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Abstract

Prior to the first successful bone marrow transplant in 1968, patients born with severe
combined immunodeficiency (SCID) invariably died. Today, with a widening availability
of new born screening, major improvements in the application of allogeneic procedures,
and the emergence of successful haematopoietic stem and progenitor cell (HSC/P) gene
therapy, the majority of these children can be identified and cured. Here we trace key
steps in the development of clinical gene therapy for SCID and other primary
immunodeficiencies (PIDs), and review the prospects for adoption of new targets and
technologies.

Primary Immunodeficiencies as targets for gene therapy

Primary immunodeficiencies (PID) are a diverse group of rare largely monogenic
disorders that result in variable susceptibility to infection, autoimmunity/inflammation,
and in some cases malignancy. Over 300 genes have now been associated with syndromic
and non-syndromic PID, including the most frequently occurring forms[1]. The severest
PIDs present early in life with failure to thrive and severe infections (often
opportunistic), and are usually fatal unless definitive therapy can be implemented
rapidly[2]. Fortunately many of these immunological defects are intrinsic to the
haematopoietic system making them tractable targets for allogeneic haematopoietic stem
cell transplantation (HSCT). Since the first successful bone marrow transplants in two
PIDs, X-linked SCID (SCID-X1) and Wiskott Aldrich Syndrome (WAS), HSCT
methodologies and technologies (including conditioning regimens) have improved and
the morbidity and mortality associated with this procedure have diminished
considerably[3-6]. Even so, for patients without HLA-matched donors, graft-versus-host
disease (GvHD), delayed immunological reconstitution, and graft rejection remain a
significant problem. Some conditions are better candidates than others due to disease-
specific characteristics, and risks are heightened in patients who are actively infected or
who have developed chronic complications at the time of treatment. More than thirty
years ago the demonstration of retroviral gene transfer to HSC/Ps led to the suggestion
that this technology could provide an alternative platform for development of therapies
in a number of diseases that were amenable to HSCT[7-11]. The advantages of
autologous gene therapy were anticipated to lie in the lack of need to identify a suitable
donor, obviation of GvHD, and the potential to reduce the risks of myelosuppressive
and immunosuppressive pre-conditioning of the patient, which is required to make space
for engrafting HSC/Ps. For some conditions it was expected that corrected cells would
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have a profound growth and survival advantage, allowing reconstitution from relatively
low numbers of cells. In addition, expression of transgenes at supraphysiological levels
was anticipated to allow “cross correction” of other deficient non-haematopoietic cells in
some diseases[12]. Over a number of years, successful correction of cellular and animal
models boosted expectation that gene therapy would rapidly become mainstream, but
clinical translation proved more difficult (Figure 1). This partly related to a limited
understanding of human HSC/P culture conditions necessary to achieve high-level gene
transfer ex vzvo yet at the same time retaining 7z vzvo engraftment capability, which was not
well modelled in murine preclinical transplant assays[13]. Furthermore, the occurrence
of clinically-manifesting insertional mutagenesis highlighted deficiencies in early retroviral
vector technology that would have to be resolved[14].

Adenosine-deaminase-deficient (ADA)-SCID as a paradigm for development of
HSC gene therapy

Adenosine deaminase (ADA) is a housekeeping enzyme of the purine metabolic
pathway, and is widely expressed[15]. The metabolic environment resulting from
deficiency of ADA and the accumulation of toxic purine metabolites causes variable
skeletal, lung, liver, gastrointestinal, neurodevelopment and sensorineural defects,
whereas the most consistent and profound abnormality is in the development of
lymphocytes, including T, B and natural killer cells[16, 17]. Exogenous polyethylene
glycol-conjugated ADA (PEG-ADA) can rescue the immunological defects through
extracellular detoxification, but these effects are often partial and poorly sustained[18].
Even so, the use of PEG-ADA at diagnosis has proved a very useful way to stabilise
patients before a definitive procedure can be implemented[19, 20]. Several clinical trials
were implemented in the eatly 1990’s using gammaretroviral vectors that had been
evaluated in murine and primate model systems, and in which ADA cDNA transgene
expression was regulated by the retroviral Long-Terminal-Repeat (LTR). It was also
anticipated that the selective growth and survival advantage imparted to gene-corrected
cells would obviate the need for pre-conditioning of the patient. However, these early
studies using residual peripheral blood lymphocytes, umbilical cord blood, and bone
marrow failed to provide clear clinical benefit over and above that of PEG-ADA, which
the patients continued to receive[21-24]. Subsequent studies (again using LTR-intact
gammaretroviral vectors) introduced some key changes, including the withdrawal of
PEG-ADA to enhance the selective advantage of corrected cells, and most importantly
the use of low/reduced intensity conditioning with alkylating agents (usually busulphan,
in a few patients melphalan) to promote engraftment of HSC/Ps[25-32]. The combined
overall survival of around 50 patients treated in these studies was 100%, with a disease-
free survival (not requiring re-introduction of PEG-ADA or HSCT) of over 70%.
Immunological reconstitution has in general been robust, with high-level gene marking in
lymphocytes, and for the first time, sustained gene marking albeit at lower levels in
myeloid cells, which is an effective surrogate for HSC/P marking in bone marrow.
Permanent withdrawal of immunoglobulin supplementation was achieved in
approximately 50% of patients, suggesting that further improvements are still possible.
Recently, a collaboration between GSK, Fondazione Telethon and Ospedale San
Raffaele secured European Marketing Authorisation for Strimvelis™ which is based on
the original LTR-based vector studied in Milan[22]. From proof of concept in humans
to this first ex-vivo market authorisation for a gene therapy product, vector technology
has advanced considerably. HIV-1 based lentiviruses in particular have been adopted as
the current vector of choice for HSC/P gene transfer as they appear to offer some
advantages in terms of mutagenicity (because of a more favourable genome insertion
profile within transcriptional units rather than at transcription start sites (TSS), a



theoretical advantage) lack of intrinsic retroviral LTR enhancer activity (a modification
that has also been duplicated in a new generation of gamma retroviruses), and higher
efficiency of gene transfer[33-35]. Following several years of preclinical development,
clinical studies using lentiviral vectors are underway for ADA-SCID|[30]. Early
indications in over 32 treated patients, some of whom were identified by newborn
screening, are of excellent efficacy, and no associated toxicity[37].

