (-346T; 61% vs 31%, p - 0.020; -631A;
G1% vs 34%, p = 0.049). No significant difference was found in the
frequency of the 424G =A alleles (Table 2,

Highly significant pairwise LD was observed between the three
5NPs and, in parncular, -3460C=T was in almost perfect LD with
-631G=A (D' 096, r* - 0.8) (Table 3),

The Transcription Elemenr Search System analysis program
[herp: {fweww chil upenn edu/cgi-binfress) showed that the three
5NPs did not modify the putative binding sires of ranscription
Factors, bur -346C was reported as a putacive merhy lation site [25],
suggesting thar -3460=T may influence the gene expression.
Therefore, we focused our further analyses on -346C>T.

Tabie 1

Albele Trequencies of delferent SNPs in 3H201A in male ALPS{DALD parsents and healthy conmols

-J4EC=T A9 =-A -GG

Alizlp ‘Conrrols® Fazipms Allzle Conrmos Parsenms Alleie Commals Paiens
C 235 (G4L) 12 (39%) (ri 215 [56%) 23 [71%) & 246X} 12 {30%)
T 134 {36) 1B {E1L} A 154 [42%) 0,[29%) A 135{17%) 19{G1L)
Togal 368 11 365 31 369 31

OR =278 [B5% (1= 1.24-630] M5 DR =274{95%50 = 122-622)

p=n0o0= p=001

(1L conMdence inrenval; N5 Mot significant; OR, odds rasn.
INUmtler of SUbjEcTE PErCenLages ang SHOWN in pareniheses
SPanienes v contmols; pyalue uncomeced 107 number of Comparssois.
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Table 2

Allele frequencies af dilferent SHPs in SH2DIA in female ALPS/DALD pariencs and heaithy conrrols

38BC-T ABAC=A BIG=A

Alizle Conrrols® Patienrs Alisie Conrols Farienrs Alizle Comrals Patiens
C 206 (521) 27 [G9) G 191 {58%) 25 (50) G 200 {E1%) 26{GEE)
¥ 124 {38%) 12(31%) A 139{42%) 15 (41} A 127 {28%) 14348
Toca) 310 40 330 4D 230 a0
GEamMYpE Conorods® Pamcms Genoype Contmis Paipmrs CeRoype Comrs Patients
o &5 40 o (45%) GG 55 (33%} & (4 GG 65 (407) 9 [45%)
a 72 [43%) 9 (45T} A £1 {4o0%) 0 [45T) GA T3 (44) B (40%)
T 15(15%) 2{10%) AN 20(18%) 3{15%) AA 27 (16} 4 {15%)
Toea) 165 0 VG5 0 15 0

*Humber of CHEHMOSOMES; PerCentages are sSown in parenteses.
ENumber of subjes; percenilges are shown in panentheses.

Dissection of data according to the ALPS or DALD diagnosis
showed that frequency of - 346T was almost identical in ALPS and
DALD parients in both males (ALPS; 60%, n = 15; DALD: 62% n = 16)
and females (ALPS: 33% n = 12; DALD: 31% n = B}, Climical analysis
did nor devect any substantial difference berween -3467 and -346C
patients in terms of the ymphoproliferative picture and autoim-
mune manifestations (daca nor shown).

Typing of the -34G6C=T alleles in the available Fathers (n = 21)
and mothers {n = 22} of the male patients showed that, among the
non ransmiteed alleles [parermal alleles and non ransmitied ma-
rernal alleles), frequencies (- 3460 G0%; -346T; 40%) were similar 1o
those derected in the healthy conmrol groups, which showed that
the general populaton wsed as a conmmol was ethnically marched
with the patients' families. Intriguingly, analysis of the hererozy-
gous mothers by the TDT analysis showed a preferencial rransmis-
sion of -346T [ mansmirmed:; non ransmitted alleles, 9:4), bur results
did not reach staristical significance because of the small number of
subjpects,

To assess whether -246T has a predisposing effect on auroim-
mune diseases different from ALPS and DALD, we typed this SNP in
386 parients with MS {220 males and 157 females). Results showed
thar allelic frequency of -346T was similar in M5 patients (38% in
borh mates and females) and the conrols, with no gender differ-
ences (data not shown),

3.2 Funcrional analyses

To investigare whether the -346C=T alleles influence SAP ex-
pression, we analyzed the SAP mRENA level by real-Time PCR in
PBMC after 3 days of culoure in the presence of PHA and IL-2, as
preliminary experiments showed thar SAP was minimally ex-
pressed in fresh cells bur was substanually upregulared in these
culiure condirions. This analysis was performed in PEMC from
mabes carnying -346C {healthy conrols no = 10; patienis n = 5} or
-34GT{ healthy controls n = 10; patients n = 4), Results showed that
-346T carriers, either conrrols or patients, displayed higher levels of
SAP mENA rhan the respective -346C carriers (p = 0,001 and p -
0.0, respectively ) (Fig. 1). In some experiments, the calured PEMC
from the healthy conrrols (- 2460 0 = B; -346T: n = 6)were used o
positively purify the D4 (T, CDB* (CTL) and CD16* (NK) cell
subsers using magnernc microbeads, Resulrs showed thar -346T

Tabde 3

Linkage desequilibrium parrem of rhe three SNPs

-FI1G=A -S040 A -3460=T

A31GE=A =1 D =096
=05 =08

9454 =1 D' =045
=05 P =146

-A4R0=T O = 068G D' =055
=08 P =045

carriers displayed significantly higher levels of 5AF mRNA rhan
-346C carriers, in CTL {p = 0.009) and NK (p = 0.002) cells; by
conrase, the difference was not significant in Ty cells (Fig, 2, left
panel}, To rule our the possibilicy that these resulrs were influenced
by the positive purification 1echnique, CTL and NK cells (-346C: n =
5 -346T; n = 5) were negatively purified from fresh PBMC using
the RozereSep rechnique and then culured as reported above.
Analysis of SAP expression confirmed thar-346T carriers displayed
higher levels of SAP mENA than -346C carriers in both cell rypes
[CTL: p = 0.03; NK: p = 0.04) {Figure 2, right panel), Moreover, the
-246( samples were used o evaluate the methylation stare of this
site by methylarion-specific PCR. Resulrs showed thar -346C was
methylated and its methylation level was higher in PEMC than in
CTL and NK cells (Figure 3}, Methyiation analysis of PEMC derived
from-246C male patients (n = 5) confirmed mechy lation of this site
(range 17%-29 &)

To assesswhether the differential ex pression of SAPwas detect-
able at the protein level too, we analyzed SAP expression by Wesi-
ern blor in PBMC from healthy males carmying -346C (n = 10 or
-246T (n = 10}, after 5 days of culrure in the presence of PHA and
IL-2, Resuls showed thar -346T carriers displayed significantly
higher levels of SAP than - 346C carriers (p = 0.02) (Fizure 4],

|:| -MSC
|

|r_:u:|- g {

ZAF mANA refative sxprosson %
=

CONTROLE PATIENTS

Fig. 1. SAP expression a1 the mENA level in actvared PEMC derived Trom heakiny
miales and PatEenis carTying - 3460 or - 3467, PEMCTrm male patients{- 2460 n = 5,
- 46T 0 = 4)and healiyy comrrols (- 3460 0 = 106, -346T: 0 = 1) were olrored in
rhe presence of PHA and IL-2 Tor 3 days. Quantificarion of the SAP mENA was
evaluared ty real-time FCE. The median expressson level detected in- 3460 sxmples
in each experiment was 100% expressian. Haroncal nes show the medianvaloes
and boces (e iNEETQUANTElE TANZes. STaristcal analy seswere pedormed with the non
parametric Mann-Whimey U @est{*p < 0.01; *p~ 005)
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Fig. 2. SAT expressionar the mENA level in Ty, CTL, and MK cells derived from healthy males carmying - 3450 or-245T by positve and negarive purificarion. Cal! subsers wers
positively purified from PHA-Jcrivared PEMC {- 3460 0 = 6, -346T- 0 = &) by magnesc microbeads (left panet) or negatively purifed fmm fresh resting PEMC {-3460; 0 = 5,
-34ET: 1 = 5 and then culwred in the presence of PHA and [1-2 197 3 days (Tight panel). Quanisfhoation of the amount of the SAF mEMA was evaiired by real-time PCR ang

dara are expressed 25 in Fegure 1
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Fig. 3. 5AP - 3460 methylamson in PEMC, CTL, and ME cells derived Inom heatrhy
males. Quantitarive analysis o DMA methylanon ar the -346C site in ampiifed
nisEphite CT-COINENEd SERFMIC DNA ITOM the Cefls olClnsd [Tom e - 3460
healtty maies as described Tor the righr panel of Fgure 2. The merylanon kvel &
expressed 35 Medsan values and inenquTSe raRges of e felive proparinng of the
uncomyened methylared © and the T-comeamed mmetyLied C. StarsEcl analyses
were perfoned with the non parameric Mans-Whaney U s (*p - 005

