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Abstract

Background: Primary immunodeficiency diseases (PIDs) compasgenetically
heterogeneous group of disorders which affectrdisitomponents of the innate and
adaptive immune system. Over 120 distinct genese hasen identified, whose
abnormalities account for more than 150 differemifs of PID. Clinical presentation
is highly variable; actually ranging from variouati@rns of microbial susceptibility to
allergy, lymphoproliferation or autoimmune manitggins. The study of patients
affected by immunodeficiencies allows to identigwngenes involved in the immune
response indeed PIDs represent an optimal modeVéstigate development, function
and regulation mechanisms of immune system.

Aim of the study: To define a rational approach to recognize immdekciencies,
with specific emphasis on developing clinical ewailons, understanding the genetic
and cellular basis of the disease (Studyl and SR)dpnd propose a gene therapy
approach as a definitive cure of immunodeficiencye do a defined genic defect
(Study3).

studyl: We report a patient with dysgammaglobulinemiag gmadual decrease of
peripheral B lymphocytes. A new Btk mutation wagntified in this patient and
protein expression was determined. Although clinarad laboratory history is not
totally inconsistent with an atypical variant of XLit is unclear if all the clinical
presentation/picture is influenced by the new maitat

Study2: We report for the first time a case of a femaleigmait with combined
immunodeficiency characterised by a complete aleseh® cells and NK cells, and
their progenitors. Surprisingly, she had an absesfceonocytes (CD13 and DC
cells. Direct sequencing of genomic and cDNA o8EJtFIt3R, and of major genes
(lkaros and of PU.1) regulating the FLT3-FLT3L eagsion did not show the
presence of any mutations. Levels of FIt3R and LFW8RNA in peripheral blood
resulted significantly higher (10- and 30- fold nease respectively) with respect to
healthy control donor, supporting the hypothesisaofinherited imbalance in the
expression of Flt3 ligand mRNA.

This finding, in addition to a normal stromal fuioct highlights the possibility of a
more specific therapeutic strategy in this child¢cls as haematopoietic stem cells
transplantation.

Study3: Gene therapy could represent a definitive cure datients for whom
conventional HSCT is not available. Several clihicgls on XCGD-gene therapy
have been conducted since 1997, but they resuitémiv and short-term engraftment
of CGD-corrected cells. In this study we develomeav strategy for XCGD gene
therapy with stem cells, including Lentiviral Vectd VV) design and microRNA
technology, for a safe and effective treatment €2&D.

Key words. Primary Immunodeficiency (PID), Agammaglobulinemi&hronic
Granulomatous Disease (CGD), Gene therapy, LeatiViectors, miRNA
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| ntroduction

Haematopoietic System

The pluripotent haematopoietic stem cells (PHSCish ws extensive self-renewal
potential, regenerates all blood cell types thraughlife by differentiating to
progenitor cells with gradually restricted develagal potential. The establishment
of all haematopoietic lineages during developmemegulated by transcription factors
and other parameters, such as cytokine receptoaliitg, direct cell-cell interactions
or other environmental signals. These components la instructive role and can
reprogram a committed cell into another lineageésturbing their networks, simply
changing the balance of two lineage haematopdietisscription factors (1).

An early step in haematopoiesis is the commitméshort-term haematopoietic stem
cells (ST-HSC) to multipotent progenitors (MPPs)ichhloss the long term self
renewal capacity and give rise to early/common lyoig (ELPs/CLPs) and common
myeloid (CMPs) progenitors (2-3frigure 1).

The loss of the long term self renewal capacitgdsompanied by expression of the
tyrosine kinase receptor FIt3 (also known as Fik2MPP cells (4-5). MPP-FIt%’
gives rise to CMP cells, able to development imglacyte-macrophage progenitor
(GMPs) and in megakaryocyte-erothroid progenitM&Rs). MPP-FLt3, called long
multipotent progenitors (LMPPs), lacked significAEPs potential but exhibited B
and T lymphoid as well as GM potential (6-7). LMR&er differentiate to the earliest
lymphocyte progenitors (ELPs), which likely gener&LPs in BM and early T-
lineage progenitors (ETPs) in the thymus (8-9). €keRs are lymphoid restricted and
can produce B cells, T cells, dendritic cells (D@syl natural killer cells (NKs), while
the progenitor ETP recently was been identifiethawe T, B, NK and GM potential
(10-11).
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Immune System

The primary function of the immune system is totgcd the host from infectious
microbes. The immune response is able to discritmisalf from non self detecting
structural features of the pathogens that mark tagmuhistinct from host cell.

The innate response occurs before the contact withobes and the responses are
encoded by genes in the host's germline. The inmagponse includes barrier
mechanisms (eg, epithelial cell and secreted muaysr), soluble proteins and
bioactive small molecules, which are either couastiely present in biologic fluids
(eg, complement proteins and defensins) or relef®ead activated cells (including
cytokines, chemokines, lipids, bioactive amines anziymes).

The cellular components of innate immunity are glaoytes, monocytes,
macrophages, mast cells and natural killer (NK)icWlare activated by direct contact
of cell surface receptors with various microbiabgucts (eg, via toll-like receptor -
LTR). Innate immunity does not confer long-termtpation to the host because there

is no creation of immunological memory.
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The adaptive immune system responds in a much speeific way to particular
microbes. This kind of immunity is characterisedtbg immunological memory that
assures the long-term preservation from reinfestigkdaptive responses are based
primarily on the antigen-specific receptors expeedssn the surfaces of T- and B-
lymphocytes. Intact T-cell receptor (TCR) and Blcahtigen receptor (BCR) are
assembled by somatic rearrangement of germ lineegyeBesides T and B
lymphocytes, also antigen presenting cells (APday pn essential role in adaptive
immunity, serving fight off foreign substances tkater in the body.

Although the innate and adaptive immune responsedumdamentally different in
their mechanisms of action, synergy between theassential for an intact and fully

effective immune response.

Primary Immunodeficiency Diseases

Primary immunodeficiency diseases (PIDs) comprisgeaetically heterogeneous
group of disorders that affect distinct componagitthe innate and adaptive immune
system, such us neutrophils, macrophages, dendgtis, complement proteins, NK
cells, as well as T and B lymphocytésgure 2. Over 120 distinct genes have been
identified, whose abnormalities account for mo@nti 50 different forms of PID (12).
PIDs are usually diagnosed in infancy. Even if gfiduto be rare, currently, the
diagnosed cases are increasing because the dewsibpima sophisticated diagnostic
testing and prolonged survival of these patients, th a prompt clinical diagnosis and
/ or instantly therapy. Clinical presentation igltly variable; actually ranging from
various patterns of microbial susceptibility to eafly, lymphoproliferation or
autoimmune manifestations (13).

In many cases, through the study of patients with, R substantial number of
immune genes have been discovered and their raldéen clarified. The essential
role of them in immune system, suggest us to cengdDs as optimal models for the
investigations of immune system development, fumcand regulation mechanisms.
The complexity of the genetic, immunological andhichl features of PIDs has
prompted the need for their classification, witre thitimate goal of facilitating

8



diagnosis and treatment. The last classificati@ppsed inThe International Union of
Immunological Societies (IUIS) Primary Immunodeiiy (PID) Classification
Committee-2008ubdivided PIDs in: Combined T and B immunodeficies Table )

and predominantly antibody deficiencidable II).
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In Humoral defects (Agammaglobulinemia or antibody deficiency), iniahhB cells
are unable to produce functional immunoglobuling Bu cell are not severe
compromised, the infections are caused principdily encapsulated bacteria
(Haemophilugnfluenza Pneumococcuspp, Streptococcuspp and others), parasites
(Giardia) and rarely by virusgnterovirusandpapillomavirus)

Patients withcombined T- and B- cells immunodeficiencies, which have a more
severe immunophenotype, are affected not only lsyrrent and severe bacterial
infections, but also by severe opportunistic, fun@g@g. Pneumocystis carinii
Candida, Mycobacteria and severe viral infection€ytomegalo-virus, Epstein-Barr

virus, Adenovirus, Varicella



Defects in phagocyte (neutrophils and monocytefi)nction cause in patients a high
incidence of fungal infectionsAépergillus, Candidaand catalase positive bacteria
(Staphilococcus aureuSerratig).

Compared to the otheadgfectsin the complement immune system are rare (2%),
Patients’ clinical presentations include recurrariections with pyogenic bacteria

(Neisseria.
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Disease Circulating T Circulating | Serum Ig Associated Inheri- | Genetic defects/presumed

cells B cells Features tance phatogenesis
TB'SCID:
Oc deficiency L Normal or 1 l NK cells || XL Defect in yc of receptor for IL-

2-4-7-9-15-21
JAKS Ll Normal or 1 l NK cells || AR Defect in JAK3 signalling
deficiency kinase
IL7Ra i Normal or 1 ! Normal NK cells AR Defect in IL-7 receptor y chain
deficiency
CD45 I Normal ! Normal y/3 Tcells AR Defect in CD45
deficiency
CD33dCD3¢ L Normal l Normal NK cells AR Defectin
CD3C CD33CD3earCD3lchain of T
deficiency cell antigen receptor
T B SCID:
RAG1/2 L 1 l Defective VDJ AR Complete defect of
deficiency recombination recombinase activating gene
(RAG) 1or2
DCLRE1C L 1 l Defective VDJ AR Defect in Artemis DNA
(Artemis recombination, recombinase repair protein
deficiency) radiation sensitivity
ADA Absent from birth | Absent from | progressiv | Costochondral AR Absent ADA, elevated
deficiency or progressive | birth or el junction flaring lymphotoxic metabolites
progressive (d-ATP,S-adenosyl
! homocysteine)

Reticular ! Normal or | l Granulocytopenia, AR Defective maturation of T, B,
Dysgenesis thrombocytopenia and myeloid cells (stem cell

defect)

Table:ICombined T and B cell immunodeficiengy} ( markedly decreaseg; decreased; increased,;
AR, autosomal recessive; XL, X-linkedm)
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Disease Circulating T Circulating | Serum Ig Associated Inheri- | Genetic defects/presumed
cells B cells Features tance phatogenesis
Omenn Present;restricted | Normalor | | |, except Erythroderma, AR Missense mutation allowing
Syndrome heterogeneity IgE 1 eosinophilia, residual activity,usually in
adenopathy, RAGL1 or 2 genes, but also in
hepato- Artemis, IL7Ra and RMRP
splenomegaly genes
DNA ligase l ! l Microcephaly, facial AR DNA ligase IV defect,
v dystrophy, radiation impaired nonhomologous and
sensitivity joining (NHEJ)
Cernunnos / l ! l Microcephaly, AR Cernunnos defects, impaired
XLF radiation sensitivity NHEJ
deficiency
CD40 ligand Normal IgM and IgD | |, except Neutropenia, XL Defect in CD40 ligand,
deficiency B cells IgM thrombo-cytopenia; defective B and dendritic cell
present, normal or | haemolytic anemia signalling
others 1
absent
CD40 Normal IgM and IgD | |, except Neutropenia, AR Defect in CD40, defective B
deficiency B cells IgM gastrointestinal and and dendritic cell signalling
present, normal or | liver disease,
others 1 infections
isotypes
absent

Table Combined T and B cell immunodeficiencyj ( markedly decreased; decreased; increased,;
AR, autosomal recessive; XHjnked form)
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Disease Circulating T | Circulating | Serum Associated Inheritance Genetic defects/presumed
cells B cells lg Features phatogenesis
Purine Progressive | Normal Normal | Autoimmune AR Absent PNP, T cell and
nucleoside or| haemolytic- neurologic defects from
phosphorylase anaemia,neurologic elevated toxic metabolites
deficiency al impairment (e.g.d GTP)
(PNP)
CD3ydeficiency | Normal Normal Normal AR Defect in CD3y
(reduced TCR
expression)
CD8 deficiency | Absent CD8, Normal Normal AR Defect in CD8a chain
normal CD4
cells
ZAP-70 CD8 |, normal | Normal Normal AR Defect in ZAP-70 signalling
deficiency CD4 cells kinase
Ca'" channel Normal count, | Normal Normal | Autoimmunity, AR Defect in Orai-1, a Ca™
deficiency defective TCR | count ectodermicdysplasi channel component
mediated a, non progressive
activation myopathy
MHC class | normal Normal Normal | Vasculitis AR Mutations in TAP1, TAP2 or
deficiency CDd4cells, CD8 TAPBP genes giving MHC
! class | deficiency
MHC class Il Normal Normal Normal AR Mutation in transcription
deficiency number, CD4 or | factors for MHC class Il
cells | proteins (C2TA, RFX5,

RFXAP, RFXANK genes)

Table ICombined T and B cell immunodeficiengy, (markedly decreased; |, decreased; 1 increased,;
AR, autosomal recessive; XL, X-linked form)
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Disease Circulating T | Circulating | Serum Associated Inheritance Genetic defects/presumed
cells B cells lg Features phatogenesis
Winged helix L Normal ! Alopecia, abnormal | AR Defects in forkhead box N1
deficiency thymic epitelium transcription factor encoded
by FOXN1, gene mutated in
mice
CD25 deficiency | Normal to | Normal Normal | Lymphoproliferation | AR Defect in IL2Ra chain
autoimmunity, (may
resemble IPEX
syndrome),impaire
d T-cell proliferation
STAT5b Normal to | Normal Normal | Growth-hormone AR Defect of STAT5B gene,
deficiency insensitive impaired development and
dwarfism, function of ydT-cells, T-reg

dysmorfic features,
eczema,
lymphocytic
interstitial
pneumonitis

and NK cells, impaired T cell
proliferation

Table Combined T and B cell immunodeficiengy (markedly decreased; |, decreased; 1 increased;
AR, autosomal recessive; XL, X-linked form)
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Disease Serum Ilg Associated Inheri- Genetic
features tance defects/presumed
pathogenesis