Interestingly, no clinically-manifesting vector-related toxicities have been observed in any
of these studies to date. This is surprising because vectors with similar configurations
have caused mutagenesis and malignancy in a number of other conditions as will be
highlighted later[38, 39]. Several reports have now detailed a comprehensive analysis of
retroviral integration sites (RIS) in cells from ADA-SCID patients treated with L'TR-
intact gammaretroviral vectors, and although the anticipated patterns of integration are
observed, namely preference for transcriptional start sites (TSS), including sites near the
proto-oncogenes Lim domain only 2 (LMOZ2), BCL.2 and CCND?2, there are also
indications of subtle mutagenic clonal disturbances, although apparently insufficient to
drive a frank malignant programme[37, 40, 41]. The reason for this disease-specific
difference in toxicity is at present unclear, but could relate to a lower replicative stress in
reconstituting T cells on the non-haematopoietic environmental background of ADA-
deficiency in the thymus, or the presence of competing non-transduced but detoxified
thymocytes that successfully complete their maturation programme [42]. However, this
still doesn’t explain the lack of myeloid toxicity unless a similar argument can be applied
to the bone marrow microenvironment or even during ex zzvo culture.

Lessons learned from clinical trials in X-linked SCID (SCID-X1)

X-linked SCID (for SCID-XT1) is the most common form of severe combined
immunodeficiency, accounting for 40-50% of all cases[2]. Mutations in the II.?RG gene
lead to defective expression of the common cytokine receptor gamma chain (gc), so-
called because it is subunit shared by multiple cytokine receptors, including the IL-2, IL-
4, 11-7, IL-9, IL-15 and I1.-21 receptor complexes, which are variably involved in the
development and function of all lymphocytes. As a consequence, patients show
profound defects of adaptive immunity, resulting from the low number or absence of T
and Natural Killer (NK) lymphocytes, and the loss of function of B lymphocytes. The
first two clinical trials of gene therapy for SCID-X1 included a total number of 20
subjects and were conducted using virtually identical L'TR-intact gammaretroviral vectors
and very similar transduction protocols[43-46]. Neither study used preconditioning, with
the expectation that the extremely high survival advantage of corrected lymphocyte
precursors would allow the development of a highly diverse T cell repertoire (as
observed following HLLA-matched HSCT infusions, and in some variant patients with
rare somatic reversion events) [47, 48]. Successful recovery of a functional T cell
compartment occurred in most patients and has been sustained with a disease free
survival over 80%, and excellent overall clinical outcome. In the absence of conditioning,
sustained engraftment of HSCs did not occur, and consequently long-term B cell and
NK cell marking was very low. Unfortunately 31-68 months after gene therapy, five
patients who were clinically well and had successfully reconstituted, developed a T-cell
acute lymphoblastic leukaemia (T-ALL)[49-51]. In four out of five patients enhancer-
mediated upregulation of the LMO-2 protooncogene was directly implicated in the
leukaemic process, although an accumulation of more classical genetic changes (many of
which have been previously described in de #ovo T-ALL) unrelated directly to retroviral
vector insertion, were probably required for final evolution to acute T-ALL[51, 52]. It
has recently been postulated that intra-thymic replicative stress in the absence of T cell



progenitor import from the bone marrow is a significant contributor to the establishment
of a leukaemic programme as HSC engraftment is essentially absent[42, 53]. If this is the
case, then use of conditioning would likely reduce risk of clinically manifesting
mutagenesis. No convincing evidence could be confirmed for a pathogenic role of non-
physiological expression of the transgene in leukaemogenesis through aberrant receptor
signalling, although of course it allowed the T cell maturation to proceed[54]. All patients
were treated with relatively standard chemotherapy, but one patient died of refractory
leukaemia. Remarkably, the four surviving patients recovered their T cell immunity after
completion of chemotherapy without need for any further intervention. This suggests
that a very long lasting (possibly self-renewing), gene-corrected T cell precursors
engrafted in the thymus soon after infusion of cells, and that these are capable of
sustaining active thymopoiesis for many years.

Molecular studies in mice engrafted with cells transduced with replication-incompetant
gammaretroviral vectors identified duplicated enhancer elements in the TR as the major
culprit driving dysregulated gene expression in the neighbourhood of the RIS[38, 55, 56].
This effect was also shown to have activity over quite long ranges, and to operate
combinatorially with other molecular lesions[51, 52]. As part of an international
collaboration, the Transatlantic Gene Therapy Consortium (TAGTC), a new generation
of gammaretroviral technology was developed that deleted the LTR enhancer sequences,
and used internal heterologous sequences to regulate transgene expression[57-59].

Assays were developed that demonstrated significantly reduced mutagenicity z vitro,
while testing in animal models of disease, including SCID-X1 suggested that these new
vectors designed for safety also retained efficacy[55, 60-62]. In a recently reported clinical
study, 9 newly diagnosed patients with SCID-X1 were treated with a modified
gammaretroviral vector using a very similar protocol to that previous implemented, and
with similar outcomes in terms of immunological reconstitution[63]. More importantly,
when RIS were compared to those retrieved from trials using LTR-intact
gammaretroviruses, there was significantly less clustering within the LMO-2 or MECOM
loci, or at other proto-oncogenes implicated in leukaemogenesis. No vector-related
adverse events have been observed to date, with a median follow up of over 5 years.
Interestingly, the rate of early T cell reconstitution following autologous gene therapy has
also been shown to be faster than that following haploidentical HSCT suggesting that
there are other advantages of this approach[64].

As part of the first two studies, two older patients were also treated but did not
reconstitute[65]. Similarly, in a third trial (with an LTR-intact gammaretroviral vector)
using peripheral blood mobilised HSC/P cells rather than bone matrrow-derived cells,
two preadolescent subjects aged 10 to 14 years, who had previously been treated
unsuccessfully with bone marrow transplantation, received transduced cells in the
absence of conditioning[66]. Immune reconstitution was limited in these patients despite
good engraftment, with only a slight improvement of T cell function in the youngest
child. It has been proposed that there is an age-related decrease in plasticity and loss of
thymopoietic capacity in older subjects particularly where thymopoiesis has been absent
for extended periods. More recently a lentiviral vector approach has been used to treat 5
patients who have failed haploidentical HSCT, in a protocol that included reduced
intensity conditioning with busulphan[67]. All 5 patients demonstrated expansion of gene
marked T, B and NK cells, with clinical benefit. Interestingly these patients responded to
therapy well despite their older age, and achieved successful recovery of humoral
function. This suggests that the engraftment of corrected HSC, facilitated by the



lentiviral vector platform and pre-conditioning, allows superior recovery to that observed
in gammaretroviral studies. Studies are currently ongoing in newly diagnosed infants.