To assess whether the -3460=T variants influenced T-cell acri-
varion, we analyzed proliferation and cytokine secretion in T cells
from healthy males carmying -346C {0 = 8) or -3467 (n = 8), PEMC
were cultured for 9 days with PHA and IL-2 1o increase SLAM
expression, They were then activared with anG-CD3 mAb in the
presence and absence of ant-SLAM mAb, and secretion of IFN-5,
114, IL-10, and IL-17, and cell proliferation were evaluared after 3
days, Resulis showed thar -346T carriers produced significantly
less IFN-+ than -246C carriers withour substantial differences in
the presence and absence of SLAM stimularion [Figure 5, left panel ).
By conerast, no substantial differences were found in secreticn of
IL-4, IL-10, and 1L-17 {dara not shown), and cell proliferation (Fig-
ure 5, right panel} berween - 2460 and -346T carriers. These exper-
iments also showed thatr SLAM stimulation similarly increased cell
profiferation in -346C and -346T carriers, but it did not modulare
cytokine secrerion.

4. Discussion

This work shows thar the -346C=T variation of SH2[M A is asso-
ciared with ALPS and DALD and hits a methylation site involved in
SAP expression, In particular, patents with ALPS and DALD showed
an increased frequency of the -346T allele thar lacked the -34G6C
methylarion site and was associated with increased expression of
SAPin NK and CD8~ T cells and decreased secretion of [FN-+, These
dara support the possibility of an opposite epistarc relagonship
berween Fas and SAP expression, which has been previously sug-
gested in MELIpr/Tprmice inwhich a sponianecus A insertion ar the
21st codon of SH2D1A [frst exon) causing a frame-shift had re-
stlred in defecrive expression of SAP and a srriking reducrion of
hy pergammaglobulinemia, auroantibody production, DN T-cells
counts, lymphadenopathy, splenomegaly, and parhological in-
dexes for glomerulonephritis and vasculiis [24],

In our patients and conerols, we detected three SNP thar were in
strong LD and, in particular, -346C=T and -631G=A, which were
significandy associated with ALPS/DALD, were in almost perfect LD,
whereas their LD with -494G=A was weaker. The -346C=T SNP
was the cnly one with a likely funcrional effect, The three SNPs
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SAP

-actin

SAP rolative cxpression %
2

-3465 -M4GT

Fig 4. SADEX[ression ar the prooein ievel in PRMC derived fram healrhy mabes carrying- 3460 or -346T, PENC T rom healrhy mases(-3460 0 = 10,-346T: 1 = 10)were culnured
inThe presence of PHA and I-2 for 5days and then SAP expression was evaluared by western Hor. Left panel: Representanive wesiern biors of nws -346 O and rwo - 346 T
samupies. (Heght panel) Densifomernsc quant:icaron of SAP of results from all ex periments. The median expression detsced in the - 3460 s3mpies in e300 experimentwas 100%
Expression. Harizonral fines show [he median values and Doxes the inCErgquarile rAnges; Starstcl anab/sis was performed with the Mann-Whimey U s, (*p < 005).

were not included in manscriprion factor binding sires, bur -3460C
had previously been shown o be a putative mechylation site [25],
and our work experimentally confirmed rhis possibility and
showed thar -346T hemizygores expressed higher levels of SAP
than-346C hemizy gores in NK and CDE* T celis. Therefore, our data
srrongly sugzest that -346T is directly responsible for the predis-
posing effect co ALPS/DALD development by increasing SAP expres-
siofn, The finding that associaton with -346T was derecied only in
males and rhar, among patients, males displayed significancly
higher frequency of -346T than females may reflect differential
use of the - 346C methylation sive or other regulatory sites in males
and females. This would be intriguing, as a gender influence in the
ALPS picture was previously repored by Maric er al, [26], who
showed that lymph nodes from male ALPS patients frequently
displayed histoparhological fearures of sinus histocytosis with
massive lymphadenopathy, thar were rare in female ALPS patients,

N B
2
1]

andh.CD3 & & * FY

antli-SLAN - - * +

SAP has owo funcricnal domains for protein interacton [23,27 -
31). The first is a SH2 domain which binds 1o 3 unigue class of
cytoplasmic ryrosine-based morifs presenr in receprors belonging
o the SLAM family ; SAPbinds this site with high affiniry and blocks
its interacrion with the yrosine phosphatase SHP-2. The second
domain binds the ryrosine kinase Fyn thac propagates downstream
signals that are essential o the funcrion of the SLAM family mem-
bers. These signals may play an imporant rofe o develop autoim-
muniry and lymphadenopathy in MELIpr/Tpr mice since Ipr T cells
show an unusual activation of Fyn, that may support their survival
132.33]. Moreover, Fy n deficiency resulred in a marked reducrion of
Ivmphadenoparhy and aurcantibody production in these mice [34],
thar mimicked the effect of SAP deficiency.

ALPS and DALD share the clinical picrure and defecrive Fas
funcrion, bur are distinguished by DN T-cell expansion thar is only
present in ALPS, This difference is imporant from a diagnostic

AH-Shymiding com K102
g B
T

40 —1
20
i)
anti-CO3 + & + +
anti-SLAM - - +* +

Fig. 5. IFN-y prociuction and protifesation in T cells (rom hedithy mases Carmyang - 3460 or -346T. PIMC frim heatrhy coomrols (- 3460 0 = .- 346T: 1 = B)were cubmured for
9 days in the presence o PHA and IL-2, then restimalAed wirh anti-CDE mARor 3 days inihe presence and absence of anri-SLAM mAb Then, 1PNy secrecsan (left panel) and
el pridiferaron (Tight pansl) were measured. Horizonal lines show the median values antd bees the interquartile ranges. Staristcal analysis was perfarmed wirh the

Mann-Whitney [ rest, (*p < 0.05)
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point of view since the search for DN T cells is a first level laboratory
analysis o diagnose ALPS, but it may also mark immunopathologic
differences as DN T cells might play a direct role in ALPS develop-
ment Despite these differences. this work on SAP and our previous
works on the OFN and PRF genes indicated char the genetic back-
ground predisposing 1o ALPS and DALD may be similar, as varia-
tions of these three genes predispose o both diseases, We previ-
ously suggested that the OFN and PRF gene variations cooperated
with the Fas defect in slow ing down the immune response switch-
ing off by inhibiting AICD and oy roraxic cell-mediared frarricide of
acivared immune cells, respecrively, thar flank Fas-induced apo-
ptosis in eliminating acovared immune cells [16-18]. A similar
mechanism might also be involved in the predisposing effect me-
diared by -34GT, as this vanarion was associared with decreased
secretion of IFN-v, thar is a cyrokine able to enhance Fasl expres-
sion in Ty cells [35], By contrast, the effect was not due 1o a direct
effect on AICD and Fas-induced cell dearh, as they were similarin T
cells derived from healthy males carrying -346C or -346T {data not
shown). It is noreworthy thar this picture is different from that
displayed by XLP patients showing defective AICD and normal
Fas-induced apoprosis [ 36].