Severe reduction in all serum immunoglobulin isotype with profoundly decreased or absent
B cells:

Btk deficiency All | Severe bacterial XL Mutation in Btk
infections; normal
of pro-B cells
W heavy chain All | Severe bacterial AR Mutation in pu heavy
deficiency infections; normal chain
of pro-B cells
A5 deficiency All | Severe bacterial AR Mutation in A5

infections; normal
of pro-B cells

lga deficiency All | Severe bacterial AR Mutation in Iga
infections; normal
of pro-B cells

IgB deficiency All | Severe bacterial AR Mutation in Igf3
infections; normal
of pro-B cells

BLNK deficiency All | Severe bacterial AR Mutation in BLNK

infections; normal
of pro-B cells

Thymoma with All | Infections; None Unknown
immunodeficiecy numbers of pro-
Bcells |
Myelodisplasia All | Infections; Variable May have monosomy
numbers of pro- 7, trisomy 8 or
Bcells | dyskeratosis
congenita

Severe reduction in serum IgG and IgA with normal, low or very low numbers of B cells:

Common variable IgG & Clinical phenotype  10% AR  Alterations in TACI,

immunodeficiency IgA |;  vary:autoimmune, or AD BAFFR, Msh5
disorders IgM lymphoproliferative,
variable  or granulomatous
disease
ICOS deficiency IgG & AR Mutations in ICOS
19A |;
IgM
normal
CD19 deficiency IgG, AR Mutations in CD19
IgA,IgM
b
XLP1 Allmay  Ab deficiency, XL Mutations in SH2D1A
be | fulminant Ebv
infection and
Lymphoma

Table I Predominantly antibody deficiencies, (decreased; 1 increased; AR,
autosomal recessive; AD, autosomal dominant; XL, X-linked form)
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Disease Serum Ig Associated Inheri- Genetic
features tance defects/presumed
pathogenesis

Severe reduction in serum IgG and IgA with normal, elevated IgM and normal
numbers of B cells

CD40L and CDA40 deficiency Included in Tab:l

AID IgG & IgA Enlarged lymph AR Mutations in AICDA
deficiency L IlgM 1 nodes and germinal gene

centres
UNG IgG & IgA Enlarged lymph AR Mutations in UNG
deficiency L 1lgM 1 nodes and germinal gene

centres

Isotype or light chain deficiencies with normal numbers of B cells

Ig heavy May be May be AR Chromosomal
chain absent of asymptomatic deletion at 14g32
deletions 1gG or IgA

or IgE
K chain All lg have  Asymptomatic AR Mutations in k
deficiency A light constant gene

chain
Isolated IgG | of IgG Usually variable unknown
subclass subclasses asymptomatic
deficiency
IgA | of IgA Recurrent bacterial  variable unknown
deficiency and IgG infenctions in
associated subclasses  majority
with 1gG
deficiency
Selective Absent or |  Usually variable unknown
IgA of IgA asymptomatic, may
deficiency have allergy or

autoimmune
disease;

Specific Normal Inability to make variable unknown
antibody antibodies to
deficiency specific antigens
with normal
[lg] and
numbers of
B cells
Transient IgA and Recurrent variable unknown
hypogamma IgG moderate bacterial
globulinemi  decreased infections
a of infancy
with normal
numbers od
B cells

Table Il Predominantly antibody deficienciels flecreased; increased;
AR, autosomal recessive; AD, autosomal dominant; Xdinked form)
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Evaluation for suspected Primary ImmunodeficienseBses

Efficient early identification of PIDs is importafidr a correct diagnosis. We can
distinguish three fundamental steps to diagnosmayi immunodeficiency: 1.
Clinical diagnosis, 2. Immunological diagnosisiM&lecular diagnosis (14).

Stepl: Clinical diagnosis

a) Although the susceptibility to infections igtmost frequent sign of PID, some
general symptoms strongly suggesting a diagnosisnohunodeficiency are
diarrhea, failure to growth and malabsorption. ©tmeanifestations can be
autoimmune disease, lymphoproliferative disordand &aematologic disorders
(anemia, thrombocytopenia, neutropenia). Specifimpoms associated with

immunodeficiency are shown in table below.

CELL MEDIATED IMMUNITY HUMORAL IMMUNITY

Intracellular bacterigSalmonella, Encapsulated Bacter{&trepto,
Mycobacterial egionella, Nocardia) | Staphylo,Haemophil)is
Fungi(Candida, Cryptococcus, Protozoa Giardia, Cryptospor.)
Histoplasma, P. carinii)
ProtozogToxoplasma, Leishmania,| Enterovirus
Cryptosporidiun
Virus (Enterovirus, Herpes,
Paramyxovirus, Papova virjs
GENERAL SYMPTOMS
Diarrhea, Failure to growth, Malabsorption
SYMPTOMSASSOCIATED WIH IMMUNODEFICIENCY

Specific eczema, Photosensitivity, Partial albmi¥asculitis,
Teleangiectasie, Delayed umbilical cord detachp@ysmorphic

Microcephaly Skeletal abnormalities, Abnormal griowAtaxia

17



b) Thefamily history is important for the rapid recognition of geneadisorders,
although many mutations may be new and the fam#yoty is not necessarily
positive. Furthermore, it is necessary investigéeut:

* Degrees of consanguinity in the parents
* Unexplained early infant deaths

* Immunodeficiencies cases in family history; familb&currence of similar

symptoms

C) Haemocromaytometric exam may quickly reveal, in severe cases

lymphopenia or alterations of other lineages paddptcompromised.

Step2: Immunological Diagnosis

The first of laboratory evaluations, in immunolagidiagnosis, involves:

» Immunoglobulin analysisand subclassratio

» Vaccine titer levels of recall-antigens (Tetanus, Diphtheria, Pneumo-
coccus and Hepatitis B)

» Assessment of white cell subsets: Determine the absolute count of the
following lymphocyte subpopulations compared witje-anached reference
values. When combined with flow cytometry, the ga#ind the type of
individual cell population can be determined usagpecific mAbs that
recognize proteins on the cell surface. In theetlglow are represented the
principal cell subsets with their cell surface nmeask

CD3+ T lymphocyte
CD3+/CDA4- Helper- T lymphocyte
CD3+/CD8+ Cytotoxic T lymphocyte
CD3+/HLA-DR+ Activated T lymphocyte
CD3+/CD4-/CD8- “Double-negative” Tcells
CD3+/TCRyo+ Subset T lymphocyte
CD19+ or CD20+ B lymphocyte
CD3-/CD16+ and/or CD56+NK cells

18



Functional tests are more elaborated. These imastabout:

» T cdls activation: Determine the expression of T cell activation meske
(CD69 and CD40L) by FACS , aftein vitro stimulation with
PMA/ionomycin

> T cellsproliferation: Determine the uptake ofH]-thymidine (or CFSE or
activation markers) and compare the results witefgrably- age matched

controls after stimulation with:

Mitogens (e.g. PHA, PMA + lonomycin, PWM)
Monoclonal antibodies (e.g. CD2+ CD28, CD3+ CD28)

Antigens (e.g. tetanus, after booster vaccination)

o O O O

Allogenic cells
» Oxidative burst ( phagocyte defects) and flow cytometry

o0 Nitroblue tetrazolium test (NBT)
0 Chemoluminescence test

o Flow cytometry analysis using dihydrorhodamine (DHR

» Chemotaxis, granule contents, bacterial killing, phagocytosis

o Migration to a chemoattractant (e.g. FMLP)
o Immunohistochemistry of granule contents, electricroscopy
o Bacterial killing

o Phagocytosis

19



Step3: Molecular diagnosis

When the disease showswall characterized clinical phenotype, mutations in

specific disease-gene are sought with moleculalysisa Following, the gene is
amplified by polymerase reaction chain (PCR) anentlsubjected to mutation
screening. Even if screening techniques, such ugl&iStrand Conformation
Polymorphism (SSCP) and Denaturing High Performdngeid Chromatography
(dHPLC), are used to rapidly identify fragments veha mutation may exist, only
with sequencing is possible to characterize theiBpenutation (15)

Conversely, inpatients with atypical clinical manifestation it is necessary to
develop a hypothesis-driven or genome-wide apprdackliscover ‘candidate-
gene-disease’ (16). The proposed method wants &bysen the genetic basis
immunity to infection in human by its Mendelian armimplex components. This is

illustrated inFigure 3.

20



Box 1 | Methods in human genetics of infectious diseases

‘ Mendelian and complex inheritance ‘

Hypothesis-driven approach Genome-wide approach
! ! } ! ! |
Animal models Human data Linkage study Differentlal expression(7)
(for example, r_everse-’ {in vitro and in vivo) {model based or model free) (for example, microarrays)
forward genetics)
L | l |
I—* ‘ Candidate genes ‘—I
‘ Mutation detection
|
'Rare’ '‘Common’
variants polymorphisms

|

Assoclation studies
» Population based (case/controls)
« Family based (TDT]

Functional studies

+ Analysis of cellular phenotype

» Studies of wild-type and mutant

L | RNA and/or protein

* Molecular complementation
in vitro andfor in vivo

« Deciphering intracellular pathways
and Immunological interactions

Figure 3 The hypothesis-driven approach selects candidatesgbased on data
obtained in animal models, on clinical/biologicalnman phenotype (obtained
vivo andin vitro), or on previous knowledge regarding the diseasatefest or a
related disease. It can precede using functionademetic assay. For mendelian
traits, rare mutations that have a strong functiomgact are generally expected,
and causal relationship between the genotype amilidar phenotype is relatively
easy to establish. For complex traits, the roleawhmon mutations in the candidate
gene is tested by means of association studidbidrtase, functional validation of
the polymorphism or of the haplotype encompassiveg rhutation is difficult to

validate immunologically because the effect is expe to be subtle. The genome-
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wide approach can be applied to mendelian and eotphits to define candidate
genes. These genome screens are carried out lagérdtudies (positional cloning),
which might based on recessive, dominant and XelinkHowever, differential
expression analysis and pathway investigation atgally used. Sequencing and
association studies are required also to investigat restricted number of
regions/genes selected by hypothesis.

TDT, transmission disequilibrium test.

Genetic aspects of Primary Immunodeficiency Disease

Although genes essential for immune function arstrihuted throughout the
genome, there is a clear dominance Xflinked disorders (e.g. X-linked
Agammaglobulinemia-XLA, X linked Chronic Granuloroas Disease-XCGD)
caused by mutations in genes, located on x-chromeswhich are important for
normal development and functioning of the immunetem. (17). The X linked
inheritance pattern is complex and may be recessivdominant. The mutated
gene is always expressed in male patients. Usud#ynale carriers are
asymptomatic caused by X-random inactivation e¥eim isome cases, skewed X-
inactivation in female carriers appears to be aatsat with significant clinical
manifestations (18). IAutosomal Recessive immunodeficiency (e.g. SCID), male
and female can result equally affected. The patiértierit from both parent two

different mutations located in the same gene (19).
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Agammaglobulinemia (Studyl and study?2)

Defects in early B cell development

Defects in early B cell development are characteriby the onset of recurrent
bacterial infections in the first 5 years of lifgofound hypogammaglobulinemia,
markedly reduced or absent B cells in the perighareulation, and (in the bone
marrow) a severe block in B cell differentiationfdre the production of surface
immunoglobulin-positive B cells. Mutations Btk, the gene responsible for X-
linked agammaglobulinemia (XLA), account for appmately 85% of affected
patients (20). Approximately half of the remainipgtients, have mutations in
genes encoding components of the pre-B cell recefie-BCR) or BCR,
including u heavy chainIGHM); the signal transduction molecules: I(CD79A
and I8 (CD79B); and45 (IGLL1), which forms the surrogate light chain with V
pre-B (21-24). A small number of patients with di$éeinBLNK, a scaffold protein
that assembles signal transduction molecules aetivay cross-linking of the BCR,
have been reported (28tk is expressed in myeloid cells and platelets, dt age
B cells (26);BLNK is expressed in B cells and monocytes (27); aad¢maining

genes are B cell specific.

X-Linked Agammaglobulinemia (XLA)

In 1952, Bruton (28) reported the case of 8-ye&tdoy with multiple episodes of

pneumococcal sepsis associated with the complestenab of the serum globulin
fraction as detected by protein electrophoresidi#tahal studies described new
patients and demonstrated that agammaglobulinewgared predominantly in

boys and with an X-linked pattern of inheritanc8)(By contrast, affected adults
were almost equally divided between males and fespadnd a clear pattern of
inheritance was rarely obvious. In the early 197T0®as shown that patients with

XLA had markedly reduced numbers of B cells inpleepheral circulation (30).
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In 1993, two groups reported that XLA resulted framtations in a cytoplasmic

tyrosine kinase calleBtk or Bruton’s tyrosine kinase (31).

Btk

Btk is a member of the Tec family of kinases, whigérticipates in several
signalling pathways and is essential for early huBecell differentiation. Family
members are characterized by a C-terminal kinaseado preceded by SH2 and
SH3 domains, a proline rich region, and an NH2-teainPH (pleckstrin homology)
domain.

Btk is activated through cell surface moleculegluding, pre-BCR, BCR, IL-5
and IL-6 receptors (on B cells), the high affinig receptor (on mast cells), and
the collagen receptor glycoprotein VI (on platéletsloreover, recent studies,
demonstrated a role of Btk in signalling through@R4 (on B cells) and Toll-like
receptors (TLRs) (on myeloid cells and B cells)-88. Figure 4 shows a signal
transduction through the pre-B cell receptor.

