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General Background and Aims

GENERAL BACKGROUND,
SUMMARY OF RESEARCH ACTIVITY
AND AIMS OF THE THESIS

Primary Immunodeficiencies (PIDs) consist of a group of monogenic diseases,
all characterized by impaired immune responses of either innate and/or adaptative
immunity. They lead to a variety of manifestations, including vulnerability to pathogens
and opportunistic microbes, allergy, inflammation, autoimmunity and cancer. The
incidence of PIDs varies from 1 in 600 to 1 in 500,000 live newborns, depending upon
the specific disorder (1, 2). More than 260 disorders have been identified up to now,
deriving from mutations in over 300 different genes, thanks to recent next generation

sequencing technologies (3-5).

During my PhD program in “Human Reproduction, Development and Growth”
(XXVII Cycle, years 2011-2014), | contributed to the development of new approaches
for the treatment of PIDs and other genetic diseases by advanced therapies, such as gene
and cellular therapy.

Moreover, | participated in the clinical and biological characterization of patients
with immunodeficiencies and in the implementation of new approaches for the clinical
management of children affected by hematological and immunological disorders
undergoing bone marrow transplantation.

My other lines of research have been focused on the use of new drugs in
pediatric population, characterization of severe and unusual conditions and description
of the State of the Art of known patologies in childhood.

In my thesis I will describe the main points mentioned above.

Research activity in PIDs is fervid and continues to produce new information on
genes involved in differentiation and function of the immune system cells and on new
mutations and molecular mechanisms. Gene sequencing has allowed to link different
clinical presentations to single gene defects that were thought in the past to display a
traditional presentation only. On the same time, this underlines the role of other factors,
both genetic and non-genetic, in the regulation of gene expression (6). In the present
thesis, | will present two papers | participated to, dealing with clinical and biological
characterization of patients affected by PIDs. The first consists in the evaluation of the
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General Background and Aims

intergenerational and intrafamilial phenotypic variability in a cohort of familial cases
carrying a 22911.2 deletion, while the second is related to the analysis of the regulatory
and effector T cell functions in a CD25 deficient patient harboring a novel IL2RA

mutation.

Noteworthy, some working groups (WG) emerged and are active in studying
several aspects of rare and severe primary immunodeficiency diseases worldwide. The
Primary Immune Deficiency Treatment Consortium (PIDTC), a network of 33 centers
in North America, is an example of working group actually running projects of study
and characterization of PIDs. Current protocols address the natural history of patients
treated for severe combined immunodeficiency (SCID), Wiskott-Aldrich syndrome
(WAS), and chronic granulomatous disease (CGD) through retrospective, prospective,
and cross-sectional studies. Moreover, the establishment of partnerships with European
and other International colleagues, the work with patient advocacy groups to promote
community awareness and the setting of prospective treatment studies to determine
optimal therapies and the future directions of clinical research for PIDs are other major
purposes (7).

In Italy, the Associazione Italiana Ematologia Oncologia Pediatrica (AIEOP) is a
good example of network that coordinates the work of many onco-hematological
pediatric centers across the nation, carrying out projects of surveys and promoting the
drawing up of recommendations, guidelines and diagnostic and therapeutic protocols in
pediatric patients affected by haematological and oncological diseases. As a member of
this association, in this thesis | will present some works | contributed to, in the context
of the AIEOP Supportive Therapy WG, Infectious Diseases WG and Bone Marrow
Transplant WG, dealing with new approaches for the clinical management of children
affected by hematological and immunological disorders undergoing bone marrow
transplantation.

Many PI1Ds are life-threatening, notably PID affecting T lymphocytes (8) and for
this reason hematopoietic allogeneic stem cell transplantation (HSCT) has been used for
almost 50 years in the attempt to cure PIDs (9-11). Successful results and improvement
of survival and quality of life have been achieved for many PIDs, as severe combined
immunodeficiencies (SCIDs); however, for other T cell immunodeficiencies, as
Wiskott-Aldrich  Syndrome (WAS), hemophagocytic lymphohistiocytosis (HLH),

chronic granulomatous diseases (CGDs) and several other diseases, the procedure is still
9
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associated with complications and mortality, especially due to the immune conflict
between the donor and the host immune system, leading to rejection and graft-versus-
host disease (GvHD) and infectious complications related to myeloablative conditioning
regimens. These issues are mostly overcome when a HLA genoidentical donor is
available, but the outcome can be poor in other settings, despite the recent progresses in
new conditioning regimens, GvHD prevention, immune manipulation and unrelated
donors’ choice (4, 9-11).

Early diagnosis and treatment remain a main issue for all forms of PID to
prevent organ damage and life-threatening infections and to improve prognosis and
quality of life (6, 12). New methods for neonatal detection of PID have been recently
developed and have been shown to be a suitable screening for the vast majority of
severe immunodeficiency diseases characterised by T- or B-lymphopenia in newborns
(6, 12-14).

In this scenario, gene therapy (GT) has been a challenging new approach in the
last years, particularly directed to patients affected by defined PIDs and lacking a
suitable bone marrow donor, as a life-saving alternative (15). Despite the advantages of
an autologous and “personalized” procedure, and the impressive clinical results on
patients with X-linked SCID, ADA SCID, CGD and WAS, gene therapy treatment has
been in some cases counterbalanced by serious complications of insertional
oncogenesis, drawing attention to the need of new generation of viral vectors and new
approaches of gene correction with superior safety characteristics (15-17). The data
regarding the long term follow-up of ADA SCID patients treated with y-retroviral
vector GT in San Raffaele Institute in the last two decades are presented as the main
study of this thesis. Moreover, | will present preliminary results on patients treated more

recently with LV-based hematopoietic stem cells (HSC) GT in our Institute.

Clinical application of new therapeutic strategies has extended in the last two
decades to several other genetic diseases, including blood borne, such as
hemoglobinopathies and sickle cell disease (17), and metabolic diseases; among the
latter category, relevant results have been achieved with gene therapy in patients with
X-linked adrenoleukodystrophy (18) and metachromatic leukodystrophy (MLD) (19).
The last mentioned trial has been conducted by LV-based approach in San Raffaele

10
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Institute for Gene Therapy and the publication containing data of the first 3 patients is

following presented as a part of my research work.

As one of the most severe forms of muscular dystrophy, though still not
permanently curable, Duchenne Muscular Dystrophy (DMD) is currently an object of a
number of new therapies entering clinical experimentation or progressing up to phase Il
studies (20-24). All appear to be safe but, despite early encouraging results, efficacy has
still to be reached and, moreover, most are limited to specific subsets of patients. The
recent characterization of mesoangioblasts (MABs), a subset of pericytes from mouse,
dog and human skeletal muscle that can be expanded in culture and maintain the ability
to differentiate into skeletal and smooth muscle (25-27), migrating selectively, when
delivered intra-arterially, in downstream inflammed tissues, has made a concrete
possibility to perform cellular therapy for murine and canine model of muscular
dystrophies (28-30). On the basis of the safety of this approach and partial efficacy in
ameliorating the dystrophic phenotype, the same strategy has been attempted in a first-
in-human phase I/11 clinical trial in DMD children, named “Cell Therapy of Duchenne
Muscular Dystrophy by intra-arterial delivery delivery of HLA-identical allogeneic
mesoangioblasts”, in San Raffaele Scientific Institute, Milan. Having participated in the
Study as Scientific Collaborator e Clinical Coordinator, I will show in this thesis the

results on the 5 treated patients, that have been recently submitted in a scientific journal.
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Chapter 1

“Gene Therapy for Immunodeficiency
due to Adenosine Deaminase Deficiency:

update on long-term follow-up”

12



GT for ADA SCID: long-term F-U
1.1 INTRODUCTION

1.1.1 Adenosine deaminase (ADA) deficiency, an inborn error of

purine metabolism

Inborn errors of purine metabolism exhibit broad neurological, immunological,
hematological and organ manifestations. These enzymes are widely but not ubiquitously
distributed in human tissues and are crucial for synthesis of essential nucleotides. The
purine bases (adenine, guanine and hypoxanthine, and the catabolites xanthine and uric
acid) are heterocyclic imidazolopyrimidine molecules that are crucial for integral
functions in cell physiology. Along with the related pyrimidines, purines form
nucleosides and nucleotides that are the vital building blocks for the nucleic acids DNA
and RNA, as well as being central to metabolic regulation, energy conservation and
transport, formation of coenzymes (the nicotinamide nucleotides, NAD/NADP, and the
flavin nucleotides, FMN/FAD), phospholipid and glycolipid synthesis, signal
transduction and translation (31, 32), As a result, defects in the metabolic pathways of
these important molecules, although rare, can be disabling or deadly (33).

At present, >35 enzyme defects of nucleotide synthesis, salvage and catabolism
of both purines and related pyrimidines have been identified (34, 35), but only 17-18 of
these are associated with serious clinical consequences (36). These defects are generally
rare: the prevalence of these disorders is presently unknown and probably
underestimated (33).

As an enzyme of the purine salvage pathway, adenosine deaminase (ADA)
catalyzes the deamination of adenosine and 2’- deoxyadenosine, as well as several
naturally occurring methylated adenosine compounds (37, 38). The deamination of
adenosine and 2’-deoxyadenosine gives rise to inosine and deoxyinosine, respectively
(39). Further conversion of these deaminated nucleosides leads to hypoxanthine, which
can be either transformed irreversibly into uric acid or salvaged into mononucleosides
(33) (Figure 1.1). Mutations in the ADA gene cause alterations in ADA activity,
enzyme stability, and survival leading to accumulation of Ado, dAdo, and
deoxyadenosine nucleotides (dAXP) in plasma, red blood cells (RBCs), and tissues; the
concentration of dAXP represents a common measurement of the systemic toxicity level
in ADA-deficiency (40). High concentrations of these adenosine-related metabolites
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have a profoundly deleterious effect on lymphocyte development through perturbation

of multiple intracellular enzymes including ribonucleotide reductase, terminal
deoxynucleotidyl transferase, and S-adenosylhomocystine hydrolase. Since the toxic
metabolites that accumulate because of the enzyme defect primarily derive from dying
cells, it has been hypothesized that each infection results in additional attrition of
immune cells and function. In addition to immune cell counts and functionality,
intracellular ADA expression levels and purine metabolite concentrations are important
biomarkers of ADA deficiency (40).

Although ADA is present in all cell types, its enzyme activity differs
considerably among tissues. The highest amounts in humans are found in lymphoid
tissues, particularly the thymus, where it plays an important role in lymphocyte
development, the brain, and gastrointestinal tract. ADA activity is particularly high in
thymocytes of the thymic cortex, but drops off rapidly in the medulla (41). The ADA
enzyme is ubiquitously expressed both intracellularly and on the cell surface where it
complexes with two molecules of CD26 as a combined protein (42-44).

14
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Figure 1.1: The adenosine deaminase (ADA) metabolism.
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Most adenosine derives from endogenous breakdown of ATP and degradation of RNA, or is
taken up exogenously by ubiquitously expressed nucleoside transporters. Unlike adenosine, 2’-
deoxyadenosine is formed by DNA degradation and is predominantly catabolized by ADA. Further
conversion of inosine nucleoside leads to hypoxanthine, which can either enter a non-reversible pathway
to uric acid or salvaged back into other mononucleosides. In the absence of ADA, the presence of these
alternative “bypass™ pathways results in normal concentrations of the catabolic products of the enzyme
reaction in patients with ADA-SCID. Conversely, the levels of ADA substrates, adenosine and 2’-
deoxyadenosine, are not only found in increased amounts in extracellular body fluids, but they also
“spillover” into additional pathways normally only minimally utilized, thus contributing to the pathogenic
mechanisms of the disease (From Sauer AV et al., Front Immunol 2012).

1.1.2 Other ADA enzymes disorders

There are two enzymes which carry out ADA activity, named ADA1 and
ADA2. ADAL, a 40 kD monomeric protein with a 200 kD, noncatalytic combining
protein, is responsible for about 90% of adenosine deamination. ADAZ is larger at 110
kD and appears to play a general adenosine deamination role in serum (43). Relevant
disorders arise from deficiencies of ADA enzymes, while rare superactivities of ADA

also may occur (33) (Table 1.1).
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1.1.2.1 ADA superactivity

An autosomal dominantly inherited Coombs’ negative nonspherocytic
haemolytic anaemia was reported, with greatly increased erythrocyte ADA activity of
approximately 45-to 70-fold elevation (45) (Table 1.1). Milder elevations of
erythrocyte ADA activity (two- to six-fold) are found in patients with Diamond-
Blackfan anaemia 1 (DBAL; OMIM # 105650), an autosomal dominant disorder with a
high degree of clinical and genetic heterogeneity (46). It remains unclear whether ADA
has any role in the pathophysiology of DBA, which has been categorised as a
ribosomopathy with genetic defects identified in nine different ribosomal genes: RPS19,
RPL5, RPS26, RPL11, RPL35A, RPS10, RPS24, RPS7 and RPS17 (47). DBA classical
features include normochromic macrocytic anemia, reticulocytopenia and nearly absent
erythroid progenitors in the bone marrow.

Patients show growth retardation, and approximately 30 to 50 % have
craniofacial, upper limb, heart and urinary system congenital malformations. The
majority of patients have increased mean corpuscular volume, elevated erythrocyte
ADA activity and persistence of hemoglobin F (33, 48).

1.1.2.2 ADAZ2 deficiency

CECR1 (cat eye syndrome chromosome region, candidate 1, OMIM # 607575)
encodes ADAZ2, an adenosine deaminase (ADA) isoform that has partial structural
homology with human ADAL. Both proteins catalyze the deamination of adenosine and
2'-deoxyadenosine to inosine and 2’-deoxyinosine, respectively, but the affinity of
ADAZ2 for adenosine is lower than that of ADAL by a factor of approximately 100 (49)
(Table 1.1).

ADAZ? is a secreted homodimer highly expressed in plasma, whereas ADA1 is
monomeric and largely intracellular (50). Whole-exome sequencing identified loss of-
function mutations in CECR1 in three unrelated patients with a syndrome of
intermittent fevers, early-onset lacunar strokes and other neurovascular manifestations,
livedoid rash, hepatosplenomegaly, systemic vasculopathy and mild immunodeficiency
(33).

16



GT for ADA SCID: long-term F-U

Subsequent candidate-gene sequencing was performed in three patients with a

similar phenotype, as well as two young siblings with polyarteritis nodosa and one
patient with small-vessel vasculitis (33).

Skin, liver and brain biopsies revealed vasculopathic changes characterised by
compromised endothelial integrity, endothelial cellular activation and inflammation.
Immunologic assessment showed mild abnormalities, such as hypogammaglobulinemia
and increased B-cell death and reduced B-cell differentiation. Patients had significantly
decreased ADAZ2 activity in plasma, and Western blot analysis showed reduced ADA2
protein levels in cell lysates, consistent with a loss of function. ADA1 specific activity
was preserved (33).

Studies in patients’ cells and in zebrafish support the hypothesis that ADA2 is a
growth factor for endothelial and leukocyte development and differentiation. These data
also suggest that ADA2 deficiency may compromise endothelial integrity while
polarising macrophage and monocyte subsets toward pro-inflammatory cells,
establishing a vicious circle of vasculopathy and inflammation (49, 51, 52). Potential
therapeutic strategies may include fresh-frozen plasma or recombinant ADA2, since
ADAZ2 is found in plasma, and bone marrow transplantation, given that monocytes and

macrophages, the main producers of ADA2, are derived from bone marrow (33, 49).

Table 1.1 ADA enzymes disorders

Disorder, gene symbol, chimosomal Enzymme defect Clinical featumes Trealments

location (OMIM)

Diagnosis/metabolic tests

Autosomal recessive combined
immunodeficiency
ADd4, Dg13.11 (102700

Autosomal dominant anaetia,

Diammond-Blackfin anaemia (DBA),

gene wknown (102730

Adenosine deamimse 2; cat eye
syndrome, chomosome fegion
candidate 1:

CECRI, 2q111{607575)

Deficiency of adenosine deaminase
(ADA)

Adenosine deaminase (ADA)
‘superactivity’

Deficiency }!l adenosing deaminase
(ADA2Y™

Early onset severe wombinad immunodeficiency
(SCID: m st vear of hfe for 80-83% of
caes™ profound yphopenia (TB-cel
deficiency), recurrent opportunistic miections,
fuihure to thrive in infincy; some reports of
skeleal abnomnalities™ with aupping, flaring
of costochondral junction, mild pelvic
dysplasia; sensorineural heaing loss reported ™

Lae onset combined immuno-deficiency.
clinical immune deterioration™, diagnosis
after Ist year/first decade for 15-20% of
cases™, chronic lung infections, viral
infections including warts =

Coonbs’ negative nonspherocytic hagmolytic
anagnia with splenomegaly ?

Congenital aplastic anaemia (Diamond
Blackfan syndrome)™

Iniermitient fevers, ear y-onsef lacunar strokes
and other neurovascular manifestations
livedoid rash, hepatosplenomegaly, systemic
vasculopathy and mild in;r[;urlulrl'lrirm‘y;"

Modified from Balasubramaniam S., J Inherit Metab Dis, 2014.
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Raised erythrocyte deoxy-ATF, high urine/
plasma deoxyadenosing; absent erythrocyle
activities of ADAT and SAHH (AHCY),
Deoxy-ATP and SAHH® are used (o assess
clinical severity and monifor effectiveness of
Lhrr:lp_w.”

Mildy ruised erythrocyie deoxy-ATP, partial/
low etythracyte ADAT and SAHI®
activities.™

Grossly elevated (45-70x) activity of
ervthrocyte ADA (inceased transcription),
mildly raised plasma urate !

Milder elevations of ervthrocvie ADA activity
(2- 1o 6-fold).

Erythrocyie ADA has a supporiing diagnostic
valug in DBA due to its specificity in
distinguishing patients with DBA. fiom nor-
DBA individuals™

Hypogammaglobulinemia, decreased [gM,
varying degrees of lymphopenia,
development of lupus anticoagulant,
decreased ADA? activity in plm;a":

Bone marow iransplant (BMT) *

or haemopoietic siem cell
therapy (HSCT).

Enzyme replacement therapy
with PEG-ADA™, red cell
encapsulaed ADA™

Gene therapy trialled***

Not established

None established yet, but
potential strmtegies inlcude
fiesh-fozen plasina,
recotitbinant ADA2 and bone
marrow transplantation™
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1.1.3 ADAL deficiency or ADA SCID

Deficiency of ADA1l (ADA-SCID, OMIM # 102,700) is the second-most
prevalent form (approximately 15%) of all SCID cases (53, 54) (Figure 1.2) and
represents one-third of cases of autosomal recessive SCID (55). ADA-SCID affects
every year 1:200,000 to 1:1,000,000 live births, both males and females, with autosomal
recessive inheritance. The causative gene is the ADA gene, a 12-exon/32 kb gene
located on chromosome 20g13.12 (56). The overall incidence in Europe is estimated to
range between 1:375,000 and 1:660,000 live births (55).

ADA-SCID was first reported in 1972 in two patients with severely impaired
cellular immunity (57). Since then, many advances have been reported in the diagnosis,
management and treatment for this disease (Figure 1.3). Current available therapeutic
options include bone marrow transplantation (BMT), enzyme replacement therapy with
bovine ADA (Peg-ADA), or hematopoietic stem cell gene therapy (HSC-GT) (44).

ADA-deficient patients suffer from lymphopenia, severely impaired cellular and
humoral immune function, failure to thrive, and a rapidly fatal course due to infection
(39). Moreover, autoimmune manifestations are commonly observed in milder forms of
the disease (44).

While in rare cases SCID may be diagnosed at birth, the average age
at diagnosis is approximately 4 months (58). In any case, an early diagnosis and
treatment is mandatory to prevent ADA SCID symptoms and also to get the best
therapeutic effect, because the chances for treatment success are highest for those who
have not yet experienced severe opportunistic infections (59). For this reason,
diagnostic methods to make early diagnosis are important to significantly improve

patient health outcomes, while at the same time reducing the cost of medical care.
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Figure 1.2 Relative frequency of the different molecular defects in SCID.
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From Buckley RH. Annu Rev Immunol. 2004;22:625-655.

Figure 1.3 Timeline of Advances in SCID.
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1.1.3.1 Genotype/Phenotype Correlations

ADA is the only gene to cause ADA SCID (60). Sequence analysis can identify
most known ADA pathogenic variants, except for large deletions, which are detected by
deletion/duplication analysis. To date, more than 70 different mutations in the ADA
gene have been identified, distributed as follows: 60% substitution mutations, 20%
splicing mutations, 13% deletion mutations and 7% termination mutations (nonsense)
(61).

ADA deficiency is associated with a broad clinical and mutational spectrum.
Defining the relationship of genotype to phenotype among patients with different
degrees of immunodeficiency has been complicated because the disease is rare, most
mutations are ‘private’ and patients are often heteroallelic. In recent years, knowledge
of ADA structure and systematic expression of mutant alleles have revealed that
phenotype is strongly associated with the sum of ADA activity provided by both alleles
(62).

The clinical expression of immunodeficiency can be influenced strongly by
environmental factors, such as exposure to and treatment of pathogens, and also by
genes (other than that for ADA) that affect responses to infection (56). Somatic
mosaicism due to in vivo reversion to normal of an inherited mutation in the ADA gene
has also been observed in some cases of ADA SCID (60, 63, 64). Nevertheless, at the
extremes, phenotype and residual ADA activity clearly are related: blood mononuclear
cells from healthy subjects with partial deficiency have 5%-70% of normal ADA
activity, versus <1%-2% in cells from patients with SCID. From reports of new ADA
mutations, some splicing and missense alleles appear to be associated with delayed and
late-onset phenotypes (60, 65-69). This suggests that allele combinations providing
more than some critical level of functional mutant enzyme (or of normal ADA from

splicing mutants) (66, 70) can confer a milder phenotype than SCID.

Arredondo Vega et al. (56) noticed that expressed ADA activity of wild-type and
mutant alleles ranged over five orders of magnitude. The disease-associated alleles
expressed 0.001%-0.6% of wild-type activity, versus 5%-28% for alleles from
“partials”. A relationship with erythrocyte deoxyadenosine nucleotide (dAXP) levels

was also established (Table 1.2).
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A scale for ranking novel ADA alleles based on expression may have utility for

newborn screening for primary immunodeficiency disorders (62).

Table 1.2 Total Expressed ADA Activity and Erythrocyte dAXP levels for
Phenotype Groups.

Expressed ADA

Mo, of RBC dAXP (Range) Activity (Range)
Phenotype Patients [nmol/ml}* [nmol/hr/mg protein]*
SCID 23 ThE + 344 (1731839 67 = 9% (1-314)"
Delayed onset 8 186 £ 55 (100-263) 308 £ 149 (72-522)
Late onset 3 122 + 104 (28-234) 855 = 122 (714-926)
Partial 3 15 £12 (3-27) 29144 = 319,247 (927-73,963)
Mormal =2 525,184 = 43,180

* Mean = 5.
B P<.0001, SCID vs. delayed onset.

From Arredondo-Vega. Am J Hum Genet. 1998.

1.1.3.2 Clinical characteristics and their pathogenesis

Immune defects

The majority of patients (80-85 %) show an early onset severe form of ADA
SCID with absence of cellular and humoral immunity and hypoplasia or apparent
absence of lymphoid tissue (59, 71), which present within 1 to 6 months of age with
multiple recurrent infections by fungal, viral, and opportunistic agents and a rapidly
fatal course (57, 72).

Lymphopenia and attrition of immune function over time are the two findings
common to all presentations of ADA deficiency. Recent studies have shed additional
light on the mechanisms leading to abnormal T-cell development and function. Analysis
of the thymus of an ADA-deficient patient revealed severe atrophy as well as loss of
cortex-medulla demarcation (73). Immature thymus epithelial cells were abundant while
Autoimmune Regulator expressing mature thymus epithelial cells were absent.
Dendritic cells were severely depleted while macrophage-like cells were increased,
possibly because of the need to remove apoptotic thymocytes. Another group

investigated causes for the impaired responses of ADA deficient T cells to stimulation.
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CD4+ T cells from ADA-deficient patients had severely compromised TCR/CD28-

driven activation, including hypo-phosphorylation of Zeta Associated Protein-70, Ca2+
flux and ERK1/2 signaling, resulting in impaired proliferation and cytokine production
(74). Hence, diverse mechanisms might account for abnormal function of T cells in
ADA deficiency. This leads to severe depletion of all three major categories of
lymphocytes, T-, B-, and NK-cells (72, 75, 76).

Total immunoglobulin levels may be only slightly depressed at birth due to the
maternal contribution of 1gG, whereas both IgM and IgA, which ordinarily do not cross
the placental barrier, are often absent. However, once 1gG levels decline as maternal
antibodies are cleared, a pronounced hypogammaglobulinemia signals the absence of
humoral immunity (39, 77).

ADA SCID onset occurs between 6 months and the first few years in 10-15% of
patients with a “delayed” clinical manifestation and from second to fourth decades in a
smaller percentage of patients with “late” onset, showing less severe infections and a
slowly deteriorating immune function (59, 71).

Finally, the benign condition called “partial” ADA deficiency is characterized by
a decreased enzyme activity in erytrocytes, but a residual enzyme activity in leukocytes
and other nucleated cells (70).

Delayed or late-onset patients have significant immunodeficiency, but variable
clinical manifestations (69). In some cases, residual ADA activity (approximately 5% of
normal) supports generation of normal numbers of lymphocytes (71). These delayed or
late onset forms show progressive immunological and clinical deterioration, often
associated with autoimmune manifestations, including hemolytic anemia, and immune
thrombocytopenia (78, 79). Serum immunoglobulin levels are altered in late-onset
patients, with 1gG2 levels being highly reduced or absent. IgE levels are elevated and
often associated to eczema and asthma. An inability to produce antibodies against
polysaccharide and pneumococcal antigens was frequently found in ADASCID patients
with milder forms of the disease (80, 44).

Non-immune defects

The initial and most devastating presentation of ADA-SCID is due to the
immune defects (81). Nonetheless, several non-immune abnormalities have been

described in ADA deficiency, indicating that this disease should be considered a
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systemic metabolic disorder (39, 79) and more complex than other forms of SCID (75,
82). ADA is ubiquitously expressed in all cell types; when absent, the systemic
metabolic toxicity is frequently associated with organ damage (83). These include
failure to thrive (75, 76); hepatic and renal disease (82, 84); skeletal alterations such as
cupping and flaring of the costochondral rib junctions; brain, lung and bone marrow
alterations that will be discussed in detail below for their relevance.

Complications from infections usually predominate in the clinical presentation
of infants with ADA deficiency, therefore, the full spectrum of non-immunologic
manifestations and their natural course may be obscured (85). Several abnormalities
have been described in low numbers of patient, and might reflect effects of infectious
agents rather than primary defects due to ADA deficiency: i.e., renal and adrenal

abnormalities, phyloric stenosis, and hepatic disease (39, 44).

e Brain abnormalities

ADA-deficient patients may suffer neurological deficits, developmental delay
and sensory-neuralhearing loss secondary to infections, autoimmunity or transplantation
(85-87). Additionally, neurological abnormalities, such as spasticity, hypotonia, head
lag, nystagmus, difficulties in focusing gaze, seizures and inability to focus and high
frequency sensorineural deafness have been reported (85, 88, 89), which were not
explained by infections or medications (90). Computed tomographic scans and cranial
MRI of these patients revealed volume loss as well as basal ganglia and thalamus
abnormalities, possibly due to accelerated nerve cell death or altered stimulation of
adenosine receptors (71). Cognitive and neurobehavioural abnormalities as below-
average 1Q, hyperactivity, attention deficits, among ADA-deficient infants have been
also described, commonly seen also in other inborn errors of purine metabolism,
suggesting that abnormal purine homeostasis might be directly responsible for their
development (71).

e Lung abnormalities
Many ADA-deficient patients suffer from severe lung disease, which in a few
cases has been attributed to infections and/or immune dysregulation. Yet, in most ADA-
deficient patients no respiratory pathogens are isolated (91).
Lung abnormalities were recently reviewed among 16 ADA-deficient patients
(92).
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Broncho-alveolar lavage and lung biopsies in affected patierns identified

accumulation of Periodic Acid Schiff positive, surfactant-like granular material as well
as macrophages engulfing lamellar bodies, typical of pulmonary alveolar proteinosis
(PAP) in seven patients (43.8%). To confirm that ADA deficiency causes PAP and to
better understand the pathogenesis of PAP, the same group showed that ADA-/- mice
suffer from many of the metabolic, immune and systemic features observed in ADA-
deficient patients and develop lethal respiratory disease by 3 weeks of age, due to
accumulation of surfactant in the alveoli (93). Importantly, early restoration of ADA
activity in ADA-/- mice prevented the development of PAP, thereby confirming that
ADA deficiency directly contributes to PAP formation (71).

e Bone Marrow abnormalities

Neutropenia in ADA-deficient patients has often been related to autoimmunity
or infections (94). Recently hypocellular bone marrow and mild dysplastic changes of
three hematopoietic lineages were also identified in an ADA-deficient patient (95).
Moreover, 13 ADA-deficient patients exhibited various abnormalities in their peripheral
neutrophils including prolonged neutropenia, hypogranular and vacuolated neutrophils
as well as hyperlobular and pyknotic neutrophils (96). These patients also had
large/giant platelets, as well as atypical eosinophils with cytoplasmic vacuoles, uneven
granulation and hyperlobular nuclei. Bone marrow examinations performed in a few
ADA-deficient patients revealed myelodysplastic changes. Importantly, there was an
inverse relationship between phosphorylated ADA substrates and neutrophil numbers
suggesting a primary myelotoxic process (96). Studies in ADA-/- mice provided
additional insight into the potential effects of impaired ADA function on the bone
marrow (82).

Fibroblast colony formation assays showed that ADA-deficient bone marrow
mesenchymal progenitor cells grew normally, but these cells supported long-term
culture initiating colony formation less efficiently than wild-type cells. Proteome
profiling of total cytokine and chemokine production from the supernatant of the
cultures revealed reduced levels of M-CSF, IL-6, CXCL1/10, and soluble Intra-Cellular
Adhesion Molecule 1. Importantly, the percentage of early hematopoietic stem cells was
significantly lower in the bone marrow of ADA_/_mice (82), although it is still not
clear whether this reflects a primary hematopoietic defect or is secondary to a stroma
defect (71).
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1.1.4 Diagnosis of ADA SCID

A suspicion of ADA SCID should be considered an emergent condition in an
infant with a serious infection, as its early detection dramatically improve the chances of
survival (72, 97).

Physical examination reveals absence of lymphoid tissue and the thymus is
radiographically undetectable. The presence of skeletal abnormalities may aid in the

diagnosis (98).

Immunologic evaluation must be accomplished as quickly as possible.
Characteristic laboratory abnormalities include severe, age-adjusted lymphopenia and
pan-hypogammaglobulinemia — only present after loss of maternally inherited
immunoglobulins -, reduced or absent major lymphocyte subpopulations (T, B and NK
cells) by flow cytometry analyses and absent or profoundly reduced T-cell proliferation

to mitogens and antigens (72).

Maternal T-cells may engraft in some patients with ADA SCID and obscure the
peripheral blood lymphocyte phenotype. On occasion, engrafted maternal T-cells may
become activated by HLA disparities and cause clinical graft-vs-host disease, to be
suspected in infants with diffuse cutaneous eruptions and/or other clinical and
laboratory suspicion of ADA SCID and to be distinguished from erythrodermia

associated with Omenn Syndrome (97).

The assessment of ADA catalytic activity is useful for the confirmation of ADA
SCID diagnosis. Affected individuals who have not been transfused have less than 1%
of normal ADA catalytic activity in erythrocyte hemolysates or in DBS extracts, while
affected individuals who have been recently transfused may require testing of
fibroblasts or leukocytes (99). Analysis of ADA enzymatic activity in plasma is not
useful for diagnosis because ADA activity is much lower in plasma than in cells, even
in non ADA-deficient individuals, and because plasma contains adenosine deaminase
activity caused by ADA2. ADA2 has a much lower affinity for substrate and, unlike
ADA1, is insensitive to inhibition by EHNA (erythro-9-(2-hydroxy-3-nonyl)adenine),
which allows ADAl and ADA2 to be quantitated independently. ADA activity
measurement sometimes can give misleading results: a severe defect in ADA activity

can be found in clinically unaffected subjects with a ‘partial”’ ADA deficiency, because
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variable residual ADA activity expressed in cells different from immune cells can be

sufficient to maintain good immune function (59).

Measurement of metabolites is absolutely mandatory to confirm the diagnosis of

immunodeficiency due to ADA deficiency (59, 99). These markers help to confirm the

diagnosis and to monitor therapies intended to restore ADA function:

Elevated deoxyadenosine triphosphate (dATP) or total dAdo nucleotides
(dAXP) in erythrocytes:Mature red cells normally lack dAXP. In the absence of
ADA, excessive dAdo phosphorylation leads to a marked increase in dATP and
total dAXP, a finding pathognomonic for ADA deficiency (it does not occur
with ADA2 deficiency). In untreated affected individuals, the level of dAXP in
hemolysates or DBS extracts correlates with clinical phenotype (SCID >
"delayed/late” onset > "partial ADA deficiency"). Even after transfusion, some
elevation in erythrocyte dAXP persists and strongly indicates underlying ADA
deficiency.

Reduced S-adenosylhomocysteine hydrolase (AdoHcyase, SAHase) activity in
erythrocytes: Owing to inactivation by dAdo, erythrocyte AdoHcyase activity is
less than 5% of normal.

Elevated Urinary dAdo: Excretion of dAdo is markedly elevated in untreated
affected individuals.

Elevated levels of Ado and dAdo in extracts of dried blood spots (DBS),
quantified using tandem mass spectrometry, is a sensitive method for screening
neonates for ADA deficiency (14, 100 101).

Sequence analysis of the ADA gene is also available to confirm diagnosis.

1.1.5 Newborn screening

There is a consensus that nearly all cases of SCID could be diagnosed at birth if

routine blood counts were done and flow cytometry, as well as T-cell counts, were

performed when lymphocyte levels are below the normal range in newborns. Once a

diagnosis is confirmed, treatment can begin immediately (102, 103).
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The profound reduction in T lymphocytes in nearly all forms of SCID can be
identified in DBS from neonates by demonstrating a reduced level of T-cell receptor
excision circles (TRECs) in extracted DNA. TREC screening is now performed in
several states in the US * and may be adopted by others. Universal newborn screening
has helped to establish the true incidence of SCID in California (1 in 66,250 live births)
and has led to the improvement of survival outcome (6). The potential use of TRECs
evaluation from DNA of DBS as method to evaluate ADA SCID has been proposed but,
unfortunately, this approach is expensive, it takes a long time and it lacks of sensitivity
in diagnosis of late and delayed onset ADA SCID (59).

As about 15% of all cases of SCID result from ADA deficiency, biochemical
testing for ADA deficiency should be performed as a follow up in all newborns who are
positive by TREC screening. Reduced levels of a B lymphocyte marker, kappa-deleting
recombination excision circles (KRECs), have also been found in DNA from DBS of
individuals with delayed- or late-onset ADA deficiency (100).

ADA SCID screening by tandem mass spectrometry for analysis of metabolites
from DBS could potentially be an easier and cheaper method (13).

* The States and US Territories screening all newborns for SCID as of August 2014 are: California,
Colorado, Connecticut, Delaware, Florida, Illinois, lowa, Maine, Massachusetts, Michigan, Minnesota,
Mississippi, New Jersey, New York, Ohio, Oregon, Pennsylvania, Rhode Island, Texas, Utah,
Washington, West Virginia, Wisconsin, Wyoming, District of Columbia and Navajo. Louisiana and
Puerto Rico have both stopped screening due to a lack of funding. Ontario, Canada is also screening all
newborns for SCID (104).
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1.1.6 Autoimmunity in ADA SCID

Immune dysregulation involving B cells, with multiple forms of autoimmunity,

has been described in ADA SCID patients (44).
Autoimmune dysregulation is frequently observed in patients with milder forms of the
disease or late-onset patients. They may manifest as autoimmune hypothyroidism,
diabetes mellitus, hemolytic anemia, and immune thrombocytopenia (69, 105) (Figure
1.4). Similar complications, such as autoimmune hemolytic anemia and autoimmune
thyroiditis, have also been reported in patients after long-term PEG-ADA treatment (38,
69, 81, 105, 106). No specific reports on immune dysregulation or autoimmunity in
BMT-treated ADA-SCID patients are available in literature (106). Nevertheless,
autoimmune manifestations have been reported in larger single-center studies on BMT-
treated patients with various kinds of immunodeficiencies, including ADA deficiency
(107, 108). The major immune dysregulations observed in both studies included thyroid
autoimmunity, autoimmune hemolytic anemia, and glomerulonephritis (107, 108).
Autoimmune manifestations have also been described in patients treated with HSC-GT
(109). Four ADA-SCID patients, including one patient that already showed immune
dysregulation while on PEG-ADA, developed signs of autoimmunity, such as hemolytic
anemia, thrombocytopenia, autoimmune hepatitis, and autoimmune thyroiditis (109 and
unpublished observation).

Since varying degrees of immune reconstitution can be achieved by the available
treatment options for ADA-SCID, break-down of tolerance and development of
autoimmunity can represent a major concern.

Two studies assessed defects in the lymphoid compartments of ADA-SCID
patients following PEG-ADA. Different degrees of abnormalities in the B-cell
compartment and inability to respond to vaccines, despite the presence of normal
serum-lg or hypogammaglobulinemia were reported (110). Moreover, a retrospective
longitudinal analysis in ADA-SCID patients treated with PEG-ADA showed that
decreased levels of newly produced B cells underlie the progressive and significant
decrease in circulating B cells in these patients (106). Since long-term PEG-ADA
treatment is associated with abnormalities in B cell subsets, but often also with a
decrease in T-cell functions (110), a limited B or T-cell repertoire combined with
alterations in peripheral tolerance could further favor breakdown of tolerance (Figure
1.5).
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A recent study (111) also demonstrated a significantly reduced frequency of
CD4+CD25+FoxP3+ regulatory T cells among ADA-deficient patients and that these
cells had reduced ability to suppress proliferation of co-cultured autologous responder T
cells. Similarly, regulatory T cells from ADA-deficient mice had significantly reduced
suppressive activity. Whether regulatory T cell abnormalities are also responsible for
Omenn’s syndrome that has been described in ADA-deficient patients (112) is still not
clear. The autoimmunity observed in ADA-SCID might also be due to defective central
and peripheral B cell tolerance. Indeed, new emigrant/transitional and mature naive B
cells from ADA-SCID patients were shown to contain excess auto-reactive clones.
Moreover, B cell receptor and Toll-like receptor functions in B cells are impaired after
ADA inhibition, which might also contribute to B-cell tolerance defects (113).
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Figure 1.4 Current therapeutic options in ADA-SCID and reported autoimmune

manifestations after treatment.
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Immune reconstitution in ADA deficiency can be achieved by bone marrow transplantation,
enzyme replacement, or gene therapy, nonetheless recovery of immune functions may vary depending on
the applied treatment and patient’s characteristics. Treatment of choice remains bone marrow
transplantation from a HLA-identical sibling donor, while transplants from alternative donors are
associated with high morbidity and mortality. Enzyme replacement therapy using pegylated bovine ADA
is a non-curative treatment requiring weekly intramuscular injections with PEG-ADA. ADA-SCID has
been the pioneer disease for the development of human gene therapy. It is based on the reinfusion of
autologous HSC transduced with a retroviral vector containing the ADA cDNA. Variable degrees of
immune reconstitution can be achieved by these treatments, but onset of autoimmunity is of concern in
post-treatment ADA-SCID patients. Reported autoimmune manifestations include: autoimmune
hypothyroidism, diabetes mellitus, thrombocytopenia, hemolytic anemia, and development of anti-ADA

antibodies (From Sauer AV et al., Front Immunol 2012).
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Figure 1.5 Immune reconstitution and development of autoimmunity after PEG-
ADA treatment.

.(‘:\
PEG-ADA
& 2
f= = -
ADA-SCID patient No autoimmunity Autoimmune manifestations

Short-term PEG-ADA Long-term PEG-ADA

- Immediate metabolic detoxification

-Fast B-cell reconstitution

= Subsequent T-cell reconstitution

- Recovery of cellular and humaoral immune functions

- Decline of lymphocyte counts

- Loss of Treg function

= Variable in vitro immune cell responses

- Development of auto-antibodies

- Neutralizing antibodies against bovine ADA

Enzyme replacement therapy with pegylated bovine ADA is a lifesaving but non-curative
treatment for ADA-SCID patients. It provides metabolic detoxification and protective immune function
with patients remaining clinically well, but immune reconstitution is often suboptimal and may not be
long-lived. Shortly after initiation of PEG-ADA treatment, patients show recovery of B-cell counts,
followed by a gradual increase in T-cell numbers and reconstitution of immune cell functions. However,
the long-term consequences of PEG-ADA treatment are unknown. Immune recovery in B and T- cells is
below normal levels. Major concerns are the susceptibility to opportunistic infections and the
development of autoimmunity due to lymphopenia with gradual decline of immune functions and

perturbation of T- and B-cell tolerance (From Sauer AV et al., Front Immunol 2012).
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1.1.7 Therapies for ADA Deficiency

Bone marrow transplantation with allogeneic HSC has long been considered the
mainstay of ADA-SCID treatment. However, unlike other forms of SCID, ADA-SCID
patients can be treated with pegylated bovine ADA (PEG-ADA), which it not approved
in the EU but is frequently available under compassionate use, or in clinical trials of
Autolotous HSC-GT (109, 114). The availability of different treatment modalities
presents an opportunity for improved patient care but also difficulties in deciding upon
the specific choice of treatment for individual patients (Figure 1.4). Making the correct
choice is further complicated by the fact that ADA deficiency is not purely an immune
defect, and that the systemic manifestations, which can be of major clinical

consequence, must also be managed (81).

1.1.7.1 Hematopoietic stem cell-transplantation

Hematopoietic stem cell-transplantation (BMT) from allogeneic human
leukocyte antigen (HLA)-compatible sibling donors resulting in long-term survival and
effective immune reconstitution is the treatment of choice for patients with ADA-SCID
and other severe variants of primary immunodeficiencies. Since less than 20% of ADA-
SCID patients have access to HLA-matched family donors, transplants are often
performed from mismatched family or matched unrelated donors (81, 115, 116).

In a series of 475 patients with SCID from the European SCETIDE database, 51
patients with ADA-SCID were included, and the study documented a 3-year survival of
81% for HLA-matched transplantations and 29% for HLA-mismatched transplantations
with no information on the degree of immune recovery (115). Only 4 unrelated donor
transplantations were reported in this series, and no outcome data on these patients were
presented. A subsequent report on 699 patients with SCID included 75 patients with
ADA-SCID, but the specific outcome for the patients with ADA-SCID alone was not
documented (9). A series of 15 patients with ADA-SCID showed overall survival (OS)
of 80%, but there were only 6 transplantations from mismatched family donors and 2
transplantations from unrelated donors in this series (85).

A recent retrospective analysis on the specific outcome of transplants for ADA-
SCID, performed by Hassan et al. in 2012, collected data from several multicenter

studies and analyzed the survival of 106 patients who received a total of 119 transplants
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in the past 30 years (58), representing to date the only definitive analytical study of a
large number of ADA-SCID children given HCT. BMT from matched sibling (MSD)
and family donors (MFD) had a significantly better overall survival (86 and 83%) in
comparison to BMT from matched unrelated (MUD) (67%) and haploidentical donors
(HAPLO) (43%), while the outcome in mis-matched unrelated donor (MMUD)
recipients was unacceptable (29%). Comparison of OS in MSD HCT with MMUD,
HAPLO and MUD HCT showed a significant difference (P < .05). These data indicate
that despite recent progress in transplantation, the use of alternative donors is still
associated with a reduced overall survival (58, 81). This is further complicated by the
fact that ADA-SCID patients are more difficult to transplant especially from unrelated
and haploidentical donors possibly due to their need for conditioning and the underlying
metabolic nature of the disease (81, 82).

The large Hassan study also addressed the controversial question for
preconditioning of SCID children before HCT. A significantly improved OS was
observed in unconditioned transplantations (78%) in comparison with transplantations
after MAC (78% vs 56%; P = .009), while transplantations after RIC had an OS of 67%.
Indeed, almost all unconditioned transplants had the benefit of HLA matching, so the
superior survival was not unexpected, and ADA-deficient cells may be more susceptible
to toxic effects of preconditioning agents (118). Despite the lack of conditioning in most
MSD/MFD transplantations, a high rate of engraftment was observed (40
transplantations in the 2 groups with an engraftment rate of 90%), while non-
engraftment was a major problem after unconditioned haploidentical transplants (58).

When the type of conditioning within transplantations from different donor
sources was evaluated, it was shown a good survival in MSD/MFD transplantations
even in RIC and MAC regimens, whereas survival was decreased in MUD
transplantations and was much worse in MMUD and HAPLO HCT. The degree of HLA
disparity appeared to play the major role in determining outcome, irrespective of
conditioning regimen (58).

From the analysis of other variables, no difference in survival outcome was
found between patients who had received > 3 months PEG-ADA for metabolic
detoxification before transplant and patients who had received no or short-term (< 3
months) ERT. A trend to better survival, even if not statistically significant, was
observed in babies transplanted < 6 months of age; certainly, a prolonged pretransplant
period in an unprotected environment would favour acquisition of a potentially fatal

virus or bacterial infection and would contribute to metabolic and post-infectious organ
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sequelae. No significant difference in TRM or OS was observed between patients with a

more severe phenotype in terms of residual ADA activity and levels of toxic metabolites
before transplantation. The source of stem cell used (BM, PBSCs, or UCB stem cells)
also had no significant effect on TRM or OS (58).

Long-term immune recovery showed that regardless of transplant type, overall
T-cell numbers were similar. Humoral immunity and donor B cell engraftment was
achieved in nearly all evaluable surviving patients and most patients were able to
discontinue immunoglobulin replacement (58).

According to the longest F-U available data for some patients, the
immunological and metabolic recovery after transplant was well maintained even after
10 years or longer (81). Nevertheless, delayed or suboptimal immune reconstitution as a
result of poor early engraftment or gradual decline in immune functions was observed in
a significant fraction of surviving patients (81).

Infections and graft-versus-host disease (GvHD) still represent major issues in
allogeneic transplant setting. In the Hassan cohort the majority of deaths (63%) after all
types of transplantations were in the first 100 days after HCT, with severe infections
(pneumonitis/respiratory failure and sepsis) which formed > 50% of all deaths followed
by GVHD and fungal infections. Transplant from MMUD and HAPLO was associated
to a higher risk of complications (58). Autoimmune and inflammatory manifestations,
persistent infections, and disease-related issues have been described in ADA SCID
patients after BMT (85, 88, 107).

The results obtained with transplantation from HLA-identical siblings or family donors
indicate that there is a strong correlation between superior donor/host compatibility and
outcome both in terms of survival and sustained immune recovery. If a fully matched
sibling or family donor is available, the evidence currently available suggests that a
transplant should be undertaken without any conditioning. The success rates associated
with such procedures and the effective long-term reconstitution in both T- and B-cell
compartments does not at present warrant the use of alternative therapies. Some have
argued that the use of a conditioning regimen may improve stem cell engraftment and
promote an improved quality of immune reconstitution long term. However, the current
data do not show any waning of immune function even more than 10 years after
unconditioned HSCT, and the majority of patients have remained free of

immunoglobulin therapy. Further strong evidence to the contrary would be required
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before this recommendation is changed. On the other side, the current evidence suggests
that haploidentical donor transplants (performed with or without conditioning) have a
poor chance of success and are therefore only undertaken if no other treatment options
are available (44, 81, 119).

1.1.7.2 Enzyme replacement therapy with PEG-ADA

Enzyme replacement therapy (ERT) with PEG-ADA (Adagen®) was developed
as life saving, not curative treatment for patients lacking a HLA-compatible donor,
when risks associated with a partially mismatched transplant do exist, or when graft
failure is high as in the delayed- or late-onset phenotypes. PEG-ADA has also been used
as a secondary therapy in patients who have failed to engraft following an
unconditioned BMT/SCT, or in whom an acceptable recovery of immune function has
not been achieved following experimental gene therapy (81).

PEG-ADA is not approved in any EU Member State and it is available through
compassionate use or special laws in the EU. It requires life-long weekly or bi-weekly
I.m. injections and regular monitoring of plasma ADA activity and red blood dATP.
Recent published results on patients who received PEG-ADA between 1986 and 2008
showed that the overall probability of 20 year-survival on PEG-ADA is estimated to be
78% (81).

Attachment of PEG through lysine residues confers several therapeutically
beneficial properties to ADA (120, 121). This chemical modification of the bovine
enzyme reduces its immunogenicity and prevents its degradation by plasmatic proteases
as well as the binding of neutralizing antibodies (120, 121). Thereby the circulating life
of the compound is prolonged from minutes to days as clearance from the circulation is
inhibited (122). Cellular uptake of PEG-ADA is insignificant and its distribution is
limited to the plasma. Enzymatically active ADA continuously circulates and eliminates
accumulating adenosine and 2’-deoxyadenosine metabolites (123). The principle of
exogenous PEG-ADA administration is based on the direct conversion of accumulating
ADA substrates in the plasma and the indirect reduction of intracellular toxic
metabolites by diffusion (44).

To date more than 150 patients worldwide have received this treatment (81,

122). In general, PEG-ADA treatment seems to be well tolerated, with clinical benefits
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appreciable after the first month of therapy (Figure 1.5). Studies have shown that upon

the initiation of PEG-ADA therapy, the absolute numbers of circulating T- and B-
lymphocytes and NK-cells increase and protective immune function develops (124).
Although only limited information is available, some analysis indicated that about half
of PEG-ADA treated patients discontinued 1VIg (81), whereas long-term follow-up
suggests that immune recovery is often incomplete (122). Two retrospective studies
showed that despite initial improvements, the lymphocyte counts of all PEG-ADA
treated patients were below the normal range at all times. A gradual decline of
mitogenic proliferative responses occurred after a few years of treatment and normal
antigenic responses occurred less than expected (106, 125). No toxic or hypersensitivity
reactions have been reported with PEG-ADA administration. However, several other
side effects have been reported including manifestations of immune dysregulations as
autoimmunity (type | diabetes, hypothyroidism, immune thrombocytopenia, hemolytic
anemia) and allergic manifestations (69, 105) (Figure 1.5). An additional concern with
PEG-ADA beyond about 8-10 years is the emergence of serious complications,
including lymphoid and hepatic malignancies, and progression of chronic pulmonary
insufficiency (81). The main side effect associated with the use of PEG-ADA is the
development of anti-ADA antibody. The development of specific 1gG antibody to
bovine peptide epitopes of PEG-ADA has been reported by several groups and often
coincides with an improvement in humoral immunity (126-128). In about 10% of
treated patients, inhibitory antibodies lead to the enhanced clearance of PEG-ADA with
subsequent decline in metabolic parameters and immune function and therefore
requiring increase in dosage, administration of corticosteroids, or cessation of therapy
(53, 126, 127).
The high cost of lifelong therapy is another major issue of ERT (81).

1.1.7.3 Gene Therapy

HSCT and ERT are effective therapies, but both have their own limitations.
Moreover, some ADA SCID patients may not be candidates for cytoablation due to
infectious damage to the lung or liver, or may have a milder phenotype that does not
justify the risks associated with allogeneic BMT.

A gene therapy approach for ADA-SCID was developed because it was easier to
treat by genetic correction than some other indications. This provided an alternative

mode of treatment for patients without a suitable HSCT donor and access to PEG-ADA.
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Haematopoietic stem cell gene therapy consists of isolating hematopoietic stem

cells from the bone marrow of the patient, transducing them with a recombinant viral
vector (such as a retrovirus) encoding a functional copy of the ADA gene that is capable
of integrating its genetic material into that of the host cell, and then re-infusing the
modified cells into the patient. As it is effectively an autologous transplant, full
cytoreductive regimes are unnecessary in SCID diseases and their associated risks are
avoided. Because ADA is an enzyme and is not involved in processes controlling cell
proliferation/apoptosis, tight gene expression regulation has not to date been shown to

be crucial and overexpression is unlikely to cause significant side effects (129).

Gene corrected cells are expected to have a selective advantage over their
deficient counterparts in a toxic environment, similar to what is seen in clinical cases of
somatic mosaicism, where patients experience immune recovery after the emergence of
a clone that has reverted the mutation in the ADA gene to normal (Hirschhorn R. In
vivo reversion to normal of inherited mutations in humans. J Med Genet 2003; 40(10):
721-8. Liu P, Santisteban I, Burroughs LM, Ochs HD, Torgerson TR, Hershfield MS, et
al. Immunologic reconstitution during PEGADA therapy in an unusual mosaic ADA
deficient patient. Clin Immunol 2009; 130(2): 162-74). Patients may still experience
clinical benefit even if ADA normal levels are not attained since as reported elsewhere,
individuals expressing as low as 5% of the normal ADA activity can have normal

immune functions (131, 132).

1.1.8 Gene Therapy Clinical Studies for ADA SCID

The first attempts at developing a gene therapy (GT) protocol to treat ADA-
SCID patients were published in the 90’s (Table 1.3) (133, 134). The strategy of these
studies was, initially, to obtain lymphocytes from the patient blood and modify them
with ADA-coding retroviral vectors (RV). Although some improvement in antigen-
dependent responses, isohemagglutinin titres and lymphocyte ADA levels were
observed after gene therapy, the clinical benefit of the treatment could not be clearly
evaluated as PEG-ADA was administered alongside the gene modified T-cells.
Nevertheless, the trials showed that gene modified cells were able to persist in the

circulation for as long as ten years after treatment.
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In a second group of studies, it was attempted to infuse gene modified peripheral

blood lymphocytes and/or bone marrow progenitors into patients (Table 1.3) (135-138).
Again, the outcome of the trials was confounded by the simultaneous administration of
PEG-ADA. However, it was demonstrated that gene-modified stem cells were able to

engraft and give rise to a progeny of marked cells in the periphery.

A number of amendments were introduced into the GT protocols in order to
improve the transduction efficiency and engraftment of modified stem cells, as well as
to provide a selective pressure for the corrected cells that would ultimately translate into
clinical benefit for the patients. The ex-vivo culture of human HSCs was refined with
cytokine cocktails that stimulated proliferation and maintained the “stemness” of the
CD34+ population (139); whereas the retroviral vector transduction efficiency was
enhanced by colocalizing the virus and cells onto fibronectin fragments (138, 140).

The engraftment of infused stem cells was optimized by the inclusion of a mild
pre-conditioning regimen, to make space for the corrected progenitors (141). Finally,
the selective pressure for outgrowth of gene-modified progeny was provided by the
withdrawal of ERT prior to GT. This last alteration was justified by the observations of
Aiuti et al. in the study published in 2002. A 10-fold increase in peripheral gene-marked
lymphocytes was observed in a patient in whom ERT had to be suspended due to

complications (142).

A third series of trials started in 2000 with these improved conditions. Following
2 pilot studies (141), a phase I-11 clinical trial of gene therapy of HSC was initiated at
HSR-TIGET in Milan, Italy, in 2002 up to date (Table 1.4). Replication-deficient,
recombinant retroviruses derived from the backbone of Moloney murine leukemia virus
(MLV) were selected for these trials because of the available long-term experience and
their ability to efficiently insert the therapeutic gene into the genome of dividing
hematopoietic cells. The patients were pre-conditioned with a reduced dose of busulfan
and PEG-ADA administration was stopped prior to GT. A report on the results of the
first 10 patients was published in 2009 (109). In summary, at 1 year post-transplant,
vector-marked cells were found in bone marrow in the CD34+ population (5%),
granulocyte (3.5%), megakaryocyte (8.9%), erythroid (3.8%) and B cell progenitor
(8%) population. In the peripheral blood, the marking of T, B and NK cells was
between 50 and 90%, meaning that in a toxic metabolic environment there is a selective

advantage for corrected lymphocytes. ADA levels in blood mononuclear cells and
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erythrocytes did not reach the levels observed in normal individuals (33.6% and 1.9% of
normal, respectively), but levels were sufficient to observe a substantial decrease of
toxic metabolites in the red cell lineage and allow functional immune recovery. There
was an increase in the number of circulating naive T cells and presence of T cell
receptor excision circles (TRECs) in CD3+ cells, suggesting that normal thymic activity
was restored and importantly, polyclonal T cell receptor repertoires were detected in the
patients. The circulating T cells displayed normal proliferative responses to mitogens,
alloantigens, Tetanus toxoid and Candida albicans in vitro. The number of B and NK
cells also increased over time, although, similar to the T cell compartment, less than half
of the patients reached normal cell counts. However, the recovered cells exhibited
normal functions. Normal serum immunoglobulin levels were detected in five out of ten
patients, allowing for discontinuation of immunoglobulin therapy. In these same
individuals, antibodies against viral and bacterial antigens were detected after
immunization. Most patients were able to lead a normal life after treatment; only two of
them had to be restarted on ERT. Importantly, no adverse events related to the therapy

have been reported so far.

In 2003 a similar study was initiated in UK by Gaspar group on patients who
had no matched donor available and who were failing on PEG-ADA. Similar to the
Italian trial, ERT was discontinued one month before gene therapy, and the patients
were preconditioned with one dose of melphalan instead of busulphan. The results on
the first patient were published in 2006, two years after initiation of treatment (138,
143). Lymphocyte counts increased in this patient, alongside a decrease in erythrocyte
dATP levels. The recovery of thymic function was confirmed by the detection of
TRECs in the CD4+ and CD8+ subsets, and the newly generated T cells showed
proliferative responses upon PHA and CD3 stimulation, as well as a normal
heterogeneous T cell repertoire. Gene marking was higher in the lymphocyte population
(50% in T and NK) than in the myeloid population (less than 0.1%).

More patients have been treated to date (144, and unpublished data). Similar to
the initial report in patient 1, two additional patients have experienced good immune
recovery and metabolic detoxification, and in a fourth, gene-modified cells make
dominant contributions to immune recovery even though PEG-ADA was restarted.
Failure of gene therapy has been observed in two individuals due to a poor stem cell
harvest in the first, and low transduction efficiency in the second. Three patients have

been able to stop Ig replacement and of these two have made normal vaccine responses.
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Gene Therapy has been safe and well tolerated, although integrations near proto-
oncogenes have been detected in the Italian and UK studies (145. and unpublished
data).

Another clinical trial was conducted at the National Institute of Health and
Children’s Hospital of Los Angeles, and the results confirm the importance of
nonmyeloablative pretransplantation conditioning to achieve therapeutic benefits with
gene therapy for ADA SCID patients (146). Ten patients with ADA SCID were treated
with GT using 2 slightly different retroviral vectors for the transduction of patients’
bone marrow CD34+ cells. Four subjects were treated without pretransplantation
cytoreduction and remained on ADA enzyme-replacement therapy (ERT) throughout
the procedure, in the assumption that ERT usage could promote gene-modified cell
proliferation (147). Only transient (months), low-level (< 0.01%) gene marking was
observed in PBMCs of 2 older subjects (15 and 20 years of age), whereas some gene
marking of PBMC has persisted for the past 9 years in 2 younger subjects (4 and 6
years). Six additional subjects were treated using the same gene transfer protocol, but
after withdrawal of ERT and administration of low-dose busulfan (65-90 mg/m2). Three
of these remain well, off ERT (5, 4, and 3 years postprocedure), with gene marking in
PBMC of 1%-10%, and ADA enzyme expression in PBMC near or in the normal range.
Two subjects were restarted on ERT because of poor gene marking and immune

recovery, and one had a subsequent allogeneic hematopoietic stem cell transplantation.

Recently, based on major safety issues arising in clinical trials of retroviral GT
for the treatment of SCID-X1, CGD and WAS, that will be discussed below,
alternatively strategies based on ADA encoding lentiviruses (LVV), with a safer design
and profile than y-RV, were developed and studied in preclinical ADA SCID models.
Mortellaro et al developed a SIN LVV in which the expression of the human ADA gene
was driven by a PGK promoter. ADA-deficient mice transplanted with ADA-/- bone
marrow cells transduced with the ADA encoding LVV were rescued from lethality and
corrected for both their metabolic and immunologic defects in a way that was similar to
bone marrow transplantation (148). To improve the efficacy of ADA gene transfer in
HSC, the group of Dr. Kohn and Dr. Gaspar designed an LVV that included a codon-
optimized human cADA gene under the control of the short form elongation factor-1a

promoter (LV EFS ADA) that displayed high-efficiency gene transfer and sufficient
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ADA expression to rescue ADA -/- mice from their lethal phenotype with good T- and

B-cells reconstitution. Moreover, in vitro immortalization assays demonstrated that LV
EFS ADA had significantly less transformation potential compared to gRV vectors,
without clonal skewing (149).

On this basis, a phase I/11 trial with the use of LV EFS ADA is actually running
in collaboration in UK and US for the treatment of ADA SCID children. To date, 5
patients aged between 1.2-4.5yrs have been treated, after conditioning with Busulfan
i.v. at a single dose of ~5mg/kg. A mean of 5 x 10e6 CD34+ cells/kg were infused with
a mean vector copy number (VCN) in the transduced population of 4.2 (range: 2.4-6.1).
At a mean follow up of 361 days, there has been significant immunological recovery,
with a rise of total T cell and CD4+ counts and normalization in mitogen responses.
Integration site analysis shows some expansions but no persistence of expanded clones
(reported at ESID meeting 2014 (Gaspar et al)).

1.1.9 Insertional Mutagenesis and ADA SCID

To date, no adverse events of clonal proliferation have been reported in over 40
ADA-SCID patients treated with y-RV in Italy, UK, and USA since 2000.

A major concern has been the vector-related leukaemogenesis observed with a y-
RV of similar architecture in two of the clinical trials for X1-SCID (150, 151).
GammaRV preferentially integrate near the regulatory regions of active genes (152); in
these early clinical trials the vectors used had intact LTRs (long terminal repeat
sequences) with powerful viral enhancer-promoter sequences that are able to drive the
expression of not only the therapeutic gene in the provirus, but also the expression of
genes surrounding the insertion site. In 5/20 patients in the SCID-X1 trials, the vector
integrated near a proto-oncogene (in 4 cases, LMO2), deregulating its expression and
contributing to the development of T-cell leukaemia. Moreover, it has been recently
documented by Pignata’s group the involvement of yc in several immune and endocrine
pathways, supporting the implication of such a molecule in the control of cell growth
and proliferation under physiological or pathogenic conditions (152bis). In particular, it
has been shown a direct relationship between the amount of yc expression and the
proliferative capability of control lymphoblastoid cells (152ter), implying a direct
involvement of yc in self-sufficient growth in a concentration-dependent manner. The

same group demonstrated that the knockdown of yc molecule through short interfering
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RNA is able to decrease the cell proliferation rate in malignancies, thus confirming a

direct involvement of the molecule as a key player in cell cycle progression
(152quater).

In a trial for CGD, clonal dominance was observed with y-RV insertions
occurring near the MDS1-EVI1 locus (153, 154). In a more recent update on GT clinical
trial for WAS by Klein et al, 7/10 treated patients developed hematologic malignancies
(4 cases of T-cell acute lymphoblastic leukemia, 2 primary T-ALL with secondary
AML and one acute myeloid leukemia), with hotspots found within LMO2 and
MDS/EVI1 (16, 155). Integration site analyses have been analysed for the ADA SCID
patients that had participated in the TIGET study (145) and in the UK study
(unpublished data). Both show a high proportion of insertions occurring in the
proximity of gene transcriptional start sites (TSS), with more than one insertion
occurring near tumour associated genes, including LMO2. However, despite the long-
term follow up, no clonal proliferation has been observed in any of the patients. TIGET
has carried out a deep analysis of the samples obtained from the patients pre- and post-
GT. Firstly, since the insertions in the proximity of LMO2 were of particular concern,
the expression of this gene was analysed by Q-RTPCR in purified post-GT granulocyte,
CD3+, CD4+ and CD8+ populations from four patients and compared to healthy
controls; no significant difference was observed between both groups in any of the
populations (145). In a subsequent study, the expression profile of purified CD4+ and
CD8+ populations post-GT from three patients was studied by microarray analysis and
compared to the profile of age-matched healthy controls; and again no significant
differences were observed. T cell clones were isolated from two patients, and the
expression of the genes in the 100 kb window around the insertion site was analysed.
Approximately 5.8% of the genes analysed were either up or downregulated, but these
changes did not translate into proliferative advantage or altered functional responses to
mitogens in the individual clones; nor did they reflect onto the gene expression profile
of the bulk T cell populations. Nevertheless, none of these clones had insertions near
LMO?2 (156).

The question remains as to whether the clones with y-RV insertions near proto-
oncogenes are being selected in vivo, and if that is the case, why are they not dominant
in the ADA-SCID patients. The most recent data from TIGET seems to give an
explanation on this point (129). In order to unveil the influence the target cell type and
its status has on vector integration and engrafment, the samples pre-infusion and post-

GT from the PBL-GT (142) and the HSC-GT (141) studies were analysed for vector
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integration distribution. First, comparing the pre-infusion to post-GT datasets in the
HSC-GT study, a slight skewing of the T cell and granulocyte populations towards
insertions near TSS of genes is observed in the post-GT group, that is not seen in the
PBL-GT samples; however the TCR diversity remained polyclonal at the time of
collection, indicating no clonal dominance. A number of integration hotspots were
identified in the pre-infusion samples for both PBL-GT (transduced CD3+) and HSC-
GT (transduced CD34+), but there was little overlap between them. The integrations
largely occurred in genes that were highly expressed in the target cell at the time of
transduction, many of them cell-type specific. The hotspots were later associated with
DNAse hypersensitive sites and histone modifications characteristic of open chromatin,
pointing towards a preference for integration within transcriptionally active regions. In
addition, the CD3+ retrieved post-GT shared few integration sites with their transduced
HSC progenitors, and these integrations were within gene regions that remained
transcriptionally active in T cells (129).

In summary, the existence of similar integration sites in the cells from ADA-
SCID and SCID-X1 or CGD gene therapy patients is not necessarily indicative of clonal
selection due to transformation. The initial integration into CD34+ cells pre GT is
influenced by the open chromatin areas in the genome at the time of transduction and
these areas are similar for all three diseases. Furthermore, the enrichment for insertions
within active gene expression regions in the CD3+ cells post-GT is most probably
related to the fact that cells capable of expressing ADA have a selective advantage in a
toxic metabolite environment. A number of other factors, such as disease background,
the ADA transgene or the kinetics of lineage reconstitution may determine whether

sufficient mutagenic events are accumulated for leukaemic transformation (138).
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1.2 AIMS

The aim of the present study is to evaluate the long term outcome of 18 patients
affected by ADA deficiency treated between 2000 and 2011 with HSC-GT after non-
myeloablative conditioning regimen.

Specifically, we compared long-term survival with those of standard bone

marrow recipients and focused on immune reconstitution after treatment.
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1.3 PATIENTS AND METHODS

1.3.1 Overview of the Clinical Development Program

Eighteen patients have been treated in the context of two pilot studies
(AD1117054, N=1 and AD1117056, N=2), one pivotal study (AD1115611, N=12,
named main study) and a compassionate use program (CUP, N=3). All patients were
then enrolled in a long-term F-U study, that allowed long-term assessments beyond the

initial follow-up period of each study.

The clinical trials were founded initially by Fondazione Telethon. Following
initial encouraging results, in 2010 GSK acquired the licence for the product and began

to complete its development towards marketing authorization.

1.3.2 Clinical Studies

The pilot study 1 enrolled 1 subject (Subject 1) in 2000 who was treated with
open-label GSK2696273 at Hadassah University in Jerusalem, Israel, with the
cooperation of Ospedale San Raffaele s.rl. Istituto Scientifico San
Raffaele (HSR-TIGET) in Milan, Italy. Subject 1 was consented to LTFU from Year

13 onward. Data from this subject are summarized in previous publications (109, 141).