The SLAM family of receprors comprise seven members; SLAM
{CD150), 2B4 (CD244), COE4, (D48, NTBA (SLAMFG or Ly 108 in the
mouse), LyS (CD229), and CD2-like recepor achivating Cyrotoxic
cells {CRACC or CD319) [27 30,31]. Most SLAM family members
form homaophilic interactions, whereas 2B4, an acrivaring recepror
for MK cells and CDB* cyroroxic T cells, interacis with CD48 upregu-
lated by EBV-infecred B cells; the abnormal responses to EBY infec-
rion displayed by X LP patients are probably due in part o defecrs of
2B4-mediared cyrotoxicity, However, 2B4 seemed not to play arole
inour sysrem since 2B4-mediated cytooxiciny was similar in -3460C
and -346T carriers {data not shown). Moreover, no role was found
for SLAM whose miggering did nor influence the differential [FN-+
secretion displayed by these donors.

A general role of SAP in auroimmunizy has been suggested by
the finding that SAP-deficient mice are progected not only from the
Ipr disease bur also from EAE and pristane-induced lupus [31]
However, this general role does nor seem o imvolve -3460 =T, aswe
did not derect any associarion of this variation with MS. This makes
a difference with the csreopontin and perforin gene variations that
were found o be asseciated not only with ALPS and DALD but also
with M5 and other auroimmune diseases [37- 401,

In conclusion, this work suggests that high SAP expression may
favor lymphoprofiferation in ALPS and DALD patients, and opens
theway o the possibility thar partial pharmacological inhibirion of
SAP mighe be beneficial o conirad these diseases.
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Key Points
In vitro, TT.-17 inhibits Fas-induced cell death and TT.-17 neutralization improves lymphocyte

apoptosis in patients with ALPS and DALD.

Treatment of MRIL/p#/lpr mice with anti-IL-17A antibodies decreases the severity of

autoimmune/lymphoproliferative disease.

]
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Abstract

In autoimmune/lymphoproliferative syndrome (ALPS). defective Fas death receptor function causes
lymphadenomegaly/splenomegaly. the expansion of TCRaff” CD4/CD8 double-negative (DN) T
cells, and frequent development of hematologic autoimmunity. Dianzani Autoimmune
Lymphoproliferative Disease (DALD) has a similar phenotype but lacks the expansion of DN T
cells. This work shows that patients with ALPS and DALD have high serum levels of IL-17A. IL-
17F and IL-17AF. which are involved in several autoimmune diseases, and that their T cells show
increased secretion of these cytokines upon activation in vitro. The following data indicate that
these cytokines may contribute to ALPS and DALD: 1) recombinant IL-17A and IL-17F
significantly inhibit Fas-induced cell death (FICD) in Fas-sensitive T cells from healthy donors: 2)
this inhibitory effect is also induced by the patients’ serum and is reversed by anti-IL-17A
antibodies: 3) IL-17A neutralization substantially increases FICD in T cells from ALPS and DALD
patients in vitro and 4) treatment with anti-IL-17A antibodies ameliorates the autoimmune
manifestations and. at a lesser extent. the [ymphoproliferative phenotype and prolongs survival in
MRLIpr/Ipr mice, which are an animal model of ALPS. These data suggest that IL-17A and IL-17F

could be targeted therapeutically to improve Fas function in ALPS and DALD.
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Introduction

Autoimmune lymphoproliferative syndrome (ALPS) is a human genetic disorder of lymphocyte
apoptosis resulting in the accumulation of polyclonal lymphocytes in the lymph nodes and in the
spleen with expansion of T cell receptor off (TCRof})-positive CD4/CD8 double-negative (DN) T
cells and frequent development of autoimmune manifestations, mainly hemocytopenias. The disease
15 caused by genetic mutations that affect Fas-mediated apoptosis and that have an autosomal
dominant inheritance pattern with incomplete penetrance’”. Most patients carry a heterozygous
mutation in the FAS gene (ALPS-FAS). whereas very few patients carry mutations in the FAS
LIGAND (ALPS-FASLG) or CASPASE10 (ALPS-CASP10) genes: however, the causal mutation is
not known in a substantial proportion of patients (ALPS-UND). Moreover. a substantial number of
patients carry somatic mutations in F4S in the DN T cell population (ALPS-sFAS)’. We have also
described patients with lymphadenomegaly/splenomegaly. autoimmune manifestations and
defective Fas function. but without expansion of DN T cells. This disease has been named Dianzani
Autoimmune Lymphoproliferative Disease (DALD) (OMIM reference #605233)°. and several
features indicate that it may involve genes in the Fas pathway™”.

In previous work, we showed that ALPS and DALD patients have high serum levels of Osteopontin
(OPN)® and Tissue Inhibitor of Metalloproteinase-1 (TIMP-1)". An increase in OPN was partly due
to polymorphisms in its gene and might cause the observed increase in TIMP-1 because OPN
induces TIMP-1 secretion in monocytes. Because both OPN and TIMP-1 inhibit lymphocyte
apoptosis in vitro, we speculated that their high levels may contribute to ALPS and DALD
development in subjects with a hypofunctional Fas system®’. Moreover. the role of risk factor may
be also played by gene variations decreasing function of perforin. involved in the function of
cytotoxic T cells and natural killer cells*™.

OPN is a proinflammatory cytokine that is also involved in the development of T helper 17 (Th17)

cells'’. These are proinflammatory T helper (Th) cells characterized by the secretion of IL-17A and
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IL-17F. which can be secreted either as homodimers or as IL-17AF heterodimers'”. IL-17A and IL-
17F can be also produced by other cell types. including CD8™ T cells. v& T cells. natural killer cells
and neutrophils”®. They share about 50% sequence identity and several biological activities.
including neutrophil recruitment and induction of proinflammatory cytokines., chemokines, and
metalloproteinases'®. However, their receptor usage is partly different, their secretion is
independently regulated in Th cells. they display different proinflammatory activity., and are
differently expressed in several autoimmune and allergic diseases™ "'

Increasing evidence indicates that Thl7 cells play an important role in several autoimmune
diseases. including multiple sclerosis (MS). psoriasis., rheumatoid arthritis (RA). inflammatory
bowel disease, anti-neutrophil cytoplasmic antibodies associated vasculitis, and systemic lupus
erythematosus (SLE)'®**. SLE patients. in particular, have high serum levels of IL-17A and IL-23
and increased numbers of IL-17-producing T cells in the peripheral blood (PB), and these high
levels correlate with disease activity. Moreover, in vitro experiments have shown that IL-17A
increases autoantibody production (anti-dsDNA. anti-nuclear) in the peripheral blood mononuclear
cells (PBMCs) of patients with lupus nephritis, protects B cells from activation-induced cell death
(AICD), and supports their proliferation and differentiation into immunoglobulin (Ig)-secreting
cells™°.

Intriguingly, some SLE patients show expansion of DN T cell populations, a hallmark of ALPS,
and secrete high levels of IL-17A. Moreover, high levels of IL-17A are produced by DN T cells that
infiltrate the nephritic kidneys in MRL/p/Ipr mice. These are used as an animal model of ALPS
because they carry mutations in the FAS gene and have a typical ALPS-like phenotype with
lymphadenomegaly/splenomegaly and expansion of DN T cells, but they also have features that are
atypical of ALPS patients, such as lupus-like nephritis and anti-dsDNA autoantibodies®.