Upon activation, Btk moves to the inner side of ptesma membrane, where it is
phosphorylated and partially activated by a srcifamember (35). Activated Btk
and PLG2 bind to the scaffold protein BLNK via their SH@rdains, allowing Btk
to phosphorylate PL{2 (36). This leads to calcium flux and activatidriree MAP
kinases ERK and JNK. Besides, several studies deinaded that Btk (37)

phosphorylates some transcription factors in theeus.
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Figure 4Signal transduction through the pre-B cell receptor

Clinical Signs and Symptoms in XLA

Mutation of Btk gene cause the incomplete differentiation of B petcursors to
mature B cell or the inefficient expansion of pBeells into later B cells stages.
XLA is characterized by early onset of bacterialfeations, profound
hypogammaglobulinemia and marked decrease of thpheeal B-lymphocyte
population (CD19 < 2%) (38). Associated infections, particularly cteial
meningitis and pneumonia, are often life threatgnibarly diagnosis is critical for
proper management of XLA. In several cases, patiean present mild or no
clinical symptoms and in the absence of definitiv@gnosis byBtk sequencing,
might commonly receive common variable immunodeficy (CVID), specific
antibody deficiency or IgA deficiency (39-40). XLghows, as well as other PIDs,
a risk of autoimmune disease, such us arthritisndeomyositis, autoimmune
haemolytic anemia and sclerodermia. Female caraee usually asymptomatic

except for one Japanese female case (41).
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Autosomal Recessive Agammaglobulinemia

Starting in the 1970s, several reports describetkes with a clinical disorder that
was indistinguishable from XLA (42). The affectedlghad an early onset of
disease, profound hypogammaglobulinemia, and lbsas 1% of the normal

number of B cells in the peripheral circulation.isllsuggested that there were

autosomal recessive forms of the disease.

Defects inu Heavy Chain

In 1996 Yel et al., demonstrated that mutationg iheavy chain IGHM) cause
agammaglobulinemia and a clinical picture thatinsilar to that seen in XLA (43).
Additional patients, with mutations j[nheavy chain, were soon described (44-45).
All reported mutations result in the complete alosenf CD19+ B cells in the
peripheral circulation, with a detection threshalfl 0.01%. Although there is
considerable overlap, the patients with mutationg heavy chain tend to have a
more severe phenotype than that seen in patietttsmatations irBtk They are
recognized to have immunodeficiency at a mean &de anonths rather than 35
months in patients with XLA, and they have a highmidence of enteroviral

infection and pseudomonas sepsis with neutropenia.

Defects inM5, Iga, IgB, and BLNK

A small number of patients with defectsi (IGLL1), Iga (CD79A) Igp (CD79B),

or BLNK have been reported. These patients generally Haveat findings that
are indistinguishable from those seen in patients mutations inBtk. Similar to
patients with defects ip heavy chain, patients with other forms of autodoma
recessive agammaglobulinemia tend to have the aisstvere infections within
the first year of life. Significant enteroviral adtions and pseudomonas sepsis with

neutropenia were seen in patients vigid or BLNK deficiency.
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Chronic Granulomatous disease (Study 3)

Chronic Granulomatous disease (CGD) is an inherntisdrder of the NADPH
oxidase complex in which phagocytes are defectivgdnerating the superoxide
anion and downstream reactive oxidant intermedié®€3ls), hydrogen peroxide
(H202), hydroxyl anion and hypohalous adtigiure 5 As a result of the defect in
this key host defense pathway, CGD patients s@iféen recurrent life-threatening
bacterial and fungal infections such &gaphilococcus aureuand Aspergillus
species. CGD is normally diagnosed in infancy dmihcidence is ~1 in 200,000
births (46).

CGD is also characterized by abnormally exuberaffammatory responses
leading to granuloma formation, such as granuloostenteritis, genitourinary
obstruction, and poor wound healing and dehiscer®ecently, an Italian
Multicenter Study (IPINET), demonstrated that pneamm (47%) and
lymphadenitis (45%) are the most common infecticioipwed by dermatitis
(26%), subcutaneous abscess (20%), liver absc6%6) @nd osteomyelitis (16%).
(47-48).

Genetically, CGD is a heterogeneous disease, cadusedutations in any of the
genes encoding the subunits of NADPH oxidase camliere than two-thirds of
all cases are X-linked recessive and result froreade in theCybb gene that
encodes the gp@hox subunit; the remaining cases are autosomal reeessid
caused by defects f@ybag Ncf-1andNcf-2 which encoding p3#hox p4phoxand
p67phoxrespectively. To date, there are no reports of @@ixsed by defects in the
gene for a fifth oxidase subunit, gtbx(49-50).
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into membrane and cytosolic compartment. gt p47phox and p6phox are
associated (1:1:1) in the cytosol. Rac2 is compulexethe cytoplasm with Rho-
guanine nucleotide dissociation inhibitor. Uponiation, a series of protein-
protein and protein-lipid interactions occur. Bogd7phox and p67phox are
phosphorilated and translocated with p40phox to brame-bound cytochrome
gp9Iphox Rac2 binds GTP and migrates to the membrane émdmtly of the
p67phoxp47phox complex. In its complexed activated form, NADPH dease is

able to transfer electrons from cytosolic NADPHeidernal molecular oxygen.

X linked CGD

The description of a patient who suffered from C@id also from Duchenne
muscular dystrophy and retinitis pigmentosa madgmssible to localize the cybb
gene (OMIM number 306400) on short arm of chromasa(51). The mutation
responsible was a microdeletion in the Xp21 loafifgcting all genes involved on

these diseases.
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Additional patients from European, American andal@se groups were soon
described (52-54). According to Human Gene Mutabatabase (HGMD), single-
nucleotide substitutions account for 58% of theedts; small deletions, insertions
and insertions-deletions account for 26% and ldejetions and insertions for 14%.
The remaining cases are caused by mutations irethdatory region of th€ybb
promoter (1.5%) and complex rearrangements (0.5%).

Generally, mutations in th€ybb gene lead to a lack of gp8dox expression
generating a complete absence of the gene (X9ENqihpe, even if normal level
(X91") and reduced level (X91are reported too. NADPH oxidase activity is
always totally abolished in X91° and X9CGD, while in X91 CGD neutrophils,
this activity can be reduced.

X linked CGD patients have a more severe clinicaiplications and higher
mortality rates (5%) than patients with Ncfl mutht€%). (55). In general,
XCGD-gp91° female carriers, with 10% normal graytes, are asymptomatic; in
rare cases, female carriers with the same or aehigmoportion of normal

circulating neutrophils, may have a clinical masi&ion of host defence defect.

Clinical managements of CGD

Lifelong antimicrobial prophylaxiswith trimethoprim-sulfametho-xazole (or

dicloxacillin in CGD patients who are allergic tolfe)) and_antifungal prophylaxis

with itraconazolo are indicated to decreased the o&infection in CGD patients
(56). Although the prophylaxis with antiinfectiodsugs reduces the incidence of
infection in CGD patients, the overall annual miastas still high (2-5%).

Because CGD results from defect in myeloid lineagls, bone marrow
transplantation (BMT)s a potentially curative option for CGD patienthen an
HLA-mached donor is available. A survey of the Eagan experience (1985-2000)

showed that the overall success rate of unmoditre@mopoietic allograft

combined with myeloablative conditioning for thosgh an HLA-identical donor
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is 81% with an overall mortality of 15% (57). Thansplantation appears to be
most successful if performed in infancy or earlyldiftood. Graft-versus-host
disease (GVHD) and inflammatory flare-up at infeas site are the major risks
associated with BMT. Currently, there is a 10% aofrtality.

Gene therapyepresents a definitive cure for patients for whoonventional
HSCT is not possible. Several evidences indicadé é¢lilen a modest correction (>
10%) of NADPH oxidase in a fraction of myelomonas/tcould be sufficient to
restore the defective enzyme activity and providiaical benefit (58). Gene
therapy for CGD has been applied in cellular lestedies, murine CGD models.
Moreover several clinical trials on XCGD-gene thgr&iave been conducted since
1997, but resulted in low and short-term engraftnoéiCGD-corrected cells (59).
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Rationale and Aims of the study

The human immune system is responsible for protgdtie host against infections
caused by bacteria, viruses, fungi and parasitas. grotection is achieved through
cells, organs and tissues arranged in a dynanecaictive network that form innate
(non specific) and adaptive (specific) immune reseo A defect in either of these
components leads to disease and may ultimatelyt iesteath of the patient. This
is particularly true in primary immunodeficiencysdase (PIDs), which are caused
by congenital defects of the immune system.

The diagnosis of PIDs is complemented through a booation of cellular-,
immunochemical-, and molecular based approachesleVkbllular based assay
facilitate an assessment of the phenotype mandeste molecular approach
provides a definitive result to the origin of themunodeficiency. Moreover,
characterization of the molecular defect has ingmartimplications to better
understand the pathophysiology of the disease.r8letreatments exist in order to
favour the reconstitution of immune system in imexoompromised patients, and

new therapeutic approaches are constantly undestiigation.

The aim of this project is to define a rational Eg@eTh to recognize immune
deficiencies, with specific emphasis on developimtjnical evaluations,
understanding the genetic and cellular basis ofdisease (study 1 and 2) and
proposing gene therapy as definitive cure of imnaaficiency when the mutated
gene is known (study 3).

In particular we investigated:

1) Identification of a Btk mutation in a dysgamnagllinemic patient with
reduced B cells: XLA diagnosis or not?

2) Clinical, haematological and molecular charaz#tion of an atypical case of
Agammaglobulinemia with B, NK, DC and monocyte defincy.

3) Chronic Granulomatous Disease (CGD): Gene Tyanath Stem Cells.
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Materials & Methods

All subjects gave their informed consent to perfammunological and genetic
analysis. The studies were performed at the ‘Pediatmmunology and
Biotechnology Laboratory’ Tor Vergata University,oRe and in ‘Telethon

Institute for Gene Therapy’ San Raffaele, Milan.

Molecular Investigations

DNA extraction

Genomic DNA, isolated from the PBMC and/or MNC sedlif patients, relatives
and healthy controls donor (QIAamp DNA Blood kit|AGEN GmbH, Hilden,
Germany). Purified suspensions of PBMC and MNCsogkre obtained by Ficoll-
Hypaque (Pharmacia, Uppsala, Sweden) density grackatrifugation.

RNA extraction and RT-PCR

Total RNA was isolated from PBMCs and MNC cellsngsiTRIZOL Reagent
procedure (Invitrogen-Life Technologies, Milan alif). Isolated total RNA was
analyzed by spectrophotometer (OD 260) and 500agyuged for cDNA synthesis
carried out with random primers and SuperScript MMFirst-Strand Synthesis
SuperMix (Invitrogen-Life Technologies, Milan - Iyg in a total volume of 20 ul.

Reverse transcription was in according to the mactufer’s instructions.

PCR Reaction

DNA and cDNA was amplified using primers flankirtgetspecific genes’ exons.
The primer pairs were designed using IDT SciTodisnEr Quest SM software
(www.idtdna.com) to generate amplicons between & 400 bp . PCR reaction
were carried out in a volume of f0containing 100 ng of genomic DNA, 2@

of each dNTP, 0.44M of each primer and 1.25 U GoTag DNA polymerase
(Promega, Madison WI, USA). The samples were deatd at 95 °C for 5 min
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followed by 40 cycles at 95 °C for 30 s, at exgpesc#fic annealing temperature for
30 s, extension at 72 °C for 30 s with a final asten at 72 °C for 5 minT@blelll)

Denaturing High Performance Liquid ChromatogragibHPLC)

DHPLC used as a screening method to analyze Btk RtR genes, was
performed on a WAVE analysis system (Transgenomfdmaha, NE) using
different temperature conditionsTdble Ill). PCR products with abnormal

chromatography were sequenced.

Sequencing

Sequencing was performed after PCR products patidic with QIAquick PCR
purification kit (QIAGEN, Hilden, Germany). Bothrahds were sequenced using
the BigDye Terminator v3.1 Cycle Sequencing Kit phed Biosystems, Foster
City, CA, USA) and analyzed on an ABI 3130 autordaszgjuencer (Applied
Biosystems, Foster City, CA, USA).

Vectors construction

We subcloned gp%ihox sequence (from M.Grez) intdcol - Sall sites of Blue
Script ‘BGI-10.mCherry’ and then we transferrednthim backbones to obtain four
different transfer vectors. Transfer vectors haogels (LTRs) at both end, splice
donor and acceptor si{€D and SA), encapsidation signal including theo&ipn
of the gag geneytGA), Rev-response eleme(RRE), two different promoters
(PGK and SFFV), woodchuck hepatitis virus postgcaptional regulatory
elemenf{WPRE), miRNA target (miRT) sequence.

Mature miRNA sequences were retrieved from the nfARNegistry
(http://microrna.sanger.ac.uk/). miRNA target sewas (miRT) were synthesized

as oligonucleotides (Primm SRL, Milan, Italy).

33



Expression investigations

Real Time PCR-SYBR Green

The expression study was performed using 96-weltalpreaction plate using an
ABI Prism 7900HT Sequence Detection System (AppBeasystem, Foster City,
CA) with Real Master Mix (Eppendorf AG — Hamburg Germany). PCR
conditions were in according to the manufacturerssructions. PCR were set up in
a total volume of 25 ul containing 2.5x Real MadWix/20Xsybr Solution, 200
nM one primer-pair, 5ul of cDNA adjusted to 10 Mge chose GNB2L1 gene as
genomic reference. The primers were designed ugiiigSciTools Primer Quest
SM software (www.idtdna.com) to generate amplicbesveen 300 and 400 bp.
(Table II) The PCR program was initiated at 95°C for 4 niollowed by 40
cycles of 30 seconds at 94°C, 30 seconds anneaiiegon specific temperature
and 30 seconds at 72°C. Absolute quantificatiotagdet amplicon in the patient
was performed by interpolation of the thresholdleyeumber (Ct) against the

corresponding standard curve. The control was nlixethto value 1.