The pilot study 2 contained data from 2 ADA-SCID patients (Subjects 2 and 3)
starting in 2001 who were treated with HSC-GT and included follow-up data for 3 years
post-treatment at the HSR-TIGET in Milan, Italy. The study protocol is described in a
publication (158). Study design and enrollment criteria of the second pilot study were

similar to those later defined in the main study (see below).

The main study was an open-label, prospective, non-randomized, historical
control, single-center phase 1/2 study conducted at the HSR-TIGET in Milan, Italy. In
this study, 12 subjects (Subjects 4 to 15) were enrolled starting in 2002 and treated with
HSC-GT, then followed for 3 years post-treatment. Study design is illustrated below.
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Three patients (Subjects 16 to 18) received HSC-GT under a named patient
program for compassionate use (hereafter referred to as the CUP). The program was
initiated in 2010 at HSR-TIGET in Milan, Italy. All subjects had baseline characteristics
consistent with the entry criteria for the main study and were followed for 3 years post-

treatment.

Subjects 8 and 17 were withdrawn from the program after being treated with GT

to receive HLA-matched sibling donor SCT.

After the HSC-GT was in-licensed in 2010, GSK implemented a protocol
amendment to the main study that formally extended longer-term follow-up to >3 years,
and enrolled subjects after 3 years of post-treatment follow-up in their initial
study/program, which included Pilot Study 2 and the CUP. The single subject treated in
Pilot Study 1 joined the AD1115611 LTFU study 13 years post-treatment.

1.3.3 Summary of the main phase I-11 study

A summary of the characteristics of the main clinical trial as Final Version (date
02/04/2007) are reported below.

Study design

The main study was designed to investigate the safety and clinical efficacy of
infusion of autologous CD34 positive cells transduced with a yRV vector in patients
affected by ADA SCID in the absence of ERT.

Principal Investigator: Prof. Maria Grazia Roncarolo (Pediatric Clinical Research Unit
HSR-TIGET, Milano), then replaced by Prof. Alessandro Aiuti.

Co-Investigators: Dr. Alessandro Aiuti (Pediatric Clinical Research Unit HSR-TIGET,
Milano)
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Dr. Fabio Ciceri (Hematology and Bone Marrow Transplant Unit -
hSR Milano).

Study objectives

1. Evaluation of the safety and the clinical efficacy of gene therapy, in the absence
of enzyme replacement therapy.

2. Evaluation of biological activity (engraftment, ADA expression) of ADA
transduced CD34+ cells and their hematopoietic progeny.

3. Evaluation of immunological reconstitution and purine metabolism after gene

therapy.

Study endpoints

Efficacy endpoints

Primary endpoint

1) Survival

Secondary endpoints (in hierarchical order)

1) Change in the rate of severe infections (defined as infections requiring
hospitalization or prolonging hospitalization);

2) One-year change in T-lymphocyte counts (cells/ul);

3) Modification of the "systemic™ metabolic defect, analyzed by levels of purine
metabolites in RBC;

4) One-year change in the proliferative response to polyclonal stimuli;

5) One-year change in thymic activity (T-cell receptor excision circles);

6) Presence of genetically modified cells in the bone marrow compartment and
presence of > 10% genetically modified cells in peripheral blood lymphocytes;

7) Lymphocyte ADA enzyme activity;

8) One-year change in lymphocyte counts (cells/ul);

9) Recovery of physical growth;

10) Need of reintroduction of PEG-ADA (in patients previously treated with PEG-
ADA);

11) Antibody response to vaccination.
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Safety endpoints

Adverse event (expected or unexpected)

Serious adverse event (expected or unexpected)

Study phases

Patients were enrolled in the clinical trial after signature of the informed consent

by their parents or legal tutors.

After enrollment, they went though the six phases foreseen by the protocol

(Figure 1.3.1):

1)

2)
3)

4)

Screening phase, during which the conditions required by the clinical protocol
for patients’ enrolment were assessed,

Inclusion-Exclusion criteria application, at the end of the screening phase;
PEG-ADA discontinuation, applicable for patients who at time of the application
of inclusion/exclusion criteria were receiving PEG-ADA;

Baseline phase, carried from the end of the screening phase to the day before the

harvest of stem cells (day -5);

5) Treatment phase, from day - 4 to day O;

6)

Follow-up phase, during which patients underwent regular follow-up for a
period of 3 years after gene therapy, to assess the safety and the efficacy of the
treatment. All subjects who completed the 3-year follow-up were offered the
opportunity to remain in follow-up for an additional 5 years; thus, the total
period of follow-up for each subject from the date of treatment was to be at least
8 years. After in-licensing of the product in 2010, GSK implemented a protocol
amendment that extended the study follow-up until marketing approval of the

product.
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Figure 1.3.1 Study design.
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Abbreviations: BM = bone marrow; CSR = clinical study report; CVC = central venous catheter;
LTFU = long-term follow-up; PEG-ADA = polyethylene glycol-adenosine deaminase.

Study population

The target study population included patients <18 years old with ADA-SCID, as
assessed by ADA enzymatic activity and/or genetic analysis, who lacked an HLA-
identical sibling, had received >6 months PEG-ADA treatment (except in cases in
which PEG-ADA was unavailable or was not considered appropriate treatment), and
who had demonstrated failure or intolerance to PEG-ADA therapy. Gene therapy
treatment consisted of a single infusion of autologous transduced CD34+ cells after
which subjects were followed up for 3 years to evaluate safety and efficacy endpoints.

After the 3-year follow-up period, subjects were followed-up annually.

Inclusion Criteria

Patients were enrolled according to the following criteria:
e ADA-SCID patients for whom an HLA-identical healthy sibling donor was
not available as suitable bone marrow donor. The decision to treat the patients

with alternative transplantation strategies was taken independently, before the
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patient was taken into consideration for recruitment into the study;

e Patients of pediatric age (< 18 years of age);

e Patients for whom their legal tutors have signed the Informed Consent;

and at least one of the following criteria:

1) Patients who received enzyme replacement therapy (PEG-ADA) for at least 6
months before enrolment and displayed at least two of the following immune
parameter alterations:

- Absolute lymphopenia (<1500/pl)

- Absolute T lymphopenia (<1000/ pl)

- Requirement for 1VIg infusion

- Deficit of serum immunoglobulins (IgM or IgA
or subclasses of 1gG) or lack of antibody
response to vaccination.

2) Patients who received enzyme replacement therapy (PEG-ADA), but were
forced to discontinue the drug due to intolerance, allergy, or autoimmune
manifestations;

3) Patients for whom enzyme replacement therapy (PEG-ADA) is not a life long
therapeutic option (e.g. patients from countries in which the drug is not

available).

Exclusion Criteria

Patients were excluded from the study if met one of the following criteria:
e Patients suffering from HIV infection;
e Patients with history or current malignancy;
e Patients who received a previous gene therapy treatment in the 12 months
preceding the enrolment;
e Patients suffering from any other clinical condition that in the Investigator’s
opinion was dangerous for the patient and would have prevented the good

conduction of the experimental treatment, according to requirements.
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1.3.4 Treatment design

Treatment design is summarized in Figure 1.3.2. Apart from Subject 1, the

treatment was performed for all the patients at the San Raffaele Hospital, Milan, Italy.

Figure 1.3.2 Treatment design.
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On day -4, patients underwent BM harvest under general anesthesia. Autologous CD34+ cells
were then purified, collected and transduced three times with GIADAI retroviral vector and re-infused
back to the patients on day 0. On days -3 and -2, patients received conditioning, consisting of iv Busulfan,
at a body weight-based and AUC-targeted dose, aimed to achieve significant depletion of endogenous
HSPC cells, with limited toxicity.

Note: Busulfan was administered orally in Subject 2 and, partly, in Subject 7 .

1.3.4.1 Medicinal product

The medicinal product is defined as an autologous CD34+ enriched cell fraction
that contains CD34+ cells transduced with a retroviral vector that encodes for the
human ADA cDNA, to be administered intravenously.
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1.3.4.2 Dosage indications

The optimal target dose to be infused iv to patients was 5-10x106 transduced

CD34+ cells/Kg. Collection of 10-20x106 CD34+cells/Kg was recommended to let the
patient receive a dose of manipulated cells within the target dose.

1.3.4.3 Preparation to GT: CVC and stem cell back-up

Before treatment, a central venous catheter (CVC) was placed under general
anesthesia to allow infusion of required intravenous medications for conditioning,
intravenous infusion of transformed cells, and intravenous medications/immunoglobulin
and blood products post transplant. The CVCs were maintained for approximately 2
years post-treatment.

At least 3 weeks before gene therapy, the patients underwent bone marrow
harvest, to collect stem/progenitor cells as rescue therapy available for future infusion.

Whenever possible, the back-up collection was combined to the implant of CVC
or to other diagnostic procedures requiring sedation/anesthesia. The back-up contained

at least 1x106 CD34+ cells/Kg and was frozen and stored un-manipulated in liquid

nitrogen, to be used in case of transplant failure or prolonged bone marrow aplasia.

1.3.4.4 Antibiotic and Antiviral Medication Use

Planned concomitant therapy included pentamidine as first-line Pneumocystis
Jirovecci prophylaxis from the day before gene therapy until recovery of white blood
cell counts, cotrimoxazole as Pneumocystis Jirovecci prophylaxis after recovery of
blood cell counts, intravenous/oral antibacterial and antifungal prophylaxis according to
local standards, acyclovir as Herpes Simplex prophylaxis until complete immunological
reconstitution, pre-emptive therapy with ganciclovir or foscarnet according to local
standards for subjects who were cytomegalovirus positive, and pre-emptive therapy
with rituximab to subjects who were Epstein Barr virus positive and experienced a

substantial increase in cellular viral load.
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1.3.4.5 Bone marrow harvest

After the patient had taken a bath, bone marrow was collected from the anterior
and posterior iliac crests in the operating room under sterile conditions and using
general anesthesia or deep sedation, on day —4. The bone marrow collection procedure
was described in an internal SOP and was performed by trained physicians.

Collection was performed through multiple aspirations with syringes connected
to bone marrow aspiration needles. The bone marrow material was transferred from the
syringe to a sterile bag containing anticoagulant. During the procedure, samples were
taken to assess the number of nucleated cells using a hemogram. The number of CD34+
cells were also assessed by flow cytometry.

The total volume of the required amount of bone marrow was estimated
according to the content of bone marrow CD34+ cells determined at the start of the
collection. On average, approximately 20-30 ml/kg patient body weight was collected to
ensure sufficient cells were present to support production of gene corrected CD34+
cells. When the bone marrow collection was completed, it was packaged in a closed
sterile transfer pack appropriate for blood or marrow products, sealed and labelled and
then transferred in a biohazard container from the research nurse or a physician to the
manufacturing facility (MolMed S.p.A.).

Hemoglobin values < 7.0 g/dl were corrected by irradiated and filtered red blood

cells transfusion.

1.3.4.6 Conditioning regimen

To prepare the bone marrow compartment for HSC engraftment, the
chemotherapy agent busulfan was given as non-myeloablative pre-conditioning prior to
GT. This regimen was selected based on SCT engraftment outcomes showing enhanced
gene marking with a non-myeloablative approach (109). The busulfan dosing was 2
mg/kg/day on days -3 and -2 (total final dose 4mg/Kg). If the administration of i.v
busulfan was not possible (e.g. occlusion of the CVC), busulfan was administered
orally (4 doses of 0.6 mg/Kg).

Actually, the used dose represents approximately 25% of the typical dosage used
in a myeloablative regimen, which would usually include additional chemotherapy

agents at high doses. The short half-life of busulfan (2.5 to 3 hr) was sufficient for drug
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clearance prior to administration of the gene therapy dose. After the first administration

of busulfan, the plasmatic levels of the drug (Area under the curve, AUC) were
measured and the dose was adjusted if needed for the second day of administration,

based on actual exposure from the first day.

1.3.4.7 Infusion of autologous gene modified CD34+ cells

On day 0, patients had been prepared for the infusion of the transduced cells.
Before it, all other iv drugs had been interrupted and a premedication with an
antihistaminic drug (chlorphenamine) had been administered. Approximately 15-30
minutes afterwards, transduced cells were infused iv through the CVC in about 20
minutes. At the end of infusion, normal saline solution was used to wash the syringe
previously containing the medicinal product and the CVC line. Vital signs (BP, HR,
S02) and symptoms had been monitored before infusion, then every ten minutes during

it and every hour for 3 hours thereafter.

1.3.5 Assessment of safety

All AEs /ADRs of any severity and not considering the correlation with the
medicinal product, were recorded on the corresponding page(s) included in the Case
Report Form (CRF) and, when possible, symptoms were assembled as a single
syndrome or diagnosis. Date of onset, maximal intensity, action taken with respect to
medicinal product, corrective therapy given, outcome and investigators’ opinion on a
possible correlation between by the study medicinal product and AES/ADRs were
clarified. In the case, the patient had to be followed up until clinical recovery was
complete and laboratory results had returned to normal, or until progression had
stabilized.

Toxicity grades of Adverse Events were defined based on the NIH/NCI
Common Terminology Criteria for Adverse Events (CTCAE, version 4.0), as follows:

- Grade 1: Mild; asymptomatic or mild symptoms; clinical or

diagnostic observations only; intervention not indicated.
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- Grade 2: Moderate; minimal, local or noninvasive intervention

indicated; limiting age-appropriate instrumental activities of daily

living.

- Grade 3: Severe or medically significant but not immediately life-
threatening; hospitalization or prolongation of hospitalization

indicated; disabling; limiting self-care activities of daily living.

- Grade 4: Life-threatening consequences; urgent intervention

indicated.

- Grade 5: Death related to AE.

Safety assessments were the following:

- AEs and SAEs

- Hematologic parameters;

- Clinical chemistry assessments, which include liver function tests

- Vital signs

- Electrocardiogram (ECG);

- Physical examination;

- Specialist examinations (ophthalmologist, neurologist, psychologist);

- Instrumental tests (abdominal ultrasound scan, auditory evoked potential,
tympanometry/audiometry and, for children over 5 years of age, respiratory

functional tests);
- Urinalysis;
- Bone marrow morphology and bone marrow immunophenotype

- Replication competent retrovirus testing.

The AEs were transferred to GSK and assigned to one of the following 6 phases
of the study:

e Pre-treatment: between screening visit but and Day -4 (excludes Subject 1);
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e Treatment phase: between Day -4 up to and including the date of gene therapy
(excludes Subject 1);

e 3-month hospitalization: between the day after the date of gene therapy and up

to and including the end of the 3-month visit F-U (excludes Subject 1);

e 3 months to 3 years follow-up: starting between the 3-month visit F-U up to and

including the end of the 3-year visit F-U (excludes Subject 1);

e 4 to 7 years follow-up: starting after the end of the 3-year visit up to and

including the end of the 7-year visit F-U.

The numbers of pre-treatment SAEs are likely under-estimated, as AEs were not
formally collected prior to the start of treatment and information collected on the
medical history and concomitant diseases CRF pages has been used to determine pre-
treatment SAESs that led to hospitalization, were life-threatening or led to death.

1.3.6 Assessment of Efficacy

1.3.6.1 Efficacy Endpoints

The following efficacy endpoints were evaluated:

1) Survival

2) Intervention-free survival

3) Severe infection rate

4) Lymphocyte counts

5) Thymic activity (TREC)

6) V-beta repertoire in T cells

7) Lymphocyte proliferation

8) Serum immunoglobulins IVIG use post-gene therapy
9) Vaccination responses

10) Physical growth

11) Presence of gene modified cells

12) Requirement for post-treatment PEG-ADA therapy
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1.3.6.2 Efficacy Evaluations and statistical analysis

The reported data of the clinical development of the gene therapy medicine have
been retrospectively collected from Glaxo-Smith-Kline (GSK) and the analyses of the
data performed by GSK.

Assessment of survival was presented as Kaplan-Meier curve, with a 95% CI.
The survival rate following GT was compared with the published 67% overall survival
rate in patients treated with conventional HLA-matched hematopoietic SCT from a
MUD (58).

All available data except for Subject 1 data were included in the analysis for the
intervention-free survival. Time to event (intervention or death) was presented using a
Kaplan-Meier Survival curve.

Severe infections and durations were identified from prior medical history and
post-therapy adverse events (AEs). Infection rates were estimated pre- and post-
treatment (up to 8 years) as the number of severe infections (defined as infections
leading to or prolonging hospitalization) per person-year of observation. The 3-month
hospitalization period post-treatment was not considered in the analysis.

Changes from baseline for cell populations numbers and function over time were
described by summary statistics and appropriate plots. Mean changes from baseline at
each year post-treatment (up to 8 years) were assessed using a MMRM analysis. A
summary of proportion of responders determined by CD3+, CD3+CD4+ and CD19+
cell counts used a denominator based on non-missing responses at each time point.

Physical growth of individual subjects was assessed by height and weight over
time, presented by gender. Height and weight for all subjects was compared with WHO
growth charts. Numbers of subjects shifting to above or below the 5" percentile for
height and weight at baseline and at Years 1, 3, 5 and 8 were presented in appropriate
charts for each gender.

Percentage of subjects with genetically-modified cells was summarized with
95% Cls, and longitudinal profiles over time were described by summary statistics and
plots (both original and log-transformed data). Percentage of ADA responders was
presented with 95% Cls, and longitudinal profiles and changes from baseline for
lymphocyte ADA enzyme activity over time were described by summary statistics and
plots.
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Percentages of subjects reaching adequate systemic metabolic detoxification

each year post-treatment were summarized separately for peripheral blood and bone
marrow. The denominator for percentages was based on non-missing responses at each
time point. The percentage at each time point was compared with a 10% reference by
means of a 1-sample proportion test (1-sided test) with a 95% CI for the proportion.

Number/percentage of subjects who received post-treatment PEG-ADA, and
time to receipt of >3 months of continuous PEG-ADA, were summarized.

To evaluate CNS abnormalities, a customized query for neurologic, cognitive,
and hearing impairment events was conducted that included a summary of subjects who
experienced events in these following categories of system organ classes: Nervous
System, Psychiatric Disorders, Ear and Labyrinth Disorders, and General Disorders and
Administration Site Conditions.

Exploratory analyses of baseline predictors of efficacy were conducted utilizing
data during the 0-3 years of follow-up from the main study, Pilot Study 2, and CUP.
The following covariates were considered as potential predictors of efficacy: age at
gene therapy, CD34+ cells’lkg and CD34+ cells/kg*VCN, and baseline values for
lymphocyte (CD3+) counts in peripheral blood, TREC counts, dAXP concentration in
peripheral blood, and body mass index (BMI). The impact of these potential baseline
predictors was assessed on intervention-free survival during the first 3 years, CD3+ cell
counts in peripheral blood, and RBC dAXP levels in peripheral blood.

For the intervention-free survival over the first 3 years, box plots were produced
for each potential predictor comparing baseline covariate (y-axis) against categories of
intervention-free survival (x-axis). Given the limited number of subjects, no formal
statistical analysis was performed. For CD3+ count and dAXP levels in RBC at the
3-year visit, scatter plots were produced with endpoint of interest (y-axis) versus
baseline characteristic of interest (x-axis). Pearson correlation coefficients were
included.

Subject 1, the single subject enrolled and treated in Pilot Study 1, contributes
only the date of gene therapy from their original study for the purposes of the integrated
efficacy analyses (to enable calculation of their duration of follow-up and survival), as
there is no formal protocol available for Pilot Study 1.
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1.3.7 Laboratory studies

These investigations were performed in HSR-TIGET laboratories.

Frequency of transduced cells

Cell subpopulations were purified using antibody-coated microbeads or FACS
sorting. The frequency of transduced cells and vector copy number were determined on
genomic DNA by quantitative PCR analysis for NeoR vector sequences, normalized for
DNA content (Aiuti A et al, NEIM).

Immunological Studies

All immunostaining and flow cytometry were performed as described (141).

In vitro T-cell responses to mitogens and antigens were measured by thymidine

incorporation in proliferative assays (141).

Specific antibodies were analyzed by ELISA, following patients’ immunization
with toxoid vaccines, conjugated or bacterial polysaccharide antigens, or measles

vaccine (159).

TREC were measured in PB T cells by PCR2 and the TCR Vp repertoire was
analysed by FACS analysis using a mix of directly conjugated antibodies corresponding
to 24 different TCR VP specificities (I0Test Beta Mark kit; Immunotech, France) and
by spectratyping analyses (160).
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Biochemical studies. ADA activity in cell lysates was measured by an adenosine

to inosine conversion assay, followed by high-performance-capillary-electrophoresis
(HPCE) (40). Total adenine ribo-(AXP) and deoxyribonucleotides (dAXP) in
erythrocytes were measured by HPCE (40).

The systemic metabolic defect was analyzed by measuring levels of purine
metabolites in bone marrow and peripheral blood, where levels of dAXP in RBCs have

been correlated with severity of disease (56).
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1.4 RESULTS

1.4.1 Treated patients characteristics

As of May 2014, a total of 18 subjects were treated with HSC-GT gene therapy.

The features of all 18 subjects treated with GT (sex, race, country of origin, age at
treatment, F-U duration) at the time of GT are summarized in Table 1.4.1.

All the subjects were affected by SCID due to ADA deficiency with early-onset
manifestations.

The median duration of follow-up is 6.94 years (range: 2.6 to 13.4). No deaths
have been reported. Sixteen subjects are currently in long term clinical follow up with

long term follow up data available for 14 of these.

1.4.1.1 Subject Demographics

The approximate age at the time of ADA-SCID diagnosis ranged from <1 month
to 1.25 years. Most subjects were white and 61% were male (11 male and 7 female). All
subjects lacked a sibling HLA matched stem cell donor and were either failing to respond
adequately to PEG-ADA or did not have access to it. Patients’ country of origin included
the EU, Middle East, Africa, North America and South America (Table 1.4.1).

Consanguinity of parents was reported for 8 patients (Subjects 4, 5, 6, 8, 10, 13,
17 and 18).

The median subject age at the time of gene therapy was 1.7 years (range:
0.5 months to 6.1 years) (Table 1.4.2). All subjects received busulfan reduced intensity

conditioning prior to gene therapy.
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Table 1.4.1 Summary of Subjects Treated in GSK2696273 Clinical Program

Subject Sex Race Clinical Study Prior SCT or PEG-ADA, Age at gene GT treatment Busulfan dose, mg HSC-GT VCN of Follow-up
duration therapy, yrs date CD34+ cells product | duration, yrs
x108/kg
1# F White/Arabic Pilot 1 (Israel) None 0.6 07 Sept 2000 Not reported in 85 2.28 134
CRF *
2 F White Pilot 2 (Tiget) Haplo-SCT 24 09 Mar 2001 24.0 (oral) 0.9 NA 13.1
5.0 17 Oct 20038 None® 2.1 2.15
3 M White Pilot 2 (Tiget) Haplo-SCT 1.0 04 May 2002 174 6.7 0.85 11.9
4 F White/Arabic Main Haplo-SCT & 19 19 Oct 2002 17.0 3.8 NA 11.6
PEG-ADA (2 mo)
5 F White Main PEG-ADA (15 mo) 1.6 26 Mar 2004 20.0 9.6 1.89 9.9
6 M White Main PEG-ADA (65 mo) 5.6 12 Nov 2004 145 9.46 1.05 9.0
7 M White Main PEG-ADA (13 mo) 1.5 11 Nov 2005 17.4 9.0 0.82 7.0
8% F White Main PEG-ADA (32 mo) 2.8 17 Feb 2006 15.4 10.6 0.12 2.3
9 M White Main PEG-ADA (10 mo) 14 20 Sep 2006 20.0 13.6 0.57 7.0
10 F White/Arabic Main Haplo-SCT & 1.8 17 Nov 2006 20.0-15.0°% 10.7 0.35 6.9
PEG-ADA (11 mo)
11 M White Main PEG-ADA (8 mo) 1.6 09 Mar 2007 16.0 6.35 0.17 7.0
12 M White Main PEG-ADA (12 mo) 1.3 19 May 2007 24.0 115 0.14 6.2
13 M Asian Main PEG-ADA (1 mo) 0.5 28 Jun 2007 10.0,3.0 18.15 0.06 6.2
14 M White Main PEG-ADA (71 mo) 6.1 30 May 2008 44.0 5.97 0.54 5.1
15 F White/Arabic Main PEG-ADA (12 mo) 25 27 Jun 2008 22.80 5.94 0.38 5.0
16 M AA Cup PEG-ADA (23 mo) 2.3 26 Mar 2010 34.0 6.91 0.17 3.2
17& M AA CUP PEG-ADA (7 mo) 0.7 16 Apr 2010 16.0 12.95 0.24 3.7
18 M White/Arabic Cup PEG-ADA (24 mo) 2.1 20 May 2011 24.0 9.9 0.11 2.6

Abbreviations: AA = African-American/African heritage; F = female; M = male; PEG-ADA = polyethylene glycol adenine deaminase; haplo-SCT = haplo-identical stem cell transplant; NA = not
available; VCN = vector copy number; HSC-GT= hematopoietic stem cells-gene therapy.

o © g

Subject 1 data from Years 0 to 13 limited to the date of gene therapy (for duration of follow-up and survival analysis) and data collected in LTFU (Year 13 onwards).
i.v. 2 mg/kg/day for 2 days (diuti et al, 2009).

Subject 2 received a second dose of gene therapy product that did not include busulfan pre-conditioning.

Subject 8 withdrew from the main study on 08 June 2008 (reason: investigator discretion) when she became a candidate to receive an allogeneic sibling donor SCT.
Subject 17 withdrew from LTFU prior to the Year 4 visit (reason: investigator discretion) when he became a candidate to receive an allogeneic sibling donor SCT; no LTFU data were reported.
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Table 1.4.2 Summary of Demographic Characteristics at Baseline/Date of GT

Demographic N=18
Age at gene therapy (years), n 18
Median (min, max) 1.70 (0.5, 6.1)
Sex, n 18
Female, n (%) 7 (39)
Male, n (%) 11 (61)
Height (cm), n 14
Median (min, max) 81.5 (70, 114)
Weight (kg), n 17
Median (min, max) 10.2 (6, 22)
Race, n (%) 18
White — White/Caucasian/European Heritage 10 (56)
White — Arabic/North African Heritage 5 (28)
African American/African Heritage 2 (11)
Asian — Central/South Asian Heritage 1 (6)

1.4.1.2 Subject Baseline Disease Characteristics

The majority of subjects (82%) experienced severe infections pre-GT, defined as
infections that lead to hospitalization or prolongation of hospitalization, and most of these
subjects had multiple occurrences (collected retrospectively). Overall, 40 events were
registered, with an infection rate of 1.17 per person-year of observation.

Apart from infections, 17 subjects reported medical conditions ongoing at

screening (Table 1.4.3).
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Table 1.4.3 Summary of Medical Conditions Ongoing at Screening in Two or

More Subjects
Medical condition N=17
Any condition, n (%) 17 (94)
Combined immunodeficiency 17 (94)
Failure to thrive 9 (53)?
Nuclear MRI abnormal 5 (29)
Verbal delay/Speech disorder 4 (23)
Sensorineural hearing loss 2 (11)
Phimosis 2 (11)
Food aversion 2 (11)
Psychomotor retardation 2 (11)

MRI = magnetic resonance imaging
a. Subject 1 also had a clinical history of failure to thrive (Aiuti, 2009).

After combined immunodeficiency, failure to thrive, one of the main
characteristic of patients with ADA-SCID (161), was the most frequently reported
ongoing medical condition at Screening, reported in Subjects 1, 2, 3, 4, 5, 6, 7, 8, 10
(109), and 11.

CNS abnormalities are also common in ADA-SCID patients. Four subjects in
total presented at screening with developmental delay (Subject 6, 7, 8, 11) with
impairment in one or more social or psycho-motor abilities (i.e. attention
deficit/hyperactivity disorder, communication disorder, speech disorder) (109). Two
subjects had sensorineural hearing loss (Subject 8, 14) and two VEP (Visually Evoked
Potentials) prolonged latency (Subjects 11 and 15).

Additional neurologic or central nervous system (CNS) abnormalities reported in
individual subjects included one subject with mental retardation (Subject 14), one with
left hypoacusia (Subject 6), one with generalized hypotonia (Subject 11), and one with
hyperactivity (Subject 16).

MRI alterations were reported in 5 patients (Subjects 7, 8, 11, 16) and mild EEG
(electroencephalography) was reported in one (Subjects 16) (109).

Other findings ongoing at Screening were hepatic abnormalities in 1 subject
(Subject 2) with increased alkaline phosphatase, aspartate aminotransferase [AST], and
lactate dehydrogenase [LDH] and 1 subject (Subject 8) with hepatomegaly. Subject 8

also had chronic autoimmune haemolytic anemia.
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1.4.1.3 Prior Bone Marrow Transplantation

Four subjects had previously received an unsuccessful stem cell transplant from a
haploidentical donor:

e Subject 2 approximately 1 year 10 months prior to her first GT;
e Subject 3 approximately 7 months prior to GT;
e Subject 4 approximately 13 months prior to GT,;

e  Subject 10 approximately 17 months prior to GT.

1.4.1.4 Prior Enzyme Replacement Therapy

Fifteen subjects had received ERT with PEG-ADA. Among these, 10 subjects
were receiving PEG-ADA at the time of the screening visit; PEG-ADA was discontinued
10 to 22 days before gene therapy. Subjects 1, 2, and 3 had not received prior PEG-ADA

as it was not available in their country.

1.4.2 Exposure to Busulfan and treatment with Gene Therapy

All subjects received busulfan pre-conditioning before GSK2696273 treatment
administration (Table 1.4.1). Busulfan was administered at 2 mg/kg/day intravenously
(except as noted below), divided into 4 doses of 0.5 mg/kg for a total final dose 4 mg/kg
on study days -2 and -3. Doses were reduced if plasma levels exceeded 4000 ng/ml*h, as
measured after the 1% and 5" doses. Most subjects received 2 doses and the mean daily
dose was 20.6 mg (range, 6.5 mg to 44.0 mg).

One subject (Subject 2) received HSC-GT treatment on 2 occasions, 2 years and 7
months apart (Table 1.4.1). Before the first infusion of gene-corrected cells, this subject
received oral busulfan pre-conditioning. The subject received a low dose of transduced
bone marrow CD34+cells (0.9 x 10%kg) due to the low percentage of CD34+ cells at the

time of bone marrow harvest. As the subject remained lymphopenic, PEG-ADA was
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administered for 7 weeks, starting 2 years and 5 months after first gene therapy, in order
to increase cellularity for a second bone marrow harvest. A second gene therapy
procedure (2.1 x 10%/kg of transduced CD34+ cells) without busulfan pre-conditioning
was then performed, 3.5 weeks after PEG-ADA had been discontinued.

Subject 7 received the last 2 doses of busulfan as 2 mg/kg/day via oral
administration. Subject 6 did not receive busulfan on the second day of the regimen due
to high exposure from the first administration.

Subject 10 received busulfan without gene therapy due to a mycoplasma
contamination of the bone marrow during the transduction process and the gene therapy
product could not be released. Consequently, the patient was not treated, the bone
marrow back-up was re-infused and a single dose of granulocyte colony stimulating
factor (G-CSF) was also administered; PEG-ADA was re-started. Then, a second
busulfan regimen was given when a second dose of GT was transduced and successfully

infused.

Among all treated subjects, gene therapy product was administered at a median
dose of 9.46x10° CD34+ cells/kg (range: 0.9 to 18.15x10° CD34+ transformed cells/kg)
in a median volume of 26 mL (range: 10 to 40 mL); the median number of total
nucleated cells was 23.10 x10° (range: 2.4-37 x10°) (Table 1.4.4). The lowest exposure

to date was in Subject 2, who received a further treatment later on
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Table 1.4.4  Summary of Gene Therapy Treatment

Parameter Gene therapy
(N=17)
Total volume infused (mL)
Mean (SD) 26.18 (7.32)
Median (range) 26.00 (10.0-40.0)
Total nucleated cells (x 108)
Mean (SD) 21.72 (71.73)
Median (range) 23.10 (2.4-37.0)
Number of transduced? CD34+ cells/kg (x 10%/kg)
Mean (SD) 8.94 (4.04)
Median (range) 9.46 (0.90-18.15)

Vector specific PCR on colony forming cells (CFC) revealed an average vector
copy number (VCN) per genome in CD34+ cells ranging between 2.28 (Subject 1) and
0.06 (Subject 13) (Table 1.4.1).

1.4.3 Efficacy outcomes

1.4.3.1 Survival outcomes

1) Survival

A 100% survival rate has been observed for all subjects (N=18) who received
HSC-GT treatment, with a median follow-up time of approximately 7 years (Figure
1.4.1). This survival rate exceeds the 67% overall survival rate of patients who received

a MUD hematopoietic SCT after similar median duration of follow-up (58).
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Figure 1.4.1 Survival Kaplan-Meier Plot Showing 100% Survival
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Note: Blue line depicted at estimated survival of 1.0 represents 100% survival in the population.

2) Intervention-Free Survival

Intervention-free survival was defined as survival without post-gene therapy
events of PEG-ADA use for a continuous period of >3 months, SCT, or death (Figure
1.4.2). No deaths have occurred. Overall, 82% intervention-free survival rate is
observed.

Subject 2, 8 and 17 required continuous PEG-ADA post-gene therapy. Among
them, Subject 2 had received a low cell dose and had a poor immune reconstitution; PEG-
ADA was administered for 7 weeks in preparation to the second gene therapy, performed
without busulfan pre-conditioning and leading to the lack of the engraftment of gene
modified cells.

Subject 8 and Subject 17 received GT doses within the therapeutic range, but were
considered as treatment failures due to the need for long term (> 3 months) post-treatment
PEG-ADA; both of them received post-gene therapy HLA-matched sibling donor SCT

when a sibling was born.
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Figure 1.4.2 Survival Kaplan-Meier or Intervention Survival
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1.4.4 Severe Infections

Change in the rate of severe infections was observed post-gene therapy (0.26 per person-
year - 3 year follow-up) when compared with the pre-gene therapy period (1.17 per
person-year) (Figure 1.4.3).

Figure 1.4.3 Rate of Severe Infections per Person-Year of Exposure by Year.
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Despite the under-reported pre-gene therapy infections, a decrease of post-gene
therapy severe infection rates each year following gene therapy is evident.

A total of 15 severe infections were reported after HSC-GT treatment (compared
to 40 event pre-treatment) mostly (12/15 events) occurring during the 3-year follow-up,
as a common complication of partial immune reconstitution (Table 1.4.5). Following
gene-therapy, the majority of subjects had only one occurrence of severe infection.

The most frequently post-treatment severe infections were device-related
infections (n=5) and gastroenteritis (n=3). Three of the device-related infections were
reported in a single subject (Subject 10). Of note, 2 subjects reported varicella infection
(Subjects 4 and 5) and 1 subject had Staphylococcal sepsis (Subject 16).

The remaining infectious SAES were respiratory tract infections (n=1), meningitis
(n=1), pneumonia (n=1) and pyoderma (n=1).

The rate of severe infections declined in LTFU from Years 4 to 8. Four severe
infections were reported in 3 subjects in the LTFU. There were no severe infections
during Year 3. Two severe infections were reported between 4 and 5 years after gene
therapy (pneumonia in Subject 11 and pyoderma in Subject 13), decreasing to 1 severe
infection between 6 and 7 years (varicella in Subject 4), and 1 between 10 and 11 years
after gene therapy (pneumonia in Subject 3). In addition, Subject 1 had a severe urinary
tract infection at Year 13. All severe infections resolved (Table 1.4.5).

Two of the infectious SAEs were Grade 4, as Staphylococcal sepsis and

Pneumonia.

70



GT for ADA SCID: long-term F-U

Table 1.4.5

Summary of Severe Infections Pre- and Post-Gene Therapy
N=17
Pre-GT Post-GT
n 17 17
Number of patients with events, n (%) 14 (82) 10 (59)
Number of events
Total 40 15
4 months to 3 years follow-up 12
4 to 8 years follow-up 3
Person-years of observation
(free from infection)
Total 34.30 89.23
4 months to 3 years follow-up 45.81
4 to 8 years follow-up 43.42
Rate of infection?
Total 1.17 0.17
4 months to 3 years follow-up 0.26
4 to 8 years follow-up 0.07
Number of occurrences per patient, n (%)
n 14 10
1 4 (29) 7 (70)
2 4 (29) 1(10)
>3 6 (43) 2 (20)

Abbreviations: GT = gene therapy.
Note: Only data collected prior to PEG-ADA intervention (>3 months of treatment with PEG-ADA) are

a.

included.

Rate of infection estimated as number of infections over person-years of observation (free from

infection)
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1.4.5 Immune Reconstitution

Evidence of immune reconstitution after gene therapy was measured by changes
over time in peripheral lymphocyte counts (T cells, B cells, and NK cells), thymic
activity (TRECs), peripheral T cell function (proliferation in response to polyclonal
stimuli, diversity in V-beta repertoire), and B cell function (assessed indirectly by

vaccination responses and IVIG use during follow-up).

1.4.5.1 Immune Cell Counts

Lymphocytes and CD3+ T cell counts significantly increased compared to
baseline from Year 1 post-treatment. The increase was maintained throughout the
duration of follow-up (Figure 1.4.4). There were also sustained increases in CD4+ T cell
(Figure 1.4.5) and CD8+ T cell subsets (Figure 1.4.6) after gene therapy, in particular
from Year 1 onwards. CD4+ CD45RA+ naive T cells followed the same pattern.

Differently, changes from baseline were variable for CD19+ B cells and CD16+ CD56+
NK cells, with counts for both cell types decreasing from baseline to Year 1 and then
increasing above the Year 1 counts from Year 2 onwards, achieving levels above baseline
by Year 6 (for CD16+ CD56+ NK cells) or Year 8 (for CD19+ B cells) (data not shown).
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Figure 1.4.4 Increased CD3+ cells (106/L) after Gene Therapy

3000

f

"\

Geometric Mean (95% Cl)
f

]
Baseline “Year1 Year2 Year3Yeard Yeard Year6 Year7 Year8

Actual Visit
Subjects 15 15 15 14 10 10 6 6 3

Figure 1.4.5 Increased CD3+CDA4+ cells (1076/L) after Gene Therapy

1200

8

Geaometric Maan (85%: Cl)
B8 & 8 8 48 8 B

B

o
1

Baseline Year 1 Year2 Year 3 Year4 Year 5 Year 6 Year T Year &
Actual Visit
Mumber of
Patlents at wistt 15 15 15 14 1 10 & -1 3

73



GT for ADA SCID: long-term F-U

Figure 1.4.6 Increased CD3+CD8+ cells (1076/L) after Gene Therapy
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An exploratory analysis was conducted to determine the proportion of responders
at each time point. The subjects were qualified as T cell responders (CD3+ CD4+ count
>300x10° cells/L and/or CD3+ >1000x10° cells/L) or B cell responders (CD19+ count
>100x10° cells/L) based on cell counts in whole venous peripheral blood. Selection of the
cut-off values to define responders was based on criteria reported by Hassan et al in
patients receiving conventional SCT (58).

At the 6-month visit there were 0/16 subjects who were responders, but by Year 1
(n=15) between 25 to 50% subjects were B cell and T cell responders. By Year 3 (n=14),
approximately half of subjects were B cell and T cell responders. By Year 5 (n=10),
B cell response was 40%, a level that was generally maintained through Year 8. The
proportion of CD3+ CD4+ T cell responders in Year 5 was 80%, and this response level
was maintained through Year 8. This trend was generally reflected in the CD3+ T cell

responder analyses from Year 5 onwards.
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1.4.5.2 Immune Cell Function

1) T Cell Function

e Thymic Activity

TRECs in peripheral blood lymphocytes were increased with respect to baseline
from Years 1 to 3 post-treatment, and gradually declined at Years 5 and 8, according to
the decrease in thymus size and activity that can be expected in older children (162) (data
not shown).

The increase in TRECs observed beginning at Year 1 after gene therapy is in line
with increased T cell counts from Year 1 onwards and, remarkably, with increased
peripheral CD4+ CD45RA+ naive T cells, as a product of thymic selection and
successful recombination of V-beta T cell receptor chains in thymocyte precursors. It
also is in line with the decline in severe infection rates from Year 1 onwards after gene
therapy, suggesting an improvement of the T cell mediated immune system following

gene therapy.

o T Cell Receptor Repertoire

The diversity of T cell receptor V-beta chains was evaluated as a measure of T
cell polyclonality.

In the main study population, the majority of subjects (7/12) had evidence of
polyclonal V-beta chains, although only 4 subjects had reports of a normal V-beta
repertoire (polyclonal V-beta chains within the normal range) (data not shown).

The majority of subjects for whom LTFU was available, including subjects from
the pivotal study and both pilot studies, had evidence of a normal V-beta repertoire at one
or more LTFU visits. Most subjects had presented prior to gene therapy with a polyclonal
T cell receptor V-beta repertoire that included some V-beta chains above and some below
the normal range.

This was expected in a population of patients with ADA-SCID who were being

treated with PEG-ADA; the detection of low numbers of some V-beta chains while
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receiving PEG-ADA reflects that the immune system is often not fully reconstituted with
PEG-ADA treatment (106).

A diverse repertoire of T cells emerging from the thymus corresponds with other
evidence of normal function, including proliferative response, post-treatment decline in

severe infection rates, and positive response to routine childhood vaccinations.

o Peripheral T Cell Proliferation
From Year 1 onwards the mean and median results in the overall population
showed robust proliferation in response to stimulation to both anti-CD3 and PHA
polyclonal stimuli, increased over baseline (data not shown).
The increases in T cell counts from baseline in conjunction with these data on
proliferative capacity suggest that the increased cell numbers observed in the periphery

represent functional T cells capable of clonal expansion.

2) B Cell Function

Despite B cell counts remained low and in some cases decreasing, functional
immune protection was demonstrated by assessment of immunoglobulin levels over
baseline, the discontinuation of IVIG supportive treatment after receiving gene therapy,

and vaccine responses.

e Immunoglobulins
Most subjects in the main study showed acceptable levels of gamma globulin via
serum protein electrophoresis, and all subjects enrolled in the LTFU had polyclonal
serum antibody chains from Year 4 onwards. No serum monoclonal protein was
detected, suggesting that the gamma globulins present were polyclonal.
There was a decline in the IVIG substitutive use as LTFU progressed in Years 4
to 8 after gene therapy and this provides evidence for functional B cell and

immunoglobulin production in the periphery.
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e Requirement for IVIG Therapy

All LTFU 15 patient were receiving IVIG treatment before GT and were
maintained on IVIG after GT in the first months after treatment. Six patients stopped
IVIG during 0-3 years period. Five patients received IVIG during LTFU but stopped
before the cut off data. Four patients are still receiving IVIG. Two patients were not
considered in the analysis because of the withdrawal from the study for receiving HLA-
identical BMT (Subject 8 and 17). Subject 1 was not on IVIG. At last F-U 11 out of 15
patients were off IVIG (Table 1.4.6).

Table 1.4.6  Requirement for IVIG Infusion

IVIG supplementation N=15
Off IVIG at baseline N O
Stop during 0-3 yrs N 6
Stop during LTFU N5
Off IVIG at last F-U N 11

Abbreviations: 1V1G=intravenous immunoglobulin; Y= Yes; N=No; LTFU=long term follow-up
a: Subject 1 (Pilot 1 Study) is excluded from this analysis as this subject’s data regarding IVIG supplementation prior

to Year 13 are not included in the clinical database.

These data about IVIG weaning during F-U, provide evidence for functional B
cell and immunoglobulin production in the periphery. These data are also in line with the

post-treatment decline in severe infections and vaccination responses.

e Vaccination Responses
Vaccine responses were evaluated for all subjects who received vaccination
during follow-up, by measurement of antigen-specific responses.
IgG antibodies were detected at multiple time points following vaccinations
against rubella, measles (rubeola), pertussis, tetanus, parotitis, and hepatitis B.

Detectable antibodies to pertussis were found in 6 patients, to tetanus toxoid in 11
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patients and to hepatitis B surface antigen in 8 patients. Moreover, two subjects received
live attenuated measles-mumps-rubella vaccine and had detectable antibodies post-
vaccination (Subject 5 and 6). The vaccinations were performed at least 3 months after
IVIG discontinuation. Antibodies were generally detectable at multiple time points,
indicating long-lived antibody production. Further, subject status updates obtained during
LTFU reported on-time receipt of vaccinations for the majority of subjects in both the
Pivotal population and supportive studies. Vaccine response data are in line with the
post-treatment decline in severe infection rates and the decreasing use of IVIG in LTFU.
These data provide supporting evidence of humoral immune reconstitution, and
B cell development and functionality, as well as overall lymphocyte functionality

following gene therapy.

1.4.5.3 Autoimmunity

Autoimmunity was not assessed as an efficacy endpoint, but is related to T cell
and B cell function and therefore relevant to assessment of immune reconstitution.

After gene therapy, 11 subjects reported a total of 26 events related to
autoimmunity. Grade 1 ANA positivity was the most frequently reported treatment-
emergent autoimmune event across subjects (in 7 patients at different time points, the
majority in LTFU). The clinical relevance of these events is not clear as positive ANA
titers without clinical signs of inflammatory or autoimmune conditions pose a minimal

risk for such disease in the pediatric population (163, 164).

Four subjects had 6 SAEs of autoimmunity (anti-neutrophil antibody induced
neutropenia, autoimmune thrombocytopenia [2 events], autoimmune aplastic anemia,
autoimmune hepatitis, and Guillain-Barré syndrome). All autoimmune SAEs resolved
and none were deemed related to the investigational treatment by the investigator. With

one exception, all serious events occurred within the first 3 years following gene therapy.

Subject 7 had a family history of autoimmunity and had repeated autoimmune
manifestations between approximately 2 years and 4.5 years following gene therapy, and
received prednisone and three doses of PEG-ADA during the first event (autoimmune
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hepatitis) in an attempt to restore immune function and reduce the observed
autoimmunity, with the resolution of the event. The subject also developed a SAE of
aplastic anaemia, probably of autoimmune origin, and non-serious AEs of autoimmune
haemolytic anaemia and autoimmune hypothyroidism (3 years after gene therapy). The
events responded to treatment with anti-CD20 monoclonal antibodies. The haemolytic
anaemia resolved but the autoimmune hypothyroidism was reported as ongoing at the

time of data cut-off.

Subject 8 had a history of autoimmune hemolytic anemia prior to gene therapy.
Starting 4.5 months following gene therapy, this subject experienced repeated episodes of
autoimmune thrombocytopenia. This subject had incomplete immune reconstitution and
as a result, long term PEG-ADA was reintroduced starting in July 2006. The subject was
considered to have an unsuccessful response to gene therapy and was withdrawn from the
study in February 2008 when a sibling-matched BMT became available. Evaluations of
autoimmune antibodies showed a diffuse positivity for anti-nuclear antibody, anti-
neutrophil cytoplasmic antibody, anti-smooth muscle antibody, direct Coombs test, liver

kidney microsomal antibody, and mitochondrial antibody.

Subject 9 had an SAE of Guillain-Barré syndrome 3 years after gene therapy. The
subject was hospitalised and underwent comprehensive biochemical, microbiological and
virologic evaluation, including neuroimaging and nerve conduction studies. The tests
confirmed Guillain-Barré syndrome, which was considered by the investigator to be not
related to study treatment. The subject was treated with high dose IVIG and the event

resolved.

To note, Subject 13 had Grade 2 autoimmune hypothyroidism approximately 1

year after gene therapy, ongoing at the time of data cut-off.
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1.4.6 Physical Growth

Individual growth profiles are shown for all subjects treated with gene therapy
(Figure 1.4.7). Several subjects had height or weight that transiently fell below the curve
at individual time points, but the majority either maintained or improved their age-
appropriate height and weight relative to standard curves. However, Subject 8 had severe
baseline disease activity and autoimmunity events considered as contributing factors to
failure to thrive and Subject 10 was below the curve for weight only through Year 8, but

was not far below the 5™ percentile threshold.

Figure 1.4.7 Individual Subject Profiles of Height and Weight by Gender

Height (em), for Girls

Height (cm}, for Boys

EE T L LT L e L L L L AL R TR L L LA T T E L LD T T T LD L T DM T LML A LN DML DM T DT DML
Monthsp "1 "2 2 4 5 8 7 8 8 1M 1 12 13 #4 15 18 17 16 18 Nonts o 2 03 4 5 B 7 8 9 10 1M 2 12 14 15 1€ 7 1 @
Age (completed months and years) Age (completed months and years)

Subject Number: k] g —7 —0 1 2
Subiect Number: 2 =i =5 ®==g =10 —15 13 14 16 ==17 =18

80



GT for ADA SCID: long-term F-U

Weight (kg). for Girls Bl Weight (kg). for Boys

Weight (kg)
Weight (kg)
Ry

Vit
i

'\ﬁ_‘;;o:ca1mag!naa)ca4!nasisgsxna?!n:sz!ag)r.:_oan:w AN B B e S L Lo L '\:‘fmmo:,,‘mz:u.am‘;v..sé,;.a”..f“s::.Q.p;_om1 T e e
ears
Age (completed months and years) Age (completed months and years)

Subgect Number: 3 g —7 —8 1 2
Subject Number: 2 wm4 wmf wmpg =i —15 o u 3 14 16 —'E? =18

1.4.7 Biological Activity

Biological activity was evaluated by means of measuring engraftment of gene
modified cells (as determined by VCN) in bone marrow and peripheral blood cells
(CD34+ stem cell, erythroid, granulocyte, and lymphocyte lineages), ADA activity in
bone marrow and peripheral blood lymphocytes, and correction of the systemic
metabolic defect as measured by dAXP levels in RBCs from bone marrow and

peripheral blood.

1.4.7.1 Vector copy number

The ADA-transduced CD34+ cells and their progeny were isolated from purified
bone marrow and peripheral blood through the last evaluation. Overall, there was a
multilineage engraftment of ADA-transduced cells persisting over time (129).

We report the behavior of peripheral blood granulocytes, as an example of a cell
lineage that is not normally impacted by ADA-SCID, and lymphocyte populations
which are profoundly negatively impacted by ADA-SCID. CD15+ granulocyte marking
in peripheral blood was typically 0.5 to 3% during follow-up (Figure 1.4.8). Gene
modified cells appeared in the circulation in the first months following gene therapy,
and the numbers remained stable for the duration of follow up (>5 years). As
granulocytes do not have a survival advantage following gene transduction, the

percentage of gene marked CD15+ granulocyte is a surrogate marker of the proportion
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of gene modified stem cells in bone marrow. The proportion of gene modified CD34+

cells in bone marrow is consistent with the results for CD15+ cells in peripheral blood.

Bone marrow stem cells carrying the ADA transgene were able to support
lymphocyte development in the periphery. Gene marking in CD3+ T cells was
approximately 60 to 90% between Years 1 and 5 of follow-up (Figure 1.4.8).

These data show there was no loss of gene marking in engrafted bone marrow
and peripheral cells over 8 years of follow-up after gene therapy.

Similarly to granulocytes, a relatively low proportion of gene modified cells was
shown in the erythroid lineage, consistent with lack of survival advantage for this blood

lineage.

Figure 1.4.8 Persistence of ADA-transduced cells in blood over time
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An exploratory responder analysis was conducted to determine the proportion of
subjects at each time point with bone marrow engraftment and peripheral circulation of
gene modified cells. Both of the following criteria had to be met to be considered a
responder:

1. Presence of >0.1% gene marked cells in bone marrow for both CD15+ granulocytes

and erythroid cells (assessed by glycophorin A) and at least one of the CD3+ T cell,
CD19+ B cell, or CD56+ NK subsets; and

2. Presence of >10% gene marked cells in peripheral blood CD3+ T cells and CD19+
B cells.

The definition of a responder was developed from previous experience with
other gene therapy studies (165).
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Among subjects with available data, 11 of 15 subjects (73%) were responders at

Year 1. This trend was maintained throughout follow-up to Year 8, with 79% to 100%
of subjects per time point considered as responders.

1.4.7.2 ADA Enzyme Activity

The presence of ADA was documented through detection of its enzymatic
activity in blood mononuclear cells, marrow mononuclear cells, plasma, and red blood
cells and was confirmed through flow cytometry of T and B cells, and monocytes.

Plasma ADA activity by Year 1 showed increased levels in comparison to
baseline, that were maintained for the duration of follow-up to Year 8.

All subjects apart from Subject 1, Subject 2 and Subject 3 were receiving PEG-
ADA prior to gene therapy (Table 1.4.1). Per protocol, PEG-ADA was discontinued 11
to 22 days prior to gene therapy, and possible carryover effects of PEG-ADA exposure
on early ADA activity could be present. Intracellular lymphocyte ADA activity was low
at baseline, consistent with the disease. Following gene therapy, there was a marked
increase in ADA activity in lymphocytes that was maintained for the duration of follow-
up (Figure 1.4.9). Minor levels of ADA activity were evident in other cell lineages
(e.g., erythrocytes), consistent with the relatively low levels of gene marking in these
populations.

ADA activity >210 nmol/h/mg represents 10% of the mean value for healthy
subjects and is considered clinically relevant as it is a threshold for minimum normal
activity and corresponds to a minimum ADA activity level reported to result in normal
function (56, 166).

Among subjects with available data, most had ADA > 210 from Year 2 onwards:
8 of 12 subjects (67%) met response criteria at Year 2. This trend was maintained
throughout follow-up to Year 8, with 85% to 100% of subjects per time point
considered as responders at each time point except Year 4, for which only 6 subjects

had available data among whom 2 (33%) were responders.
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Figure 1.4.9 Means (95% CI) of Lymphocyte ADA Activity

Sample: Peripheral venous whole blood.  Biomarker Testing Method: Capillary electrophoresis
Biomarker: Monomuclear cells adenosine deaminase (nmolH/mg Protein)

—
—
_—
o =
=
# m
8
c &0
m
Z o
p—
_—
_—
o
Basslng ear1 Yaar2 Year3 Yaard ¥ear & Year 6 Year 7 ¥ear g
Actual Visit
Humber of
Patients at vislt T 14 12 13 ] 10 5 ] 3

1.4.7.3 Purine Metabolites

Levels of dAXP were measured in RBCs from bone marrow and peripheral
blood. There was no appreciable reduction in dAXP levels in RBCs in the first months
following gene therapy, since baseline values were already low due to carryover effect
of prior PEG-ADA use and the low number of mature cells in the periphery arising from
gene-modified stem cells. Post-baseline mean and median dAXP were below
pathological levels (100 nmol/mL) and this trend was maintained for the duration of
follow-up. This was evidenced for dAXP levels in bone marrow-derived RBCs, with no
decrease from baseline observed in the bone marrow. It was shown restored adenosine
and adenosine metabolite clearance, evidenced in peripheral RBCs, by 6 months post-

gene therapy (data not shown).

A responder analysis was conducted to determine the proportion of subjects at
each time point assessed who had adequate systemic metabolite detoxification (AAXP in
RBCs). A threshold of <100 nmol/mL dAXP in peripheral RBCs was chosen based on
observations in patients treated with standard HLA-identical sibling donor SCT, was
considered clinically meaningful and pre-specified for definition of responder (89, 128,
167-169). In addition, dAXP levels have been correlated with ADA-SCID disease

84



GT for ADA SCID: long-term F-U

severity (56). In this way, correction of the systemic metabolic defect of ADA

deficiency was demonstrated by analysis of bone marrow from Year 2, with 100% of
subjects considered as responders in bone marrow analyses from Year 2 through Year 8.
From analysis of peripheral blood, 92% of subjects were responders at Year 2, generally

maintaining through Year 8 of follow-up.

1.4.8 Subjects with Unsuccessful Response to Gene Therapy

Poor engraftment of gene modified bone marrow cells led in some cases to lack
of response to gene therapy treatment, poor immune reconstitution and inadequate
correction of the systemic metabolic and consequent suboptimal clinical benefit.
Subjects who received GT and then required post-gene therapy PEG-ADA for >3
months continuously or allogeneic transplant were excluded from efficacy analyses
upon meeting either criterion and are also considered clinically to have experienced

unsuccessful response to gene therapy.

Three subjects met these criteria:

e Subject 2 received two doses of gene therapy not in line with the recommended
dosing and preconditioning regimen (first dose was below the recommended lower
limit of cells and the second dose was without busulfan); this led to lack of
engraftment. The persisting lymphopenia required reintroduction of short-term
PEG-ADA for 2 months (from 2.4 years from the first gene therapy), before a new
dose of gene therapy was administered. Long-term use of PEG-ADA was necessary
from 4.5 years after the first gene therapy persisted during LTFU.

e Subject 8 presented with a history of hemolytic anaemia that required steroidal
treatment Dbefore and during gene therapy. A SAE of autoimmune
thrombocytopenia required restart of PEG-ADA 5 months after gene therapy. In
this case, the poor engraftment led to continuous administration of PEG-ADA for
all the duration of follow-up until withdrawal from the study following allogeneic
transplant from a sibling donor that was not available at the time of study

enrolment.
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e Subject 17 restarted PEG-ADA 0.34 years after gene therapy. This subject received
further PEG-ADA intermittently on additional occasions due to poor immune
reconstitution, then continuously through the end of the 0-3 year follow-up period.
This subject received a sibling donor allogeneic SCT and was withdrawn from the

study.

1.4.9 Baseline Predictors of Efficacy Post-Gene Therapy

Exploratory analysis was performed on the patient population to search for
potential baseline predictors. Subjects with missing data or who started PEG-ADA were

excluded.

These additional integrated analyses did not show any clear relationship
between baseline covariates and efficacy outcomes. In addition to
CD34+ cells/kg*VCN, the other baseline variables considered were age at gene therapy;
CD34+ cells/kg; and baseline values for peripheral CD3+ T cell counts, TREC counts,
peripheral RBC levels of dAXP, and BMI. The outcomes assessed were intervention-
free survival (for the first 3 years following treatment), changes in T cell counts at Year
3, and changes in dAXP levels in RBCs at Year 3.

The lack of correlation between age at the time of gene therapy and these
endpoints is demonstrated in a boxplot for intervention-free survival at 3 years (1.4.10),
scatterplot for CD3+ T cell counts (Figure 1.4.11), and scatterplot for peripheral RBC
dAXP levels (Figure 1.4.12).
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Figure 1.4.10 Boxplot of Intervention-Free Survival at 3 Years versus Age at
Gene Therapy
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Note: “Yes” indicates an intervention event occurred.
*Note (for Figures 1.4.9, 1.4.10, 1.4.11): Analysis includes N=14; Subject 1 did not have available data
to contribute to 0-3 year data analyses other than survival and duration of follow-up, Subjects 8 and 17
data were excluded from the point that they began long-term PEG-ADA use, and Subject 18 had data
available up to the Year 2.5 time point as of the data cut-off (08 May 2014).

Figure 1.4.11 Scatterplot of Peripheral Blood T Cell Counts at 3 Years versus
Age at Gene Therapy
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Figure 1.4.12 Scatterplot of dAXP Levels in Peripheral Blood RBCs at 3 Years
versus Age at Gene Therapy
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1.4.10 CNS Manifestations of ADA-SCID

CNS abnormalities are frequent manifestations of ADA-SCID, even in patients
that have been treated long-term with either ERT or SCT (81, 85).

Although the duration of follow up reported here is relatively short there is no
evidence of benefit or modifications of CNS abnormalities after gene therapy and this
suggest that the neurological findings and features are not reversed nor delayed by this
treatment. In one analysis from literature about CNS outcomes, half of patients with
prior ERT who received allogeneic hematopoietic SCT developed CNS abnormalities,
despite adequate metabolic detoxification (i.e., dAXP levels) (85), giving the idea that
CNS manifestations of ADA-SCID are not expected to improve following standard of
care (conventional hematopoietic transplant). Toxic metabolite levels in patients
receiving gene therapy have been shown to be comparable to those receiving SCT,;
however, no clear rationale for superior or inferior outcome with regard to CNS
complications can be drawn from the available data.

The most frequently reported CNS events were cognitive disorders (5 subjects).

Two of the subjects considered to have unsuccessful gene therapy had CNS

events.
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The median time to onset of post-gene therapy CNS events for all subjects was

3.07 years (range: 0.95 to 13.26 years). Most events were reported as ongoing
(15/22 events).

1.4.11 Quality of Life Evaluations

Non-standardized and informal pediatric quality of life assessments have been
performed in LTFU by subject status updates at annual follow-up visits, investigating in
attendance at school, participation in sports, eating habits, and receipt of childhood
vaccinations on the recommended schedule. Although these assessments were not pre-
specified as efficacy endpoints and baseline assessments were not collected, they
provide some indication of the clinical benefit of gene therapy at LTFU time points with
regard to overall well-being and daily function.

The majority of subjects across all studies who had available LTFU data have
reported on-time vaccinations, attendance at school or pre-school as appropriate for the
subject’s age, and eating well with a varied and adequate diet. Most subjects have not

reported participating in sports during the LTFU, primarily due to their parents’ choice.

1.4.12 Safety of the infusion of medicinal product

The infusion of the medicinal product (autologous retroviral transduced CD34+
cells) was well tolerated by all patients and did not induce any adverse drug reactions in

the hours following its administration.

1.4.13 Overall safety surveillance

1.4.13.1 Common Adverse Events (AES)

The most frequently reported AEs were infections and infestations, blood and
lymphatic system disorders, and skin and subcutaneous tissue disorders. All subjects
reported Grade 1 AEs and 17 of 18 subject reported Grade 2 AEs.
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The most frequently reported Grade 3 (severe) AE was device-related infection

(5 subjects) and more than half of subjects reported Grade 3, infectious AEs. Other
frequently reported (>2 subjects) Grade 3 (severe) AEs were hepatic increased liver
enzymes, anemia, neutropenia, gastroenteritis, pneumonia, and varicella. All of the
most frequently reported Grade 3 AEs resolved.

Five subjects (28%) had Grade 4 events in the SOC of blood and lymphatic
disorders.

Three of the Grade 3 neurologic/hearing AEs are ongoing (hearing impaired,

moderate mental retardation, severe mental retardation).

1) Infections

Four subjects experienced varicella and all of these subjects recovered. Other
less commonly reported opportunistic infections that occurred (and resolved) mostly out
to the 3 year follow-up were experienced by 4 subjects: Aspergillus, cryptosporidial
gastroenteritis, pulmonary mycosis and Cytomegalovirus infection in the same subject,
Epstein-Barr virus infection. Oral candidiasis was reported in 6 subjects. Five of the
6 subjects that reported oral candidiasis post-treatment received multiple courses of
antibiotics prior to the events, many as prophylaxis. Two of the 5 subjects had events
pre-treatment (Subject 4 and Subject 5). The highest densities were from the pre-
treatment to 3-month hospitalization period, prior to immune reconstitution. The
1 subject with an event during the 4-7 year follow-up (Subject 4) also had events pre-
treatment and during the 3-month hospitalization period.

One subject had meningitis and three reported sepsis and all subsequently
recovered. The latter three had CVCs in place, which is a known risk factor for sepsis.

Six subjects reported 10 CVC infections, half of which were classified as SAEs.
Most of these events (8/10 events) were Grade 3 and developed in the 3 month
hospitalization or 3-year follow-up phase.

A total of 12 subjects reported ear infections with onset mostly in the pre-
treatment to the 3 year follow-up period.

Urinary tract infections were one of the most commonly reported infections.
Overall, 10 subjects reported 21 UTIs, with no predominant organism reported. The
type of UTIs reported (enterococcal, Escherichia coli, Pseudomonas, and Klebsiella

UTIs) are the same as the organisms that cause UTIs in the general population. Most of
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these events were reported during the 3-month hospitalization phase and early post-

discharge and were not related to catheter placement. Seven subjects had recurrent
UTIs: 5 subjects experienced 2 UTIs, and 2 subjects experienced 3 or more UTIs. Two
subjects had serious UTIs. The incidence of UTIs in males (6 males vs. 4 females) is
higher than expected in a general population of pediatric patients. Three of the male
subjects had only 1 UTI, and 3 had 2 UTlIs. Three of the male subjects who experienced
a UTI had congenital abnormalities ongoing at Screening, that are known to cause a
predisposition for UTIs (2 subjects had phimosis [Subjects 3 and 9] and 1 subject had
cryptorchidism [Subject 13]).

2) Blood and lymphatic system disorders

The blood and lymphatic system disorders AEs reported in 5 or more subjects
were anemia and neutropenia. Anemia, neutropenia, febrile neutropenia, bone marrow

failure, and/or thrombocytopenia were reported in 12 subjects.

Five subjects (28%) had Grade 4 events and most occurred during the 3-month
hospitalization phase. Five Grade 4 AEs were reported in the SOC of blood and
lymphatic disorders (4 neutropenia AEs [1of which was an SAE] and
1 thrombocytopenia AE). All of the Grade 4 blood and lymphatic disorder AEs
occurred in the 3-month hospitalization phase and the majority occurred within 35 days

of gene therapy, suggesting a correlation with chemotherapy with busulfan.

3) Hypersensitivity

Seventeen subjects reported 46 hypersensitivity events on or after treatment. The
most frequently reported (>3 subjects) events post-treatment were blood increased
immunoglobulin E, atopic dermatitis, dermatitis, eosinophilia, and rash. Most subjects
had events in the 3-year follow-up phase (n=12) and most had Grade 1 events.
Dermatitis and rashes are common in children with ADASCID (170) and in healthy
children. The median time to onset of hypersensitivity events was 1.46 years (range
0.02 t0 11.84).

Skin papillomas were reported in 4 subjects (3 of 4 had single events of short

duration) and all resolved. Skin papillomas are caused by the human papilloma virus
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(HPV) and are considered benign tumors. They have been reported in late-onset ADA

deficiency (171) as consequence of the defect in cellular immunity including T cell and
natural killer (NK), that is crucial to host defense against HPV.

4) Hepatic Laboratory Abnormalities and Events

Seven subjects experienced adverse events of hepatic transaminase elevations
between 2X and 5X ULN, nearly all in the treatment and 3 month hospitalization
phases, and most were likely a result of busulfan conditioning, as they resolved.

Four subjects experienced hepatic steatosis (3 reported during LTFU) and 4
subjects had hepatomegaly (2 reported pre-treatment). Of the 4 subjects with hepatic
steatosis, 1 also had cholelithiasis and dyslipidemia (Subject 3), 2 had increased hepatic
enzymes (Subjects 2 and 6), and Subject 6 also had an AE of hepatic fibrosis, a SAE of
Epstein-barr virus, and high exposure to busulfan. Other subjects with more than 2
hepatobiliary disorders or hepatic laboratory abnormalities included Subject 7
(hepatomegaly, hepatic enzymes increased, and autoimmune hepatitis) and Subject 14
(gallbladder  cholestolosis liver disorder, hepatic lesion, and hyperplastic
cholecystopathy).

Hepatic steatosis is associated with nucleotide turnover, loss of ATP and
generation of adenosine monophosphate (AMP) and enzymes of the purine metabolism
(AMPK, AMPD2) are involved in controlling fat accumulation in the liver (172).
Although there are no published reports in the literature of hepatic steatosis being
associated with ADA-SCID, Sokolic et al. reported at 2013 CIS meeting that 2 subjects
on ERT and one after gene therapy presented with metabolic syndrome and fatty liver
(173). Moreover, two ADA-SCID patients on long-term enzyme replacement therapy
(who did not receive gene therapy), followed at San Raffaele Hospital showed fatty
liver alterations (Aiuti, personal communication). In the paediatric population, hepatic
steatosis is often seen in non-alcoholic fatty liver disease (NAFLD) which involves
intrahepatic fat accumulation that could include various degrees of necrotic
inflammation and fibrosis (non-alcoholic steatohepatitis). Paediatric NAFLD
prevalence is estimated to be between 3% and 10% (174). The cause is unknown but
risk factors include features of the metabolic syndrome, namely, obesity,
hypertryglyceridemia, insulin resistance, and type 2 diabetes mellitus. Other than one
event of dyslipidemia, no subjects had metabolic syndrome risks. Further investigation
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on the predisposition to fatty liver in ADA SCID patients is needed, but this event is
unlikely to be an ADR.