These observations prompted the present work, in which we investigate the roles of IL-17A and IL-

17F in ALPS and DALD. Our results show that the levels of IL-17A. IL-17F, and IL-17AF are
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increased in ALPS and DALD patients and that IL-17A and IL-17F inhibit Fas-induced cell death
(FICD) in vitro. Moreover. treatment of MRL/pr/Ipr mice with anti-IL-17A antibodies decreases the
severity of autoimmune/lymphoproliferative disease. decreases renal involvement. and prolongs

survival.
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Methods

Patients

We analyzed 18 ALPS (n=9 ALPS-FAS: n=1 ALPS-sFAS: and n=8 ALPS-UND) and 18 DALD
patients who were followed at the Pediatric Department. University of Turin. Italy. and age-
matched healthy confrols (n=50). ALPS and DALD were diagnosed according to the criteria
indicated in the 2009 ALPS NIH International Workshop®. Clinical and laboratory data are reported
in the Supplemental Table 1. Most patients had received corticosteroid therapy but analyses were
always performed at least four weeks from the last treatment.

Written informed consent was obtained from patients and controls. This study was conducted in
accordance with the Declaration of Helsinki. The study was planned according to the guidelines of

the local ethical commuittee.

Cytokine secretion

Cytokine serum levels were evaluated by (Enzyme-linked immunosorbent assay) ELISA (R&D
system Minneapolis, USA: eBioscience. San Diego. CA. USA).

PBMCs (1x10°) were cultured for 5 days in round-bottomed 96-well plates in the presence of anti-
CD3 (10 pg/mL) and an anti-CD28 (1 pg/mL: Ancell, Bayport, USA) monoclonal antibody (mAb)
and in the presence of recombinant (r) IL-23 (1IL-23 50 ng/mL: R&D system). Then. IL-17A and
IL17F were measured by ELISA on the supernatant; absorbance was evaluated using a microplate
reader (Bio-Rad. Hercules. CA. USA). and the I-smart program was used to calculate the standard
curve. Cells were stained with a PE-conjugated anti-CCR6 mADb and an APC-conjugated anti-CD4
mADb (eBioscience). Alternatively, they were re-stimulated with Phorbol 12-myristate 13-acetate
(PMA) (50 ng/mL; Sigma. Saint Louis, MO) plus Ionomycin (500 ng/mL; Sigma) for 5 hours in the

presence of Brefeldin-A (10 pug/mL: Sigma), permeabilized. and stained with a FITC-conjugated
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anti-TCRufy” mAb and an Alexa Fluo 647-conjugated anti-IL-17A mAb (eBioscience). Then. they

were analyzed by flow cytometry.

FICD assay

PBMCs were separated by density-gradient centrifugation. FICD was evaluated as previously
reported™ in activated PBMCs using a soluble anti-Fas mAb (0.5 pg/mL CHI11: UPSTATE
Waltham. MA. USA) in the presence and absence of rIL-17A or tIL-17F (5 ng/mL: Peprotech.
Rocky Hill, USA). In some experiments, FICD was also induced in the presence of a neutralizing
anti-IL-17A antibody (10 pg/mL: R&D system). After 16 hours. cell survival was assessed by
counting the live cells in each well using the trypan blue exclusion test. The results are expressed as
relative cell survival % calculated as follows: (total live cell count in the assay well/total live cell
count in the respective control well) x 100.

In some experiments, cells were harvested at the end of the FIDC assay and lysed in 150 mM NaCl.
20 mM Tris-HCl-pH 8. 0.5% Nonidet P40 Substitute. 5 mM EDTA. aprotinin 1 pg/mL. leupeptin 1
ng/mL, pepstatin A 1 pg/mL, PMSF 100 pg/ml for 30 min. Lysates were then separated by SDS-
PAGE. transferred to Hybond-C extra membranes (Ge Healthcare. Piscataway. NJ. USA). blotted
with antibodies to FLIP (Alexis Axxora. San Diego. CA). XIAP (Alexis). Bel-2 (Stressgen,
Victoria. BC, Canada), and (-actin (Sigma) and a peroxidase-conjugated anti-mouse Ig secondary

antibody (Ge Healthcare). and revealed by chemiluminescence.

Mice

Female MRLipr/Ipr mice (stock no. 000485) were purchased from The Jackson Laboratory. Eight-
week-old MRLIp#/Ipr females were randomized into 3 groups of 8 mice each and were treated with
4 intraperitoneal injections (one every 4 days) of PBS. anti-IL-17A antibody (100 pg/100 uL, R&D

System). or an isotype-matched control (IgG25. R&D System). The concentration of anti-dsDNA
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antibodies was evaluated by ELISA (Alpha Diagnostic International. San Antonio. USA) in mouse
sera (Low NSB Sample Diluent) at a 1:500 dilution. Proteinuria was evaluated using reagent strips
(A. Menarini Diagnostic, Berkshire, UK) and was ranked as follows: 0 (negative); Pro.1+ (30
mg/dL); Pro.2+ (100 mg/dL); Pro.3+ (300 mg/dL): and Pro.4+ (1000 mg/dL). The lymph node and
spleen sizes were expressed as the ratio between the organ wet weight (g) and the body weight (g) x

100. The experiments were approved by the local ethical committee for animal experimentation.

Statistical analysis

The Mann-Whitney U-test was used to compare unpaired data from different groups. Wilcoxon’s
signed rank test was used for the analysis of paired data. and Fisher’s exact test was used for the
comparison of high IL-17 groups.

A Kaplan—Meier survival analysis with a log-rank test (Mantel-Cox) of the statistics was used to
assess the survival rate and to compare the differences between the survival curves. All P values are
2-tailed. and the significance cut-off is P < .05. The statistical analyses were performed with

GraphPad Instat software (GraphPad Software. San Diego. CA. USA).
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Results

Increased serum levels of IL-17A, IL-17F, and IL-17AF in ALPS and DALD patients

We measured IL-17A, IL-17F. and IL-17AF (IL-17s) by ELISA in the sera of 18 ALPS and 18
DALD patients and of 50 healthy matched controls. The levels of both IL.-17A (ALPS: median 60
pg/mL. Interquartile Range. IQR 37-221: DALD: 44 pg/mL. 37-229) and IL-17F (ALPS: 39
pg/mL, 37-156; DALD: 61 pg/mL. 37-172) were significantly higher in the ALPS and DALD
patients than in the controls (IL-17A: 37 pg/mL. 22-93: IL-17F: 12 pg/mL. 4-46) (Figure 1),
whereas the levels of IL-17AF were significantly higher in the ALPS (346 pg/mL. 298-514) but not
in the DALD (140 pg/mL. 30-389) patients than in the controls (56 pg/mL. 19-311) (Figure 1). By
setting the thresholds at the 75" (93 pg/mL) and 95™ (286 pg/mL) percentiles of the control values.
single patient analysis showed that the levels of at least one of these cytokines were over the 75%
percentile in 83% of the ALPS (P < .0001 vs. controls, Fisher exact test) and 56% of the DALD
patients (P = .002) and greater than the 95t percentile in 33% of the ALPS and 33% of the DALD
patients (P = .02).

Then, we compared the serum levels of IL-17s with those of IL-10 and IL-18. which are frequently
elevated in ALPS patients. and IL-1f. known to support production of IL-17s. As shown in Figure 2
and supplemental Table 1. IL-18 levels were higher in the ALPS (1262 pg/mL. 337-2356) patients
than in the DALD (113 pg/mL. 54-381) patients and the controls (181 pg/mL. 134-252). IL-10
levels were higher in the ALPS (46 pg/mL. 10-187) patients but not in the DALD (11 pg/mL. 7-24)
patients than in the controls (10 pg/mL. 2-64). IL-1p3 levels were higher in the ALPS (27 pg/mL, 7-
94) and the DALD (78 pg/mL. 11-192) patients than in the controls (6 pg/mL. 3-18). However. no
significant correlation was found between the levels of these cytokines and the levels of IL-17s

(data not shown).
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PB Th17 cells are increased in ALPS and DALD patients

To assess whether Th17 cells are involved in the high serum levels of IL-17s. we evaluated IL-17A
and IL-17F secretion by PBMCs from 15 patients (8§ ALPS and 7 DALD) and 15 controls. PBMCs
were activated by triggering CD3 + CD28 and were cultured for 5 days in the presence of rIL-23 to
support Th17 cell expansion. At day 5. the proportions of CD4 CCR6" cells and TCRap"TL-17A"
cells. comprising Th17 cells, were assessed by flow cytometry. and IL-17A and IL-17F secretion
was assessed by ELISA in the supernatants.