Immunoblot Analysis

Total cells were lysed on ice cold JS lysis buffs®@mM Tris/HCI pH 8, 150mM
NaCl, 1.5mMMgCI2, 5SmMEGTA, 1% Triton-X, 10% glycérd mM PMSF, 10
ug/ml aprotinin, 1Qug/ml leupeptin, 1Qug/ml pepstatin, 1 mM DTT) for 20 min on
ice and then clarified by centrifugation at 120@énrfor 10 min at 4 °C. 2Qg of
total cell lysate were size-fractionated by SDS-EAGeI and then transferred to
nitrocellulosemembrane (Protran, Schleicher & StHiescience GmbH, and
Dassel, Germany). Membranes were blocked in 5% rfolk 1 h at room
temperature and then incubated with a primary adgil{anti-Btk C20, Santa Cruz
Biotechnology Inc., CA, USA), 1:300 dilution, for b at room temperature.
Specific proteins wereisualised by ECL (LiteAblot, Euroclone SpA, Switizad).
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TCR Spectratyping

PBMC were fractionated into CD4nd CD8 subsets by the use of anti-CD4+ or
anti-CD8+ monoclonal antibody-coupled magnetic BedBbynal AS, OSLO,
Norway) following manufacturer’s instructions. TbtRNA was extracted by
TRIzol® (Gibco-BRL/Life Technologies) in accordanegth the manufacturer s
instructions. PCR were performed using SupersckipOne-Step RT-PCR with
PLATINUM Taq (Invitrogen) in according to manifacé’s instruction.Table 1V
showed the primers sequences. PCR products wentedliin a stop buffer
(deionised formamide and TE pH 7.5) and denatute2ba C for 4 min. Qul of
each sample were loaded in wells of a 6% polyaorigla gel (Pharmacia Ready
Mix Gel). The sample run in a DNA Automatic Fluocrzemce Sequencer
(Pharmacia ALFDNA Sequencer, Sweden), and finalhalgsed by specific
software (Pharmacia DNA Fragment Manager 2.0). Da&rpretation was done
following the visual scoring method. Based on thisthod three main pattern
profiles of distribution were identified: Polycldf@aussian profiles (p) with 5-9
peaks per TCRBV family and a Gaussian “bell shagisttibution”; Polyclonal
altered profiles (pa) with 5 or more peaks with an rGaussian-like distribution
pattern; skewed/perturbed profiles (sk) with a namif peak comprised in a range
from 1 to 4 peaks or with a multipeak pattern hgvane solitary peak50% of the
total peak area or one or more deleted peaks. Babicand Polyclonal altered

profiles were considered normal.

Vector Copy Number Analysis

Cells were cultured for at least 14 days afterddaiction in order to get rid of non-
integratedvector formsGenomic DNA was extracted by using “Maxwell 16 Cell
DNA Purification Kit” (Promega, Madison/WI, USA)ceording to manufacturer’s
instructions. Vector copy numbers per genome (VGMre quantified by
guantitativeReal Time PCR using HIV primer and probe set agdims primer
binding site (PBS) region of LMEndogenous DNA amount was quantified by a

35



primer/probe set against the huntaltomerase gene (Telo) and TAMRA-Probe, or
the murine R-actin gene (B-Act) and VIC-probe. @spper genome were
calculated by the formula: (ng LV/ng endogenous DNAN® of LV integrations

in thestandard curve). The standard curve was genergtedibg a CEM cell line
stablycarrying 4 vector integrants, which was previoustyermined by Southern
blot analysis.All reactions were carried in out in triplicate an ABI Prism
7900HT (AppliedBiosystems, Foster City, CAT éble V3.

Functional Investigations

T-cell proliferation assay

2x10° PBMCs were triple cultured in microtiter plates 3 and 6 days with
mitogens and antigens respectively at 37° C witl2@»% in complete culture
medium consisting of RPMI 1640 with L-glutamine dfia, St. Louis, MO)
supplemented with 10% AB Human serum (Sigma), 50niUpenicillin and 50
pg/ml of streptomycin (Sigma). Mitogenic stimuli asevere phytoaemmaglutinin
(PHA) 5ug/ml, pokeweed mitogen (PWM) 0.3%y/ml (Sigma) and OKT3 @
(stock supernatant obtained from OKT3 cell line, GOJ-Sigma, MI, Italy).
Common antigens used were antigen solutions of i@andAlbicans,
Cytomegalovirus (CMV) and Herpes virus 1 (HSV-1) dBwvell (AID GmbH-
Strasberg-Germany). PBMC from the same samples eudiiered for 3 and 6 days
without any stimulus as negative controls in congilture medium. To analyse
T-cell proliferation, all the cultures were thenlgad with 0,5uCi 3H-thymidine
for additional 6 hours and harvested onto glage filiters (Packard, Ml, Italy) and
analysed by B-counter scintillator (Canberra Patkémstrument Company,
Meriden, CT, and U.S.A.). Data were expressed asitcper minute (cpm) and
elaborated as stimulation index (Sl), defined as fhtio between the average
counts of stimulated and unstimulated PBMC. SI elifaration of PBMC with
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mitogen, or antigenSpontaneous proliferation of RBNlymphoproliferations
towards mitogens, was considered positive in i@t the sequent scheme:
PHA > 35.000 cpm; PWM > 18.000 cpm; OKT3 > 25.00thc
Lymphoproliferations towards common antigens (Tesan Candida) were

considered positive if cpm > 5.000.

MLR

Allogeneic PBMCs were used as responders. Twordiftehealthy donors were
used to avoid the possibility that a low prolifésatwas due to HLA compatibility.
Allogeneic cells were added to each well with aor&timulators / responders of
1:10. Negative controls PBMCs alone; positive aaistrconsisted in PMBCs
stimulated with PHA (gg/ml). Patients’ PBMCs were co-cultured with heglth
donors allogeneic PBMCs for 6 days. Then (G *HThymidine was added and
the cells were cultured for additional 6 hours.dHn cells were harvested onto
glass fibre filters (Packard, MI, ltaly) and ana&gsby B-counter scintillator

(Canberra Packard Instrument Company, Meriden,a@d,U.S.A.).

DHR

Granulocyte oxidative burst was determined quantély with Burst test Kit
(ORPEGEN Pharma, Germany). PLB 985 cells beforeadtaat transduction, and
transduced HSPC murine cells, were put in PBS hed in ice for 15 min. Then,
four testing tubes were fi lled with 1Q@ of cells each and 2x107 unlabeled
opsonized bacteri&. coli, 20 uL of substrate solution (negative control), 20
fMLP (peptide N-formyl-MetLeuPhe) as chemotactic low physiologistimulus
(low control) and 20uL phorbol 12-myristate 13-acetate (PMA), a stromm-n
receptor activator (high control). All the samplesre incubated for 10 min at 37.0
°C in a water bath, dihydrorhodamine (DHR) 123 dfuarogenic substrate was
added and incubated again in the same conditioms.okidative burst occurred

with the production of reactive oxygen substrat®O$) (superoxide anion,
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hydrogen peroxide) in granulocytes stimulated vitro. In ROS-stimulated
granulocytes, nonfluorescent DHR 123 underwent emiwon to fluorescent
rhodamine (R) 123 registered in the flow cytometer.

Facsanalysis
Studiol

Flow cytometric analysis of Btk phosphorylation Lghoblastoid cell lines
(10x106 cells) were collected by centrifugation astthulated by hydrogen
peroxide (10 mM) at 37 °C for 5 min.Collected celsre fixed for 10 min at 37 °C
and then permeabilized by adding 1 ml of BD Phaesttaffer 11l for 30 min on ice
according to BD Phosflow protocol 3 (BD Bioscien&dsgrmigen, San Diego, CA,
USA). Pelleted cells were resuspended in BD Phamigtain buffer containing
PE conjugated anti-phosphoY551-Btk (BD Bioscierfeearmigen, San Diego, CA,
USA) at room temperature and incubated a minimuni ¢f The analysis was
carried out on FACScan using CellQuest software @Dsciences Pharmigen,
San Diego, CA, USA).

Studio?

All antibodies and appropriate isotype controls lamenan specific and are from
BD/Pharmingen (San Diego, CA, USA). Bone marrowiscelere stained with:
PC5-CD34, FITC-TdT, PE-cKit, PE-IL3R, FITC-CD19, f79a, PE-IL7R, PE-
CXCR4, PE-FIt3R, Tc-CD19, FITC-CD15 and PE-CD56riftesral blood cells
were staining with: PE-FIt3R, APC-CD8, PerCP-CD4TG-CD15, APC-CD14
FITC-CD3, PerCP- CD3 and APC-CD1Xcells were stained for 20 min at 4 °C,
and washed. Cells were resuspended in PBS corgaibih ng/ml 7aminoa-
ctinomycin D (7-AAD) to exclude dead cells. Cellsre analysed on FACS Canto
cytometer and analysed by FCS express software.
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Studio3

Cells grown in suspension were washed and resusdendPBS containing 2 %
fetal bovine serum (FBS). Cells transduced or nate stained with human PE-
labeled Anti-Flavocytochrome s& (7D5) (MBL Medical and Biological

Laboratories), human APC-CD11b (BD Pharmingen) ammlise FITC-cKit (BD

Pharmingen). Only mouse cells before the classicquture for immunostaining
were blocked in PBS, 5 % rat serum, 2 % FBS fomiis at 4 °C. For human
immunostaining this is not necessary. After celesevstained for 20 min at 4 °C,
and washed. Cells were resuspended in PBS corgaitiin ng/ml 7 aminoa-
ctinomycin D (7-AAD) to exclude dead cells. Cellenw analysed on FACS

Calibur and analysed witlCellQuest Software (Becton-Dickinson).

Cédll linesand Cell Investigations

Ebv-Cell lines

EBV-transformed lymphoblastoid cell lines (LCL) wepbtained by incubating
about 5x106 PBMC with 2 ml of supernatant from EBV-secreting cell line

B95-8 for 1 h at 37 °C. Infected cells were thershed and cultured at 1x106
cells/ml in RPMI 1640 containing 25 mM Hepes, 208taf bovine serum from

U.S., 2 mM L-glutamine and fig/ ml of cyclosporin A in 24-well culture plates.
Clumps of cellsvere observed at the end of the first or the seegeek and stable
EBV lymphoblastoid cell lines were established Iy €nd of 4 weeks.

293T-Cell lines

293T cells grown in IMDM medium supplemented witir2 glutamine, 10% FBS,
Penicillin (100unit/ml), and Streptomycin (100ug)nm humidified incubator at
37°C under atmosphere of 5% C0O2/95% air.
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PLB-Cell lines

PLB-985 cells (obtained from Dinauer MC) grown inPRI1640 medium
supplemented with 2Mm glutamine, 10% FBS, Penicil{lOOunit/ml), and
Streptomycin (100ug/ml) in humidified incubator3t°C under atmosphere of 5%
C02/95% air. For granulocytic differentiation cedisa density of 1x16/cells/ml
were exposed to 1,2% DMSO for 5-6 days. Under tlveselitions ~ 80 % of wt
and transduced cells acquired respiratory-burstigct

Clonogenic assay

At days 0, 4 and 8 both fresh CD34 cells and cettweells were suspended in 1ml
of complete methylcellulose medium (MethoCult, Ste@ell, Canada)
supplemented with 30% FBS, SCF (50 ng/ml), IL-3 (i@ ml), GM-CSF (10
ng/ml) and EPO (3 U/ml) and plated induplicatehat toncentration of 1 ~ 103/ml
in 35mm tissue culture dishes. Cultures were in@dat 37°C in a humidi®ed
atmosphere of 5% CO2. Colony-forming unit granuteeyacrophage (CFU-GM),
burst-forming unit erythroid (BFU-E) and colony-foing unit mixed (CFUGEMM)
were enumerated using an inverted microscope ant014 d. Single colonies
were plated in 0'1 ml of methylcellulose culture diven supplemented with
growth factors in 96-well plates. Cultures wereuinated at 37°C in a humidi®ed
atmosphere of 5% CO2. After 14 d, secondary CFU-8MJ-E and CFU-GEMM

were scored and enumerated under an inverted roapes

In vitro assay for B/NK cell progenitors
Fresh purified CD3%cells (CD34 Microbeads; Miltenyi Biotec) were plated at 10
cells/well on flat-bottom 96-well plates preseeadth a semiconfluent layer of the
MS5 stromal cell line. Culture medium was the sdonell the CD34 cells plated,
independent of the cytokines used during transdogctand consisted of RPMI
(Euroclone, UK) supplemented with 10% human senamfhealthy blood donors,
5% FCS, Iglutamine, penicillin/streptomycin, ande threcombinant human
cytokinesTPO, Flt3-ligand, SCF, IL-7, and IL-15 (R (20 ng/ml) and 250 U/
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ml IL-2 (RocheMilan, Italy). Half the medium was replaced weekdy.weeks 3—4,
wells with visible cell proliferation were selectadd cells collected to be analyzed
by FACS for the presence of B cells (CDJland NK cells (CD55.