5) Oncogenesis events

No malignancies were reported. Subject 12, a male aged 1.3 years at gene
therapy, was diagnosed with “two millimetric nodules in upper right pulmonary lobe”,
without symptoms, approximately 3 years after gene therapy. This subject also had an
SAE of lipofibroma (175).

A total of 4 subjects reported AEs of Grade 1 electrophoresis protein
abnormality, one subject pre-treatment (Subject 10), 1 subject during the 3-month
hospitalization phase, and 2 subjects during the 3-month to 3-year hospitalization phase,
all of which resolved (Subject 5, 6, 10 and 17).

Cytogenetic analyses, bone marrow morphology and bone marrow
immunophenotype did not show major alterations. No abnormal blast values were found

in either peripheral blood or bone marrow and therefore no AEs were reported.

1.4.13.2 Serious Adverse Events (SAES)

Fifteen out of 18 subjects have reported 39 SAEs post-treatment. Twenty-two of
the 39 SAEs reported post-treatment were infectious. Two subjects had Grade 4 SAEs
infections (see paragraph 1.4.4).

The third Grade 4 SAE was a Grade 4 Neutropenia, that occurred in Subject 15
from Day 12, persisting to Day 45. The subject received antibacterial prophylaxis from
Day 12. Two doses of G-CSF were administered on Days 38 and 42. The prolonged
neutropenia was ascribed in part to conditioning related-myelotoxicity, and in part to an
autoimmune phenomena, as anti-neutrophil antibodies were present. For this reason,
the subject was treated with high dose IVIG. The event resolved after a duration of 29

days.

For autoimmunity SAEs see paragraph 1.4.5.3.

One subject had an SAE of hypertension (Subject 8) for which long-term anti-

hypertensive therapy with amlodipine was administered.
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1.4.14 Dose-Response Relationship

The number of CD34+ cells administered is considered a key parameter in the
successful outcome in bone marrow transplantation.

In many transplant centers the minimum acceptable dose is considered to be
2x10%/kg CD34+ cells for a single transplant (176). Furthermore, recent published
consensus guidelines for autologous hematopoietic SCT recommend a minimum dose
of 2x10° CD34+ cells/kg with a preferred target of 5x10° CD34+ cells/kg (177). A
maximum dose for CD34+ cells in autologous and allogeneic transplants is not typically
defined, as the maximum dose often depends on practical and technical issues, such as
the maximum number of bone marrow/cells that can be mobilized and collected from a
single patient and, in case of major manipulation, the manufacturing process capacity.

Based on the above considerations, the dose of 2x10% CD34+ cells/kg seems an
appropriate lower dose limit supported by literature. Additional support for 2x10°
CD34+ cells/kg being a minimally effective dose comes from Subject 2 in Pilot Study 2,
for whom a first dose of 0.9x10° CD34+ cells/kg was not effective, leading to low gene
marking and persisting lymphopenia, and the need of PEG-ADA administration. As
already said, this subject also received gene therapy pre-conditioning with oral busulfan
rather than via intravenously administration, and the product VCN for this patient was
undetermined at the time of gene therapy, both factors that may have influenced the
outcome of GT.

No formal dose ranging studies have been conducted, but the great variability in the
number of CD34+ cells harvested among the treated patients and the variability in the
capacity of cells’ expansion during manufacturing, created a range of doses from 0.9 to
18.1x10° CD34+ cells/kg into the GT development program, permitting an evaluation of

safety and efficacy dose response across this range.
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An exploratory analysis of dose response conducted on the Pivotal study population
0-3 year data suggested a correlation between the dose (defined as CD34+
cells’/kg*VCN) and the efficacy outcomes, including correlations between dose and 1-
year post dose granulocyte gene marking (R=0.8039) (Figure 1.4.13). Granulocyte gene
marking is considered to be a good indicator of gene modified stem cell engraftment in
bone marrow, so this is interpreted as evidence of higher doses of gene modified cells
leading to increased engraftment of gene modified stem cells.

Further positive correlations were also observed between dose and Year 3 T cell
count (R=0.5570), Year 1 lymphocyte ADA activity (R=0.6432), and Year 2
lymphocyte ADA activity (R=0.7567).

These data also suggest that the number of CD34+ cells that a patient can donate
at baseline is a predictor of long term outcome. For this reason, it will be proposed for
further development that patients should be able to donate a minimum of 4x10% CD34+
cells per kg body weight to be eligible for gene therapy (this is the number of cells that
should be available at the end of cell purification).

The dose response analysis was extended on the overall patients population
dataset (excluding 2 subjects who required PEG-ADA reintroduction within 6 months
post-gene therapy) to assess correlation between dose and intervention-free survival
during 0-3 years, change from baseline in T cell count at Year 3, and dAXP levels in

RBCs at Year 3. No correlation between dose and clinical response was shown.

Figure 1.4.13 Gene Therapy Dose (CD34+ cells/kg*VCN) versus Percentage of
Gene Marked CD15+ Granulocytes at 1 Year (Pivotal Population)
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In the main clinical trial, a maximum of 40x10° CD34+ cells/kg were to be taken

from a subject’s bone marrow and the maximum recommended reinfusion dose was
20x10° CD34+ cells.

There have been no dose-limiting toxicities observed within the administered
dose range of 0.9x10° to 18.1x 10° CD34+ cells/kg. An upper limit for the medicinal

product dose has been defined based on practical and manufacturing limitations.
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1.5 DISCUSSION

1.5.1 Efficacy of Gene Therapy with autologous transduced
CD34+ cells for the treatment of ADA SCID patients.

This thesis reports clinical data from 18 ADA SCID subjects treated with
autologous CD34+ cells transduced with retroviral vector encoding ADA.

For all 18 subjects, prior PEG-ADA treatment had been ineffective or it was not
a treatment option due to intolerance, lack of availability, or contraindication,
andsubjects did not have a suitable sibling donor for HLA-matched SCT. Four subjects
had received prior unsuccessful allogeneic SCT, and 15 subjects had previously
received prior PEG-ADA. This characteristics highlight the high unmet medical need in
this subject population.

Gene therapy was preceded by reduced intensity conditioning regimen.
Preconditioning supported persistent engraftment of gene modified cells, expressing
ADA-gene and resulting in correction of the ADA metabolic defect.

A 100% survival rate, that was a primary endpoint of the main clinical study,
was observed for all 18 subjects treated with a median follow-up duration of
approximately 7 years (up to a maximum of 13 years for one subject). This exceeds the
67% survival rate observed for MUDs recipients after a median follow-up of 6 years in
conventional transplant settings (58).

Severe infection rates, one of the key secondary endpoints for the main study,
were significantly reduced after gene therapy in comparison to baseline, and from Year
1 onwards remained lower than baseline, showing to further reduce in each year after
gene therapy.

Evidence of immune reconstitution was observed from 6 months post-gene
therapy, with significant increases in numbers of peripheral CD3+ T cells (another key
secondary endpoint for the main study) and T cell subsets.

The increases in T cell subsets were accompanied by evidence of thymopoiesis
(TRECs) and peripheral T cell function (i.e., robust proliferation responses to anti-CD3
antibody or PHA stimulation) from Year 1 onwards; no clear changes in CD16+ CD56+
NK cell counts were visible and B cell counts post-gene therapy were variable, with

some increases and some decreases from baseline, but adequate function was
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demonstrated by vaccine responses, increases in serum immunoglobulin production, and

decreased IVIG requirement over time (especially from Year 4 onwards in LTFU).

Persistent evidence for engraftment of gene modified cells in multiple lineages
in the BM and PB was observed, without loss of gene marking over 8 years of follow-
up. Higher levels of gene marking in mature lymphoid cells supported the hypothesis
that gene modified cells have a selective advantage.

ADA-gene expression, measured as ADA activity in bone marrow and blood,
decreased during the few weeks after treatment, in line with discontinuation of PEG-
ADA treatment, and then increased from around 1 year after treatment in both bone
marrow and blood, after which expression was stable for the duration of follow-up,
reflecting synthesis of ADA in transduced cells.

Peripheral blood lymphocyte ADA activity levels increased after treatment and
remained stable during the follow-up, resulting in correction of the ADA metabolic
defect measured by dAXP levels in RBCs.

The majority of subjects (15 out of 18) did not require PEG-ADA after gene
therapy; 3 subjects experienced gene therapy failure and required long term post-gene
therapy PEG-ADA (>3 months continuous use).

Analyses of potential baseline predictors of benefit did not suggests any specific
predictor for unsuccessful response to gene therapy. On this series experience, the
availability of a minimum dose of 4x10° CD34+ cells per kg body weight (after cell
purification) at baseline has been set as an eligibility requirement for gene therapy and
as a likely predictor of long term outcome. The absence of any correlation of outcome
versus age supports an indication for gene therapy that covers a broad age range of 0-18
years.

There were no clear effects of gene therapy on CNS manifestations of the ADA
SCID, as when CNS abnormalities were present prior to GT, these were not mitigated
by the treatment, and as some patients developed CNS abnormalities after receiving
gene therapy, similar to CNS outcomes in standard of care SCT of ADA-SCID (85).

Overall quality of life for subjects who have received gene therapy suggests
these children are growing with their peers (from physical growth data on height and
weight), are entering and maintaining regular school attendance, despite of eventual
learning disabilities, and are participating in physical activities such as sports. This is a
qualitative outcome that matches with the quantitative evidence of long-term clinical

benefit.
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1.5.2 Safety of treatment

No treatment-related mortality (TRM) was registered in the clinical program.
Preparatory conditioning with busulfan was well tolerated by all subjects. Hepatic
enzyme increases, anaemia, and neutropenia occurred mostly in the 3 month
hospitalization period after GT and were considered to be related to busulfan
conditioning. AEs of cytopenias, elevations in transaminases and hypertension,
observed post conditioning and likely related to busulfan, generally resolved over time.

The infusion of the investigational medicinal product was well tolerated

No fatal AEs following treatment were reported; on the other hand, as expected
in ADA SCID (72), all 18 subjects experienced infectious AEs. The 3 most frequently
reported infectious AEs were normal, expected childhood infections, as upper
respiratory tract infection, gastroenteritis, and rhinitis (178). Serious opportunistic
infections were not common. The majority of severe infections occurred during
immune reconstitution and, moreover, were often related to external factors, such as the
presence of CVVC or congenital abnormalities in several male subjects that experienced
UTIs. This is particularly meaningful, as the majority of subjects (82%) experienced
severe infections and on multiple occurrences in the pre-treatment phase, despite the
incidence of pre-treatment events may be underreported.

No events indicative of leukemic transformation or myelodysplasia were
reported.

No AEs consistent with systemic allergic events were identified within the first
year after gene therapy administration.

Neurological events, including the cognitive and audiological events, were
observed and are similar to those observed in patients treated with BMT or PEG ADA
(89, 170). These events may be directly related to ADA SCID, to infections that
subjects may have experienced (e.g., meningitis), or to other medications received (e.g.,
antibiotics such as gentamycin).

Overall, 10 subjects reported a total of 21 events related to autoimmunity with
isolated antinuclear antibody positive as the most frequently and often nonspecific
reported event. Three subjects had SAEs of autoimmunity and two of these subjects
required reintroduction of PEG-ADA in order to reduce the autoimmunity phenomena.

Autoimmune events in SCID patients are well described as a consequence of immune
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dysregulation treated with HCT or PEG ADA during immune reconstitution (44) but

may also be due to immune reconstitution that follows gene therapy.

1.5.3 Comparison of retroviral gene therapy with HSCT

HLA-matched sibling donor SCT is considered the gold standard in ADA-SCID
therapy, but availability of a suitable sibling donor is limiting, making MUD transplant
the more readily available and commonly used standard of care (10).

The outcome of allogeneic HCT transplantations for children with SCID has
improved dramatically over time (81, 115), but an emerging awareness is developing
that some forms of SCID are more difficult to treat than others, in particular patients
with T-B- SCID do worse than T-B+ SCID. This is either more true for SCID forms that
are caused by defects of molecules more ubiquitously expressed than restricted to the
immune system only (58).

In particular for ADA SCID, the need for conditioning and the metabolic issues
of the disease make transplantation from MMUD and HAPLO still characterized by
increased risk of toxicity and poor outcome (58, 81, 82).

Therefore, improvement in morbidity and mortality over the existing therapeutic
options remains mandatory and gene therapy is a valid option with a favourable
benefit/risk in relation to MUD BMT.

Gene therapy is also potentially a treatment option for all patients without the
need for a protracted donor search.

1.5.3.1 Overall survival

The results from Hassan et al. report documented, by retrospective analysis of
transplantation among 106 patients with ADA-SCID, the different outcomes from
different donor sources and after different conditioning regimens. They show clearly the
importance of donor matching in improving outcome and the poor outcome in
mismatched transplantations, as the most important factor influencing the success of the
transplant. Overall survival was higher in genoidentical donor transplants (86% for
MSD and 83% for MFD, both conditioned and unconditioned) than in HLA-matched
MUDs (67%). Long-term survival rates of 67%, 43% and 29% were observed after
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matched unrelated, haploidentical or mismatched unrelated donor respectively (58).

Cumulative data from unrelated UCB transplant in primary immunodeficiencies show
an estimate 5 year survival of 57% +/- 6% (81).

The objective of the primary efficacy analysis in the main gene therapy study
was to compare survival with the historical MUD rates, and the 100% survival of all
gene therapy recipients compares favourably with lower 67% OS of MUDs recipients
(58). Importantly, the observed 100% survival of all subjects in the gene therapy
program is also greater than the sibling donor survival rates reported. Moreover, even
considering patients requiring intervention (>=3 months PEG-ADA or SCT) as
treatment failures, the survival rate without intervention in pivotal population (92%)
exceeds the overall survival rate for MUD transplants and sibling donor transplants,
while the survival rate without intervention in integrated population (82%) remains
higher than the MUD and is similar to the sibling donor survival rate.

The superior results after MSD/MFD HCTs may also reflect a shorter donor
search to transplantation time, due to the possibility (because of the ready availability of
the donor) to perform MSD/MFD HCTs without conditioning and soon after the
diagnosis in a patient less compromised following multiple infectious events or ongoing
metaboli degeneration, in comparison with unrelated donor transplantations, where the
delay may affect negatively on the clinical status of the patient (58). In this view, an
advantage of autologous gene therapy procedure is that it is soon available for all
patients (that can donate adequate CD34 cells), and does not require a delay in treatment
while a matched donor is located. Moreover, treatment with gene therapy does not
preclude alternatives in patients who fail to achieve adequate immune reconstitution
(i.e. PEG-ADA or SCT).

Age is indeed a significant risk factor in transplantation setting for ADA SCID
patients, with a reported trend to better survival, even if not statistically significant, in
children up to 6 months of age (58). Importantly, the median age at treatment was 1.7
years (range, 0.5, 6.1), higher than that reported by Hassan, being 4 months (range, 2 weeks to 7
years) (58). Moreover, the median available follow-up after gene therapy is 6.94 years
(range: 2.6 to 13.4), comparable to the median follow-up of 6.5 years (range, 1.6-27.6)
reported in Hassan cohort (58). These observations strengthen the better outcome of
gene therapy if compared to MUD SCT as a treatment for ADA-SCID.
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1.5.3.2 Conditioning regimens, complications and deaths

The majority of deaths (63%) after all types of transplantations for ADA SCID
are reported in the first 100 days after HCT and are mainly related to severe infections,
as pneumonitis/respiratory failure and sepsis, followed by GvHD (15%) and fungal
infections (11%). Only 13 deaths occurred after 100 days and only 2 of them were
related to transplant-related complications, namely chronic GvHD (58).

The use of myeloablative conditioning regimen in MUD/MMUD/HAPLO
transplantations is an important factor playing a major role in determining the
unfavourable outcome in ADA SCID patients, if compared to the unconditioned
transplants from MSD/MFD. In particular, the absence of serotherapy in the MSD/MFD
transplants allows a faster and better recovery of CD3+ cells in the first year after
transplantation and in a decreased mortality for viral infections due to the more rapid T-
mediated resolution of the events. Conversely, transplantations after RIC had an OS of
67%, and this was not significantly different from outcomes after unconditioned
procedures (58).

As reported above, the use of non-myeloablative conditioning regimen with
Busulfan 2 mg/kg/day for 2 consecutive days prior to GSK2696273 gene therapy was
well tolerated and led to successful treatment of the disease. No fatal AEs following
GSK2696273 treatment were reported. Also after gene therapy, complications,
previously described as AE/SAE, were mainly infectious and were observed in all 18
subjects, highest in the pre-treatment to 3-month hospitalization period and then
decreasing with time, a finding which would be expected in subjects becoming immune
reconstituted. The most frequently reported infectious AEs were normal, expected
childhood infections. Serious opportunistic infections were not common with only 1
subject each reporting Aspergillus infection, cryptosporidial gastroenteritis, and
pulmonary mycosis. The majority of severe infections (12 of 15) were reported during
the 3-month to 3-year treatment period and all resolved. Moreover, all the subjects
experienced a reduction in the rate of infections after gene therapy, demonstrating the
significant benefit of this approach. Other AEs thought to be related to busulfan were 4
episodes of neutropenia (1 of which was a SAE) and 1 episode of thrombocytopenia,
occurring during the first 35 days from gene therapy. Moreover, 7 subjects showed a
moderate increase of liver enzymes, as expected after chemotherapy, without other

signs of liver failure. All the events resolved.
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On the other hand, busulfan pre-conditioning was shown to be essential to obtain

a good engraftment of engineered stem cells. Subject 2 received a first gene therapy
after receiving oral busulfan; the CD34+cells dose was very low (0.9 x 10%kg), due to a
low numbers of CD34 stem and early progenitor cells in the harvested bone marrow.
The patient has persistet lymphopenia and a second harvest was performed, with a
second infusion of CD34+cells at the dose of 2.1 x 10%kg 2.6 yrs after the first gene
therapy, but without busulfan conditioning. The immune reconstitution was not
complete and the patient remained on long term PEG-ADA since 4.5 yrs after the first

gene therapy.

1.5.3.3 Engraftment, immune and metabolic reconstitution and outcome

While superior survival was seen in patients who received unconditioned
transplants in comparison to myeloablative procedures (81 and 54%), unconditioned
HAPLO T-cell depleted transplantations had a high rate of graft failure or rejection,
differently from the data of similar transplantations performed in SCID-X1 (179). At a
less degree, non-engraftment occurred also in genoidentical transplants (in 13% of
unconditioned sibling transplants), despite overall it was reported an excellent outcome
with stable high levels of T donor chimerism and excellent T-cell numbers and function
(58).

Due to the lack of T and NK cells in ADA SCID patients, the basis of non-
engraftment is unlikely to relate to immunologic rejection. An alternative explanation
could be the inability of the ADA-deficient marrow stromal microenvironment to
support engraftment of wild-type HSCs, as supported by in vitro murine data, while in
case of infusion of whole marrow, as for MSD/MFD transplantations, even if
unconditioned, the engraftment is mainly of more mature cells (58). In the HAPLO and
MMUD setting, conditioned transplantations also have poor outcome, probably for the
high toxicity of the regimen or the delayed T-cell reconstitution, with consequent
inability to clear viral infections (58).

All subjects who received gene therapy showed evidence of engraftment of gene
modified bone marrow and peripheral cells, and the majority (15/18 subjects) were
considered treatment successes on the basis of immune reconstitution and evidence of

therapeutic mechanism of action. Three subjects overall required intervention with
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long-term PEG-ADA, and in two cases subsequent allogeneic SCT, and this

intervention may have contributed to the 100% survival rate.

One of the most important advantages of gene therapy contributing to the
benefits and the success of this approach, is the use of autologous cells in the treatment
dose, which reduces the risk of graft versus host disease and rejection (55). This is a
considerable utility, especially versus mismatched HSCT in which the risk of GVHD is
considerable. The absence of risk of GvHD permits also to avoid the long-term
administration of immune suppressive prophylaxes and/or treatment, usually favouring
viral reactivations that represent a quite common complication following HSCT and can
be severe. In our study, 4 patients experienced Varicella infection (3 in the 3 months-3
years follow-up and 1 at 6 year follow-up), 1 subject presented with pulmonary mycosis
and consensual Cytomegalovirus infection and another subject underwent Epstein-Barr
reactivation with persisting lymphopenia, both during the 3-month hospitalization
phase. The EBV reactivation was a SAE which required back-up bone marrow cells on
2 occasions, at approximately 1 and 2 months after gene therapy. All these AES/SAE
were well controlled thanks to careful viremia monitoring and prompt start of specific

therapy. No EBV-associated PTLD have been observed as of last available follow-up.

Long-term immune recovery in the Hassan cohort showed that regardless of
transplant type, overall T-cell numbers were similar although a faster rate of T-cell
recovery was observed following matched sibling or matched unrelated BMT. Post-
transplant TREC levels were low in unconditioned transplants, suggesting more limited
stem cell engraftment with this approach. Interestingly, humoral immunity and donor B
cell engraftment was achieved in nearly all evaluable surviving patients, including 10/12
unconditioned patients, and most patients were able to discontinue immunoglobulin
replacement. This supports the hypothesis from new B-cell reconstitution data in T-cell
depleted haploidentical unconditioned transplants, that the purine salvage pathway is
not as critical for B cells as it is for T cells, and that in ADA-SCID, host B-cell function
can be reconstituted following donor T-cell reconstitution (58, 180). Another
hypothesis, is that may also be a survival advantage to ADA-expressing B-lymphocytes
(58).

According to the available data, the immunological and metabolic recovery after
allogeneic transplant is well maintained even after 10 years or longer in some patients

(81). Nevertheless delayed or suboptimal immune reconstitution as a result of poor early
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engraftment or gradual decline in immune functions is observed in a significant fraction

of surviving patients (81).

For patients who received gene therapy considered as treatment responders
(15/18), the cumulative evidence suggested development and normal function of T cells
including increases in peripheral cell counts and proliferation from approximately 6
months post-gene therapy and onwards, with the increased numbers and functionality of
cells maintained from Year 1 through 8 years of follow-up. Recovery and maintenance
of T cell counts over time was particularly significant and clearly sustained overtime, as
demonstrated for subjects in the LTFU who remain alive and free of opportunistic and
severe infections. Importantly, TRECs in peripheral blood lymphocytes were increased
from Years 1 to 3 post-treatment, and gradually declined at Years 5 and 8, in line with
age-related decreases in thymus size; this was in line with the increase in lymphocytes
counts and the detection of peripheral CD4+ CD45RA+ naive T cells. As this appears to
be a stronger evidence of prethymic progenitor cell engraftment than happens in
allogeneic transplant setting, it is very encouraging in expecting a long term
immunologic recovery after gene therapy, being anyway a long follow-up mandatory
either in patients undergone allogeneic transplant or gene therapy. Peripheral B cells
counts did not show a clear increase post-gene therapy, but B cell function was
evidenced by observed immunoglobulin production, vaccination responses, and
decreased dependence on IVIG use over time. This evidence supports the possibility of
one or both of the two hypothesis made before for B cells reconstitution. The biological
evidence correlates with the timing of decreasing severe infection rates, which dropped

post-gene therapy from Year 1 onwards.

In the Hassan cohort, a metabolic correction was evident in all the transplanted
patients irrespectively from the donor source and the intensity of conditioning regimen
(MAC/RIC/unconditioned) (58). The available data about long-term F-U after GT
show comparable efficacy profile. The presence of gene modified bone marrow and
peripheral cells across cell types (granulocytes, erythroid cells, T cells, B cells, and NK
cells), elevated ADA activity, and reduced dAXP levels after receiving gene therapy
collectively demonstrated the restoration of ADA function and correction of the
metabolic defect and matched the timing of immune cell increases in numbers and

function.
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1.5.4 Comparison of retroviral gene therapy with ERT

The successful data reported from transplantations from a well-matched donor
source show that, once patients survive the procedure and engraft donor cells, relatively
complete immune reconstitution is achieved.

This observation is in striking contrast to the results of immune reconstitution
after ERT. Evidence suggest that, despite being well detoxified, patients on long-term
PEG-ADA present with T-cell numbers that are much below normal levels (58). The
specific reasons are unclear, but the data suggest as the main reason that intracellular
ADA expression either through transplantation of wild-type cells or GT of autologous
cells corrects T-cell function more effectively than exogenous enzyme replacement.
Moreover, differently from GT and BMT, the B-cell function defects are not fully
repaired by ERT whereby only 50% of patients are able to discontinue Ig replacement
therapy (58).

In the main study, the medicinal product was studied in patients for whom PEG-
ADA was not a valid treatment option. Positive outcomes have been demonstrated in
patients treated with gene therapy that had not received prior PEG-ADA with no
difference in the outcome from those who had received prior PEG-ADA (109).

Although no comparative study between GT and PEG-ADA has been conducted,
comparison between the data with GT and published data with PEG-ADA indicated a
positive benefit risk for GT, particularly in relation to the 100% survival rate, and 82%
intervention free survival rate following treatment with gene therapy and the durability

of the immune reconstitution.

Given these data, the prevailing current medical opinion is that ADA-SCID
patients should receive definitive treatment such as SCT or gene therapy at an early age
because better outcomes are achieved with earlier treatment. The results from gene
therapy trials led to issue recommendation from the EBMT Inborn Error Working Party,
according to which gene therapy is considered a valid option to all patients without an
HLA-identical sibling donor, regardless of the age, availability of a MUD, and outcome
of PEG-ADA therapy (181).

A recent review by Gaspar (81) provides the policy at GOSH, which is aimed at
first stabilizing patients with PEG-ADA and then offering patients MUD transplant or
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gene therapy (Figure 1.6.1).

The ADA SCID population candidate to receive gene therapy in the next future
will be extended to all ADA SCID patients aged 0-18 years lacking a MSD. The
indication will be to perform the gene therapy treatment as early as possible, also in
patients who show a good immunological response to PEG-ADA, without waiting the
ERT failure.

Figure 1.5.1 From Gaspar et al. 2009, How I treat SCID.
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1.5.5 Autoimmunity

Autoimmunity is occurring very often in SCID patients who achieve partial or
poor immune reconstitution after conventional SCT or with PEG-ADA treatment (44,
182), and in late onset ADA deficiency (66, 67), with various mostly hematological and
endocrine manifestations (44, 81, 108). It has been argued that when patients with early-
onset ADA-SCID shift from a virtually complete lack of T-cell-mediated immune

response prior to treatment to an intermediate level of T-cell function, this allows for the
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development of allergy responses and autoimmune disease (44). This can happen

following treatment with BMT, PEG-ADA, or also gene therapy.

After gene therapy, 11 subjects reported a total of 26 events related to
autoimmunity. Grade 1 ANA positivity was the most frequently reported treatment-
emergent autoimmune event (4 events), whose clinical relevance is not clear as positive
ANA titers without clinical signs of without inflammatory or autoimmune conditions
pose a minimal risk for such disease in the pediatric population (163, 164). Several
subjects treated with GT entered their study with a history of autoimmunity and
experienced subsequent post-gene therapy autoimmune events considered as serious.
Two subjects who had post-gene therapy autoimmune events reported as SAEs had a
history of autoimmunity, and 2 subjects who did not present at baseline with a history of
autoimmunity subsequently developed autoimmune SAEs after gene therapy. Five out
of 6 SAEs of autoimmunity (anti-neutrophil antibody induced neutropenia, autoimmune
thrombocytopenia [2 events], autoimmune aplastic anemia, autoimmune hepatitis, and
Guillain-Barré syndrome) occurred within the first 3 years following gene therapy.
Two subjects (one of which was Subject 8 who had an unsuccessful response to
GSK?2696273 treatment) required reintroduction of PEG-ADA in an attempt to restore
immune function and reduce the observed autoimmunity. Subject 8 had a history of
autoimmune hemolytic anemia prior to gene therapy, that included chronic treatment
with steroids, and had PEG-ADA reintroduced approximately 5 months after gene
therapy due to an SAE of autoimmune thrombocytopenia, as already described (109).

Importantly, chronic autoimmunity by the time of gene therapy treatment might

have contributed to an unfavorable environment to achieve successful gene therapy and
consequent failure of engraftment in this subject. Another hypothesis is the implication
of mutation of single genetic loci leading to susceptibility to multiple autoimmune
diseases in some patients, presumably modifying a generalized predisposition to
autoimmunity with organ/disease specificity, as postulated (44).
It remains unclear to what extent specific mechanisms of tolerance are affected in ADA
deficiency (44). Reconstitution of effector T- and B-cells as well as metabolic
detoxification after treatment might therefore be requirements for the onset of
autoimmunity (44).
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1.5.6 Safety considerations

1.5.6.1 Risk of Mutagenesis

Adenosine Deaminase is a house keeping gene, it is not involved in promoting
cell proliferation (unlike Wiskott Aldrich Syndrome Protein or Rag 2 gamma in X-
SCID) and is only expressed at relatively low levels following gene therapy.

In several gene therapy trials including the present one, where over 40 ADA-
SCID patients have been treated since 2000, no leukemic or oncogenic events were
revealed, even if integration into known proto-oncogenes have been reported for all the
trials (55). In this series of ADA SCID patients treated with GT, no adverse events
indicative of leukemic transformation, lymphoproliferation, or myelodysplasia have
been reported. Moreover, analysis of bone marrow and peripheral blood smears has not
revealed the presence of abnormal immature myeloblasts and no karyotypic alterations
were found by cytogenetic analyses. In addition, serum protein electrophoresis revealed
no serum monoclonal protein during long-term follow up, suggesting that the gamma
globulins present were polyclonal, indicative of a normal B cell compartment.

It will be important to continue to monitor GT treated patients to ensure that
existing data trends supporting the safety of gene therapy remain over the long term, but

at this time, the benefit/risk seems very well supported in terms of leukaemia risk.

1.5.6.2 Risks Associated with Posology and Manufacturing

The recommended dose for GT (2 to 20x10% CD34+ cells/kg) was determined by
observations from hematopoietic transplantation practice, the GT clinical program, and
constraints of bone marrow harvest and the manufacturing process.

Although no formal dose-ranging studies have been conducted, from the
outcome gained from the administration of very different cell dose (between 0.9 and
18.1x10° CD34+ cells/kg), a minimum recommended dose of 2x10® CD34+ cells/kg
would be suggested; this is also in line with pediatric SCT dosing literature (183). As
approximately 10% of patients may not yield the minimum number (4 x 10°) of CD34+
cells/kg required to ensure that the minimum dose can be manufactured, primarily due

to the ADA deficiency in itself, an alternative is the use of a product derived from
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frozen CD34+ cells in addition to the fresh product, to ensure manufacture and the

infusion of an adequate quantity of CD34+ cells; this option is under evaluation.
Moreover, since cells are infused fresh under the current process, there is also

the risk that, due to initial contamination of the bone marrow harvest, the final product

would be compromised. In this case, the patient will not be infused and will receive the

bone marrow back-up.

1.5.7 Benefit/Risk across the age of treatment

Although the actual age range of patients that received treatment ranged between
6 months to 6 years 1 month, there is a reasonable expectations that age range should be
from birth to 18 years, as outcomes have shown no significant trend in relation to the

age of patients treated to date in the gene therapy clinical program.

In the series of ADA SCID European patients undergone BMT reported by
Hassan, only one patient out of 106 was older than five years old (58) and in a similar
US study across all SCIDs reporting two hundred and forty patients none were older
than five years of age (10). Occasionally patients that have only partially responded to
previous treatments may present and treatment centres can consider all treatment

options.

Although no information are available to support evaluation of GT in patients
below six months of age, there are no data or hypotheses suggesting that GT would
behave differently in very young infants and GT has not demonstrated age-related safety
concerns. Very young infants may experience additional potential benefits of early
treatment with GT due to more active thymopoiesis and generally reduced concomitant

disease at the time of treatment.

With the increasing development of newborn screening (12) and well organised
bone marrow donor registries, patients may present for treatment increasingly quickly.
However, considering the time required to confirm ADA-SCID diagnosis, for patient’s
stabilization and preparation for the treatment, more frequent is going to be the situation
in which patients > 6 months of age will be referred to treating centers. Moreover, the
treatment of children aged 0-6 months presents particular challenges, as the technical
difficulty of bone marrow harvesting, the limited volume of bone marrow that can be

extracted and the increased variability of busulphan pharmacokinetics (in infants <9kg),
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which may ultimately determine the age at which a patient may be safely undergo the

treatment.
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1.6 CONCLUSIONS

Gene therapy for ADA SCID has led to 100% long-term survival (maximum and
median follow-up of 13 and 7 years, respectively). The majority of subjects have
demonstrated evidence of multilineage engraftment of gene modified cells, sustained
increases in functional gene modified lymphocytes, maintenance of a robust immune
reconstitution, significantly fewer severe infections over time, and continued physical
growth.

Overall, safety data show that the gene therapy program was as expected for a
pediatric autologous HSCT. The frequency and severity of infections, severe,
opportunistic and otherwise, trended downward as subjects became immune
reconstituted. No events indicative of leukaemic transformation or myelodysplasia
were reported and no issues around immunogenicity were evident. At this time,
identified adverse drug reactions are limited to those thought to be related to immune
reconstitution (fever and various autoimmune events).

Overall, based on the positive benefit to risk profile, the limitations associated
with current therapeutic treatment options, and the significant mortality experienced by
patients with ADA-SCID, there is an urgent medical need for additional therapeutic
options. The gene therapy program developed at TIGET was inlicensed by GSK and is
currently under further development, with the aim to obtain the registration in the
market.

There is a robust evidence of efficacy of the data for an ultra-rare disease,
considered fatal in the first year of life when untreated, and appropriate comparisons

with other treatments.
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1.7 FUTURE PLANS

Gene therapy has made significant progress over the last 20 years. Previous trials
focused on the treatment of PIDs, and among them ADA SCID, with retroviral vectors
have demonstrated clinical and biological efficacy. Unfortunately, in some cases of
PIDs safety issues occurred, as hematological malignancies in 5/20 patients affected by
SCID-X1, 3/5 patients treated for CGD and 7/10 patients affected by WAS (55).

Despite this, no leukemic or oncogenic events after the use of retroviral vectors
for the treatment of patients with ADA SCID have been reported in over 40 patients
treated in UK, US and Italy (138).

Although no vector-related harmful effects have been observed in any of the
ADA-SCID trials, the development of new vectors with reduced risk of insertional
mutagenesis, or alternative strategies of gene correction are important for all stem cell
gene therapies (184).

Lentiviruses are an attractive option, since insertions occur preferentially within
transcriptional units but not immediately surrounding the transcriptional start site (185).
In the last years, significant advances have been made in the study and the clinical
application of GT with lentiviral vectors (LV), that have been attempted with benefit
and a good safety profile to the treatment not only of PIDs. Among the other diseases in
which this approach has been attempted there are hemoglobinopathies, as beta (B)-
thalassemia and sickle cell disease (17) and metabolic diseases, as Xlinked
Adrenoleukodystrophy (18) and metachromatic leukodystrophy (19). In the PIDs field,
very promising results have been obtained from the treatment of WAS with LV (186)
and a recent attempt is in course by Kohn and Gaspar’s group of for ADA SCID
(reported at ESID meeting 2014 (81).

However, the semi-random integration of viral vectors into the genome of target
cells means there is always a risk, even if small, of disrupting gene expression near the
insertion sites (138).

The ultimate goal for gene therapy would be to insert the therapeutic cassette in
a known, safe location within the genome that would allow expression of the
therapeutic gene without perturbing the expression of other genes in the vicinity (138).

New technologies to target gene insertion should enhance safety further,
maintaining appropriate regulatory control of gene expression and not risking

genotoxicity through ectopic vector insertion. Technologies that allow highly specific
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double-stranded DNA cleavage are beginning to be used for targeted gene insertion.

This can be achieved by homologous recombination of corrected gene sequences by
cellular DNA repair pathways following targeted DNA breakage. Zinc finger nucleases
(ZFNs), meganucleases (MN), transcription activator-like effector nucleases (TALENS)
and, more recently, clustered, regularly interspaced, short palindromic repeat (CRISPR)
nucleases are all being developed to create highly specific gene targeting (184).

The efficiency of gene editing using these techniques has improved notably in
cell lines and certain primary cell lineages, although remains limited in primary HSC.
Nonetheless, for disorders such as SCID-X1, where corrected cells acquire a notable
survival advantage, gene repair by homologous recombination holds promise as the
efficiency of nuclease reagents improves (138, 184).

As data from the current clinical trials become available, it is likely that gene
therapy will move from an experimental approach to become part of the mainstream
therapeutic cellular armament, although long term follow-up of treated patients will be
required to monitor potential long-term adverse events. The adoption of vector
manufacture by mainstream pharmaceutical companies is likely to accelerate the

adoption of gene therapy as a standard tool of cellular therapies.
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Purine metabolism, immune reconstitution,
and abdominal adipose tumor after gene
therapy for adenosine deaminase deficiency

To the Editor:

Adenosine deaminase (ADA) is an important enzyme for
purine metabolite degradation or salvage into the mucleotide
pool. Inherited defects in the function of ADA canse accumula-
ton of adenosine, deoxyadenosine, and total deoxyadenosine
mucleotides, resulting in severe T- and B-cell immune deficiency.
ADA-deficient patients often present in infancy with increased
susceptibility to infections and autoimmunity.! Allogencic bone
marmow { BM) transplantation with HLA-matched sibling donors
can correct the immune deficiency. Since 2000, gene thempy with
the patient’s BM cells transduced ex vive with retrovinses carry -
ing a comect ADA gene transcript has been performed in more
than 30 patients.” After gene therapy, most ADA-deficient pa-
tients had a significant reduction in blood levels of toxic purine
metabolites, with progressive immune reconstitution.” Malignant
cell tanstormation has not been reported with gene therapy for
ADA deficiency in contrast to other immune deficiency discases,
such as 1L-2 meeptory deficiency and chronic granulomatous dis-
ease. Herein we have carefully evaluated purine metabolism and
immune reconstitution in a patient with ADA deficiency who had
an ghdominal tumar 3 years after gene therapy.

The paticnt presented at 1 month of age with increasing
respimtory difficulties, lymphopenia, and reduced T- and B-cell
numbers and function {see Tahle E1 in this article’s Online Repos-
itory at www, jacionline. org). ADA activity in his red blood cells
(RBCs) was less than 1% of nomal control values, Sequencing
of the patient’s ADA gene mevealed compound heterozy gosis, in-
duding a G216 R substitution on one allele and 30698_30702 del-
(A AGA on the other, mutations that were previously describedin
other ADA-deficient patients. The patient had no HLA-matched
related donor and was subsequently enrolled in an experimental
ADA gene thempy protocol. At 16 months of age, in May
2007, the patient received nonmyeloablative conditioning with
2 mgfkg busulfan {Busilvex; Pieme Fabre, Castres, Franoe) for
2 days, followed by aninfusion of BM-derived CD34™ cells trans-
duced with the ADA-containing vector in accordance with a clin-
ical trial protocol, as previously deseribed.”

Thmee years after gene thempy, the patient had not had any
significant infections, his developmental milestones wen: appro-
priate for his age, and his height and weight were normal. The
ADA activity in his peripheral blood lymphocytes increased to
412 nmolth/mg protein (normal value, 21000 £ 320 nmolh/mg
protein). ADA activity in the patients” peripheral RBCs was about
5% of the normal value (4 nmol/min/mL.; normal control value,
55194 nmol/min/mL). Deoxyadenosine in the unne, which was
263 mmol/mol creatinine before treatment, had decreased to
4.4 mmol/mol creatinine, although it was still increased (normal
value, <11 mmol/mol creatining). Immune evaluations revealed
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low mumbers of circul ating CO3™C04™ and CO3TCDE™ T cells,
with in vitm responses to mitogens and antigens comparable with
normal control values {sec Table E1). Analysis of the repertoin of
T-cell receptors among CD37 cells was normal; however, a mom
detailed evaluation demonstated reduced representation of VA4
and V5.2 familics among the CD47 subpopulation, as well as re-
duced VE53, VAT, and VPY mepresentation but expanded
WE52 and VP31 representation among the CDE™ cells {see
Fig El in this article’s Online Repository at www jacionline.
org ). This might be explained, at leastin part, by reduced thymic
output, as evident by the patient’s low T-cell receptor excision cir-
e levels. The patient also had a reduced number of CD19T B
cells and required intravenous immunoglobulin replacement.
Among perpheral lymphocytes, ADA mected cells
were detected in 61.1%, 73.0%, 44.3%, and 65.6% of CD47,
CDET, CD197, and natural killer cells, mspectively, indicating
amixed populationof transduced, as well as native lymphocytes.

Routine abdominal ultrasound 3 years after gene therapy
mvealed a previously undetected large abdominal tumor, with
the patient asymptomatic. Magnetic resonance imaging showed a
well-defined right-sided 4.1 % 7.0 3 73—cm tumor within the
mesentery and below the liver (Fig 1). The mesenteric tumor and
an attached segment of the small bowel were mmoved. The tumor
was well dreumscibed, thinly encapsulated, and confined to the
mesentery (Fig 1), The cut surface was lobulated, soft, and yellow,
with a fatty appeamnce. Micmoscopic examination revealed a tu-
mar composed of mature adipocytes with slight vanation in cell
size and no cytologic atypia or immature adipocytes, which is
consistent with a benign lipoma (Fig 1 ). The tumor was nearly de-
void of lymphocytes but did contain small capillaries, Cytoge-
netic mnalysis by means of G-handing showed a halanced
inverted insertion of chmomosome region 8g11.23-8g24 from
one chromosome § into the long amm of one chromosome 19 at
19q13.13 (Fig 1). The rearangement was seen in all 30 adipo-
cytes examined. The translocation was not present in the patient’s
BM, lymphoid cells, or skin cells obtained before and after gene
therapy. Cuantitative PCR analysis for the presence of the viml
construct used for gene therapy was detected in 3 4% of the tumor
cell DMA, likely representing ADA gene—tmansduced peripheml
blood cells in the tumor blood vessels,

Adipocyte tumors include a spectmum of abnormally proliferat-
ing mesenchymal cells, mnging from benign lipomas and lipoblas-
tomas to malignant liposarcomas . Lipoblastomas are often present
inchildhood as arapidly growing tumaorin the extremities ortrunk.
Abdominal lipoblastomas comprise less than 10% of all cases and
are usually localized to the retroperitoncum, wheress ran: cases
have been reported to arise in the mesentery. Lipoblastomas are
characterized cytogenctically by mamangement of chromosome
#q11-13, which has been identified in the vast majonty of cases,
similar to the patient descnbed here** The ohservation that the
tumor was of nonhematopoictic ongin and that DNA from tumor
cells did not contain viml gene sequences with the exception of a
minor contaminant arguad against a role for gene therapy—related
insertional mutagenesis in this tumor formation. Another potential
predisposing factor for the tumor was the use of busulfan, which
has been assocated with secondary malignancies; however, a link
between this drug and lipoid tumaors has never been reported.

Large lipoid tumors have not been described previously in
ADA-dcficient patients; however, these patients tend to have
hematologic malignancies.® Momover, ADA-deficient patients
dlso were reported to acquire genetic abnormalities, including
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FIG 1. Analysis of the abdomimal tumor. Magnatic resonance imaging (upper left panel) demonstramd a3
large right sided abdominal tumor (arrow) near tha liver (arrowhesd). The tumor had a diffuse, homoge
nous high signal on T1 and T2 saquences isointonse to the subcutanoous fat, with no evidence of cystic
changes or cakificaton. Gross inspaction of the tumor ravaaled a wall-circumscribod, thinly encapsulated
tumor confinad to tha masantery (upper rigit panel). Homatoxylin and eosin staining of tha rasacted umor
damonstrated matura adipocytes with no cywologic atypis or mitoses (lower left panel). G-banding analysis
of the resactnd tumor shownd talanced inverind insartion of 8q11.23-q24 into chromosoma 19 at 1913.13,

which is typical of lipoblastoma (lower night paneil.

trisomy 8, as well as 17922 to 22q1 3 translocations, which have
been linked to extensive dermatofibrosarcoma protuberans.®
The increased frequency of tumors in patients with ADA defi-
ciency might be related to nucleotide imbalances, which impair
DNA recombination in ADA<dcficient l_vmphm:ytc:.wT and might
contribute to the increased imadiation sensitivity of ADA-
deficient fibroblasts.® Indeed, our patient had increased concen-
trations of deoxyadenosine in the unine and total deoxyadenosine
nucleotides in RBCs, indicating continued abnormal purine ho-
meostasis similar to that found in ADA-deficient patients who
had dermatofibrosarcoma protuberans and lymphoma after BM
transplantation or PEG-ADA replacement thcrap_v.”'

Altematively, incomplete immune reconstitution, as suggested
by the reduced thymic output, skewed Twell repertoire, low
numbers of circulating B cells, and requirement of intravenous
immunoglobulin, might have led to inappropriate immune sur-
veillance and tumor formation. Similarimmune dysregulation has
been linked to onset of autoimmunity and increased risk of cancer
dcwlnpmcm.q In addition, because similar metabolic and im-
mune abnormalities, including skewed T-cell repertoire and re-
duced T<ell receptor exasion circle levels, are frequently
observed in ADA-deficient patients after BM transplantation
and enzyme replacement therapy.® they too need to be followed
closely for development of tumors.
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In conclusion, gene therapy has thus far effidently protected
our patient from significant infections and supported normal
growth and development. However, the degmree of comection of
purine metsholism and immune mconstitution might either
predispose to or inadequately protect against noninfectious
morhidities.
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TABLE E1. The patients immune evaluations before and after gens therapy®
Age-matched healthy Thres y after Age-matched healthy
At diagnosis control subjects gene therapy control subjects
White hlaood cells (% 10°7L) is =15 59 =12
Meuwrophils (= 10°/L) 29 15-R.5 i6 1585
Lymphocytes (= 10FL) 0.18 4-10L5 L2 1.5-8.0
03" celk (= WL %) 003 (2 25-551 (53-8} 086 (87) L4371 (5675)
Co4" cells (% 10°L [ lymphocytes]) 002 {13) 1.6-40 (35-64) 056 (46) 0.7-221 (2847)
CDE" cells (% WL % lymphocytes]) 0k (3) 056-1.71 (12-28) 031 (25) 049131 (1630
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B-cell development and functions and therapeutic options in
adenosine deaminase-deficient patients
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Background: Adenosine deaminase (ADA) deficiency causes
severe cellular amnd humoral immune defects and dysregulation
because of metabolic toxicity, Alterations in Bell devel opment
and Tunction have been poorly studied. Enzyme replacement
therapy (ERT) and he matopoietic stem cell (HSC) gene therapy
(GT) are therapentic options for patients lacking a suitable bone
marrow (BM) transplant donor.

Ohjective: We sought to study alterations in B-cell development
in ADA-deficient patients and investigate the ability of ERT and
HSCAGT to restore normal B-cell differentiation and function.
Methods: Flow cytometry was used 1o characterize B-oell
development in BM and the periphery. The percentage of gene-
corrected B cells was measured by using quanttative PCR. B
cells were assessed Tor their capacity to proliferate and release
IgM after stimulation.

Results: Despite the severe peripheral B-cell lyvmphope nia,
patients with ADA-deficient severe combined immunodeficie ney
showed a partial block in central BM development Treatment
with ERT or HSC-G T reverted most BM alterations, but ERT
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led to immature B-cell expansion. In the periphery transitional
B cells accumulated under ERT, and the defect in maiuration
persisted long-term. HSC-GT led to a progressive improvement
in B-cell numbers and development, along with increased levels
of gene correction. The strongest selective advantage for
ADA-transduced cells occurred at the transition from immature
to naive cells, B-cell proliferative responses and differentiation
to immunoglobulin sec reting Tgh after B-cell rece plor and Toll-
like receptor triggering were severely impaired after ERT and
improved significandy after HSC-GT.

Conclusions: ADA deficient patients show specific defects

in Bacell development and functions that are differently
corrected after ERT and HSC-GT. (J Allergy Clin Immunol
2014;133:799-8046.)

Key words: Gene therapy, adenosine deaminase—deficient severe
combined immunodeficiency, B-cell development, antibodies

Mutations in the adenosine deaminase (ADA) gene are associ-
ated with accumulation of its substrates adenosine and deoxyade-
nosing, leading to lymphopenia (T, B, and natural killer) and a wide
spectrum of immune and nonimmune alterations.~ Bone marrow
transplantation (BMT) from an HLA-identical sibling donor is
the reatment of choice for ADA-deficient severe combined immu-
nodeficiency (SCID), but ransplants from matched unrelated do-
nors are associated with increased morbidity and mortality.”
Enzyme replacement therapy (ERT) with PEG-ADA decreases
toxic ADA substrate concentrations and im proves the immunol ogic
phenotype. Nonetheless, a variable extent of immune recovery has
been reported, and patients undergoing long-term treatment often
show a decrease in lymphocyte counts, loss of regulatory T
(Treg) cell function, and development of antibodies against bovine
ADA " Gene therapy (GT) with hematopoistic stem cells
(HSCs) engineered with gamma retroviral vectors has been shown
to be a successful alternative strategy for patients who do not have
access to HLA-identical BMT and for whom ERT was insufficient
to maintain adequate immune reconstitution.” Since 2000, more
than 40 patients worldwide were enrolled in HSC-GT clinical trials
with reduced-intensity conditioning, resulting in long-term multili-
neage engraftment, sustained svstemic detoxification, and
improved immume functions.” "'

The lack of ADA induces severe peripheral B-cell lvmphope-
nia, but no information is available about bone marrow (BM)
B-cell development in patients with untreated ADA-SCID. Most
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Abbreviarions used
ADA: Adenosine deaminase
ANA: Anti-nuclear antibody
APC: Allophycocyanin
BAFF: B cell-activating factor
BAFFR: BAFF neceptor
BCR: B-cell meeptor
BM: Bone marmow
BMT: Bone marmow transplant
CD0L: C40 ligand
CFSE: Carboxyfluorescein succinimidyl ester
ERT: Enzyme replacement therapy
FACS: Huornescence-activated cell sorting
FITC: Auorescein isothiocy anate
GT: Gene therapy
HSC: Hematopoietic siem cell
I'WVIg: Intravenous imomumo globolin
LME: Linear mixed effect
PB: Peripheral hlood
PE: Phycoerythrin
qPCR: Quantitative PCR
SCID: zevere combined immunodeficiency
TLR: Toll-like receptor
Treg: Regulatory T

patients treated with ERT show an initial B-cell recovery that is
not sustained long-term, with reduction in newly produced B-cell
counts and oligoclonal B-cell repertoire. sl Additionally, pa-
tients with milder forms of ADA deficiency after treatment with
PEG-ADA or HSC-GT have shown autoimmune manifestations,
which might be related to central or peripheral B-cell wlerance
defeng-l._!i.l-l_l‘u

B-cell development is regul ated by the elimination of self-reactive
B-cellclones in the BM and during transition from new emi grant to
mature naive B-cell stagesin the periphery.'™'" B cells from patients
with ADA-SCID show a high frequency of autoreactive and
anti-nuclear antibody (ANA}-expressing clones, loss of central
and peripheral B-cell tolerance, and perturbation of checkpoint con-
rol during development.” Moreover, patients with different
primary immunodeficiencies who have autoimmunity show
impaired elimination of autoreactive B cells at the transitional
B-cell stage'™" and an altered distribution of autoimmune-prone
B-cell subsets, including CD21"™CD38"™ B cells.™

These observations led us to investigate alterations in B-cell
development in ADA-deficient patients and to compare B-cell
development and function in patients with ADA-SCID receiving
either ERT, HSC-GT, or BM transplantation.

METHODS
The methodology wsed inthis study is described in the Methods section in
this aricle’s Online Repository at www jacionline.org.

RESULTS
Altered BM B-cell development in patients with
ADA-SCID and correction after treatment

To gain information on early B-cell development, we studied
the composition of B-cell precursors in the BM of 7 patients with
untreated ADA-SCID, 6 ERT-treated patients, and 8 patients
undergoing HSC-GT (see Table E1 in this aricle’s Online
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Repository at www.jacionline.org). We used 13 combinations of
4-color stining o 'Ldgnﬂfy pro-B, pre-BL, pre-BIL and immature
B cells (Fig 1, 4). %

Despite the severe peripheral lvmphopenia in patients with
untreated ADA-SCID, B cells were present during all stages of
BM maturation (Fig 1). Pro-B cells were similarly increased in
untreated, ERT-treated, and HSC-GT-treated patiemts (Fig 1,
B). Strikingly, a 2-fold increase in pre-Bl-cell counts was
observed in patients with untreated ADA-SCID compared with
control subjects (48% = 6% wvs I85% X 7%, respectively
[mean = 5D]), with a corresponding decrease in pre-BII and
immature B-cell counts. This suggests a progressive loss of
mature precursor cells rather than a block in differentiation. Treat-
ment with ERT reduced the percentage of pre-BI cells, with a
corresponding recovery in pre-Bll-cell counts. Immatire B-cell
counts were also increased. suggesting an altered progression of
B-cell development through maturation. Importantly, the propor-
tion of pre-BI. pre-BIL, and immature B-cell subsets was normal-
ized after HSC-OT (Fg 1, C-E, and see Fig E1 in this article’s
Online Repository at www jacionline.org).

Selective advantage for gene-corrected B cells
occurs at late stages of maturation

In agreement with our previous observations,” on average, the
proportion of vector-transduced B cells in patients undergoing
HSC-GT was 8.9% (range, 0.6% to 32.4%) in BM CD197 cells
and 48.3% (range, 8 4% to 76.4%) in peripheral blood (PE).
Therefore we assessed whether the observed selective advantage
for ADA-transduced B cells occurred during BM development or
at later stages of maturation. Pro-B, pre-BL, pre-BIL and imma-
ture B cells from 6 patients (collected 2.6-B.3 wvears after
HSC-GT) were sorted by means of fluorescence-activated cell
sorting (FACS) and analyzed by using quantitative PCR (gPCR)
for their percentage of gene correction (Fig 2, A). No significant
increase in the fraction of gene-corrected progenitor B cells was
observed during the early stages of development (Fig 2, A, left
panel), whereas the percentage of tansduced naive B cells
increased, on average, 4.4-fold (Fig 2, A, right panel; median,
24 5%) with respect to immature B cells in the BM (5.6%). In
addition to the selective advantage occurring at the transition
from immature to naive B cells, we observed a further increase
at later stages of matration because approximately 56% of total
CDI97 B cells were gene corrected in these patients (Fig 2, B).

Transitional B cells accumulate during ERT
treatment

Patients who underwent ERT were divided into short-t2rm
(n = 8 0.4-25 vears) and long-term (n = 6; 9.1-22.8 vears)
categories based on their age and duration of treatment. B-cell
counts were less than the normal rnnge"" in both the short- and
long-term groups (see Table EXinthis article’s Onling Repository
at www jacionline.org). Nevertheless, all patients undergoing
long-term  ERT discontinued  intravenous immunoglobulin
(IVlg) and responded to vaccine antigens. After HSC-GT,
B-cell counts were normal in 3 of 14 patients, and 71% of patients
discontinued I¥1g with good vaccination response. Three patients
undergoing ERT and 2 patients undergoing HSC-GT showed
signs of autoimmunity (see Table E2). ANA results were positive
in 2 asymptomatic patients undergoing HSC-GT, whereas 2
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FG 1. BM B-cell development in patients with ADA-SCID. A, Representative FACS staining and gating strat-
egy for BM B-cell development. Dotted arrows indicate the stage of developrment of pro-B (CD22°CD8 ),
pre-Bl [CO18 CylgM ~ Smigh |, pre-BII [CD18° CylgM* SmilgM~ |, immature (CO159 SmlgM “SmigD |, and
mature [CO18° SmigM “SmigD )} B cella B-E Percentage of pro-B (Fig 1. Bl. pre-Bl (Fig 1. ). pre-BIl
[Fig 1, 04, and immature (Fig 1. £ B cells in 10 age-matched heslthy donors, 7 patlents with ADA-SCID,
& patients wundergoing ERT, and 8 patients undergoing HSC-GT comected for blood contamination.
P 05, **P < D05, and ***P< 001, Krusksl-Wallis test with Dunn cormection.

patients undergoing ERT showed ANA or Coombs positivity  subjects. The GT cohort was subdivided in 2 cate gories according
(data not shown). tothe vears of follow-up (1-4 and 4.6-8.9). As shown in Fig 3, the

To understand whether different treatments influence B-cell  percentage of CD24"CD38™ transitional B cells was 5.8-fold
development, we compared the proportion and absolute numbers  higher than in control subjects in both the short-term and long-
of PB B-cell subsets of patients under going HSC-GTwith those of  term ERT groups (7 = (0001; Fig 3, B), whereas absolute counts
patients undergoing ERT and appropriate age-matched control  were increased only after short-term treatment (P 0015
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Fig 3, C). The percentage of transitional B cells was increased only
in the short-term group of patients undergoing HSC-GT but not
the absolute numbers (F = 007; Fig 3, B). Patients undergoing
HSC-GT normalized both transitional B-cell numbers and per-
centages, as assessed by using a linear mixed effect (LME) model
(Fig 3, 1), whereas this alteration persisted after long-term ERT
(P = 2232;Fig 3, ). The percentage of transitional B cells in pa-
tients undergoing HSC-GT inversely correlated with ransduced B
cells (P = .0401; Fig 3, E), indicating that the relatively increased
transitional B-cell percentages were mainly nontransduced.

We then measured the proportion of naive (CDI197CD2T7),
CD27" memory, and switched memory (CD2771gG IgA™) B
cells (see Fig E2 in this article’s Online Repository ab www.
jacionline.org). Short-term ERT resulted in normal naive B-cell
counts, but the long-term generation of naive B cells was not sus-
tained. Decreased memory and switched memory B-cell counts
were persistently found in patients receiving short- and long-
term ERT (see Fig EX, Drand F). In contrast, all B-cell subpopu-
lations were reduced at early time points after HSC-GT compared
with those seen in control subjects but normal in patients followed
long-term (P = 0003, P = 002, and F = 003, respectively: see
Fig E2, B, D, and F).

We next analyzed the CD21"™CD38'™ B-cell subset, which
was previously shown to be ex| d in patients with autoi mmu-
nity or meunmcﬁctency."" This population was overrepre-
sented in patients undergoing long-term ERT (8%, P < (005)
and in patients undergoing HSC-GT (P = .04) when compared
with control subjects (see Fig E3 in this article’s Online Reposi-
tory at www. jacionline org). However, no association with auto-
immune manifestations was observed in both groups of patients.

Effect of B cell-activating factor on transitional
B-cell maturation

B-cell survival, peripheral selection, and matwation largely
depend on the activity of B cell-activating factor (BAFF). ™ BAFF
plasma levels were evaluated in patients undergoing ERT and
patients undergoing HSC-GT during follow-up. Shortly after
PEG-ADA, BAFF levels were increased (P <.03; see Fig E4, A,

inthis anicle’s Online Repository at www jacionline org), whereas
long-term treatment resulted in levels comparable with those sesn
in control subjects (median, 0.7 ng/mL: range, 0.4-2 ng/ml).
Also, patients undergoing HSC-GT showed incressed levels of
BAFF (7-fold with respect to control subjects ), but its concentmtion
decreased over time (P < .05). We then evaluated the level of BAFF
recepior (BAFF-R) expression, which has a pivotal role in regu-
lating the size of the mature B-cell pool (see Fig B4, B). We
observed a 2.8- and a 3.8-fold reduction in BAFF-R mean fluores-
cence intensity in patients underg oing short-term HSC-GTand ERT
(see Fig B4, C), which isin accordance withhigher BAFFlevels and
a more immature B-cell phenoty pe in both groups. BAFF-R instead
normalizedinthe long-term HSC-GT g roup, whichis inaccordance
with a normalization of BAFF in their plasma.

Reduced in vitre proliferation of B cells from
ERT-treated patients is corrected after GT

To study the ability of B cells from patients with ADA-SCID to
proliferate and differentiate in vitro, we purified CD207 B cells
and stimulated them through the B-cell receptor (BCR) or Toll-
like receptor (TLR). Fig E5 in this article’s Online Repository at
www. jacionline org shows carboxyfluorescein succinimidyl ester
(CFSE) dilutions in a representative control subject. patients un-
dergoing HSC-GT, and patients undergoing ERT after stimulation
with the TLRY agonist CpG or in combination with immunoglob-
ulin or CD40 ligand (CDA0L). TLR stimulation did not induce
adequate proliferation in B cells from patients undergoing ERT
(Fig 4,A). indicating that TLR receptors are unable to signal prop-
erly in the absence of functional ADA. The additional BCR stim-
ulation by anti-immunoglobulin antibody was unable to restore
appropriate B-cell proliferation in patients undergoing ERT
(P = 003). In contrast. B cells from patients undergoing HSC-
GT responded normally after CpG stimulation, and costimul ation
of the BCR further increased B-cell proliferation. The addition of
CD4OL to mimic T-cell/B-cell interaction induced adequate
B-cell proliferation in patients undergoing HSC-GT but not pa-
tients undergoing ERT. Because the level of gene correction varies
between patients, we anal yzed patients with different percentages
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FIG 4. Impsaired B-cell proliferation after BCRTLR triggering in patients
undergoing ERT is corrected after HSC-GT. A, Percentage of CFSE-diluting B
cells in patients undengoing HSC-GT (n = 4 for CpG stimulation and n = &
when either immunoglobulin or CO40L were added) and 4 ERT-trested
patients compared with 15 control subjects. Data sre shown a8 means &
SEMs. *F < 05 and **F < 005 Mann-Whitney test. B, Mumber of
lgM-producing B cells in pstients undergoing ERT (n = 5} and patients
undergoing HSC-GTn = 5 for CpG stimulation gnd n = Bwhen either immu-
noglobulin or CO40L were added) compared with 17 control subjects. Data
are shown asmeans = SEMs. *P< 05 and ** P < 008, Mann-Whitney test.

oftransduced B cells separately. Their ability to respond to a com-
bination of BCR/TLR stimuli and T-cell mimicking (see Fig E6,A,
in this article’s Online Repository at www.jacionline.org) is 2-fold
reduced in patients with few corrected B cells (<50%) compared
with patients with high correction (>30%) or a patient successfull y
treated with BMT achieving full donor chimerism(see Fig E6, B).
This finding highlights the critical importance of ADA for the
normalization of B-cell function. After BCR, TLER, and CD4IL
activation, B cells differentiate into immunoglobulin-secreting
cells. Therefore we assessed the percentage of IgM
immunoglobulin-secreting cells in patients undergoing ERTor pa-
tients undergoing HSC-GT by using the ELISPOT assay (Fig 4, B).
B cells from patients undergoing ERT and patients undergoing
HSC-GT stimulated with CpG showed a reduced percentage of
IgM-secreting spots with respect to control subjects. After addi-
tional BCR engagement, CD40L, or both, we observed a signifi-
cant improvement in IgM secretion for the HSC-GT group and,
o alesser extent, the ERT group.

DISCUSSION
The goal of the present work was to assess defects in B-cell
differentiation and function in patients with ADA deficiency and
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toevaluate the effect of d ifferent treatments. Here we demonstrate
that patients with ADA-SCID display specific alterations in early
and late B-cell development, which are differently corrected by
ERT or HSC-GT. Moreover, we show that intrinsic ADA
expression provided by gene transfer is superior to ERT in
restoring B-cell differentiation and function (Table I).

Our findings indicate that, despite the severe peripheral
lymphopenia, ADA deficiency only leads to a partial block in
BM differentiation. After pre-BCR rearrangement and comple-
tion of ¥(D) recombination, a 2-fold decrease in late develop-
mental stages can be observed in patients with unireated
ADA-SCID (see Fig E1), suggesting that B cells become more
sensitive to purine toxic metabolites and apoptosis during matura-

n.” These alterations are possibly related to defects in V(D)
recombination and DNA damage repair caused by the accumula-
tion of ADA substrates. In fact, previous reports indicate that
increased dATP levels influence the frequency of V(DM recombi-
nation and the composition of N insertions in lvmphocytes, lead-
ing to alterations in antigen receptor and aberrant 1ymphoid
development. * Moreover, increased intracellular JATP in the
absence of deamination retards DNA repair in human lvmpho-
cytes and results in the slow accumulation of DNA strand
breaks ** This is consistent with the pattern observed in patients
with SCID with a complete defect in V(D) recombination
(eg, recombination-activating gene 1 or 2 deficiency) or X-linked
agammaglobulinemia, showing an earlier and more severe block
at pro-B and pre-Bl stages and a dramatic reduction in immature
B-cell counts.” "' The hypothesis that human B cells require
different levels of ADA during differentiation is supported by
the progressive increase of vector-transduced B cells in patients
undergoing HSC-GT from immature t© naive B cells and even
further in late stages.

We found that both HSC-GT and ERT revert the partial BM
differentiation block, leading to rescue of the peripheral B-cell
pool. Because gene-corrected cells represent approximately 105
of total BM B cells, the normalization of B-cell development is
likely mediated by cross-correction from ADA-expressing B cells
and other cell lineages. However, our data indicate that intrinsic
ADA expression achieved by GT is important for survival,
maturation, and function at later stages of differentiation.

Both patients undergoing ERT and patients undergoing
HSC-GT in the first yvears after treatment showed a relative
increase in counts of transitional B cells in the periphery, which
normalized at later time points in the HSC-GT group. Also,
patients who underwent allogeneic BMT showed an increased
proportion of transitional B cells early after ransplantation, with
normalization within 1 :«-‘enral’tertrentrnem.i;';" After HSC-GT, a
delay in B-cell reconstitution with respect to BMT is expected
because of the time needed for highly purified transduced HSCs
to repopulate the BM, compete with untransduced B cells, and
differentiate into functionally mature B cells. Importantly,
increased B-cell counts, including memory and switched memory
B cells, alongside the reduction in transitional B-cell counts was
associated with an increased percentage of gene-corrected B cells
inthe PB.

The higher proportion of transitional B cells detected in patients
undergoing long-term ERT might be sustained by the increased
percentage of immamre B cells exiting from their BM or the
higher BAFF levels found in these patients. Similar to patients
with B cell-mediated autoimmune diseases,” " BAFF might act
as a compensatory mechanism to the Iy mphopenic condition, thus
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TABLE I. Summary of the main B-cell features in the BM and the periphery of patients with untreated ADA-SCID or patients who

received long-term treatment with ERT or underwent HSC-GT

PB
Group BM development B-cell maturation B-cell function
Unireatod 1 Pre- BI B cells ND ND
ADA-SCID  Block of BM development
ERT Nomal BM development T Transitional B cells | B-cell proliferation
T Immature B cells | Maive, memary, and switched memory B | TgM production i TLRT and
celk immumag lobulin
T BAFF levels
HSCGT Nomal BM development Progressive nomalizaton of B-cell Mormal B-cell proliferation
Selective advantage for gene-comected cells matration | TgM production i TLRT
{later stages) 1 BAFF levels

NI, Mot diome hecause of severe lymphopenia.

allowing the expansion of transitional or CD21'"™CD38"™ B cells
and promoting cell-mediated autoimmunity through survival of
low-affinity self-reactive B cells.

In patients undergoing HSC-GT, B-cell development pro-
ceeded o mature functional B cells and a normal proportion of
memory and immunoglobulin-producing B cells. Interestingly.
the restored ability of plasmablasts to proliferate and produce IgM
in witre correlated with their level of transduction, indicating that
endogenous ADA is required for full correction of the B-cell
defect. In contrast, the few naive B cells isolated ex vive from
patients undergoing ERT did not properly respond to BCR or
TLR stimulation, proliferate, and secrete immunoglobulins.
These data are in agreement with our previous finding that
in vitre inhibition of ADA enzymatic activity in normal human
B cells blocks responses to TLR and BCR stimulation.'”