All clinical approaches so far have utilised ex 2770 manipulation of HSC/P cells, which
although advantageous for product quality testing, does add some complexity in terms of
manufacture. In an alternative approach, a clinically relevant canine model of SCID-X1
has been used to demonstrate partial correction through direct inject of a foamy virus
vector in neonatal animals (again relying on selective growth and survival advantage of
corrected cells)[68]. Whether this can be translated into a clinical protocol for newly
diagnosed SCID patients or even for 7z utero application is unknown, but the efficiency of
ex vivo gene therapy may be difficult to challenge.

Gene therapy for Chronic Granulomatous Disease: no selective advantage
Chronic Granulomatous Disease (CGD) results from deficiency of the multicomponent
NADPH-oxidase enzyme complex in professional phagocytic cells[69, 70]. This oxidase
is directly responsible for mitochondria-independent consumption of oxygen during
phagocytosis (called the respiratory burst), which results in forced electron transport
across the phagosome membrane, production of reactive oxygen species such as
superoxide anion radical, hydrogen peroxide, hydroxylanion and hypochlorous acid
(although the functional significance of these species zz vivo is uncertain), liberation and
activation of crucial microbicidal granule proteases through change in local pH and ionic
balance, and effective formation of extracellular neutrophil nets[71, 72]. Patients with
CGD are consequently susceptible to recurrent life-threatening infections by a spectrum
of bacteria and fungi, particularly those which express high levels of catalase (so-called
‘catalase-positive organisms’ such as Staphylococcus Aureus, Nocardia and Aspergillus. In two
thirds of cases, CGD is due to mutations in the X-linked CYBB gene (X-CGD), which
encodes the gp91”"** component of the NADPH-oxidase complex, although a significant
proportion have mutations in NCF7 which encodes p47""* (AR-CGD). Three other AR
forms of CGD have been described, and while rare in Western populations, are much
more prevalent in geographical areas of high consanguinity. The level of correction
absolutely required for clinical benefit in CGD is unknown. However female carriers of
X-CGD with over 10% of circulating functional neutrophils are usually well. The level of
biochemical activity necessary per cell is also an important question, although patients
with very low levels of natural activity have a significant survival advantage over those
with no detectable activity, and animal studies predict that partial correction will be
sufficient[73, 74]. One of the complexities of treating CGD through an HSC approach is
that there is no selective advantage for corrected cells. Furthermore, chronic
inflammation may have a detrimental effect on HSC/P numbers and viability after ex-vivo
manipulation[75, 76]. Early trials did not use any preconditioning of patients, and
engraftment was therefore at very low level and transient[77]. More recently, five eatly
phase clinical studies, involving a total of 12 patients have been conducted in several
centres worldwide, incorporating reduced intensity alkylating agent conditioning[75, 78-
80]. Overall, these demonstrated biologically and clinically significant restoration of
NADPH-oxidase activity (albeit partial, between 10-30% of normal) in circulating
neutrophils for a short time after engraftment, allowing the majority of patients to clear
pre-existing infections. However, clinical benefit was usually only transient, and gene
marking rapidly decreased with only a few patients having significant marking after three
months. Several patients treated with a Spleen Focus Forming Virus (SFFV)-derived
LTR-based gammaretroviral vector developed an unexpected increase in the number of
functionally corrected neutrophils over time as a result of insertional transactivation of
myeloproliferative genes, particularly PRDM76 and the MECOM locus|[78, 81].



Interestingly, although the level of gene marking persisted, gene expression was silenced
in the majority of these cells through CpG dinucleotide methylation at the retroviral
promoter, even though enhancer activity and therefore mutagenic influence was
preserved.

More recently, lentiviral gene therapy approaches for CGD have been developed in an
attempt to reduce the risk of mutagenesis and enhance long-term efficacy. In the first
approach a chimeric promoter (fusion between c-fes and Cathepsin G proximal
regulatory sequences) was developed that contains binding sites for transcription factors
that are active during terminal myeloid differentiation[82]. Consequently it confers higher
levels of gene expression in differentiated myeloid cells rather than in non-myeloid
lineages or multipotent primitive progenitors where mutageneic influences are least
desirable. HSC gene therapy using this vector in mice resulted in high levels of gp91°"*
expression in committed myeloid progenitors and granulocytes with much less
expression in other lineages, mimicking physiological patterns to a large degree. In
accordance with these findings, high levels of NADPH oxidase activity was restored in
all the transplanted animals and remained constant for the period of analysis. Secondary
transplantation experiments also indicated that the chimeric regulatory sequences were
not prone to silencing or indeed to epigenetic CpG methylation. A clinical trial is
currently ongoing in US and Europe using myeloablative busulphan preconditioning,
with encouraging early results, and evidence for the first time of sustained biochemical
correction in the absence of mutagenesis[83]. A parallel strategy for AR-CGD has also
recently been developed. A second approach has been to use vector-encoded micro-
RNA recognition sequences to de-target gene expression away from HSC and therefore
prevent any potential toxicity arising from transgene expression in these cells[84].

Gene therapy for Wiskott-Aldrich syndrome (WAS): complex multilineage disease
Wiskott-Aldrich syndrome (WAS) is a rare, X-linked, complex PID caused by mutations
in the WAS gene[85, 86]. The Wiskott-Aldrich protein (WASp) is a major regulator of
the actin cytoskeleton in most haematopoietic lineages and is consequently important for
normal function of many immunological processes, and for normal platelet
production[87]. Clinical manifestations of WAS include microthrombocytopenia,
recurrent infections and eczema. Patients also display an increased incidence of
autoimmunity and are at risk of developing lymphoreticular malignancy. In a study of 10
patients treated with an LTR-intact gammaretroviral vector and reduced intensity
busulphan conditioning, 9 exhibited sustained improvement of immunological function
with resolution of immunodeficiency and bleeding diatheses[88]. However, despite initial
evidence for polyclonal RIS patterns, most patients subsequently developed leukaemia as
a result of insertions at LMO-2 and MECOM loci[89]. This high frequency of leukaemia
most likely occurred as a combinatorial result of the LTR enhancer activity and multiple
vector insertions per cell, but also highlights the difficulty in using RIS analysis for
prediction of dangerous clonal events. More recently, a lentiviral vector incorporating
proximal WAS regulatory sequences has been tested in several centres, using a reduced
intensity pre-conditioning regimen[90-93]. In over 20 patients treated worldwide there
has been sustained correction of immunological parameters in most, with resolution of
immunodeficiency and autoimmunity, and no evidence to date for mutagenesis.
Recovery of platelet numbers has been more variable but surprisingly slow in most cases
and dependent on higher vector copy numbers. One of the benefits of RIS analysis is the
ability to track physiological haematopoiesis at a clonal level. Using treated WAS patients
it was therefore possible to define cellular contributions to early and late phases of
reconstitution, and to show that HSC/Ps manipulated 7z vitro for gene transfer retained



the ability to restore haematopoiesis 7 vivo in a way that mirrors normal HSC activity
after transplantation[94].