Vectors Production and Titration

VSV-pseudotyped third-generation Lentiviral vectavere produced by Ca PO
transfection into 293Tcells, as described in GanBet al., Nature Method 2008.
Briefly, supernatants were collected, passed thra@.22 um filter, and purified
by ultracentrifugation as described. Expressiaar titas estimated on 293T cells —
which do not express high levels of the miRNA tdgte this study - by limiting
dilution. Vector particles were measured by HIVaggp24 antigen immunocapture
(NEN Life Science Products).

PLB985 Transduction
PLBmut were trasduced with serially diluted LVVsrofh 10"-2 to 107-6)
containing gp9fhox cDNA at different multiplicity of infection (MOI)(Table IX

in preliminary result study 3).

Murine Transduction

dayl 1x1076 Lin- cells were plated in 1.5 ml of Stera8B5erum with Pen/Strep,
Glu and pre-stimulated over night with SCF (100ry/&It3L (100 ng/ml), IL3
(20ng/ml) and TPO (50 ng/ml). day Pre-stimulated cells are transduced with
LVVs at different MOI: 10,5 (LV.PGK.gp91), 17,5 (LFGK.gp91_126T), 75
(LV.PGK.gp91-130T) and 13,5 (LV.SFFV.gp9l). day l4quid and MethoCult

Culture were performed.

Liquid Culture

We plated tranduced murine Lin- cells (5xL€ells) in StemSpan serum (StemCell)
with cytokines and growth factors cocktail (SCR3E| IL3, TPO) and huG-CSF
(100ng/ml). After 2 days we washed them and newinmedeplaced with hu-G-
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CSF and SCF. On day 8 we used some of the cellsytospin analysis and the
remaining were plated in fresh medium with hu-G-C8FRnduce granulocytes

differentiation.

Methocult Culture
Transduced cells were plated in methylcellulosa iovadat concentration of
2500cells/plate/ml medium. Medium conteined a nfigrowth factors (StemCell)

and after 14 days colonies were collected, washddaalysed by FACS Calibur.
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Table Il

DNA sequence primer name

AATCAGGAACTTGTGCTGGC cDNA PU.1-1F
GTTTGGCGTTGGTATAGATCCG cDNA PU.1-1R
GCTGGATGTTACAGGCGT cDNA PU.1-2F
TGAAGTTGTTCTCGGCGAAG cDNA PU.1-2R
GACAGGCAGCAAGAAGAAGA cDNA PU.1-4F
CTGAACTGGTAGGTGAGCTT cDNA PU.1-4R
CTTCGCCGAGAACAACTTCA cDNA PU.1-3F
AGGTCCAACAGGAACTGGTA cDNA PU.1-3R
CAACCGCAAGAAGATGACCT cDNA PU.1-5F
TTGGGAGGAGGTTAATGGGT cDNA PU.1-5R
GCAGGCATTTGTTGGGTTAGAGCA PU.1 GEN-1F
AGGAAACCCTGACTTCCCACTGAT PU.1 GEN-1R

Table Il

primer name DNA sequence

IKAROS 1F CCA AGT TAG CAG GACACT CT
IKAROS 1R ACC AGG GTC TAC CAACCTTA
IKAROS 2F TGT GCC AGT CTG ATA CTC CAG CAA
IKAROS 2R ACA GGT GAA GGA AAC ACT CAG GCA
IKAROS 3F GCCCGAGACTCACACTICTICTTIT
IKAROS 3R TGC CAG TTG AGG GAA CAC AAT GGA
IKAROS 4F GAATGG GCG TGC CTG TGA AAT GAA
IKAROS 4R ATG CAC CTT CTC CAG GCC ACT AAA
IKAROS 5F AGC GTT AAG GAG CTG GCAGGT TTA
IKAROS 5R AGG GTT AGC CAG CAA GGA CAC AAT
IKAROS 6F CCC CTT ACA CAG AAG GCT GGC ATT
IKAROS 6R AAG GCT CTG CTC CTA AGG CTG CAT
IKAROS 7F TAA CAT TGG ACG CGA CTG AAC CCT
IKAROS 7R TCCCITTCTTCCACCCTCAACTCA
IKAROS 8F1 AGATTT CAG CTG TTG CTG CCA GAC
IKAROS 8R1 TGT GGT TGG TCA GGT AGA TGA GAC
IKAROS 8F2 GTCTCATCT ACC TGA CCAACCACA
IKAROS 8R2 GTA GCC GCA CAT GTT GCA CTC AAA

IKAROS cDNA 2F

GCG ACG CAC AAATCC ACATAACCT

IKAROS cDNA 4R

TTC ATT TCACAG GCACGCCCATTC

IKAROS cDNA 5F

ATG GGC GTG CCT GTG AAATGA ATG

IKAROS cDNA 5R

AGT TGC AGA GGT GGC ATT TGA AGG

IKAROS cDNA 6F

GCC CAA TGT GCT CAT GGT TCA CAA

IKAROS cDNA 6R

TTG GTC CAT CAC GTG GGA CTT CAT

IKAROS cDNA 7F

CCA AGC CAT CAA CAA CGC CAT CAA

IKAROS cDNA 8F

TCATCT ACCTGA CCAACCACATCG

IKAROS cDNA 8R

TTG TCT GGT CCA GTC CAG TCT ATG
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Table Il

primer name

DNA sequence

FLT3L 1F CAG TGATAAAGC TAG TGC TAG GGC
FLT3L 1R CTCCACTTCTAAGAACCTCGAC
FLT3L 2F CAG ACGTCG AGGTTCTTAGAAGTG
FLT3L 2R TCT ATCTCCCTCTCCTCT ATCTCC
FLT3L 3F ATG CAA ACT GGA CAG CAT TGG ACC
FLT3L 3R AGT TCA AGA CCA CCC TGG GAAACA
FLT3L 4F CAAGGTTCTGTGGCTTCTTCT G
FLT3L 4R AGG TCCCTCCCAACATGACTTA
FLT3L 5F TGC AGG ACG TAAGTCATG TTG GGA
FLT3L 5R GGA TTT CAT CAT GTT GGC CAG GCT
FLT3L 6F AAA CTC TGA GAG CCA GAG CTC ACT
FLT3L 6R GGT AAA CTG AGC TCC AGA AAG AGG
FLT3L 7-8 F AGA TGA GCA AAC TGA GGC AC
FLT3L 7-8R AAA GTG CTG GGA TTA CAG GC
FLT3L -01 1F TCT CTG GCT GTC ACC CGG CTT
FLT3L-01 1R CGG TGA CTG GGT AAT CTT GAA GCA
FLT3L-01 2F AAC AAC CTA TCT CCT CCT GCT GCT
FLT3L-01 2R GGC TGA AAG GCACAT TTG GTG ACA
FLT3L-01 3F AGA CTG TCG CTG GGT CCAAGAT
FLT3L-01 3R TTG AGG AGT CGG GCT GAC ACT
FLT3L-01 4F TGG ATC ACT CGC CAG AACTTC TCC
FLT3L-01 4R GTT GTT TAAGGC TCC GCAGGATGA
FLT3L-01 5F TCATCC TGC GGA GCC TTA AAC AAC
FLT3L-01 5R ACA AGG GCT TTG TAC AGA GTT GGG
FLT3-02 1F AGG GTC CGAGACTTGTTCTTCTGT
FLT3L-02 1R TTT GAC AGC GAA GTC GGA GGA GAT
FLT3L-02 2F ATCTCCTCC GACTTC GCT GTC AAA

FLT3L-02 2F BIS

GCG CGT GAA CAC GGA GAT ACACTT

FLT3L-02 2RBIS

AGC AGC AGT AGG AGG AGC AGA

FLT3L-03 1F CCG GCCGAAATGACAGTGCT
FLT3L-03 1R ACG GTG ACT GGG TAATCT TGA AGC
FLT3L-03 3F TTCGCT TCG TCC AGACCAACATCT
FLT3L-03 3R AGG TCA GTG CTC CAC AAG CA
FLT3L-03 4F AGT GTC AGC CCG ACT CCT CAA
FLT3L-03 4R TCT AGC CAACTT CCT CTG TGT CCA
FLT3L-04 1F CCCTTC CACACCCAACTG

FLT3L-04 1R AAA CAG GAT CAG GCC TGG CA
FLT3L-04 4R TCT GTGTGC CTC AGT ATC CTC CC
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Table IV

Sequences of primers for Spectratyping
Analysis

VB1: CAGTTCCCTGACTTGCACTC

VB2: GCTTCTACATCTGCAGGTGC

VB3: GAGAGAAGAAGGAGCGCTTC

VB4: GCAGCATATATCTCTGCAGC

VB5.1: CTCGGCCCTTTATCTTTGCG

VB5.3: CCCTAACTATAGCTCGAGC

VB6.1: GATCCAGCGCACACAGC

VB6.2: GATCCAGCGCACAGAGC

VB7: CCTGAATGCCCCAACAGC

VB8: GAACCCAGGGACTCAGCTG

VB9: GGAGCTTGGTGACTCTGCTG

VB11: CAGGCCCTCACATACCTCTCA

VB12: CAAAGACAGAGGATTTCCTCC

VB13: GTCGGCTGCTCCCTCCC

VB14: GTCTCTCGAAAAGAGAAGAGG

VB15: GTCTCTCGACAGGCACAGGC

VB16: GAACTGGAGGATTCTGGAGTT

VB17: CCAAAAGAACCCGACAGCTTTC

VB18: GTGCGAGGAGATTCGGCAGC

VB20: CCTCCTCAGTGACTCTGGC

VB21: GGCTCAAAGGAGTAGACTCC

VB22: GTTGAAAGGCCTGATGGATC

VB23: CAGTTCAGTGACTATCATTCTG

VB24: GGGGACGCAGCCATGTACC

Table IVa

DNA sequence

primer name

fwd: 5-TACTGACGCTCTCGCACC-3’ HIV
rev: 55TCTCGACGCAGGACTCG-3 HIV
FAM 5-ATCTCTCTCCTTCTAGCCTC-3’ Probe
fwd: 5-GGCACACGTGGCTTTTCG-3’ telomerase
rev: 5-GGTGAACCTCGTAAGTTTATGCAA-3 telomerase
TAMRA 5’-TCAGGACGTCGAGTGGACACGGTG-

3 Probe
murine fwd: 5-AGAGGGAAATCGTGCGTGAC-3' beta actina
murine rev 5’CAATAGTGATGACCTGGCCGT-3'

VIC 5" CACTGCCGCATCCTCTTCCTCCC-3 Probe
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Studyl Identification of a Btk mutation in a dysgamma-

globulinemic patient with reduced B cells: XL A diagnosis or not?

In this study we present clinical, haematologicadl anolecular analysis of a 31
years old male with a gradual decline of periph&atells, recurrent respiratory
infections and with a novel mutation in Btk geneen@rally, defect in peripheral
blood B lymphocytes (CD19+<2%) and mutation in Btinfirm a diagnosis of
XLA. Patient's mother, maternal aunts and a materiemale cousin are
heterozygote for the same mutation and although XérAale carriers are usually
asymptomatic, they suffer from a mild to severemmrary emphysema.

We report a puzzling case where the patient’s adinihistory and laboratory

findings divorce from molecular genetics.

Case Report

Medical history of the 31 year-old male patientyeaed recurrent episodes of
enteritis associated to failure to thrive since finst months of life. At age of 3
months he developed measles complicated with pneianamd pulmonary abscess.
In the following years he suffered from recurremisedes ofStaphilococcus
aureus’pneumonia, urinary tract infections and diffusegsrmitis with cutaneous
abscess. Moreover,data of first decade of higdifmrted a dysgammaglobulinemia
(normal IgG with low IgA and IgM serum concentrais) and normal total count
of lymphocyte with an inverted CDEDS8" ratio and 8% of B lymphocytes,
suggesting a diagnosis of common variable immunci@ety. At that time severe
chronic obstructive lung disease was observed aobngmary Computed
Tomography (CT) proved the presence of pulmonasgrstitial fibrosis.

At 28 years of age he was hospitalized for weiglss] jaundice and abdominal
pain. An Endoscopic Retrograde Cholangio-Pancreapttyy (ERCP) revealed a
dilatation of both intrahepatic bile ducts and Wig's Duct with a clinical
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diagnosis of sclerosing cholangitis and a chroristiuctive pancreatitis. Enteral
nutrition, antibiotics and substitutive pancreaéinzyme together with steroid
therapy were started with a partial clinical respan

Clinical, immunological and molecular investigatiovas extended to maternal
family members, and mutation iBtk gene was found in patients, his mother,

maternal aunts and a maternal female colsgufe 6).
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Figure 6:Genealogic tree of our XLA patient

Results

Immunological investigations

Immunological data of the patient, showed a dysgagiabulinemia due to low
IgA and IgM with normal IgG, low value of CD1®B cells (percentage value in
repeat studies ranging from 1.98 to 2.8%) and tedelCD4/CDS8" ratio were
confirmed. CD3+ lymphocyte count and proliferatilygnphocyte response to
mytogens (data not shown) were normal. Post-vatiomaantibody titers to
Tetanus toxoid anbBlaemophilus influenzagere normal but he had a low response
to Streptococcus pneumoniae. His mother (114), maternal aunts (112;115) and
one female cousin (1113) reported recurrent regpmainfections during childhood

and suffered from pulmonary emphysema which wag severe in 115. As shown
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in table V, immunological values are normal, circulating Bceanged from 4% to

7.9% with a normal distribution of transitional, tmee and memory B cells.