Development of autoantibodies and autoimmune manifesta-
tions have been reported after long-term ERT'''" and have
been associated with an incomplete immune recovery, decrease
in absolute B-cell numbers, and an oligoclonal B-cell reper-
toire” "' An in-depth analysis of B-cell tolerance and anti-
body repertoire in 3 ADA-deficient patients treated with ERT
showed an increased frequency of both polyreactive and
ANA-expressing clones, indicating defects in central and periph-
eral B-cell tolerance in patients with ADA cie['i|:lem:"ur.*Ix More-
over, we previously demonstrated that an impaired Treg cell
function contributes to the loss of peripheral tolerance in patients
undergoing ERT, as well as in ADA™'™ mice rescued with
PEG-ADA therapy. In these animals the abolished Treg cell func-
tion leads to the development of immune dysregulation with
abnormal serum immunoglobulin levels, antiplatelet antibodies,
and autoantibodies directed against multiple organs.”

Herein we found a significant increase in the percentage of
CD21"™ D385 B cells in patients undergoing ERT, a popula-
tion hig?}}y represented among those with systemic lupus eryte-
matotus~ and common variable immunodeficiency,” resulting
in enriched autoreactive clones refractory to BCR triggering
and unable to upregulate activation markers, Similar o mouse
T1 Beells,™ CD21°CD38Y B cells escape central B-cell toler-
ance mechanisms and remain irresponsive in the peripherv.
Inflammatory responses might create a favorable environment
0 break tolerance and eventually activate CD21'"¥CD38"™ B
cells”! An altemative explanation is that CD21'™CD38%* B
cells represent a developmental stage that precedes that of transi-
tional B cells.”” Also, patients treated with HSC-GT had a higher

proportion of CD21'™CD38"™ cells, supgesting a possible pre-
disposition to autoimmune manifestations because of the escape
of autoreactive immature B cells that are not eliminated in the
periphery.

In the present study we did not observe an increase in
autoimmune manifestations or autoantibody production in the
ERT group. Because of the low number of patients who had
autoimmunity and the limited size of the patient cohort, a direct
correlation between clinical signs and biological observations
(Treg cell numbers, transitional B cells, and BAFF levels) could
not be drawn in both the ERT and HSC-GT groups.
A combination of predisposing factors might favor the onset of
immune dysregulation. It is also plausible that infections might
contribute o immune dysregulation, although we did not ohserve
an increased infection rate in patients with autoi mmuanity.

In the GT cohort it is possible that systemic detoxification
after GT and the metabolic cross-correction of uncorrected B
cells by gene-corrected cells in BM allows the survival of
potentially autoreactive B cells and their egress in the
periphery. The coexistence of noncorrected autoreactive B
cells, which produce higher levels of ANA in vite,'® and
gene-corrected functional T-cell help might explain why some
patients with ADA-SCID have autbimmune manifestations
after HSC-GT. Finally, it cannot be excluded that tolerance
defects established under ERT treatment are insufficiently
controlled after GT.

In summary, our findings provide important insights into
defects in B-cell mamration in ADA-deficient patients. These
alterations are partially corrected after ERT because B cells
remain mostly at the transitional stage and retain severe defects in
proliferation and antibody secretion in vitre. GT with HSC pro-
vides progressive normalization of B-cell development with re-
covery of B-cell functions. The majority of treated patients
were not taking IVIg, showing specific antibody responses and
no autocimmune manifestations. Maintenance of long-term
B-cell reconstitution remains o be determined, especially in pa-
tients with immunologic defects. Increased HSC-GT efficiency
and engraftment of gene-corrected B cells could further improve
immune reconstitution at early time points after follow-up and
reduce the risk of autoimmunity.

We thank Francesca Dionisio for helping with the gPCR, the San Raffacle
Hospital Blood Bank staff for their precious contribution to this stdy, Paola
Maria Vittoria Rancoita for helping in statistical analysis, the physicians and
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nurses of e Pediatric Clinical Research Unit of THGET for patient’s cane, and
D Alessio Palini and aaff for FACS sorting.

Clinical implications: HSC-GT is superior to ERT in restoring

B-cell development and in vitro B-cell fonetion in patients with
ADA-SCID.
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METHODS
Patients with ADA-SCID and elinical trial

BM samples of naive patients with ADA-SCID were collected on the
occasion of diagnostic procedures from the remaining cell material, acoording
to the informed consent guidelines of Rotterdam University Hospital BM of
contml subjects was obtained according to the informed consent guidelines of
the Medical Ethics Committees of the Leiden University Medical Center. For
patents undergoing ERT or those after HSC-GT, PB and BM were collected
after obtaining parental informed conzent on the ooccasion of diagnostic
procedures or safety follow-up, acconding to the San Raffacle Hospital—
approved meseach pmotocol for pathogenstic studies in immuno deficient
patents.

Patients with ADA-SCTDundergoing HSC-GT were enrolled in phase LTI
clinical protocols approved by the San Raffaele Scientific Institute” s Ethical
Committee and Italian National Regulatory Authorities. HSC-GT treatment
was performed as previoushy described™ Dat from patients undergoing
HSC-GT were collected from 2008 to 2011, Since April 2012, GlaxoSmith-
Eline has become a sponsor of ADA-SCID long-term follow-up trial no.
11561 | {HSC-GT) conducted at TIGET. A previously described patient™
not smdied in the present work showed astoimmune manifestations during
PEG-ADA, which perzisted after GT.

Patients undergoing shon-term ERT mreceived 19 to 80 Iz Avk ADAGEN
(Pegademase bovine; ENZON Phammaceuticals, Piscataway, NI} before
HSC-GT, where patients undergoing long-term ERT received 10 to 40
Wkg'wk. & subgroup of patients undergaing long-term ERT had previously
received (85-11.3 years earlier) infusion of transduced PB T cells,”™ without
evidence of long-term marking in other lineages. The patient with ADA-SCID
treated with BMT was previously described ™

FB from pediatric contml subject was obtained on the occasion of other
hlood testing after informed consent in the context of a research protocal
established at San Raffacle Scientific Institute. Informed consent was
approved by the Insttetional Ethical Committee of San Raffacle, and forms
were signed by all subjecis” parents.

Isolation of blood cells, cell purification, and gPCR

PBEMCs and BM mononuclear cells were purified by using Ficoll-Hyp ague
(Pharmacia, Uppsala, Sweden) gradienmt separation. The protocol for the
purification of different cell subsets and gPCR for gene-comrected cells was
performed as previously described ™ The purity of CD197 B cellswas greater
than 0%,

FACS staining and B-cell sorting

BM progenitor Beells wene analyzed onthawed sam ples from patients with
unireated ADA-SCID and patients undergoing ERT or afier HSC-GT. Data
were com pared with reference values obtained from 10 age-matched conitnol
subjects (Table EI).

Frozen mononuclear cells from patients with ADA SCID were thawed in
RPMIand 10% FES and directly incubated with 100 pl. of the following mix
of antibodies: CD34 fluorescein sothiocyanate (FITC), CD22 allophy cocya-
nin {APC), CD19 phycoerythrin (PE) or APC, CDI0 FITC, CD346 FITC
CDX) PE, SmigM PE, SmigD ATC, CylgM FITC, TdT FITC, CyCDIT9%
PE, and Cy(DT9a PE. Gate exclusion was performed to eliminate T-cell
myeloid cell, natural killer cell, and basophil contaminations. BM B-cell
stages were then identified as pro-B (CD227CDI9 CD367), pre-Bl
(CDIW CO22 CDI0 TAT CylgM CDX0 ),  pre-B2  (CDI9 CD227
CDI0" TdT " CylgM CDT9 " VpreB " (D207 ), and immatre B {CDI9"
CDR CDI0  CDM " COT% "SmigM "SmigD ) celk, correcting  the
percentage of different subpopulations by exclusion of FB B-cell contamina-
tion. Calculations werne performed as previouwsly rq:nm:d.” Ten thousand
events werne acguired in the B-cell gae on a BD FACSCanio 11 (BD Biosci-
ences, San Jose, Calif) and analyzed with DIVA software version 600,

Fifty microliters of whale blood was stained for B-cell subsets with the
following mix of atibodies: CD14% PeCy7, CD24 ATC, (D3E PerCP35,
BAFF-R PE, and CD27 APC (all from BD PharMingen). [gG and IgA ATC
were purchased from Jackson Immunoreseanch (West Grove, Pa). The blood

BRIGIDAET AL 806.e1

was lysed for 1) minustes at mom temperamre, washed in PBS-FACS, and
stained directly with antibody mix. In the case of Igl and IgA staining, a
previous incubation with medium containing 10% FBS was performed. Afier
staining and washing, the cells were fixed with 150 pl of PBS-FACS plus
0.2% formaldehyde and read within 24 hours. Thirty thousand events were
registered in the lymphogate by wsing a BD FACSCanto [T and analyzed with
Flowlo softwane 2.2 (TreeStar, Ashland, One).

PReference values for all stainings wene obtained from pediatric and adult
donors selected with respect to the age of the patients enrolled in e study.™
Donors with less than 5% B cells were excluded from the analysis. Samples
were acquined within 24 hours on a2 BD FACSCanto IT and analyzed with
Flowlo softwane 2.2,

Faor the isolation of precursorand naive B cells by means of FACS sorting,
thawed samples were stained with CD3 PE, CD 19 PeCyT, CD10 FITC, and
TgM APC {all from BD PharMingen). The subpopulations were sorted with a
BD FACSWantage Cell Sonerand tested by using q PCR fortheirlevel of gene
cormection.

BAFF ELISA

BAFF was evaluated by means of ELISA (R&D Systems, Minneapolis,
Minn), according to the manufacturer’s protocol, with 50 pl. of plasma
samples foom patients and control subjects. BAFF levels were determinad
within 3 () minutes with a microplate reader| Bio-Rad Laboratories, Richm ond,
Calif) zet to 450 nm.

Proliferation assay

(D207 Beelks from patients and donors were purified from frozen PEMCs
thawed in RPMI and 1% FBS plus 10 pl/ml DMNAse (Calbiochem, San
Diego, Calif). Purity was greater than 74%. CD207 B cells were labelad
with 0.5 wmol/L. CFSE for & minutes at room temperamne. CFSE-stained B
cells {6 * llTl"] from patients undergoing HSC-GT and donors wene plated
in %6-well flat-botom culture plates and stimulated for 72 hours in RPMI
10% Hyclone (Sera; Thermo Scientific, Uppsala, Sweden) with 2.5 pg/ml.
CpG2006 (5"-Te(sg sTaGsg sTsTsT sTspsT aCsgsT sTsTsT spsTalC
=gsTsT-3"; TIB BioMaol, Genoa, [taly), 2.5 pefml. Fab')z anti-human Ighd/
Igl@TgA (Jackson Immunomesearch), and 3 ng/mL CD40L (Alexis Biochem-
icals, San Diego, Calif). For patients undergoing ERT, 10 = 10* CESE-stained
B cells were platad. Cell culture was performed in a final volume of 200 L.
The group of control subjects is composed of padiatric and adult donors who
were verified to proliferate in the same way afier stimulation. Proliferating B
cells were stained with ant-CDI19 PeCy7 and T-amino-actinomycin D to
exchide dead cells and IgG and IgA APC at the third day of stimulation.
A BD FACSCanto I was wsed to acguire 10,000 events for each cond ition
in the lymphocyte gate. The resulis were analyzed with Flowlo softaeare 2.2,

ELISpot

Plasmablasts socreting [gM were detected by using a spot ELISA, as
previously described.™ Two thowsand five hundred simulated B cells percon-
dition were malyzed, and the spots were counted with an A EL. VIS Elispot
Reader and software.

Statistical analyses

Mormality assumption was checked, and parmmetric or nonparametric tests
were applied accordingly to fulfillment of nommeality assumptions. A 2-tailed
Mann-Whimey [Ftest was used o assess whether the means of 2 independent
groups werne statistically different. Data were analyzed with GraphPad Prism,
version 4.02 (GraphPad Software, La Jolla, Calif). To analyze longitudinal
data, . ME models were xp‘plich"-"w elucidate patients’ specific unohservahle
varahilitphetemgeneity by including mndom components. LME models
were performed with R statistical sofiware {version 2.153, hip:/f'www R-
project.org). A P value of less tan .05 was considered significant. One-way
ANOVA with the posrioc Bonferroni multiple comparison test was performed
to assgss the significance of differences between means of mome tan 2
independent groups. When the nomality assumption was not met, the
Kmeskal-Wallis test with Dunn multiple comparison was applied.
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FIG E1. BM B-cell development in patients with untreated and treated ADA-SCID. Summary of BM B-cell
development in heslthy donors (n = 10, black sold ¥ne), patlents with untrested ADA-SCID (n = 7,
hlack dashed lre), patienta undergoing EAT (n = 6, gray dashed Nne), and patients undergoing HSC-GT
In = 8, gray solid lmne).
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FIG E2. B-cell reconstitution in patients with ADA-SCID sfter different trestments. A, €, and E. Percentage of
nalve and memory B cellsin patients after different treatments compared with thelr control reference. Data
are presented a8 medians with Sth and 85th percentiles. *P < 05 and “* P < 005, Mann-Whitney test. B, D,
and F, Absolute numbers of nalve, memory, and switched memory B cells in the same groups. Data are
presented a8 medians with 5th and 9&th percentiles. *P < 06, **P < 005 and ***P< 001. Fig E2, A-Dx
Shon-term HSC-GT [n = E), short-term ERT [n = 8], long-term HSC-GT (n = &), and longterm ERT
(n = 6). Age-matched control subjects: Controls A (n = 14, 0.5-4 years), Controls B (n = 23 4.1-13 years),
and Controls € (n = 30, 13-25 years). Fig E2, £ and F: Short-term HSC-GT (n = 4], short-term ERT {n = 8],
long-term HSC-GT (n = &), and long-term ERT (n = &).
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FIG E3. Determining CO21=CO38™™ B-cell counts in patients. The pres-
ence of COZV™CO3E=" B cells in the blood of 11 patients undergolng
HSC-GT, 6 patients undergoing shor-term ERT, and & petients undemgolng
long-term ERT compared with Controls A+B (0.6-13 years, n = 38] and
Controls © (13-25 years, n = 31). Box and whiskers plots represent Sth
and 95th percentiles. *F< .08 and **F< 008, Mann-Whitney test.
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&5 medians with 5th and 85th percentiles. P < 06 and **P < 008, Mann-Whitney test.
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TABLE E1. Characteristics of patients analyzed for BM B-cell
development

Age at anaysis [yl Years of follow up,
Patient group  No. of patiemts  median (range) median [rAnge)

ADA-SCID 7 0.41(013-13.5) =
ERT [ 1.5 {0.5-5.6) 1{0.2-53)
HSCGT g 5.4(237.6) 39 (1-4.5)*

Control subjects 10 3.64{1.3-5.1) o

*Median percenizge of gene-comecied BM B cells was 8 9% (range, 16 0 32.4%).
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Recent advances in gene therapy for primary
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Gene therapy with hematopoietic stem cells (HSC) is an attractive therapeutic strategy for primary
immunodeficiencies (PIDs). In the last decade, there has been convincing evidence of long-term dis-
ease correction as a result of ex vivo viral vector-mediated gene transfer into autologous hematopoi-
etic stem cells. Gene therapy with gammaretroviral vectors was shown to be efficacious for severe
combined immundeficiencies as (SCID)-X1, adenosine deaminase [ADA)-deficient SCID, Wiskott-
Aldrich Syndrome (WAS) and, with transient benefit, chronic granulomatous disease (CGD). The suc-
cess of these early studies has been counterbalanced by the development of vector-related insertional
mutagenic events in clinical trials for SCID-X1, WAS and CGD. Self-inactivating lentiviral vectors rep-
resent a promising strategy with improved safety and efficacy. Recently, gene therapy for WAS using
HSC transduced with lentiviral vectors resulted in highly efficient gene corrected cells, restored
immune functions and clinical improvement. Pre-clinical studies of FOXP3 gene transfer in IPEX have
already shown encouraging results. If long-term efficacy and safety will be confirmed, gene therapy

will become a standard treatment option for specific forms of PIDs and other monogenic diseases.

Learning goals

At the conclusion of this activity, participants should be able to:

- to identify the rationale for the treatment of specific PIDs with gene-therapy strategy and the pros
and cons of this approach in comparison to allogeneic bone marmrow transplantation;

- to analyze the safety issues related to the transduction of stem cells, the factors involved and the

current approaches to overcome these issues.

Introduction

Primary immunodeficiencies (PIDs) consti-
mte a heterogensous group of conditions that
result from mutations in over 300 different
genes amnd are characterized by wvarying
degrees of abnormal immune cell develop-
ment and/or function.! The incidence of PIDs
varies from 1 in 600 to 1 in 500,000 live new-
borns, depending upon the specific disorder®?
The spectrum of disorders is rapidly advanc-
ing as next generation sequencing technolo-
gies become available and clinical awareness
grows. Patients with PIDs display phenotypes
that can range from being asymptomatic to
manifestation of life-threatening conditions
(e.g. various forms of severe combined
immunodeficiency, SCID). Additionally, an
increasing number of syndromes are also char-
acterized by immune dysregulation with
autoimmunity and susceptibility to lym-
phoreticular malignancy ™

While differing in clinical severity, early
diagnosis and treatment is of considerable
importance for all forms of PID to prevent
organ damage and life-threatening infections.
Much effort is currently being put into devel-
oping methods for detection of PIDs in the
neonatal period, especially for PIDs with lack
of functional T or B lymphocytes. PCR-based

detection of signal joint T-cell receptor exci-
sion circles (TRECs) has proven to be a valu-
able tool for identifying patients with severe
combined immunodeficiencies. Universal
newborn screening has helped to establish the
true incidence of SCID in California (1 in
66,250 live births) and has led to the improve-
ment of survival outcome ® A similar method
for analysis of k-deleting excision circles
{KRECs) has been described for detection of
patients with X-linked agammaglobulinemia
(XLA). Recently, a robust triplex PCR. method
for quantitation of TRECs and KRECs, using
a single Guthrie card punch, has developed
and validated in a cohort of 2560 anonymized
newborn  screening cards. Through this
method patients with SCID, XLA, ataxia-
telangiectasia and Nijmegen-breakape-syn-
drome have been readily identified and effec-
tive newborn screening for severe immunode-
ficiency syndromes characterized by the
absence of T or B cells has been made easier.”

Research activity in PIDs continues to pro-
duce new information on genes affecting the
differentiation and function of cells of the
immune system and new pathogenic mutations
and molecular mechanisms have been report-
ed. With improved access to gene sequencing,
different clinical presentations are attributed to
gene defects that, in the past, appeared to have
a traditional presentation only. Despite the sig-
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nal advance afforded by genotype analysis, patients with
the same genetic mutations are found to express different
phenotypes, leading the immunologists to look for other
factors, both genetic and non-genetic, that regulate the
gene expression.® Bone marrow transplantation is still the
standard of care for patients with PIDs. In the largest
cohort study on the outcome of patients undergoing
hematopoietic stem cells transplantation (HSCT) for PIDs
from European centers with the longest follow up, sur-
vival continues to improve over time. In patients with
SCID, survival with genoidentical donors from 2000 to
2005 has been 90%. Survival using a mismatched relative
has improved (66%), similar to that using an unrelated
donor (69%). For vounger patients with no pre-existing
infection, such as newborns with SCID, the outcome is
even better, demonstrating the usefulness of newbom
screening programs in facilitating the early diagnosis of
SCID and the advantage in performing transplantation
before six months of age. Thus, survival can be expected
to improve in the future ® For non-SCID PIDs, in the peri-
od from 2000 to 2005, transplantation from an unrelated
donor has given a 3-year survival rate of 79%, similar to a
genaoidentical donor, while the outcome has been 46% in
mismatched related donor transplants.® For patients with-
out a suitable donor, autologous transplantation of geneti-
cally corrected hematopoietic stem and progenitor cells
offers a life-saving alternative?# Current approaches are
based on ex vive transfer of therapeutic transgene via viral
vectors to patient-derived autologous HSC followed by
transplantation back to the patient with or without condi-
thning_l,lﬂll

It was thought that SCID-X1, the most frequent form of
SCID, was the most accurate model for assessing gene
therapy (GT). because spontaneous reversion of the muta-
tion in the ye-retroviral IL2ZRG gene led to significant cor-
rection of the immune deficiency, supporting the hypothe-
sis whereby transduced lymphocyte progenitors carry a
selective advantage over their non-transduced counter-
parts. Between 1999 and 2006, 20 subjects with SCID-X1
were treated in 2 trials in Paris and then London, showing
85% survival and full or nearly full correction of the T-cell
immunodeficiency.” Nevertheless, 5 out of 20 subjects
have developed T-cell leukemia™ between two and five
years after GT; 4 of them have been into remission after
chemotherapy, while the remaining patient has died from
chemaotherapy-refractory leukemia. In all cases, the
adverse event was the result of insertional oncogenesis
due to aberrant expression of the LMO2 or CCND2 onco-
genes induced by the integration of the e retroviral vector
in the proximity of the gene regulatory regions.® The
occurrence of these serious complications prompted dis-
continuation of these trials.™”

An additional trial begun at the NIH in 2003 to offer a
rescue treatment option for older X-SCID patients who
had failed to respond to HCT. Three patients (11, 10 and
14 vears old) were enrolled in this trial that used a y-retro-
viral vector and targeted G-CSF-mobilized peripheral
blood CD34* cells. T-cell numbers and function signifi-
cantly improved in the youngest subject, but no immuno-
logical improvement was observed in the other 2 subjects,
perhaps due to age-dependent loss of thymic function.™

Among the SCID forms, the T-B-SCID due to Artemis
gene mutation is another excellent candidate for GT. For
these patients, it is reported an increased post-transplanta-

tion morbidity, characterized by auto-inflammatory com-
plications, severe and persistent graft-versus-host disease
(GvHD), recurrent and severe infections for an unsatisfy-
ing immunological reconstimtion, due to the defect in
DMNA repair mechanisms. Pre-clinical models have
demaonstrated the biological efficacy of GT approach and
safety studies are ongoing to complete pre-clinical evalu-
ation and move to clinical application.™

HSCT for chronic granulomatous disease (CGD) has
recently shown a high success rate as an early intervention
in patients with very low superoxide production and in
patients with a history of invasive fungal infection, liver
abscesses and/or significant inflammatory or autoimmune
signs.” This constitutes an argument in favor of the GT
approach for patients without a matched donor. Most
recent trials for X-CGD conducted in § different centers
worldwide (Frankfurt, Zurich, London, NIH, Seoul) in
combination with reduced intensity conditioning , resulted
in initial higher correction of NADPH activity and tran-
sient clinical benefit in some patients.”” The current expe-
rience with GT of CGD points to a yvet unexplained diffi-
culty in achieving long-term engrafiment of significant
levels of transduced cells. The lack of a strong selective
advantage of gene-corrected populations in this disease
may play a major role and may indicate that more signifi-
cant levels of HSC transduction and engraftment will be
needed to obtain clinical benefit.™ On the other hand, the
Ist-generation vy-retroviral vectors used in these protocols
have also been associated with a high incidence of severe
adverse events in the patients with persistent gene mark-
ing. A myelodysplastic syndrome (MDS) occurred in 3
patients (2 in Frankfurt, with fatal outcome, and 1 in
Zurich). The second child treated in Zurich displayed a
clonal expansion without monosomy 7 or MDS and this
clone disappeared after a successful early HSCT.™

Apart from PIDs, in the last two decades significant
advances have been made in GT for hemoglobinopathies,
as beta (ff)-thalassemia and sickle cell disease. Clinical tri-
als with fi</y- globin lentivirus vectors are now open at
multiple sites and transfusion independence following GT
has been reported in one patient with fi-thalassemia '™

Metabolic diseases have been another recent field of
application of GT, with the proof of successful ABCDI
gene transfer to autologous hematopoietic stem cells by a
lentiviral vector derived from HIV-1 in 3 patients with X-
linked adrenoleukodystrophy ® The first clinical trial of
GT with lentiviral vector with ARSA gene showed exten-
sive and stable ARSA gene replacement in the first 3 pre-
symptomatic treated patients  with metachromatic
leukodystrophy (MLD); moreover, the disease did not
manifest or progress in those patients 7 to 21 months
beyond the predicted age of symptom onset.”

Here we provide an overview of our experience in gene
therapy approaches targeting ADA-SCID, WAS and IPEX
and the future perspectives of gene therapy for PIDs.

ADA-SCID gene therapy

Mutations in the Adenosine Deaminase (ADA) gene, a
purine salvage enzyme that catalyzes the ireversible
deamination of adenosine and 2°-deoxyadenosine into ino-
sine and 2'-deoxyinosine respectively, are the cause of 15-
20% of all cases of SCIDs.=" Affected children accumu-
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late the toxic metabolites in plasma, lymphoid tissues and
red blood cells, resulting in severe lymphopenia (T, B and
NK and absence of cellular and humoral immune
function® In addition, non-immunological aherations
have been described, as organ damage, neurological and
skeletal alterations. ™ In the absence of treatment, the
condition is fatal in the first year of life.

Bone marrow transplantation (BMT) from an HLA-
identical sibling donor is the standard treatment for ADA-
SCID. Most patients survive and achieve complete
immune recovery, although the procedure remains still
available for a minority of patients.™” Enzyme replace-
ment therapy (ERT) with PEG-ADA was introduced as a
lifesaving, non-curative treatment : for patients lacking a
HLA-matched donor™* aiming at decreasing toxic
metabolites concentrations, thereby correcting the meta-
bolic abnormalities. A variable extent of immune recovery
was observed, often associated with an incomplete long-
term immune recovery, a gradual decline to mitogenic pro-
liferative response and to antigenic responses a few years
after treatment, lymphopenia and requirement of IVIg
replacement " Furthermore, patients under long-term
treatment display loss of regulatory T-cell function,
impaired B-cell development, immune dysregulations,
development of antibodies against bovine ADA and
autoimmune manifestations, including hemolytic anemia,
and immune thrombocytopenia 26253

Gene therapy with retrovirally transduced HSC has been
developed as a successful and safe alternative strategy for
those ADA-SCID patients that could not have access to
BMT ar for whom ERT was not sufficient to maintain ade-
quate immune reconstitution.

Since 2000, over 40 patients have been enrolled in clin-
ical trials with reduced intensity conditioning in Italy, UK,
and USA, resulting in long-term multilineage engraftment,
sustained systemic detoxification and improved immune
functions.'+-%37

Eighteen patiemts have been treated at San Raffacle
Telethon Institute for Gene Therapy, Milan, in pilot studies
and GT clinical wial™ (A Aiuti, unpublished data, 2014)
and on compassionate use program (A Aiuti, unpublished
data, 2014), receiving a reduced intensity conditioning
regimen with busulfan (4 mg/kg) after discontinuing PEG-
ADA in order to facilitate the selective advantage for
gene-corrected cells™* (A Aiuti, unpublished data, 2014).
At present, treated children are alive, and only 3 out of 18
patients have required ERT or BMT after gene therapy'
(A Aiuti, unpublished data, 2014). Gene corrected cells
were detected in all myeloid and lymphoid subsets, the lat-
ter being more represented due to their survival advantage.
The reconstitution of the immune system was also docu-
mented by the recovery of polyclonal thymopoiesis in the
majority of patients, with normalization of the Vbeta
repertoire, increase of T-cell counts and improvement in
their TREC levels during follow up. Similar results were
obtained by the groups of Great Hormond Street
Hospital.* Children’s Hospital Los Angeles (CHLA) and
Clinical Center of the National Institutes of Health
(NIH). ¥ demonstrating the clinical efficacy of ADA gene
wransfer in restoring normal immune and metabolic func-
tions in the majority of ADA-SCID patients treated.
Furthermore, the study by Candotti er al. compared
patients treated with or without chemotherapy confirming
the importance of pre-conditioning on the engrafiment of

Milan, Italy, June 12-15, 2014

myeloid cells and immune reconstitution.®”

The progressive restoration of immune and metabolic
functions led to significant improvement of patients’
development and protection from severe infections, with-
out adverse events related to gene therapy related to GT.
However, non-transduced cells co-existed with transduced
T, B and NK cells in the periphery, suggesting a possible
rescue of non-transduced cells by the detoxification pro-
vided by gene-corrected cells. The presence of shared vec-
tor integrations among multiple hematopoietic lineages
demonstrated stable engraftment of multpotent HSC.
Inte grations were also found within and/or near potentially
oncogenic loci, but did not result in selection or expansion
of malignant cell clones in vive®™* underlining the impor-
tance of a continuous monitoring of the safety of this treat-
ment. The development of innovative vector technology,
such as lentiviral vectors, might further improve the vector
integration safety profile. The first vector developed was a
self-inactivating (SIN)-lentiviral vector driving ADA
expression from the phosphoglycerate kinase (PGK) pro-
moter? Mice treated with GT early in life were rescued
from their lethal phenotype and displayed adequate
immune reconstitution and metabolic corection. A com-
parative approach between different treatment options
revealed important information on their efficacy and
established a model for autoimmunity in the context of
long-term PEG-ADA treatment ** Carbonaro ef al. recent-
Iy tested a novel self-inactivating lentiviral vector with a
codon-optimized human cADA gene under the control of
the short form elongation factor-1a promoter to maximize
the expression and biological activity of the transgene.
The engineered cells showed efficient ADA gene transfer
into murine HSC, with ability to restore ADA expression,
and induce immune recovery of T and B cells and good
thymic reconstitntion.** These studies led to 2 clinical tri-
als to test the in vive safety and efficacy of lentiviral-medi-
ated gene therapy (clinicaltrials gov identifier: 02022696,
01852071).

WAS gene therapy

Wiskott-Aldrich Syndrome (WAS) is a complex X-
linked primary immunodeficiency that affects 1-10 out of
a million male individuals. Clinical manifestations of the
disease are microthrombocytopenia, high susceptibility to
infections, eczema and increased risk of autoimmmne
manifestations and twmors® The gene responsible for
WAS (WAS gene) is placed on the X chromosome® and
encodes a 502 amino acid protein (Wiskott-Aldrich
Syndrome protein, or WA Sp), involved in actin polymer-
ization®® and other important signaling activities **# Thus,
absence or residual WASp expression causes functional
defects in immune cells, of both innate and adaptive
immune system. and this makes WAS a very complex
immunodeficiency. The life expectancy of WAS patients is
severely reduced, unless they are successfully cured by
BMT# Unfortunately, a significant fraction of patients
lack a suitable HLA-matched donor. In addition, trans-
planted patients with a lower degree of chimerism show an
incomplete reconstitution of lymphocyte counts and a high
incidence of autoimmunity. ®4* For these reasons, therapy
with WAS gene-corrected autologous HSCs could repre-
sent a valid alternative approach.

Hematology Education: the BouCatan program for Me annual congrass of tha European Hematology Assoclation | 2014; 8(1) | 3|

141



GT for ADA SCID: long-term F-U

19~ Congress of the European Hematology Association

Extensive pre-clinical studies have been performed in
the last 15 years to evaluate the feasibility and efficacy of
gene transfer by means of both +-retroviral (RV) and
lentiviral (LV) vectors. The availability of Was'- mice has
been crucial in accurately evaluating short- and long-term
safety and efficacy of gene therapy (GT in vive). Gene
transfer with Moloney-derived v-RVs effectively restored
protein expression and corrected the defects in cytoskele-
tal organization, cellular activation and inflammation both
in in vitre and in in vive models of WAS **** Because LVs
offer a better safety profile as compared to BVs.™ we and
others started to develop a gene transfer approach based
on a LV encoding the human WA Sp cDNA under the con-
trol of the human WAS endogenous promoter ™ The safe-
ty and efficacy of LVs were demonstrated both in progen-
itor*™* and mature hematopoietic cells of WAS
patients.¥**# (GGene therapy with LV-transduced Was"
HSCs in Was- mice did not cause any adverse events or
tumors even in long-term follow-up smdies®™ and led to
robust ransduction and restoration of WASp expression
and immunological functions in T, B and dendritic cells
“ In addition, human CD34* cells LV-ransduced and
transplanted in immunodeficient mice displayed a normal
engraftment and differentiation ability® A recent study
directly compared SIN-LVs containing vy-retrovirus-
derived promaoter and the human proximal WASp endoge-
nous promoter. Results indicate that the sy-retrovirus-
derived promoter lead to a stronger transgene expression
as compared to the WAS-promoter vector but this occurs
in association with myeloid clonal expansion and tran-
scriptional dysregulation, highlighting the potential risk of
the use of strong viral promoter.®

The encouraging results of pre-clinical studies settled
the basis for conducting GT clinical trial for WAS. A first
phase 11 study was conducted since 2007 in Hannover,
including 10 patients, treated with WASp-expressing LTR-
driven y-RV following myelosuppressive conditioning.®
The first report, describing the 2.5-year follow up of 2
WAS patients treated with this approach, provided the
proof of principle of ex vive HSPCs GT for WAS. Stable
engraftment of gene-corrected cells in multiple lineages
(HSCs, lymphoid and myeloid cells) lead to restoration of
WASpP expression. As previously observed in mixed
chimerism pre-clinical models,™ a clear proliferative and
selective advantage of corrected lymphoid cells over
myeloid lineage was also evident in clinical context.
Functional improvement of B and T cells, as well as
monocytes and NK cells, occurred in both patients, pro-
viding the correction of immunoclogical defects of WASp
deficiency, and platelet counts increased to safer levels
after GT. These results were confirmed in a larger cohort
of patients, who showed partial to complete resolution of
immunodeficiency, autoimmunity, and bleeding.®** The
analysis of vector common insertion sites (CISs) revealed
a marked clustering between patients, with hotspots found
within the proto-oncogenes (LMO2 and MDS/Ewil),
already known to be associated in other GT trials with the
development of leukemia and myelodysplasia **™™ This
high-precision clustering observed by integration analyses
suggests that in vive clonal selection of the affected clones
can account for this phenomenon. Between 16 months and
5 years after GT, 7 out of 10 treated patients developed
hematologic malignancies ®** These included 4 cases of
T-cell acute lymphoblastic leukemia (T-ALL), 2 primary

T-ALL with secondary AML and one acute myeloid
leukemia (AML). Vector integration analyses revealed
dominant clones with insertions at the LMO2 loci (6 T-
ALL), MDS1 (2 AML), or MN1 (1 AML locus). Six out of
7 patients who developed malignancy are alive after treat-
ment with conventional chemotherapy or allogeneic stem
cell ransplantation (alloSCT), but one patient died due to
progressive leukemia after alloSCT.*® These data indicate
that LMO2-driven leukemogenesis is not specific for ye-
SCID GT, but it is also seen in WAS GT. The vector con-
figuration, which is based on a strong viral promaoter in the
context of a RV, the high number of BV copies contained
in CD34¢ cells, and the disease background might have
contributed to the high frequency of malignancy. The use
of self-inactivating LV with improved safety profile con-
taining a cellular promoter could overcome this safety
issues.

GT clinical trials based on LVs have started in Europe
and the US in the last few years, using different condition-
ing regimens and enrolling patients with severe clinical
score and without a suitable BMT donor? In the San
Raffaele Telethon Institute for Gene Therapy, Milan, 6
patients have been treated in the GT clinical trial since
2010, and the data on the first 3 patients have been recent-
Iy reported.’ Patients were treated with autologous genet-
ically-corrected HSCs preceded by a reduced intensity
conditioning with busulfan and fludarabine. Cells were
ransduced with a LV encoding the human WASp cDNA
under the control of the human WAS endogenous promot-
er. All patients showed a multilineage engrafment of cor-
rected cells, both in bone marrow and peripheral blood
compartment, with stable levels of WASp expression in
cells after 2.5 years from GT. The immunological function
restoration involved T- and B-cell compartment, as well as
the cytotoxic activity of NK cells and the suppressive
activity of Tregs. Furthermaore, platelet counts appeared to
be increased with respect to the pre-GT wvalues and
platelets presented with normal volume. These biclogical
improvements led to a clinical benefit for all treated
patients, with the reduction of severity and frequency of
infections, and the absence of autoimmune manifestations.
Moreover, WAS patients did not experience high-grade
bleeding events after GT (Figure 1A). Interestingly, the
levels of corrected cells in the bone marrow appeared sig-
nificantly higher than the engraftment levels achieved in
the RVs trial, suggesting that LV-GT provides a higher
gene transfer efficiency with repopulating HSCs. In addi-
tion, this study provided a relevant comparison between
RV-GT and LN-GT for WAS in terms of safety. Analysis of
LV s insertion profile in vive, showed that LVs integrations
are less prone to cluster near to genes involved in
hematopoietic functions and potential proto-oncogenes, as
occurred in RV-GT trial (Figure 1B and C). Moreover,
highly represented genes targeted by the vector in these
WAS patients were also hit in other LV-GT trials's"
where no clonal expansion or leukemia have been report-
ed. Finally, LVs showed a classical distribution within
transcriptional units and gene-rich regions, while RVs
integration were more commonly observed close to tran-
scription start sites. This evidence confirms that a SIN
configuration and the presence of an autologous WASp
human promoter allow a safer GT approach for WAS,
minimizing the risk of clonal expansions.

A longer evaluation of all 6 patients enrolled in our trial,
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together with data of other LV-GT trials, will be important
to confirm that GT is a safe and effective treatment and
should be preferred to other therapeutic options when a
full HLA -matched donor is not available.

Immune dysregulation polyendocrinopathy
enteropathy X-linked syndrome

Immune dysregulation, polyendocrinopathy, enteropa-
thy, X-linked (IPEX) syndrome is a rare monogenic pri-
mary immunodeficiency. Typical presenting symptoms are
severe enteritis and/or type 1 diabetes mellitus, alone or in
combination with eczema and elevated serum IgE. The
disease has usually a severe early onset and can become
rapidly fatal within the first year of life regardless of the
type and site of the mutation. Other autoimmune symp-
toms, such as hypothyroidism, cytopenia, hepatitis,
nephropathy, arthritis, and alopecia, can develop in
patients who survive the initial acute phase ™™ Recently,
some atypical cases, with delayed onset and low autoim-
mune burden, have been reported.

The current therapeutic options for IPEX patients are
limited. Early intervention is required to control symp-
toms at onset. However, supportive and replacement ther-
apies combined with pharmacological immunosuppres-
sion allows only a reduction of the autoimmune manifes-
tations but cannot cure the disease. The only known cura-
tive therapy for IPEX syndrome is BMT, but it is always
limited by the availability of a suitable donor and the lack
of specific guidelines in the context of this disease.

This severe form of monogenic autoimmunity is due to
mutations on the FOXP3 gene, responsible for severe
impairment of naturally occurring (n) regulatory T cells
(Tregs). FOXP3 is a transcription factor, which exerts a
key role in the function of nTreg cells.”™™ These cells are
among the main subsets of CD4* T cells aimed at main-
taining peripheral self-tolerance.

In IPEX patients, FOXP3mut Tregs are present but
functionally impaired, determining lack of peripheral tol-
erance and consequent antoimmune manifestations 2032

Functional in vitre studies on Tregs of IPEX patients
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revealed that the degree of suppressive activity impair-
ment varies among patients with different mutations. The
suppressive function is absent in patients with null muta-
tions®™ The Tregs-mediated suppression mechanisms
remain controversial and the impact of differemt FOXP3
mutations on Tregs function remains unknown .

Moreover, it has recently been described that FOXP3
mutations cause high instability of Tregs, making FOXP3
mutated cells prone to lose their suppressive function and
to convert from a regulatory to an effector (i.e. Th17) phe-
notype. Becoming IL-17-producing cells, these cells may
directly contribute to the autoimmune damage in the target
organs in the presence of an inflammatory environment
Even if the impairment of Tregs function is the major
pathogenetic event in [IPEX syndrome, other factors, such
as inflammation, Th17 elevation, T-effector cell dysfunc-
tion and altered cytokine production 2 can contribute
to maintaining the immune-dysregulation. Data from
healthy carriers of FOXP3I mutations and transplanted
IPEX patients with low peripheral donor chimerism clear-
Iy indicate that Tregs expressing a wild-type FOXP3 sur-
vive long term in the periphery displaying a selective
advantage. Moreover, the presence of a FOXP3 wild-type
Tregs subpopulation is sufficient to maintain peripheral
tolerance.® Thus, the administration of functional Tregs
in IPEX patients could allow efficient suppression of the
pathogenic effector counterpart and could contribute to
control the overwhelming autoi momnity.

Infusion of ex vive expanded Tregs has been already
used to prevent graft-versus-host disease to prevent GvHD
in patients after HSCT. Results are promising even though
the experience is limited **" This strategy was shown to
be potentially helpful also to inhibit rejection in solid
organ transplantation, and controlling autoimmunity in
patients with T1D.™

With the aim of developing a gene therapy approach,
Tregs have been obtained in vitro by gene transfer of wild-
type FOXP3, demonstrating that ectopic overexpression
of FOXP3 in conventional CD4* T cells from healthy
donors can produce Tregs-like cells, with low proliferative
potential, reduced cytokine production and potent sup-
pressive function i vitre, ™ but also in vive, in a human-
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Figure 1. Lentiviral-mediated hematopoietic stem cell gene therapy for Wiskott-Aldrich Syndrome. (A. Grading of bleed-

ing events in WAS patients {pre- and post-G
clonogenic progenitors (CFC
sites in lentiviral versus

T[). (B. Venn diagram: shared insertions ﬂmnnE different lineages and
Columns: fraction of shared insertions in CD34" cells and CFCs. (C.
roviral GT trials (adapted from Aiuti et al.*3).
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ized murine model of xenogeneic GvHD (ie. immunode-
ficient mice previously injected with allogeneic human
CD4* T cells to induce GvHD)™ After injection of
FOXP3ransduced cells, mice showed improved survival
and reduced weight loss, indicating a clinical improve-
ment of the GvHD. Imporantly FOXP3-transduced cells
alone did not expand i vive and did not induce GvHD,
maintained high expression of Tregs markers (such as
CD25 and CTLA4) and produced a low amount of
cytokine, despite the presence of an inflammatory envi-
ronment. Similarly, CD4* cells from patients with IPEX
syndrome have been efficiently transduced by the same
lentiviral vector carrying wild-type FOXP3 and they not
only acquired a Tregs-like phenotype (expressing high
CD25 and CTLA4, with low CDI27, in addition to several
Tregs lineage molecules) but also drastically reduced their
cytokine production and acquired Tregs-like functional
properties (suppressive activity and anergy). Moreover,
these corrected cells protected mice from lethal xenogene-
ic GvHD (improving survival) and allowed better mainte-
nance of the weight™

These observations pave the way for the treatment of
IPEX patients by adoptive cell therapy with genetically
engineered Tregs. This approach could restore tolerance in
patients with IPEX (or other autoimmune disorders of dif-
ferent origin), allowing maintenance of long-term immune
modulation and avoiding general immunosu ppression and
systemic toxicity.

Conclusions

There is great expectation in the patients’ community
that safe and effective approaches can be developed for a
wider spectrum of PID and other genetic diseases.
Advances in molecular genetics, vector design and HSC
biology are favoring the extension of clinical trials to sev-
eral PID variants. Pre-clinical experiments are ongoing for
a number of PID (Arntemis deficiency, CD3y deficiency,
JAK3-SCID, LAD-1, PNP deficiency, RAG1/2 deficien-
cy, X-HIM, XLA, XLP, ZAPT0 deficiency) that would
benefit from gene therapy approaches.’ Several of such
diseases represent significant challenges and will require
additional progress bevond the current available technolo-
gies.

On the other hand, BMT has become much safer and
maore suceessful over time, and the outcome of transplan-
tation from matched unrelated donor has improved in the
last 15 years mostly for non-SCID PIDf so gene therapy
has to be carefully considered in the view of its potential
risks and benefits. Variables such as the choice of vector,
the patient’s inflammatory status, bone marrow stem cell
reservoir and the ability to transduce a high number of
HSCs need to be evaluated more thoroughly to significant-
Iy improve the anticipated advantage of gene therapy over
allogeneic ransplantation for non-SCID patients. The use
of the conditioning regimen has been identified as a cru-
cial factor in achieving therapeutic levels of gene correct-
ed, multilineage HSC, leading to superior engrafment in
the myeloid lineages in the ADA-SCID as compared to the
SCID-X1 trial. This finding has important implications for
translating the experience of PID to other blood borne dis-
orders, such as lysosomal storage disorders and tha-
lassemia, which require a higher therapeutic threshold. To

address the issue of lymphoid or myeloid proliferation™ "
associated with insertional mutagenesis observed in
SCID-X1, CGD and WAS clinical trials, the v-retroviral
vectors are being increasingly replaced by self-inactivat-
ing by SIN vectors, which have shown high efficacy in
terms of sustainable transgene expression and reduced risk
of insertional mutagenesis tendency for harmful mutagen-
esis in vitra®™ and in vive 1337

Ultimately, a general shift from the current ° gene addi-
tion” approaches to ‘gene editing’ strategies will be
required and some of these efforts have already been test-
ed on PID models, such as the early demonstrations of the
[L2RG gene repair with zinc-finger nuclease technology ™
and the more recent development of site-directed gene
addition strategies for CGD in induced pluripotent stem
cells. The current successes of G'T show that, even if still
distant from randomized stmdies, a new knowledge is
going to be added to conventional BMT, and this new tar-
geted medicine will be further developed in the near
future.

References

1. AkHerz W, Bousfiha A, Casanova JL, Chapel H, Conky ME,
Cunningham-Rundles C, et al. Pimary mmunodeficiency dis-
eases: anupdate on e classification from the intemational union
of irmrmum ical societies ex pert committee for primary immun-

ud:f:m%r t Irmmmumal . A0 1182254

ash

2. Fhmel, or A, Gaspar HB. Current Tess on gene ther-
'l EEl:lr I imrm.mmhfi.ciﬂ'lci.c]s];ugGmc E'Ihmpy_
283;3;3.']:% Q.

I M jee 5. Thmsher Al Gene thempy for PIDs: Progress, pit-
fulls 5. Gene. 20 13:525:174-81. v

4. Kildebec

E.,Checketts I, Porteus M. Gene therapy for pnmary
immumnindeficiencies. Curr Opm Pediatr, 2012240 J:'J'3I-EI.-l
5. Favat C, Santili G, Gaspar HB, Thrsher AJ. Gene thempy for
];rirmry mmunodeficiencies. Hum Gene Ther, 2002237 ):665-
5.

6. Chinen J, Nommngelo LD, Shearer WT. Advances n basic and
clinical immunology in 2013, J Allergy Clin Immunol.
AN 4133496776,

7. Baorte 5, von Disbeln U, Fasth A, Wang N, Jina M, Winiarski I,
et al. Neonatal screenmyg for sevens pr immumodaiciency
diseases usng high-thro ut triplex -time PCR. Blood.
mn;umuﬁmﬂ_ ughpe tifle

#. Gennery AR, Slater MA, Grandin L, Tavpm P, Cant AT, Veys B,
et al. Trnsplantation of hemabpoictic stem cells long-term
survival for pimary mmmnodeficencies in Europe: entering a
n::wocmmy.duwcdubcn:r?].ﬁ.ﬂmgyﬂ‘?u?hnnmml.
2000:126{ 3)002-10.

9. Cuppell B, Ajuti A. Gene thempy for adenosine deaminuse defi-
ciency. Immunol All Clin I']:g'ﬂ:l A 2010300 2 24860,

10, Cavarzana-Calve M, Bscher A, Hacein-Bey-Abina §, Anmi A
Gene therapy for pri mmunodeficiencies: Part 1. Curr Opin
Immumol. I?;ZA]TS%—Q-_ Op

1. Amti A, Bacchetn R, Seger R, Villn A, Cavizmna-Calvo M.
Grene therapy for pri mmunodeficiencies: Part 2. Curr Opin
Imrmmal . 200 2245 58591

12. Amti A, Cattneo F, Galimberti §, Benmnghoff U, Cassam B,
Callegam L. ot al. Gene therapy for immunodeficiency due to
adenosine deaminase deficency. N Engl 1 Med. ?Iml‘;.:‘ibﬂ
(51:447-58.

13, Amti A, Basco L, Scammuzza S, Ferrua F, Cicalese MP,

Bancordi C. et al. Lentiviral hematopoictic stem oell ther:

in  patients  with  Wiskott- Aldrich swd’mﬂdm?g

A 6148): 1233151,

Candotti F. Gene transfier into. hematopoietic stem cells as tneat-

ment for 'r:ri immunodeficiency diseases. Int ] Hemamnl.

2014 Feb 1. [E;JU-’I]J ahead of E'i.m]

15. Cavazzma-Calvo M, Payen E, Negre (0, Wang G, Hehir K, Fusil
F, et al. Transfusion mdependence and HMGAZ activation after
%nc thery of  human  f-thalassaemnia.  Nature.

TOAGT( T3 3] 31822

16. Cartier N, chh-BcE.ﬂLbhm 5. Von Kalle C, Bougnéres P,
Fischer A, Cavazona-Calvo M, et al. Gene therapy of x-linked
dystrophy using hematopoietic sem cells md a

| € | Hematodagy Eaucation: the egucatian program for the annual congrass of tha Eurapaan Hematology Assoclation | 2014; 8(1)

144



GT for ADA SCID: long-term F-U

21

3L

. Hershfickl MS. PEG-ADA

. Booth C, Gaspar HB. Pe

. Wen

. Brigi

. Fernu F, Brigida I, Aiuti A Update on ge

lentiviml vector. Bull Acad Nat Med. 20001942 ):255-64.

- Biffi A, Montmi E. Lorioli L, Cesani M, Fumag lLF Plati T, et

al. Lentiviral hemai stem cell gene v benefits
metachromatic  leukodystrophy. Scmxc MIS 4I{lﬁl4ﬁ]
1233158

. Aiuti A, Brigida I, Ferua F, Cappelli B, Chiesa R, Markel 5, et

for adenosine deami-

al. Hematopoictic stem cell themy
L1509,

nase deficient-SCID. hnm:ngfaﬁnts i

. Guspar HB, Aiuti A, Portn F, Candotti F, Hemhficld MS,

Notarangelo LD, How 1 trest ADA deficiency. Blood.
zm'; 114:3524-32.
hom R, Candotti F. Immumodeficiency due to defects of
punm Tn:.t.ubulm Primary immunodeficiency diseases: a
molecular and genetic approach. 2nd ed. Cwford University
Press: 2006; Iﬁ‘?—‘;h
Honig M Albert MH, Schulz A, Sparber-Saser M, Schute C,
Belo B_ct al Patients with adenosine deaminase deficen-
oy survivin after hema hematopoietic seem cell trnsplanation ane at
h.l.gi'lm.ku CMNS complications. Blood. 2007 :1(8: 3595602,

. Sauer AV, Mk E. Hernundez BRI, Zucchi E, Cavani F, Casiraghi

M, et al. ADA-deficient SCID is associated with a spect
microenvironment and bone  phenot characterized E
RANKL/OPG imbalance and osteoblast msufficiency. Blood.
2009 114:3216-26.

. Hassan A, Booth C, Brightwell A, Allwood Z, Veys P, Rao K. et

.ul Outeome of hematopoietic stem w for adeno-

ine deaminase deficent severe © mmunodeficdency.
Bl.uud 2012:1 A0:3615-24.
therapy for adenosine
deammase defidency: an updake after 85 years. Clin Imrmunol
Emmiumio I‘?%y% S&

. Hershfiel h-'l.S Buckkey RH. Gmbcrg ML, Mehon AL, Schiff

R HmcmC ctal. Tredtment of

_Th.'bd I!I? Al6:

adencsine deaminase deficiency
&!{ml-mhfnd adenosine deaminase. N Engl

e bovine (PEG-AI:!A for the
treatment of infants and children with severe combined immun-
ucbﬁcmx (SCID). Biologics. 2009;3:349-58.

k]y A5, Adenosme deaminase deficiency: clinical expres-
sion, mokscular basis, and therapy. Semin Hematol. 1 998:35:291-
B

K. Hemhfield MS, Bastan J, Kohn [, Sender L,
Parkman R, et al. T ymphooye in adenosine deami-
nu.-a:»:i:ﬁc.cm Pate 3 curnl:lncd immune deficiency afer trea-
lene glycol-modified adenosine deaminase. J
Cln Irmc:st ‘;Z b—t’(']c
hn D8 Gmc'rhu' for dul.dlmud mmunological discases.
Bujch‘l.uJTuwT qpﬁ?t 0082 1:199-205.

. Malacame F, Bemcchi T, Ncnnngdu LD, Mon L., Parolmi 5,

Caimi L. et al. Redumdth}'mxu . Increased spontaneons
apoptasis and oligoclonal B cells in pal lene ul—.u.th']u—
Ine deaminise- BDC treated patients. EJ.]:I'F Iﬂgﬂ 2515;

I's\ﬁ

Notarmgelo LD, Smp:puh:lm G, Tormkdo R, Mazzolar E, Coletty

AL A P et al Ins diabetes mellitus and severs
ic denmatitis mn-:l:u.ki with adennsme deaminse deficiency.

Eur ] Pediatr. 199215 1:811-4.

. Ozsuhin H, Armedondo-Vega FX, Santistehan [, Fuhrer H,

Tuchschmid P, Jochum W, et al. Adenosine deammnase deficiency

in adults. Blood. 199789 284955,
. Sauer AV, Brigida I, CHTI.EII.CI N, Aluti A. AutoImmune -
lation and e metibolism in adenosine deaminase lency.

Front Immunol . 201 2;3:265.

- Sauer AV, Brigida [, Carriglio N, Hemundez R, Scaramuzza S,

Claverma D, et al. Alteranions in the adenosine metabolism and
CD3CDT3 adenosinergic mac cause loss of Tre ocll.
function nd autoimmunity in ~deficient SCID.

201 2:119:1428-39.

I, Saver AV, Ferma F, Ginrmelli 5, Scaramuzza S, Pistoia
V. etal. B-cell devel and functions and therpeutic options
in adenosine deaminase-deficient patients. 1 Allergy Clin
Emrmumal. 20041 3% 3:790-806.

. Gaspar HB, Cuur.uyS Gilmour KC, Parsley KL, Adams S, Howe

57, et al. Long-term istence of a donal T cell
gy g e e e e e
.u.mdjl:im LTrm*:l Mled . 2011 3(97):9Tral9.

F, Shaw KL, Muul L, Carbonam D, Sokolic R, Choi C,
et al. Gene thempy for adenosine deaminase-deficient sever:
oombined immune deficiency: clinical comparison of retroviral
'\-msmdmmpm bood. 2012 120:3635-460
therapy for adenosine
:humnm—dd'tmt severe combim wiency. Cur
Clin Immumaol. 2010;10:551 6.

. Amt k Cassmi B, Andolfi G, Mimlo M, Bissco L, Recchin A

40.

41.

42

43,

a4,
45

46,

47.

48,

49,

50.

51.

52,

53,

54,

55,

57,

58,

Milan, Italy, June 12-15, 2014

et al. Multilineage hematopoictic reconstitution without clonal
selection in ADA-SCID patents treated with stem oell gene ther-
apy. J Clin Ivest. 2007:117:2233-40.
Busco L, Ambresi A, Pellin D, Batholomae C, Brigida I,
Roncarolo MG, et al. Imegmtion profile of retroviral vector in
gene thempy treated patients is celbspedific accordin [{ FC
expression and chromatmn conformation of wrget cell EMBO
Mol Med. 20011:3:89-101.
Moriellaro A, Hernandez R_T_,Gmm MM, Carducci E, Tabucchi
A Ponzom M, et al. Ex vivo with lentivirl vectors
rescues adenosine deaminase RDAJ— ident mice md cwmects
their immune and metabolic defects. Blood. 2006, 108: 297988
Carbonaro DA, Zhing L. Jin X, Montiel Equ.l.huu Geiger S,
Carmo M, o al. Pre-dimecal demonstrtion of lentiviral vectar
medisted correction of mmmological md metbolic abnonmali-
ties m models of adenosme dearminase deficiency. Mol Ther.
2013. [Epub ahead of print]
Catuecd M, Custicllo MC, Pula F, Bosticardo M, Villa A,
Autommmunity in Wiskott-Aldrich Symdrome: An Unsolved
Enigma. Frontiers m Immu e ekt 1t N
Dc:lTy]'M Ochs HD, Francke lation of a novel
edin Mﬁbﬂt—ﬂl@'@]\{n@um Cell. 199478416
Svmons M, A, Karlak B, Jang 5, Lcrnml.c'u v,
McComick F, et al. Wiskott- A.lxhchqymimm:]:rmn a novel
effector for the GTPase CDC42Hs, is implicated m actin poby-
merization. Cell. 1996 545 ):723-34.
Hu.u.ngw Ochs HD, Dupont B, Was YM. The Wiskot- Aldrich
E'm:n regulates muclear mlucm aof NEAT2 and
F—kq:'pn (RelA independently of its role in filamentous actin
ymenzation and actin cytosk rearmngement. 1 fmmumnol
f.ﬂS 1745 ):2602-11.
Silvin C, Belisk B, Abo A A mk for Wiskott- .ﬂLIdn:h

motein in T-cell - mrisciated trarse 'pn.mul
r dent of actin polymerization. | Biol Chem 'Iﬂl QM?AJ
1450-7.
Morato [, Gilani S, Bonfim C. Mazzolari E, Fischer A, Ochs
HD}, et al. Long-erm outeome and lineage-specific chimerism in

c Trtat-

mmc

194 patients with Wiskott-Aldnich syndrome trested by
hmm:?uwuc cell tunsplantation in the 198 0-200K: an
ational collabomative study. Blood. Bi6): 167584,

Dulhn H, Cavarzana-Calvo M., Nut.u.nmg:Lu LIy, Schulz A,
Thrasher Al, Mazeolan E, ot al. ng-m-m outcome folowing
hematopoietic stem-cell truns in Wiskott-Aldrich syn-
drome: collubomtive study of the E Sod for
Immunodeficiencies and Gn:l.lpf lood and Mamow
]'lmsplmtﬂ:lm Blood. 2008; III{I%_‘
Candottt F, Facchetti F, Blanzuo Stewart DM Nelson DL,
Bliese RM. Retrovirus-mediated WASP gene trmsfer cormects
defoctive actin polymenization in B cell lines from Wiskott-
Aldrich syndrome patients carrying ‘null” mutations. Gene Ther.
19960611704
Wmnw G, Nelson DL, Candotti F. R ctrovins-medi-
ated WASP gene rmsfer correets Wiskott-Aldrich syndrome T-
cell dysfunction. Hum Gene Ther. 2002;139): 103946
Klein C, Nguyen D, Liu CH, Mizoguchi A, Bhan AK, MLhH ot
al. Gene therapy for Wiskott-Aldrich syndmome: rescue of Teell
signaling and amelioration of colitis upon tation of retro-
virally transduced hematopoietic sem cells in mice. Blood.
2003 Iﬂ HAE2159-66.
Strom TS, Gabbard W, Kelly PE, Curming ham JM , Nienhuis AW,
Functional comrection of T cells derived from patients with the

Wiskott- Aldnch syndrome: (WAS transduction with an
oncoretmviral vector encoding the WAS protein. Gene Ther.
2003;10(9):803-9.

Strom TS, Tumer 51, 5. Liu H, Doherty PC,
Srivastava DK, et al. Defects in Toel-mediaed mmumity to
influenza virus in murine Wiskot- Aldrich syndmme are comect-
edhycnc vector-mediated gene inin lut-
hematopoictic cells. Blood. 2003:102(9)3 108-16.
humECcz.umDSclrnuitM Samvito F, Ponzom M,
Bartholomae C, et al. Hematopoietic stem cell gene tmnsfer m a
tl.nncr]:mncmumnnddmmvu’sh:rw tnql;q:lfl.entwt—

~ ral vector integration. Nat Biotechnol. 2006 24(6):
. Galy A, Roncarolo MG, Thrusher Al Development of lentiviral
for Wiskott Aldnch syndrome. Expert Opin Biol

ene then
%mm 1 181-40.

Dupre L, Trifari §, Folknzi A, Marangoni F, Lain de Lem T,
Bernad A et al. Lentivirul vecor-mediated gene trans ferin Teells
from Wiskot-Aldr tients leads to functional cor-
rection. Mol Ther. M?IWSJW?IS

Salmon P, Kindler V. Ducrey O, Chapuis B, Zubler RH, Tromo D.
ngh—l.c&clmguncmnn mhm‘lmhmqulwuc

itors md differentiated blood lineages afier trmsdlxn.m wl.'h
improved lentiviml vectors. Blood. 200096 10): 3392 -8,

Hemaiology Education: the educalion program for e annual congress of the Europsan Hematology Assoclation | 2014; 8{1)| 7|

145



GT for ADA SCID: long-term F-U

19" Congress of the European Hematology Asscclation

59.

0.

al.

62

63

4.

65,

i

67.

68,

69,

70.

7L

T2

73

74.

75.

76.

7.

8.

Charnier 5, Dupre L, Scarsmuzza 5. Jeanson-Leh L, Blundell MP,
Dancs O, et al. Lentiviml vectors targeting WASp expression to
hemutopoietic cells, efficiently tansduce and comect cells from
WAS patients. Gene Ther. 2007; 14 541 5-28.
Scammuzz S, Biasoo L, Ripamonti A, Castiello MC,
M, Dmghici E. et al. Predinical Safety and Efficacy of Human
CD3M+ Cells Transduced With Lentiviml Vector for the
Treatment of Wiskott- Aldrich Syndrome. Mol Ther 2012 Feb 28,
Epub ahead uf]:rim{
Aartin F,I'I‘usum MG, I?-i.lmahll M, Frecha C, .:irivmva GE,

Santarmaria M, et al vectors tunscrptionally
to hematopoietic cels by WASP gene proximal promoter
SequenCes. Ther. 20 ;IHR]:?I&'B

Mamngoni F, Bosticardo M, Chamrier 5, Dmghici E, Loca M,
Scammuzz 5, et . Evidence for long-term etficacy and sufety
of gene thempy for Wiskott-Aldnch syndmome m p
els. Mol Ther 20061 7i6): 1073-82.

Bosticardo M, Draghici E, Schena F, Smer AV, Fontama E,
Casticllo MC, et al. Lentivirl-medi

inical mod-

-mediated gene therapy keads to
improvement of Bcell functionality m a murine model of
Wiskott-Aldrich syndrome. ] Allergy Clin bnmunol. 2011127
(6):1376-84 5.
Catncd M. Prete F, Bosticamdo M, Casticllo MC, Draghici E,
Locad M et al. Dendritic cell functional improvement in a preclin-
ical model of lentiviml-mediated therapy for Wiskott-
Aldrich syndrome. Gene Ther mnﬂ’fﬁ;: 11508,
Astrukhan A, Sather BD. Ryu BY, Khim 5, Singh 5. Humblet-
Baron 5. e al Ubiguimus high-kevel pene expression in
hematopoietic hneages provides tive lentivral gene ther
of murine Wiskott-Aldrich syndrome. Bl.umf ml?;l%
{ 19)A395-4007 .
Bozug K, Schmidt M, Schwarzer A, Banerjee FP, Diez LA,
Dewey RA, ot .ul.Swm—cdlgc:ncﬂm fior the Wiskott-Aldrich
10 31*3]1:’

ﬁm'NLE{BU hl.u'hd_'z ,ﬁ (191827, E Ochs HD
esterherg de Fuente MA, ing F, 5 .
Karsson MC, Snay "

SH. etal. WASP confers selective advan-
tage for specific hematopoietic cell populations and serves o
umgue mk in marginal #one B-cell homeostasis and function.
Blood. 2008; 112( 104 139-47.

Braun CJ, Bostug K, Paruzynski A, Witzel, M, Schwarzer A,
Rothe M, et al. Cg:nc Therapy for Wiskott-Aldrich Syndmme—
Long-Term Efficacy and Genotowicity. Sci Transl Med.
Qﬂlfﬂﬂ?l?ﬂrﬂl

Paruzynski A, Botzug K, Bram CI, Pyl PT, Witzel M, Ball C, ot
al. Accumulution of proto-onoogene inte grations trig gering lym-
phoid 25 well as myveloid buké.?uu i.nE‘AS gm‘nﬂa—mgua;nul
ﬁmcﬂm . Hum Ther 2013241 2:A1-A172.

e 51, Mansour MR, Schwarewaelder K, Bartholomas C,
Hubank M, Kempski H., et al. Insertional mutagenesis combined
with acguined somatic mutations cases keukemogenests follow-
ing gene therapy of SCID-X1 patients. ] Clin Invest.
'Z&E:I 159131 L
Fischer A, Hacem-Bey-Abina 8, Caviezina-Calvo M. Gene ther-
a.g?' ‘:']l’[;-?im T cell mmmunodeficiendes. Gene. 2013:525
20 N

Stemn S, Ot MG, Schultze-Strasser S, Jach A, Burwinkd B,
Kimner A, et al. Genomic instability and myclodysplasian with
manosomy 7 consequent to EVIL activation after pene theny
fior chmomic gramilomaious disease. Nat Med. 20 I%ﬂ;:ﬁ'zl IQ]E
204,

Barzaghi F, Passerini L, Bacchetta R. Immune dysmegulation,

pal TITHY g thy, x-Imked syndmme: a
of immunodeficiency with mitoimmumty. Front Tmmunol.
2012;3:211.

Verbsky JW. Chatila TA., Immunc dﬁsm lation, polyen-
docrinopathy,enteropathy, X-linked (1PE .unfluPEX-r\d.u dis-
onders: an evolving web of heritable autoimmune diseases. Cumr
in Pediatr. 2013;25(6):TO8-14.
ildin RS, Ramsdell F, Peake 1, Faravelli F, Casanova JL, etal.
X-linked neonatal diabetes mellitus, enteropathy  and
endoi B is the human valent of mouse
qcm'fyw&m’tmy )%T?? 15-20. o
Bermett CL, Christic ], Ramsdd] F, Bunkow ME. Ferguson FI,
et al. The mmune d}m{ﬁ\l&ﬁnn. polyendocrinopathy, mmg—
thy, X-lnked syndome (IPEX is caused by muttions of FOXPS .
Nat Genet. 20001:27:20-21.
Fontenot T, Gavin MA, Rudensky AY. Fo ams the
development and function of CDMCD254 reg cells. Nat

Il 2000:4: 3306,
Bacchetta R. Gambineri E, Roncarolo MG. Role of

1.

a1.

