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Abstract

Virus-based vectors are widely used in hematopoietic stem cell (HSC) gene therapy, and have the
ability to integrate permanently into genomic DNA, thus driving long-term expression of
corrective genes in all hematopoietic lineages. To date, HSC gene therapy has been successfully
employed in the clinic for improving clinical outcomes in small numbers of patients with X-linked
severe combined immunodeficiency (SCID-X1), adenosine deaminase deficiency (ADA-SCID),
adrenoleukodystrophy (ALD), thalassemia, chronic granulomatous disease (CGD), and Wiskott-
Aldrich syndrome (WAS). However, adverse events were observed during some of these HSC
gene therapy clinical trials, linked to insertional activation of proto-oncogenes by integrated
proviral vectors leading to clonal expansion and eventual development of leukemia. Numerous
studies have been performed to understand the molecular basis of vector-mediated genotoxicity,
with the aim of developing safer vectors and lower-risk gene therapy protocols. This review will
summarize current information on the mechanisms of insertional mutagenesis in hematopoietic
stem and progenitor cells due to integrating gene transfer vectors, discuss the available assays for
predicting genotoxicity and mapping vector integration sites, and introduce newly-developed
approaches for minimizing genotoxicity as a way to further move HSC gene therapy forward into
broader clinical application.
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Introduction

Over the past two decades, hematopoietic stem cells (HSC) based gene therapy has been
used in clinical trials for severe inherited diseases such as X-linked severe combined
immunodeficiency (SCID-X1) [1,2], adenosine deaminase deficiency (ADA-SCID) [3,4],
X-linked chronic granulomatous disease (X-CGD) [5,6], X-linked adrenoleukodystrophy
(X-ALD) [7] and Wiskott-Aldrich syndrome (WAS) [8]. Initial disappointment with results
in the 1990s, due to low HSC gene transfer efficiency, was replaced by optimism beginning
around 2000, as improved transduction conditions and vectors began to result in evidence
for reversal of clinical immunodeficiency syndromes. However, serious safety concerns
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were raised just a few years later, when in 2003 clonal vector-associated leukemias were
reported in several patients enrolled in the pioneering SCID-X1 trial [9,10]. The
development of methods for evaluating viral vector genotoxicity and design of lower risk
integrating vectors is critical for further use of HSC genetic modification to treat inherited
and acquired diseases. In this review, we will summarize what has been learned regarding
vector-related genotoxicity from human clinical trials (Table 1), 7n vitro studies, and animal
models, and suggest ways to reduce this risk, in order to move HSC gene therapy forward
safely.

Results of pivotal HSC gene therapy human clinical trials
HSC gene therapy trials for SCID-X1

SCID-X1 is an X-linked inherited disorder caused by inactivating mutations of the yC
cytokine receptor common subunit gene, located on the X-chromosome. Patients with SCID-
X1 lack mature T and NK cells, and die in early childhood due to severe infections resulting
from profound immunodeficiency [11,12]. In 2000, the first report of successful gene
therapy for SCID-X1 provided a tremendous boost for the field [1]. In this trial, autologous
bone marrow CD34* cells were collected and transduced with a replication-defective yC
Moloney retrovirus containing the corrective gene, and reinfused into the patients without
any myeloablation. By 10 months post-infusion, the T and NK compartments had been filled
by yC transgene-expressing cells. T, B, and NK cell counts and function, including antigen-
specific responses, were comparable to those of healthy children of the same age [1], and at
a median of 9 years follow-up, a recent paper documented complete correction of the
immunodeficiency associated with SCID-X1 in these patients [2].

However, almost 3 years after gene therapy, uncontrolled exponential clonal proliferation of
vector-containing T cells was observed in the two youngest patients. Remarkably, the
leukemic cells in both patients were shown to have proviral insertions activating aberrant
LMO?2 gene expression [10]. From 1999 to 2009, a total of 20 patients with SCID-X1
underwent HSC gene therapy with corrective y-retroviral vectors in trials in France and
England [13,14]. To date, five of 20 have developed T cell leukemias between 23 and 68
months after receiving transduced CD34* cells, with one death, and successful treatment of
the other four with chemotherapy and/or allogeneic transplantation [15,16]. Activation of the
proto-oncogene LMO?Z via the proviral enhancer was documented in all four cases and the
CCND? proto-oncogene in the fifth (Table 1).