1113 112 114 115 range
Lymphocytes 1230/ul 1400/ul | 1380/ul| 1380/ul
CD3 (%) 89 82 80 84 61-84
CD4" (%) 39 55 60 54 32-60
CDS8' (%) 46 28 21 29 13-40
CD19 (%) 2 4.7 7.9 4.2 10-31
CD19 CD271gDIgM™ (%) | 10 19 29 nt 13.7
CD19 CD271gD’IgM™ (%) | 13 30 28 nt 13.8
CD24"" (%) 6 2.7 2.6 nt 2.06+0.27%
IgM (mg/dl) 6 65 71 62 40-230
lgG (mg/dl) 833 856 087 843 700-1600
IgA (mg/dl) 32 99 118 80 70-400

Table V Immunological data of our patient and femaleieast nt, not tested

Molecular investigations

Genomic DNA was analyzed for mutation ®AP, CD40L and Btk genes.
Sequencing o0SAPandCD40L genes detected no mutations. On the contitky,
gene molecular analysis, performed by DHPLC andiesecing, revealed a new
missense substitution in exon 11 (c.1078 a > gu.3&@8957) causing threonine
change to alanine in position 316 of SH2 proteimdm Figure 7).

13 4
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Figure 7: Molecular analysis dBtk gene in patient (1113) and his mother (114)
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Functional investigations

Btk protein was detected in total lymphoblastoidiscéine (LCL) lysates by
immuno-blotting analysis. As shown figure 8the 77 kD Btk protein, detected in
patient (1113) and his mother (l14), is similar kealthy control but different respect
on XLA1 and XLAZ2.
K IlI-3 11-4 XLAI carrier XLA2
—_— - —_— ik

‘-—-—.—..'-.-———-l—'{—ﬂﬂﬂlﬂ

Figure 8 Btk expression by immunoblotting

The presence of a Btk phosphorylated active forrs exaluated by FACS analysis
LCL from the patient (1lI3) preserved the abilitp {phosphorylate Btk after
hydrogen peroxide stimulation compared to LCL froan healthy control.
Conversely, the Btk phosphorilated form was absenLCL from XLAl and
XLAZ2 patients Figure 9.
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Figure 9@ FACS analysis of Btk phosphorilation in LCL stitated by HO,
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Discussion

We report the case of a PID patient with dysgamopiadinemia, a gradual
decrease of peripheral B lymphocytes and a cliricgtbry of recurrent infections
complicated with a severe sclerosing cholangitesl amronic obstructive
pancreatitis. Although, liver involvement in pringanypogammaglobulinemia has
been reported mainly to consist of nodular regemnerahyperplasia with an
autoimmune origin not yet elucidated (60), in oatignt, the lack of pancreatic
clinical response to steroid treatment, seems ppa@t an obstructive pancreatitis
rather than an autoimmune one (61). Moreover, paisent, who was initially
classified as having CVID, has a mutation in Btkngewhich is the genetic
hallmark of XLA.

Molecular investigations dBtk gene, revealed a new missense substitution in exon
11 (c.1078 A>G) causing threonine change to alamingosition 316 of SH2
protein domain. This mutation does not affect protexpression and kinase
activity, even if impairment of phosphotyrosineiimy capacity cannot be
excluded as previously reported for other Btk SH@tations (63-64). Clinical
investigations reveal a normal level of IgG, norntders to Tetanus and
Haemophilus Influenzagaccines, but low IgA, low IgM and poor response t
Streptococcus pneumonie immunization. These imnagncdl findings might be
consistent with a less severe form of XLA, but tlesn contrast with his poor
clinical outcome. Recent studies showed that nariaith Btk gene is not always
associated to a clinical disease (65).

Although XLA carriers are usually asymptomatic, saa preferential selection of
the non-mutated X chromosome as the active altelB icell precursors, female
members with the same patient’ mutation, suffemfi@ mild to severe pulmonary
emphysema. Skewed pattern of X- chromosome inditivavere analyzed at
HUMARA locus and PGK-1 gene, but they resulted mfbrmative (data not
shown). To conclude, patient’s clinical and laborat history is not totally
inconsistent with an atypical variant of XLA. Howeevmore functional studies are
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required to elucidate the effects of thidtk mutation and the mechanisms
responsible for the clinical and immunological pbiype. Conversely, the
occurrence that the T316A change in Btk SH2 donmsia novel non-pathogenic

mutation, suggest us to considerate other genafnaitg involved.

51



Study 2 Clinical, haematological and molecular characterization of
an atypical case of Agammaglobulinemia with B, NK, DC and

monocyte deficiency.

In this study we present clinical and haematoldges@aluations of an 8-years-old
female child with combined immunodeficiency chaesicied by a complete
absence of B cells, NK cells and their progenitstsprisingly by the absence of
monocyte lineage (CDI%and DC cells. Moreover, the common origin of thes
lineages from early haematopoietic stem cell pragen (HSCs) suggested us a
block in early stages of haematopoiesis. Mice nedtain PU.1 and lkaros
transcription factors and cytokine recepftt3R and its ligand KIt3L) generated a
clinical phenotype similar to our patient (66-6Bdr this reason we analyzed these
factors with molecular analysis. Besides, we ingastéd alteration in the bone
morrow (BM) microenvironment and HSCs clonogeniitédentiation capacity by

proliferation and differentiation cellular tests.

Background

The establishment of all haematopoietic lineagesndudevelopment is mediated
by transcription factors and other parameters sischytokine receptor signalling,
direct cell-cell interactions or other environmérgignals that have an instructive
role to build lineage-specific networks. Transadpt factors can reprogram a
committed cell into another lineage by perturbitggtranscription factor network;
thus simply changing the balance of two lineagentaepoietic transcription

factors is possible to the reversible reprogramnoingpmmitted cells.

52



Trascription factors PU.1 and lkaros

Nuclear factor$?U.1 andlkaros are broadly expressed in the hematopoietic system,
including HSCs, early lymphoid progenitors suchG<s and various myeloid
lineagesPU.1" mouse, present a disrupts B cells differentiatiomf uncommitted
progenitors as well as defects in T cells and Differdntiation, and some of the
broad effects of PU.1 deletion can be attributed toss of CMPs and CLPs (69-
71).

Ilkaros with Helios and Aiolos constitutes a famd§ Kruppel-type zinc finger
DNA-binding factors involved in haematopoietic cite decisions (72). The lack

of Ikaros, in mice knock-out, does not preventdeeelopment of LMPPs although

il mutant

changes their potential of differentiation (73).Tihwgpomorfic Ikaros
mice lacked all B cells, NK, fetal T cells and lexla strong reduction of DCs,

whereas development of the early T-lineage proge(ETP) was normal (74).

Flt3-receptor and Flt3-ligand

Another key element of the haematopoietic systegulated by Ikaros and PU.1 is
a member of the class Ill receptor tyrosine kinask3 receptor (FIt3R) that is
expressed primarily at very early stages of haepuégsis. Ikaros™" mice lack
FIt3R that, with its cognate ligand (FIt3L), arevatved in signalling pathways
regulating the proliferation and differentiation mhmature haematopoietic cells
(75). FIt3L”" mice have significantly reduced numbers of myelaidi lymphoid
progenitors in the bone marrow (BM) and reduced lmens of DC and NK cells in
the lymphoid organs, althoudit3L"" have a normal thymic cellularity (76).
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Case Report

A female infant was hospitalized in ‘Atri Hospitadit the age of 3 months for
bronchiolitis and at age of 16 months for pneumamd diarrhea. A diagnosis of
agammaglobulinemia was made and she was transféorgchildren Hospital
Bambino Gesu in Rome (IgG 15 mg/dl, IgM 17 mg/diA 123 mg/dl). Since then,
immunoglobulins substitute therapy and antibiotioghylaxis was started. In six
years of follow up, she presented recurrent andsigtent upper and lower
respiratory infections, partially responsive toianflammatory and antimicrobial
therapy. The pulmonary clinical picture has beemsening in the last two years
bronchiectasis and pulmonary opacity previously mported, were detected by
Chest Computerized Tomography scan.

Different bacterial microrganisms (Haemophilus, lRkBmonas) as in chronic
bronchopneumopaty were repeatedly isolated in spuénd bronchoalveolar
lavage.(BAL). Cytological examination of BAL fluishowed a marked presence
of increase of inflammatory elements (92% of neultits; 1% of lymphocytes; 8%
of macrophages), rare ciliated cells and red bloels, negative for virus, and
mycobacteria. In 2008, patient had chickenpox withcomplications. However
since then she has a worsening of general conditidra severe weight loss.
Blood cells count revealed leucocytosis, absencamfocytes and an occasionally
thrombocytopenia. An increased of reticolocytes wegsetitively documented in
absence of anemia and signs of hemolitic anemiaipti®al blood smear
confirmed morphologically absence of monocytes lange NK cells. No platelets
aggregates, but 2-4 giant platelets were found.tidphils (13%), lymphocytes
(77%) and stimulated lymphocytes (10%) were detecsnce, duodenal mucosal
histology showed mild degree of villous atrophyhnittraepithelial lymphocytosis,
she was treated with a gluten-free diet with a nmfigbrovement. Currently the

patient is treated with enteral nutrition therapy.
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Immunological investigations

Immunological data showed an Agammaglobulinemiahvabsence of B cells
(CD19°'CD20"), NK (CD16' CD56") and monocyte cells (CDI} Blood cell count
(A) and cellular immunity (B) results are report&ddifferent medical time points
(Table V). Moreover, dendritic cell subsets (myeloid typenDC1, plasma-

cytoid-pDC) in peripheral blood were absent.

2005 2006 2007 2008 2009
GB (mcL) 11460 7030 12480 4510 7470
NEUT (mcL/%) | 7002 3530 7520 2800 4310
(61,1%) (50,2%) (60,2%) (62.1%) (57.7%)
LINF (mcL/%) | 3976 2850 3690 1290 1770
(34,7%) (40%) (29,5%) (28.5%) (23.7%)
M ON(mcL/%) 11 (0,1%) | 160 (2,3%) | 280 (2,2%) | 90 (2%) 130 (1.7%)
EOS (mcL/%) 412 (3,6%) | 380 (5,4%) | 790 (6,3%) | 260(5.8%) | 1080(14.4)
GR (/mcL) 4310000 4410000 4560000 3890000 | 4220000
Hb (g/dI) 12,8 13,6 13,3 12.1 13.3
Hct (%) 37,3 38,5 37,1 34.9 375
MCV/MCH 85,1/29,7 |87,3/30,8 |81,4/29,1 |89.8/31.1|88.8/315
fL/pg
RET (mcL/%) | 668900 644200 - - 513000
(15,5%) (14,6%) (12.15%)
PLT (mcL) 147000 113000 273000 132000 239000

Table VIA: Blood cell count in Peripheral Blood
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2005 2006 2007 | 2008 2009
LINF 5020 3270 3690 | 1290 1770
CD3 4769 (95%) | 3237 (99%) | 99% | 1264 (98%) | 1761 (99.5%)
CD4 1706 (34%) | 981 (30%) | 72% | 374 (29%) | 508 (28.7%)
CD8 2861 (57%) | 2289 (70%) | 25% | 890 (69%) | 1255 (70.9%)
CD16/56 50 (1%) 49 (1,5%) |0 n.v. 35 (0.2%)
CD19 50 (1%) n.v. 0 n.v. 0 (0.0%)
CD4-CD45Ro0 | 5% 38 (3,9%) 4 129 (10%)
CD4-CD45RA | 24% 232 (23,7%) | 21 232 (18%)
CD8-CD45Ro0 | 32% 60 (26,7%) | 33 361 (28%)
CD8CD45RA | 35% 92 (40%) 37 516 (40%)
CD33CD14 n.v. n.v.
1gG (mg/dl) 622 509 699 | 606 507
[gA (mg/dl) <3 7 16 <5 <5
IgM (mg/dl) 4 3 <3 |<10 <10

TableVI B: Cellular Immunity and immunoglobulin ratio aysils in Peripheral

Blood

The lymphocyte proliferation assay measured afiezgan and antigen stimulation

by ®H —thymidine incorporation, revealing a markedlycé@sed response to

polyclonal mitogens (Phyto-Hemgglutinin-PHA, PokeMie Mitogen -PWM),

monoclonal antibody (OKT3) and to recall-antige@aifdida and Tetanus). PHA

and OKT3 responses were partially restored by eddf IL-2. Figure1l0shows a

representative result of ten different lymphocytaliferation experiments.

Moreover, the expression of T cell activation maskgCD69 and CD40L)

evaluated aftenn vitro stimulation with PMA/ionomycin by FACS, resulted

normal (data not shown).
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Figure 1Q Lymphocyte proliferation assay.

The in vitro mixed lymphocyte reaction (MLR), thstiudy alloresponsiveness to
histocompatibility antigens, was normal in our patiFigure 11). Analysis of T
cell receptor (TCRpV distribution on CD4+ and CD8+ cells revealed &yplonal

profile (data not shown).
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40000 -
] 30000
Y 20000 |
Sl vs1| Sl vs2
100007 h CG 3,71 38,70
0 132,00 39,70
Unst vs PBMCs IR**1 |vs PBMCs IR**2 HD2 46,70 15,90
(5d) (5d)
BCG 130 11589 5031
O HD1 365 48184 14496
E HD2 463 21637 7395

Figure 11 Mixed lymphocyte reaction. cprcount per minut
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Virological and Microbiological investigations

BAL immunophenotype showed the presence of macgghs@onocytes: CD3+
(96%), CD4+ (53%), CD8+ (39%), CD16 (2%), CD45+ [?, % (80%
CD33+CD14+CD45+)]. Interestingly, were revealed ®b6and CD163*"
macrophages.

All virological and microbiological investigationepformed, resulted negative, as

show in table below.