The flow cytometry analysis showed that the proportions of CD4"CCR6™ and TCRuf TL-17A" cells
were higher in both patient groups than in the controls (mean=Standard Error, SE. CD4"CCR6™:
ALPS 4.6%=1.3%. DALD 3.1%=1%. and controls 1.4% = 0.3%: TCRuf} IL-17A": ALPS 1.66% =
0.65%, DALD 3.5%+1.73%. and controls 0.65% + 0.15%) (Figure 3A.B).

The ELISA evaluations showed that IL-17A secretion was significantly higher in the cultures from
both of the patient groups than in those from the healthy controls (mean + SE: ALPS 905 + 305
pg/mL. DALD 944 + 344, controls 295 + 97). In contrast. IL-17F secretion was higher in the
DALD patients than in the controls, but not in the ALPS patients (ALPS 853 + 662 pg/mL. DALD

2979 + 770. controls 843 + 146) (Figure 3C.D).

rIL-17A and rIL-17F inhibit T cell apoptosis

Because ALPS and DALD are caused by defective Fas-induced lymphocyte apoptosis. we
investigated the effects of IL-17A and IL-17F on FICD in Fas-sensitive T cells obtained from the
healthy controls (n=7). The cells were treated with an anti-Fas mAb in the presence or absence of
rIL-17A or 1IL-17F and. after 16 hours, whole cell survival was assessed by the trypan blue
exclusion test. The results show that both 1IL-17A and rIL-17F significantly inhibited FICD, as
detected by an increase in whole cell survival (Figure 4A). whereas these cytokines had no

significant effect on the survival of cells not treated with the anti-Fas mAb. Moreover. titration
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experiments using rIL-17A and 1IL-17F in the 2.5 - 0.1 ng/mL concentration range showed that
both cytokines protected T cells from FICD even at the lowest dose. which is comparable to the
doses detected in the patients’ sera (data not shown).

To investigate whether the anti-apoptotic effect of IL-17s was mediated by modulation of cellular
inhibitors of FICD. we evaluated expression of cFLIP. XIAP and Bcl-2 at the end of the FICD
assay. Western blotting with anti-FLIP antibodies detected two bands compatible with the isoforms
cFLIP; and cFLIPg and showed that. in the absence of Fas stimulation, cells express high levels of
cFLIPy whereas cFLIPs is undetectable: this pattern is not influenced by addition of IL-17A. By
contrast, after Fas stimulation, cells express intermediate levels of both ¢cFLIPg and cFLIPy in basal
conditions, whereas. in the presence of IL-17A. they express high levels of cFLIPg but ¢FLIPy is
undetectable (Figure 4B). By contrast, no effect was found in XIAP and Bcl-2 expression (not

shown).

Neutralization of IL-17A in the sera of ALPS and DALD patients partly rescues lymphocytes’
death

The titration experiments suggest that the IL-17A and IL-17F concentrations detected in the ALPS
and DALD patients may confribute to the apoptotic defect in their lymphocytes. To confirm this
possibility. we performed the FICD assay on Fas-sensitive T cells from healthy donors (n=9) in the
presence of either FBS or serum from patient ALPS-5 (ALPS-sFAS). with high levels of IL-17A,
but not of IL-17F, and in the presence or absence of anfi-IL.-17A neutralizing antibodies. The results
show that FICD was induced at significantly higher levels in FBS than in the patient’s serum.
Moreover, the addition of anti-IL-17A antibodies had no substantial effect on FICD induced in the
FBS-supplemented cultures. whereas it substantially increased the FICD induced in the patient’s
serum (Figure 5A). These results suggest that the IL-17A in the ALPS patient serum can inhibit

FICD in Fas-sensitive T cells.
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We then repeated these experiments in the T cells from 5 patients with ALPS (2 ALPS-FAS. 1
ALPS-sFAS and 2 ALPS-UND) and 4 with DALD by performing the FICD assay in either FBS or
the autologous serum (AS) in the presence or absence of anti-IL-17A antibodies. Figure 5B shows
that FICD was significantly higher in the presence of FBS than in the presence of AS. Moreover,
the addition of the anti-IL-17A antibodies significantly increased FICD both in the presence of FBS
and in the presence of AS. These data confirm that IL-17A contained in the serum of ALPS and
DALD patients can further inhibit FICD in Fas-resistant cells and show that an inhibitory effect
may also be exerted by the IL-17A endogenously secreted in vitro by the patients’ cells in the FICD

assay.

Effects of passive immunization with anti-IL-17A antibodies in MLRIps/Ipr mice

These results show that high levels of IL-17A and IL-17F may contribute to the apoptotic defect in
the ALPS and DALD patients. and that neutralization of these cytokines may partly overcome the
Fas function defect. To assess the role of IL-17A in vivo. we evaluated the effect of treatment with
anti-IL-17A antibodies in the ALPS-like disease developed by MRL/pr/ipr mice. Eight-week-old
MRL/pr/lpr female mice were treated with four intraperitoneal injections of an anti-IL-17A
antibody (one injection every 4 days). and signs of lymphoproliferation and autoimmunity were
evaluated 15 days after the last injection. The control treatments were performed with either PBS or
isotype-matched IgG2,. Lymphoproliferation was evaluated in terms of the spleen and lymph node
sizes and the expansion of DN T cells in the blood. lymph nodes. and spleen. Autoimmunity was
evaluated in terms of serum levels of anti-dsDNA autoantibodies and proteinuria to assess the renal
damage. The results showed that treatment with anti-IL-17A antibodies significantly decreased the
spleen and lymph node sizes. assessed both as the absolute weight and as a ratio with the whole
body weight. compared with the control freatments (Figure 6A). Moreover, the treatment

significantly decreased the expansion of DN T cells in the PB. lymph nodes and spleen. as assessed
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by flow cytometry (Figure 6B). Finally. the treatment decreased the serum levels of anti-dsDNA
autoantibodies, as assessed by ELISA. the proteinuria. and prolonged the overall survival (Figure

7).
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Discussion

This work shows that levels of IL-17A. IL-17F, and IL-17AF are increased in ALPS and DALD
patients, and the results suggest that these increased levels may contribute to the development of
these diseases by increasing the Ilymphocyte apoptotic defect caused by defective Fas function.

The increased levels were detected in both the serum and in vitro activated PBMCs. and
concenfrations of IL-17A and IL-17F comparable to those detected in the patients’ sera were able to
inhibit FICD in Fas-sensitive T cells from healthy donors. Moreover, the patients’ sera were able to
inhibit FICD. and this effect was reversed by neutralization of IL-17A.

The ALPS and the DALD patients also displayed high levels of IL-1f3. which is intriguing since IL-
1B plays a key role in induction of IL-17s expression'’. By contrast, IL-10 and IL-18 were increased
in the ALPS but not in the DALD patients. which marks a difference between these diseases.
Moreover, both groups of patients displayed decreased levels of CD4 CD25 FoxP3™ cells,
comprising regulatory T cells. which is in line with the frequent autoimmune manifestations of both
diseases (controls median 1.12%. IQR 0.96-1.7; ALPS 0.2%. 0.15-0.4, P=.0003; DALD 0.3%. 0.1-
0.38. P=.0007; Supplemental Tablel).

The anti-apoptotic effect of IL-17A and IL-17F has not previously been described in human T cells,
but it is consistent with a report showing that IL-17A can inhibit AICD. triggered in B cells by
crosslinking of the B cells receptor®*.