Preclinical development of gene therapy for other candidate PIDs

The success of gene therapy for several PIDs using conventional gene addition, and the
apparent improvement in safety through development of newer vector platforms
suggests that similar strategies could be applied to other PIDs. Autosomal recessive
Janus Kinase (JAK)-3 deficiency leads to a phenotype that is identical to SCID-X1
because JAK3 is a tyrosine kinase required for signal transduction by the common
cytokine receptor gamma chain (deficient in SCID-X1)[95]. Similarly, Interleukin-7
receptor alpha deficiency results in the same T cell phenotype, with normal numbers of
B and NK cells. Other tractable forms of SCID include defects in RAG (recombination
activating genes) 1 and 2 genes, and in DCLLRE7C wich encodes Artemis. RAG1/2 and
Artemis proteins participate in V(D)] recombination, which is essential for the
generation of functional B and T cell receptors and consequently for normal T and B cell
development. In all cases, the transfer of genetically modified HSCs can effectively
reconstitute murine models of the disease although with varying degree of difficulty[96-
99]. X-linked Agammaglobulinemia (XILA) is caused by mutations in the Bruton’s
tyrosine kinase (BTK) gene, an enzyme of the TEC family of kinases expressed during B
cell development and involved in pro-B/pre-B cell transition. The absence of BTK
results in an accumulation of pro-B cells and a decrease in numbers of mature B cells and
very low or absent serum immunoglobulins. Preclinical murine reconstitution
experiments using both gammaretroviral and lentiviral-based gene transfer have
demonstrated successful rescue of B cell differentiation and function[100, 101]. Similar
results have been obtained using a more refined lentiviral vector encoding the
immunoglobulin enhancer (Emu) and Igbeta (B29) minimal promoter to regulate lineage-
specific Btk expression, again in mice[102]. As many XILA-associated mutations affect
pre-mRNA splicing, attempts have also been made to model correction in a BAC-
transgenic mouse model using splice-correcting oligonucleotides with some success[103].
X-linked hyper IgM syndrome (X-HIGM1) is a combined immunodeficiency
characterised by defects in isotype switching from IgM to IgG, IgA and IgE, as well as
impaired lymphocyte and myeloid functions. X-HIGM1 is associated with mutations in
the gene (TINFSF5) encoding CD40 Ligand (CD40L), a member of the TNF
superfamily, which is primarily expressed on activated T cells, and binds the CID40
receptor on the surface of B cells and antigen-presenting cells to regulate B cell function
and inflammatory responses. Gammaretroviral gene transfer has previously been shown
to successfully correct the phenotype of CD40L-deficient mice, but at the cost of
pathological T-lymphoproliferation due to phenotoxicity of the expressed gene unrelated
to insertional mutagenesis[104]. This is consistent with findings from another study,
which reported atypical lymphoid proliferation in transgenic mice overexpressing
CDA40L, and highlights an important consideration for regulated gene expression in a
number of these conditions[105]. An alternative strategy to counteract this obstacle by
corrective trans-splicing was partially effective[106]. X-linked lymphoproliferative disease
(XLP), a T and NK lymphoproliferative disorder caused by mutations in the signalling
adaptor SLAM-associated protein (SAP), and familial hemophagocytic
lymphohistiocytosis (FHLH), a hemophagocytic disease resulting from defective NK and
CD8" T cell cytotoxicity are potential candidates for both HSC/P and peripheral T cell-
based approaches[107-109]. SAP is involved in multiple signalling pathways affecting
proliferation, apoptosis and differentiation, while perforin and Munc13-4, which are the
most commonly deficient proteins in FHLH, are direct effectors of cytotoxicity. Lineage-
restricted regulation of these genes might be required to avoid deleterious effects in cells



where these proteins are not normally expressed. Mature T cells may also be viable
targets as long as sufficient numbers can be engrafted for long-term efficacy, or even for
bridging to a more definitive HSC procedure. Leukocyte adhesion deficiency (LAD) type
I, which is caused by mutations in the gene (ITGB2) encoding the CD18 integrin subunit,
is primarily a neutrophil disorder characterized by recurrent life-threatening bacterial
infections and poor wound healing. Experience from allogeneic transplant indicates that
quite low numbers of normal donor neutrophils are sufficient to achieve disease control.
A preliminary study, in which two patients were treated with gammaretroviral gene
therapy in the absence of conditioning, achieved very low (<0.1%) levels of gene
marking in neutrophils, with no corrected cells detectable in the periphery after two
months[110]. More recently, the canine (CLAD) and murine models of disease have been
successfully treated using HSCs transduced with either foamy or lentiviral vectors
expressing CD18[111, 112]. In many of these conditions, preclinical efficacy and safety
studies using improved viral vectors, including vector platforms developed from other
classes of retrovirus such as foamy and avian viruses (which may have enhanced safety in
terms of genetoxicity), are currently being undertaken in order to determine clinical
applicability[113-115].

Gene editing approaches for PID

There has been an explosion of gene editing technologies over recent years, including
homology repair platforms based on zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENSs), and more recently clustered regularly
interspaced short palindromic repeats [CRISPR]/CRISPR-associated endonuclease [Cas]-
9]. The advantages over gene addition include safety through precise editing of mutations
(as long as off-target effects are minimal), targeting specific gene loci to harness natural
regulatory elements, or targeting to ‘safe harbours’ within the genome, which are known
to tolerate transgene integration without risk of mutagenesis. Considerable interest has
been placed on editing in PID, particular where selective advantage is imparted to
corrected cells (for example in SCID and WAS), or where precise gene regulation is
desirable (XHIGM, XLA, RAG-SCID, JAK-3-deficient SCID, IL7R-deficient SCID).
Proof of concept has now been demonstrated in HSC/Ps from SCID-X1 and CGD
patients (at safe harbour and at natural gene locus), and for XHIGM in T cells[116-118].
One intriguing recent report has used a gene editing strategy to convert a mutant NCF7
pseudogene into a functional gene thereby permitting correction of all molecular variants
of p47phox-deficient CGD through a single approach[119]. Although functional
correction through editing has now been demonstrated in iPSCs and human HSC/Ps, it
still probably remains limited by efficiency in true HSCs, which is required for sustained
clinical effect in many PIDs[120]. In contrast efficiency of editing in mature T cells can
be quite high as demonstrated for XHIGM, although the challenge here will be to
engraft sufficient numbers of T cells for long term effect. These strategies are exciting
but some careful technology development is required before clinically applicable. Aside
from obvious concerns about off-target DNA cleavage and illicit recombination, a much
more pragmatic question exists regarding efficiency and ability to modify sufficient cells
for clinical benefit. Even for conditions with selective advantages, the dose of cells
required for immunological recovery is high as determined by clinical experience with
gene addition and allogeneic HSCT. Where homologous recombination is required for
effect this will be challenging. However, for dominant disorders where gene disruption is
the desired effect (for example gain of function STAT1/STAT3-related disease), this
strategy may be more immediately tractable, although specificity of editing of the variant
allele would have to be carefully titrated, and depending on the disease, virtually all cells
will have to be modified in order to prevent residual pathology.