PCR peripheral blood EBV and CMV negative
PCR rhinopharyngeal aspirate Chlamydia pn and Miasopa pn negative
Pharyngeal aspirate cultural examinatipn negative
Bronchial aspirate Pneumocystis Carinii negative
Gastric aspirate colture Mycobacterium negative
PCR Bronchial washing Adenovirus, CMV,EBV, Chlangd| negative
Pneumonie, Mycoplasma
Bone Marrow Biopsy Mycobacterium negative

Molecular investigations

Genomic DNA of our patient was analysed for mutaim /~chain A-5 andigxA
genes, which are mutated in recessive Agammagludoernia. Direct sequence of
them did not detect the presence of mutations.

Bone morrow microenvironment and HSCs investigations

The haematopoietic microenvironment or stroma playsdecisive role in
proliferation and differentiation of haematopoietells. We studied if bone
marrow cells from patient are altered in their igolo form adherent stromal layer
and if CD34 HSCs preserved their clonal differentiation cafyaand self-renewal

potential.
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Semisolid Culture

Haematopoietic cells cultured in semisolid mediavetd a quantity deficit of
granulopoietic and multipotent progenitors evaldaite Colony-Forming Unit-
Granulocyte-Macrophage (CFU-GM) and in Colony-FargniUnit- Granulocyte
Erythroid-Macrophage-Megakariocyte (CFU-GEMM). Hmypoietic progenitor
cells (Colony Forming Unit- Erythroid, CFU-E and 8tuForming Unit- Erythroid,
BFU-E), were normally represented in quantity, besealed a low proliferation

capacity restored only after cytokine stimulatidaljle below)

Value obtained Normal range
Granulopoietic colture
Clusters 95.5 1002.6+ 4474
Colony 0.5 105.2 £ 75.1
Erythropoietic colture
CFU-E 8.5 151.2 +79.5
BFU-E 9.5 88.5 +48.9
Methocult Culture
CFU-E 47 155.3 + 105.0
BFU-E 103.5 159.4 +73.2
CFU-GEMM 6 38.0 £ 23.0

Stromal Culture

The stromal culture analysis performed in 2009,eabd a good capacity of

patient’s bone marrow cells to form adherent stideeer.
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Bone Marrow Analysis

Bone Marrow biopsy and aspirate revealed rich taaily with well represented
erythroblastic and granuloblasti series. Moreomergvidence of atypical immature
populations was found by cytomorphology analysiseBs (CD19), NK (CD16)
and Monocyte (CD3TD14") progenitors resulted absent (data not shown).

We determined the ratio and the type of individtel population in patient’s bone
marrow and in a healthy control, by FACS, usingc#je mAbs that recognize
proteins on the cell surface. FACS analysis resshewed a general low
expression of surface marker in our patient respachealthy control donor. In
particular analysis revealed an absence of CD&% population in patient
respect on control and an inverted ratio CII34CR4" with CD34CXCR4' in
patient’s bone marrow respect on healthy controbdd@-igure 12

To exclude Myelodysplastic Syndromes cells arresteshetaphase are examined
microscopically. The analysis reveals in CG a ndrrkaryotype without
chromosome aberrations including monosomy 7 asdrry 8 (data not shown).

In addition, assuming a case of Dyskeratosis CatgdibKC) we performed

radiosensibility analysed the telomerase functhddmanomaly was detected.
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Figure 12 Bone Marrow FACS analysis in patient (CG) andltigacontrol donor (HD)

CD34+

61




Results

CD34 proliferation test

CD34 cells were plated with a single stimulus (Tpo, SER3L, IL3, IL6, GM-
CSF) or in presence of a mix of stimuli (Tpo, FIt38CF, IL3). The results
revealed that CD34sells of patient are able to proliferate after sfiimalthough at
lower frequency than HD. However, when CD3#¢lls of CG were stimulated with

FIt3L alone they are unable to proliferalable VI).

CG mean | SD S|

Cells without stimulus | 34 19,8 1,0

TPO 79 46,7 2,3

FIt3L 34 14,1 1,0

SCF 58 2,8 1,7

GM-CSF 199 18,4 5,9

IL3 819 298,4 | 24,1

IL6 39 9,9 1,1

Mix of stimuli 2137 | 1656,0 | 62,9

HD mean SD Sl

Cells without stimulus | 2433,5 119,5 1,0
TPO 4313,5 1393,7 |1,8
FIt3L 21879,5 | 58,7 9,0
SCF 8353 840,0 3,4
GM-CSF 26222 1072,0 | 10,8
IL3 44201,5 |3382,1 | 18,2
IL6 2131 1036,6 | 0,9
Mix of stimuli 181836,5 | 10540,8 | 74,7
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In vitro B-and NK-cell differentiation

Potential differentiation of CD34cells from patient and healthy donor, plated on
murine stromal layer in presence of a combinatiboytokines and growth factors,
were analyzed for the presence of NK cells, B-aall granulocytes. As show in
Figure 13the cells of our patients are able to differeetiatNK cells (CD56) and

B cells (CD19), although at lower frequency than the healthyodon

F 3

104
107

CD45 APC

B T

-l

-

i ol 12 109 ot

B —
g g 10? ot

.'.1|:|'3' 107 l1|:|2 = ot -

CD15 Fitc CD56 PE CD19 Tc
positive wells/wells totali (%)
GC HD
CD15+ 8.2% 9.2%
CD56+ 3.8% 3.8%
CD19+ 2.2% 7.1%

Figurel3 B-and NK-cell differentiationin vitro: CD34 cells were plated on
murine stromal cell line (MS-5) with human seru®,I1L7, IL15, TPO, SCF, and
FIt3L.

Molecular investigations

Direct sequencing genomic DNA and cDNA of Ikarod &it3 ligand resulted wild
type, while PU.1 and FIt3 receptor analysis id stilder investigation because we
were unable to amplify the fifth and first exonRifl.1 andFIt3R genes.
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Functional investigations

We studied the expression of lkaros, FIt3R andLFIHERRNA by Real-time PCR
using RNA extracted from CD34and CD34 cells in bone marrow (BM) and
PBMCs of peripheral blood (PBIrigure 14.
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16 15
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15 1@
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o1 z
= ;".3 '
& 05 - o
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a = = N | | .
HDCOS4s CGCD34e  HOCD34-  CG CD3- PB HC1 PB HO:2 PB CG
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U 1 s
% 05 | E H]
g o o
04 4
HiER =
I:l ] : . : ]
HOCD34+ CGECO34+ HDCDS4- G CO54- PBE HM PB HD2 PB CG

Figure 14 Absolute Quantitative Redlime PCR. Summary of 3 independent

experiments are represented.
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The expression of Ikaros mMRNA in patient's CD2#d CD34 cells is similar to
the healthy controls; conversely we get a lowerresgion of FIt3L mRNA and a
nearly total absence of FIt3R. In addition, perighélood analysis shows a normal
expression of lkaros, but 10- and 30- fold increade FIt3R and FIt3L,
(respectivetly) expression. A high expression a3iRl was confirmed also by
FACS analysis on peripheral T lymphocyte (COB4" and CD3CDS8") and
granulocyte cells (CD11c and CD15jdure 15.

A new Real Time PCR study of FIt3L mRNA was perfednincluding patient’s
parent. As shown ifigure 16the expression of mRNA of CG is ~ 30 fold increase
compared to healthy control donor, while patiemstrents mRNA is 10-14 fold

increase.

mRNA FIt3 ligand FB

0

ch —

0 —

2%-ddC

0 T

FEHO1 FEHDZ PECGm FPBECGF PBCG

Figurel@ Absolute Quantitative Real-Time PCR. Summary ofn8ependent

experiments are represented.
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Discussion

We report for the first time a case of a femaleigmat with combined
immunodeficiency characterised by a complete alesefd cells and NK cells,
and their progenitors. Surprisingly, she had no oegtes (CD1%) and DC cells.
Altered function and decreased numbers of monotigeage have been well
described since 1996, in congenital defects of pbtwytgs or associated to
combined immunodeficiency (77-79). However, the ptete absence of CD14
monocyte cells in association with agammaglobuliaernas never been reported
thus far. Recessive Agammaglobulinemia and myesjdasia were excluded, as
well, Dyskeratosis Congenita was ruled out by reeisibility and telomerase
function.

Our patient presented a deficit in many termindlut lineages of immune/
haematological system, suggesting a block in thy esages of haematopoietic
commitment. In patient’s bone marrow, only 0, 2 /L34 cells were detected.
These cells showed a common low expression ofsceface markers IL3R, cKit,
IL7R, TdT, FIt3R and CD79a suggesting decrease everal cell’precursors.
Levels of granulopoietic, erythropoietic and mudtignt progenitors resulted
significantly lower compared to healthy control.igblock could be caused either
by alteration in environmental signals or, by défeo molecules regulating the
specific lineage commitment. Stromal cell cultunealgsis revealed a normal
microenviroment partially excluding, our first hythesis.

Patient’'s CD32 cells stimulated only with FIt3L are unable to lffevate whereas
react in presence of several different stimuli (wistimuli or single stimulus).
These evidences strongly support an alteratiot8RA-It3L pathway.

Up to date, direct sequencing of genomic and cDNAIBL, FIt3R, and of major
genes (lkaros and of PU.1) regulating the FLT3-AL@&I not detect the presence
of any mutations. FIt3R exon and one PU.1 exonum@er investigation (80).
Noteworthy, patient's CD34and CD34cells present a lower expression of FIt3L-
MRNA associated with a nearly total absence off=it8RNA.
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Although these data can be partially influencedh®y decrease number of CD34
cellular population observed in this child, levels FIt3R and FIt3L mRNA in
peripheral blood resulted significantly higher (1@nd 30- fold increase
respectively). This data can be partially explaibgdhe pathological expansion of
CD8+ T-cell subsets expressing higher levels oBFItMRNA (see Fig.15).
However, dosage of FIt3L mRNA in patient’ parergsuited 10-14 fold increase
compared with healthy donors even in presence ofnamal cell
immunophenotype, strongly supporting the hypothesian inherited imbalance in
the expression of FIt3 ligand mRNA

To elucidate the mechanism regulating FLT3/FLT3dthwvay, more functional
studies are required. We are currently invesiigathe FIt3 receptor and FIt3
ligand expression in purified CD&nd CD4 cells population (Real Time PCR and
Western Blotting).

In deeper study of the FIt3R/FIt3L pathway may ssjdurther analysis of other
genes potentially compromised in this patient.

Remarkable, the analysis FIt3R/FIt3L pathway miigitiy unravel its crucial role
in the development of common haematopoietic prdageni These findings, in
addition to a normal stromal function (experimems vivo) highlights the
possibility of a more specific therapeutic strategy this child, such as

haematopoietic stem cells transplantation.
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Study 3 Chronic Granulomatous Disease (CGD):. Gene Therapy
with Stem Cells

Different strategies have been adopted to funclipearrect the defective gene of
interest. Replication-incompetent retroviral vestare, presently, the best delivery
tools of a therapeutic transgene to haematopostéim cells. Retrovirus vectors
enter into the target cell, reverse transcribe iategrate the therapeutic gene at
non-specific sites in the host genome from wherns gxpressed. To selectively
target HSC with the viral vector and avoid trangtuc of other tissues, standard
gene therapy uses HSC isolated either from cytokimebilised aphaeresis
products, cord blood or bone marrow samples. Tlis eee then transduceek
vivo.

HSCs are heterogeneous with respect to their stisiigp to retrovirus
transduction. The transduction efficiency mainlypeleds on the type of retrovirus
(y-, lenti-, and foamy-virus), the virus vector erop (pseudotyping) and the cell
cycle status of the HSC (80).Unlikeretroviruses, which are dependent on cell
division for integration, lentiviruses and spumeafihy) viruses are able to
transverse the intact nuclear membrane of a nadidy HSC but are still more

efficient at entering the nucleus during mitosi$)(8

Stringent regulation of transgene expression isiired to increase the safety and
efficacy of gene therapy. To control vector expi@sstranscriptional targeting by
tissue specific promoters has been used. This &fndectors can be limited by
insufficient level of expression or the lack ofdispecificity. Recently, a natural
system to regulate gene expression was discoveti) at the post-transcriptional
level, by small molecules of RNA, called microRNAIRNA). The use of
microRNA targets expressed in specific stages @fmaopoietic differentiation
could provide an additional level of regulationesforession of the therapeutic gene
by allowing its expression in differentiated celsit not in the stem cell
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compartment. (82). The aim of this study is to dewea new strategy for XCGD
gene therapy with stem cells, including LentiviNdéctor (LVV) design and
microRNA technology for a safe and effective treatinof X-CGD.

Background

XCGD gene therapy witlrretroviral vectors

The first gene therapy approaches with retroviedters have been performed in
the US. They were unsuccessful because of the tgraément of gene corrected
cells in the absence of conditioning. (83). Theoren successful gene marking
up to 10% of myeloid cells gene therapy for sevammbined immunodeficiency
due to adenosine deaminase deficiency (84) prompteduse of a similar
conditioning regimen (busulfan i.v.) for the treatmh of X-CGD patients.