These findings raised concerns about the safety of gene therapy and promoted in-depth
analysis of the genotoxicity of viral vectors. Many theories were initially put forward
suggesting that the risk of leukemia was unique to the particulars of the SCID-X1 trial in
France, and would not extend to other diseases being treated with HSC gene therapy, or
even to other SCID-X1 trials using slightly different vectors, transduction conditions or
patient populations. Factors proposed to contribute to the high apparent risk included the
underlying severity of the immunodeficiency in X-SCID, constitutive activation of the
signaling molecule transgene, the young age of the patients, very high doses of CD34% cells,
the transduction conditions or particular vector backbone utilized in France but not other
SCID-X1 trials, expanded target lymphoid progenitors, rapid T cell expansion in vivo
following correction, or some unique synergy between the yC transgene and LMO?2
activation [17,18]. However, the eventual occurrence of similar leukemias in a separate
British trial, utilizing a slightly different vector and transduction conditions, along with
occurrence of leukemia linked to vector insertions in other clinical situations and in animal
models as described below, silenced most of this speculation, and suggested that there were
significant inherent risks resulting from vector integration into the genome of HSCs.
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HSC gene therapy trials for ADA-SCID patients

After several studies completed in the 1990s did not provide evidence for significant
immunologic improvement or clinical benefit, likely due to insufficient HSC transduction
efficiency and/or poor transgene expression [19,20], a more successful gene therapy trial for
ADA-SCID was performed in Milan, utilizing yy-retroviral Moloney murine leukemia virus
(MLYV) vectors to deliver a normal human ADA gene [3]. Patients received
nonmyeloablative conditioning with busulfan before infusion [3], since it appears that in
ADA deficiency, corrected T cell progenitors do not robustly outcompete uncorrected cells
without some advantage supplied by at least partial myeloablation. Immune reconstitution
and normal T cell function were observed in nine of ten patients [4]. As opposed to the
SCID-X1 trial, none of the 19 patients with ADA deficiency (median follow-up period, 3
years; range, 0.5-9 years) showed any adverse effects, with no progression to clonal
hematopoietic or any evidence for hematopoietic malignancies [13,21].

Insertion site analysis in genetically corrected CD34* cells and their multilineage progeny
before and up to 47 months after transplantation into 5 patients with ADA-SCID revealed
that retroviral insertions sites (IS) were in gene-dense regions, promoters, and
transcriptionally active genes, both in preinfusion transduced CD34% cells and in vivo cells
after gene therapy [22]. Insertion sites were identified close to or within proto-oncogenes or
genes controlling cell growth and self-renewal including ZMO?Z. But in this group of
patients, the T cells carrying LZMOZ21S did not clonally expand and did not progress to
leukemia [22]. These observations indicate that the properties of the transduced progenitor,
its 1n vivo proliferative history, the underlying disease and transgene, or specific vector and
transduction characteristics could impact on the likelihood that potentially “dangerous
clones” progress to clonal dominance and leukemia. Insertions in potentially dangerous
genomic sites are not sufficient per se to induce a proliferative advantage in T cells in vivo,
and oncogenic transformation likely requires multiple cooperating events beyond proviral-
linked insertional mutagenesis.

HSC gene therapy trials for X-CGD patients

X-linked chronic granulomatous disease (CGD) is caused by mutations of the C'YBB gene,
encoding gp91PhoX required by neutrophils to produce microbicidal oxidants. Patients
develop recurrent life threatening bacterial and fungal infections [23]. Several trials were
performed in the 1990s without the use of conditioning prior to infusion of transduced cells,
and failed to show long-term engraftment of corrected neutrophils or any clinical benefit. In
a more recent trial, two patients received corrected CD34% cells after busulfan conditioning
[5]. A monocistronic gamma retroviral vector pSF71 was used to express gp91Phox,
Significant levels of corrected neutrophils and monocytes and notable clinical improvements
with clearance of serious chronic infections were observed in both patients. However,
marked expansion of vector-containing myeloid cells occurred in both patients beginning
several months following infusion, and was linked to expansion of multiple clones with
proviral activation of insertional activation of MDSI/EVII, SETBPI or PRDM16 genes, and
silencing of the gp9/PhoX transgene. Both patients eventually developed monosomy 7 in an
MDS I/EVII dominant clone and progressed to myelodysplasia/acute myeloid leukemia at
15 or 28 months post-infusion. One patient died 27 months after gene therapy of sepsis [9].
In another gene therapy trial for X-CGD conducted at the NIH [6], three patients received
CD34* cells transduced with an MFGS retroviral vector encoding gp91PhoX also following
busulfan conditioning. Sustained long-term correction of neutrophils with clinical
improvement occurred in two patients, with no evidence for clonal dominance or
progression to myelodysplastic syndrome (MDS) during 3 years follow-up [6]. The different
degree of insertional genotoxicity observed in these two otherwise very similar trials may be
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related to the more potent proviral enhancer contained in the SF71 vector backbone
compared to the MFGS backbone, more likely to activate nearby proto-oncogenes.