Reflections

PIDs have played a significant part in the development of allogeneic HSC
transplantation, and more recently have shown that somatic gene therapy is a viable and
effective approach in patients. They undoubtedly will also feature prominently in the
application of gene editing to human disease. Over 150 patients with various forms of
PID have been treated worldwide by autologous gene therapy to date. More recent
studies with refined vector technologies have demonstrated excellent safety profiles, and
compelling evidence for clinical benefit in several diseases (Figure 2). Many challenges
need to be overcome before gene therapy can be offered as a standard of care for all
patients, although the recent market authorisation for Strimvelis™ indicates the direction
of travel. There is now a steady increase in capitalization of gene therapy approaches in
start-up biotechnology firms and some established pharmaceutical companies, reflecting
a renewed appetite for commercialisation of therapies for these rare diseases. Future
challenges lie in the design of safer vectors, in the incorporation of regulatory elements
to achieve clinical efficacy, effective methodologies for gene editing, and in the
optimisation of cell culture methods to preserve viability and function during
manufacture of products. Application of pluripotent stem cells derived from somatic
tissues by reprogramming (induced pluripotent stem (iPS) cells) may aid in gene editing
applications if safe and effective means of successfully transplanting iz vitro derived
tissues can be developed. Somewhat surprisingly, a current bottleneck is the lack of
capacity for clinical grade production of viral vectors, which is contributed to by the
difficulties in massive scale-up of the lentivirus platform required for treatment of large
numbers of patients. Logistics of delivery of cryopreserved cell products to the patient
from a limited number of manufacturing centres will also need to be addressed. In the
absence of /n-vivo selection methodologies, for most PIDs there is a requirement for pre-
conditioning. Less toxic strategies for example using serotherapy to deplete HSCs is one
attractive option. At the same time that allogeneic HSCT has become much more
sophisticated and flexible through use of alternative stem cell sources, which significantly
attenuate the need for extended searches for donors, and more refined conditioning
regimens, autologous gene therapy for PID has begun to deliver impressive returns in
terms of efficacy and safety in patients. Alongside newborn screening for SCID, the
outlook for patients diagnosed with severe PID is looking very good.
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Figure Legends

Figure 1. The development of viral vector technology and its application to human gene
therapy. The blue time line shows the various ups and downs of the field based on
successes and setbacks. References are included in the text.

Figure 2. A table of published and ongoing clinical trials for primary immune
deficiencies. The disease, mutated gene, vector platform, use of conditioning and year are
included.



References

1.

10.

11.

12.

13.

14.

15.

16.

Picard, C, et al. (2015). Primary Immunodeficiency Diseases: an Update on
the Classification from the International Union of Immunological Societies
Expert Committee for Primary Immunodeficiency 2015. Journal of clinical
immunology 35: 696-726.

Fischer, A, Notarangelo, LD, Neven, B, Cavazzana, M, and Puck, ]M (2015).
Severe combined immunodeficiencies and related disorders. Nature
reviews Disease primers 1: 15061.

Gatti, RA, Meuwissen, HJ, Allen, HD, Hong, R, and Good, RA (1968).
Immunological reconstitution of sex-linked lymphopenic immunological
deficiency. Lancet 2: 1366-1369.

Bach, FH, Albertini, R], Joo, P, Anderson, ]JL, and Bortin, MM (1968). Bone-
marrow transplantation in a patient with the Wiskott-Aldrich syndrome.
Lancet 2: 1364-1366.

Gennery, AR, et al. (2010). Transplantation of hematopoietic stem cells
and long-term survival for primary immunodeficiencies in Europe:
entering a new century, do we do better? ] Allergy Clin Inmunol 126: 602-
610 e601-611.

Booth, C, Silva, ], and Veys, P (2016). Stem cell transplantation for the
treatment of immunodeficiency in children: current status and hopes for
the future. Expert review of clinical immunology 12: 713-723.

Joyner, A, Keller, G, Phillips, RA, and Bernstein, A (1983). Retrovirus
transfer of a bacterial gene into mouse haematopoietic progenitor cells.
Nature 305: 556-558.

Williams, DA, Lemischka, IR, Nathan, DG, and Mulligan, RC (1984).
Introduction of new genetic material into pluripotent haematopoietic
stem cells of the mouse. Nature 310: 476-480.

Dick, JE, Magli, MC, Huszar, D, Phillips, RA, and Bernstein, A (1985).
Introduction of a selectable gene into primitive stem cells capable of long-
term reconstitution of the hemopoietic system of W/Wv mice. Cell 42: 71-
79.

Keller, G, Paige, C, Gilboa, E, and Wagner, EF (1985). Expression of a
foreign gene in myeloid and lymphoid cells derived from multipotent
haematopoietic precursors. Nature 318: 149-154.

Gruber, HE, et al. (1985). Retroviral vector-mediated gene transfer into
human hematopoietic progenitor cells. Science 230: 1057-1061.
Williams, DA (2013). Broadening the indications for hematopoietic stem
cell genetic therapies. Cell stem cell 13: 263-264.

Williams, DA (2013). Principles of Cell-Based Genetic Therapies. In:
Hoffman, R, Benz, ], Silberstein, L.E., Heslop, H., Weitz, ]., Anastasi, J. (ed).
Hematology: Basic Principles and Practice. Elsevier. pp 1503-1512.

Baum, C, et al. (2004). Chance or necessity? Insertional mutagenesis in
gene therapy and its consequences. Mol Ther 9: 5-13.

Hershfield, MS (1998). Adenosine deaminase deficiency: clinical
expression, molecular basis, and therapy. Seminars in hematology 35:
291-298.

Whitmore, KV, and Gaspar, HB (2016). Adenosine Deaminase Deficiency -
More Than Just an Immunodeficiency. Frontiers in immunology 7: 314.



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Sauer, AV, et al. (2017). Alterations in the brain adenosine metabolism
cause behavioral and neurological impairment in ADA-deficient mice and
patients. Scientific reports 7: 40136.

Chan, B, et al. (2005). Long-term efficacy of enzyme replacement therapy
for adenosine deaminase (ADA)-deficient severe combined
immunodeficiency (SCID). Clin Immunol 117: 133-143.