An intriguing result was that neutralization of IL-17A substantially increased cell apoptosis in the
standard FICD assay performed on cells from the patients with high levels of IL-17A, including
either ALPS-FAS, or ALPS-UND. or DALD patients. whereas it had no effect on cells from healthy
donors. This result indicates that endogenous secretion of IL-17A and. possibly of IL-17F and IL-
17AF. may play a role in the apoptotic defect detected by the FIDC assay. at least in this subgroup

of patients.
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Several studies in mice have compared the sensitivity of Thl, Th2. and Th17 cells to FICD and
AICD and have shown that Th17 cells are more resistant to both FICD and AICD than Thl cells but
less than Th2 cells®’. Our data suggest that the relative resistance to apoptosis of Th17 cells may be
ascribed, in part, to autocrine effects of IL-17s. In the ALPS and DALD patients, the defective
function of Fas may further increase this resistance to apoptosis and may favor the expansion of this
T cell subset and the increased levels of IL-17s, which may in turn favor the development of
autoimmunity. This mechanism may also play a role in other autoimmune diseases since high levels
of IL-17s similar to those detected in our patients have been described in SLE***®, RA**_ and
psoriasis® . Moreover, decreased Fas function has been also detected in patients displaying
autoimmune diseases different from ALPS and DALD***°.

The anti-apototic effect of IL-17s may be partly due to modulation of cFLIP expression since
exposure to IL-17A substantially upmodulated ¢FLIPs and downmodulated cFLIP. in Fas-
stimulated T cells. This is in line with works showing that ¢cFLIPg displays higher anti-apoptotic
activity than cFLIPp and that the low sensitivity of Thl7 cells to apoptosis may be ascribed to
expression of high levels of cFLIPs*"%.

These data suggest that neutralization of IL-17s may be effective in improving lymphocyte
apoptosis in patients with ALPS and DALD. This possibility is also supported by the in vivo
experiments in MRL/pr/lpr mice, in which IL-17A neutralization had positive effects on the
autoimmune features of the diseases and prolonged the animals’ life-span. Moreover. it displayed
positive effects on the lymphoproliferative features of the diseases which were slight but significant.
These therapeutic effects were weaker than those obtained by treating MRL/pr/Ipr mice with long
term chemotherapies, but stronger than those obtained with other immunotherapeutic approaches.

39-41
8

such as neutralization of IL.-23 or IL-1 . At this light. it is infriguing that both IL-23 and IL-18

are involved in the IL-17s network. since IL-23 supports Th17 cell expansion and IL-18 potentiates
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secretion of IL-17s%** These data may suggest that T cells producing IL-17s may play a
pathogenic role in mild forms of the lpr disease.

Thus, IL-17s may play a role similar to that played by OPN. high levels of which in ALPS. DALD,
and in MRL/pr/Ipr mice may favor the development of the disease by reinforcing the lymphocyte
apoptotic defect through the direct inhibition of AICD and the induction of secretion of TIMP-1 that
can inhibit both FICD and AICD. Moreover. OPN has been shown to induce the secretion of IL-
17A and could theoretically play a role in the increased IL-17A secretion observed in our patients'".
IL-17s appear to play a role in several autoimmune diseases. In animal models, IL-17A is involved
in collagen-induced arthritis* and in experimental autoimmune encephalomyelitis*', whereas IL-
L7F appears to exacerbate the intestinal inflammation observed in dextran sulfate sodium-induced
colitis*. In humans. a key role has been hypothesized for IL-17A in cell-mediated autoimmune
diseases such as MS™ and in type 1 diabetes mellitus*’. More recently. however. a role has also
been proposed for IL-17s in SLE. in which it could support both the humoral autoimmune response
by increasing B cell survival and the inflammation in lupus lesions, with a particular role in renal
lesions. by increasing the recruitment of inflammatory cells**. In SLE. high IL-17A production has
been partly ascribed to DN T cells, which are abundant in the kidney lesions and have been
suggested to be terminally differentiated Th17 cells. Similarly, DN T cells infiltrating the kidneys
have been shown to produce high levels of IL-17A in MRLIpr/ipr mice®®. In ALPS. the DN T cells
have been hypothesized to be exhausted T cells and have been shown to produce high levels of IL-
10. IL-10 may play a key role in ALPS, and its high serum levels are included as a minor criterion
for ALPS diagnosis’. Our experiments did not allow us to detect the production of IL-17s in DN T
cells because these cells were lost in our culture conditions. Moreover, DN T cell expansion did not
correlate with the serum levels of IL-17s in ALPS patients and were absent in DALD patients. who
nevertheless also had high levels of IL-17s. These data suggest that the production of high levels of

IL-17s is not strictly dependent on DN T cells in ALPS and DALD patients. Finally, no correlation
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was found between serum levels of IL-17s and IL-10 or between the in vitro T cell secretion of IL-
17s and IL-10 in our patients.

Recently. the therapeutic use of IL-17A antagonists has been investigated in several autoimmune
diseases. LY243982 was the first effective humanized anti-IL-17A mAb to be used in the treatment
of RA*. More recently. a phase III clinical trial reported the efficacy of a fully human anti-IL-17A
antibody (AIN457) in psoriasis. RA. and uveitis®’. Furthermore, a study evaluating the safety.
tolerability. and efficacy of AIN457 in patients with relapsing-remitting MS is in progress
(www.clinicaltrials.gov. Novartis).

Patients with ALPS and DALD generally respond to high doses of corticosteroids: however, some
of them are refractory and others do not tolerate the side effects of treatment. IL-17A neutralization
has been proven to be efficient in other autoimmune diseases and may also offer a targeted and
personalized therapeutic option for these patients. Moreover, in ALPS patients, the autoimmune
manifestations are often attenuated in adulthood. but they maintain the lymphoproliferative
phenotype and are predisposed to developing several types of lymphomas, which is a risk that may

be targeted by anti-IL-17 therapy.
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Figure Legends

Figure 1. Increased IL-17A, IL-17F and IL-17AF serum levels in ALPS and DALD
patients. The black diamonds indicate ALPS (n=18). the black circles indicate DALD (n=18).
and the white triangles indicate the healthy controls (HC. n=50). The horizontal bars are the
medians. the boxes indicate the interquartile range. the dashed lines indicate the 75 and the

thick line indicates the 95® percentile of the HC (Mann-Whitney U-test).

Figure 2. Serum levels of IL-18, IL-10 and IL-1p in ALPS and DALD patients.

Levels of IL-18 (A). IL-10 (B) and IL-1]3 (C) in ALPS (black diamonds). DALD (black circles).
and healthy controls (white triangles). The horizontal bars are the medians. the boxes indicate the
interquartile range. the dashed lines in panels A and B indicate the cut off value for ALPS

diagnosis. Differences have been tested with the Mann-Whitney U-test.

Figure 3. Increased Th17 cells in ALPS and DALD patients. The proportion of CD4"CCR6”
cells (A) and TCRuB TL-17A™ (B) in PBMCs activated by triggering of CD3+CD28 and cultured
with 1IL.-23. The levels of IL-17A (C) and IL-17F (D) in the culture supernarants are shown. The

mean = SE from 15 patients and 15 HC is shown: * P < .05 (Mann-Whitney U-test).

Figure 4. rIL-17s inhibit FICD and increase expression of cFLIPs. FICD was performed in T
cells from the healthy controls in the presence or absence of each recombinant cytokine. The
results are expressed as % cell survival (A). The mean + SE from 7 experiments are presented, *
P < 05 (Wilcoxon’s signed rank test). (B) Western Blot analysis of FLIP expression in cells

harvested from the FIDC assay (representative of 4 experiments).

Figure 5. Effects of ALPS serumn and IL-17A neutralization in FICD. FICD was performed
in T cells from healthy donors (A: n=9) or patients (B: ALPS. n=5: diamonds: DALD. n=4;
circles) in the presence of either FBS or an ALPS patient’s serum. The absolute control cell

survival was similar in FBS and in the patient’s serum: * P < .05 (Wilcoxon’s signed rank test).