HSC gene therapy trials for WAS patients

A German group recently published results on two patients entered into a gene therapy trial
for Wiscott-Aldrich Syndrome (WAS), an X-linked recessive primary immunodeficiency-
thrombocytopenia disorder [8]. The CMMP retroviral vector backbone expressed the WAS
protein, and was pseudotyped with the gibbon ape leukemia virus (GALV) envelope protein.
Moderate dose busulfan was given before reinfusion of CD34" cells. The clinical condition
of both patients markedly improved, and functional improvement of T cells, B cells, NK
cells, and monocytes was documented, along with an increase in the platelet count. During
the initial follow-up period of 2 and a half years reported in the paper, the clonal distribution
and fate of gene-corrected cells in vivo were monitored by large-scale analyses of retroviral
vector insertion sites and a highly polyclonal reconstitution pattern was found. However,
both patients had clones with IS in the ZMO2Z, CCND2Z2, and BMII genes detected in T cells,
all genes shown to trigger malignant transformation of CD3* T cells when activated by
vector insertions in patients with SCIDX1. Clones with insertions in MDS1/EVI],

PRDM 16, and SETBPI were detected in granulocytes, genes associated with myeloid clonal
expansion in patients with CGD [8]. However, in unpublished data reported at the 2010
American Society of Hematology Meeting, Dr. Christoph Klein, the lead trial investigator,
reported that one patient had developed T-ALL linked to a clone with vector-activated
LMO?, similar to the T-ALLs observed in the SCID-X1 trial. This occurrence clearly
indicates that T-ALLs, even those linked to ZMO?Z activation, are not confined to SCID-X1
trials and do not require participation of the yC receptor transgene or rapid expansion of T
cells into an empty T cell compartment, since none of these conditions existed in the WAS
trial.

HSC gene therapy trial for X-ALD patients

X-linked adrenoleukodystrophy (X-ALD) is a fatal neurodegenerative disease caused by
ABCD] gene mutations, resulting in a shortage (deficiency) of adrenoleukodystrophy
protein (ALDP) and an inability to process very long chain fatty acids [24]. Replacement of
brain HSC-derived microglial cells via HSC gene therapy was hypothesized to be a potential
therapeutic approach, and a pilot study using a replication-defective lentiviral vector
expressing the ABCDI gene to transducer autologous CD347 cells enrolled two patients and
was reported in 2009 [7]. Reconstitution with 9% to 14% of granulocytes, monocytes, and
Tand B lymphocytes expressing the corrective protein was observed for the 24 to 30 months
of follow-up. The progressive cerebral demyelination characteristic of ALD appeared to
slow in the two patients [7]. Large-scale analysis of lentivirus IS revealed a high number of
distinct ISs, indicating a consistently polyclonal distribution of lentivirally-corrected
hematopoietic cells over time. As expected for lentiviruses, insertions were distributed
mainly in gene coding regions without a particular preference for transcriptional start sites.
There was no evidence for clonal expansion over time in either patient.