Hassan, A, et al. (2012). Outcome of hematopoietic stem cell
transplantation for adenosine deaminase-deficient severe combined
immunodeficiency. Blood 120: 3615-3624; quiz 3626.

Kohn, DB, and Gaspar, HB (2017). How We Manage Adenosine
Deaminase-Deficient Severe Combined Immune Deficiency (ADA SCID).
Journal of clinical immunology.

Blaese, RM, et al. (1995). T lymphocyte-directed gene therapy for ADA-
SCID: initial trial results after 4 years. Science 270: 475-480.

Bordignon, C, et al. (1995). Gene therapy in peripheral blood lymphocytes
and bone marrow for ADA- immunodeficient patients. Science 270: 470-
475.

Kohn, DB, et al. (1995). Engraftment of gene-modified umbilical cord
blood cells in neonates with adenosine deaminase deficiency. Nature
medicine 1: 1017-1023.

Hoogerbrugge, PM, et al. (1996). Bone marrow gene transfer in three
patients with adenosine deaminase deficiency. Gene Ther 3: 179-183.
Aiuti, A, et al. (2002). Correction of ADA-SCID by stem cell gene therapy
combined with nonmyeloablative conditioning. Science 296: 2410-2413.
Gaspar, HB, et al. (2006). Successful reconstitution of immunity in ADA-
SCID by stem cell gene therapy following cessation of PEG-ADA and use of
mild preconditioning. Mol Ther 14: 505-513.

Aiuti, A, et al. (2007). Multilineage hematopoietic reconstitution without
clonal selection in ADA-SCID patients treated with stem cell gene therapy.
The Journal of clinical investigation 117: 2233-2240.

Aiuti, A, et al. (2009). Gene therapy for immunodeficiency due to
adenosine deaminase deficiency. The New England journal of medicine
360: 447-458.

Candotti, F, et al. (2012). Gene therapy for adenosine deaminase-deficient
severe combined immune deficiency: clinical comparison of retroviral
vectors and treatment plans. Blood 120: 3635-3646.

Cicalese, MP, et al. (2016). Update on the safety and efficacy of retroviral
gene therapy for immunodeficiency due to adenosine deaminase
deficiency. Blood 128: 45-54.

Shaw, KK, Garabedian, E., Mishra, S., Barman, P., Davila, D., Carbonaro, D.,
Shupien, S., Silvin, C., Geiger, S., Nowicki, B., Smogorzewska, E.M., Brown,
B., Wang, X., de Oliveira, Choi, C., Ikeda, A., Terrazas, D., Fu,P.Y., Yu, A,
Campo, B., Cooper, A, Engel, B., Podsakoff, G., Balamurugan, A., Anderson,
S., Muul, L., Jagadeesh, ]., Kapoor, N, Tse, J., Moore, T.B., Purdy, K., Rishi, R,,
Mohan, K., Skoda-Smith, S., Buchbinder, D., Abraham, R., Scharenberg, A.,
Yang, 0.0., Cornetta, K., Gjertson, D., Hershfield, M., Sokolic, R., Candotti, F.,
Kohn, D.B. (2017). Clinical efficacy of gene-modified stem cells in
adenosine deaminase-deficiency immunodefiency. The Journal of clinical
investigation In press.



32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Gaspar, HB, et al. (2011). Hematopoietic stem cell gene therapy for
adenosine deaminase-deficient severe combined immunodeficiency leads
to long-term immunological recovery and metabolic correction. Sci Transl
Med 3: 97ra80.

Naldini, L, et al. (1996). In vivo gene delivery and stable transduction of
nondividing cells by a lentiviral vector. Science 272: 263-267.

Naldini, L, Trono, D, and Verma, IM (2016). Lentiviral vectors, two
decades later. Science 353: 1101-1102.

Everson, EM, and Trobridge, GD (2016). Retroviral vector interactions
with hematopoietic cells. Current opinion in virology 21: 41-46.
Carbonaro, DA, et al. (2014). Preclinical demonstration of lentiviral
vector-mediated correction of immunological and metabolic
abnormalities in models of adenosine deaminase deficiency. Mol Ther 22:
607-622.

Gaspar, HB, Kohn, D.B. (Personal communication.).

Li, Z, et al. (2002). Murine leukemia induced by retroviral gene marking.
Science 296: 497.

Cavazza, A, Moiani, A, and Mavilio, F (2013). Mechanisms of retroviral
integration and mutagenesis. Human gene therapy 24: 119-131.

Cassani, B, et al. (2009). Integration of retroviral vectors induces minor
changes in the transcriptional activity of T cells from ADA-SCID patients
treated with gene therapy. Blood 114: 3546-3556.

Biasco, L, et al. (2011). Integration profile of retroviral vector in gene
therapy treated patients is cell-specific according to gene expression and
chromatin conformation of target cell. EMBO Mol Med 3: 89-101.

Ginn, SL, Hallwirth, C.V., Liao, S.H.Y., Teber, E.T., Arthur, JW., Wu, ], Lee,
H.C, Tay, S.S., Reddell, R.R,, McCormack, M.P., Thrasher, A.]., Cavazzana, A,
Hu, M., Alexander, S.I., Alexander, LE. (2017). Limiting thymic precursor
supply incnreases the risk of lymphoid malignancy in murine X-linked
severe combined immunodeficiency. Mol Therapy In press.
Cavazzana-Calvo, M, et al. (2000). Gene therapy of human severe
combined immunodeficiency (SCID)-X1 disease. Science 288: 669-672.
Gaspar, HB, et al. (2004). Gene therapy of X-linked severe combined
immunodeficiency by use of a pseudotyped gammaretroviral vector.
Lancet 364: 2181-2187.

Hacein-Bey-Abina, S, et al. (2010). Efficacy of gene therapy for X-linked
severe combined immunodeficiency. The New England journal of medicine
363: 355-364.

Gaspar, HB, et al. (2011). Long-term persistence of a polyclonal T cell
repertoire after gene therapy for X-linked severe combined
immunodeficiency. Sci Transl Med 3: 97ra79.

Stephan, V, et al. (1996). Atypical X-linked severe combined
immunodeficiency due to possible spontaneous reversion of the genetic
defect in T cells. The New England journal of medicine 335: 1563-1567.
Speckmann, C, et al. (2008). Clinical and immunologic consequences of a
somatic reversion in a patient with X-linked severe combined
immunodeficiency. Blood 112: 4090-4097.



49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hacein-Bey-Abina, S, et al. (2003). LMO2-associated clonal T cell
proliferation in two patients after gene therapy for SCID-X1. Science 302:
415-4109.