Two adult CGD patients, treated with a submyelda®adose of busulfan,
received an infusion of autologous CD23%lls transduced with a murine retroviral
vector encoding gp%hox Both patients showed efficient engraftment and
expression in the myeloid series, with functionairection and clinical benefits.
However, molecular analyses revealed a clonal danu@ of vector insertions in a
region close to the protoncogeMDS1/Evil which then evolved into myelo-
dysplastic syndrome in both patients. (85). Thike ofinsertional mutagenesis and
transactivation of proto-oncogenes from retrovimediated gene therapy with
unknown long-term consequences revealed in thisntettial clearly points to the
necessity of developing a next generation vectatl hetter safety. In addition,
indirect evidence suggest that the ectopic gp®% in HSC could lead to the
production of reactive oxygen species that may edMSA damage or alterations

in cell growth, or inducing apoptosis (86).
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XCGD gene therapy with lentivirus vectors (LVV)

Self-inactivating HIV-based lentiviral vectors dhe best candidates since they can
transduce with high efficiency primitive HSC (8%dacarry a safer profile of
integration with respect to retroviral vectors (88)

Self-inactivating (SIN) vectors lacking the potenetroviral enhancer elements
within the long terminal repeats (LTR) show muchsldransactivation potential
than conventional LTR-driven vectors (89). Transgerpression in SIN vectors is
driven by an internal cellular promoter, furtherdweing the probability of
oncogene activation at the stem cell level. Thesgors have been already tested
successfully in vitro and in the NOD/SCID preclaianodel for CGD (90-91)

using a constitutive viral promoter to drive exies of gp9phox

MicroRNA

MicroRNAs (miRNA) are single stranded RNA molecutds21-23 nucleotides in
leght, which regulate gene expression. miRNAs amoéed by genes, but they are
not translated into protein (non-coding RNA). Egmtimary transcript (a pri-
MiRNA) is processed into a short stem-loop striectaalled a pre-miRNA and

finally into a functional miRNAigure 17).

Stable knockdown of microRNA in vivo by lentiviragetors

Recently, miRNA inhibition had been reported inl€alver-expressing miRNA
target (MiRT) sequences complementary to an miR&&s segion, suggesting that
MIRT sequences can act as miRNA ‘decoys’(94). i, fmiRT sequences can be
incorporated into lentiviral vectors to regulatartsgene expression in a cell type-
and differentiation state-dependent manner. Moneave evidence for saturation
of miRNA activity in cell trasnduced with such miRNegulated lentiviral vectors
was found (95), and the over expressing miRT spadly affects the targeted
MiRNA rather than saturating the effector pathway.
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Figure 17 MicroRNA biogenesis andnechanism of action. When Dicer cleaves
the pre-miRNA stem-loop, two complementary shortARiNolecules are formed,
but only one is integrated into the RISC complekeAintegration into the active
RISC complex, miRNAs base pair with their completagnmRNA molecules and
inhibit translation or sometimes induce mRNA degtazh by argonaute proteins,

the catalytically active members of the RISC comp(82-93).
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Preliminary Results

Human Cell lines

In our study we used myelomonocytic cell line (fravhC.Dinauer & M.Grez)
PLB985 (wt) and XCGD PLB985 (mutated i@ybb gene). In preliminary
experiments we confirmed that only PLB985 wt, bat RLB mut, had gp9dhox

protein expressed on cell surface and a functiééw&DPH oxidase (data not

shown).

Production of Lentiviral Vectors

In collaboration with the group of Prof. Naldinil@ET-San Raffaele di Milano),
we selected mirl26 and mirl30 which are expressétiSPC and down-regulated
during granulocyte differentiation (data not pubéd). We subcloned gpphox
sequence (from M.Grez) intdcol - Sall sites of Blue Script ‘BGI-10.mCherry’
and then we transferred them in backbones to oltaindifferent transfer vectors
(Figure 18§. VSV-pseudotyped third-generation LV were effidlg produced

following transient transfection of 293T cells.

Initially the titer of vectors was evaluated by FB®n the first PLB transduced
cells (data not shown), and after recalculated bgntjtative Real Time PCR on
293T. The titer and infectivity value of concenghtvector supernatant are

reported irtable VIII.
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Figure 18 Transfer vectors. Boxes at both end shawrRs, SD and SA, splice
donor and acceptor site;encapsidation signal including the 5’portion oé tfjag
gene(GA); RRE, Rev-response elemerGK and SFFV, promoters;WPRE,
woodchuck hepatitis virus post-transcriptional fatpry element; miRNA target

(miRT) sequence.

TITER after 15 days (TU/ml) | INFECTIVITY
(TU/ug)
LV.PGK .gp91 3.5%10"8 3.5%10"8
LV.PGK.gp9l 126T 7*10"8 7*10°8
LV.PGK.gp91 130T 2.5%10"8 2.5¥10"8
LV.SFVV.gpo1l 5.4*10"8 5.4*10"8

Table VIII Titer and infectivity of vectors. Infectious patéovere determined on

293T cells by limiting dilution. Vector particlesene measured by HIV-1 gag p24

antigen immunocapture assay.
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Transduction of human PLB985 X-CGD cell line

PLBmut were trasduced with serially diluted LVVsrofh 107"-2 to 107-6)
containing gp9fthox cDNA at different multiplicity of infection (MOIl)Table IX
below.

Multiplicity of Infection (MOI)*

LV.PGK.gp9l 18 1.8 0.18 0.018 0.00
LV.PGK.gp9l1 126T | 35 35 0.35 0.035 0.00
LV.PGK.gp9l1 130T | 120 12 1.2 012 0.012
LV.SFVV.gp91 27 27 027 0.027 0.0Q

* Parameter used for the prediction of gene trarsfents

X-CGD PLB985 cells transduced with the LVVs expnegghe gp9phoxcDNA,
showed increased cell surface expression of théipras indicated by FACS
analysisFigure 19 Activity of NADPH oxidase was evaluated, in trdosed cells,
by DHR test after dimethylsulfoxide (DMSO)-inducghnulocytic differentiation
(Figure 20Q. The results revealed a restored functional #gtiof the NADPH
oxidase.

Vector Copy number (VCN) was estimated by TagmaR R@G transduced cells.
Tablebelowshows VCN of selected transduced cells.

VCN
PLB.PGK .gp91 (0,18 MOI) 0,3
PLB.PGK .gp91 (1,8 MOlI) 48
PLB.PGK .gp91_126T (0,35 MOI) 0,36
PLB.PGK.gp91_126T (3,5MOl) 48
PLB.PGK.gp91_130T (1,2MOI) 0,38
PLB.PGK.gp91_130T (12 MOI) 2,24
PLB.SFVV.gp91 (0,27 MOI) 0,8
PLB.SFVV.gp9l (2,7 MOI) 7,15
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Figure 19 FACS analysis of cell surface expression of hugg@lphox (7D5) in PLB985 wt, PLB985 mut (X-CG@®)) and
PLB985 mut (X-CGD) transduced with serially dilutedVs (B). The analysis was made after 6 days from transductio
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Figure 2Q Functional NADPH oxidase activity by DHR test. \Bbow representative dot-plots of PLB985 mut (X-QGD
trasduced with LVVs after dimethylsulfoxide (DMS@duced granulocytic differentiation. PLB differeated (*)
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To determine whether there is a specificity of FRBK.gp91 126T knockdown
by LV.mir-126 we superinfected transduced cellshvatLVV co-expressing mir-
126 and the ‘orange fluorescent proteihMOI 0.45, 4.5 and 45. As showfigure

21 the expression of miR-126 target sequence (PLB.B@XL_126T) results in
the block of gp9phoxexpression in cells expressing miR-126. Converselgells
that do not express miR-126 the gp9lphox expresgomaintained. As a
consequence, of the block of gp®ibx protein expression there is a failure of
NADPH oxidase activityKigure 22.
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Transduction of murine Haematopoietic Stem Cell Enoigr (HSPC)

HSPC cells were harvested from the femurs andstibiad KO-XCGD mice (from
M.Grez) at 5 weeks of age. Lin- cells were isolatéad purity was analyzed by
FACS-data not shown), and transduced at specifid k6® each LVVs (able

below). Two days after transduction, we performeguld and MethoCult culture.

MOl
10.5

LV.PGK.gp91

LV.PGK.gp91 126T

17.5

LV.PGK.gp91 130T

75

LV.SFVV.gp9l
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Liquid Culture

We plated tranduced murine Lin- cells in StemSpanm in presence of cytokines
and growth factors cocktail (SCF, FIt3L, IL3, TRP@G-CSF). After 2 days we
washed them and new medium replaced with hu-G-@QEFS&F. On day 8 we
used some of the cells for cytospin analyBgu(e 23 and the remaining were
plated in fresh medium with hu-G-CSF to induce glaaytes differentiation.

mouse wt

Figure 23 Morphological analysis (CYTOSPIN) before and aftaG-CSF.

Facs analysis, performed on day 10, showed inaleesk surface expression of
gp91phox protein. Additionally CD11b (granulocys)d CD117 (haematopoietic
stem cell) markers were investigated to assessttte of cellular differentiation
(Figure 24. Moreover, the results revealed a restored fanati activity of the
NADPH oxidase Figure 25. Vector Copy number (VCN) was estimated by

Tagman PCR on transduced cellable belowshows VCN of selected transduced

cells.
VCN
LV.PGK .gp91 (10,5 M Ol) 9,8
LV.PGK .gp91 126T (17,5MOI) 9,06
LV.PGK .gp91 130T (75MOl)
LV.SFVV.gp91 (13,5 MOI) 10,63
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Figure 24 FACS analysis showed the expression of gib@kand the
differentiation status of the cells (c-Ri/CD11B). Staining with 7AAD identified
live or dead cells (data not shown).
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MethoCult Culture

Transduced cells were plated in methylcellulosa iomdcontaining a mix of
growth factors and after 14 days colonies wereectdld and washed. Facs analysis
showed a presence of gp91phox and CD11b surfadeersgfigure 26.

4 mouse XCED I meuse XOGD mouse XCGD + A
op ST 11 g i Ty gl‘”' 270% | 2.85%
Ty oy ‘III:
%_, 2,70| 2,86
v ol 5743 | 37,02

60,12% 31,66%

il _§ 60,12 | 31,66
R B 7s | o

Figure 26 FACS analysis showed the expression of gp9lphuk @D11b in
differentiated myeloid colonies
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differentiated myeloid colonies
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Discussion

In the current study, we propose a new strategX@GD gene therapy with stem
cells, including Lentiviral Vector (LVV) design andicroRNA technology for a
safe and effective treatment of X-CGD. Most of #wtual vectors used so far in in
gene therapy trials are long terminal repeat drivectors and were derived from
murine leukemia virus (MLV). Because their innateperty to integrate into the
genome of the host cells, the risk of insertionatagenesis and transactivation of
proto-oncogenes, from retrovirus-mediated geneathgris high (96). Currently,
self-inactivating HIV-based lentiviral vectors repent the best candidates since
they can transduce with high efficiency primitives@& and carry a safer profile
(97). In this study we produced four different V9¥eudotyped third-generations
lentivirus vectors (LVVs) encoding gp91phox, usithg strong promoter SFVV
and the ubiquitous promoter PGK.

Currently, to control transgene expression, trapgsonal targeting by tissue
specific promoters has been used. In our studyniveduced miRNA technology
to regulate gene expression at post-transcriptieval. miRT target sequences are
express in specific differentiated cells and stageéfiaematopoiesis (98). We
introduced in each of two PGK LVVs, respectivelguif tandem repeat of mirl26
(LV.PGK.gp91.126 T) and four tandem repeat of mnlrlfarget sequence
(LV.PGK.gp91.130_T). We selected them because B2t 130- miRNA are
expressed in HSPC (down-regulate LVV expressiostem cell compartment) and
are down-regulated during granulocyte differentiat{permit LVV expression in
the correct specific cellular type).

Human X CGD PLB985 cell line, mutated @ybb gene encoding gp®hox
transduced with our LVVs showed a restoration e@ifrticapacity to express gp91
phox protein on cellular surface (25-83%); morepvanctional activity of the
NADPH oxidase was re-established after DMSO-inducgdanulocytic
differentiation (23-92%).
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Our results demonstrated that in presence of mita&fet (containing in LV.mir-
126), lentiviral vector containing a specific miR&quence (LV.PGK.gp91 126T)
is downregulated resulting in the block of gp9lphexpression and NADPH
functional activity. We demonstrated also that dogvnregulation by LV.mir-126
is extremely specific, because did not influence gp91phox expression in other
lentiviral vectors.

We obtained good transduction results also in exygsrts performed in vitro with
mouse stem cells. Lin- cells isolated from KO —XCG@Gmthout gp9Pphoxprotein)
transduced with our four LVVs restored the exprssof gp9phox protein
(Liquid Culture and Methocult) and the functionplaf NADPH oxidase (Liquid
Culture).

In conclusion, our preliminary results indicateedficient transduction capacity of

all four lentiviral vectors. Both promoters use&FY and PGK, are able to induce
a good expression of gpdiox protein and to restore NADPH oxidase activity.
Moreover the vectors containing miRT express thadgene only in differentiated

human cell lines.

In the future we want to:

Transduce murine HSC and human HSC from patient

» Verify the specificity of miRNA regulation. Theseauences should revert
transgene expression on HSC, but not in differeadiaells.

* Produce a new LentiViral Vector with myeloid-spéciiromoters and
tested its on human cell lines (X CGD PLB) and amine HSC (KO-CGD
Lin-)

» Transduction of XCGD patient’'s monocyte

» Choose vector with the best safety profile whicleffscient in correcting

the disease
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Compare efficacy of restoration of oxidase actilatythe different vector

constructs— Efficacy

Evaluate toxicity caused by gp91phox over expressiotransduced HSC

- Safety
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Conclusion

In this study we have demonstrated that a deepcalinimmunological and
molecular evaluation is necessary to obtain a cfmeture of a patient case.
Through the analysis of our patients we have datat a rational approch to
investigate patients with immunodeficiency consmgiPIDs as an optimal model
to investigate development, function and regulatr@chanisms of immune system.
In order to favour the reconstitution of immuneteys in patients with X-linked
Granulomatous Chronic Disease, we propose a nategir of gene therapy with
stem cells, including Lentiviral Vectors design amdcroRNA technology.
Although we have already obtained good preliminm&sults, many investigations

remain to be done in the future.
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