Figure 6. Effect of IL-17A neutralization in the MRLIpr/Ipr Iymphoproliferative pattern.
(A) Representative organs (top) and mean = SE of organ volumes (bottom) from the differently

treated mice (n=8/group). (B) DN T cell expansion is shown in representative cytofluorimetric
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plots (top) and the mean + SE of the data (bottom) from each group are shown * P < .05 (Mann-

Whitney U-test).

Figure 7. Effect of IL-17A neutralization on the MRL/pr/Ipr autoimmune phenotvpe and on
lifespan. The mean + SE of proteinuria (A) and serum anti-dsDNA autoantibodies (B) of the
differently treated groups of mice are shown. (C) A Kaplan—Meier survival analysis is shown:

anti-IL-17A vs. IgG2a: P=.0039: anti-IL-17A vs. vehicle: P=.0006.
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IL-1~ protects T cells from apoptosis and contributes to development
of ALPS-like phenotypes

Supplemental materials for: Boggio et al

Table 51: Clinical and laboratory featres of ALPS and DALD patients (Pt).

Age af I §
* IL-17F, IL-17AF, TIL-10, XL~ . : i TONT:~, Treg, : .
Pimo. ALPS g:ii peml  peml  pol w.ﬁ Gender -dng?um oy :E L 5 H  Austcimmunity
1 AIPSFAS 9756 4809 8890  BTS  20028 2 F H3m. 3 0 09m - o+ - e,
I ATPSFAS 6030 2823 4602 455 3373 ¥ & 56 m i+ ++  AHA TTP.IN
3 ATPSFAS 1171 2272 3588 48 4072 E 3 43 m A
4 ATPSU 3284 1962 30 47 609 F a M 028 0 9- 9= o+ i)
5 AIPS<FAS 1318 SED 314 3063 16556 M b ] N i TR opm
6 AIPSFAS 1885  md wnd 2874 ma B 2 732 m = - - :
7 AIPSTT 1723 405 6550 2®3 155 F - 45 02 - + - TIPAHA ecems
§ AIPSFAS TIE md und 1260 23565 M 3 5 m e P
0 AIPSFAS 682 284 [ 60  EEME M I+m 33 G e B s )
10 AIPSFAS 33 361 ] md 2557 0 0M 7 115 mp = e TP, T
11 AIPEU N7 39 3318 77 ana F T 11 015 - A+ fay
ITP,
12 AIDSFAS 188 65 3327 752 8331 n 5 35 o+ b+ ATA TN artrts
I3 AIPST M5 181 3513 md 11§ F 4 M5 01+ =+ = DNITP, thyroidits
14 ATPST 371 667 and md na 0| 2 54 103+ 4 4 TP, T
15 AIPST 360 id md md na n 1 58 0B = & -
16 AIPST 365 1152 md F & 6.4 04 + - - TP, Ecmens
17 AIDSFAS 375 530 md 3782 E 2 L T T : ‘
18 AIPSTT 373 md 4836 ns M 13 67 p A+ e, I
DAID I[-I7A T-1"F, IL-17AF, I-10, IL-18 .ﬂ# A BT T ;s y
Pt mo. ]JE"II;-H pgn':ll_} p-gn'u]_, pgn‘nﬂl: wmi Cender :kagi;_lmg: ,ﬁ’ ::g, L 5 H Auteimmuanity
IDDRL ITP, T,
1 DAID 4026 1823 20635 124 4056 M 5 0.8 m - - B alopecia
?  DAID 605 We  BEIO 2] 1805 M Sm 06 03 + -k ITP.
i DAID 43 433 140 m 155 M 3 19 m - = - eI
4 DAID 3335 1614 4642 6182 308 F 13 T - S 4 X
5 DAID {1 B3 W1 89 073 M 3 TR S SIS AHA
6§ DAID 21#1 7014 5028 10288 4487 F & 032  m - + : AHA
7 DAID 1578 13461 165 178 364 F 7 11 03 + + + AHA_ hepasitis
§ DAID 599 4.7 nid md 3045 0 M 3 13 mp e ++ e N
] DaID 45 448 umi 97 1Bl M 3 15 006 +++ - + -
2530,
10 DAID 432 umd umd md 7 %4 11 08 007+ - - TR AHA
11 DAID 41 md 489 L8 128 M 2 14 m o EETE ITE, alopecin
2 DAID 344 2 od umd 68 1067 M 12 14 m +— - + ITP 1], slopecia
13 pamn 331 md umnd o 364 0 0M [} i 11 = = - me
AHA_TTP,
14 DAID 332 612 5 64 5BO M 11 17 o1 3 PO e hepatitis
15 DAID 303 omd 153 11s gls e 11 m = e arthritis, FSG
15 DAID 371 674 304 wd 524 M 14 15 04 + : : E
17 DAID 374 wd 136 md 4351 0 M 28 14 m = erimi AHA_TTP
18 DAID 375 md 65 4 wd 155 W 3 13 mp + +# :

= serum levels. T: years. T: TCRaf"CD4CDE T cells. §: CD4'CD25 FoxP3” regulatory T cells

np mdicates not performed; na, pot available: und undetectable.

L mdicates Lymphoadenopathy; -, single or multiple lynophoadenopathy wath dizmeter of 1-2 cm; ++, sangle or
multiple bmphoadenopathy wath diameter of 34 cm; ++, smgle or multple lymphoaderopathy with diamerer
greater than 4 cm.

3. Splenomegaly; +. 1-3 cm below costal margin; ==, 34 om balow costal margin; ==+, 5-& om below coctal
margin; . greater than § cm below costal margim.

H. Hepatemagzlv: + 1-1 om below costzl marem: ++ 34 om balow costal marein: +++ 3-6 em belowr eostal
mErgin; ——++, greater than § cm below costal margin

F5G, focal and cepmental glomemloscleroms; AHA, autoimmmne hemobtie amemma; ITP. ammnme
rombocytopenic purpura; IN, mmmmine newtropenta; IDDM, Insulin-Dependent Dhabetes Mellinas,

Mo comelations were found between these climcal mamifestations and the parameters shown m the table.
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6.CONCLUSIONS

The main research projects developed during my RNdk were aimed to understand the
pathogenic alterations involved in development P& and DALD, and to identify new possible
molecular markers and treatments for these diseases

Autoimmune Lymphoproliferative Syndrome (ALPS) israre genetic disorder of abnormal
lymphocyte survival caused by defective Fas mediajgoptosis [100]. Normally, after immune
activation against an infectious insult, the immuwystem is shut-down by several mechanisms.
One of them is increase of Fas expression andimon activated B and T lymphocytes, which
leads to their apoptotic death upon interactiorhviitis-ligand expressed by several cell types,
including CTL and NK cells. Patients with ALPS haveefect in this apoptotic pathway, leading to
accumulation of polyclonal lymphocytes in the lympbdes and in the spleen with expansion of
TCRop DN T cells and frequent development of autoimmuomanifestations [101]. This condition

is usually caused by mutations in thAS gene (ALPS-FAS), but rare cases due to mutations i
other genes including tHeAS-L (ALPS-FASLG) orCASP10 gene (ALPS-CASP10) have also been
reported. Moreover, the causal gene is not knowa substantial proportion of patients (ALPS-
UND). In most cases, the disease is inherited asttautosomal dominant inheritance pattern with
incomplete penetrance, but a substantial proporibpatients display an acquired form of the
disease due to somatic mutations=&S limited to the DN T cell population (ALPS-sFAS). eV
also described an incomplete form of ALPS displgyitymphadenomegaly/splenomegaly,
autoimmune manifestations and defective Fas funcbat lacking the DN T cell expansion. This
disease has been named Dianzani Autoimmune Lympli@pative Disease (DALD) and has been
classified as an ALPS-related disease. DALD displayenetic component, since most parents of
the patients displays the Fas function defect,itoist not caused by mutations BAS FAS-L, or
CASPASE 10[21,33,35,37].