Schwarzwaelder, K, et al. (2007). Gammaretrovirus-mediated correction
of SCID-X1 is associated with skewed vector integration site distribution
in vivo. The Journal of clinical investigation 117: 2241-2249.

Howe, SJ, et al. (2008). Insertional mutagenesis combined with acquired
somatic mutations causes leukemogenesis following gene therapy of
SCID-X1 patients. The Journal of clinical investigation 118: 3143-3150.
Hacein-Bey-Abina, S, et al. (2008). Insertional oncogenesis in 4 patients
after retrovirus-mediated gene therapy of SCID-X1. The Journal of clinical
investigation 118: 3132-3142.

Martins, VC, et al. (2012). Thymus-autonomous T cell development in the
absence of progenitor import. The Journal of experimental medicine 209:
1409-1417.

Scobie, L, et al. (2009). A novel model of SCID-X1 reconstitution reveals
predisposition to retrovirus-induced lymphoma but no evidence of
gammacC gene oncogenicity. Mol Ther 17: 1031-1038.

Modlich, U, et al. (2006). Cell-culture assays reveal the importance of
retroviral vector design for insertional genotoxicity. Blood 108: 2545-
2553.

Kustikova, O, et al. (2005). Clonal dominance of hematopoietic stem cells
triggered by retroviral gene marking. Science 308: 1171-1174.

Maetzig, T, Galla, M, Baum, C, and Schambach, A (2011). Gammaretroviral
vectors: biology, technology and application. Viruses 3: 677-713.
Kraunus, ], et al. (2004). Self-inactivating retroviral vectors with
improved RNA processing. Gene Ther 11: 1568-1578.

Schambach, A, et al. (2006). Overcoming promoter competition in
packaging cells improves production of self-inactivating retroviral
vectors. Gene Ther 13: 1524-1533.

Modlich, U, et al. (2009). Insertional transformation of hematopoietic cells
by self-inactivating lentiviral and gammaretroviral vectors. Mol Ther 17:
1919-1928.

Thornhill, SI, et al. (2008). Self-inactivating gammaretroviral vectors for
gene therapy of X-linked severe combined immunodeficiency. Mol Ther
16: 590-598.

Baum, C, Modlich, U, Gohring, G, and Schlegelberger, B (2011). Concise
review: managing genotoxicity in the therapeutic modification of stem
cells. Stem cells (Dayton, Ohio) 29: 1479-1484.

Hacein-Bey-Abina, S, et al. (2014). A modified gamma-retrovirus vector
for X-linked severe combined immunodeficiency. The New England
journal of medicine 371: 1407-1417.

Touzot, F, et al. (2015). Faster T-cell development following gene therapy
compared with haploidentical HSCT in the treatment of SCID-X1. Blood
125: 3563-3569.

Thrasher, A], et al. (2005). Failure of SCID-X1 gene therapy in older
patients. Blood 105: 4255-4257.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Chinen, J, et al. (2007). Gene therapy improves immune function in
preadolescents with X-linked severe combined immunodeficiency. Blood
110: 67-73.

De Ravin, SS, et al. (2016). Lentiviral hematopoietic stem cell gene
therapy for X-linked severe combined immunodeficiency. Sci Transl Med
8: 335ra357.

Burtner, CR, et al. (2014). Intravenous injection of a foamy virus vector to
correct canine SCID-X1. Blood 123: 3578-3584.

Segal, BH, Veys, P, Malech, H, and Cowan, M] (2011). Chronic
granulomatous disease: lessons from a rare disorder. Biol Blood Marrow
Transplant 17: S123-131.

Roos, D (2016). Chronic granulomatous disease. British medical bulletin
118:50-63.

Segal, AW (2005). How neutrophils kill microbes. Annual review of
immunology 23: 197-223.

Singel, KL, and Segal, BH (2016). NOX2-dependent regulation of
inflammation. Clinical science 130: 479-490.

Dinauer, M(, Gifford, MA, Pech, N, Li, LL, and Emshwiller, P (2001).
Variable correction of host defense following gene transfer and bone
marrow transplantation in murine X-linked chronic granulomatous
disease. Blood 97: 3738-3745.

Kuhns, DB, et al. (2010). Residual NADPH oxidase and survival in chronic
granulomatous disease. The New England journal of medicine 363: 2600-
2610.

Grez, M, Reichenbach, ], Schwable, ], Seger, R, Dinauer, MC, and Thrasher,
AJ (2011). Gene therapy of chronic granulomatous disease: the
engraftment dilemma. Mol Ther 19: 28-35.

Weisser, M, et al. (2016). Hyperinflammation in patients with chronic
granulomatous disease leads to impairment of hematopoietic stem cell
functions. J Allergy Clin Immunol 138: 219-228 e219.

Malech, HL, et al. (1997). Prolonged production of NADPH oxidase-
corrected granulocytes after gene therapy of chronic granulomatous
disease. Proceedings of the National Academy of Sciences of the United
States of America 94: 12133-12138.

Ott, MG, et al. (2006). Correction of X-linked chronic granulomatous
disease by gene therapy, augmented by insertional activation of MDS1-
EVI1, PRDM16 or SETBP1. Nature medicine 12: 401-409.

Kang, EM, et al. (2010). Retrovirus gene therapy for X-linked chronic
granulomatous disease can achieve stable long-term correction of oxidase
activity in peripheral blood neutrophils. Blood 115: 783-791.

Kang, HJ, et al. (2011). Retroviral gene therapy for X-linked chronic
granulomatous disease: results from phase I/Il trial. Mol Ther 19: 2092-
2101.

Stein, S, et al. (2010). Genomic instability and myelodysplasia with
monosomy 7 consequent to EVI1 activation after gene therapy for chronic
granulomatous disease. Nature medicine 16: 198-204.

Santilli, G, et al. (2011). Biochemical correction of X-CGD by a novel
chimeric promoter regulating high levels of transgene expression in
myeloid cells. Mol Ther 19: 122-132.



83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Kohn, DB, Thrasher, A.]. (Personal communication.).

Chiriaco, M, et al. (2014). Dual-regulated lentiviral vector for gene therapy
of X-linked chronic granulomatosis. Mol Ther 22: 1472-1483.

Bosticardo, M, Marangoni, F, Aiuti, A, Villa, A, and Grazia Roncarolo, M
(2009). Recent advances in understanding the pathophysiology of
Wiskott-Aldrich syndrome. Blood 113: 6288-6295.

Worth, AJ], and Thrasher, AJ (2015). Current and emerging treatment
options for Wiskott-Aldrich syndrome. Expert review of clinical
immunology 11: 1015-1032.