93

regulaory Teellsand FOXP3in - humandiscases. 1 Allergy Cln
bn%l.ﬂﬂ?;lﬂ]:ﬂ?—ﬁ:quizﬁﬁ-?ﬂ. =3
Gambinen E, Perroni L, Passerini L, Bianchi L, Doglioni C, et al.
Clinical mnd molecular profilke of 4 new series of patients with
immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrmome: inconsistent comelaton between fo box
in 3 e ion and disease severity. ] Allergy Clin
mumol. 2008122 1105-12 21.
Bacchett R, Passerini L, Gambinen E, Dai M. Allan SE. Perroni
L. e al. Defective regulatory and effector T cell functions in
tients with FOXP3 mutations. ] Clin Invest. 2006:116:1713-22.
‘Henmezel E, Ben-Shoshun M, Ochs HD, Torgersom TR,
Russell LI, Lejtenyi C et ul. FOXP3 for khead domain mutation
and megulatory T cells m the TPEX syndrome. N Eng 1 Med.
2009:361:1710-3,
Moes N_ Ricux-Lmcat F, Begue B, Verdier I, Meven B, Patey N,
et al. Reduced expression of FOXP3 and regulatory T-cell func-
tion in severe forms of early-onset autoimmune enteropathy.
Gastromiemlo ey, 20101397708,
Passermi L, 5. i Munzio S, hi F, Hamblewon S,
Abimm M, et al. Forkhead box proiein 3 NP3 mutations kead
to increased THIT cell numbers and regulatory T-cell instubility.
T Allergy Clin Imrmumol 2001;128:1 376-9 el .
Chatila TA, Blagser F, Ho N, Lederman HM, Voulgamopoulos C,
Helms C, c*tx.uJ.thl':MZ. encoding a fork Mﬂbﬁdﬂr:h. is
mutnted i X-nked autoimmunity-allergic disregulat
drome. J Clin Invest. 2000, 106 R75-81. o
Nieves DS Phipps R, Pollodk 81, Ochs HD, Zhu ), Scott GA,
et al. Demmatologic and immunologic fndings l;cﬂhﬁcl.rm'nmac
dysregulation, polyendocrinopathy, enteropathy, X-linked
drome. Arch E:niwl.mmﬁdﬂ:%ﬁ-?z. o
D Mureio 5, Cecconi M, Passerini L, McMurchy AN, Baron U,
Turbachova I, et al. Wild-type FOXP3 & selectively active in
CDaCD2S( hi regulawry T cells of healthy fermale carmens of dif-
ferent FOXP3 mutations. Blood. 2000114 19):4 138-41.
Seidel MG, Fritsch G, Lion T, Jurgens B, Heitger A, Bacchetta R,
etal. Selective engrafiment of donor CD425 high FOXP3-posi-
tive T eells m IPEX syndmme afiernonm blative hematopoi-
etic sem call ransplantation. Blood. 2009;113:5689-91.
Treonkowskl P, Bienisszewska M, Juscmska 1, Dobyszuk A,
Krzystyniak A, Marck N, et al. First-in-man dinical results of the
treatment of patients with graft versus host disease with buman ex
VIVD Chd+ C CM27-T regultory cells. Clin
Imrmumol. 2009:133: 224,
Brunstein CG, Miller 1S, Cao ), McKerma DH, Hippen KL,
Curtsmger J_ et al. Infusion of ex vivo expanded Tregulatory cells
in adults transplanted with umbilical cord blood: safety profile
and detection kinetics. Blood . 2001:117:1061-70.
Ednger M. Hoffmarn P. Regulitory T cells in stem cell truns-
E::m:im: strategies and first clinical experiences. Curr Opin
mumol. 2011 23(51670-84.
i larmi M. Falzetti F, Carott A, Teremei A, Castellino F,
Bonifacio E, et al. Tregs prevent GVHD and promote: immune
reconsttution in HLA-haploidentical mrpmlmﬁ.m. Blood.
2011;1173921-8.
Leslie M. Immunology. Regulaory T cells get their chunce to
shine. Science. 2011:332:1020-1.
H. Yagi H, Nomum T, Nakarmura K, Yamazaki 5, Kitowala T,
Huori 5, et al. Crucial role of FOXP3 in the development and fune-
tion of human CO2 540044 regulatory T cells. Int Immunol.
2004;16:1643-56.
Allan SE, Aktad AN, Menndol N, Crellin NK., Amendola M,
Bacchetn R, et al. Generation of potent and stable human D4+
T mgulaory cells by activaton-in S ion of
F'D)Zgl hg_'l‘hm: 2008;16: |wm_m R
Aurts-Riemens T, Emmelot ME, Verdonck LE, Mutis T, Forced
overexpression of either of the two common human Foxpd iso-
forms can induce regulatory T cells from CDHCD25- cells. Eur
1 Immumo L. 2008 3 8: 1381 -0,
Passerini L, Mel ER, Sartimna C, Fousterl G, Bondmza A,
Naldini L. et al. CIM4+ T Cells from IPEX Patients Convert into
Functional and Stable Regulaiory T Cells by FOXP3 Gene
Transfer. Sci Transl Med. 20035215021 5m174.
Seymour LW, Thrusher AJ. Gene thempy matures in the clinic.
Nat Biotechnol. 201 237 58803,

| B | Hemztology Education: the educafion program for the annual congress of tha Europezn Hematology Assoclation | 2014; 8(1)

146



GT for ADA SCID: long-term F-U

Human Gene Therapy

Human Gene Therapy

Clinical applications of gene therapy for Primary
Immunodeficiencies

Journal: | Human Gene Therapy

Manuscript ID: | HUM-2015-047

Manuscript Type: | Review

Date Submitted by the Author: | 08-Apr-2015

Complete List of Authors: | Cicalese, Maria Fia; IRCCS San Raffaele Scientific Institute Milan, Italy, San
Raffaele Telethen Institute for Gene Therapy (HSR-TIGET); Pediatric
Immunchematology and Bone Marrow Transplantation Unit

Aluti, Alessandro; IRCCS San Raffaele Scientific Institute Milan, Italy, San
Raffaele Telethon Institute for Gene Therapy (HSR-TIGET); Pediatric
Immunchematology and Bone Marrow Transplantation Unit; Vita-Salute
San Raffaele University, Milan, Italy

Vectors < Lentivirus and other RNA Viruses, Disease Models <
Keyword: | Hematolegic, Clinical Development = Clinical Trials, Clinical Development <
Clinical Protocols, Gene Regulation

ARONE"
Cripts

Manu

Mary Ann Liebert, Inc., 140 Huguenot Street, New Rochelle, NY 10801

147



GT for ADA SCID: long-term F-U

Page 1 of 30

(1= )= I I SO N

]

10

11

13

14

15

16

17

18

19

Human Gene Therapy

TITLE PAGE
Invited Review

Title: Clinical applications of gene therapy for Primary Immunodeficiencies

Authors: Maria Pia Cicalese (MD) "?and Alessandro Aiuti (MD, PhD) 22

Affiliations:

! San Raffaele Telethon Institute for Gene Therapy (TIGET), San Raffaele Scientific Institute Milan,
Itaty;

2 Pediatric Immunohematology and Bone Marrow Transplantation Unit, San Raffacle Scientific
Institute, Milan;

* Vita-Salute San Raffaele University, Milan, Italy;

RUNNING TITLE: Gene therapy for PIDs

CORRESPONDING AUTHOR: Alessandro Aluti, MD, PhD.

ADDRESS FOR CORRESPONDENCE: Via Olgettina, 60; 20132, Milan, Italy

Telephone Number Work: +390226434387; FAX +390226436545

Email: aiuti.alessandro@hsr.it

Word Count for abstract: 217

Word Count for main text: 4819

No of Tables: 1

Mary Ann Liebert, Inc., 140 Huguenot Street, New Rochelle, NY 10801

148



GT for ADA SCID: long-term F-U

[T =- N WL W N

28

29

30

31

32

33

34

35

36

37

38

39

41

42

43

45

47

49

50

51

52

53

34

35

Human Gene Therapy

Abstract

Primary Immunodeficiencies (PIDs) have represented a paradigmatic model for successes and
pitfalls of haematopoietic stem cells gene therapy (HSC-GT). First clinical trials performed with
gamma retroviral vectors (y-RV) for adenosine deaminase deficiency (ADA-SCID), Xinked SCID
(SCID-X1), and Wiskott-Aldrich Syndrome (WAS) showed that gene therapy is a valid therapeutic
option in patients lacking a HLA-identical donor. No insertional mutagenesis events have been
observed in = 40 ADA-SCID patients treated so far in the context of different clinical trials
worldwide, suggesting a favorable risk benefit ratio for this disease. On the other hand, the
occurrence of insertional oncogenesis in SCID-X1, WAS and CGD RV clinical trials, prompted the
development of safer vector construct based on self-inactivating (SIN) retroviral or lentiviral vectors
(LVVs). Here we will present the recent results of LV mediated gene therapy for WAS showing
stable multilineage engraftment leading to haematological and immunological improvement, and
discuss the differences with respect fo the WAS RV trial. We will also describe recent clinical
results of SCID-X1 gene therapy with SIN y-RV and the perspectives of targeted genome editing
technigues, following early preclinical studies showing promising results in terms of specificity of
gene comrection. Finally, we provide an overview of the gene therapy approaches for other PIDs

and discuss its prospects in relation to the evolving arena of allogeneic transplant.
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1
2
3 56  Introduction
4
5 57
6
7 58  Promary Immunodeficiencies (PIDs) represent a heterogeneous group of monogenic conditions
8
9 59  detemrmined by altered immune responses of either innate and/or adaptive immunity (1). More than
10
11 60 260 disorders have been identified, resulting from mutations in over 300 genes (2, 3). Their
12
13 61 number is rapidly increasing thanks to next generation sequencing technologies and increased
14
15 62 clinical awareness (2).
16
17 63
18
;{9] 64  The incidence of PIDs varies from 1 in 600 to 1 in 500,000 live newboms, depending upon the
%;_ 65  specific disorder (4, 5). Patients with PIDs display phenotypes that can range from being
%3 66  asymptomatic to manifestation of life-threatening conditions (e.g. various forms of severe
%g 67  combined immunedeficiency, SCID). With new information on genes affecting the immune system
g 68 and discovery of new pathogenic mutations and molecular mechanisms, different clinical
%g 69  presentations are attributed to gene defects that, in the past, appeared to have a traditional
g; 70  presentation only (2, 6).
gi 71  Additionally, an increasing number of syndromes are also characterized by immune dysregulation
ig 72 with autoimmunity and susceptibility to lymphoreticular malignancy (3, 7. 8).
37

73
38
43{9] 74 While differing in clinical severity, early diagnosis and freatment remain a mainstay for all forms of
3; 75 PID to prevent organ damage and life-threatening infections and to improve prognosis and quality
43
44 76 of life (G, 9). Major efforts have recently been undertaken to develop methods for detection of PID
45
46 77 inthe neonatal perod, in particular a triplex RT-gPCR measuring the levels of TRECs and KRECs
47
48 78  have been shown to provide a suitable screening for the vast majority of severe immunodeficiency
49
50 79 diseases characterised by T- or B-lymphopenia in newboms (6). Universal newbomn screening in
51
52 80  US has helped fo establish the true incidence of SCID in California (1 in 66,250 live births) and has
53
54 81  led to the improvement of survival outcome (9). Recently, tandem mass spectrometry for analysis
55
56 82 of metabolites from dried blood spots has been proposed as an easy and cheap method for ADA
57
L) 83  SCID screening (10, 11).
b9
60
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Bone marrow transplantation still remains the definitive cure for most of the PIDs and the outcomes
of patients treated in European centres are improving over time (12, 13). Survival is excellent in
HLA genoidentical donor setting and is progressively increasing in other settings thanks to the
improvement in conditioning regimens, prophylaxis and treatment of infectious complications,
GwHD prevention, stem cells selection and manipulation and choice of unrelated donors (13-17).

In the last 15 years, gene therapy has been successfully implemented for the treatment of PID
patients who lacked a suitable donor. In some cases, efficacy of gene therapy has been
counterbalanced by the occurrence of insertional oncogenesis. The understanding of the molecular
events that led to oncogenesis and improved vector technology, allowed to progress with safer
gene therapy approaches for PID.

Here we will review the successfully mast recent results on clinical trials for X-linked, ADA SCID,

WAS and CGD and discuss perspectives for new technologies and other diseases.

Gene therapy for SCID-X1

X-linked SCID is actually the most common form of SCID, accounting for 40%—50% of SCID cases
reported worldwide (5). Mutations in the IL2RG gene are leading to defective expression of the
common gammachain (yc), a subunit shared by a host of cytokine receptors including interleukin
(ILy2, 4, 7, 9, 15 and 21 receptor complexes, which play a vital role in lymphocyte development
and function (5). As a consequence, SCID-X1 patients present profound immunological defects
caused by low numbers or complete absence of T and NK cells, and presence of non-functional B
cells (18). Death from community-acquired or opportunistic infections usually occurs before 1 year

of age unless allogeneic hematopoietic stem cell transplantation is performed (19).

While allogeneic transplantation from HLA-identical donor has a high survival rate, persistent

defects in humoral or cellular functions have been reported for some patients, resulting in partial
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1

2

3 112 immune recovery, autoimmunity andfor retarded growth (19, 20). On the other hand,
g 113 transplantation from mismatched related, matched unrelated, or umbilical cord donors in patients
? 114 with ongoing infection is associated with lower survival rates, often partial chimerism of
g 115  hematopoietic lineages with persistent impairment of humoral immune function (21), and higher
?IEI) 116  rates of complications as graft-versus-host disease (12-14, 21).

E 117 SCID-X1 was thought to be the most accurate model for assessing GT, because spontaneous
j]g 118 reversion of the mutation in the yc-encoding IL2RG gene led to restore of immunological
j]g 119  competence, suggesting that transduced lymphocyte progenitors could carry a selective advantage
;g 120 over their non-transduced counterparts (5, 22).

21 121

22

23 122 Between 1999 and 2006, 20 subjects with SCID-X1 lacking HLA identical bone marrow donors

gg 123 have been freated in 2 trials, conducted in Paris and London. The freatment consisted in an
gg 124 infusion of autologous CD34+ bone marrow cells transduced with a first-generation Moloney
gg 125 murine leukemia virus vector expressing the yc complementary DNA (MFG-yc) and containing
g; 126  duplicated viral enhancer sequences within the long terminal repeats (LTRs). Gene therapy
33 127 resulted in correction of the immunodeficiency, with polyclonal and functional T-lymphocytes in
gg 128 1920 patients (3, 23). Engraftment and comrection of NK and B cells was lower, likely because
gg 129 patients did not receive conditioning. Immunoglobulin replacement treatment was stopped in 11/20
33 130 patients, allow in most patients to live a normal life (3, 23). A 85% survival was observed with a
3; 131 median follow-up of 13 years, similar to the results obtained with matched-sibling donor HSCT
ﬁ 132 (19), demonstrating that gene therapy can be curative for X-SCID with long-lasting (10 years)
45

a6 133 beneficial effects (19). Four patients in the French trial and 1 patient in the British cohort have
48 134  developed T-cell leukemia (24) between 2 and 5 years after GT: 4 of them have been into
50 135 remission after conventional chemotherapy. in one case followed by matched unrelated HCT, and
52 136  remain in long-term remission (25, 26), while the remaining patient has died from chemotherapy-
54 137 refractory leukemia. In all cases, the adverse event was the result of insertional oncogenesis due
56 138 to aberrant expression of the LMQ2 (LIM domain only- 2) or CCND2 (cyclin D2) oncogenes

58 139 induced by the integration of the yc retroviral vector in the proximity of the gene regulatory regions
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(19). Second genome alterations were found in all cases and probably accounted for the advent of
overt leukemia (3), favoured by the selective advantage conferred to them by the concomitant
expression of the yc gene (23).

The occurrence of these serious complications prompted discontinuation of these trials (24).

A further trial was started at the NIH in 2003 as a treatment option for older X-SCID patients for
whom HCT was not successful. Three patients (11, 10 and 14 years old) were freated with G-CSF-
mobilized peripheral blood CD34+ cells transduced with y-retroviral vector. An improvement of T-
cell numbers and function only in one subject, the youngest, and no immunological improvement in

the other 2 (23).

To improve safety while maintaining the efficacy profile for X-SCID gene therapy, a self-inactivating
(SIN) y-retroviral vector with deleted Moloney murine leukemia virus LTR U3 enhancer was
exploited, expressing the IL2ZRG complementary DNA from the eukaryotic human elongation factor
1a (EF1a) short promoter, and having shown to be less mutagenic in vitro, although effective in the
mouse model of X-SCID (enhancer-deleted SIN-yc) (27, 28). The interim results of the first 9
patients treated in parallel phase 1/2 trials conducted in London, Paris, Boston, Cincinnati, and Los
Angeles have been recently published (19) and the trial is still recruiting patients (Table). SCID-X1
children were enrolled if a HLA identical sibling donor was not available or in case of severe
ongoing, therapy-resistant, infections. Eight out of nine treated patients survived, while a
preexisting disseminated adenovirus infection was fatal to one patient 4 months after GT, before
the full reconstitution of the T-cell compartment. Up to 48 months of follow-up, immune
reconstitution of T-cells occurred in other 7 patients and was comparable to that observed in the
previous trials conducted in Paris and London. Importantly, integration analysis showed a
polyclonal integration profile with reduced numbers of clones near known lymphoid proto-

oncogenes and genes implicated in serious adverse events in previous GT trials (19).
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1

2

3 167 A new approach based on the use of self-inactivating lentiviral vector (CL20-4-EF1a-hyc-OPT)
4

5 168  expressing a yc gene has been developed by Sorrentino and colleagues (29) and is used in a two-
6

7 169  site clinical trial. Typical X-SCID patients will be enrolled at the St.Jude Children’s Research Center
8

9 170 in Memphis (ClinicalTrials.gov identifier: NCT01512888), while atypical children and adolescents

11 171  between 2 and 20 years of age are treated at NIH (NCT01306019) (Table). The latter arm of the

13 172 tral uses nonmyeloablative conditioning with a total busulfan dose of 6 mg/kg/body weight to
14
13 173 improve the efficacy of engraftment of gene-corrected cells (30). Preliminary results on in two
16
1; 17 young adults after 15 and 9 months from GT show restoration of 1g production and B-cell function,
;g 175 increasing gene marked NK cells, and clinical improvement (Sux See De Ravin, ASGCT 2014,
%; 176 personal communication).
23 177
24
2 g7
25
gg 179  Gene therapy for ADA-SCID
29
180
30

31 181  ADA SCID, caused by mutations in the ADA gene impairing ADA activity, stability, and survival and

gﬁ 182  leading to accumulation of toxic metabolites in plasma, red blood cells and tissues, represents the
gg 183  second most frequent form of SCIDs, accounting for 15-20% of all cases of severe combined
gg 184  immunodeficiencies (31, 32). In its typical early severe onset form, it is usually fatal in the first year
ig 185 of life (33). Apart from the profound lymphopenia (T, B and NK) and the absence of cellular and
:; 186  humoral immune function (34), non-immunological alterations as manifestation of the metabolic
ﬁ 187  organ damage have been described (35, 36).

45

46 188  HLA-matched sibling (MSD) or family donor (MFD) SCT is the gold standard in ADA-SCID therapy
48 189  and is associated to excellent overall survival (86% for MSD and 83% for MFD). Data from a large
50 190  cohort of ADA SCID patients transplanted with alternative donors over 20 years, clearly show the
52 191  importance of donor matching in improving outcome, with 67% OS in HLA-matched MUDs (67%)

54 192 and 43% and 29% OS in haplo and mismatched unrelated donor SCT, respectively (37, 38).

56 193 Moreover, the metabolic nature of the disease and the need for conditioning regimens makes
a7
58 194  mismatched transplantation for this form of SCID more difficult to manage than other forms, even
59
G0
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for the associated risks (21, 32). Beyond this, once patients survive the procedure and engraft
donor cells, relatively complete immune reconstitution is achieved (37).

Patients who receive enzyme replacement therapy (ERT) usually improve immune functions and
are well detoxified, but on long-term present with T-cell numbers that are below normal levels and
show gradual decline of functional assays, whereas B-cell function defects are not fully repaired,
with only 50% of patients able to discontinue Ig replacement therapy (37). Moreover, a significant
part of patients show immune dysregulations, development of antibodies against bovine ADA and
autcimmune manifestations over time (39-46).

The first gene therapy attempts, aimed to provide treatment in patients lacking a HLA-identical
sibling donor, started in the early 1990s, targeting T Ilymphocytes from patients on ERT (47, 48).
Despite this approach was not sufficient to discontinue stably ERT, it was shown that the
transduced T cells could safely persist for more than 10 years (49, 50). Importantly, a recently
identified population of T cells with stem cell properties was shown to significantly contribute to the
pool of long-term living T cells by tracking of insertion sites (50). Early attempts at gene therapy
targeting CD34 progenitor cells were unsuccessful because of a low transduction rate and the
decision fo keep patients on ERT (51).

Ameliorations in transduction and protocols changes were introduced in the GT study designs were
introduced in order to improve the engrafiment of modified stem cells, as well as to provide a
selective pressure for the corrected cells that would ultimately translate into clinical benefit for the
patients (52). The engrafiment of infused stem cells was oplimized by the inclusion of a mild pre-
conditioning regimen with Busulfan (4 mg/kg i.v.), to make space for the corrected progenitors (53).
Finally, the selective pressure for outgrowth of gene-modified progeny was provided by the
withdrawal of ERT prior to GT. A report on the results obtained at TIGET, ltaly, on the first 10
patients showed in 8/10 patients ADA levels sufficient to gain decrease of toxic metabolites and
allow functional immune recovery. Thymic activity was restored to normal with polyclonal T cell
receptor repertoires. Normal serum immunoglobulin levels were detected in 50% of patients,
allowing for discontinuation of immunoglobulin therapy and production of antibodies after

immunization. Importanfly, no leukemic or adverse events related to the therapy were observed
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1

2

3 223 (54). A recent update showed 18 patients treated with a F-U of > 1 year, who are all alive; among
g 224 them, 15 are off-ERT (Table) (Cicalese MP, personal communication, ESID 2014).

? 225  Subsequently, other patients were treated in London and US with a slight different approach in
g 226  terms of conditioning regimen and vector design (52) (Table). As a result, in 31 out of 42 globally
1? 227  ftreated patients GT was efficacious, leading to the ERT discontinuation and persistent immune
E 228 reconstitution, long-term multilineage engraftment and sustained systemic detoxification (3, 54-56,

13 229 Cicalese MP, personal communication, ESID 2014; Shaw KL, ASGCT 2014, personal

]g 230 Communication; Carbonaro Sarracino D, ESID 2014, personal communication).

;g 231  Furthermore, the study by Candotti et al. compared patients treated with or without chemotherapy
%; 232 confirming the importance of preconditioning on the engrafiment of myeloid cells and immune
gﬁ 233 reconstitution (56).

gg 234 Importantly, the presence of shared vector integrations among multiple hematopoietic lineages
gg 235 demonstrated stable engrafiment of multipotent HSC (57).

gg 236  Differently from SCID X1 trial, and despite of the use of the same first-generation yRV vectors,
g; 237  there were no genotoxic events in GT-treated SCID patients. Integrations were also found in ADA
gi 238  SCID patients within and/or near potentially oncogenic loci, but did not result in selection or
gg 239 expansion of malignant cell clones in vivo (57, 58 and Aiuti, unpublished data), suggesting that
gg 240  ADA deficiency in itself may create an unfavorable milieu for leukemogenesis, perhaps by
ig 241  restricting cell proliferation at a critical stages of thymopoiesis. These results underline the
j; 242 importance of a continuous monitoring of the safety of this treatment.

ﬁ 243 Based on safety issues arisen in clinical trials of retroviral GT for the treatment of other PIDs,
jg 244  alternatively strategies based on ADA encoding lentiviruses (LVV) were developed. Mortellaro et al
47

48 245  developed a SIN LVV in which the expression of the human ADA gene was driven by a PGK
50 246  promoter. Mice treated with GT early in life were rescued from their lethal phenotype and displayed
52 247  adequate immune reconstitution and metabolic correction, similar to bone marrow transplantation
54 248 (59). To further improve ADA expression, the group of Dr. Kohn and Dr. Gaspar designed an LVV
56 249 that included a codon-optimized human cADA gene under the control of the short form elongation

58 250  factor-1a promoter (LV EFS ADA) that displayed high-efficiency gene transfer and adequate ADA
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expression to rescue ADA -/- mice from their lethal phenotype with good T- and B-cells
reconstitution. An in vitro immortalization assays demonstrated that LV EFS ADA had significantly
less fransformation potential compared to gRY vectors, without clonal skewing (60).

On this basis, two phase IVl clinical trials with the use of LV EFS ADA are actually ongoing in UK
and US (clinical trials NCT02022696, NCT01852071) for the treatment of ADA SCID children
(Table). To date, 5 patients aged between 1.2-4.5yrs have been treated, after conditioning with
Busulfan i.v. at a single dose of ~5mg/kg. At a mean follow up of about 1 year, there has been
significant immunological recovery, with a rise of tofal T cell and CD4+ counts and normalization in

mitogen responses (Gaspar et al HB, personal communication, ASGCT 2014).

The promising results from gene therapy trials led to issue recommendation from the EBMT Inbom
Error Working Party, according to which gene therapy is considered a valid option to all patients
without an HLA-identical sibling donor, regardless of the age, availability of a MUD, and outcome of

PEG-ADA therapy (61).

Gene therapy for WAS

Wiskott-Aldrich Syndrome (WAS) is a rare, complex, X-linked primary immunodeficiency disorder

caused by mutations in the WAS gene (62) characterized by recurrent infections,

microthrombocytopenia, eczema and increased risk of autocimmune manifestations and tumors (63).

The prevalence is estimated to be 1 to 10 out of a million male individuals, with an incidence of 4
out of a million male live births. The WAS protein (WASP) is a key regulator of actin polymerization
in haematopoietic cells (64), thus, absence or residual WASp expression causes functional defects
in different leukocyte subsets, as defective function of T and B cells, alteration in NK cell
immunological formation synapse and impaired migration of all leukocyte subsets (65, 66). The life
expectancy of WAS patients is severely reduced, unless they are successfully cured by BMT (73).

At present, HSCT from HLA-identical sibling donor (matched sibling donor, MSD) is the treatment
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1

2

3 27 of choice for WAS, with a reported 82 to 88% long-term survival in different European and
4

5 280 American centres in the past decade (67-69), with a survival close to 100% for patients
6

7 281  transplanted after year 2000 (75). MUD fransplant has reported recently survivals of 85-90%, but
8

9 282 better results are obtained when patients are transplanted before the age of 5, and autoimmune
10

1 283 complications are more frequent when complete chimerism is not achieved (67). HSCT from
12

13 284 alternative donors (partially HLA-matched relatives, or mismatched family donors — MMFD, and
14

13 285 umbilical cord blood — UCB) has led to more disappointing results.

16

7 286

18

;g 287 In this scenario, therapy with WAS gene-comected autologous HSCs could represent a valid
3; 288  alternative approach for patients lacking a suitable donor or older than 5 years (70).

gi 28%  Extensive preclinical studies have been performed in the last 15 years to evaluate the feasibility

25 290 and efficacy of gene transfer by means of both y-retroviral (RV) (71-74) and lentiviral (LV) vectors
2T 291 (7576).
3 292 Based on the encouraging results of preclinical studies, a first phase UVl study on humans was

31 293 conducted since 2007 in Hannover, including 10 patients, treated with WASp-expressing LTR-

gj: 294  driven y-RV following reduced-intensity myeloablation (77-79). Stable engrafiment of gene-
gg 295 corrected cells in multiple lineages (HSCs, lymphoid and myeloid cells) lead to restoration of WASp
gg 296 expression. As previously observed in mixed chimerism pre-clinical models (80) a clear
ig 297  proliferative and selective advantage of corrected lymphoid cells over myeloid lineage was also
j; 298 evident in patients. These results were confirmed in a larger cohort of patients, who showed partial
ﬁ 29%  to complete resolution of immunodeficiency, autoimmunity, and bleeding (77, 81). However, the
ig 300 analysis of vector common insertion sites (CISs) revealed a marked clustering between patients,
jg 301  with hotspots found within the proto-oncogenes (LMO2 and MDS/Evi1), already known to be
49

50 302 associated in other GT trials with the development of leukemia and myelodysplasia (3, 77, 82, 83).
52 303 Between 14 months and 5 years after GT, 7 out of 10 treated patients developed hematologic
54 304  malignancies (77, 81). These included 4 cases of T-cell acute lymphoblastic leukemia (T-ALL), 2
56 305 primary T-ALL with secondary AML and one acute myeloid leukemia (AML), all LMO-2 related.

58 306  Despite chemotherapy and secondary allogeneic HSCT, two patients died from leukemia (77).
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These data indicate that LMOZ-driven leukemogenesis is not specific for yc-SCID GT, but it is also
seen in WAS GT. The strong viral promoter in the context of a RV, the relatively high vector copy
number per cell (1.7 to 5.2), and the disease background might have confributed to the increased
risk of insertional mutagenesis (77).

While retroviral WAS gene therapy was still at preclinical level, alternative approaches with
lentiviral vectors were developed to overcome the issues related to gammaretroviral vector (84).
The own WAS promoter was chosen to drive WASp expression to reduce the risk of insertional
oncegenesis and allow a mare physiological expression of the transgene. Extensive preclinical
studies showed the lack of toxicity in the mouse model of the disease (85). Moreover, human
CD34+ cells were effectively transduced in vitro with the vector and engrafted in immunodeficient
mice (86). Clinical trials were then started in Europe and the US (Table), using different
conditioning regimens and enrolling patients with severe clinical score and without a suitable BMT
donor (5). Results of the first three patients have been recently published (87). After a reduced
intensity conditioning with busulfan and fludarabine, patients received autologous HSCs,
transduced with the LV encoding the human WASp cDNA. All patients showed a multiineage
engraftment of corrected cells, both in bone mamow and peripheral blood compartment, with stable

levels of WASp expression. The immunological function restoration involved T and B cells

compartment, as well as cytotoxic activity of NK cells and suppressive activity of Treg. Furthermore,

platelet counts increased with respect to the pre-GT phase, and platelets presented with normal
volume. These biological improvements lead to a clinical benefit for all treated patients, with a
reduction of severity and frequency of infections and bleeding and the absence of autoimmune
manifestations. The levels of corrected cells in the bone marrow were significantly higher than the
engraftment levels achieved in the previous RVs trial, suggesting a higher gene transfer efficiency
of LV. In terms of safety, analysis of LVs insertion profile in vivo showed that in contrast to RV-GT,
LVs integrations are less prone to cluster near genes involved in hematopoietic functions and
potential proto-oncogenes. Moreover, highly represented genes targeted by the vector in these
WAS patients were also hit in other LV-GT trials (88), where no clonal expansion or leukemia have

been reported. A SIN-LV configuration and the presence of an autologous WASP human promoter
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1

2

3 335  in the vector construct were crucial in developing a safer GT approach for WAS (89). A longer
4

5 336  evaluation of all patients treated, together with data of other LV-GT trals, will be important to
B

7 337  confirm the safety and efficacy of this approach.

8

9 338  Another LV vector using a viral MND-derived promoter has also been used to further increase
10

1 339 WASp expression in mice, but results indicate that the y-retrovirus-derived promoter lead to a
12

13 340 stronger transgene expression as compared to the WAS-promoter vector. Moreover, this occurs in
14

15 341 association with myeloid clonal expansion and transcriptional dysregulation, highlighting the
16

17 342 potential risk of the use of strong viral promoter (3, 90).

18

19 343

20

21 344

2

gﬁ 345  Gene therapy for CGD

2 346

26

gg 347  Mutations impairing the expression of gp91phox, p22phox, p47pox, or p&7phox molecules are

29 348  affecting the superoxide production in phagocytic cells leading to CGD disorder, in which life-

g; 349 threatening abscesses and/or skin, liver, lung or bone granuloma, and inflammatory complications
gj 350  are characteristic (23, 91). Available therapeutic strategies include antibiotic long-life prophylaxis,
gg 351 IFN-y administration and HCT (23, 92). HSCT has recently shown a high success rate as an early
gg 352 intervention in patients with very low superoxide production and in patients with a history of severe
ig 353 invasive fungal infection, organ abscesses andior significant inflammatory or autcimmune signs
3; 354 (17, 93). This constitutes an argument in favor of the GT approach for patients without a matched
ﬁ 355  donor. Early clinical trials performed with yRY without conditioning showed only transitory
45

a6 356  functional correction of £ 0.5 % of peripheral blood granulocytes (94, 95). Since gene transduced
48 357  neutrophils have no survival advantage over defective neutrophils and have a lifespan of only a
50 358  few days, engrafiment of relatively high number of gene-transduced HSCs is required by
52 339  preparatory conditioning (91).

54 360 Most recent trials for X-CGD were conducted in 5 different centers worldwide (Frankfurt, Zurich,
55 361 London, NIH, Seoul) using yRY vector-transduced, mobilized CD34+ cells and non-myeloablative

58 362  conditioning with low dose (8 to 10 mg/kg) busulfan (93, 96, 97, 98) + fludarabine (92), or
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melphalan alone (140 mg/m2) (98) in more than 10 patients. The treatments resulted in initial
transient improvement of functional neutrophils up to 30%, with clearance of severe fungal
infections and clinical benefit, followed by a yet unexplained difficulty in achieving long-term
engraftment of significant levels of transduced cells, with loss of the expression of the therapeutic
gene gp91phox (99). The methylation of the viral promoter leading to silencing of transgene
expression is an hypothesis suggested for loss of engraftment (83). Alternatively, ectopic
gp9iphox expression in HSPC could cause the production of reactive oxygen species that may
damage DNA, alter cell growth, or induce apoptosis (100, 101, 102). Moreover, immune-mediated
mechanisms against gp91phox expressing cells could have contributed to the lack of long-term
persistence (102). On the other hand, the 1st-generation y-retroviral vectors used in these
protocols have also been associated with a high incidence of severe adverse events in the patients
with persistent gene marking. A myelodysplastic syndrome (MDS) occurred in 3 patients (2 in
Frankfurt, with fatal outcome, and 1 in Zurich). The second child treated in Zurich displayed a
clonal expansion without monosomy 7 or MDS and this clone disappeared after a successful early
HSCT (93). The frequency of these adverse events highlight the fact that only gp91phox-
transduced cells with gain of function event could persist in patients treated with GT protocols
employing LTR-driven RV (102).

All these events were associated with the insertion near MDS-EVI-1 protoncogenes, suggesting
the necessity to improve the safety and the efficacy of gene transfer technology (83, 92, 97, 99,
103). At the same time, different strategies to restrict transgene expression to the mature
phagocyte compartment were developed using SIN lentiviral vectors and have been tested in
preclinical and clinical development (Table). A gp91phox-encoding vector driven by synthetic
chimeric promoter in combination with different myeloid transcription factors binding sites or the
AZUCOE element linked to a myeloid promoter driving gp21phox expression in murine myeloid
cells (102, 104, 105, 106). However, as A2UCOE protects from promoter methylation, its chromatin
remodelling properties could have considerable side-effects in HSCs (105,107}, so further studies

are needed to proceed to clinical applications (108).
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1

2

3 390 Another recent approach to improve and maximize transgene expression in differentiated myeloid
4

5 391  cells and minimizing its effect in HSCs is aiming to use a miR-126 target sequence fused to the
6

7 392 transgene driven by a myeloid-specific promoter was proposed. In these vectors, transgene
8

9 393 expression provided by the myeloid-specific promoter in myeloid cells and stringent control of

1 394  gp9iphox expression by the miR-126 target sequence in HSCs supports the further development

13 395 of this microRNA approach as an alternative gene transfer technique for CGD (102,106).

15 396 A multicentric trial in collaboration between UK, Switzeland and Germany using a lentiviral vector
16
1; 3897  with the chimeric promoter was approved and is currently recruiting (ClinicalTrials.gov [internet].

19 398  Bethesda (MD): National Library of Medicine (US). https://clinicaltrials gov/. [Accessed March
21 399 2015];109) (Table), also if preliminary results suggest that gp91phox expression was detected only

23 400  short-term during follow-up (98, Thrasher, ESGCT 2013, personal communication). Preclinical

gg 401  studies for the above dual-regulated lentiviral vector gene therapy approach are currently ongoing
g 402 (109).

gg 403

g; 404  New Technologies and Future Plans

3 405

gg 406  The success of gene therapy achieved in the last years has been the result of improved technology
g; 407  and enlarged knowledge on PID and their molecular mechanisms.

ig 408  As the safety of the patients remains a crucial point, the use of new generation vectors, as SIN
:; 409  vectors or LVs, showing high efficacy in terms of sustainable transgene expression and reduced
ﬁ 410 sk of insertional mutagenesis tendency in vitro and in vivo, has been preferred for certain PIDs,
ig 411  characterized by an increased risk of oncogenesis for their genetic background.

3; 412 Progresses in vector design and HSC biology are favoring the extension of clinical trials to several
gg 413 PID variants, particularly to some challenging ones, for which the current available technologies
g; 414  are not sufficient. Pre-clinical experiments are ongoing for PID, such as Artemis deficiency, CD3y
53

54 415 deficiency, JAK3-SCID, LAD-1, PNP deficiency, RAG1/2 deficiency, X-HIM, XLA, XLP, ZAP70

56 416  deficiency, IPEX, that would benefit from gene therapy approaches (23).
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Furthermore, these results have now been translated from PIDs to other blood bomne disorders,
such as lysosomal storage disorders, (B)-thalassemia and sickle cell disease, which require a
higher therapeutic threshold. Clinical trials with B-fy- globin lentivirus vectors are now open at
multiple sites and transfusion independence following GT has been reported in one patient with -
thalassemia (110). In the metabolic diseases field, gene therapy has led to successful ABCD1
gene transfer by lentiviral vector in autologous engineered cells of patients with X-linked
Adrencleukodystrophy (111) and stable LV ARSA gene replacement in patients with
metachromatic leukodystrophy (MLD) (88).

On the other hand, BMT has become much safer and more successful over time for PID patients,
thanks to early diagnosis, also due to newbomn screening programs, and to the improved outcome
of transplant from matched unrelated donor determined by new conditioning regimens, accuracy of
typing and new cells manipulation processes. The long-term benefits, safety and cost-effectiveness
of gene therapy vs allogeneic BMT should be evaluated thoroughly in the next years, together with
practical issues, as the choice of vector, the patient'’s bone marrow stem cell reservoir and the
manufacturing ability to transduce a high number of HSCs.

Gene editing will represent a further step to provide a correction in the defective genes at their
genomic locus, maintaining appropriate regulatory control of gene expression and reducing the risk
of genotoxicity through ectopic vector insertion. Zinc finger nucleases (ZFNs), meganucleases
(MN), transcription activator-like effector nucleases (TALENS) and, more recently, clustered,
regularly interspaced, short palindromic repeat (CRISPR) nucleases are all being developed to
create highly specific gene targeting (112, 113, 114, 115, 116). The efficiency of gene editing using
these techniques has been shown in cell lines and certain primary cell lineages, although remains
limited in primary HSC (91).

In conclusion, gene therapy for PID is quickly moving from being an experimental approach to a
standard cellular therapy, as demonstrated by the adoption of vector manufacture by mainstream
phamaceutical companies, on the basis of the encouraging results. Further refinement and
standardization of the technology will be important for the future clinical development and enter into

the arena of approved therapies.
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Table. Ongoing Gene Therapy Clinical Trials for PID.

Disease | Country Sponsor Vector Outcome Reference Clinical
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Research patients, 2014
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National production
Institute of
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Street metabolic Immunol
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, 25:AT
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alive, clinical | Ther. 2014
improvement
us
WAS us Children's SIN-LV 2 patients, Williams, Hum | NCT01410825
Hospital immune and | Gene Ther
Boston hematologica | (2014) 25:A16
|
improvement
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University
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UK Med 2013
us
UCLA NCT02234934

Footnotes. Studies classified as active, ongoing, based on information retrieved from ClinicalTrials.gov.
Updated information on recruitment status can be found on ClinicalTrials.gov.
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Inflammation Converts Human Mesoangioblasts
Into Targets of Alloreactive Immune Responses:
Implications for Allogeneic Cell Therapy of DMD
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Stem cell therapy is a promising approach to regenerate
healthy tissues starting from a limited amount of self-
renewing cells. Immunological rejection of cell therapy
products might represent a major limitation. In this
study, we investigated the immunological functional
profile of mesoangioblasts, vessel-associated myogenic
stem cells, currently tested in a phase 1-2a trial, active
in our Institute, for the treatment of Duchenne muscular
dystrophy. We report that in resting conditions, human
mesoangioblasts are poorly immunogenic, inefficient in
promoting the expansion of alloreactive T cells and intrin-
sically resistant to T-cell killing. However, upon exposure
to interferon-y or differentiation into myotubes, mesoan-
gioblasts acquire the ability to promote the expansion of
alloreactive T cells and acquire sensitivity to T-cell killing.
Resistance of mesoangioblasts to T-cell killing is largely
due to the expression of the intracellular serine protease
inhibitor-2 and represents a relevant mechanism of stem
cell immune evasion.

Recenved 29 October 2013; accepted T Apnil 201 4; advance online
publication 3 June 2014. doi:10.1038/mt.2014.62

INTRODUCTION

Stem cell therapy relies on the ability of a limited number of stem
cells to engrafi, self-renew, and properly differentiate when trans-
planted into patients affected by degenerative diseases. On top
of these demanding requirements. stem cells need to evade the
recipient immune system. When genetically corrected autologous
cells are used, vectors and transgenes become putative targets of
an immunological rejection.'* Whereas, in the allogeneic setting,
a plethora of antigens might render cells highly immunogenic.
Alloreactive T-cell responses can be directed against unshared
human leukocyte antigen {HLA) molecules or against minor his-
tocompatibility antigens (mHAgs), peptides derived from poly-
morphic intracellular proteins presented in the context of HLA.
An additional level of complexity is added by the pathological

and Stem Cells, San Raffaele Scientific Institute, Milan, italy; *Regenerative Orthopedic Department, IRCCS Istitute Ortopedico
Institute of Inflammation and Repalr, Unversity of Manchester, Manchester, UK

condition to be treated that is often associated to inflammation, a
milien that favors neutralizing immune responses. Such responses
might result in the elimination of donor cells, thus reducing or even
vanishing the therapeutic effort. On the other hand, several reports
suggest that stem cells are unique in their ability to elude and mod-
ulate immune responses.** In our Institute, a cell therapy protocol
is running to treat Duchenne muscular dystrophy (DM D) with the
infusion of human pericyte-derived mesoangioblasts (MAB) har-
vested from healthy HLA-identical siblings. DMD is an X-linked
recessive disease caused by mutations of the dystrophin gene and
subsequent absence of the encoded sarcolemma protein. DMD is
the most common and one of the most severe forms of muscu-
lar dystrophies. In DMD patients, primary wasting of skeletal and
cardiac muscle leads to progressive loss of motility, respiratory,
and cardiac fallure and to premature death. Although restoration
of dystrophin expression is the main goal to cure DMD, immune
intervention has also been proposed to control inflammatory and
possibly immune mechanisms secondary to fiber degeneration.®
A cDNA microarray analysis of skeletal muscles from presymp-
tomatic DMD patients revealed a molecular signature dominated
by inflammatory responses, extracellular matrix remedeling, and
muscle regeneration.” In addition to the local inflammation docu-
mented by immune cell infiltrates in damaged muscle, inflimma-
tory mediators, such as interferon-y (IFN-y), and tumor necrosis
factor-c (TNF-ct) have been detected at high levels in muscles®
and in plasma of DMD patients, suggesting a systemic inflamma-
tory state.” The most compelling evidence of the pathological role
of inflammation and immune dysregulation in DMD is the obser-
vation that anti-inflaimmatory compounds partially ameliorate
disease course.”” Nevertheless DMD remains an incurable disease
and several experimental strategies have been developed over the
last few years, including mutation-specific treatments to repair the
endogenous gene and pene and cell therapy approaches to replace
the mutated gene and/or affected cells!” Among the mutation-
specific treatments, the exon-skipping strategy is designed to
restore a disrupted open reading frame in an effort to produce

Correspondence: Chiara Banini, Experimental Hematology Unit, Division of Regenerative Medlicine, Gene Therapy and Stem Celis, 3. Roffaele Sclentific
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a shortened but functional dystrophin and to recover a milder
phenotype. In two clinical trials, »30 patients were systematically
injected with splice-switching oligopmers. New dystrophin expres-
sion was observed in muscle fibers but dinical improvement was
modest, bringing into question the minimal amount required and
the functionality of the produced dystrophin.'>" The identification
of different types of mesoderm stem/progenitor cells opened new
perspectives in the treatment of DMD. In particular, MAR repre-
sent a population of stem cells, able to differentiate in myotubes
in vitro and in vivo, and able to produce functional improvements
when injected intra-arterially in predlinical models of DMD."-'7
Therefore, gene-modified autologous or healthy allogeneic MAR
represent promising sources for cell/gene therapy of DMD.
Unfortunately, host immune reactions against viral vectors,' dys-
trophin,' or other antigens expressed by transferred cells may limit
the clinical outcome. To predict the risk of rejection, we analyzed
the immunological profile, the immune stimulatory, and antigen
presentation abilities of MAB in resting conditions and after treat-
ment with IFN-y to mimic the inflammatory milies encountered
in dystrophic muscles.

RESULTS

IFN-y treatment does not alter the lineage expression
profile of MAB

To verify the immunological profile of human MAB, MAB were
isolated from muscle biopsies of 14 healthy donors, age rang-
ing between 22 and 70 years, as previously described.’® MAB

Immunological Fingerprint of Human Mesoangioblasts

were expanded in vitro and analyzed before passage XV to avoid
senescence.'™ We observed alkaline phosphatase activity and
high expression of CD44, CD146, CD13, and CD49b pericyte
markers on cultured cells. The absence of the CD56 myoblast
marker, CD117 hematopoietic marker, CD45 leukocyte marker,
and CD31 endothelial marker confirmed the MAR nature of cul-
tured cells (Figure la). To mimic the inflammatory conditions
that frequently complicate muscles diseases, and that might alter
the immunological properties of MAB, we exposed MAB to 500
IU/ml of the IFN-y proinflammatory cytokine for 48 hours. We
observed that IFN-y treatment does not alter the lineage expres-
sion profile of MAB (Figure 1b).

Human MAB display a basal hypolmmunogenic
phenotyplc profile that can be partlally reverted In an
Inflammatory milieu

The immunological profile of resting MAB and MAB exposed
to IFN-y (MABy) was analyzed. Besides the interaction between
T-cell receptor on T lymphocytes and the HLA-peptide complex
on target cells, costimulatory receptor triggering and cell-cell
interactions through adhesion molecule engagement are critical
elements for T-cell activation. The expression of several molecules
involved in the immunological synapse was quantified by fluores-
cence-activated cell sorting (FACS) analysis. Relative fluorescence
intensity {RFI) was measured as the ratio of the mean fluorescence
intensity of specific markers to the mean fluorescence intensity
of isotype controls. In resting conditions. MAB express HLA
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Flgure 1 Interferon-y (IFN-y) treatment does not alter the lineage expression profile of mesoangloblasts (MAB). Human MAE obtained from
healthy donor muscle blopsies were cultured for less than XV passages and analyzed (a) In resting conditions and (b) after exposure to IFM-y at 500
1U/mI for 48 hours. Expression of alkaline phosphatase (ALP) was assessed by ALP activity. The absence of CD56 expression, the quantification of

CD44, CD146, CDN 3, CD49b pericyte markers and of CO117, CD45, CD31 lineage markers were evaluated by cytofluorimetric analysis. A represen-
tative sample from one out of elght MAE cells Is shown.
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class I {median RFI: 20.5) but low levels of HLA class 1T (median
RFI: 2.1), intracellular adhesion molecule-1 {ICAM-1; median
RFIL: 2.6), required to stabilize the immunological synapse.” and
inhibitory costimulatory PDL-1 molecule {median RFI: 1.7).
After exposure to IFN-y, mesoangioblasts upregulate HLA class
I(median RFL: 64.8; P < 0.001) (Figure 2a), HLA class IT (median
RFIL: 16.0; P < 0.001) (Figure 2b), ICAM-1 {median RFI: 39.2; P <
0.001) (Figure 2c), and PDL-1 (median RFI: 4.5; P < 0.05) (Figure
2d). Activating costimulatory receptors CD80, CD86, CD40, and
CD70 were not detectable on MAB nor on MABy cell surface,
while the basal expression of the LFA-3 adhesion molecule was
unaltered upon IFN-yexposure (median RF1: MAB 3.0, MABy2.9)
(Supplementary Table 5§1). Upon exposure to TNF-o, another
proinflammatory cytokine detectable in DMD muscles, expres-
sion of [CAM-1 increased significantly, while HLA-L HLA-IL, and
PDL-1 were not upregulated (Supplementary Figure 51). [FN-y

© The American Soclety of Gene & Cell Therapy

treatment of MAR resulted in a broader upregulation of the mol-
ecules involved in the immunological synapse in comparison with
TNF-ox and was for that reason preferred to TNF-o for further
analysis.

While T-cell receptor triggering and costimulatory molecule
engagement are required for T-cell activation, polarization and
acquisition of T-cell functions highly depend on cytokine-medi-
ated signaling.” We then analyzed the cytokines secreted by MAB
and observed a similar profile in resting and inflaimmatory con-
dittons. Mature (mDC) and immature (1DC) dendritic cells were
analyzed as controls. A reduction, although not significant, was
observed in the secreted amount of the IL8 (average MAB: 2,528
pg/ml; MARBy: 1,138 pg/ml) and IL6 (average MAB: 625 pg/ml;
MABy: 859 pg/ml) myokines upon IFN-y exposure of MAB. The
tolerogenic IL10 and the proinflammatory TNF-ce and IL12p70
cytokines were not expressed by MAB nor by MABy (Figure 2e).
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Flgure 2 Human mesoangloblasts (MAB) acquire an Immunologlcally active profile upon exposure to Interferon-y (IFM-y). The lovels of expres-
slon of (a) human leukocyte antigen (HLA) class |, (b) HLA class I, {c) Intraceliular adhesion molecule-1 (ICAM-1), and (d) PDL-1 were guantified
by cytafluorimetrc analysks. In the representative histograms, the dark line stands for resting MAB, the light line for MAB exposed to IFN-y (MABy),
and the filled histograms for Isotype controls (left panels). Relative fluorescence Intensity (RF) was measured as the ratio of the mean fluorescence
Intensity (MF) of spacific markers to the MF of lsotype controls. Each symbol represents the RFl of HLA class |, HLA class |1, ICAM-1, and PDL-1 In
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Owerall, these analyses show that MAB display a basal hypoim-
munogenic phenotypic profile that can be partially reverted in an
inflammatory miliew.

MAB are less effective than peripheral blood
mononuclear cells In promoting the expansion of
allogenelc T cells

To test the ability of MAR in promoting alloreactive T-cell
responses, peripheral blood mononuclear cells (PEMC) from
healthy donors were cultured in vifro with irradiated allogeneic
MAB, MABy, and myotubes differentiated from MAB (MT).

Immunological Fingerprint of Human Mesoangioblasts

Irradiated PBMC were also harvested from MAB donors and
used as positive controls. Cells were cultured in the presence
of IL2 (60 IU/ml) and were restimulated and counted every
10-14 days. An outline of the experiments is shown in Figure
3a. Alloreactive T cells failed to expand upon stimulation with
MAB and MT (average fold increase after three stimulations,
53: MAB: 1.2; MT: 1.0). IFN-y pretreatment had limited effects
(average fold increase at 53: 2), while allogeneic PEMC matched
to MAB donor were significantly superior to MAB in promot-
ing T-cell expansion (average fold increase at 53: 10.%; P < 0.01}
(Figure 3b). We then stained effectors with carboxyfluorescein
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succinimidyl ester (CFSE) at the first day of culture and ana-
Iyzed CFSE dilution, Annexin V expression, and 7AAD bind-
ing at day 7. As a negative control, the baseline proliferation
of unstimulated PBMC kept in culture in the presence of IL2
at 60 Ul/ml was measured {average CFSE diluting cells: 5.1%).
T-cell proliferation upon MAE stimulation was significantly
lower than that observed upon stimulation with PEMC (aver-
age CFSE diluting cells: 13.3% with MAR, 40.0% with PBMC,
P = 0.01). The relative proportion of Annexin V/7AAD double
negative T cells was similar in the two conditions, indicating
that the different expansion rate promoted by MAB and PEMC
was not due to a differential level of cell death but rather to a
differential T-cell proliferation rate (Figure 3c). The phenotype
of responder T cells was characterized after allogeneic stimula-
tion with MAB (Figure 3d), MABy (Figure 3e), MT (Figure 3f),
and PBMC (Figure 3g). Throughout the culture, the CD4/CD8
ratio was maintained at physiological levels, except upon MARBy
stimulation, which promoted a preferential CD&* expansion.
Alloreactive T cells progressively acquired an effector memory
(CDe2L/CD45RA™) phenotype independently from the nature
of the stimulus.

MAB stimulate alloreactive T cells

To analyze the ability of MAR in shaping T-cell function, the
polarization of stimulated T cells was evaluated (Figure 3a). We
did not observe differences in the polarization (Figure 4, left
panels) of alloreactive T cells expanded with MAB (Figure 4a),
MARBy (Figure 4b), MT (Figure 4¢) or PBMC (Figure 4d) har-
vested from the same donors. In particular, we did not observe
expansion of naturally occurring regulatory T cells '{Tws:) nor of
IL10-producing cells in any of the conditions tested. Expanded T
cells displayed a preferential T T polarization, characterized
by production of IFN-y, in the absence of IL4. In order to evalu-
ate the specificity and lytic activity of effectors expanded with
different stimuli, a *'Chromium release assay was performed
against MAB, MABy, MT, and a PHA T-cell line, from donor 2
(Figure 3a) at the end of the second stimulation (Figure 4, right
panels). The effectors stimulated with MAB failed to recognize
and kill MAB even at a E:T ratio of 50:1 (average lysis: 12.6%)
but were Iytic when challenged with other targets matched to
MAB donor such as the PHA line {(average lysis: 30.0%; P <

© The American Soclety of Gene & Cell Therapy

0.001), MABy (average lysis: 26.4%; P < 0.01), and MT (aver-
age lysis: 22.8%; P < 0.05). Negative controls, a PHA T-cell
line autologous to effector cells (AUTO, donor 1) and a PHA
T-cell line harvested from a third donor (third party, donor 3),
were not lysed (Figure 4a). Similarly, T cells stimulated with
allogeneic MABy (Figure 4b), MT (Figure 4c), and PEMC
(Figure 4d) proved specifically cytotoxic against all matched
targets, but again failed in lysing MAB. These results indicate
that MAB are able to elicit an alloreactive T-cell response but
are unexpectedly resistant to lysis by alloreactive T cells. Such
resistance is reverted in inflammatory conditions and upon dif-
ferentiation in myotubes.

Human MAB are resistant to T-cell killing In resting
conditlons but become sensitive upon IFN-y
treatment or differentlation In myotubes

To elucidate this phenomenon, the sensitivity of MAB to T-cell kill-
ing was further investigated. We initially exploited a T-cell clone
specific for the HLA-AD2-restricted HY | peptide, a naturally pro-
cessed peptide derived from the HY minor histocompatibility anti-
gen and encoded by the Y chromosome. MAB, MABy, MT, and a
Iymphoblastoid cell line (LCL) were generated from HLA-AD2* male
donors and used as targets in a lytic assay A maximum of 2.3% of
MARB lysis was observed at an E:T ratio of 50:1, while MABy (aver-
age lysis: 20.3%; P < 0.01) and MT (average lysis: 25.3%; P < 0.01)
displayed a higher sensitivity to cytotoxic T-cells. The LCL line used
as a positive control was killed significantly more than other targets
(39.0% oflysis) (Figure 5a, left). Cells from HLA-A02- male donors,
used as negative controls, were not bysed (Figure 5a, right). To verify
whether resistance to T-cell killing displayed by MAB was due to a
defective antigen processing or to the low level of peptide presen-
tation, we pulsed HLA-A02" MAB with the HY _ -specific peptide.
No differences in sensitivity to T-cell killing were observed in MAB
presenting the physiologically processed HY peptide and in HY -
pulsed MAB (average lysis: 3.4%), indicating that antigen processing
is not the limiting step for MARB killing (Figure 5a, left). To confirm
our results with a nominal antigen, a T clone specific for the HLA-
AD2-restricted cytomegalovirus (CMV) ppé5 peptide was then
used. MAB, MABy, MT, and LCL lines isolated from HLA-A02*
donors were pulsed with the pps5, , peptide and tested as targets.
An average of 17.8% of MAB lysis was reached at an E:T ratio of 50:1,

Flgure 3 Mesoangloblasts (MAB) are less effective than peripheral blood mononudear cells (FEMC) In promoting the expansion of alloge-
nelc T cells. {(a) Outline of the experiment. PBMC from healthy donors (donar 1) were cultured in vitro with Irradiated allogenelic MAB, Interferon-y
(IFM-y)-treated MAB (MABy), myotubes differentiated from MAB (MT), and PEMC harvested from the same donor (donor 2). Cells were cultured in the
presence of ILZ (60 IW/ml) and were restimulated every 10-14 days. Phenotype and function of T-cell lines dertved from donor 1 were characterized.
After stimulation, T cells were challengad in ¥'Chromium release assay against the same MAB, MABy, MT, and a PHA T-cell ine, from danor 2. Every
effector cell was challenged with all targets and with negative controls represented by a PHA T-cell line autologous to effector cells (donar 1) and a
PHA T-cell line harvested from a third donor (third party, donor 3). The experiment has been repeated seven times using different donors. (b) T-cell
expansion (measured as fold Increase) was analyzed for each culture. (c) Proliferation and cell death were measured by fluorescence-activated cell
sorting (FACS) analysis in T calls stimulated with MAB and PBMC during the first round of stimulation. In the histogram of CFSE dilution measured 7
days after the beginning of culture, the proliferation of T cells stimulated with irradlated MAE (gray) and Iradiated PEMC (black) and of unstimulated
T-cells {dashed bar) are represented (left panel). Graphs depict average and SEM of the percentages of CFSE diluting cells (middle panel) and relative
proportions of apoptotic cells, defined after Annexin ¥ staining and 7AAD binding as nonapoptotic (Annexin V-/7AAD-), early apoptotic (Annexin
V+/7AAD-) and late apoptotic (Annexin V+/7AAD) (right panel). (d) The relative proportion of CD4+ and CD8+ subsets In responder T cells stimulated
with allogeneic MAE was measured by FACS analysis 10-14 days after each round of stimulation (left panel). Quantification of differentiation stages
In responder T cells was measured by FACS and defined after CD62L and CD45RA staining as memary stem T cells (T, ; CDE2L- CD45RA+),* central
memory (T, ; CD62L: CD45RA), effector memory (T, (D621 CD45RA-), and terminal effectors (T, Ra; CD62L- &Snﬁ-] (right panel). Relative
proportion of Tcell subsets and differentiation stages was quantified In T cells also after stimulation with () allogeneic MABy, (f) MT, and (g) donor-
matched PEMC. Averages and SEM are shown. *P < 0L05; **F < 0.01. CFSE, carboxyfluoresceln succinimidyl ester.
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Flgure 4 Mesoangloblasts (MAB) promate T-cell alloreactivity. T cells stimulated with (a) MAB, (b) MABy, (c) MT, and (d) peripheral blood mono-
nuclear cells (PEMC) were characterized and T-cell subsets were quantified, based on surface markers and cytokine secration profiles. T lymphocytes
were stained and analyzed by fluorescence-activated cell sorting 10-14 days after 1 (51) and 2 (52) rounds of stimulation. Natural regulatory T calls
(T__)were defined as CD4-/CD25=s/FoxP3+/CD127'==, L1 0--sacreting T cells (IL10+) were defined as CD4+ IL10* cells, T, as CD4« IL4- IFN-y, T, as
COH° 1L4° IFN-y, T as COB" L4~ IFMN-y and T, as CDE* IL4* IFM-y (left panels). Lytic activity of responder T lymphocytes was measured 14 days after
the second round of stimulation against allogeneic MAE and donor-matched MABy, MT, and PHA T-cell line by *'Chromium release assay. Autologaous
Iymphocytes and third party targets were used as negative controls (right panels). Averages and SEM are shown. *P < 0.05; **P < 0.01; ***P < 0.001.

while MABy{average lysis: 40.8%; P < 0.05), MT (average lysis: 43.8%;
P < 0.01), and LCL {average lysis: 60.5%; P < 0,001) again displayed
a higher sensitivity to T-cell killing (Figure 5b, left). Cells from
HLA-A02* donors pulsed with an irrelevant peptide were used as

Molecular Therapy vol. 22 no. 7 jul. 2014

negative controls and were not lysed (Figure 5b, right). Thus, MAB
are intrinsically resistant to T-cell killing, and inflammatory signals
might revert this resistance. The differential sensitivity to T-cell kill-
ing displayed by MAR, MAByand MT was not completely explained
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Flgure 5 Human mesoangloblasts (MAB) are resistant to T-cell killing. T-cell clones were tested with specific targets: MAE, MABy, MT, and hm-
phoblastoid cell Ine (LCL) lines as positive control. (a) Lytic activity of a T-cell clone specific for the minor histocompatibliity antigen HY, _-restricted
by human leukocyte antigen (HLA)-AQZ Is shown. MAE, MABy, MT, and LCL lines isolated from HLA-ADZ+ male donors were used as targets. MAB
pulsad with the HY _-specific peptide were also tested (left panel). MAB, MABy, MT, and LCL lines Isolated from HLA-AQ2- donors wers used as nega-
tive controls (right panel). (b) Lytic activity of a T clone specific for the cytomegalovirus (CMV) ppé5,,, peptide restricted by HLA-ADZ Is shown.
MAE, MABy, MT, and LCL lines 1solated from HLA-AOZ" donors and pulsed with the pp65,, -specific peptide were tested as targats (left panel). MAB,
MAEBy, MT, and LCL lines Isolated from HLA-ADZ2- donors and pulsed with an irrelevant peptide were tested as negative controls (nght panel). (c) Lytic
activity of the ppés,,, /HLA-AZ-restricted T clone was tested against ppé3,,,-pulsed MABy In the presence of the intracellular adhesion malecule-1
(ICAM-1)-blacking antibody, HLA-ABC-blocking antibody, a combination of the two antibodies, or of the Isotype control. Averages and SEM are
shown. *P < 0.05; **P < 0.01; ***P < 0.001.

by their different levels of HLA class I expression, since MT and
MAR showed a different sensitivity to T-cell killing, despite simi-
lar levels of HLA class [ expression (Supplementary Figure $2). In
blocking experiments, we observed that, although both ICAM-1 and
HLA-I blocking were effective in reducing sensitivity to T-cell kill-
ing, the combined neutralization was required to reduce the sensitiv-
ity to lysis of MABy to that observed with MAB (Figure 5c).
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Protease Inhibltor-2 downmodulation by shRNA
enhances MABE susceptibllity to T-cell killing

Since T-cell killing is largely mediated by the FAS/FASL inter-
action, we verified FAS expression on MAB and we observed
that FAS is homogeneously expressed on MAB at high levels
(average RFI: MAB 10.1; MABy 8.9) similar to levels measured
on LCL (average RFI: 10.5) (Figure 6a). Nevertheless, the addi-
tion of a FAS agonist induced a lower level of apoptosis in MAB
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Flgure & Protease Inhibitor-9 (P1-9) downmodulation by shRNA enhances mesoangloblasts (MAB) sensitivity to T-cell killing. (a) FAS expres-
slon on MAE and lymphoblastold cell line (LCL) lines was quantified by fluorescence-activated cell sorting (FACS) analysis. In the histograms, the level
of expression of FAS on LCL (gray), MAB (blue), MABy (red), and 1sotype control (ight) Is represented. (b) FAS signaling was tested by exposure of
MAE, MABy, and LCL lines to CH11 FAS-specific activating antibody (15 pg/mi). Cell death was measured by Annexin V' staining and 7AAD binding
flow cytometric assay. Results are shown as the difference between the relative proportion of Annexin V- and/or FAAD cells In FAS- red samplas
and In cells exposed to lsotype control. {c) The expression of the serine protease Inhibitor PI-8 on MAB and LCL lines was quantified by FACS analysls.
In the histograms, the level of expression of PI-9 In LCL (gray), MAB (blue), MABy (red), and lsotype control (light) Is represented (left panel). Average
percentages of expressing cells are reported (right panel). (d) Downmodulation of PI-9 following speciiic shRMA transduction of MAE was evaluated
by FACS analysis. In the histogram, the continuous ine represents untransduced MAB (MAB UT), the dashed line represents MAB transduced with
Pl-9-specific shRMA (MAB PI-2 shRMA), the dotted line represents MAE transduced with scrambled RMA (MAE scrambled shRMA), and the filled
histogram represents the lsotype control (left panel). Average relative fluorescence Intensity (RFI) of expressing calls are reported (right panel). (e)
Lytic activity of a T clone specific for the cytomegalovirus (CMV) ppé5,,, peptide restricted by human leukocyte antigen (HLA)-AO2 was measured
by “'Chromium release assay. MAB (blue) and MABy (red) isolated from HLA-AD2- donors were kept untransduced (continuous lines), transduced
with PI-9-specific shRNA (dashed lines), and transduced with nonspecific scrambled shRNA (dotted lines). An HLA-AD2* LCL line was used as positive
control (gray line). All targets were pulsed with the pp65,, -specific peptide or an Irelevant peptide. Results are expressad as the difference batween

% of lysis calculated with CMV-specific peptide and that abserved with the control peptide. *P < 0.05; ™P < 0.01.

(average cell death: 26.1%) and MABy (average cell death:
30.2%) than in LCL {average cell death: 65.3%; P < 0.01), sug-
gesting that antiapoptotic mechanisms are active in these FAS*
stem cells (Figure 6b). The serine protease inhibitor-9 (P1-9) is
a potent inhibitor of apoptosis, we thus hypothesized that PI-9
expression could be involved in MAB resistance to T-cell kill-
ing. FACS analysis revealed a constitutive expression of intra-
cellular PI-9 in MAB (average: 61.7%) and MABy (average:
59.6%) as opposed to the low level of expression on LCL (aver-
age: 12.6%; P < 0.05) (Figure 6c). To verify the functional role
of PI-9 in MAB resistance to T-cell killing, we transferred
a shRNA specific for PI-9 in MAB by lentiviral vectors (LV).
MARB were highly sensitive to LV-mediated transduction (mean
transduction efficiency = 47.7% at multiplicity of infection:
2.5). In transduced MAR, the expression of PI-9 was signifi-
cantly lower than in untreated MAB and MAB transduced with
a scrambled shENA (Figure 6d). We then exploited the T clone
specific for the CMV pp65, . peptide to verify the sensitivity

Molecular Therapy vol. 22 no. 7 jul. 2014

of PI-8" MAB to T-cell killing. MAB and MABy isolated from
HLA-A02* donors were transduced to express a PI-9 shRNA,
a scrambled RNA or mock-transduced and used as targets.
LCLs from HLA-A02* donors were used as positive controls.
T-cell killing of PI-9*" MAB was 2-fold higher than killing
of control MAB. A higher percentage of killing was observed
also after P1-9 downmodulation in MARy (27% average lysis at
E:T ratio 50:1) if compared to that measured on untransduced
MABy (17% average lysis at E:T ratio 50:1; P = 0.05). The
scrambled shRNA used as negative control did not affect MAB
nor MARBy sensitivity to T-cell killing (Figure 6e). HLA-I lev-
els were measured on GFP* cells and were similar between
cells transduced with PI-9-specific shRNA (average RFI: 33.7)
and cells transduced with the scrambled shRNA (average RFI:
31.5; data not shown). Thus, PI-9 expression affects MAB resis-
tance to T-cell killing, independently from the level of expres-
sion of HLA-I, and represents a major mechanism of MAB
immune evasion,

1349

186



Cell Therapy with MABs for DMD

Immunalegical Fingerprint of Human kMesoangloblasts

DISCUSSION

Thanks to their ability to self-renew and differentiate into several
cell types, stem cells represent promising therapeutic cellular prod-
ucts in regenerative medicine. In the past few vears, several types of
mesoderm-derived stem/progenitor cells were isolated from mice
and humans and evaluated for their ability to differentiate into myo-
fibers, in the attempt to treat muscular dystrophies.” Human MAB
are pericyte-derived stem cells that can be isolated from adult skel-
efal muscle. At variance with other stem cells, such as mesenchymal
stromal cells (MSCs), postnatal MAB have the ability to differenti-
ate into skeletal musdle in vifro and in vivo. Additionally, the ability
to grow extensively in vitro and to cross the endothelium makes the
systemic delivery of MAB a promising therapeutic tool for muscle
regeneration.'*%* A phase 1-2 dinical trial testing the safety of
intra-arterial infusion of allogeneic MAB in patients affected by
DMD is currently ongoing in our Institute {EudraCT 2011-000176-
33). For an efficient and persistent therapeutic effect, cellular prod-
ucts are required to evade immune responses that might lead to
rejection of stem cells and/or their progeny. Several experimental
evidences suggest that stem cells might possess immune privileged
and immune modulatory properties. In human MSCs, defects in
antigen presentation capacity and resistance to apoptosis have been
described and associated to their ability to elude immune recogni-
tion.=* In addition, MSCs inhibit T-cells proliferation by releas-
ing soluble immunosuppressive factors and favor the generation of
CD4CD25* T regulatory cells. ™ Such immunosuppressive prop-
erties were exploited in hematopoietic stem cell transplantation to
treat and prevent graft versus host disease,**! autoimmunity, sep-
sis, and inflammatory diseases’>* Nevertheless, a controlled ran-
domized clinical trial failed in confirming the efficacy of MSCs in
controlling graft versus host disease, leaving the discussion still con-
troversial.* Interestingly, the allogeneic transplantation of mouse
MAR into alpha-sarcoglycan null dystrophic mice, in the presence
of immunosuppressive treatment, was followed by poor immune
responses and resulted in the formation of alpha-sarcoglycan posi-
tive muscle fibers.® With the aim of evaluating the immunogenic-
ity of human MAB and to predict their sensitivity to allogeneic
rejection mechanisms when infused to DMD patients, we analyzed
the immunological profile of MAB in resting conditions and after
treatment with IFN-y, to mimic the inflammatory milien associated
to dystrophic muscles.” We observed that inflammation partially
reverts the hypoimmunogenic phenotypic profile of resting MAB.
To challenge the phenotypic profile of MARB in functional assays,
we compared MAB and donor-matched PBMC for the ability to
elicit an alloreactive immune response. We observed that MAB are
significantly less efficient than donor-matched PEMC in promot-
ing the expansion of alloreactive lymphocytes. Of notice, IFN-y
treatment and differentiation in myotubes failed in rescuing this
MARB immunological defect. These observations are in line with the
suppressive activity of MAB, recently reported by English et al
Interestingly, we observed that the few MAB-expanded alloreac-
tive T cells display a preferential T, /T, cytokine secretion profile
and do not express markers of regulatory T cells. Most importantly,
MAB-expanded alloreactive T cells recognized and killed efficiently
matched IFN-y-treated MAB, myotubes, and matched T cells, thus
showing a preserved cytotoxic effector function. Strikingly, resting
MAR displayed a unique resistance to T-cell killing. This intriguing
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property was not due to a defect in antigen processing, since it was
not rescued by peptide pulsing. The different levels of expression of
HLA class I in target cells could not completely explain their differ-
ential sensitivity to T-cell killing. since MAB and MT showed simi-
lar levels of HLA class [ expression but were differentially sensitive
to lysis. Since antigen-specific T-cell clones recopnized and killed
efficiently IFN-y-treated MABR, while sparing resting MAB, we ini-
tally investigated a possible role of ICAM-1, a molecule required
for an effective immunological synapse™ and expressed by MAB
only after [FN-y exposure. Only the combined neutralization of
ICAM-1 and HLA-I restored on MARBy the resistance to apoptosis
displayed by resting MAB, suggesting that even low levels of HLA
class I expression permit MABy killing when the immunological
synapse is stabilized through engagement of adhesion molecules.
‘We identified the serine PI-9, belonging to the serpin superfamily,
as a major mechanism involved in MAB resistance to T-cell kill-
ing. P1-9 is a potent inhibitor of cell-induced apoptosis,®* whose
expression has been described as 2 mechanism of immune escape
in MSCs™ and immunoprivileged tissues.*! We show here that PI1-9
downmodulation in MAB by specific PI-9 shENA enhances MAB
sensitivity to T-cell kalling by 2-folds. IFN-y treatment did not affect
PI-9 expression in MABy, while resulting in higher susceptibility
to T-cell killing. The results of neutralization experiments strongly
indicate that the upregulation of HLA-I and ICAM-1 s crucial for
an effective T-cell killing of MAByand counteract this antiapoptotic
mechanism. Besides the inhibition of Granzyme B and caspases
exerted by serpins, prosurvival strategies may rely on the expres-
sion of Bcl-2 family members or on the modulation of signal
transduction of FAS® or other receptors involved in ligand-induced
cell death. We might suppose that PI-9 expression synergise with
antiapoptotic molecules to prevent MAB immune-mediated killing.