ALPS patients are heterozygous for #&S mutation, but parents carrying the same mutatien ar
generally healthy. The same observation is trueAbD, where parents typically display defective
Fas function, but are otherwise healthy [9,10].sTdfbservation indicates that mutations in genes of
the Fas pathway may be necessary but not suffime®LPS development and variations in one or
more additional genes may influence disease prasemt[19].Over the years, our laboratory has
been working to identify factors which may work disease modifiers for ALPS and DALD
development in order to detect novel prognostickeyar and therapeutic approachesto complement

thecorticosteroidtreatmentsused for these diseases.
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My laboratory previously suggested a disease-muoudijfyole for the perforin gene involved in
FHL, an inherited lymphoproliferative disease disfihg some similarities with ALPS, since it
correlated certain variants of the perforin geR&R1) with ALPS and DALD development. It
wassuggested that mild heterozygous variationBRF1 incapable of inducing FHL may act as
susceptibility genes for ALPS and DALD developmémtsubjects with defective Fas function
[36,100]. One aim of my PhD work was to extend thisservation to th&JNC13D gene, also
involved in FHL, looking for variations in ALPS amdALD patients and assessing its potential role
as a disease-modifier gene. THBIC13D gene codes for Muncl3-4 that is involved in vesicle
maturation during exocytosis and secretion of ggitolgranulesin cytotoxic cells with consequent
release of perforin. Once granules are tethergbdeglasma membrane, a priming step is required
to enable fusion of the granule membrane with fasrpa membrane. In this priming step, granules
interact with a docking complex composed of Mun@l&ad Syntaxin-11. Thus, Muncl13-4 triggers
the switch of syntaxin-11 from a closed to an openformation enabling fusion [45]. This analysis
detected four rare missense variations in threerbegygous ALPS patients carrying p.Cysl112Ser,
p.Val78llle, and a haplotype comprising both p4&Beu and p.Ala995Prdn vitro experiments
showed that these variations decreased the MundiBetion. Statistical analysis showed that
presence of these loss-of-function variations onbiLB-4 may be a risk factor for ALPS, but not
DALD, development. Defective function of Fas and idli3-4 might cooperate in disrupting the
ability of the immune system to shut off and inéeef with the anti-viral response. These processes
involve both Fas and cytotoxic cell function, whiake crucial for the clearance of virus-infected
cells and the fratricide of activated immune cgll®1]. Persistence of viral infection and an
inability to switch off the immune response may teibrute to the lymphocyte accumulation and the
autoimmune reactions displayed by ALPS patients.

Since the work on perforin and Munc13-4 indicatedt tdefective function of cytotoxic cells may
favor ALPS development, the work was extended t® $#volved in activation of cytotoxic cells
and development of XLP, an inherited lymphoproéfere disease with some similarities with
ALPS. XLP is characterized byinability to mount affective immune response to Epstein—
Barrvirus (EBV) with fulminant infectious mononuokgs, polyclonallymphoproliferation, and
dysgammaglobulinaemiathat can progress to hypogafoimalinaemia. A rarer manifestation is
the development of autoimmune disorders such asulms, colitis, and psoriasis. The phenotype
of SAP-deficient mice recapitulates several featweXLP [102]. SAP is an intracellular adaptor
protein including a single Src homology 2 (SH2) damand is expressed by T cells, NK cells,
NKT cells, eosinophils, platelets, and some B-pelbulations [103]. SAP regulates the function of

many receptors belonging to the SLAM family by birgito their cytoplasmic tails and serving as a
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docking platform for signaling molecules. Receptoirshe SLAM family have been implicated in
the regulation of NK cell cytotoxicity, NKT cell gelopment, Th2 cell priming, isotype switching,
and maintenance of long-term antibody-secretings.ceKomori et al. [104] observed that, in a
breeding colony of MRIpr/lpr mice, a spontaneous A insertion at th& @ddon ofSH2D1A (first
exon) causing a frame-shift resulted in defectivgression of SAP, and protection from
development of thépr disease with striking reduction of hypergammagloiemia, autoantibody
production, DN T-cells counts, lymphadenopathy,espmegaly, and pathological indexes of
glomerulonephritis and vasculitis. Furthermore,emagal role of SAP in autoimmunity has been
suggested by the finding that SAP-deficient miee@otected also from EAE and pristane-induced
lupus [105]. These data support the possibilitpibpposite epistatic relationship between Fas and
SAP expression.

To assess this possibility, we sequenced the caidgegolatory regions of tI82P gene in ALPS

or DALD patients. We found that ALPS and DALD patie displayed an increased frequency of
the -346T allele that lacked the -346C methylasta and correlated with increased expression of
SAP in NK and CD8T cells and decreased secretion of H-NFhese data suggest that high SAP
expression favors development of ALPS and DALD umlans, and confirm the data reported on
MRLIpr/lpr mice. This work opens the way to the possibiligttpartial pharmacological inhibition
of SAP might be beneficial to control these dissdagerestingly, we found that association with -
346T was detected only in males, which might reftefferential use of the -346C methylation site
in males and females. Intriguingly, Maric et al0O§] showed that lymph nodes from male ALPS
patients frequently displayed histopathologicaltdess of sinus histiocytosis with massive
lymphadenopathy, that were rare in female ALPSepédi underlining a gender influence in the
ALPS picture.

Previous work of our laboratory showed that otr@nplementary factors which might be involved
in development of ALPS and DALD are osteopontin][84d TIMP-1[107], since their levels are
elevated in these patients. Since high levels esgéhmolecules inhibit lymphocyte apoptosis, they
may contribute to ALPS and DALD development in sakg with a hypofunctional Fas system by
worsening the genetic apoptosis defect [34,107¢s€rdata prompted our interest on the role of IL-
17 in ALPS and DALD development, since the literatshowed that osteopontin is involved in
development of Th17 cells[108], characterized byrestion of IL-17A and IL-17F, which can be
secreted as homodimers or IL-17AF heterodimers[l2).7A and IL17F share several biological
activities including neutrophil recruitment, indiget of proinflammatory cytokines, chemokines,
and metalloproteinases, and involvement in autoimtyl09]. However, IL-17A displays higher

proinflammatory activity than IL-17F and they aiffatently expressed in several autoimmune and
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allergic diseases[110]. Moreover, their receptoagasis partly different and their secretion is
independently regulated in Th cells[111,112]. InESlhigh IL-17A production has been partly
ascribed to DN T cells, which are abundant in tlilndy lesions and have been suggested to be
terminally differentiated Th17 cells. Similarly, DNcells infiltrating the kidneys have been shown
to produce high levels of IL-17A in MRpr/lpr mice[113].We thus decided to assess whether IL-
17 was involved in the pathogenic mechanisms of &bRd DALD.

We first showed that levels of IL-17A, IL-17F, alid17AF are increased in ALPS and DALD
patients. These high levels were detected in batsérum and in vitro activated PBMC and did not
correlate with the expansion of DN T cell or thedks of other cytokines, such as IL-10 and IL-
18,known to be increased in ALPS.The concentratiohsL-17A and IL-17F detected in the
patients’ sera were able to inhibit Fas-inducedpépss in Fas-sensitive T cells from healthy
donors and deregulated the expression of FLIPshndnie key regulators of Fas-induced apoptosis.
Moreover, the patients’ sera were able to inhilhits tFas-induced cell death and IL-17A
neutralization restored the death of lymphocytdsest data suggest that high IL17Aand IL-17F
levels in ALPS and DALD patients may worsen the 8afective function and play a role in the
development of these diseases. These data sudgdshdutralization of these IL-17s may be
effective in improving lymphocyte apoptosis in eatis with ALPS and DALD, which has been
formally proven in MRIpr/lpr mice, where treatment with anti- IL-17A antibodibad a
substantial effect in ameliorating the autoimmurenifestations and prolonging the animals’ life-
span, and a mild effect on the lymphoproliferatifgatures, evaluated in terms of lymph
nodes/spleen size and DN T cell expansion. IL-1@Atralization has been proven to be efficient in
other autoimmune diseases and may also offer ateatgand personalized therapeutic option for
these patients.
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