Thrasher, AJ, and Burns, SO (2010). WASP: a key immunological
multitasker. Nature reviews Immunology 10: 182-192.

Boztug, K, et al. (2010). Stem-cell gene therapy for the Wiskott-Aldrich
syndrome. The New England journal of medicine 363: 1918-1927.

Braun, C], et al. (2014). Gene therapy for Wiskott-Aldrich syndrome--long-
term efficacy and genotoxicity. Sci Transl Med 6: 227ra233.

Charrier, S, et al. (2007). Lentiviral vectors targeting WASp expression to
hematopoietic cells, efficiently transduce and correct cells from WAS
patients. Gene Ther 14: 415-428.

Aiuti, A, et al. (2013). Lentiviral hematopoietic stem cell gene therapy in
patients with Wiskott-Aldrich syndrome. Science 341: 1233151.
Hacein-Bey Abina, S, et al. (2015). Outcomes following gene therapy in
patients with severe Wiskott-Aldrich syndrome. Jama 313: 1550-1563.
Williams, DA (Personal communication).

Biasco, L, et al. (2016). In Vivo Tracking of Human Hematopoiesis Reveals
Patterns of Clonal Dynamics during Early and Steady-State Reconstitution
Phases. Cell stem cell 19: 107-1109.

McCauslin, CS, et al. (2003). In vivo retroviral gene transfer by direct
intrafemoral injection results in correction of the SCID phenotype in Jak3
knock-out animals. Blood 102: 843-848.

Pike-Overzet, K, et al. (2011). Correction of murine Rag1 deficiency by
self-inactivating lentiviral vector-mediated gene transfer. Leukemia :
official journal of the Leukemia Society of America, Leukemia Research
Fund, UK.

Yates, F, et al. (2002). Gene therapy of RAG-2-/- mice: sustained
correction of the immunodeficiency. Blood 100: 3942-3949.

Benjelloun, F, et al. (2008). Stable and functional lymphoid reconstitution
in artemis-deficient mice following lentiviral artemis gene transfer into
hematopoietic stem cells. Mol Ther 16: 1490-1499.

Punwani, D, et al. (2017). Lentivirus Mediated Correction of Artemis-
Deficient Severe Combined Immunodeficiency. Human gene therapy 28:
112-124.

Yu, PW, et al. (2004). Sustained correction of B-cell development and
function in a murine model of X-linked agammaglobulinemia (XLA) using
retroviral-mediated gene transfer. Blood 104: 1281-1290.

Ng, YY, et al. (2010). Correction of B-cell development in Btk-deficient
mice using lentiviral vectors with codon-optimized human BTK. Leukemia
: official journal of the Leukemia Society of America, Leukemia Research
Fund, UK 24:1617-1630.



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Kerns, HM, et al. (2010). B cell-specific lentiviral gene therapy leads to
sustained B-cell functional recovery in a murine model of X-linked
agammaglobulinemia. Blood 115: 2146-2155.

Bestas, B, et al. (2014). Splice-correcting oligonucleotides restore BTK
function in X-linked agammaglobulinemia model. The Journal of clinical
investigation 124: 4067-4081.

Brown, MP, et al. (1998). Thymic lymphoproliferative disease after
successful correction of CD40 ligand deficiency by gene transfer in mice.
Nature medicine 4: 1253-1260.

Sacco, MG, et al. (2000). Lymphoid abnormalities in CD40 ligand
transgenic mice suggest the need for tight regulation in gene therapy
approaches to hyper immunoglobulin M (IgM) syndrome. Cancer Gene
Ther 7: 1299-1306.

Tahara, M, et al. (2004). Trans-splicing repair of CD40 ligand deficiency
results in naturally regulated correction of a mouse model of hyper-IgM
X-linked immunodeficiency. Nature medicine 10: 835-841.

Carmo, M, et al. (2015). Perforin gene transfer into hematopoietic stem
cells improves immune dysregulation in murine models of perforin
deficiency. Mol Ther 23: 737-745.

Tiwari, S, et al. (2016). High Level of Perforin Expression Is Required for
Effective Correction of Hemophagocytic Lymphohistiocytosis. Human
gene therapy.

Rivat, G, et al. (2013). SAP gene transfer restores cellular and humoral
immune function in a murine model of X-linked lymphoproliferative
disease. Blood 121: 1073-1076.

Bauer, TR, Jr., and Hickstein, DD (2000). Gene therapy for leukocyte
adhesion deficiency. Curr Opin Mol Ther 2: 383-388.

Hunter, M], Tuschong, LM, Fowler, CJ, Bauer, TR, Jr., Burkholder, TH, and
Hickstein, DD (2011). Gene therapy of canine leukocyte adhesion
deficiency using lentiviral vectors with human CD11b and CD18
promoters driving canine CD18 expression. Mol Ther 19: 113-121.
Leon-Rico, D, et al. (2016). Lentiviral Vector-Mediated Correction of a
Mouse Model of Leukocyte Adhesion Deficiency Type I. Human gene
therapy 27: 668-678.

Moiani, A, et al. (2014). Genome-wide analysis of alpharetroviral
integration in human hematopoietic stem/progenitor cells. Genes 5: 415-
429.

Suerth, JD, et al. (2012). Alpharetroviral self-inactivating vectors: long-
term transgene expression in murine hematopoietic cells and low
genotoxicity. Mol Ther 20: 1022-1032.

Deyle, DR, Khan, IF, Ren, G, and Russell, DW (2013). Lack of genotoxicity
due to foamy virus vector integration in human iPSCs. Gene Ther 20: 868-
873.

Genovese, P, et al. (2014). Targeted genome editing in human
repopulating haematopoietic stem cells. Nature 510: 235-240.

De Ravin, SS, et al. (2017). CRISPR-Cas9 gene repair of hematopoietic
stem cells from patients with X-linked chronic granulomatous disease. Sci
Transl Med 9.



118.

119.

120.

Hubbard, N, et al. (2016). Targeted gene editing restores regulated CD40L
function in X-linked hyper-IgM syndrome. Blood 127: 2513-2522.
Merling, RK, Kuhns, D.B., Sweeney, C.L., Wy, X,, Burkett, S., Chu, ], Lee, ].,
Koontz, S., di Pasquale, G., Afione, S.A., Chiorini, J.A., Kang, E.M., Choi, U., de
Ravin, S.S., Malech, H.L. (2017). Gene-edited pseudogene resurrection
corrects p47phox-deficient chronic granulomatous disease. Blood
Advances 1: 270-278.

Dever, DP, et al. (2016). CRISPR/Cas9 beta-globin gene targeting in
human haematopoietic stem cells. Nature 539: 384-389.