Overall, these results show that MAB have peculiar immuno-
logical privileges. Indeed. the few alloreactive T cells expanded
upon MAB stimulation are fully immune competent and able
to eliminate differentiated cells. Although a variable number
of T cells might be expanded, depending on the quality of the
stimulus, T cells stimulated with MAR or PBMC will be equally
functional. The mechanism of stem cell immune evasion here
described, therefore, does not rely on anergy and does not inter-
fere with the development of a T cell-based immune response,
but rather relies on an intrinsic resistance of stem cells to T-cell
killing. Such a mechanism couples the development of functional
immune responses with a selective preservation of self-renewing
stem cell compartments. Inflammation and differentiation result
ina MAB progeny sensitive to alloreactive T-cell killing, thus jus-
tifying and recommending the use of immunosuppressive and/or
anti-inflammatory drugs in clinical trials exploiting the regenera-
tive capacity of allogeneic MAB.

MATERIALS AND METHODS

Primary cells. MAB and PEMC were isolated from patients undergoing
muscular biopsy and classified as nondystrophic, according to a protocol
approved by the 5an Raffaele Ethical Committee. All donors gave their
written informed consent to participate in agreement with the Declaration
of Helsinki. MAB were maintained in culture in a medium consisted of
MegaCell Dulbeccos modified Eagle medium (Sigma, St Louis, MO)
supplemented with peniallin (100 Ulfml; Pharmacia, New York, NY),
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streptomycin {100 Ul'ml; Bristol-Meyers Squibb, Rome, Ialy), basic
fibroblast growth factor (5 ngfml; Peprotech, Rodky Hill, NJ), glutamine
(2 mmol/l; Lonza, Basel, Switzerland), B-mercaptoethanol (0.1 mmol/l;
GIBCO-BRL, Grand Island, NY), nonessential amino acids (1%; Sigmal,
and 5% fetal bovine serum (BioWhittaker-Lonza, Basel, Switzerland)
as previously described™ Differenbiation of MAB in myotubes (MT)
was induced by plating cells onto Matrigel (BD Biosciences, San Jose,
CA)-coated dishes in high-glucose Dulbeccos modified Eagle medium
supplemented with 2% horse serum (Euroclone, Pero, Italy), glutamine
(2 mmaol/), penicillin (100 Ulfml), and streptomycin (100 Ul/ml) (dif-
ferentiation medium)® PEMC were isolated by Ficoll-Hypaque gradi-
ent separation {Lymphoprep; Fresenius, Bad Homburg, Germany). Cells
were cultured in Iscove's Modified Dulbecco's Media (GIBCO-BRL),
supplemented with penicillin (100 ULfml), streptomycin (100 UlL‘ml), and
10% fetal bovine serum (lscove’s Modified Dulbecco’s Media complete
medium).

MAB charocterization. Mesoangioblasts were characterized in resting
conditions and after exposure to IFN-y {500 IU/ml; Peprotech)} (MABY) for
48 hours. The expression of lineage markers was analyzed by flow cytom-
etry after co staining with anti-CD56-PE, anti-CD44-FITC, anti-CD146-
PE, anti-CDN3-PE, anti-CD48b-FITC, anti-CD117-FITC, anti-CD45-PE,
and CD31-FITC antibodies {BD Biosciences). The alkaline phosphatase
expression was assessed by alkaline phosphatase activity. The immunalogi-
cal characterization was performed by flow cytometry after staining with
anti-HLA I-FITC, anti-HLA II-PE, anti-ICAM 1-PE, anti-CD86-FITC,
anti CD80-PE, anti-CD40-FITC, anti-CD70-PE, anti-PDL-1-PE, and anti-
LFA3-FITC antibodies. For the evaluation of cytokines released by MAR
and MABYy, supernatant was collected 48 hours after plating cells in six-
well plates and concentrations of L8, IL1§B, IL6, IL10, TNF-, and IL12p70
were simultanecusly measured using a Cytometric Beads Array Human
Inflammatory Cytokines Kit {(BD Biosciences) according to manufacturer
instructions. FAS expression was measured by staining with anti-FAS-PE
antibody (BD Biosciences) and intracytoplasmic staining of PI-9 was per-
formed with anti-PI-2 antibody (Abcam, Cambnidge, UK). Samples were
analyzed on a FACS Canto I (BDD Biosciences) with the Flowlo sofiware
(TreeStar, Ashland, OR).

Expansion of alforeactive T cells and T-cell clones. FEMC from healthy
donors were cultured in vifro with allogeneic PEMC (irradiated at 30 Gy),
MAR MABY, or MT (irradiated at 100 Gy). The different steric and biologic
(adherent versus nonadherent) properties on MAB, MT, and PEMC did
not allow to use exactly the same number of stimulators in all conditions,
After preliminary experiments, we selected the conditions that preserved
at best cell viahility, i.e.. MAB, MABY and MT semiconfluent, and PEMC
(stimulators and effectors) 1% 104'ml, leading to at a responder/stimula-
tor ratio of 1/1 (PEMC) and 40/1 (MAB, MABy, MT). Cells were kept in
culture in Iscove's Modified Dulbecco’s Media supplemented with ghta-
mine (1%), penicillin {1%), streptomycin (1%, fetal bovine serum (10%),
and IL2 at 60 Ul'ml IL2 was replaced every 3-4 days and responders
were restimulated every 2 weeks. The medium used in the assay were the
same for all conditions. Cell proliferation was determined by CFSE dilu-
tion, responders were labeled with CFSE (5 pmol/l) for 8 minutes at 37 *C
and then stimulated with allogeneic targets for 7 days. We determined per-
centages of dividing cells, and percentages of dying cells, upon staining
with anti-Annexin V-FB and 7AAD binding, and data acquisition on a
FACS Canto I {BD Biosciences) with the Flowlo software (TreeStar). CMV-
specific T-cell lines and clones were generated from PEMC harvested from
an HLA-A02" CMV seropositive healthy donor. Cells were expanded by
rapid expansion protocol.* Briefly, 10°-10° cells were cultured in the pres-
ence of 25 % 10 allogeneic FEMC (irradiated at 30 Gy) and 5 10° allogeneic
EBV LCL (irradiated at 100 Gy) in medium containing OKT3 {30ng/ml)
and IL2 (600 Ulfml). HY-specific T-cell clones were kindly provided from
Els Goulmy, Department of Immunchematology and Blood Bank, Lewden
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University Medical Center. Cells were expanded in the presence of: 20 % 10°
allogeneic PBMC (irradiated at 30 Gy) and 4% 10* allogeneic LCL isolated
from HLA-A02* male donors (irradiated at 100 Gy) in medium containing
leucoagglutinin A (1.5%) and IL2 (200 ULfml).

Functional assays on alloreactive T ceils and specific T-cell clones. T cells
cultured with allogeneic targets wereanalyzed after each stimulation by flow
cytometry after staining with anti-CD3-FITC, anti-CD62L-PE, anti-CDE-
PerCE. anti-CDM-APC H7, anti-CD45RA-PE, and anti-CD36-PE-Cy7
antibodies (BD Biosciences; Biolegend, San Diego, CA). Tny frequencies
were determined by flow cytometry as percentages of CD4° cells display-
ing a CD127™ Foxp3* CD25"%" phenotype. The relative proportion of
THI.l’TE—. Tlu”u" and IL10-producing cells was determined by flow
cytometry after intracellular staiming with anti-IFN-y-FITC, anti-1L4-PE,
or anti-IL10-PE antibodies on T cells activated for 6 hours with phorbol
12-myristate 13-acetate (30 ng/ml}/ionomycin (1 pg/ml). Cytotoxic activ-
ity was measured by a standard *'Cr release assay at increasing effector/
target (E/T) ratios. Alloreactive T cells and T-cell clones were incubated
for 4 hours with *Cr-labeled targets. Specific lysis was expressed accord-
ing to the following formula: 100  (average experimental cpm — average
spontaneous cpm)/{average maximum cpm — AVerage spontaneous cpm).
In peptide pulsing experiments, targets were incubated for 1 hour at 37 *C
with the synthetic HY, (10 pg/ml) or CMV pp63,,;, peptide (10 pg/ml).
In blocking experiments, target cells were incubated for 1 hour at room
temperature with a neutralizing anti-ICAM-1 antibody (10 pg/ml, clone
BBIG-11; R&D System, Minneapolis, MN) and with a neutralizing anti-
HLA-ABC antibody (30 pg/ml, clone W6/32; Biolegend).

Immunofluorescence. Cells were fived with 4% paraformaldehyde for
10 minutes at 4 "C. After washes, blocking and permeabilization were
performed in phosphate-buffered saline-Triton 0.1% supplemented with
10% normal goat serum (Jackson, West Grove, PA) for 45 minutes at room
temperature. Cells were then incubated for 1 hour at mom temperature
with the MF20 Igs, antibody (Developmental Hybnidoma Bank, lowa
City, IA) that recognizes all sarcomeric myosin heavy chains, diluted 1/5,
and the mouse anti-HLA-ABC IgG | antibody clone W/32 (Biolegend),
diluted 1/50. Cells were then washed and incubated for 1 hour at room
temperature in the dark with secondary antibodies diliuted 17500 (goat
anti-mouse IgG, Alexa Fluor 546 and goat anti-mouse IgG, Alexa Fluor
488; Invitrogen, Carlsbad, CA). Hoechst was applied 1:1,000 to stain
nuclei. Images were acquired with an Axiovert 135 TV microscope {Zeiss,
Oberkochen, Germany) and quantitative analyses were performed with
Image] software.

Apoptosis induction. For induction of apoptosis, cells were treated with
15 pg/ml of the agonistic anti-FAS antibody {clone CHI11; Millipore,
Billerica, MA). After 24 hours, apoptosis was measured by staining with
anti-Annexin V-FITC and by TAAD binding (BD Biosciences).

Short hairpin RNA knockdown of PI-% in MAB. Small hairpin ENA
(shRNA) against PI-9 was purchased from Dharmacon (GIPZ lentiviral
shBNA target gene set and nonsilencing-GIPZ lentiviral shRNA control;
Thermo Fisher Scientific-Dharmacon Products, Lafayette, CO). MAR
were transduced as previously reported.® Briefly, MAB were plated at
100,000/ well in six-well plates. PI-9 and nonspecific scrambled shRNA
(multiplicity of infection: 2.5) were added to MAB. After 5 days incu-
bation, MAE were harvested, transduction efficiency was assessed by
quantifying GFP expressing cells and PI-9 expression was quantified by
flow cytometry. Transduced MAB were FACS-purified on a MoFlo MLS
cell sorter (DAKO, Glostrup, Denmark) and were subjected to the kill-
ing assay as described above. Post-sorting analysis of purified GFP* cells
revealed »95% purity.

Statistical analysis. One-way analysis of variance with Bonferroni correc-
tion and the two-tailed paired t-test were used for comparison of three
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O mare groups, or two groups, respectively. Statistical analyses were per-
formed with Prism 5 (GraphPad Software).

SUPPLEMENTARY MATERIAL

Figure 51. [FMN-yand TNF-o treatment of MAB results in upregulation
of molecules iInvalved In the iImmunological synapse.

Flgure 5. Levels of expression of HLA class | on target cells.

Table 51. Immunological characterization of untreated, IFN-y treated
and THF-xx treated mesoangloblasts.
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1

2

3 [

4 BACKGROUND

5 Intra-artenal transplantation of mesocangioblast progenitors proved safe

6 and partially efficacious in pre-clinical models of muscular dystrophy. After
completion of a toxicity study and an observational study on 28 DMD

7 patients, five (age 8.5 to 12.4, two wheelchair-bound) were selected for a

8 first-in-human, exploratory, prospective, sequential, non-randomized

g open-label phase I-11a dinical trial of intra-artenal HLA-matched donor cell

10 transplantation.

11 METHODS

12 We administered escalating doses (3.3, 6.6, and 19.8 x106 cells/Kg) of

13 donor-derived mesoangicblasts in limb arteries under immune-suppressive
therapy (tacrolimus). Four consecutive infusions were performed at two

14 months intervals, preceded and followed by dinical and laboratory tests.

15 Muscular MRI was performed after the first infusion and then every 6

16 Abstract: months, Two months after the last infusion a muscle biopsy was analyzed

17 "3 | for the presence of donor derived DNA and dystrophin transcript and

18 protein. Safety was the primary endpoint.

19 RESULTS

20 The study was safe with an asymptomatic thalamic stroke detected in one

patient. The cause of stroke and correlation with mesoangicblast infusion

remained unclear. No alterations of cardiac or respiratory funchions were

detected. MRI documented the advanced phase progression of the disease

23 in 4 patients; in one patient, minimal disease proaression was chserved.

24 Functional measures were transiently stabilized in Z of 3 ambulant

25 patients. Donor DNA was detected in muscle biopsies of 4 out of 5 patients

26 and donor derived dystrophin in one.

27 CONCLUSIONS

28 Intra-ar_'ter'ial transplantation of donor n'pesnanginhlas_ts in human proved to

79 be feasible and safe. Although our study was not designed to measure
efficacy, results support future studies.
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1

2

3

4 ABSTRACT

5

6 BACKGROUND

7 Intra-artenial transplanfation of mesoangioblast progentfors proved safe and partially
‘g efficacious in pre-clinical models of muscular dystrophy. After completion of a toxicity study
10 and an observational study on 28 DMD patients. five {age 8.5 to 12.4. two wheelchair-bound)
11 were selected for a first-in-human exploratory. prospective. sequential. non-randomized
12 open-label phase I-11a clinteal trial of intra-arterial HLA-matched donor cell transplantation.
13 METHODS

14 We administered escalating doses (3.3, 6.6. and 19.8 x10° cells’Kg) of donor-derived
15 mesoangioblasts in lmb arteries under immune-suppressive therapy (tacrolimus). Four
16 consecutive infusions were performed at two months intervals, preceded and followed by
:g clinical and laboratory tests. Muscular MRI was performed after the first infusion and then
19 every 6 months. Two months after the last infusion a mmscle biopsy was analvzed for the
20 presence of donor derived DNA and dystrophin transcript and protein. Safety was the primary
21 endpoint.

27 RESULTS

23 The study was safe with an asymptomatic thalamic stroke detected in one patient. The cause
24 of stroke and correlation with mesoangioblast infusion remained unclear. No alterations of
25 cardiac or respiratory functions were detected. MBI documented the advanced phase
26 progression of the disease in 4 patients; in one patient. minimal disease progression was
ar observed. Functional measures were transientlv stabilized in 2 of 3 ambulant patients. Donor
gg DNA was detected in nmscle biopsies of 4 out of 3 patients and donor derived dystrophin in
10 one.

ey CONCLUSIONS

32 Intra-artenial transplantation of donor mesoangioblasts m human proved to be feasible and
33 safe. Although our study was not designed fo measure efficacy. results support fufure studies.
34

35

36 Duchenne Muscular Dystrophy (DMD) 1s the most common muscular dvstrophy, due
37 to mmtations of the X-linked dystrophin gene.’* It causes a progressive degeneration of
;g skeletal and cardiac nmscle, leading the patient to reduced motilitv, wheelchair confinement
40 and early death. usually due to cardiac and/or respiratory f?l.i.]m‘f.s'd Dmig and physical therapy
49 have extended patients” lifespan but only modestly its quality™®.

42 A number of new rhegagies for DMD have entered clinical development and some
43 have progressed to phase III."™" All appear to be safe but are offen himuted to a subset of
44 patients and long lasting efficacy has still to be reached. In the past. we have characterized
45 mesoangioblasts (MABs). a subset of pericytes, from mouse, dog and human skeletal muscle
46 that can be expanded in culture and maintain the ability to differentiate into skeletal and
ig smooth muscle. " Noteworthv. MABs are able to cross the vessel wall when delivered intra-
49 arterially and can thus being distributed to downstream tissues. provided that inflammation
50 and consequent activation of the endothelium are present. as in disease progression of DMD.
59 We tested a protocol of cell therapy in three murine and one canine model of muscular
52 dystroplues, demonstrating safety and partial efficacy of this appm:tch.':"l

53 Following an observational study in 28 DMD patients aimed at defining longitudinally
54 the disease pmgre.ssion.zu five DMD patients were enrolled to a “first-in-human™ phase I'1a
gg trial of HLA-matched sibling donor MABs under immune suppression.

o7 METHODS

58

59

60
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Detailed Methods are presented in supplemental appendix.

STUDY DESIGN, MEDICINAL PRODUCT AND CELL ENGRAFTMENT

Five panents (details in Table 1) nnderwent transplantation of MABs obtained from a muscle
biopsy of an HLA-matched brother. Target dose of MABs was consistent to doses
administered to dvstrophic dogs in pre-clinical tests."® A1l patients received at least four
mfuisions (Suppl. Fig. 1 and appendix) in upper and lower (Pt01, 02, 03) or onlv lower limbs
(Pt03. 06). under immunosuppression regimen (tacrolimus).

MolMed (http: www.moelmed com) produced and released human donor MABs as
Medicinal Product (MP). Good Manufacturing Practices (GMP) were applied to scale up the
process of isolation. characterization and e_\:pa_usiou.zl The MP showed myogenic potency as
cells spontaneously differentiated into mvotubes in virro (Suppl Fig. 2). MP was infused
{concentration of 5x10%ml in normal saline solution) at a rate of 1 or 2 ml/min by an
interventional radiologist during sedation. Diagnostic angiography of the limb was performed
before and after the infusion (Suppl. Fig. 3).

All patients underwent muscle biopsy two months after the last infusion (Pt05 and 06
also before the first infusion) and donor chimerism was evalvated by genomic defection of
pattent and donor-specific short tandem repeats [STR}.E‘ Drystrophin  eXpression was
investigated by western blot and immunchistochemistry. including quantitative immune-
fluorescence analysis. as described.™

MRL FUNCTIONAL AND QUANTITATIVE MEASURES

All patients underwent periodic MEI of the hips and lower limbs (Suppl. Fig. 1) and brain
MET at the end of the scheduled treatments. All MRI examinations were performed on a 3
Tesla scanner (Philips) without sedation.

Outcome measures to test nmmscle strength, functional mebility. endurance, and ability
to walk included the G-minute walk test (6MWT). North Star Ambulatory Assessment
(NSAA). ten meter walk and time to rise from floor (Gower’s sign). as well as quantitative
functional analvsis on the Kin Com ergometer. ™

DMUNOLOGICAL ANATYSIS

T-cell dvnamics. alloreactive T-cell responses to donor cells and both cellular and lmmoral
specific response to the dystrophin protein were longitudinally evaluated. Patient samples
were harvested before treatment and bimonthly dunng MAB infusions (suppl. Material).

RESULTS

INTRARTERIAL MAB INFUSIONS

MAB infusions were safe; no SAE were observed except for Pt 03 (thalamic stroke).
Details regarding adverse events are summarized below and defailed in supplementary
material (Suppl. Table 2).

In pt 01 and 03 cell dose was inferior to target. Inumediately after MAB infusion, an
asymptomatic cutaneous reticulum ({ivedo reticularis) appeared in the left abdominal lower
guadrant (Fig. 1A) in Pt 01 and disappeared spontaneously after one dav; it was attributed to
the infision of small cell clumps. occasionally appearing in confluent cultures (Fig. 1B). Also
Pt 02 showed a transient lfivedo reticularis after two MAB infusions (in left hand and left
limb; Fig 1C and not shown). To avoid this complication we amended the protocol to allow
filtration of the MP with a 70 pm cell strainer.

During the first MAB infusion the pre-infusion diagnestic angiography of the right
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1

2

3 lower limb of Pt 03 revealed confrast inflow delay. likely due to vasospasm of the ipsilateral
4 tliac-femoral arterial axis and the patient was thus infused on the contralateral. patent artery
5 after iliac crossing: the vasospasm resolved after injection of vasedilator. Pt 03 showed one
G SAF after the fourth (last) mfusion. He presented atrial fibnillation affer MAB infiision that
7 lasted up to 6 hours and resolved spontaneously one hour after having being detected. ECG.
‘3 echocardiography and Color-Doppler Ultrasound of arteries at four limbs were all normal
10 The subsequent night. he had headache. photophobia and vomiting, which solved with
11 paracetamol. Meurological exanunation was normal but brain MRI showed a small acute
12 thalamic stroke (Fig 1D). Intracranial arterial and venous MR angiography (MEA) and
13 contrast-enhanced MEA of the supra-aortic arteries showed normal caliber and flow signal of
14 the examined vessels. Transcramial Doppler ultrasound with micro-bubbles was normal. He
15 was starfed on oral aspinn and no further complication occurred. Cerebral MREI one month
16 later showed nommal evolution of the ischemic lesion (Fig. 1E). No new lesions or any
}g clinical consequences were detected.

19 Due to the stroke in Pt 03. smudy Data Safety Monitoring Board (DSMB)
20 recommended in Pt 05 and 06 MAB infusions only in lower limbs for safety and with the
79 intention to increase cell dose to reach target treatment in lower limbs. No significant SAE
27 were observed.

23

24 DONOR CELL ENGRAFTMENT AND DYSTROHIN EXPRESSION

25 Muscle biopsies showed histological features of mmscular dystrophy in all patients
26 (Suppl. Fig. 4). modest fiber regeneration (1dentified by anti-fetal myosm). ranging from 3 to
27 32% as compared to those usually observed in vounger DMD patients (30-60%) (Suppl. Fig.
28 4C). DNA clumensm analysis revealed donor cell engrafiment ranging from 0.00 to 0.69%
29 (Suppl. Table 3).

;? Pt 01 and 03 showed virtuallv no dystroplun expression by imnmmolustochemistry
37 (Fig. 2A and not shown). Pt 02 showed scattered. faint. dystrophin positivity in some muscle
33 fibers in post-treatment biopsies. Fiber staining was disconfmuous, but revealed also with
34 anti-dys] antibody. which recognizes a portion of deleted protein absent in revertant fibers
35 (Fig. 2B). Pt 05 and 06 showed some fibers positive for dvstrophin in both pre and post-
36 treatment samples (Fig. 2C. 2D). However. in Pt 05 dystrophin expression in post-treatment
a7 was more diffuse and infense as compared to pre-treatment samples. We then applied semi-
;g quantitative measurement of dvstrophin expression levels comparing pre-treatment mmscle of
40 Pt 01. 05 and 06 (those with available pre-treatment biopsy) with levels in post-treatment
a1 mmscle. Only Pt 05 showed post-treatment increase of dystroplin levels with anti-dys2
47 antibody. as mean dvstrophin fluorescence intensity increased from 3% to 11% of normal
43 control after treatment. Pt 01 and 06 did not show increase of protein expression (Fig. 2C, 2D
44 and Suppl. Fig. 4D). However. simular quantification with anti-dys1 antibody did not show
45 mncrease in dystrophin levels in Pt 01 and 05, whereas a moderate increase was observed in Pt
46 06 (from 11% to 22%).

47 Western blot analvsis did not show any band corresponding to dystrophin (427 kD) in
48 Pt 01 (Fig. 2E) and Pt 03 (data not shown). Pt 02 did not show any dystrophin in pre-
;g freatment sample whereas a faint band corresponding to full-length dyvstrophin was observed
51 with anti-mandysl8 and manex4de only m post-treatment samples (Fig. 2F). Inferestingly,
52 mandys18 recognizes peptides from exon 17-35. deleted in Pt 02 (deletion 4-44). thus not
53 present m revertant fibers. Pt 05 and 06 (point mufations) showed bands corresponding fo
54 dystrophin in both pre- and post-treatment samples. detected only after protein concentration
55 with Amicon Ultra-0.5 centnfugal filter devices (Millipore) Fig. 2G, 2H). The amount of
56 protein did not differ in pre to post-treatment sample in Pt 06, whereas it was markedly
g; mcreased 1 post-treatment sample m Pt 05 (Fig. 2G). Since Pt 02 has a deletion of 40 exons.
59

60
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the faint band of full molecular weight detected by western blot mav only derive from donor
(MAB) cells. In the case of Pt 05 and 06. the presence of a point mufation makes it
impossible to distinguish betiween donor and revertant dvstrophin by western blot analysis.
For this reason we conducted Sanger sequencing of Pt 05 muscle cDNA. which only detected
mtated cDNA (Suppl. Fig. 5). To increase sensifivity, we performed next generation
sequencing and a tetra-primer PCR assav (Suppl. Tig. 3) to detect the polymorphism.
However. also these sensitive methods failed to detect donor ¢DNA but also muled out
skipping of the mutated allele. which was still present as the totality of the sample.

MRI OF THE LOWER LIMBS

In all MRI examinations. no signs of ischemic mmscle damage. abnormal muscle edema or
ectopic/expansive lesions were detected. Signal Intensity Ratio (SIR) and muscle segmental
volumes indexes (MVIs) obtained from the post-processing analvses of hip and lower limb
mmscles of transplanted patients were compared to those obtained with 85 MEI acquisitions
performed on 26 untreated DMD patients who underwent a narural history study (DMD01).2°
Four to five pre-treatment MRI exams were available also for DMD transplanted patients
(Fig. 3 and Suppl. Fig 6). In Pt 05. a significant post-transplant amelioration of the trend of
MERI parameters was observed for SIRs of all analyzed thigh mmscles (guadriceps. thigh
flexor muscles. gracilis, sartorius) and for MVIs of quadriceps and semitendinosus (Fig. 3
MVIs of solens. biceps and gracilis muscles did not reach a significant modification of the
trend though a detectable improvement was observed. Affer treatment i Pt 06, SIRs and MVI
remained relatively stable and above the 93° percentile of the disease natural history cohort
(Fig 3B and Suppl. Fig 6). but no sigmficant modification of the trend was detected. No
improvement was observed in Pt 01, 02, 03.

CLINICAL PROGRESSION OF THE DISEASE

All patients complied well with MAB infusions schedule and performed all planned
functional and clinical tests. Respiratory and cardiac functions remained stable in all patients
throughout the period of transplantation (Table 1). Pt 01 and 06 were already wheelchair
bound and their motility could not be analvzed by functional tests. Pt 02 and 03, although
ambulant, could not perform Gowers” test already before infusions. Pt 02, who was
undergoing a rapid deterioration of motor functions, appeared to stabilize, following cell
infusions from April 2011 to Augnst 2012, when he grew in height and weight. begun to limp
and fall spontaneously and within five months became wheelchair bound. Pt 03. progressively
worsened 1n lis quantitative and fonctional measures despite MAB mfusions and in
December 2011 lost ambulation Finallv. Pt 05 who was stable at the onset of the infusions
(November 2012) 1s still stable at the time of wniting (December 2014; Figure 4 and Suppl.
Fig. 7). Quantitative measures with Kin Com ergometer did not show significant changes
after cell infusions m all the patients except for Pt03. This patient showed a decrease in the
slope of change of all the Kin Com parameters after the infusion. as compared to the slope
from the age of 7.5 vears (Suppl. Figure 8). Creatine kinase levels did not show any dose-
infusion correlation in all 5 patients. Based on these results, immunosuppression with
tacrolimms was gradually tapered and discontinued 1n all but Pt 05.

DMUNOLOGICAL STUDIES

T Ivmphocvtes counts and relative subsets remained stable and within normal ranges
throughout the study (Suppl Fig. 0y Accordingly. no infections SAE were recorded. Only
Pt 03 showed a high basal alloreactive response to donor MABs before treatment and this
response increased after infusions. Allo-reactivity to dj.-'strophin"s. evaluated with a dvstrophin
peptide library was either undetectable or very low (Pt 06). No circulating antibodies to
dystrophin were detected (Suppl. Fig. 10).
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1

2

3

4

g DISCTUSSION

f We report the results of a proof-of-concept phase ITIa trial consisting of multiple
g intra-arterial infusions of HLA-matched donor MABs in five DMD patients. We demonstrate
10 that if is safe to inject hundreds of millions of non-hematopoietic stem cells into the peripheral
11 arterial circulation of pediatric patients. a procedure never reported previously in humans.
12 This by ttzelf has major implications for a number of different trials: currently there are
13 approximately 400 clinical trials. mostly based upon intra-venous administration of allogeneic
14 mesenchymal stem cells (MSC) for a variety of disorders.”” However the vast majority of
15 injected cells will be trapped in the lung.*® as the first capillary filter. whereas an intra-arterial
16 admimistration of these cells may direct them to the specific anatomucal district favoring their
:g engraftment and evenfual function.

19 Only one SAE out of 23 infisions. a thalamic stroke. occurred in Pt 03 after the last
20 mnfuston. The cause of the thalanue stroke remains unclear. We excluded artery dissection and
21 embolism from patent foramen ovale. Stroke mav have been caused by a cardio-embolic
22 evenf. most common mechanism of cerebral infarction described m DMD patients. although
23 relative rare.” Atrial fibrillation most likely followed the stress related to the procedure and to
24 anesthesia in a DMD patient with initial signs of cardiac involvement (sinus tachveardia 92
25 bpm at rt:stj.}” Other possibilities include 1) mif_‘raine.}l associated to 1-14% of stroke in
26 children.™ " ii) minimal endothelial damage during intra-arterial catheterism. resulting in a
a7 small thrombus that. when detached hours later caused the thalamic stroke; fii): a small
gg amount of MABs injected in the axillary artery due to whirlpool might have entered in the
30 right vertebral artery, although this is unlikely due to the relevant distance between the
ey catheter tip (in axillary artery) and the origin of the vertebral artery. Moreover. post-infusion
32 arteriography never showed stop of staining due fo thrombotic events by MAB injected in
33 high number (hundreds of millions of cells) in the four limbs. No MEI-detectable adverse
34 events (mflammation, tumor formation tissue infarction) occurred despite the high number of
35 cell infised.

36 The treatment did not approach the threshold of clinical efficacy. Nevertheless. we
37 recorded some clinical and biological positive indications of MABs efficacy in the fwo
gg voungest DMD patients. Families and phvsiotherapists reported less frequent falls. less ngid
40 mmscles and a more secure ambulation. Moreover, functional measures remained stable in Pt
41 02 {who was rapidly worsening before the mfusions) and in Pt 03, who was stable throughout
42 the study. Pt 05 also showed a decrease in the slope of changes of strength in quantitative
43 measures by the KinCom ergometer. and a significant amelioration of the trend of MRI
44 parameters. MRI analvsis remained stable in Pt 06 and confirmed the advanced phase
45 progression of the disease in others.

46 STR chimerism analysis revealed maxinmmm donor cells engrafiment of 0.69%, which
3; is consistent with a billion MAB cells delivered to an approximately 10 Eg mass of tissue and
49 that pre-clinical work iﬁdlié:amd that about 30% of donor cells persist in the injected leg when
50 measured after a week. ™

51 Histology, immunocytochemistry, western blot and molecular analysis of the muscle
52 biopsies performed after the treatment indicated variable but overall modest engrafiment. Pt
53 01 has severe damaged muscle and no dystrophin indicating a clearly very advanced disease.
54 Pt 02 was the only to show unequivocal presence of donor dystrophin detected both by
a5 antibodies directed against the deleted domain and by a full molecular weight protein that he
56 could not possibly synthesize with a 40 exon deletion. Pt 03 did not show evidence of donor-
g; derived dvstrophin. For Pt 05 and 06 the sifuation was clearly more complicated due to the
59

60
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presence of a pomnt mutation Pt 06 had a well detectable dvstrophin both before and after
treatment. whereas Pt 05 only after. To mule out the possibility that it was due to revertant
fibers, indistinguishable by western blot, we performed sophisticated molecular analvsis that
unexpectedly revealed that all the dystrophin ¢cDNA detected has the expected point mutation
and thus comes from the patient. However. it is not derived from spontaneous exon skipping.
as the exon containing the mutation was still present as the onlyv franscript detected. We
speculate that some patients (eg. 05 and 06) mav have a PTC124-like endogenous
mechanism that allows the production of some “full-length™ dystrophin. as shown for other
human genes.* Intriguingly. Pt 06 is the strongest (though unable to walk because very tall)
and Pt 05 is still walking at the time of writing. However. given the paucity of donor MAB
engraftment. a fransient paracrine effect is possible, similar to that elicited by transplanted
MSC.

Imnmnological analysis revealed that immune suppression did not alter lymphocyte
counts or their in vitre activity. that the only cell mediated response to donor cells was
observed i Pt 03. and was detectable before MAB infusion suggesting that this
mmunosuppressive regimen is adequate to prevent primary responses. but is not active on
memory immumelogical responses. All patients had undetectable or extremely low responses
against dystrophin domains. including those absent because of large deletions.

In conclusion, our study was safe and provided relevant information essenfial for
planning future cell therapy protocols in DMD patients. The adopted schedule and doses of
MAB mfistons did not reach efficacy 1 patients at late age at the tume of treatment. Further
trials will target vounger patients. thus taking advantage of a less advanced pathology and a
higher cell dose in patients before the onset of svmptoms. In parallel, a cell-mediated gene
cofrection strategy (e.g. artificial chromosomes. genome editing) that mav amplify several
fold the therapeutic effect and different angiographic strategies to target pelvic and dorsal
muscles will be tested in animal models. We are confident that the final combination of these
strategies may lead to climical efficacy in DMD cormrection.

Supported by the EC FP7 IP Optistem, Telethon, Duchemnne Parent Project (Italy) Cure Duchenne and
the Ttalian Ministry of Heath (progetto finalizzate). The study performed in compliance with Good Clinical
Practice guidelines. the provisions of the Declaration of Helsmki and the Furopean Directive 2001/ 20WEC. The
San Raffaele Hospital independent ethics commuttee and the Istituto Superiore di Sanita approved the protocol
{available at NEJM.org) and its subsequent amendments. Senior authors contmibuted to the study design, wlich
was approved also by an Internstional Scientific Advisory Board and an internal Data Safety Managing board.
All authors participated in the collection and analysis of the data, had complete and free access to the data,
Jeintly wrote the manusenipt. and controlled the completeness and accuracy of the data and analyses presented.

We thank all the patients and their family for dedication and cooperation to the DMD01 and DMDO3
study; all the participating staff members of the Ospedale San Raffaele; G. Comi, N. Bresclin, A. Falini. A. Del
Maschio, C. Bordignon, M.G. Rencarolo, A Amfi, M. Corbo, K. Gorm, M. Sessa, M. Bregm, for their chmcal
and critical suppart; E. Mercuri, T. I-.'Ionmm, F. Gnggs, F. Konnthenberg, A Madrigal T. Rando for their
critical discussion as members of the Scientific Advisory Board: M. Mboggie, A D'Amico and E. Bertini for
offering a sample of nmscle biopsy performed at ime of diagnosis of Pt 01 and 02. S. Torelli and F. Mmtoni for
help n quantitative assessment of dystrophin expression in DMD biopsy samples; L. Callegaro, S. Trnca, M.
Bonopane, and the staff members of MolMed for excellent techmical assistance.
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Table 1: Patient clinical features:

Pi0l Pi 02 Pi03 Pt 05 Pi 06
Dystrophin =~ Exondeletion Exondeletion Exondeletion Point mutation  Point mmatation
mutations 47-52 444 45-50 exon 43 exon 59
Steroid Deflazacort Deflazacort Prednisone Deflazacort 0.9/ Deflazacort 0.5/
(mgkg) 0.75 / every LT I every 0.5/ daily every other day  every other day
other day other day
Ageatfist 124 g5 9.6 92 122
infusion (yr)
Loss of
ambulation 12 10.2 10.8 Preserved walk  12.1
(age) ability
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Weight 50 25 37 38 46
(kz)*

Height 137 13 140 126 160
(cm)*

Cardiac Normal Nomnal Normal Normal Normal
10 fimction

00D = DN da ) R e

12 Lung Normal Normal Norml MNormal Normal
fimction

Other co- MNone MNone MNone MNone MNone
14 morbidities

16 Legend: *Measured at first infision
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FIGURE LEGENDS

Figure 1: Side effects of MAB treatment of DMD patients.

Panel A: the [ivedo reficularis i the left abdominal lower quadrant after the first infusion i
Pt 01

Panel B: small clump of MABs observed in the first preparation of MP before the infusion of
Pt 01.

Panel C: the livedo reticularis in the left hand of Pt02 after the first infusion.

Panel D bramn MRT acguired one day after the MAB infusion showing acute small thalamic
stroke in Pt03. Axial diffusion-weighted imaging (left) and fluid-attenuated inversion
recovery (FLAIR: right) images show a focal spot of hyperintensity within the right thalamus
consistent with acute stroke.

Panel E: FLATR MRI axial image obtained in Pt 03 one month after the acute stroke. showing
the expected evolution of the right thalamic lesion.

Figure 2: Effects of MAB trearment on dystrophin expression.

Panel A: confocal immunofluorescence of muscle biopsy from Pt 01 (tibialis anterior post-
treatment) stamed with anti-dystroplun dysl antibody (which recognizes protein fragment
encoded by exons 26-30. green signal) and anti laminin-2 (to delineate muscle fibers. red
signal); dapi identifies nuclet (blue signal). In the left image only anti dystrophin sfaining 15
shown. No dystrophin positive fibers were observed.

Panel B: confocal immunofluorescence of muscle biopsy from Pt 02 (fibiahs anterior post-
treatment) stained with anti-dvstrophin dvs1 antibody (green signal) and anti lamininin-2 {red
signal); dapi identifies nuclei (blue signal). In the left image only anti dystrophin staining 15
shown. Some fiber shows mild and discontinuous dystrophin staining.

Panel C: immunofluorescence of muscle biopsy from Pt 05 taken before (lefi. gastrocnemins)
and after treatment (right. gastrocnemius) stained with anti dystrophin dyvs2 anfibody (which
recogmizes exon /7-79). The number and intensity of dystrophm-positive fibers 1s mncreased mn
the post-treatment biopsy.

Panel D: immunofluorescence of muscle biopsy from Pt 06 taken before (lefi. gastrocnemms)
and after treatment (right. gastrocnemius) stained with anti dystrophin dys2 antibody. Few
fibers show scaftered dystrophin staining, without obvious differences berween pre and post-
treatment samples.

Panel E: results of western blot analysis involving dystrophin antibodies dysl. Mandys18 and
Manex46e (recognizing respectively exon 26-30, 17-35. and 46). of total protein extracts (20
pg) obtained from post-treatment biopsy specimens of Pt 01 (tibialis anterior muscle): Ct was
used as positive dvstrophin control. Below, bands corresponding to myosin heavy chain are
shown as loading confrol. No bands corresponding to full length dystrophin were observed. A
schematic representation of the deleted portion of the dvstrophin and the region recognized by
used antibodies is depicted above the western blot.

Panel F: results of western blot analvsis involving dystrophin antibodies Mandys18 and
Manex46e. of total protein extracts (10-20 pg) obtained from pre-treatment (performed at
fime of diagnosis) and post-treatment biopsy specimens of Pt 02 (tibialis anterior muscle); Ct
was used as positive dyvstrophin control. Below, bands corresponding to myosin heavy chain
are shown as loading control. One faint band corresponding to full length dystrophin is
observed only in the post-treatment samples with both Mandys18 and Manex46e antibodies.
A schematic representation of the deleted portion of the dystrophin and the region recognized
by used antibodies is depicted above the western blot.

Panel G: results of western blot analvsis mvolving dyvstrophin antibodies Mandys106

(recognizing exon 43) and dysl. of tofal protein extracts (80 pg. following protein
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1

2

3 concentration by Amicon Ultra-0.5 centrifugal filter devices. Millipore) obtained from pre-
4 treatment and post-treatment biopsy specimens of Pt 05 (gastrocnemius); Ct was used as
5 positive dystrophin control. Below, bands corresponding to mvosin heavy chain are shown as
G loading control. Bands corresponding approximartely to full length dvstrophin are observed in
7 pre and post-treatment samples with both anfibodies However. bands in post-treatment
‘3 sample appeared higher in amount.

10 Panel H: results of western blot analysis involving dyvstrophin antibodies Mandvs106 and
11 dysl, of total protemn exiracts (80 pg, following profemn concentration by Amicon Ultra-0.5
12 centrifugal filter devices, Millipore) obtained from pre-treatment and post-treatment biopsy
13 specimens of Pt 06 (gastrocnemuus); Ct was vsed as positive dystrophin control. Below, bands
14 corresponding to myosin heavy chain are shown as loading control Bands corresponding
15 approximately fo fll length dystrophin are observed in pre and post-treatment samples with
16 both antibodies Bands in pre-treatment sample appeared higher in amount as compared fo
:g post-treatment sample.

;g Figure 3: Effects of MAB treatment on MRI of lower limbs.

21 Panel A: Axial Tl-weighted images of the right thighs obtained in patients immediately
22 before (upper panel) and 18 months after MAB infusion. Please note the progression of fatty
23 degeneration and atrophy except for Pt 035 where no evident modifications can be detected.

24 Panel B: representative percentile of MEI quantitative parameters in transplanted patients
25 compared to untreated patients. SIR (left image) and MVT (right image) of the quadriceps.
26 Red line: Pt 01: dotted green line: Pt 02; dotted purple line: Pt 03; dotted dark blue line: Pt 05;
ig dotted light blue line: Pt 06). Empty dots correspond to pre-treatment measures. Orange dots
79 correspond to post-transplantation measurement. The black line corresponds to the median.
an while gray dotted lines to 73° 90° and 95° percentile. Please note the modification of the
31 trend of Pt 05 after treatment.

32 Panel C: representative quanfile spline regressions of post-transplant trend amelioration of
33 MRI quantitative parameters in Pt 05. Upper lefi: SIR of the quadniceps. Lower left: SIR of
34 thigh flexor muscles. Upper right: MVI of the quadriceps. Lower right: MVI of the
35 semuitendinosus muscles. Please note the sigmficant modification of the patient trend (red
36 lines) compared to median measurements obtained with 85 MRI examinations of untreated
gg patients. Empty dots correspond to pre-treatment measures. Full dots correspond to post-
9 transplantation measurement. The grey dotted line corresponds to the time of the first intra-
40 arterial transplanfation.

41

42 Figure 4: Effects of MAB treannent on outcome measures of DMD parients.

43 Panel A: North Star scale measurement (NSAA score) plotted against age of ambulant DMD
44 patients before. throughout and after MAB clinical trial Arrows indicate time points of MAB
45 infusion. Pt02 and Pt03 showed score stabilization throughout § months of MAB infusions:
48 Pt05 showed stabilization even in the subsequent period. whereas Pt02 showed progressive
ig deterioration until lost of ambulation. Pt03 showed progressive deterioration throughout MAB
49 minsion and lost ambulation soon after the end of the frial.

50 Panel B: six minute walking test (meters) plotted against age of ambulant DMD patients
51 before. throughout and after MAB clinical trial Arrows indicate fime points of MAB
R2 infusion. Pt02 and Pt05 showed score stabilization throughout 8§ months of MAB infusions:
53 Pt05 showed stabilization even in the subsequent peniod. whereas Pt02 showed progressive
54 deterioration until lost of ambulation. Pt03 showed progressive deterioration throughout MAB
55 mfnsion and lost ambulation soon after the end of the frial.

96 Panel C: time to run 10 meters (time) plotted against age of ambulant DMD patients before.
gg throughout and after MAB clinical tnal Arrows indicate time pomts of MAB infiusion P02
59

60
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and Pt05 showed time stabilization throughout 8§ months of MAB infusions; Pt05 showed
stabilization even in the subsequent period. whereas Pt02 showed progressive increase of time
uatil lost of ambulation. P103 showed progressive mncrease of time throughout MAB infusion
and lost ambulation soon after the end of the trial.

Panel D: time to perform Gowers™ maneuver (seconds) plotted agamst age of ambulant DMD
patients before. thronghout. and after MAB clinical trial. Arrows indicate time points of MAB
mfuston. Pt 02 and Pt 06 were already unable to perform the exercise at the onset of the
clinical trial. Pt 05 showed stabilization of the fest during the clinical trial.
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Lentiviral Hematopoietic Stem
Cell Gene Therapy in Patients with
Wiskott-Aldrich Syndrome

Alessandro Aiuti,* Luca Biasco, Samantha Scaramuzza, Francesca Ferrua, Maria Pia Cicalese,
Cristina Baricordi, Francesca Dionisio, Andrea Calabria, Stefania Giannelli, Maria Carmina
Castiello, Marita Bosticardo, Costanza Evangelio, Andrea Assanelli, Miriam Casiraghi, Sara
Di Munzio, Luciano Callegaro, Claudia Benati, Paolo Rizzardi, Danilo Pellin, Clelia Di Serio,
Manfred Schmidt, Christof Von Kalle, Jason Gardner, Malini Mehta, Victor Neduva, David ].
Dow, Anne Galy, Roberto Miniero, Andrea Finocchi, Ayse Metin, Pinaki P. Banerjee, Jordan5.
Orange, Stefania Galimberti, Maria Graria Valsecchi, Alessandra Biffi, Eugenio Montini, Anna
Villa, Fabio Ciceri, Maria Grazia Roncarolo, Luigi Naldini

Introduction: Wiskott-Aldrich syndrome (WAS) is a primary immunodeficiency chamcerized by
ecrema, thrombocytopenia, infections, and a high risk of developing autoimmunity and cancer. In a
recent clinical trial, a y-retroviral vector was used to introduce a functional WAS gene into autologous
hematopoietic stem/progenitor cells (HSCs), followed by reinfusion of the gene-comected HSCsinto the
patients. This strategy provided clinical benefit but resulted in expansion and malignant transforma-
tion of hematopoietic clones camying vedor insertions near oncogenes, thus increasing leukemia risk.
We have developed a clinical protocol for WAS based on lentiviral vector (LV) gene transfer into HSCs,

Methods: Three patients with WAS were treated in a phase VIl clinical trial with gene-corrected
HSCs after pretreatment with a reduced-intensity myeloablative regimen. Autologous CD34- cells
werne transduced with an optimized LV carrying the WAS gene under the control of its endogenous
promoter. Patients were monitored for up to 2.5 years after gene thea py by molecular, immunologi-
cal, and clinical tests. We also investigated the genomic distribution of LV integration sites in the
patients’ bone marrow and peripheral blood cell lineages.

Results: Administration of autologous H5Cs transduced with LV at high effidency (>90%) resulted
in robust (25 to 50%), stable, and long-term engraftment of gene-corrected HSCs in the patients’
bone marrow. WAS protein expression was detected in myeloid cells at similar rates and in nearly
all dreulating platelets and lymphoid cells. In vitro T cell proliferative responses, natural killer cell
cytotoxic activity, immune synapsis formation, and suppressive function of T regulatory cells were
normalized. In all three patients, we observed improved platelet counts, protection from bleeding
and severe infections, and resolution of ezema. Vector integration analyses on =35,000 unique
insertion sites showed distind waves of HSC clonal output, resulting inhighly polyclonal multilineage
hematopoietic reconstitution. In contrast to y-retroviral gene therapy, our IV-based therapy did not
induce in vivo selection of clones carrying integrations near oncogenes. Consistent with this, we did
not see evidence of clonal expansions in the patients for up to 20 to 32 months after gene therapy.

Discussion: Our gene transfer protocol provided efficent stem cell transduction in vitro, result-
ing in robust and stable in vivo gene marking. WAS expression was restored to near-physiological
levels in the patients, resulting in immunological and hematological improvement and dinical
benefit. Clonal tracking of stem cell dynamics by vector insertions showed details of hematopoietic
reconstitution after gene therapy. Comparison with clinical data from
y-retroviral gene therapy in the same disease setting strongly suggests
that LV gene therapy offers safety advantages, but a longer follow-up GT
time is needed for validation. Collectively, our findings support the use
of LV gene therapy to treat patients with WAS and other hematological
disorders.
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Wiskott-Aldrich syndrome (WAS) is an inherted immunodeficency caused by mutations in the
aene encoding WASP, a protein regulating the cytoskeleton. Hematopoietic ster/progenitor
cell (HSPC) transplants can be curative, but, when matched donors are unavailable, infusion of
autologous HSPCs modified ex vivo by gene therapy is an alternative approach. We used a lentiviral
vector encoding functional WASP to genetically correct HSPCs from three WAS patients and
reinfused the cells after a reduced-intensity conditioning regimen. All three patients showed
stable engraftment of WASP-expressing cells and improvements in platelet counts, immune
functions, and clinical scores. Vector integration analyses revealed highly polyclonal and
multilineage haematopoiesis resulting from the gene-comected HSPCs. Lentiviral gene therapy
did not induce selection of integrations near oncogenes, and no aberrant clonal expansion was
observed after 20 to 32 months. Although extended clinical observation is required to establish
long-term safety, lentiviral gene therapy represents a promising treatment for WAS.
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thrombocytopema, ecasma, autoimmunity, and
Iymphoid malignancies (7, 7). The disorder is
caused by mutations in the WAS gene, which
codes for WASP, a protein that regulates the
cvtoskeleton. WASP-defective mmmune cells dis-
play alterations in prolifemtive responses afler
activation, cell migration, mmunological synap-
sis formation, and cvtotoxicity (3-3). Allogeneic
hematopoietc stemprogenior cell (HSPC) trans-
plantation can be curative, but it is often asso-
dated with substantial morbidity ad mortality,
particularly m the absence of fully matched donors
(6

For patients without matchal donors, an ak
ternative therapeutic stmtegy s the nfusion of
autologous HSPCs that have been genetically
omeded ex vivo. This gene therapy approach has
been successful in mone than 50 patients affecied
by prirmary mrmmodeficencis, medng 10 WAS
patients treated with HSPCs trnsduced with a
y-retroviral vector encoding a functional WAS
pene (9-15), Gene therapy combined with a re-
duced intensity conditioning remmen proved o
be efective and safe in patients with severe come-
hined immumodeficency (SCID) due to adenosine
deaminase ( ADA) deficiency, who wene followad
up i 13 vears afler treatment (9, 15, 76). In contrast,
despite the initial chnical benefit, gene therapy
with y-retroviral-ransduced HSPC was assocated
with thedevelopment of keukemiaor ny dodysp s
m patients with SCID-X1, chrome grnulomatosis
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disease, and WAS (14, T7-20). These adverse
everls wens ascribed o vedor insertion sites (155)
near spedlic pro-oncogenes, kading o ther frans-
adivation by enhancer/promoter sequences with-
in the long-terminal repent (LTR) of the retroviml
vector (J0-12, 21-23). In the csse of WAS, char-
aderization of 1Ss over the fist 2 ymul’ﬁ.rll.u.\-—
up revealed a hughly skewed msertion profile m
viv, mesulting in the expansion of clones with
nsetions n prolo-onoogendss such as LMO2 (1.7),
some of which progressed to leukemias (14, 24),
The possibility of vector-diven lankemopenesis
is a particular concern for WAS patients, who are
cancer-prong (7).

Lentiviral vectors with self-inactivating (SIN)
LTRs inegmte eficiently in HSPC, allow robust
tansgene expression from a promoter of choice
inserted within the vector, and could potentially
be safer for gene thempy applications (24-26).
Lantiviral-based HSPC gene therapy combmed
with fall conditioning has been used to treat three
patients with adrenolankodystrophy (ALD) (27)
:mdum patient with B-thalassemia (25), resulting

m 10 to 15% progenitor cell mardang with ther-
apeutic benefit. Although a relative expansion of
a done harboring an insention in the AMGA2
pgene was observed mthe Bahakbssermia patient
(28), no aberrmt clonal prolifEmtion has been re-
ported for the lentivirab-based trhals up to 5 vears
after treatment (27, 29).

We developed a SIN lentiviral vecior coding
for human WASP under the control of a L6-kb
reconstituted WAS pene promoter (LV-w1.6W)
(3). The use of this endogenous promoter ensunes
that the transgene is expressed in a physiological
roamner (), restormg WA SP expression and fine-
tion o hurmnan and murne WAS cells (3, 30-34).
Its modemte enhancer activity combimed with the
SIN LTR design reduces the risk of insertional
rutagenesis (35), as shown by in vitro tmnsfoe-
mation assays (36) and preclinical in vivo studies
in WASP-deficent mice (34, 37). These data pro-
vided the rationale for a phase FTI clinical trial m
which INV-wl 6W was wsal as a pene thempy
vector for trentment of patients with WAS (38).

Results

Lentiviral Tansduction of HSPC and Infusion of
Gene-Corrected Cells into Patients Pretreated
with Reduced Intersity Conditioning

Thres children with WAS, who had been shown
by genotyping to carty severs mutlations in the
KAinked WAS gene and who did not have com-
patible allogengce donors, were errolled in the
phase VT dinical trial (Table 1) All patients suf-
fered fom recument nfedions, ecrema, blesding,
mnd thrombocytopeni, with a disese scome mngng
fom 3 1 43 9)(Table 1) Autologous bone-marmow
(BM)-derived CD34" cells were collected, trans-
duced twice with purified LV-w L6W vedor using
mn optimieed protocol (g S1) (34), md ranfused
intravenously back into the patients 3 days afler
collection. The vector and genetically modified
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cells wene charaderied edensively for quality
and safety (tables S1 to 53 and figs. S1 and 52),

Vector-specific quantibtive realdtime Muones-
cence polymerase chain reaction (gP CR) on indi-
vidually collected colony-forming cells (CFC)
revealed high gene transfer efficiency—ie., 88 10
10074, Avemge veckor copy number (VCN) per
genome measured n bulk-culured CD34% cells
was 2.3 = 06 (Table 1). WASP expression in the
transducad CD34" cells was confirmed by immu-
noblotting (fig. 53). Before HSPC minfusion, pa-
tients received a reduced-intersity conditioning
reprimen, comsisting of monockonal antibody (mAh)
to CD20, busulfm [7.6 to 101 mg/Kg intravenous
(1w, tarpeted for weight and pharmacokinetics ],
and fMudambine (60 mg/m’), designed 10 achieve
considerable depletion of endogenous HSPC and
immune cels with lamited toxicity (see Materials
and Methods). The mean infised CD34" cell
dose was 11.07 £2.70 = 10f cellskg (Table 1 and
table S4). Mo adverse reactions were observed
afer the infusions.

Engraftment of LentiviralTransduced Cells

and Restoration of WASP Expression

Al three WAS patients showed robust and multi-
lingape engmfiment of pene-cormected cells in
BM and peripheml blood (PB), pemistng up to
the latest time point analyzed (30 months afier
pene therapy ). Gene-marking in PB granulocytes
peeaked in the first month afler treatment and then
stabilized ata VON range of 0.4 10 0.9 (Fig. 1A).
Similar marking kvels were seen in PB monoe-
cyles (Fig. 1A), as well a8 n granulocytic and
megakaryocytic cells, CD34" cells (Fig. 1B),
and erythroid cells (fig. 54) collected from
the BM. The in vivo engrafiment of lentiviral-
transduced HSPC was confirmed throughout
the follow-up and persistad at high level [pa-
tient 1 (P11}, 34%; P12, 26%; P13, 48%) 1 vear
after treatment, #s shown by vector-specific PCR
on BM CFC (Fig. 1C). Basad on these data, we
estimated that esch tramsduced progenitor cell
contamed on average 1 to 1.6 copies of the vec-
tor, Transduced B and natural killer (WK eells
wene detectable | month after gene therapy and
increassd over time, with PB-derived B eells
showing VON higher by a factor of 1.5 10 2 as
compared with BM B cells (Fig. 1, A and B).
Transduced T cdls appeared 3 to 6 months after
gene thermpy and reached the highest VON as
compared with other lineages (VCN mnge 1.0
to2.4) (Fig. 1A).

WASP expression, as mensural by flow oo
etry, progressively mereasal over time in PB Tyvme
phocytes and platelets in all theee patients (Fig
1D). WAS proten was present in a large propor-
tion of T cells (CD4" and CDEY), NK celk, and
MOTEVIES at mean expression level comparable
to nocrnal donoes, whereas in B cells and plateles
its expression level was lower than in comtrols
(fig. 55). Iterestingly, the proportion of WASP®
cells was higher in PB-derived plaielets as com-
pared with their BM-denved counterparts (fig.
S6), suggssting a preferential migration or selec-
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tive survival sdvantage of pene-cormected plate-
lets in the periphery.

Qimcal and immunological Improvement
After Gene Therapy
All treated children are clinically wdl with post-
treatrment follow-up of 20 to 32 months (Table 1)
Afler conditioning, patients experienced severs
neutropenia (neutrophil counts <300/ul) lasting
Fom 12 1o 19 days, ollowed by nocmalization of
neutrophil counts. None ofthe patients experienced
mucositis or other chemotherprerdated wxicity,
Seriows adverse events ocarred in P2 oand PG
within the frst 2 to 6 months of gene therapy, These
events wene mamly of mfectious oriem, likely -
vorad by the underbving dinical condifons and
mmmune deficiency typical of the early postirans-
plant period Both patients fully recoverad fom
them (see Matenak and Mathods). Mo abnommal
cellularex pansion was detected n BM and PB by
mmmunophenotypic, morphologic, and karvobypic
analyses. Assays to detect antibodies to HIV Gag
p24 and repheation-competent lentivins in patients’
blood were negative al all times of analysis.

In all three children, symptoms of WAS showad
substantinl mprovemnent. Prereatment acaama me-
solved betwaen 6 mnd 12 months after pene thempy

and did not recur (Table 1), Begimning 6 months
after pene therapy, the Fequency and severity of
imfections progressively decrased, md cviomepmlo-
virus replication was wellcontrolled, allowing
withdrawal of anti-infectious prophylxes in Ptl
and PU3. P discontinued v, immmunoglobulin sup-
plamentation & months after gene thempy, with
positive mtibody responses afler vaccination.
Phielet counts improved significantly during
the fist wear afler pene thempy (Fig, 2A), as
assessed by a mixed Inear model applied to the
serially repeated sampling (P = 0.03). Although
these counts never reached nomal values, the
platelet volumes nomaliaed afler pene therapy
(mean platelet volume range, 8 3 t0 9 2 f; normal
values, 7.4 o 1009 ). Afler discontinuation of
platelet ransfusions (1 to 7 months afer pene
therapy ), none of he patients experenced blesd-
ing or skin manifestations of thmmbocviopenia,
with the exception of occmional grde | mstro-
intestinal bleeding n P2 (Fig. 2B). Moreover, all
patients tested negtive for a lage panel of auto-
antibodies 1 year afier gene therapy. The overall
clmical improvement resulted in a reduced dis-
eme severity score in all patients (Fig. 20).
Lymphocyte subpopulation counts decressad
after the conditionmg regimen but progressively

Table 1. Characteristics and treatment of the three WAS patients. WASP expression analyss was
performed on PB lymphooytes by FACS. Patient 1 also received G-CSF mobilized peripheral blood (MPB)-
derived C034" cells, previously collected as back-up, to achieve the target HSPC dose. AZW, alive and well
MV, cytomegalovirus; ENT, ear, nose, thmat; Gl, gastrointestinal; GE, gastroesophageal; HHV-6, human
herpes virus type &; HSV, herpes simplex vinus; MIG, intravenous immunoglobulins; URT|, upper respiratary
tract infection; UTI, urinary tract infection; VZV, Varcello zoster virus,
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Patient 1 Patient 2 Patient 3
Infectio us Recurrent ENT Preumonias, colitis Preumonia with
manifestations arthritisicellulitis, respiratory distres,
URTI, UTI URTI, atitis
Pathogens VZV, CMV, HSV, EBV MV, HHV-6, candida Preumocystis firovedi, CMV
Thrombocytopenia  Skin petechiae Skin petechiae, Skin petechiae,
manifestations Gl bleeding Gl bleeding, epistaxic
Eczema Moderate-severe Moderate-severe Severe
Other Developmental Failure to thrive, GE reflu/food
disorder, allergy eevated inflammatory  averdon (fed by
indexesivasculitis, nasogastric
hepatespleno megaly tube), allergy
WAS mutation Exon 10: C=T WS10del1lnt 37C-T (R13X)
995 (R321X
WASP expression =5% =5% =5%
Zhu score 3 4 4
Age at treatment 5.9 1.4 1.1
(years)
Infused CO34* cells 3.66 (BM) + 5.25 (MPB) 141 10.2
(x10°ka)
Vec tor 19 (BM) — 1.4 (MPB) 2.4 28
copies/genonme
Transduction 92, (BM) — BE%: (MPB) 7% 100%
fficiency (CFCh
Follow-up 32 ] 20
[months)
Current clinical ABW, no eczema, AEW, no eczema, AEW, no eczema,
conditions no major bleeding or no major bleeding no major bleeding
petechiae, off IVIG or petechiae or petechiae
23 AUGUST 2013 VOL 341 SCIENCE  www.sciencemag.org
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returned o normal levels for age within 6 to
12 maonths after treatment (fig. 57) Inall patients,
proliferative responses o mAb 1w CD3 ncreased
afler treatment and reached the mnge of age-
matched controls (Fig, 2D). Similardy, the prolif
erative capacity of T cell Ines fom Ptl and Pi3
greantly improved after pene thempy (fig. 58). T
cell receptor (TCR) VP profiling revealed that all
three WAS patients displaved a broader polycle-
nal mepertoire after pene thempy, in agreement
with the pobyclonal reconstitution observed by IS
analysis (see below ) (fig. 59).

Because regulatory T (Te) cell function is
defective in WAS patients (32, 47), we evaluated
the suppressive ability of T, cells (VCN, 1.37)
sorted fom Ptl. Asshown in Fig, 2E, the in vitro
suppressive function of T, cells was restored
afler gene therapy. This is consistent with the
finding that CD47CD25% cells from both Pl
and P33 express WASP after gene thempy (fig.

A Pt1
3.0q
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B
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Fig. 1. Engrafmment of transduced cells and WASP expression after
gene therapy. VCN per genome was evaluated by qPCR at different time
points (upto 2.5 years) after gene therapy (GT) in €015 granulbgytes (015"
B cels, CD4" and CD8" T cells, (14" monocytes, CO34" progenitors, and
CD61" (megakaryooytic lineage), purified either from peripheral blood (A) or
bone marrow (B) in Pl (lef), P2 (center) and Pt3 (righth. (C) Percentage of
vector-positive BM (FC evaluated by PCR analyses on individual colonies
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S10). It is known that WASP-deficient NE cells
show an alterad mnmune fanction (47). We found
that WASP-expressing, but not WASP-deficient,
NEC cells isobvied fom Pil afler gene thempy fune-
tioned nommally o immunological synapse forma-
tion (Fig. 2F and fig. S11). The mproved NK cell
finction of all three patients resultal in nomal
cvitotoxic activity after gene therapy (Fig 20G).

Muitilineage and Polyclonal Engraftment of
Gene-Corrected HSPC Assessed by Longitudinal
Integration Site Profiling

To monitor the clonal contribution of gene-
corrected cells to hematopoiesis i the three
patients, we perfommed a high-throughpat IS aaly-
sis (42, 43) on multiple lineages and time points
up to 18 months afler nfusion of ransduced
HSPCs (see Supplementary Text, figs. S12 i 546,
and tables S8 o 525). Linear amplification-
medinied (LAM) PCR mnd nexi-genemtion sequenc-
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(fig. S3).
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ing (42, 43) detected >2, 200,000 15 sequences
that were mapped to 33,363 unique chromosomal
positions in the patients: 11,137 fom PLl, 10,889
from P2, and 10,337 fom P3.

The mlative proportion of sequencing reads
corresponding o each specific IS, as collected
from BM CD34% cells and PB myeloid B and
T cells, was used as a surrogate of clonal nep-
ertoie of gene-cormected cells and safety readout
(Fig. 3 and figs. 512 to S14). We fourd that, be-
gmnmmg | month after gene therapy, the vast ma-
jority of 1Ss fom all lineages and time points
were wel baow 5%, with a few ocssionally reach-
mgupto 15 to 207 of the il rewds retieved from
a lneage (Fig. 3JA), By monitoring the most fe-
quent IS8 in each lineage, we fourd that highly
represented insertion siles were different o each
time point and fluctuated over time for up to 6
to 12 months afier gene therapy (Fig, 3B). At
later time points, in line with the stabilization of

]
Pt3 :gﬂl’
30 T8
2.4
= 1.8
i T,
0.6
0.0 T T T +
0 150 300 450 800
Days post GT
o 1
—a— OO
1.5 s v
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0.6 e
0.3
0.0 - - r )
0 100 200 300 400
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Platelets T
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k2

0 200 400 600 800 1000
preGT Days post GT

derived from ex vivo purified CD34" cells after gene therapy. (D) WAS pro-
tein expression measured by ofofluorimetric analysis at different time points
after gene therapy in patient lymphocytes (left) and platelets (ight) *, In Pt1,
WASP expression was measured after transfusion of donor platelets. Transgene
expression was confirmed by immunoblot analysis of peripheral blood mono-
nuclear cells, untrarsformed T-cell lines, and a EBV-transformed B cell line
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hematopoietic output, we detected a pemsistent
multilimeage contribution of several 1S5, some of
which were highly represented (Fig. 3B), but re-
mamnal below 174 of all the reads belonging 1o
IS5 retrieved from the PB cells in the l-year in-
terval (Fig. 3A and fig. 514). It is possible that HSPC
adivity in PL2 was affected by the occurrence of
bacterial sepsis 6 months after gene therapy. At
that tirme, a group of 155 mardang T cells, B cells,
and myeloid cells became relatively more abun-
dant, possibly revenbng the stress-mducad activation
of a limited pool of progeniors.

The Shannon divesity index was wsed D msess
the overall clonal repertoine cormpasition of i vivo—
derived BM CD34" and mydoid celks. In the fist
months afler reatment, donal diversity was lower
then measured n the m vito-transducad cdl pop-

80 Pt1

Pra  Post Pre Post Pra  Post

Pt1 Pt2 [ ]
E
] QEM
0 B, (aCD3)

5 B (a3 + Treg
>
™
E;

HC

preGT__ postGT
Pt1

ulation but later increasad and stabiliead at 12 10
18 momths (Fig. 3C). As predictal by the slower
dynamics of hymic reconstitution, T cdls showed
i flerent kinetics with merensing diversity fom 3o
& maonths and stabilization 1o keves simike © other
incages at 9 i 18 months after pene therapy.
We next compared 1S5 rarieved Fom BM
CO34" cells, myeoid, and lyvmphoid lineages n
ech patient, applving stringent analvtical flters
to take mto account sample impurnity and cmss-
oontarminatons. This salysis mveiled a group of
156 that was shamed among these data sets (Fig 2A)
The shared IS5 in CD3M eells and rovedoidlymphoid
Ineapes incressed from 182 to 27 2% at | vear
after gene thempy in PUL. A higher proportion of
miggrations shared with other lineages (44.1%%)
was detected in BM CFC fom Ptl. A substan-

" Pt2

tial fraction of the ISs retrieved from BM CD34"
cdls or CFC at | vear afler pene thempy (Fig. 4B)
could be traced back to earlier olow-up sanples
of mature cdls, ponting o the efficient engrafi-
ment of sdfrenewing gene-markal HSPCs,
Our data allowed an estimation of the number
of rmsduced HSPCs comtributing to hematopolesis
in vivo. Viecior integrations were analyzed in two
independent samplings (12 and 18 months afler
gene therapy) of purifial PB mydoid cells, which
are short-ived and provide a readout of stem
cell output. Using the Petemen/Schnabel model
estirmator of population siee (44), we calculated a
theoretical mimimal number of about 6300 and
1700 transduced active stem cells in P11 and P2,
respectively (table 525), which comesponds
sbout 1510 2.5 n | = 10° nfisad CD34" cdls.
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Fig. 2. Climical features and immune fundion of WAS patients after
gene therapy. (A) Platelet counts before and 1 year after gene therapy. Ki-
netics of platelet counts during the first year of follow-up, analyzed by a mixed
linear model applied to the individual repeated counts, Platelet trandfusions (T) are
indicated by a horizontal bar. (B) Summary of bleeding events Eadh of the three
categories [skin manifestations i rpura), epists, and Gl bleeding] was
given a maximu m grading, according to Common Terminology Criteria for Adwerse
Events (CTCAE) (v3.0). Patienks were evaluated at 1 year after gene therapy
following discontinuation of plaelet transfusions (see Makerids and Methods). iC)
Disease score (Zhu score) evaluated pre- and 1 year post—gene therapy (39). (D)
T(R-driven proiferation in PE mononuclear cells from WAS patients (before and
1 year after gene therapy) or healthy controls (HC<. (Boxplot) Mean, firg, and
fourth quartile, Sth and 95th percentile; n = 15 subjects. S, stimulation index. (B

12331514 23 AUGUST 213 VOL 30

Trag-mediated suppression of effector T cells pre—gene therapy and 1 year post—
gene therapy in PtL, in comparison with healthy controls {mean = S0, n =9
subjects). Eff, unstimulated effector cells. ER.(+CD3), effector cels stimulated with
allogeneic accesory cels and soluble mAb to (D3, Ty, cels (sorted for (4"
€025 01 2799 plls), were added to effector cells at a 1:1 ratio, and pro-
liferaion was measured by *H-thymidine incorporation. Percentages indicate
inhibition of proliferation. (F) Formation of NK immunological synapse. Distance of
the microtubule organizing center (MTOC) from the immunological synapses in NK
cells contacting K562 target cells. Analyses were performed by confocal micoscopy
in P 18 months after gene therapy. Patient NK cells were identified as poditive or
negative for WASP expresion by antibody o0 WASP. (G) NK cell cytotoxic activity.
Shown & the percentage of sk of K562 human ergthroleukermnia cells by patient-
derived PE mononuclear cells as measured in a chromium-releass asay,
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Comparison of Lentiviral Versus +y-Retroviral
“Integrome” in Gene Therapy of WAS

We comparad the mtegration profile of LV-w1.6W
vector with 11,294 unique ISs retrieved from two
WAS patients enrolled in the y-retroviral gene

Fig. 3.Long-term poly-
clonal engraftment of
gene-corrected HSPC
assessed by longitudi-
nal integration site pro-
filing. (A) Distribution
of sequence reads in dif-
ferent lineages at dif-
ferent time points. Each
boxplot shows the distri-
bution of sequence reads
in two WAS patients in
the different lineages.
Percentages of sequence
reads for each IS are
calculated over the total
nurrber of sequence reads
from the same source
(BMor PB) and time point.
The x axis indicates months
after gene therapy; the
y axis shows percentage
of sequence reads. IS out-
Liers (over 95th percentile
of IS data set from same
time point) are shown as
dots. The total number
of ISs i shown on top of
each boxplot for the rel-
ative lineage and time
point. Genes proximal to
IS representing more than
5% of sequence reads
from the ame source and
time point are reported
on top of outlier dots.
(B) Top~contributing ISs
inside each lineage in
BMCD34" cells, PB my-
eloid, Band T cells in two
WAS patients. Percentages
of sequence reads for each
IS are calculated over
the total number of se-
quence reads from the
same ineage. Top IS shown
in the heat mapsaccount
for more than 5% of se-
quence reads from their
lineage. Each colurn cor-
responds to a time point
(months after gene ther-
apy), and each row to a
given top IS based on se-
quence reads. Color in-
tensity onthe heat maps
represents foreach IS the
percentages of relative se-

quence reads on otal sequence reads from the same lineage and ime point, ranging
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therapy trial (/2) collected over a similar ime
frame and malyzed through the same mapping
pipdine 0 obtain a comparable data set (table
S10). The genomic insertional patiem of LV-w 1 .6W
vector was similar in all three patients and fit the

chssical distribution of lentivirus showing a strong
tendency to integrate within transcriptional units
(fig. S15B)and clusierin gene-rich regions (Fig. 5A
and fig. S15, A and B). No major difference was
observed m the genomic distribution of LV-w1.6W
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deteded a more than 5% of sequence reads from that time point). (Q Divessity of
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lower than 5% of sequence reads from that time point to gradient of colors (S

and time points of (A) and (B), a Shannon diversity index was calculated and plotted.
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in the in vitro— versus patients<denved samples
(fig. S16A). By contrast, the profile found in the
cells from patients treated with y-retroviral gene
therapy was very different, showing a skewed
profile owand transcription start sites (fig. SISA).

As reported in previous studies (45, 46), vec-
tor integration site selection could be influenced
by the chromatin status of target cells durmg trans-
duction and infection. Thus, we malyzed the den-
sity distribution of histone modifications mapped
in CD34" cdls (47) on a 100-kb window sur-
rounding the ISs fom the two cohorts of patients
(Fig. 5B and fig S20). The probability density
map showed that ¢ertain histone modifications
were equally preferred (H3K4mel) or avoided

A

1 Shared with Myeloid\Lymphoid
[ Cthers

=N
o

% of IS from BM CD34
N A O @

3 6

Months after GT

12

s s oot

PB
CD34+ Myeloid

PB
LyB

Fig. 4. Multilineage engraftment and activity

(A Multilineage detection of identical IS. Venn diagram show overlaps among
CD34', myeloid, lymphoid cells, and CFC IS data sets from Ptl. Column graphs
show percentage of (D34" calls and CFC IS from Pt1 shared with myeloidlymphoid
lineages (red and blue portion of column, respectively) at different months after
gene therapy. (B) Detection of shared ISs over time. Heat maps show CD34"

1233151-6
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(H3K9me3 and H3K27me3) by lentivirus and
retrovinus integrations. In addition, no major dif-
ferences were observed between in vitro and
m vivo lentivirus data sets. By contrast, other chro-
matin features—such as H3K4me3, H3K36me3,
md H2AZ, marking, respectively, tanscription
start sites, coding, and enhancerpromoter regions
of actively expressed genes—were present at
di flerential intensity around ISs of the two vec-
tors (Fig. 5B). Of note, the concomitant low den-
sity of H3K4me3 and H2AZ seems to provide
an optimal chromatin environment for lentivirus
msertions (figs. S17 to S19) and help explain
the different genomic distribution observed for
RO Viruses.

Lymphoid

Myeloid

Months after GT
123 612143 612142 3 6 121

We also analyzed the ontological categories
of the genes targeted by vector integration sites m
the data sets from the two patient cohorts by using
the GREAT (Genomic Regions Enrichment of
Amnotations Tool) software (48) (Fig. 5C). A broad
spectrum of biological categories, including anti-
gen presentation, response to virus, chromatin
modification, and gene sikncemng, was represented
among the lentivirus targeted genes. In contrast,
the retroviral insertions were more ofen proximal
10 genes redated Lo hematopoietic system mamtenance,
as well as to hematblogical diseases. Of note, the
vast majornity of gene categonies targeted by ISs m
our LV-w1.6W patients were also targeted in the
previous ALD gene thempy tnal (27) (figs. S21
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CD34+ Myeloid

cells and CFC IS at different time points shared with the four lineages of Fig. 3.
Each column shows a lineage and a time point and each row a shared IS
belonging to CD34" cells (red) or CFC (blue). The intensity of colors indicates
degree of IS detection in multiple lineages and time points from highly shared
1Ss (high intensity of red and blue) to 1Ss shared with asingle lineage and time
point (light red or blue).
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Fig. 5. Comparative analysis of vector integration sites in patients
treated by gene therapy with lentiviral or yretroviral vectors. (A)
Genomic distribution of ISs from five patients with WAS, treated by lentiviral (n =3
subjects) or y-retroviral (n = 2 subjects) vectors Chromosome numbers are
reported atthe top of the graph. Refseq genes and IS frequency distributions are
shown in bins of 1 milion base pairs (Mbp) (gray, coloredfed columns
respectively). (B) Chromatin modifications surounding ISs. Probability density
distributions of histone modifications mapped on (D34 cells in a =45-kb window
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aurrounding IS are shown as heat maps. The color intensity shows under-
representation (blue) or over-representation fyellow) of each histone modifiation
a compared with a random in silico—generated reference. Each row represents an
in vitro or invivo IS data set from the patients treated with lentiviral or y-retroviral
veciors () Gene ontology of genes proximal to 1. Biological process and diseases
sgnificantly asociated with the functions of genes proximal to ISs in lentiviral and
y-fetro gene therapy are represented as blue and red bars, respectively. The values
on the y axis show the fold enrichment scale for gene ontology categories.
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and §22). Thus, differently from retroviruses,
LV-wl.6W has a lower probability to interfere
with the expression of penes involved in trans-
formation of hematopoietic cells dug to i wider
penomic dstribution.

We next assessed the ence of Cormmon
msertion sites (CIS) o study potential insertional

Fig. 6. Common inser-
tion sites and onco-
genic hits in lentiviral
versusy-retroviral gene
therapy. (A) Overlaps
among 05 genes in Lent-
viraland y-reroviral gene
therapy. Genes proximal
to CI5 of order =10 are
reported in the overlap-
ping circles for lentiviral
andy-netro gene therapy
(blue and red, respective-
Iyd. Word clouds showthe
intensity of 155 clustering
in @ach of the Q5 genes
(the bigger the gene name,
the higher the number
of 155 inside or in the
proximity of that gene).
The names of the 10 CI5
genes detected in both
gene therapy trials are
reported on the right at
the intersection between

A

X

hotspots at the time of transduction and define
surrogaie markers of in vivo seledion of clones,
(IS were detected using a cmonical statistical
method that assumes a random distribution of
vector integrations (49) and a novel analysis for
CI5 discovery based on a genome-wide Grubbs
test for outliers (for details on both methods, see

supplementary text). The highest-rmnking-onder
WAS lentiviral CIS were KDM2A (targeted by
125 miegrations), FACST(117) and TNRCAC (94)
(table S23), which are wdl known hot spots in
preclnical studies of lentivical vectors (50, 57)
and in the ALD lentiviral gene therapy trial
(27)and have not been associated with clonal

CIS order >10
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the drcles. (B) Incidence
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in patients treated with
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y-retroviral vector were generated by Boztug et al. (12) and reprocessed through our informatic pipeline (table 53).
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expansion (Fig. 6A and fig. 540) In contrast,
y-retrovirl vector was found clustered in vivo
in the MECOM (MDS-EVIT) and LMO2 loci (Fig
6A), hosting 67 md 15 of 11294 miegrations,
respectively (17). In the current LVow 1 6W gene
therapy trial, these two genes were hit only by
10 and 5 out of 33,363 misgmtions, respectively
(Fig 6B). Additionally, the relative sequence reads
associated o these 1Ss (0044% and 0.05% of
reads from the same ime point and sample source
for MECOM and LMO2, respectively) were be-
low the average of all other insertions, and these
specific intepmnts wene not consstently deteded
over time These observations were oonfirmed
for mserions near other penes previowsly m-
volved in clonal dominance, such as CCND2
and PROMI6 (fig. S15C). The HMGA2 locus
wis hil inboth data sets (fig. S15C) but, in con-
trast to what was reporied n the f-thakbssermia pa-
tient { 28), we did notobserve over-representation
of these integrations during follow-up. Togeth-
e, these mesults indicate the lack of evident clonal
expansions associated with CIS in proximity of
known proto-oncogenes, suggesting that the
insertional hot spots found in our trial are the
product of vector mtegration biases at the
time of trmnsduction rather than in vivo genetic
selection of ISs confering a selective growth
sdvantage.

Driscussion

‘We have shown that mfusion ofavologous HSPC
transduced with a lentiviral vector encoding a
functional WASE gene resulied nobust and stable
muhilineage engraflment in three WAS patients
who had been pretreated with a reduced intensity
preparative regimen. The gene-correctad blood cdls
expressal WASP inder confrol of a reconstiutad
WAS promoter. The patients showed improved
immune funetion and amebomtion of dimical man-
ifestations of the disease, induding protection Fom
blesding and severe infactons, as wdl as resolw-
tion of eczema.

In this tral, the mvvo gene markng of hem-
atopoiesis was supenor (~25 1w 50% of BM pro-
penitors and maure PB mydoid lls) w hat
described in other lentiviml-based pene therapy
trials for ALD and p-thalassemia (27, 28), which
used myeloablative prepamtive regimens. The use
of highly purified and homogenous batches of
lentiviral vedors, optimized culure conditions and
vector exposure (34), and the imfusion of cells
shorly after tmnsduction Bkely accounts for the
robust engraftment. In a parallel tnal using the
same procedures. to treat patients with metachro-
matic leukodystrophy (MLD) (52), m vivo gene
marking of HSPC was even higher (45 1o B0%),
The preparative condiioning regmmen - the
latter trial was more ntensive, suggesting that
chemothempy regimens can be modulaied based
on the engraftment threshold required for ther-
apeutic benefit. Motably, stable engraftment of
marked progenitor cells in vivo was higher in
this lentiviral vector trial than in the previous
WAS trial based on y-retrovirus vector (3 o

www.scencemag.org  SCIENCE  VOL 341

22%) (12). A selective advantage of lymphoid
cells carrying a functional WAS gene (1.7) was
observed in both clinical trials, in line with pre-
vious studies in the murine disease model
(12, 30,33, 53).

Although gene therapy did not normaliee
platelet counts in the patients, the counts did m-
wrease significantly and the platelets were of nor-
mal size, improvements that wemne sufficient o
protect patients Fom bleedng and related disor-
ders. Comsidering that the BM must contain a
mixed population of WASP-positive and WASP-
negative mepakarvocvies md only platdets with
nommal levels of WASP were detected in penph-
aral bload, it 15 conceivable that a threshokd level
of WASP is required for platelds to exit the BM
md'or to survive in the periphery. & is note-
warthy that platedet counts in WAS patients treated
by lentiviral gene therapy are m the mnge mes-
sured in patients with mixed donorhost chimenism
after successful allogeneic BM transplant (7). A
more intense conditioning regimen or the use of
alentiviral vector with a stronger promoter might
result in a greater number of gene-corrected
platelets. However, these options should be care-
fully balmeed wit the higher nsk of toxicity, as
mepaortad for the conditionmg used m allogeneic
BM trarsplant, as wel as of tansadivation and
msertional oncogenesis associated with strong en-
hancers md promoies, such as hose of y-retmovmal
vectons |54,

A comsistent multilineage recapture of 15s 12
months afler gene thergpy indicated the active
wntibution of gene-corrected long-term HSPC
to hematopoiesis. Our results lead us to propose
that a takeover of hematpoietic output by long-
term HSPC oecours at a defined time window afler
pene therapy, penerating a diverse clonal rep-
ertoire in the blood progeny. The high proportion
of 188 found in clonogenc BM progenitors that
are shared with mature inenges validates 15-basad
tmcking of stem cell dynamics and the colomy
assay as a representative surrogate resdouts of
in vivo HSPC activity. The calculated minmmal
number of 1700 w6300 tmnsduced active stem
cells engrafted in vivo is consistent with data
Fom the parallel MLD tal (52) and with es-
timates that repopulating HSPCs account for
1 out of 10° to 107 infised CD3 4" cell popubitions
(35), considenng the impact of cell manipuls-
tion and the potentially limitad BM homing after
tramsplant.

The study of ISs Fom WAS patients treated
with kentiviral or metroviral vector (72) allowead
the first comparative study of the safety and clin-
wal pedformance of two different vectors i the
wontext of the same disemse background. Our maly-
s expand previous observations that chromatm
wonfmmation and histone modifications differ-
antly affect the genomic distribution of retroviml
velors (45, 56), with the identification of FBK4mel
mnd H2A Z as two major chromatin detenminants
of differentinl insertions between lentivimses and
metmviruses. Differently fom the retroviral pene
therapy trial, where donal entichment of 1Ss tar-

219

23 AUGUST 2013

RESEARCH ARTICLE I

peting oncogenes like MECOM, COND2, and
LM had already occurred at eardy follow-up,
oncogenic [Ss wene not overrepresented in our
patients, in agreement with previous preclinical
and clinical studies (27, 34, 57). Many genes
and related categories tangeted by lentivirus in
our WAS patients were also hit i the parallel
MLD trial (52) and in a previous ALD lentiviral
trial (27), where no donal dominance or leuke-
min have been reponted up to 5 vears afler treat-
ment (4). These findings are particukbrly relevant
considering the high nsk of lynphomagenesis
described in WAS patients. The overall tendency
of LV-awl6W o distribute over megabase-wide
areas and a bmoader spectrum of gene classes,
together with the lowe tmnsformation potental
of our SIN LTR-hased construct, likely make
lentiviral vector kss prong o abermntly intemct
with poto-oncogenes and mduce penotoxicity.
Colledtively, although a definiive conclusion on
safety must await the long-term observations, these
data sugpest that entivicakbbased HSPC gene ther-
apy is safier than retroviral gene therapy.

Materials and Methods

Jinical Protocol and Patients

A phase I clinical tnal of HSPC pene thempy
for WAS was initiated in Apnl 2010, affer au-
thorization by Istituto Supeniore di Sanitd on
15 March 20 10 and by San Raffaele Scientif-
ic Institue Ethics Committee on 2 Apdl 2010
(Eudract no, 2009-017346-32). The study pro-
moler is HSR-TIGET, San Raffade Hospital
Ialy, and the financial sponsor of the smdy is
Telehon Foundation. The medicinal product re-
caved Orphan Dug Designation (O0DD) by the
European Medficnes Agency (EMA) (EUS 12/998)
and the FDA (ODDs# 10-3043).

Male children with WAS suffering from a
severe dimcal condition (Zhu clinical score = 3) or
severe mutaton/absent WASP expression, without
a suitstble madched donor for allogensic tramsplant
or neligible for HSPC transplanition (because
of age =5 vears or dinical famres), were eligible
for the study. The parents of all subject provided
written informed consent for experimental treat-
ment. Details on the clinical study can be found at
Clinical Trials. gov (no. NCTOLS 15462). Biological
sarmples were obtamal from WAS patients, healthy
children or adults, with approval of the Sin Rafficke
Sdentific Instituie’s Ethics Committes and consent
from parents or subjects.

Lentiviral Vector

The lentiviral vector used in this clinical trial is a
third-generation SIN vector derived Fom HIV,
marmed pCCLsin.JPPThwl 6 BWAS WP REmut
(abbreviated as LV-w1 6W), and it has been pre-
viously described (3, 34). This is a pseadotyped
vector made by a core of HIV-1 structural pro-
tems and erveymes, the envelope of the vesicular
stomatitis virus (VEV), and a genome contaming
HIV-1 as-acting sequences, no viral penes, and
mne expression cassette for the WAS transgene.
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In the cassette, the endogenous 1.6-kb promoer
of WAS controls the expression of WAS cDNA
The thres vestor components (core, envelope, and
penome) are transiently expressed in vector
producer celbs by four different constructs: two
come packaging constructs, the envelope construd,
and the rans fer vector construct. Only the vector
comstruct is tmmsferal and integrated into the
target cells,

Clinical lok of vectors were producal under
Good Mmubcturing Practice (GMP) conditions
by MolMed S.poA. (Milar, Raly), a certified GMP
facility. Mectors were produced by b pe-scale pro-
cess based on transient guadntmnsfection m 293T
cells, ollowed by purification through endonu-
cleass treatment, anion exchange chromato graphy
with gradient elution, gel filtrtion, resuspension
in serum fee media, 022 pm filtration, nd sseptic
filling (fig, ST). Each lot was charactenzed interms
of titer, potency, purity, and safsty spects (tables
S1and 52).

CD34* Cell Gene Transfer

Patients’ CD34" cell manipulation and transduc-
tion were performed at Moled S.p AL & detailed
in fig. 52. Patients” BM was diluted, stratified with
Lymphoprep (Axis Shield Oslo, Norway), and
centrifuged in onder to collect monomuclenr cells
(MNC). CD34" eellpositive sdection from BM
MMC was pedformed using immumomagnetic beads
(ClouMACS, Miltenyi Biotee, Bergisch-Gladbach,
Germany) md an mmunomagnaic ennchment
device. For MPB leukapheresis, CD3 " edls were
processed wsing the ChniMACS device. Two inde-
pendent lots of tansduced cells were prepared for
Ptl (ome for BM and one for MPB). The number
of CD347* cells colleded from the BM and used
for ransduction ranged from 4.4 o 145 = |0ﬁ.ﬂ¥
{table §3). MPB-derived CD34 cells in Ptl were
6.5 = 10%kg after thawing on day 3 {mble S3).
Purifiad CD3M" el were seadad on Vuelife bags
(American Fluomseal Comp., Gaithersburg, MD,
USA) at | = 10° cells'ml in serume-free CellGro
SOGM Madium (Call Genix Technologies, Fraibure,
Germany) in the presence of cell culture grade
stemn cell factor (SCF) 300 ng/ml { Amgen Inc.,
Thousand Oaks, CA, USA), FLT3-L 300 ng/m,
thrommbopoietn (TPO) 100 ngiml, and TL-3 60 ng/ml
(all fom Cdl Genix Technolbogies). Afler 24 hours
ofprestmul ation, cells were transduced with LV-
w L6W at 100 multiplicity of nfection (MOT)
for two hits of tmnsduction with a wash period
of 12 10 14 hours between the veclor exposures,
Transduced cells were tested for immune pheno-
Lype, sterlity, endowoxm, mycoplasma, lage T anti-
pen, E1A DNA, large T antigen DNA, clonogenic
conient, tmnsducton effaency, and rephcation-
wormpetent lentivirus (table 54). Cells wene resus-
pended in saling and tmrsfered in a syringe for
infision. An aliquot ofedls was coliured in Bcove’s
modified Dubecco’s maduom (IMDM), 10% el
boving serum (Cambrex, East Rutherford, NI,
USA) with the same ovtokines at 20 ng'ml con-
centration ad harvested afler 15 days w perform
proviral integmtion evaluation by qPCR, WASP
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expression measurement, and ntegration profile
malysis,

Rationale for Conditioning Regimen

Allogeneic HSPC tramsplant for WAS patients
usually mequires a high-dose myeloablative and
mmume suppressive regimen (o deplete host bone
marrow stem cells and prevent rejection or gaft
versus-host dsease. Previous studies n the con-
text of ADA-SCID gene therapy ndicated that
a reduced-dose chemotherapy regimen with
busulfin at 25% of standard dose was sufficient
o achieve substantial engrafiment of

cells while reducmg conditioning-relatad toxicity
(@, 15, I6). Because WAS requires higher kevels
of stem cell correction with respect to SCID, our
chemotherapy megimen is based on administra-
tion of both busulfan and fudarabine as depleting
agents for endogenous HSPC. The dose of busulfn
mnd Mudambine are ~-509% and 3074 of the ones
anploved in standard allogeneic trans plantation,
mespectively. Fludambine was also used to break
the homeostasis in the compantment of eardy Iym-
phoid progenitors and to favor the establishment
of a pool of corrected naive T cells in the penph-
ery, hecauss the sdective advaniage for WASP”
cells is thought to take place mainly through pe-
ripheral expansion rather than during thymic dif
ferentiation (57, 55). mAb o CO20 was miroducal
& a deplating agent for B cells, and particulady
of autoreactive cells, thereby facilitating the en-
graftment and expansion of pene-comected B cells
epressng WAS. In addition, antibody to CD20
wis used as pre-emptive treatment for lympho-
prolifemtive dsorder due o Epstein-Barr virus
(EBV), which represents a high risk fuctor for the
development of lvnphoma in WAS patients,

Patients” Treatment

In Ptl, mobilization of peripheral blood stem
clls after gmnulocyie colony-stimulating fctor
(G-CSF) stimulation was performed to collect
hack-up HSPCs and store an adequate HSPC dose
for subsequent trmsduction and rem fusion in cse
of nesd In P2 and PO, due to thar younger age,
only a BM badcup wis performed. A ceniml
venows catheter was implanted m all pabents.

Om day 3, autologous BM was collectad from
iliac orests under general anesthesia. A educed-
mitensity conditionmg regimen was then admnisierad
before meinfusion of the auologous-enginesral
HSPC. It consiged of iv. busulfm [bodyweght
hased mnd are under the curve (AUC) adjustad-dose;
range, 08 w0 L2 mekgidose] administersd con-
secutively in dght doses every 6 hours from days -3
to day —1 and i.v. Mudarabine (30 me/sqmiday)
on days —3 and 2. The achual doses and AUC of
busulfan received by each patient are summa-
rzad i tabke 55, A simgle dose of maAb 1o CD20
(Rituximab, 375 my'sqm) was sdministered on
day —22. Transduced autologous LV-wl.oW
D34 gells, manufactured as indicated above,
were infised i.v in 20 min. Patients recaved anti-
hacterial antifimgal, ani-Pneumocistis jiroveai,
mnd antiviml prophylaxes according to local stan-

SCIENCE

220

dards. The treatment was administered at the
Pediatric knmunology and BM - Transplantation
Unit, and patients were hospitalized in isolation
for 40, 70, md 43 days, respectively.

Patients’ Features and Clinical Course After
Gene Therapy.

The dinical features before treament and the
current clinical conditions of the fist three pa-
tients treated are summarized in Table 1. Ptl was
a5, Tyear-old boy lacking an human lanphocyte
antigen—cormpatible donor, with clincal history
of recurrent, frequent ENT and viral infections,
skin petachie, and moderale-severs acsema (Zhu
seore 1), His clinical course aller treatment was
uneventfil. The sacond and third patients (P12
and PL3) were vounger ard had a Zhu scone of 4,
due to hiswory of severe infections, severe ec-
zema, and GI bleeding. P12 was affected by a
whitis msocitad with HHVA and CMV infedion,
s well as pesistently devatal inflammatony
indexes and vasculitis-like skin manifestations.
PL3 had important feeding problems, with sevens
GE meflux and food aversion, and was fed by
nasogastnic whe, P2 developed an autormmune
thrombocytopenia, which is Fequently observad
afler allogeneic tmnsplnt and was treated with
IVIG and mAb to CD 2. The patient experienced
a CGram-negative sgpsis complicated by a dis-
seminated intravascular coagulation and acute
respiratory distress syndrome (ARDS), for which
he recerved steroids for shout 5.5 months, P3%s
clirical course was chamcteneal by mespratocy
infections related to aspimtion due to the under-
Iving GE reflux, induding an episode of ntersti-
til aspimation pneumonia, comphcated by ARDS,
amnd requiring steroid treatment for sbout 2 months,
Both patients recovered well fom these events
without sequelae, Mo immune suppressive reat-
ment was admnistenad to the patients subsequently.
Ptl responded to vaccmation with recombinant
antigens, with production of specific antibodies
and in vitro proliferative responses o Letanus
toxoid

Laboratory Studies

CFC Assay

CFC assay was performed, mmedately after
tansduction or on &x vivo BM samples accord-
ing W the manufacurea’s procedure in Methocult
medium (Stem Cell Technologies, Vancouver,
Canada). At day 14, colonies were scored to de-
terrming number and type of colonies, smgly picked
and analyzed by gPCR 1o evaluate the percentage
of tmnsduction.

Flow-Cytometric Analysis

Surface staining of tansduced CD3M ™ cells was
performed with mAb to CD34 (8G12) and mAb
to CD45 (HIZ) (B D Biosciences, SanJose, CA)L
Cells from PB of patients and healthy donors,
purified by stndard density gradient 1echnigque
(Lymphoprep), wene staned for the expression of
surface markers CD3 (SK7), CD4 (SK3), CD8
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(SKI1), CDI9 (S125C1), CD14 (MDPS), CD56
(NCAMI6.2), CD25 2A3), and CD41 (HIPE)
(BD Biosciences) and of intmeytoplasmatic ex-
pression of WASP. Detection of WASP was per-
formed after permeabilization (Cytofix' Cytopenm
kit, BD Biosdences) by two lots of mbbit poly-
clonal antibodies to human WASP (one of which
wis a @il of H. Ochs) and followed by staining
with a seoondary Adexa 488 or 647 conjugaied poat
antibody o rabbit immunoglobulms (Tg)anti-rabhit
antibodies. Tertiary mbbit antibodies to poat Ig
(oomjugnied o Alexa 488 or647) (all Gom hvirogen,
Carlshad, CA, USA) were usad. Foranalyses of TCR
repentoirg, 24 different TCR VR specificities were
analyeed by flow cyiometnic analysis by B Test
Beta Mark kit (Tnanunotech, Masells, France)
scwnling o the manuficturers procedure. Cells
were acquired using a FACSCartoll (BD Biosci
ences) and anabyaed with Flow Jo Software (Tree
Star Inc., Ashlnd, OR, USA)

Western Blot Analysis

‘Western blot was performed s previously describad
(3, 34), usimg mitbody o honm WASP (H250;
Santa Cne Bovedmologis, Smin Cree, Califomia,
USA) and antibody 1o human glyceraldehyde-3-
phosphate dehydrogenase (Chemicon, Temecula,
Califmia, USA), Bllowed by secondary homse-
radish peroxidase—coupled antibodies (DAKO
AJS, Glostrup, Denmark).

Purification of Peripheral Blood

and Bone Marrow Lineages

CD3, CDd, CDR, CDI4, CDI S, CDI9, and CD356
cells were purified from MMC from PB. CD3,
CDI5, CD19, CDM, CD56, CDol, and glyoo-
phorin were purified from BM-derived MNCs by
positive seection with rmrmmomagnetc beads ac-
wonding to the manufdurer’s procedure (Milienyi
Biotes, Bergisch-Gladbach, Genmnary).

Determination of Vector Copy Number by
Real-Time PCR

Toevaluate the number of lentiviral vedor copies
integratad per genome, a gPCR was performed
using specific primer and probes for human telo-
merme and lentiviral vector, as described previ-
ously (34). A reference standand was obtained
from serially dilued trmsduced human T cell
lings carrying one copy of intepratad lentiviral
vector, Resulis of inteprated vector copies were
normalizeed for the number of evaluated penomes.
As a negative control, samples of untransduced
cells were used. All the reactions were performed
scconling o the manu fcturer’s instructions and
analyzed with s ABI PRISM 7900 sequence de-
tection sysiem (Apphial Biosydan, Fster City, CA)
Vector Integration Analyses and Bioinformatics
These mahods are described extensively in the
Supplementary Materials,

In vitro Suppression Assays

Suppression assays wene performed as previoudy de-
seribed (59). Briefly, CD4"CD25"¥'CD IJE?“""’"[‘E‘._I
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cells and CD4TCD2S effector Teells were iso-
lated from MNC by fluorescence-activated cell
sorting. Cells fom healthy subjects were usad as
wntol. A total of 15 = 10° CD4'CD25 ™ effector
Teelk were stirulatedby CD3-deplated antigen-
presenting cells md 1 pg'ml of soluble mAbs 1w
D3 (Orthoclone OKT3, Janssen-Cilag). Suppres-
sive activity of nT., cells was assessed by co-
aulture of effector T cells with nTeg cellsata 11
ratio. Proli Eration was evaluated by 16 hours
liquid scintillation counting of 3H-thymidine
(Arnersham Biostences) meomoration afler 96 hours
of strmulation.

Analysis of the NK Cell Immunological Synapse
WK cell immunological synapses were analyaal
& previosly described (60). In brief, NE cells
wene cocultured with K562 target cells for 30 min
topermit the fmation of conjugates. F-actin and
WASP accumulation, as well as perforin and
MTOC polarization were measured 1o determine
synpse matunity, The distance o fthe MTOC fom
the synapse was measurad using the Velocity sofi-
ware package | rproviion-Pakin Eimer, Lecngton,
MA). Mean distnces of the MTOC to the im-
munologcal synapse are a measure of synapse
maturity and were compared by usimg the Mann-
Whitney mnk sum test.

hromium-Release Cytotoxicity Assay

The ahility of WK cdls to lvse major hisincompat-
ihility comple devoid targst cdls was performed
using a stndand chromium-rdease evtotoxicty os-
say (67). Briefly, K562 targel cells were labelad
with 60 uCi of Nax(*'Cr0y) (Perkin Elmer Inc.,
Waltham, MA, USA) per 10° cells for 2 hours at
37°C md resuspended at uwsad concentration. EF
fectors MNC were isolatad and coincubated at
serial diluted effectors to target (E:T) mtios of
60:1, 3000, 15:1,7.5:0, and 3.75:1 in duplicates in
a 9-well v-bottom phte (Coming Costar, NY,
USA) for 4 hours at 37°C in the atmosphers of
5% COy,. Radioactivity was measured in the cul-
ture supernatants by Canberra Packard Cobra
I Aute Gamma Counter (Canberra Packard,
Canberma, Canada). Perentage of speafic tapat cdl
Iysis was cakeulaied as follows: (experimental cpm-
spontmeous.cpm imaximal cpm-spontaeous,
aprm) = 100, For spontmeous rdemse, tapets were
aiftured with medium alone, and for maximum
release m 3% (wv) Triton X-100 (Sigma, St Lous,
M) i phosphate-buffered saline.

T Cell Response to Antibody to CD3

T cell response to antbody to CD3 was per-
formed as previously described (62). Briefly,
0.0 = 10° PB MNC were seeded into a round-
bottom 96-wel plate in IMDM madium containing
Stahuman AB serum(Loneza, Basel, Switzerbnd)
inthe presence of coatad 1 or 10 pgml of antibody
o CD3 (Onthoclone OKT3, Janssen-Cilg). Prolif-
eration wis msessed by SH-thymidine (Amemsham
Bicsciences) incorporation afler 72 or 96 hows of
stimulation. Daty were expressed o the madmal
aoumis per minute (cpm) and stmulation ndex (SL
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aloubtal & grmbackeromd cpm). For prolifera-
tion assay on untmnsformed T cdl Bnes, ovemight
strved T eells were stained with 2 pM carbory-
fuorescein dincetate succinimidyl ester (CFSE),
md 0.1 < 107 el were culiurad in a mund-botom
6wl plate coated with different concentration
(from 0.01 1 10 pg/ml) of antibody to CD3. Pro-
liferation was assessed afler 72 hours evaluating
CFSE dilution on a FACSCantoll, and data wers
aralyzed with Flow Jo Software.
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Abstract In the last 30 years, the use of long-term central
venous catheters (CVC) is increased especially for children
with hemato-oncological disorders. However, the use of
CVC is associated to complications, as mechanical acci-
dents, thrombosis, and infections that can determine a pro-
longation of hospital stay, an increase of costs, and
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sometimes life-threatening conditions that require wrgent
systemic treatment or CVC removal. CVC removal may
be troublesome especially in neonates, infants, or any other
“highly needed CVC patients”; in these selected cases, the
prevention and treatment of CVC-related complications play a
pivotal role and specific surveillance programs are crucial
While extensive literature is focused on CVC management
in adults, no guidelines are available for children. To this aim,
the first recommendations for the management of CVC infec-
tious complication n pediaric age have been written after
pediamic and adult literature review and collegial discussion
among members of Supportive Therapy working group of
Italian Association of Pediatric Hematology and Oncology.
Compared to the adult age, the necessity of peripheral vein
cultures for the diagnosis of CVC-related infection remains
confroversial in children because of the poorer venous asset
and a conservative, pharmacologically focused management
through CVC remains mandatory, with CVC removal to be
performed only in selected cases.

Keywords Central venous catheter - Infections - Cancer -
Pediatric age

Introduction

Long-term central venous catheter (CVC) has been increas-
ingly used in the last 30 years for the management of
pediatric oncology patients. The CVC is fundamental to
deliver safely multidrug chemotherapy and intensive sup-
port therapy such as antimicrobial agents, analgesics, blood
products, hyperhydration, and hyperosmolar parenteral nu-
trition. CV'C can be either unneled (single lumen or multi-
lumen) with a subcutaneous cuff adjacent to the catheter exit
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site, Le., Broviac Hickman or Groshong CVC, or totally
implanted port system with subcutaneous reservoir [ 1, 2].

The use of CVC is associated to some adverse events, such
as mechanical accidents, infections, and thrombosis that can
determine a prolongation of hospital stay and an increase of
costs. Moreover, in case of life-threatening sitiation, urgent
removal of the CVC may be required. Catheter-related in-
fections (CRI) cause considerable morbidity in patients with
CVC; Gramt+ bacteria, coagulase-negative staphylococci
(CONS), and Staphviococcus aurens are the pathogens most
frequently cultured, followed by Candida species [1].

The CRI incidence rates reported in literature are 1.7-11.3
cases per 1,000 CVC days [3-5]. In pediatric hemato-
oncology patients with long-term CVC, the reported rates
were 1.4 per 1,000 CVC days for implantable port ( Port-a-
Cath) and 1-4.6 per 1,000 CVC days for pargally implanted
CVC [4-6]. From 27 to 46 % of infected CVC are removed
because of persistentbacteremia, despite an adequate systemic
antibiotic reatment [4, 5]. Once infected, CVC removal may
be difficult, especially in neonates, infant children, or any
other patients who have a limited reserve of venous vessels
for different reasons (so-called “highly needed CVC patients™).
The prevention and treamment of CVC-related complications
thus play a pivotal role, and specific surveillance programs are
crucial both to monitor the risk factors for CVC complications
and to improve their management [1, 4, 6]

While an extensive body of literanmre is focused on CVC in
adults, no guidelines are available for the pediatric patients. To
this aim, we reviewed the pediamic and adult literature to propose
specific guidelines for the pediatric onco-hematological patients.

Methods

The Working Group (WG) of Supportive Therapy of Ialian
Association of Pediaric Hematology Oncology (AIEOP) pro-
maoted the definition of the guidelines for the management of
long-term catheter (CVC) in pediatric onco-hematological pa-
tients in collaboration with the WGs of Infection, Coagulation,
Surgery and MNursing. In a first meeting in 2011, each WG
indicated members skilled in the apuments of CVC and in-
fecion. This expert panel defined the topics to discuss and
performed a literanre seamch. The key words used for the
selection of the studies were “central venous catheter, blood-
stream infections, catheter-related infections, oncologic pa-
tients and pediatric malignancy.” The search was limited to
English language papers and the period analyzed was from
Jamuary 2000 to January 2012, Reference list of papers select-
ed by literature was also used as a source for recommendations.
The results of the search were discussed and scored by the
members of the panel using the scoring system proposed by
Infectious Diseases Society of America (Table 1). The recom-
mendations were proposed and discussed in a second meeting

Q Springer

among all members of Wis and the results ofthis debate were
the basis for the final document. The definite document was
approved by all members in a third meeting during 2012,

Results

Diggnosis The definiions of CRI according to the interna-
tional guidelines [1] are summarized im Table 2.
Surveillance blood cultures are not indicated in onco-
hematological patients and in children who undergo hema-
topoietic stem cell transplantation [1, 7).

In febrile cancer patients with CVC, the signs and symp-
toms of infection can be shaded by neuropenia and, in
leukemic patients, by concomitant steroid treatment [E].
Therefore, a febrile cancer patient requires an early diagnos-
tic investigation including at least two sets of blood cultures,
blood sampling being performed by aseptic technique [9]. In
patients with CVC, most of experts recommend to obtain a
blood culre set from peripheral vein simultaneously with
blood culture set from each lumen of the CVC, before the
initiation of an empirical antibictic therapy (AII) [1, 2]. The
amount of blood taken from CVC and from peripheral vein
must be equal [17] (AIl). Moreover, the use of blood cultures
sets for aerobic and anaerobic bacteria is recommended in
immumocompromised patients [1] (BIT).

In pediatric patients, the compliance to this indication
may be difficult in the routine practice, especially in neo-
nates and infants or in children with poor venous asset or
with hypotension and shock. On the other hand, CVC is
largely used to sample the patients for routine blood tests to
avoid the use of peripheral vein that may cause continuous
distress and painful experience for patients and parents.

The major advantage of obtaining a set of bloed culture
from peripheral vein is the possibility to differentiate bac-
teremia from CRI, according to the points 1, 2 and 3 listed in
Table 2. It has been demonstrated that the differential ime to
positivity (dTTP) is a sensitive and specific method to
distinguish bacteremia from CRL Using a dTTP cutoff of
120 min {or 150 min in pediatric patients) between blood
culture from CVC and blood culure from peripheral, the
sensifivity resulted in 91 % and the specificity in 94 % [2-4,
&, 10]. Therefore, this method is highly recommended to
diagnose a CRI (Al). Moreover, in a patients with double-
lumen CVC, a dTTP of 180 min between the blood cultures
taken from different lumens allows to distinguish the
infected imen responsible of CRI [3, 11, 12] (All). In
centers that do not routinely adopt microbiological quanti-
tative culture techniques or differential time to positivity
method, this expert panel considers reasonable the choice
to withdraw the blood culture only from CVC of a febrile
pediatric patients (CII). Moreover, in a patient with single-
lumen CVC, it is recommended to perform at least two
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Table 1 1DSA-United States Public Health Service grading system for mnking recommendations

Cuuality of evidence

Strength of recommendation

I Evidence from =1 propaly mndomized, controlled tral

1] Evidence from = lwell-designed cinical tnal,
without mndomization; from cohort or case-
controlled analytic studices (preferably from =1
center); from multiple tme seriss; or from dramatic
results from uncontrolled experiments

i Evidence from opinions of respected authorities,
based on clinical expenence, desaiptive studies, or
reports of expert commitiees

A Grood evidence o support a recommendation for use

B Moderate evidence to support a meommendation for
use

C Poor evidence to support a recommendation

blood cultures n a short span of time (15-30 min) before the
start of antibiotic reament to distinguish a real bacteremia/CRI
from a false-positivity dueto contamination of health personnel
[1, 4, 10] (BII). In fact, in case of isolaton of common skin
bacteria (CONS, Corynebacteria apart from Campyiobacter
Jeiuni, Propionibacteria), there is a general agreement that
two blood cultures are needed to attribute a causative role to
these opporumistic germs [1, 3, 8] (Al). The execution of at
least two blood cultures at a short span of time increases the
sensitivity of the test: 65 % with one blood culture, 88 % with
two blood culures [13].

In the presence of signs of CVC exit site or CVC tunnel
infection, a skin swab must be performed [1-3, 8] (Al). In

Table 3, the mam nsk factors for CRI on the basis of
published reports are summarized.

Empirical therapy jor catheter-related bloodsmeam
infection Febrile cancer patients with CVC need a prompt
antibiotic reatment after obtaining blood cultures [1]. At the
beginning, when catheter-related bloodstream infection
(CRBSI) is suspected but not yet documented, the choice
of antibiotic freatment is empirical, based on the principles
of febrile neutropenia, i.e., the use of broad-spectrum anti-
biotic's targeting Gram+ and Gram—, administered through
the CVC [1, 2] (BI). The epidemiology of the center,
together with the clinical condition of the patient and histher

Table 2 Definition of catheter-

related infection (CRT) Exit site infections

Infections of the subcutancous
tunnel

Infection of the port-a-cath pocket

CVC-related bloodstream
mfections (CRSBI)

Probable CVC-related infoction

Possible CVC -related mfection

Polymicrobial CRESI

Clinical signs of inflammation {redness, swelling, pain, blesding) at
the site of leakage of the CVC

Signs of nflammation along the subcutancous way of CVC at a
distance =>2 am from the point of discharge of the CVC

Signs of inflammation m the pocket of the port +— coxdation or necrosis
of the overlying skin

Bacterermia or fungemia in a patient with a CVC with climical
symptoms (fever, chills +/— hypotension) and detection of at keast
one positive blood culture from penpheral vein in the absence of
other infectious sources

The diagnosis is supported by:

1. Positive semiquantitative (> 15 dfu) or quantitative (=107 ¢fi1)
culture of the tip of the CVC removed and concomitant blood
culture from perpheral vein (AlL);

2. Concomitant positivity of quantitative blood cultures from CVC
and peripheral van with a 3:1 ratio (Al
1. Different positivization time (dTTF) between blood cultures from
CVC and peripheral vein (positivization of blood cultures from
CVC at least 2 h before the peripheral one) [1-4, 8, 40] (AID)
4. Infection at the exit site or in the subcutancous tunnel with positive
blood cultures from CVC
Resolution of the fever within 48 h after the CVC removal in a patient
with positive blood cultures with fever resistant to thempy
Bacteremia by pathogens typically causative of CVC infection
(& epidermidis, & auwrens, Candida spp.); bacteremia without
detection of other mfectious fod
Sepsis with isolation of =1 pathogmn from smgle blood culture or from
two different blood cultures in 24 b [1](AT)

@ Springsr
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Table 3 Main risk factors for catheter-related infoction
Risk factor Nokes Type of study R ecommendation
Immunosuppression and level of neutropenia The type and severity of immunosuppression are Adult population Bl
2] associated with mereased incidence of CRL the  Guidelines
dumtion of neutropenia comelates with sk of Onco-hematological
septic complications and with mortality population
Underline disease [6, 39)] Hematological dissase correlates with increased Pediatric population B
incidence of infectious complications due to Prospedtive,
more frequent catheter manipulation ohservational study
Onco-hematological
population
The time of CVC in sitn permanence [2, 41] It is stmight comelated to the risk of infectious Adult population Bl
complication Guidelines, review
Frequency of manipulation [2, 9] The frequency of manipulation is straight Adult population Bl
correlated o the nsk of infectious complication Guidelines, review
Children age [6, 39] Children age <4-6 years comelates with nsk of Pediatric population Bl
septic complications Prospective study
Omeo-hematological
population
Mumber of CVC lumen [6] Double lumen CVC is associated with inareased Pediatric population Bl
incidence of CRI Prospective study
Onco-hematological
populaton
Use of the subclavian vein [42, 43] The use of the subclavian vein correlates with a Adult population Bl
reduced nsk of infectious complications Review, observational
study
Microbial colonization of the skin [2, 41, 42,  Micmbial colonization of the skin at the point of  Adult/pediatric Bl
44 connection or the junction of the CVC is population
associated with mereased incidence of CRI Guidelines, review,
observational study
Parenteral nutrition (TPN) or blood Administration of TPN or blood components Adult/pediatric Bl
components administration [2, 41, 42, 44] through the CVIC is associated with increased population
nsk of septic complication Guidelines, review,
observational study
Prolonged hospitalization [2, 41, 42, 44] A prolonged hospitalization before the Adult/pediatric Bl
implantation of the CVC cornelates with population
incressed risk of infectious complication Guidelines, review,
observational study

recent medical history, is to take into account in the choice
of the type of antibiotic and of its use alone or in combina-
tion with other antibiotics [1, 2] (BII). The empirical treat-
ment generally nvolves the use of a third/fourth generation
cephalosporin (ceftazidime, cefepime) or of a f-lactam (-
lactamases antibiotic (piperacillin‘tazobactam). The addition
of an aminoglycoside (amikacin) is not mandatory but it is
recommended in case of suspicion of infection by mulddrug-
resistant Freudomonas aeruginosa or Escherichia coli [1-3,
14-18] (BIN). The carbapenems (imipenem, meropenem)
have a broad spectrum of action and are active against
the extended-spectrum [-lactamases (ESBL) strain pro-
ducers but their use is not indicated as first choice in all
CRSBI for the risk to select carbapenemases producer
straims. Glycopeptides (teicoplanin, vancomycin) are not
indicated as first-line treatment, as its early use is not

€] Springer

associated with improvement of survival [1, 2]. Its use
as first-line treatment may be justified in case of high
incidence of methicillin-resistant Sraphyviococcus auwrens
(MRSA) infections or in patients with a medical history
positive for MRSA or in case of clinical picture of severe
sepsis or infection of the subcutaneous tunnel [1-3, 14,
15] (BII).

The antibiotic treamment has to be reassessed in case of
persstence of fever after 72-96 h from the initiation of
empiric therapy (BII) and modified according to the results
of blood cultures and/or on the basis of clinical conditions of
the patients. The duration of antimicrobial treatment in case
of CRBSI is of 10-14 days [1-3, 19] (BI). In case of
bacteremia complicated with thrombosis, endocarditis, and
osteomyelitis, treatment should be contimued for at least
6 weeks [1, 8]

227



New Approaches in Management of BMT in children

Amn Hematol

The empirical use of an antifungal is not generally indi-
cated as first choice in the reatment of CRBSI but may be
suggested in cases of septic shock [1, 2, 20]. In patients with
one or more risk factors for sepsis by Candlida, such as total
parenteral nutrition, previous prolonged broad-spectrum an-
tibiotic reatment, previous or current colonization in mult-
ple sites by Candida, or recent hematopoietic stem cells or
solid organ mransplant, it is recommended to associate to
initial antibiotic teamment an antifingal teatment for
Candida [1, 2] (BII). Echinocandins are the first choice
antifungal treatment both m neutropenic and non-
neutropenic patients for infections caused both by Candida
albicans and Candida non-albicans. Second choice drugs
are lipopsomal amphotericin B (LAMB) and voriconazole.
Fluconazole is indicated for patients colonized by Candida
fluconazole-sensitive strains or patients with a proven
candidemia by C. albicans and no hemodynamic instabiliry
[1. 2] (BHT).

Exit site and tunnel infection An uncomplicated exit site
infection in non-neutropenic patient, characterized by hy-
peremia and redness, is treated with topical antimicrobials
chosen according to antibiotic susceptibility test [1] (BIII).
In the neutropenic patient, or in presence of fever, purulent
drainage or no response to topical treatment alone, an intra-
venous antimicrobial therapy together with topical reatment
is indicated [1] (BII).

The infection of the mnnel of partially implantable CVC
or of the Port-a-cath reservoir, requires the CVC removal
and systemic antimicrobial treatment for at least 7-10 days
[1] (BIN). Most of these infections are caused by Gram—
{CONS). Therefore, it is indicated to include a glycopeptide
in the mitial antibiotic treatment untl the causative germ is
identified [1, 217 (BII).

Targeted therapy Several studies, even in non-oncologic
sefting, showed the success of systemic treatment in the
resolution of CRBSI without CVC removal [1, 4]. Several
authors agree that in children with CRBSI it is generally
worthy to start empirical trearment and to postpone the CVC
removal, performing it only in case of non-response [1, 4]
(BII). Once the germ is identified, the empiric antibiotic
therapy has to comply with the susceptibility test. The -
dications for targeted therapy are summarized in Table 4.
Antibiotics are generally administered intravenously by
slow infusion. An altemative method of administration is
the intravenous continuous infusion. Antibiotics that exhibit
a time-dependent bactericidal activity and 12-24 h stability
in solution at room temperature, such as beta-lactams and
glycopeptides, can be used by continuous 24-h administra-
tion. The rationale is to ensure high (>MIC) and contimous
antibiotic concentrations systemically through the CVC, to
avoid frequent CVC manipulation and rapid infusion that

can generate septic emboli [22-25]. The use of f-lactams or
glycopeptides in a 24-h continuous infusion through the CVC
is indicated in case ofbacteremia by Granrt and Gram— drg-
resistant ordifficult to eradicate germs, where it is important to
preserve the CVC. The ideal concentrations are <35 mg/ml
vancomycin and <6 mgml ceftazidime [23-25] (BIIT). This
modality of infusion may also be used in case of CVC sub-
cutaneous mmnel mfections [21] (BIN).

Lock therapy Lock therapy is indicated im case of CVC
colonization by CONS or other germs in patients with highly
needed CVC. Lock therapy is indicated for 10-14 days in
order to prevent the removal of CVC [26] (BID. In CRBSL, it
can be used in association with systemic antibiotic for 7-
14 days because it has been associated t© a reduction of
CRBSI recurrence. The renewal of the lock is suggested every
24-48 h, without serial monitoring with blood culmres [1, 5,
27-30] (BIIL).

CVC removal The removal of CVC is indicated in cases of
CRI by &. aurens, F. aeruginosa, mycobacteria or fungi, or in
case of suppurative thrombophlebitis, endocarditis, and bac-
teremia unresponsive to 72-96 h of adequate targeted antibi-
otic therapy [1-3, 5, 9] (BII). In case of Candida mfection,
there are no studies that demonstrate the real benefit of early
CVC removal, but all experts agree that success of therapy is
associated with earty CVC remowal [3 1-33] (BIII). There are
no studies to assess what is the optimal time for a CVC re-
implantation. The CVC re-implantation requires at least two
negative blood cultures, performed after appropriate antibiotic
therapy (at least 5-7 days), to confirm the eradication of the
pathogen [1, 3] (BII).

In case of fingal infection, antifungal reatment should be
continued for at least 14 days after the finding of the first
negative blood culture, except for documented fungal local-
ization in other sites [1].

Prophylaxis It is known that compliance with the miles of
asepsis and proper handling of the CVC is the basis for the
prevention of CVC-related infections [1, 2, 9, 19] (Al). No
evidence is supported in the literature about the success of
the systemic antibacterial prophylaxis in the reduction of the
incidence of CRBSI in adult patients [9, 34]. In oncologic
neutropenic adults and children, the administration of
vancomycin/teicoplanin before the placement of a nmneled
CVC does not significantly reduce the mumber of Gram +
CRI [34]. The use of systemic antimicrobials is not routinely
indicated before CVC insertion or during its use [34] (BI).
In pediatric patients with severe neutropenia or fever, the
use of short-term, prophylactic, systemic, preoperative ther-
apy with infravenous glycopeptide may be considered
(CI). A wide variety of solutions containing antibiotics or
antiseptics have been used for CVC imigation (flushing) or
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Table 4 Targeted thempy [1, 2, §]

Pathogen Ist choice treatment

Alternative treatments

Notes

Gmam + cocad
Staphylococcus aureus
Methicillin-sensitive
Penicillin penicillinase-res stant

Methicillin-resistant Vancomycin

Coagulase-negative staphylococet (CONS)
Methicillin-sensitive Penicillin penicillinase-resistant
Methicillin-resistant Vancomycin

Enterococc
Ampicillin-sensitive Ampicilin sulbactam +
aminoglycoside

Ampicillin-resistant Vancomycin or teicoplanin +

VANCOMYCIN-Sensitve aminoglycoside
Ampicillin-resistant Linezolid'daptomycin
VARCOMTYCIT-Teststant

Gram— bacilli

Escherichia coli and Klebsiella spp.
ESBL neg 3rd-generation cephalosporins
ESBL pos Carbapenem
Enterobacter species,  Carbapenam

Serratia marcescens

Ampicillin sulbactam,
carbapenem

Acmetobacter species

ird- to 4th-generation
cephalos ponns, carbapenem,
piperacillin+tazobactam+/'—
aminoglycoside

Cotnmoxazole

Prewdomonas
AEFNEIR0Sa

Stenotmphomonas
maltophilia
Candida spp.
C. alhicans Fluconazole/echinocandins in
neutropenic patients

. non-albinans Echinocandins

Cephalosporins, glycopeptide

Teacoplanin, daptomycin,
linezolid, rifampicin +
VANCOMIYCIN, VANCOmycin +
gentamicin

Cephalosporins, glycopeptide
Teacoplanin, daptomycin,
limezolid

Aminoglyooside +
glyeopeptide

Linezolid'daptonmycn +
aminoglycoside

Quinolone
Cnunolone

Ciprofloxacin/cefepmme

Colistin'tigecyclineticarcil lin—
clavu lanic acid

Echinocandins/LAMEB

LAMB

Recommended CVC removal and targeted
antibiotic treatment for at least 46 weeks.
Stop treatment at 14th day if infection & not
complcated or in non-neutropenic patient, not
transplanted and without comorhidities or nsk
factors such as diabetes and steroidal or
immunosuppressive therapy. Lock therapy is
mdicated; CVC removal in case of no response
or comphicated infection

Generally benign clnical course, intrmvenous
antibiotic treatment for 7-14 days and in
pemsistently neutropenic patients for at least
7 days after the resolution of the fever

Intravenous antbiotic treatment for 7—14 days,
and in persistently neutropenic patients for at
least 7 days after the resohition of the fever

In case of resistance to carbapenems, tanzeted
treatment with colistin or amimoglycoside. In
case of persistent fever and/or positive cultures,
CVC removal indicated

In case of persistent fever andlor positive culhures,
CVC removal indicated

In case of persistent fever and'or positive culhures,
CVC removal indicated

In case of persistent fever and'or positive cultures,
CVC removal indicated

In case of persistent fever and'or positive culbures,
CVC removal indicated

CVC should be removed and antifungal thempy
should be performed for 14 days from the first
negative blood culture. The use of systemic
antifungal thempy associated with lock thempy
15 still under investigation

CEONS coagulase-negative staphylococcl

lock therapy for a period ranging from several hours to
24-48 h [34-38]. A recent meta-analysis on adult pa-
tients has showed that CVC flushing with vancomycin
and low-dose heparin, compared to heparin alone, re-
duces the risk of CVC early infection (within 30 days)
in high-risk patients [34]. In a randomized study, lock
therapy with vancomycin has been shown to be maore
effective than flushing with normal salme or heparn
[37] (All). As a low CRI rate has been documented
in several pediatric studies using normal saline flushing,

ﬂ Springer

this expert panel recommends the use of vancomycin
flushing solution for the centers that have a higher inci-
dence of CRI by CONS or MRSA. [6, 17, 26, 39] (BII).

Conclusions
This is the first review about the management of CVC infec-

tious complications that proposes specific indications about
pediatric onco-hematological patients. Considering the small
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nmumber of well done study in pediatric age, many consider-
ations in this paper are similar to the onco-hematological adult
population. However, if compared to the adult age, in children
a major indication is the importance of conservative, pharma-
cological therapy through CVC and the CVC remotion post-
ponement due to the exiguity of venous access. The necessiry
to perform periferal vein cultures remains controversial in
children, due to the younger age and the poor venous asset.

Other prospective randomized pediatric studies are nec-

essary to obtain specific indications about the diagnosis of
CWVC mfection and the time for remotion and replacement of
the device.
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ABSTRACT

Busulphan (BU) is assodated with neuroboxicty and risk of seizures. Hence, seizure prophylaxis is routinely
utilized during BU administration for stem cell ransplantation (5CT) We oollected data on the inddence of
seizures among children undergoing 5CT in [aly. Fourteen pediatric transplantation centers agreed to report
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Key Words: unselected data on children receiving BU as partof the conditioning regimen for SCT between 2005 and 2012,
Selzures Data on 954 pediatric transplantaton pmooedures were collected; of them, 66% of the patients received BU
Prophylasds arally, and the remaining 34%, iv. All the patients meoeived prophylaxis of seizumes, according to local pro-

toools, consisting of different schedules and drugs. A total of 13 patients (1.3%) developed sezures; of them, 3
had a history of epilepsy (or other seizure-melated pre-sisting condition); 3 had documented brain lesions
potentially cusing seizures per se; 1 had febrile seizures, 1 severe hypo-osmaolality. In the remaining 5 pa-
tents, seimures were considered not explained and, thus, potentially related to BU administration. The ing-
dence of seizures in children receving BU-con@ining regimen was very low (1L.3%); furthermore, most of
them had at least 1—either pre-existing or concurrent—assodated risk factor for seizumes.
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INTRODUCTION

Busulphan (BU) is an alkylating agent, employed for over
30 years in a variety of conditioning regimens for stem cell
transplantation (SCT) as an alternative to total body iradia-
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chronic myeloid leukemia in adults [1 ], it was then used as a
myeloablative drug in association with cyclophosphamide
|2]. BU was rapidly recognized as an effective conditioning
regimen for a variety of malignant and noenmalignant he-
matologic diseases, providing a good alternative to TBI when
it was administered at myeloablative dose (16 mg/kg) [3].
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Recently, it has been used, in combinatdon with melphalan
and fludarabine, in the so-called reduced-intensity condi-
tioning regimens in adults and children at a dosage of 3.2 or
64 mglkg [4].

A limited degree of plasma protein binding allows BLU, un-
like other lipophilic alkylating agents such as melphalan, to
easily cross the blood-brain barrier, thus achieving levels in
cerebrospinal fluid that are similar o those in plasma [5,6].
Meurotaxicity was associated with BU in animak [7] and in
humans, also favored by an altered bleod-brain barrier [&]. The
incidence of neurotoxicity after BU-based condidoning therapy
is reported up to 10% in adults [9], and approximately 7% in
children [10]. Vassal et al. reported that higher doses (600 mg/
o’ or 16 mg/kg)were associated with anincreased prob abilicy
of neurotaxic manifestations [ 5]. Generalized seizures are the
main manifes@ation of BU neurotoxicity. They are more
frequent in older patients and appear to be dose dependent,
both in children and adults [610,11]. In adults, seizures typi-
cally occur in the third or fourth day of BU administration,
probably as a result of drug accumulation [63,12] Even
without overt seizure activity, eledroencephalogram abnor-
malities can occur in up to 60% of patients [ 11,13,14].

Various antiepileptic drugs (AEDs) have been used for
seizure prophylaxis, including phenobarbi@l sedium, benzo-
diazepines (clonazepam, lorazepam}) and phenytoin [15-19].

It is worth mentioning that berween 5% and 1% of chil-
dren in the general populaion experience a nonrecurent,
single, unprovoked comvulsive episode [20]. Considering
both the potential pharmacokinetic drug interactions be-
tween AEDs and BU [21] and the effective risk of BU-related
seizures, we decided to re-evaluate the current standard
practice of using of AEDs for seizure prophylaxis in patients
receiving BU before hematopoietic SCT [22]. With the aim to
evaluate the incidence of seizures in children treated with
BU, we performed a retrospective analysis among the pedi-
atric hematology-oncology centers of the Associazione [tal-
iana Ematologia Oncologia Pediatrica.

MATERIALS AND METHODS

All of the Assorlazione Itallana Ematologia Oncologia Pediatrica
(wwwaleopuorg) centers were invited to participate in a retrospect ive data
collection on all children recelving BU as part of their conditoni ng regimen
for SCT between 2003 and 2012

Data on rowie of admin stration, dreg moniton ng., seizure-specific risks
Gctors, neumlogical associated conditions, selzure prophylaxts, and ooour-
rence of sefzures were oollected on a specific form and ponded.

Only seizures oocurning during or soon after (up to 2 days) Lst BU
administration were considerad to be potentially related |15).

RESULTS

A total of 954 transplantations performed in pediatric
patents were reported by the 14 participat ng centers. [n 637
(66%) of them, BU was administered orally, whereas in the
remaining cases BU was given iLv. All patients received pro-
phylaxis of seizures according to the local policies (Table 1),

Seizures were reported in a total of 13 patients (1.8%), 8
males and 5 females, with a median age of 9 years. The source
for stemcells was autologous in 5 patients and allogeneicin 8.
BU had been administered orally in 7 children and Lv. in 6.

Of the 13 reported episodes, only 5 occurred within the
time interval during which BU is expected to be present in
the peripheral blood, ie, on days 6 (n = 2), -5, -3, =1 The
remaining episodes of seizures were observed between
day +1 and day +86 from transplantation (Table 2).

Of the 13 patientswho developed seizures, 3 had ahiswory
of epilepsy (or other seizure-related pre-existing condition );

Talsle 1

List of Drugs Used, in Decreasing Onder, for Prophylaxis of Sefzures in Chil-
dien  Recelving  Busulphan-containing  Regimers  for  Stem  Cell
Transplantatien

Drreg ( Rowte of Admin tstra thon) Schedule
Carbamaze pine (orally) 10-15 mg kg
Clonazepam (orally) -2 {mgjkeid
Valproate (orally) 10-20 mgfkgid
Phenobarbital (orally) 3 megfkg'd
Dintedne (orally) 510 mgglkg/d
Lorazepam {intravensusly) 03-06 mg/kgd

Lorazepam (orally) 02-05 (ma. 2 mg) every s hy
30 min before BU administration
20 megfkg'd

05 mgfkg'd

Levetiracetam {aral by)
Midazolam (initravenously )

1 had febrile seizures; 3 had a brain lesion documented by
MERI, considered by the attending physicians as a possible
cause for seizures; 1 developed seizures during documented
severe plasma hypo-ocsmolality, in the presemce of carba-
mazeping plasma levels exceeding the therapeutic range
(22 mgfL: upper mormal limit 10 mgfL). Thus, only in the
remaining 5 patients the seizures were considered fully un-
explained by any concurrent factor, and thus most likely
rel ated to BU administration (Table 2).

DISCUSSION

Acute sympomatic seizures are seizures occurring at the
time of a systemic damage or in close temporal association
with a documented brain damage [23]. The risk of experi-
encimg an acute sympomatic seizure is 3.6% in an 80-year
lifespan [24] The frequency of BU-related seizures is re-
ported in the literature in the range of 10% in the absence of
specific prophylaxis [5.8,15]. This supported the develop-
ment of anticonvulsant prophylaxis as a standard of care also
in pediatrics [25]. Yet, this recommendation remains based
on a few old studies, mainly retrospective, with very limited
number of patients. Subsequent modifications in the trans-
plantation regimens, supportive care, and monitoring stra-
tegies are, thus, not taken into account.

In the present study of a large pediatric cohort of 954
transplantations, in which all patients received a prophylaxis,
{almost invariably orally, with carbamazepine accounting for
over one third of the cases, and clonazepam, valproate,
phenobarbital and dintoine in about 100 cases) the frequency
of seizures was 1.3% This finding of such a low incidence of
seizures might be considered to lend some support © the
continuous use of the prophylaxis Yet, many concerns have
been raised about the real utility of prophylaxis [26,27]. Some
authors define this persistent recommendation as “an
example of an outdated clinical practice that persist despite a
paucity of good quality supporting medical evidence [22]."
Furthermaore, the use of different regimens of prophylaxis,
with different drugs and different mechanisms of action [15]
as observed also in our study, without amy drug menitoring
confirming the achievement of effective drug levels, or even
by using drugs which are expected to become therapeuticina
longer time interval, might simply represent an additional
variable in the peritransplant phase. Furthermore, in the
absence of any prophylaxis, a comparably low incidence
(1.8%) of seizures was observed in an old report of a small
series of 57 children [10], whereas no seizures at all were
observed in a large series of 344 adults, leading the authors to
challenge the need for prophylaxis 22 ]. The current study of a
large series of children shows a frequency of seizures com-
parable to that ehserved in untreated adults and child ren.
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Table 2

[ Caselli er al. / Baol Blood Marmow Trarsplant 20 (2004) 279287

Main Features of Thineen Children Who Developed Seizures during SCT duning or after a Busul phan-containing Preparative egimen

Case Cender| Stem Celk BU

Me.  Age,yr Soume

REoute

Day of Onset  EEG
and

Prophylais and Notes

Selzure Type
Likely Busulphan-Related
1 F13 B Oral 6 repeated  Imitative Lomzepam iv.
eplsodes of simoe 24 h before BU; previows seizures; brain CT scan: left hypoplasa, scattered
oecular deviation calcifications; possible ischemdc ortgin.
2 M3 AUD Oral &; generalized Mormal  Carbamazepine since 5 days before BU, hyponatremda (122 mEg/L); on therapy with
carbamazepine, plasma levels exceeding therapeutic range (22 mg/L; range, 4 to 100
3 M6 Autelogows Oral 5;generalized Mormal  Partial complex epilepsy, arachnoid cyst, on antiepdleptic therapy
(on
day -2)
4 M9 Autologous Oral  ~3; myoclons  Bilateral  Lorazepam iv. since 24 h before BU
spikes
5 MST7  Autolegous Oral 1; partial Imritative Carbamazepine since 24 h before BU. Mormal MR
sefzure evalving
to generalized
S Zire

Case Gender| Stem Celk BU
Age, T Sounce Route

Seizure Type  EEG

Unlikely te be Busulphan-Rel ated

Phensbartital since 24 h before BLL
Epilepsy, on therapy with levetiracetam; clinlcal picture suggestive for PRES
Dintoine since 24 h before BLL

MEI: aspecific lesions

& M5 Autologous v, +1; generalized
7 M1 ALLD v, +1, generalized lritative
B F13  MED v, +1, generalized NP
9 M6 ALUTD Oral 41
generalized
10 F9 MED v, F13 liritative
generalized
11 Fa PMED iv. +15; liritative
generalized
12 F9 MRED iv. +2, 437,
generalized frontal
foci
13 M1 MED oral =B,
generalized

Dintoine since 24 h before BLL

Dintoine since 24 h before BLL
Previois encephalopathy; normal CT
Dimtoine since 24 h belfore BU

Iritative; Dintoine since 24 h belore BU;
MR cortical-subcortical alterat ions, hypern ntense on FLAIR

Dintoine since 24 h before BUL
MEI: fromtal nodal lesion (1 cm), perilesional edema;

EEC, electroencephalogram; ALLD, allegensic; UCE, umbilical cord bleod | MRD; matched related donor, PMRD, partially matched related donor; CT, computed
temography; MR, magnetic resonance imaging PRES, Posterior Reversible Ence phalopathy Syndrome; FLAIR, fluid attenuated inversion recovery.

Despite the prophylaxis, 13 patients in our study were re-
ported to have developed seizures, which, at first evaluation,
could have been considered as BU related. Yet, at a careful
revision, the majority of them showed concurrent or associated
factors, which could, per se, make those childrem at risk for
seizures. In particular, 2 of them had a history of epilepsy and
were on antiepileptic therapy (not prophylaxis ) 1 had previous
seizures with evident braim abnormalities at computed to-
mography scan, and another had febrile seizures; a fifth child
developed seizures during inappropriate antidiuretic hormone
secretion, documented by concurrent severe hyponatremia,
associated with, or possibly related t, the conaurrent high
plasma levels of carbamaze pine; these event may be consid-
ered to be potentially related [28] Three additional patients
had either a hiswory of undefined encephalopathy or gross
abnormalities at magnetic resonance imaging which in 1 case
had justified antiepileptic the rapy with phenobarbital. Thus, of
the total 13, only in 5 patients the seizures were finally
considered as really unexpeced. They are either males or fe-
males, ages between 5 and 19 vears, undergoing autologous
(n = 3) orallogeneic (n = 2) transplantations. Based on this
finding the proportion of patients who developed BU-related,
otherwise unexplained seizures might be as low as 75%.

Another open issue, ie, potential interference with BU
pharmacokinetic [21], could also be worth investigation, but
this fell outside the scopes of this retrospective survey.

In conclusion, in the present large series of children, the
proportionofchildren exposed to BU-containing regimen for
SCT while receiving specific prophylaxis who develop BU-

234

related seizures appears to be very low, in the range of less
than 1% Furthermore, anticonvulsants, as most drugs, may
have side effects and can alter the pharmacokinetic of other
drugs used during S5CT [29,30]. Yet, whether children can be
given BU without prophylaxis is a question, which cannot be
answered with the present data. A prospective study omn this
issue appears warranted.
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Single-Day Trimethoprim/Sulfamethoxazole Prophylaxis for Pneumocystis
Pneumonia in Children with Cancer™

Désirée Caselli, MD'*, Maria Grazia Petris, MD¥, Roberto Rondelli, MD®, Francesca Carraro, MD', Antonella Colombini, MD®,
Paola Muggeo, MD®, Ottavio Ziino, MD’, Fraia Melchionda, MD®, Giovanna Russo, MD®, Paolo Pierani, MD?,

Elena Soncini, MD'", Raffaella DeSantis, MD'", Giulio Zanazzo, MD'®, Angelica Barone, MD™®, Simone Cesaro, MD™,
Monica Cellini, MD'®, Rossella Mura, MD'®, Giuseppe M. Milano, MD'"*, Cristina Meazza, MD'®, Maria P. Cicalese, MD'®,
Serena Tropia, MD’, Salvatore De Masi, MD™, Elio Castagnola, MD', and Maurizio Aric, MD'***, on behalf of the
Infectious Diseases Working Group of the Associazione Italiana Ematologia Oncologia Pediatrica™

Objective To determine whether a simplified, 1-day/week regimen of trimethoprim/sulfamethoxazole is sufficient
to prevent Pneumocystis (jirovecii [cannil]) pneumonia (PCP). Current recommended regimens for prophylaxis
against PCP range from daily administration to 3 consecutive days per week dosing.

Study design A prospective survey of the regimens adopted for the PCP prophylaxisin all patients treated for child-
hood cancer at pediatric hematology-oncology centers of the Associazione ltaliana Ematologia Oncologia Pediatrica.

Results The 20 centers participating in the study reported a fotal of 2466
patients, including 1093 with solid tumor and 1373 with leukemialymphoma
(or primary immunodeficiency; n = 2). Of these patients, 1371 (55.6%)
received the 3-day/week prophylaxis regimen, 408 (16.5%) received the
2-day/week regimen, and 689 (27.9%), including 439 with leukemia/tym-
phoma, received the 1-day/week regimen. Overall, only 2 cases of PCP
(0.08%) were reported, both in the 2-day/week group. By intention to treat,
the cumulative incidence of PCP at 3 years was 0.09% overall (35% CI, 0.00-
0.40%) and 0.51% for the 2-day/week group (95% CI, 0.10%-2.00%).
Remarkably, both patients who failed had withdrawn from prophylaxis.
Conclusion A single-day course of prophylaxis with trimethoprim/sul-
famethoxazole may be sufficient to prevent PCP in children with cancer
undergoing intensive chemotherapy regimens. This simplified strategy
might have implications for the emerging need for PCP prophylaxis in
other patients subjected totheincreased use of biological and nonbiolog-
ical agents that induce higher levels of immune suppression, such as
those with rheumatic diseases. {J Pediatr 2014; 164:389-92).

infection first recognized by the middle of the 20th century. Its incidence
has increased over the last several decades, owing to the wider use of
immunosuppressive therapy in organ transplant recipients and in patients
with cancer or congenital or acquired severe immune deficienciency.” Before
the use of prophylaxis, up to 43% of children with cancer developed PCP." It
is known that asymptomatic or mild pulmonary infections, defined as coloniza-
tion, are widely observed in the general adult population. Serologic studies have
shown that primary P jirovecii infection (as defined by the development of anti-
body responses to antigens) is acquired in early childhood; 70%-90% of healthy
children exhibit serum antibodies to the organism by age 2-3 years.”
Genetic and epidemiologic data on P firevecii infections in Italyare scarce, limited
to defined geographical regions and mainly regarding isolates from patients with
HIV infection. Dimonte et al” investigated a cohort comprising 263 patients from

P”fwmf}ﬁfs (jirovecii |carinii]) pneumonia (PCP) is an opportunistic

AIEQOP  Associamions alana Ematologis Oncologis Pediatrica
PCP Preumocystis firovech [cannl]) pneumonia

SMX Sutamethonaroks

THMP Trimethopnm
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2 majorhospitals; 38 immunocompromised patients, including
25 patients with HIV infection; and 225 immunocompet ent pa-
tients by polymerase chain reaction amplification of the
mitLSU-rRNA gene and found that 25 5% were positive,

More than 40 years ago, Hughes etal® documented success-
ful prophylaxis with daily trimethoprim (TMP)/sulfameth-
oxazole (SMX) in pediatric oncology patients. At present,
this procedure is considered the standard of care for children
with an immune defect due to chemotherapy or prolonged
corticosteroid therapy.”® The finding of the efficacy of daily,
but intermittent prophylactic dosing of TM P/S MX was recog-
nized in numerous subsequent studies.”

Current recommendations for TMP/SMX dosing for PCP
prophylaxis in immunocompromised patients are based
on either daily or 3 consecutive days per week dosing.*"* A
recent study reported intermittent dosing of TMP/SMX
based on a regimen of 2 consecutive days per week, used
routinely for PCP prophylaxis in pediatric patients with
leukemia and lymphoma. This dosing regimen was derived
from studies on bone marrow transplantation recipients.'”

The aim of the present study was to assess whether a less-
intensive, 1-day/week regimen is sufficient to prevent PCP.
To explore this issue, we performed a prospective survey of
the results of PCP prophylaxis in children treated at pediatric
hematology-oncology centers of the Associazione Italiana
Ematologia Oncologia Pediatrica (AIEQP).

All of the AIEOP centers were invited to participate in this
prospective survey of PCP prophylaxis. Only patients with
newly diagnosed cancer in 2009-2011 requiring chemo-
therapy and for which PCP prophylaxis was considered indi-
cated according to local policy were eligible for the study.

Data on the total number of patients treated in study years,
the number of solid tumors vs leukemia/lymphoma, critera
for prescribing PCP prophylaxis, the schedule of prophylactic
regimens, and the number of cases of PCP reported prospec-
tively in this cohort were collected. Data were collected as
part of the supportive therapy in the individual disease-
related protocol, with the informed consent of the patdents’
legal guardians. The capture of all PCP cases was performed
byeach participating center byusing individual patient records,
local databases, and study-specific data collection forms.

The datawere collected ona specific form and pooled. The cu-
mulative incidence of PCP was calculated both overall andinthe
3 subgroups defined by duration of PCP prophylaxis. The differ-
ences in the cumulative incidence among subgroups were calcu-
lated using the Gray test. The analysis was performed on an
intention-to-treat basis. The main presenting features (sex and
age), the type of cancer diagnosis (hematologic malignancy vs
solid tumor) were compared in the different therapeutic groups.

A total of 20 centers participated in the study by reporting data
on all of their patients newly diagnosed and treated between
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2009 and 2011. These centers reported 3 different dosing
regimens for PCP prophylaxis. Eleven centers prescribed a
3-day/week prophylaxis regimen, with TMP 5 mg/'kg/day
divided into 2 doses (total dose, 15 mg/kg/week). Six centers
used a 2-day'week regimen with TMP either 10 mg/kg/day
divided into 2 doses in 2 centers (total dose, 20 mg'kg/
week) or 5 mg/kg/day divided into 2 doses in 4 centers (total
dose, 10 mgkg/week). The remaining 3 centers used the
1-day/week regimen, including 1 center with TMP 10 mg/
kg/day divided into 2 doses, 1 center with 5 mg/kg/day divided
into 2 doses, and 1 center with a 2 -dayfweek (5 mg/kg/day
divided into 2 doses) regimen for solid tumors and a 1-day/
week (10 mg/kg/day divided into 2 doses) regimen for leuke-
mialymphoma (Table). PCP prophylaxis was prescribed
during the entire chemotherapy program.,

Atotal of 2466 patients were analyzed, including 1093 with
a solid tumor, 1371 with leukemia/lymphoma, and 2 with
primary immunodeficiency. Among these patients, 1371
(55.6%) received the 3-day/week prophylaxis, 406 (16.5%)
received the 2-day/week regimen, and 689 (27.9%) received
the 1-day/week regimen.

Owerall, only 2 cases of PCP (0.08%) were reported from the
participating centers (Table). Both were enrolled in the group
of patients receiving 2-day/week prophylaxis. In both cases,
the diagnosis of PCP was suspected based on the clinical
and radiologic findings and supported by polymerase chain
reaction of bronchial aspirate or nasopharyngeal swab. Both
patients were hospitalized and treated with intravenous
high-dose TMP/SMX, and subsequently recovered.

The cumulative incidence of PCP at 3 years was as follows:
overall, 0.09% (95% CI, 0.00%-0.40%); 2 days/week prophy-
laxis, 0.51% (95% CI, 0.10%-2.00%). Comparisons of the
cumulative incidence of PCP in the 3 groups were as follows:
1-day/week vs 2-day/week, P = 074 (Gray test); 2-day/week
vs 3-dayfweek, P = 012; 1-day/week vs 3-day/week vs 2-
dayfweek, ' =.002.

Remarkably, both of the patients who failed prophylaxis
(ie, developed PCP during the study period) were not
receiving prophylaxis, 1 because of drug intolerance and
the other because of nonadherence to PCP prophylaxis.

To exclude a favorable selection bias in the therapeutic
groups, we compared the frequency of patients with leuke-
mia/lymphoma, aged up to 14 years (ie, the characteristics
of the 2 patients who failed) in the 1-day/week group and
the 2-day/week and 3-days/week groups, and were found to
be comparable for age and duration of follow-up (P not sig-
nificant, t test). Furthermore, when patients with leukemia/
lymphoma were subdivided by age subgroup and diagnosis,
no difference in the incidence of PCP was observed (F not
significant, Fisher exact test).

Although PCP  prophylaxis for pediatric hematology/
oncology patients has become the standard of care, the
optimal regimen and duration of therapy have not been
defined. The cumulative incidence of PCP in the 20

Caselli et al
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Table. Distribution of 2466 patients with cancer or PID by schedule of PCP prophylaxis, and number of failures observed

during the study period (2009-2011) in 20 pediatric hematology-oncology centers
Study population, n
Leukemia/ Total number of patients (Yo); PGP cases,
Center and regimen applied Solid tumors Ilymphom:a rate = 1000 (35% CI) 2009-2011
2 daysiwik; total TMP/SME 1371 (556); 0.0 (0.0-27)
dose, 15 mo/kgiwk
020 244 1}
0601 15 1}
037 T8 1}
0 8 1}
041 137 1}
a2 30 1}
0305 42 1}
063 43 1}
1303 a7 0
0318 0 2 (PID) 0
1502 46 65
Total 661 0
2 daysiwi; total TMRSMY 406 (16.5); 4.9 06-17.7)
dose, 10-20 mg/kgwk
0501 2 2
1602 12 0
1501 w 1}
0602 8 0
1308 3 0
o T2 1}
Total 162 2
1 dayiwk; otal TMP/SMX 629 (27.9); 0.0 (0.0-53)
dose, 5-10 myg/kgwk
302 0 0
1308 0 0
301 3 0
o7 218 0
Total 250 0
Total 1093 2468; 08 (0.1-2.9) 2
e o

A, primary immunode fickency.

participating AIEQP centers during the 3 years of observation
{2009-2011) was extremely low (0.09% ). Because the empiric
antibiotic therapy currently recommended by the AIEQOP
does not incdude TMP/SMX unless interstitial pneumonia
is suspected and specific diagnostic tests are performed, we
suppose that underestimation of PCP in this cohor,
although possible, is unlikely. Our findings confirm that pe-
diatric centers are highly committed to perform PCP prophy-
laxis, which results in effective protection for their patients.
Only2 cases of failure of prophylaxis (ie, of PCP ) were found
in the study population. On individual reevaluaton, both
patients admitted that, despite the prescription based on inten-
tion to treat, they were not taking TMP/SMX. One patient was
an adolescent who admitted to being nonadherent, and the
other patient was considered “intolerant™ to TMP/SMX, but
was offered no altemative prophylactic regimen. Thus,
although we have no data on the actual compliance with
PCP prophylaxis, PCP was not detected in patients compliant
with prescribed PCP prophylaxis on any dosing schedule.
During the 8 years preceding our study period (2000-2008),
6 cases of PCP had been recorded at the same participating
centers (data not shown), The causes of these “failures” of
prophylaxis were withdrawal by patient or parental decision
{n=3) and temporary hold of prophylaxis because of concur-
rent liver toxicity, treatment with another antibiotic, or graft-

vs-host disease. Thus, nonadherence remains the sole reason
for failure of PCP prophylaxis with TMP/SMX in children
with cancer." This concept should be kept in mind by the
pediatric oncologists when considering differential diagnosis
of interstitial pneumonia in their patients.

There are several patient-related factors not reported here
that might have confounded our results, including, but not
limited to, different levels of risk for PCP based on intensity
of chemotherapy and severity of immunosuppression.
Although the Gray test takes “competing risks” into consider-
ation, these confounding factors that might affect the inci-
dence of PCP should be evaluated or discussed. To address
this issue, we have compared the main characteristics of the
patients receiving single-day prophylaxis and those receiving
more extended dosing schedules, and found no positive selec-
tion in terms of sex, age, diagnosis, or duration of follow-up.
Furthermore, the lack offailure of PCP prophylaxisinallbut 2
patients {nonadherence) makes these potentially confound-
ing factors less relevant in this analysis.

Owerall, our data confirm that PCP prophylaxis has been
very successful in preventing PCP in a large cohort of children
with cancer treated at the participating AIEQP centers. This
result was achieved using TMP/SMX administration with
different dosing schedules, ranging from 1 day to 3 days per
week. Although the drug is administered orally and its cost is
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ABSTRACT

Introduction: Treatment of pediatric malignanciefiis becoghing progressively more complex, implying the adop-
tion of multimodal therapies. A reliable, long-'asung venous access represents one of the critical requirements
for the success of those treatments. Recentteglimieml innovations—such as minimally invasive procedures for
placement, new devices and novel mateiai®y-mve apidly spread for clinical use in adult patients, but are still
not consistently used in the pediatric pculaticn.

Methods: The Supportive Therapy Warking Group of Italian Association of Hematology and Oncology (AIEQP)
reviewed medical literature focusige gfi ew aspects of central venous access devices (VADs) in pediatric patients
affected by oncohematologicalidiseases.

Results: Appropriate recommendgtions for clinical use in these patients have been discussed and formulated.
Conclusions: The importancewnf the correct choice, management and use of VADs in pediatric oncohematological
patients is a necessary piereqy site for an adequate standard of care, also considering the increased chances of
cure and the longerfife expediancy of those patients with modern therapies.

Keywords: Central ve sbus catheter, Hematology, Oncology, Pediatric malignancies, PICC, Port

Introduction a VAD with technical features which increase its stability in
time, with an expected duration in the range of months and
In recent dé-adds, the increasing use of venous access de- wears: this category includes tunneled cuffed catheters and

vices (VAD=), eithcr long term (LTVA) or medium term (MTWVA), totally implantable venous ports. MTVA are VADs appropri-

has provided a significant improvement in the treatment of  ate for a prolonged but not unlimited time (weeks or months)

children afiacted by oncohematologic diseases. According and for a discontinuous use (1): they include tunneled non-

to the Currently accepted terminology (1), LTVA is defined as cuffed central catheters, peripherally inserted central cath-
eters (PICCs) and midline catheters.

A reliable and long-lasting central VAD permits a safer

Acce pted: August 26, 2014 and easier administration of chemotherapy, supportive
' drugs, hyperhydration and hypertonic solutions, such as

Corresponding author: total parenteral nutrition, than via the peripheral vein.

Alessandro Crocoli, MD Placement of a central VAD can be performed by sur-

General and Thoracic Surgery Unit

o eons, anesthesiologists, intensivists, interventional radi-
Department of Surgery and Centro Pediatrico & E

Bambino Gesi Basilicata {:Iaglst_s, oncologists orF even nurses, depending on the type
Samhino Gest Children's Hospital of device and the choice of vencus access. LTVA and MTVA
IRCCS, Rome, Italy can be placed with different techniques (venous cutdown,
alessandro.crocoli@opbg.net “blind” percutaneous venipuncture guided by anatomical
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landmarks, ultrasound-guided percutaneous puncture and
cannulation of the vein). Placement of a central line always
carries potential risks for the patient, with relevant differ-
ences in the type and severity of complication, depending
on which wein, which technique and which device have been
chosen.

The objective of this position paper, promoted by the
Italian Association of Pediatric Oncology and Hematology
{AIEOP) and developed by the Supportive Therapy Working
Group (ST-WG) of AIEOP, is to provide practical recommenda-
tions for indication, choice, placement and removal of LTVA
and MTVA in pediatric oncohematologic patients. The pres-
ent document also includes recommendations on the preven-
tion of early and late noninfective complications potentially
related to VAD insertion.

Methods

The ST-WG developed this position paperin collaboration
with the AIEQP working groups on Infection, Coagulation,
Surgery and Nursing. A joint committee was established, in-
cluding the ST-WG and one to two members from each of
the other working groups. During a preliminary meeting,
the topics and the literature search were defined. In the Na-
tional Library of Medicine’s MEDLINE database, we searched
all clinical papers (clinical trials, retrospective studies, case
reports, reviews and consensus papers) dealing with cen-
tral venous access in pediatric cancer patients; only pa
pers published between January 2001 and January 2014, iy
English language and available as full text, were considérad
A first selection was performed by the ST-WG, exiluding
papers of poor relevance or not focused on NMTVAs.oF
LTvAs. All papers in full text were examined by éach/mamber
of the joint committee. During a second myEting ythe com-
mittee discussed the clinical evidence of the post relevant
papers in each area (indication/choice of the device; choice
of accessfinsertion technique; previption of mechanical
complications; removal of the divis=) aml specific recom-
mendations were suggested. The $i-WG prepared a final
document which was approssd by the joint committee in a
third meeting.

The main recommagdafions are summarized in Table |
and discussed below

Results and C'scssion

Indications for the Positioning of LTVA and MTVA; Selection
of the Devits

5he choice of the VAD should be based on the patient’s
neddsataking into account duration and type of oncology/
hen atology treatment. There is general consensus that any
tmemotherapy treatment in pediatric patients should be de-
livered via an appropriate central venous access, as the risks
associated with the infusion of wesicant or irritant drugs
via a peripheral venous access are not acceptable. Many
supportive therapies adopted in pediatric cancer patients,
such as parenteral nutrition, also demand for a central line:
most current guidelines state that peripheral lines (short
and long iv. cannulas; midline catheters) are inappropriate

W

TABLE | - Summary of AIEOP recommendations

Indications and selection criteria

For long-term treatments, ports should be preferred for
intermittent use and cuffed tunneled catheters for freguent/
continuous use.

Far short- to medium-term treatments, PICCs are a valid optitg,
but they should be inserted only when deep veins of thelgrm art
of appropriate diameter.

There is no evident advantage of silicon vs. polyugathane,
Double-lumen VADSs should be used only in sglectetigasst.
Catheters inserted in the femoral vein for mefiug™e long-term
treatments should be tunneled away fromghe Broin.

Prevention of early complications

Ultrasound should be used for dfiagnost oMocal pathologic condi-
tions before the procedure apd Wr diaghosis of procedure-related
complications.

Ultrasound is necessagsio assessvein patency before the procs-
dure and to choosedne W2in MESt appropriate in terms of caliber,
depth and positign.

The internal difmetér orhe vein to be cannulated—as assessed by
ultrasoundysghid befat least three tmes the external diameter
of the cagietel] so88'to reduce the risk of venous thrombosis.

Ultrasoundfeuided venipuncture should be adopted, soas to
redtee the risk of early and late complications.

VasfUs Bannulation by surgical cutdown should be avoided.
"Blif* percutaneous puncture of central veins (“landmark”
uenipuncture) should be avoided.

In newborn and infants, internal jugular vein and brachio-cephalic
vein are usually the first options for ultrasound-guided central
WEMDUS 3CCess.

Soon after procedures potentially associated with pleural damage,
preumothorax should be excluded by ultrasound scan of the inter-
costal space.

A specifically and properly trained vascular team should be imple-
mented, so to reduce both insertion-related and management-
relatad complications.

Prevention of late mechanical complications

MNoneuffied catheters should be permanently secured, preferably
by a suturaless device.

Cuffed catheters should be secured for at least 2-4 weeks, prefer-
ably by a sutureless device.

Valved and nonvalved catheters have the same expectad inci-
dence of complications.

Remaowval

Local anesthesia/sedation is used to remove a cuffed tunneled
device whereas general anasthesia is usually nesded to remove

@ port.

After removing the device, skin should be closed with absorbable
sutures and/or glue and an occlusive dressing should be applied
for at least 48 hours.

Complete removal of the cuff is recommended.

Embolized fragments of the catheter should be removed by
nonsurgical endovascular procedure.

In case of device removal because of infection, a new device should
be inserted at different times and using a different venous approach.

AIEOP = Itelian Associgtion of Pediatric Oncology and Hematology: PICC =
peripherzlly inserted central catheter; WAD = vascular access device.
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for delivering solutions with high osmolarity, or pH =9 or <5
{2). Short-term central venous access—such as nontunneled
centrally inserted central venous catheters (CWCs)—are ap-
propriate for intrahospital use andfor for a short period of
time, but not as a long-standing venous access (1). Most
children with malignancies require a reliable, stable venous
access for discontinuous, extrahospital use: this is usually
achieved by MTVA or LTVA, depending on the expected du-
ration of need for the access.

Noncuffed PICCs are commonly considered as MTVA (1, 3);
they may be a valid option for short- and medium-term du-
rations of treatment, particularly when general anesthesia is
contraindicated, since they can be inserted at bedside under
local anesthesia and/or mild sedation (4-7). Though currently
considered appropriate particularly for medium-term venous
access (3), there is a growing evidence—particularly in adult
cancer patients—that they might be used for a long period of
time (8, 9).

Considering LTVA, there is no striking difference in terms of
general clinical performance between tunneled cuffed cath-
eters (such as Browviac, Hickman, Leonard, cuffed Groshong,
ProLine) and totally implanted venous ports, although in chil-
dren who require frequent wenous access for blood sampling,
parenteral nutrition and complex intravenous therapies, such
as those eligible for high-dose chemotherapy and hematopoi-
etic stemn cell transplant, tunneled cuffed catheters are usually
preferred. On the other hand, children requiring less intensive
support and undergoing chemotherapy schedules with a 3-8
week interval, or adolescents, who may not accept an external
device, are eligible for a port. In other words, venous/{ions
are recommended for prolonged but intermittent vascl lar ac
cess while tunneled cuffed catheters are recommeided fat
prolonged but frequent/continuous vascular adsess (20-12).
Cuffed PICCs are now available and may hawd a futiyre role as
LTWAs, as an alternative option to centrally insested tunneled
cuffed catheters.

Choice of material

MTWAs and LTVAs are made of citheters of different ma-
terials, either silicon or peiyur thane. There is no evidence of
any difference betwees.siliton and polyurethane in terms of
risk of infective and (hromsotic complications in the adult or
inthe pediatric pfpuiation 13, 14). Silicon catheters have tra-
ditionally beerf theffirst choice for LTVA in pediatric patients
{11, 15-18), altheugh polyurethane catheters—and specially
power inje table polyurethane catheters, which are made
of third-g&r zration polyurethanes—are as biocompatible as
silicone catheters but less fragile; also, they are compatible
witiybigher flow rates and are ideal for injection of contrast
meddium (19).

Table Il summarizes the main types of external long-term
&l medium-term CVCs.

Caliber of catheter
The outer caliber of the catheter should be decided on
the basis of the inner diameter of the vein, so as to prevent

venous thrombosis (20). The caliber of vein should be mea-
sured by ultrasound scan (21). Ideally, the outer diameter of

8 2014 Wichtig Publizhing

TABLE Il - Central venous catheters commonly used in the pediatric
population

Long term (tunneled, cuffed external VADs)

Material Tip Lumen French
Broviac Silicon Mo walve 1 27432 b?
708
Hickman Silicon Mo walve 2 Ml2
Leonard Silicon Mo valve 2 10
Groshong Silicon  Distal valve 1¢ng ¥-,78,9
ProLine PIL.PUR Nowalve 1 ol 5.6
Medium term . -.Z':.'}_
Silicon PICC Silicon No valie Y dor2 3,4,5
Groshong Silicon Dagal Nglve lor2 4.5
PICC
Solo, PASY Pl PME ) Pragisfal lor2or3 3,456
PICC e
PASV PICC PUB Proximal lor2 4,5
valve
PUR PICE PUR No valve lor2 4.5
PLALR PICCS PILPUR  Nowvalve lorZor3d 3,456

FAZN = pry ssure-activated safety velve; BRI = powerinjectable; PICC = periph-
erallyisfiertad central catheter: PUR = polyurethane; WAD = vascular access
davics.

the catheter should be equal or smaller than one third of the
internal diameter of the wvein: for example, a 3 Fr (=1 mm)
catheter is appropriate for a vein whose diameter is 9 Fr
(3 mm) or larger (13, 16, 22, 23).

Double-lumen catheters, either LTWA or MTVA, are indi-
cated in patients undergoing hematopoietic stem cell trans-
plantation, in critically ill patients and in any patient needing
chronic infusion of noncompatible solutions, such as the case
of pediatric patients candidate to both parenteral nutrition
and chemotherapy (12, 24, 25), although some data sug-
gest that the use of double-lumen devices might be associ-
ated with a higher risk of infection compared to single-lumen
devices (18).

Choice of the vein

Central lines are characterized by the location of the tip
of the catheter close to the cavo-atrial junction, either in
the lower third of the superior vena cava or in the upper
part of the atrium: this can be achieved by cannulation of
either central or peripheral veins. For centrally inserted
VADs, veins on the right side are preferred, so that the cath-
eter may follow a direct path toward the atrio-caval junc-
tion. Data in adult patients suggest that the insertion on
the right side may be associated with a lower incidence of
thrombosis (26), although pediatric data in this regard are
not available. In the preultrasound era, the internal jugular
wvein was considered the first choice, in terms of anatomical
location and accessibility, while the “blind”™ puncture and
cannulation of the subclavian vein was considered to be

A4
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more dangerous, especially if the patient was a newborn
or infant. In the ultrasound era, many different options
for central venous cannulation are now available (internal
jugular, external jugular, brachio-cephalic, subclavian and
axillary veins) (21). The most appropriate vein should be
chosen after proper ultrasound examination, considering
the caliber of the vein and the potential risk associated
with its cannulation (13, 21).

PICCs can be placed in any deep vein of the arm between
the elbow and axilla (brachial vein, basilic vein, axillary vein
and even cephalic vein in selected cases), but since the mini-
mum size of the PICC is 3 Fr there is a limited indication in
newborns and infants due to the smaller venous caliber (13,
19). There is no clear recommendation as regards choos-
ing left vs._ right side, while the deep veins of the upper arm
{brachial and basilic veins, which can be cannulated by ul-
trasound guidance) should be preferred over the superficial
veins of the antecubital fossa (2). Side, vein and puncture
site should be decided after proper ultrasound scan of the
vasculature of the arm (21). The presence of veins of insuffi-
cient diameter (such as <3 mm or <4 mm when, respectively,
a 3 Fr or 4 Fr catheter is required) is a contraindication to
PICC insertion.

LTWA (tunneled cuffed catheters and ports) as well as
MTVA (tunneled noncuffed long catheters) are sometimes
also inserted by the femoral access, with the tip of the cath-
eter in the upper portion of the inferior vena cava: this can be
a suitable option in patients with superior vena cava obstrucg
tion syndrome. The most relevant complication of femoral
access is infection: should this route be chosen for a LA s
MTVA, tunneling has to be performed away from the groin;
along the thigh with exit site on the side of the knde Cuup-
ward to the periumbilical region, so as to redules thebisk of
infection by germs originating from the groigll7, 13, 23).

Placement of LTVA and MTVA in pediatric pistients

Before the introduction of ultrifseuna‘glidance in dinical
practice, placement of centrally insslea tatheters by “blind”
venipuncture or vencus cuddgwn hiad been widely used in
pediatric patients.

“Blind” puncture of.reiral veins is associated with the
risk of failure, repeated purictures, accidental arterial in-
jury and pneumgfthirax dae to accidental pleural damage.
Accidental daflags” to the pleura is significantly more fre-
quent after subciwian than after jugular venipuncture (27).
A peculiar tomplication is the so-called pinch-off syndrome,
a compres%ian of the catheter between the first rib and the
clavicle resulang in malfunction, obstruction, fissure and/or
frady’e and embolization of a catheter fragment: this syn-
dromesis exclusively associated with “bBlind™ infraclavicular
cany ulation of the subclavian vein (12, 22, 23).

The use of the surgical technique for the isolation and
cannulation of the vein (venous cutdown) is associated with a
relevant incidence of tissue trauma, failure and local compli-
cations even in experienced hands. Vessel thrombosis occurs
more frequently, because of the dissection of tissues and the
direct section and ligation of the vessel. Also, the surgical iso-
lation of the vein entails a higher risk of infection at the site
of entry of the catheter (2, 28, 29).

W

In adult patients, the use of ultrasound guidance to select
and puncture the vein is clearly associated with a significant-
Iy higher rate of success and a significantly lower incidence
of mechanical, infective and thrombotic complications if
compared to surgical “cutdown” or “blind percutaneous tegi™
nigues” (21). Ultrasound permits visibility of the progressisn
of the needle in the target vessel, reducing the likelihohd of
accidental arterial puncture or accidental damage o ner es
and other surrounding structures (21).

Though the evidence in pediatric patiends is still limited,
most studies suggest that ultrasound guidanys should be-
come the state of the art of venipunctire ®a, ciildren and
neonates, as it is already in adults (13%30°52). The most im-
portant advantage of ultrasound@eta dlow the choice of
the most appropriate vein after®scdg of all possible options
(21). By ultrasound guidanc |, puniture and cannulation of
the vein are quicker andweasiar_s4 well as associated with
fewer complications; ros@er, the reduced invasiveness
of the procedure cgifyistentl, reduces the risk of infection
at the insertion sis= siidthe risk of catheter-related throm-
bosis (13, 30,.93-36)

Also, ultigssund permits real-time diagnosis of pre-
existing ylsdulagafiomalies (malformations, anatomic vari-
ants or Uyrgmbosis) and of early complications (hematoma
postinjectivn, extravasation, dissection of the vessel or ste-
nosisspneumothorax, etc) (12, 37).

In prtients with a previous placement of a venous access or
other risk factors for venous thrombosis (surgery of the neck
Gesuperior vena cava syndrome), ultrasound allows the assess-
ment of the patency of the vessel to be cannulated (12, 21).

The central veins in adults and children that can be cannu-
lated under ultrasound guidance are the internal jugular vein,
the external jugular vein {in its deeper path), the brachial-
cephalic, subclavian (usually by a supraclavicular approach),
the axillary vein (by infraclavicular approach) and the cephalic
vein (in the infraclavicular region). In newborns and infants,
the only veins of significant size apt to be cannulated are usu-
ally the internal jugular and brachio-cephalic (13, 31).

After the ultrasound-guided puncture of the vessel, a
guidewire is inserted and directed to the cavo-atrial junction.
In neonates and infants, ultrasound is also useful to guide the
wire into the superior vena cava toward the right atrium; the
final position of the tip can be verified by echocardiography.
The guidewire should never be inserted to a length superior
than the distance between puncture site and right atrium,
since even the softest guidewire may damage the heart
wall or provoke dangerous arrhythmias. A guidewire can be
advanced to the inferior vena cava only if the maneuver is
performed under fluoroscopic guidance, but this is not rou-
tinely recommended and it might be risky, especially in neo-
nates and infants. After the insertion of the guidewire—as all
MTVAs and LTVAs are currently inserted by the modified
Seldinger technique—a peel-away introducer is advanced
over the guidewire until the lower portion of the superior
vena cava. The guidewire is remowved and the catheter is
threaded through the introducer.

The optimal position of the catheter tip is at the junction
between the right atrium and the superior vena cava (1, 2).
The tip location should be ideally verified in real time dur-
ing the procedure {by fluoroscopy, by intracavitary electro-
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cardiogram (ECG) or by echocardiography) or—as a second
option—soon after the procedure (by chest x-ray or by echo-
cardiography). In the case of femoral access, the recommend-
ed level of the catheter tip is in the inferior vena cava below
the renal veins. Before starting to use an LTVA or MTVA, the
correct position of the tip must be verified and documented
in the medical record (2, 21, 33, 34). Intracavitary ECG and/
or echocardiography is safer and more accurate than fluoros-
copy for verifying tip location and is becoming increasingly
used in clinical practice, although the experience in pediatric
patients is still limited (38, 33).

In the case of subclavian vein access, ultrasound examina-
tion of the intercostal spaces is a suitable examination for the
early diagnosis of a pneumothorax secondary to the proce-
dure. Immediate ultrasound scan of the pleural space for de-
tecting the “sliding sign” is needed in any difficult puncture of
the subclavian or axillary vein, and particularly if the patient
complains of shortness of breath, discomfort or pain worsen-
ing after catheter placement; chest x-ray is less accurate and
less immediately available in this regard (21, 40).

Proper training of the wascular team (41) and proper
choice of methods and materials (13) are the key factors in
reducing operative time and risk of intra- and postprocedural
complications. When the same team is also responsible for
the management of the venous access, late complications are
also reduced (37).

Prevention of late mechanical complications of CVC

The more frequent late mechanical complicatiops aws
dislocation of the catheter, migration of the tip, lum =n oc-
clusion and catheter rupture. All these complicatoriseasé
clinically associated with a malfunction of the ¥lewile \often
as a failure to draw from and/or to infusednrough the de-
vice. Dislocation is the leading cause of pretaature loss of
external venous access, especially in youtiger children (11).
Dislocation can be minimal (less than™-2 cn ), partial (more
than 2 cm) or complete (complef@sg=mdval of the device).
All noncuffed central catheters—gsh™tunneled and non-
tunneled—should be permapently secured to the skin by
an adeguate sutureless devi= (29), although securement
by a sutureless devigawis Wso needed for cuffed tunneled
catheters, at least i1 the first 3-4 weeks after placement.
Management of the it sife should be performed by trained
personnel andin alcordance with the characteristics of the
VAD and the typo.of dressing used. Sutures should be used
only in ver selected cases, that is, when attachment of the
suturelesSCevice to the skin does not appear to be reliable.
A péw ecurement device which is apparently more effec-
tivesthian sutures in preventing dislocation consists in a de-
vicdwhich anchors the catheter directly to the subcutanecus
tissy e (42, 43), although clinical studies with this device in
PeQiatric patients are not yet available.

The tunneled cuffed catheters have a Dacron cuff, which
requires 2 to 4 weeks to ensure a proper securement to the
subcutaneous tissue of the patient (12, 13, 44). The cuff must
be placed inside the tunnel at least 2 cm far from the exit site,
as recommended by the manufacturer. A cuff inappropriately
placed too close to the exit site is a well-recognized cause of
dislocation of tunneled cuffed catheters (8).

@ 2014 wichtig Publishing

Catheter fixation to the muscular fascia with nonabsorb-
able braided sutures has also been used for reducing the risk
of dislocation in cases where a delay of the healing process
and cuff anchoring is expected (prolonged use of corticoste-
roids, Omenn syndrome, epidermalysis bullosa) (13). Fite
new sutureless device anchoring the catheter to the subse®
taneous tissue (42, 43) will most likely make these sulgical
securement obsolete.

The reservoir of venous ports is sometimes secureddafthe
underlying muscle fascia (10), although this g not considered
to be mandatory in all cases (26).

The migration of the tip is another cimeen “mechanical
complication that can occur even withou! external disloca-
tion of the catheter and is more fipguaniywith silicon cathe-
ters, due to the softness of theafMeteiial. It is often associated
with inappropriately “high” g asitior, of the tip (i.e., when the
tip does not enter the loyer titicd o0 the superior vena cava).

The occusion of the lugi®his more frequent with smaller
caliber catheters apdfpr wheii proper protocols of flushing
and locking are it alepted. Valved catheters are available
for both MTV&and (TVA, although there is no evidence that
valved cathelzrs’\either with distal or with proximal valves)
may be giscriaed’with a lower risk of occlusion (or of any
other copyliication) (45-48). Lumen ccclusion is basically
relzted to the local policies of flushing and locking the VAD,
i thepthan to the technigue of insertion (2, 15).

Mesnanical lesions, breakage and fracture of the device—
particularly of PICCs—are significantly more frequent with sil-
ween than polyurethane catheters. The “pinch-off” syndrome
has been a frequent cause of catheter malfunction and frac-
ture in the past, although it is bound to disappear in the ul-
trasound era, as it was invariably associated with the “blind”
puncture of the subclavian vein by infraclavicular approach.

Removal of the CVC

Removal of MTVA or LTVA must be performed by ex-
perienced personnel, in an appropriate setting. Moncuffed
catheters such as PICCs may be easily removed at the
patient’s bedside, whereas the removal of an LTVA requires
proper aseptic conditions {operating or procedure room).
Before removing a tunneled cuffed catheter, the cuff should
be located by palpation or by ultrasound. If the cuff is placed
guite distant from the exit site, removal may require a new
incision of the overlying skin (49, 50).

In pediatric patients, local anesthesia/sedation is used to
remove a cuffed tunneled device whereas general anesthesia
is usually needed to remove a port (49-51).

After removing the device, the exit site must be com-
pressed for at least 5 minutes to reduce local bleeding. The
exit point or points must be closed with absorbable sutures
and/or glue; an occlusive dressing should be applied for at
least 48 hours to avoid the risk of air embolism (49, 50).

The complete remowval of the cuff is necessary, since
retained cuffs or cuff fragments may become a source of
infection, create false radiological images or cause unsatis-
factory cosmetic results (49-51).

In the case of catheter embolization, the removal of the
fragment usually requires a nonsurgical endovascular proce-
dure by an interventional radiclogist (22, 52).
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In case of loss of the catheter due to complete disloca-
tion, the VAD can be repositioned in the same vein. In case of
infection, the procedures of VAD removal and repositioning
are carried out at different times to avoid the risk of infecting
the new device, and preferentially using a different venous
access (53).

Conclusions

As far as we know, this is the first position paper review-
ing and discussing the issues of choice, placement and re-
moval of LTVAs from the perspective of oncologic pediatric
patients. Despite the referenced literature, there is far less
evidence for children than for adults. The use of ultrasound
guidance is an important innovation to reduce invasiveness
and lower the incidence of both early and late complica-
tions. The investment needed for adequate staff training,
and the acquisition of appropriate materials and appropri-
ate methodologies is counterbalanced by an improvement
in patient safety and a lower morbidity and mortality. In
pediatric oncohematology patients these results are even
more important in the light of an increased chance of cure
and a longer life expectancy.
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Thus, the complex pathogenesis of CD25 deficiency provides invaluable insight into the role of
IL2/1L-2RA-dependent regulation in autoimmunity and inflammatory diseases.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The interleukin-2 (IL-2) receptor is formed by the o (IL-2RA,
€D25) [1], P (IL-2RB, €D122) [2] 2nd Yoo (IL-ZRG, CD132)
[3] subunits, and plays a vital role in maintaining the immune
system. Among the IL-2 receptors, CD25 is a unique subunit
that exclusively binds IL-2, while CD132 binds the common .
family cytokines (IL-4, IL-7, IL-9, IL-15 and IL-21), and the
(D122 subunit binds IL-15. CD25 is constitutively expressed at
high levels by CD4*CD25*FOXP3* regulatory T cells (Tregs),
and enables them to be the first responders to IL-2 during an
immune response [4] and promotes the transcription of FOXP3
by amplifying IL-2 signaling in a STATS-dependent fashion [5].
Interestingly, single nucleotide polymorphism (SMP) studies of
the ILZRA gene have been associated with several forms of
autoimmunity [6-10] demonstrating that IL-2 signaling via
CD25 is an important axis in regulating tolerance. CD25 is
also critical for effector T cell expansion in response to
IL-2 immediately after antigenic stimulation. Although
both CD4™ and CDB™ T cells up regulate CD25 and IL-2RB
upon activation, CD8* T cells are more susceptible to IL-2
stimulation, probably due to their higher level of IL-2RB
expression both in mice [11] and humans [12,13].

The immunological consequence resulting from the loss of
(D25 has been ill-defined in man. Roifmans group was
the first to describe a CD25 deficient patient who suffered
from chronic infections and severe autoimmunity [14] resem-
bling Immune dysregul ation, Polyendocrinopathy, Enteropathy,
X-linked (IPEX) syndrome, caused by mutations in FOXP3 gene
[15]. This IPEX-like patient possessed a translation frameshift
mutation in the ILZRA gene ablating its expression. Similarly, a
second report described a patient with a different frameshift
mutation in the ILZRA gene leading to a CO25 null phenotype
with comparable dlinical manifestations [16].

Here we describe the immunological findings of a patient
carmying an /L 2RA mutation not previously reported, selectively
abrogating CD25 cell surface expression. Our results show, for
the first time in human, the complex immunopathology
assocated with CD25 defidency, and reveal a distinct patho-
genetic mechanism of immune dysregulation.

2. Material and methods
2.1. ILZRA molecular analysis

Genomic DMA was extracted from peripheral blood mono-
nuclear cells {PBMCs) using the QlAamp DMA Blood Mini Kit
(Qiagen, Valencia, CA) according to the manufacturer’s
recommendations. PCR for each of the B exons of the
human /LZRA gene (including exon/intron boundaries) was
performed using PCR techniques as previously reported [17] and

sequence conservation analysis of mutations was performed
using PolyPhen, SIFT and SMPs3D tools.

2.2. Flow cytometry

PBMCs were isolated using Lymphoprep (Axis-shield) density
gradient centrifugation. Surface Ab staining was performed
for 30 min on ice in the absence of light using a 2% bovine
serum alburmin PBS mixture. Cells were washed and fixed with
either 2% paraformaldehyde (Pierce) for later acquisition or
with FOXP3 perm/fix buffer (eBioscience) to be further
stained for FOXP3 or Ki67 The following Abs {all antibodies
purchased from BD Bicscences unless otherwise noted): CDd
(SK3), CD8 (5K1), CD25 (243; M-A251), CD45RA (HI100), CD49d
(L25), CDAIL (SK11), CD&9 (FN50), CD122 (MIKBZ), CD132
(TUGh4), Ki67 (B56), FOXP3 (eBioscience PCH101), HLA-DR
{L243), FASL [MOK-1), and HELIDS [Z2F6) (Biolegend).

2.3. T cell line generation and stimulation

Healthy donor cell lines were generated by stimulating
1=10% PBMCs with PHA 1 pe/ml (Sigma) in X-Wivoe media
{Biowhitaker) containing 5% human serum (Biowhitaker),
1% penicillin and streptomycin (Lonza), IL-Z (40 U/ml,
Proleukin (Movartis)). On days 9, 14 and 20 the cells were
washed and plated in the presence of IL-2 {100 U/ml), IL-7
{10 ng/ml), and IL-15 {10 ng/ml). For the CD25 deficient
patient, CD4* T cells were enriched using CD4* T cell
negative selection beads (Miltenyi) and cultured with IL-2
(100 W/ml), IL-15 (10 ng/ml), IL-7 {10 ng/ml). Cells were
washed and restimulated with the same conditions on days
7, 11, and 20. On day 24, cells were washed and stimulated
in 24 well plates {(Corning) containing plate bound anti-CD3
(10 pg/ml) (BD Pharmingen) and anti-CD28 (1 peg/ml) (BD
Pharmingen) in the presence or absence of IL-2 (100 U/ml)
and IL-15 (10 ng/ml) for & h.

2.4. Measurement of sCD25

Levels of sCD25 were evaluated using a commercially available
ELISA kit (BD Pharmingen). To measure sCD25 from activated
cells, PBMCs (1= 10%) were stimulated for 72 h in complete RPMI
{Biowhitaker) with plate-bound anti-CD3 (OKT3) {10 pg/ml)
and soluble anti-CDZ8 (2 pe/ml) in the presence or absence
of IL-2 (1000U/ml), TPA (Sigma)/lonomycin (Siema), or left
unstimulated.

2.5. Phospho flow cytometry

To determine the phosphorylation (p) status of STAT3 and
STATS after cytokine stimulation, a barcode technigue was

250



Characterization of PIDs

250

K. Goudy et al.

employed as previously described [18]. Briefly, fresh PBMCs
were rested overmnight before stimulation with IL-2 (Low
10 U/ml, Med 100 U/ml, Hi 1000 U/ml), IL-15 {10 ng/ml), or
IL-10 {10 ng/ml) for 0, 10, or 30 min. At the appropriate
time point, the cells were fixed with 1.6% electron
microscope grade paraformaldehyde (Pierce) for 10 min at
37" and then washed and permeabilized with 100% methanol
{Sigma) for 10 min on ice. After washing, barcoding of the
cells was performed using pacific blue succinimidyl ester
{Invitrogen) suspended in PBS for 30 min. After washing, the
individual wells were pulled into one tube and stained
simultaneously with surface and intracellular-directed anti-
bodies (CD4, CDB, pSTAT3 (pY705, 4/P-STAT3), pSTATS
(Y694, clone 47) (BD Pharmingen)) for 30 min at room
temperature. All samples were acquired on a FACScanto
flow cytometer (BD Pharmingen).

2.6. Cytokine detection

To guantify cytokine levels in sera and plasma, the Bio-Plex
protein array system was used according to the manufacturer’s
protocol. Levels of IL-1p, IL-2, IL-4, IL-6, IL-10, IL-12{p70),
IL-17, THF-cx, and IFN-~ cytokines (BioRad) were analyzed using
the Luminex system (Luminex) and concentrations of each
cytokine were obtained using Bio-Flex Manager version 3.0
software (Luminex).

2.7. Microscopy

Following informed consent, skin biopsies were taken under
local anesthetic and divided for microscopic analysis. For light
microscopy, samples were formalin-fixed, paraffin embedded
and sectioned at 4 pM for staining. Skin biopsies for immuno-
fluorescence were mounted in OCT compound { Tissue Tek) and
immediately snap-frozen in liquid nitrogen. Cryostat sections
{5 pm) were mounted on to microscopy slides (Fischer) and
air-dried. Slides were stained with: CD8 (1:200), Ki-67 (1:100),
and granzyme B (1:100) (BD Pharmingen). The tissues were
blocked with 2% goat serum for 1h and washed before
incubating with the antibody for 1 h at 25 *C. The sections
were then washed, mounted with vector shield (Sigma) and
viewed under a Zeiss fluorescent microscope.

2.8. Proliferation assays

Polyclonal stimulation of PBMCs from healthy donors and
the CD25 deficient patient was performed by culturing at

2x10° cells per well in duplicate in flat-bottom 96-well
tissue culture plates (Coming) with plate bound anti-CD3
{10 pe/ml) and soluble anti-CDZ8 (1 pe/ml) in the pres-
ence of IL-2 low (10 Ufml), medium (100 U/ml), high
{1000 U/ml), IL-2 (100 U/ml)+IL-15 {10 ng/ml), or with
PHA alone (1 ug/ml). Ag-specific responses were mea-
sured using 1=10° PBMCs in 96-well round bottom tissue
culture plates (Corning) containing the respective Ags.
Each antigen (Candida albicans strain CA-2) (1.25=10%
spores per well; kindly provided by Dr. L. Romani Perugia,
Italy), Tetanus Toxoid (TT) (5 pg/ml (Enzo)), CMV
(2.5 pg/ml Towne strain; kindly provided by Dr. Chiara
Bonini, Milan, Italy), Varicella zoster (VIV) rod strain
(2.5 pg/ml {Advanced Biotechnology)) and herpes simplex
virus (HSV) Macintyre strain (2.5 pg/ml (Advanced Bio-
technology)) were cultured with the cells in the presence
or absence of IL-2 (100 U/ml) and IL-15 {10 ng/ml). The
cells were cultured for 3-4 days before pulsing with [*H]
thymidine for 18 h. Plates were harvested and prolifera-
tion was recorded as counts per minute (cpm) using a
gamma counter.

2.9. ELIspot

The frequency of interferon v (IFMN+) producing cells was
determined by Ellspot (BD Pharmingen) as previously
described [19]. Briefly, 2 <107 freshly isolated PBMCs were
stimulated in the presence or absence of attenuated CMV
(2.5 yg/ml Towne strain), IL-2 (100 U/ml), and or IL-15
(10 ng/ml). After 18-20 hof incubation, plates were washed
and developed according to the established protocol. Spots
were counted using an ELIspot reader adjusted to eliminate
background spots (Aoelovis).

2.10. CMV proliferation

CMV-specfic proliferative responses of T cells from the
CD25 defident patient and healthy controls were tested
in vitro. PEMCs (4x10%) were harvested from each donor
and were labeled in 5 uM of carboxyfluorescein diacetate
succinimidyl ester (CFSE) as previously described [20]. The
cells were stimulated with live-attenuated CMV (2.5 pa/ml
Towne strain), and/or IL-15 (10 ng/ml) for 5 days before
harvesting. The resulting cells were stained with anti-CD4
and anti-CD8 antibodies and acquired by flow cytometry.
The proliferation was determined by CFSE dilution for the
respective populations indicated by decreasing MF1.

Figure. 1

A C.497G=-A mutation in the IL2RA gene inhibits surface and soluble CD25 expression. A, Sequence trace of genomic DNA

of the patient (left panel) showing a G to A substitution at position 497 (down arrow) in exon 4 leading to the aming acid substitution
S166NM. Sequence trace of paternal genomic DMA shows a single copy of the G497A mutation (right panel). B, Representative dot plots
from 3 independent experiments of CDZ5 expression on CD4° T cells from PBMCs of the CD25 deficient patient, the patient’s father,
mother and sister and a healthy control (HC) (n=6) as determined by flow cytometry. C, Representative histograms of surface (left
column) and cytoplasmic (right column) expression of CD25 on T cell lines were determined for the patient (bottom histegrams) and
healthy controls (upper histograms) after stimulation with anti-CD3 and anti-CD28 alone (solid line) or in combination with IL-2 and
IL-15 (dotted line) or left untreated (grayed area). Embedded histograms of CD&9 expression for the patient and healthy controls are
shown. D, Soluble CO25 (sCD25) was measured from the plasma at 8 different time peints from the patient and from 9 healthy
controls. E, Representative histograms showing the expression of COM22 {upper left) and C0132 (lower left) were determined on
PBMCs of the patient (large histograms) and healthy controls (embedded histograms). The MFI of CD122 and C0132 on the CD4* and
CDB"* T cells of the patient (each symbol indicates a unigue time point) and healthy controls (n=6) was determined using FACS analysis
on PBMCs.
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2.11. Suppression assay

The sensitivity to suppression of CDE™ effector T cells
by Tregs was performed using allogeneic Treg cells as
suppressors. CDB* T cells were purified from the CD25
deficient patient, the patient's mother and father and a
healthy donor using CD8™ T cell beads (Miltenyi) according
to the manufacturers protocol (CD8* T cell purity was
determined to be =95% for all samples), and were labeled
with 5 uM of CFSE. Tregs were isolated from the patients
mother and father and healthy donors using CD4°CD25™ Treg
isolation kit (Miltenyi) to high purity and were seeded ina 96
well U bottomn plate in triplicate at a 0.5:1 ratio (1.25=10?
suppressor cells to 2.5=107 responder cells) in complete
X-Vivo (Biowhitaker). The cells were then stimulated with
inspector beads (Miltenyl) using 2 beads per cell in the
presence or absence of IL-2 (100 U/ml) for 5 days. The cells
were then harvested and stained for CDB to determine the
level of proliferation in each condition.

2.12, Statistics

Statistical significance of mean differences for each parameter
was determined by 2-tailed Students ¢ test or by ANOVA
followed by post-hoc Bonferroni test for multiple comparisons
where appropriate. Data are expressed as meanzSEM, and
a p value less than 0.05 was considered significant. ALl
calculations were done using GraphPad Prism sof tware ver.5
(GraphPad Software ).

3. Results
3.1. Case report

The patient s an & year-old female bomn to consanguineous
parents (first cousins) of Italian descent, who developed
symptoms resembling IPEX, such as diffuse eczema and severe
diarrhea, during her first month of life. The enteropathy with
severe villous atrophy was diagnosed as of autoimmune origin
and complicated with CMV infection, which was treated by
Gancyclovir, but became recurrent. The patient suffered from
enteropathy until 5 years of age, often requiring parenteral
nutrition and was treated with continuous combination therapy
of stercids and Tacrolimus or Tacrolimus alone.

At 1 year of age, she developed a bullous pemphigoid asa
reaction to hexavalent vaccination and was treated with
plasmapheresis. She presented an autoimmune thyroiditis at
4 years of age, which was treated with hormone replace-
ment therapy until the thyroiditis resolved at 7 years. She
was constantly treated with immunosuppressive therapy
over all 6 years, but only with partial and transient
benefit. When she was 5 years old, she developed diffuse
eczema and alopecia universalis despite the immunosup-
pressive therapies. The skin lesions became a severe form
of psoriasiform dermatitis, which extended to the whole
body and was characterized by erythroderma and scaling
skin associated with multiple lymphadenopathies of ingui-
nal, axillary, nucal and dorsal lymph nodes, diagnosed as
hyper-reactive lymph nodes by ultrasonographic examination.
During the last year of her follow-up, genital skin lesions were

complicated by a severe cellulitis caused by Staphylococcus
agureus and Pseudomonas geruginosa, requiring multiple antibi-
otic therapy. At 8 years and 6 months of age, due to the
evolving dermatitis, Methotrexate was also started with no
benefit. Therefore, Mycophenolate Mophetil was given alone
with limited improvement of skin lesions, but improvement of
the lesions was only seen when combined with rapamycn.
Additional therapies included prophylactic treatment, against
Preumocystis jiroveci and fungi, and Gancyclovir upon detec-
tion of CMY reactivation. Hematopoietic stem cell transplanta-
tion was indicated as the only curative treatment for the
disease and since the patient did not have a matched family
donor, a search for matched unrelated donors from the Registry
was initiated.

‘While the patient was in our hospital between the ages
of 8 years and 4 months and 8 years and 9 months, her
WEBC (8933/uL+3033; normal range: 5500-15,500/puL), and
total lymphocyte counts (2821/ul+11%4; normal range:
2000-8000/ul) were in the normal range. However, the
patient showed an inverted CD4 /CD8 ratio (0.8 £0.4; normal
range: 0.9-2.6) with normal CD4 counts (1000/pl+341;
normal range 300-1300/ul) and high CD8 counts (1574/ul+
855; normal range 300-1300/pL). In addition, low B (77/ulL+
52; normal range 200-1600/ul) and MK (B3/uL£72; normal
range: 90-900/uL) cell counts persisted during her stay.
C-reactive protein (CRP) was negative. Serum lgG and lgM were
normal (1150 mg/dL — normal range: 633-1016 mg/dL — and
149 mg/dL — normal range: 56-261 me/dL, respectively),
while lgh and IgE were elevated (409 meg/dL — normal range:
41-315 me/dL and =5000 kUA/L — 1.6-60 kUAJL, respec-
tively). Serum analysis showed the presence of protective
titers of leG anti-Tetanus, anti-Hepatitis B and anti-CMY, while
she did not have anti-Herpes Simplex Virus-1 and anti-Herpes
Simplex Virus-2 antibodies. The screening for celiac disease
was negative. The serum screening for other auto-antibodies
{anti-pancreatic insula (ICA), anti-glutamic acid decarboxylase
(GAD), anti-insulin, anti-lA2, anti-ZMT8, anti-thyroglobulin,
anti-thyroperoxidase, anti-liver kidney microsome (LKM),
anti-adrenal glands, AMA, ENA) was negative. The NK
activity measured as CO107a" cells in the presence of IL-2
orIL-15 against K562, was preserved (data not shown).

3.2. Novel ILZRA mutation

The molecular analysis of the IL2ZR4 gene of the patient's DNA
revealed the presence of a previously unreported mutation
(Fig. 1A). The patient was homozyzous for a C.497G>Atransition
in exon 4, leading to an amino acid substitution at codon 166
{5166N) of the protein. The patient's father (Fig. 1A), mather,
and sister proved to be heterozygous for the same mutation
{data not shown).

3.3. CD25, CD12Z and CD132 protein expression
analysis

Immunophenotype analysis of freshly isolated PBMCs from
the patient showed the absence of CD25 expression on
the surface of CD4* T cells (Fig. 1B). On the other hand,
CD25 was detected on CD4* T cells of the parents and the
sister of the patient (16%, 14.5%, 13.9% for father, mother,
and sister respectively), although at a lower frequency than

253



Characterization of PIDs

Hyperproliferation in IPEX-like CD25null patient

253

the healthy controls (26.7+6.5, n=5), which might be
explained by the patients kin being heterozygous for the
mutation (Fig. 1B).

CD25 surface expression on CD4* T cell lines of the patient
remained undetectable upon TCR mediated activation even in
the presence of exogenous IL-2 and IL-15 {Fig. 1C). Control CD4*
T cell lines tested in parallel, showed increased surface CD25
expression. Importantly, TCR activated CD4* T cells of the
patient expressed CD25 in the cytoplasm, as well as at the
mRMA level (data not shown), in a comparable amount to
the healthy control (Fig. 1C). This raised the question whether
(D25 was rapidly shed from patient’s cell surface or remained
intracellular. Soluble CD25 (sCD25) was undetectable in the
sera (Fig. 10) or in cell supematants of activated PBMCs
(Supplementary Fig. 1) from the patient compared to healthy
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control samples demonstrating that the ILZRA mutation of the
patient inhibits plasma membrane expression and subseguent
shedding of the CD25 protein.

To evaluate whether other IL-2ZR subunits were affected by
the loss of (D25 surface expression, CD122 and (D132
expression was determined on CD4* and CDB* T cells. In healthy
controls, CO8* T cells expressed CD122 at higher intensity than
CD4* T cells as determined by Mean Florescence Intensity (MF1)
{731.72249.5 and 261.1+121.3, respectively, p=0.0012) but
there was no senificant difference in CD132 expression
between CDB* and CD4* T cells (497.9+270.4 and 495.7+
308.9, respectively, n=6) (Fie. 1E). Compared to healthy
controls, CDB* T cells of the patient expressed lower levels
of CDM22 (p=0.0127), while, both CDB* and CD4" T cells
of the patient expressed significantly higher levels of CD1 32
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COZ5 deficiency promotes a T memory cell phenotype. A, Representative FACS plots depicting the average percentage of

FOXP3® CD4' T cells (upper panels), COM27™ cells expressing FOXP3 (middle upper panels with embedded histograms),
CO127'™CD49d"™ cells expressing FOXP3 (middle bottom panels with embedded histograms), FOXP3" and HELIOS® staining were
determined in the CD25 deficient patient (average of 2-4 different time points is shown) and healthy controls (HC; average
percentage of 2-6 different donors is shown). B, The average percentage of naive (CD45RACDGZL"), central memory (TCM, CD45RA™
CD62L"), effector memory (TEM; CD45RACD6ZL ") for CD4” {upper row) and CDB™ (lower row) T cellsfor the patient (left column) and
healthy controls (right columns). The percentages shown are the average of 4 different time points for the patient and the average of
six healthy donors. C, The overall percentage of memory cells (CD45RA™) from the patient and healthy controls. D, The percentage of
the effector populations within the memory pool (CD45A7) of the patient and healthy controls.

254



Characterization of PIDs

254 K. Goudy et al.
A PATIENT He PATIENT HE
CO4+ FOLPY T coll gate CO4+ FOP3 T col pate
i [TAT] BB (Tl T 131 (L2
B0 LAl
® T e ol
0 [r—— e |
= 348 BABE 13 18 BIE
2,, P o -y
2 ib, e # ” 'y ”
# ﬁ | a7 T nrus T
L L 4 i
o) e 1 " e b e 8
£ =Tewd 9 3 Tewd 10 B Tmab 00 ¥ Teed i6 W
=2 & min mi min nin min i mia w0
c =i, ol CO4FOAPIspSTAT L4 T calls = 4, ol OO FDAPIPETATS T eals
PATIENT
§§| % .-:’ ; IL-2
in100 Patient
B ® GD4rFORPIT
< B CO4FOXFI-
B + con.
at HC
O COMFONPS
O CO4+FONPS-
O Cog+
20
,t' &? *f P - 3
Figure. 3 Reduced IL-2 resporse of T cells from the CD25 deficient patient but FOXP3® T cells remain first responders. A, The

percentage of CD4” (upper row) and CD8" (lower row) T cells from PBMCs of the patient (left column) or healthy controls (right
column; n=35) responding to IL-21o (10 U/mil), IL-2med (100 U/ml), IL-2hi (1000 U/ml), or IL-15 (10 ng/ml) at 0, 10cr 30 min. pSTATS
was evaluated by flow cytometry from barcoded cells. B, Representative dot plots of the IL-2 responsiveness of CD4FOXP3 ™ and
CD4'FOXP3 ™ T cells from the patient and healthy control were evaluated for wsing IL-Zlo (10 U/ml), IL-2med (100 USml), IL-Zhi
{1000 U/ ml) conditions at the indicated time points determined by pSTATS. C, The hierarchy of IL-2 signaling was determined from
PEMCs of the patient (left column; closed shapes) or healthy control (right column; open shapes (n=3)) for CD4"FOXP3 ", CD4"FOXP3™
and CD8" T cells in response to different concentrations of IL-2 as used in B.

(p=0.0031 and p=0.0175, respectively). These data indi-
cate that, despite the loss of CD25 cell surface expression,
both CD122 and CD132 are still expressed on the patient's T
cells and €D132 expression is elevated in the patient.

3.4. Lack of CD25 surface expression does not
interfere with Treg development and is associated
with predominant peripheral memory T cell
phenotype

In the patient, the percentage of FOXP3-expressing CD4* T
cells was 7.7 £5% (n=4 time points), which was comparable
to those of healthy controls (5.7+1.6%, n=19, 7 months to

10 years) (Fig. 2A). This percentage did not seem to change
with the stage of the disease. However, the highest
percentage of CO4*FOXP3* T cells (14.4%) was detected
within three weeks of rapamycin treatment. We further
characterized the Tregs using other Treg-specific markers
(Fig. ZA). FOXP3 expressing cells were 30.3:12.2 (n=4 time
points) in CO4*CD127%* gate for the patient, which were
comparable to healthy control values (22.B+13.6%, n=5).
Additionally, FOXP3-expressing T cells of the patient in
CD4"CD49d "™ CD127"°™ gate ranged between 12.5 and 62.1%
(mean: 29.7%, n=4 time points), which was similar to
healthy control values with variability (22.2:6.5%, n=5).
Similarly, the proportion of CD4* T cells co-expressing
HELIOS™ and FOXP3* showed no disparities with healthy

Figure. 4 Abundant innate and adaptive cytokines in vivo correlate with predominate CD8* activation and proliferation. Sera from
the CO25 deficient patient (unigue symbol for each time point) and healthy donors (each symbol represents a unique patient) were
measured for i