HSC gene therapy trial for B-thalassemia patients

The B-thalassemias are inherited disorders caused by mutations in the B-globin gene or its
promoter/enhancer elements, characterized by absent or severely reduced B-globin protein
production, and complete transfusion dependence for survival in f-thalassemia major. Gene
therapy for hemoglobin disorders has been pursued for decades in the laboratory, because it
conceptually holds great promise for these disorders, via permanent production of functional
red blood cells from genetically-modified HSCs [25]. A clinical trial using an HIV-based
lentiviral vector to express the corrective B-globin was initiated in 2007 [26]. An 18-year-
old male patient with B(E)/B(0)-thalassemia received autologous transduced CD34* cells
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following busulfan conditioning. One year after the treatment, the patient became
transfusion-independent with increased levels of B-globin. This improvement was stable for
at least 33 months of follow-up. Approximately 11% of circulating nucleated cells contained
the vector; however unlike the polyclonal pattern seen in ALD following HIV-based gene
transfer, in this patient clonal dominance of myeloid/erythroid cells containing an insertion
in the HMGAZ2 developed. Most of the therapeutic benefit resulted from erythropoiesis
originating from this dominant clone. Although abnormal HMGAZ2 expression has been
implicated as a potential oncogenic stimulus, the authors note that increased levels of the
protein were present in only 5% of all circulating hematopoietic cells, and that there was no
evidence of further expansion or a malignant or pre-malignant state. A splicing event
between the vector globin transcript and the HMGAZ2 locus resulted in increased expression
of a truncated HMGAZ2 transcript insensitive to normal let-7 microRNA-mediated
degradation. In a recent murine model, the truncated HmgaZ transcript has been shown to
confer a clonal growth advantage [27]. It remains unclear whether this was an
extraordinarily rare outcome of a single integration and splicing event in a single myeloid
progenitor that will be unlikely to progress to leukemia, and unlikely to occur in additional
patients, or whether this is more concerning event that indicates these safety-modified
lentiviruses will also result in an unacceptable rate of genotoxicity.

Methodology for tracking virus insertion sites

Several different classes of integrating viral vectors have been used in experimental and
clinical gene therapy studies to achieve stable expression of corrective genes in HSCs and
their progeny. However, an integrated vector provirus can influence the expression of
adjacent genes, up to 50-100 kb away, and confer an altered phenotype on the gene-
modified target cell. As summarized above, clinical gene therapy protocols utilizing
integrating vectors have already been shown to result in both clinical improvement, but also
in insertional activation of proto-oncogenes and resulting malignant or premalignant
uncontrolled clonal expansions in several patients with SCID-X1, WAS, and X-CGD
[5,10,16]. It is thus very important to be able to identify and track proviral integration sites
in individual transduced clones after transduction and following engraftment with the
transduced HSCs. It is even more important to identify IS in the setting of clonal dominance
or transformation to vector-associated malignancies, in order to gain deeper insights into
vector-host cell interactions and to understand and potentially avoid genotoxicity [22]. Prior
to the sequencing of the entire human and murine genomes, identification of integration sites
had been difficult and not particularly fruitful, since integrating retroviruses do not appear to
target a particular sequence motif or a small set of genes. However, the availability of the
draft complete human genome sequence in 2001 opened the door to detailed IS analysis.
Several methods for identifying and tracking vector IS have been developed over the past
two decades. Here we summarize the different methods (as shown in Fig. 1) and discuss
their efficiency, sensitivity and biases. All rely on working out from known sequences in the
proviral integrated genome into the unknown adjacent eukaryotic genomic DNA, isolating
the junction fragment, amplifying it and sequencing it.

Inverse polymerase chain reaction (IPCR)

In 1988, Howard et al. published a method for 7n vitro amplification of unknown DNA
sequences that flank a region of known sequence [28]. A frequent cutting restriction enzyme
is used to cleave genomic DNA into small fragments, which are then ligated into circles. In
contrast to conventional PCR used to amplify known DNA fragments, in inverse PCR
primers annealing to known sequences in the LTR are oriented in the reverse direction, away
from each other, and used to amplify the circularized DNA, including the LTR-genomic
DNA junction. Amplified DNA can then be sequenced. This was the first reported approach
for isolating genomic integration sites; however, it has a number of drawbacks. It is
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inefficient and insensitive, since the vast majority of fragmented DNA does not contain any
LTR sequences and is not amplified, but acts as a sink for ligase and other reaction
components. Some fragments may be too small or too large to be efficiently ligated into
circles, and many circles may be too large to allow amplification. Differences in the size of
the circles, and thus the size of the amplified fragment, greatly impact on the likelihood of
detecting any specific insertion site. The dependence on restriction enzyme digestion also
imparts bias, via all the issues listed above in terms of highly variable fragment lengths.
However, the technique is quite simple, and has been successfully utilized for sophisticated
IS retrieval following HSC gene transfer in non-human primates and murine tumors [29,30].

Ligation-mediated PCR (LM-PCR)

In 1989, ligation-mediated PCR (LM-PCR) was first described [31]. Genomic DNA is
digested with frequent-cutting restriction enzymes, similar to the first step in inverse PCR.
However, instead of circularizing the DNA, a linker is ligated to the genomic end of the
cleaved DNA, and PCR amplification using one primer annealing to the linker and another
to the vector LTR results in amplification of the vector-genome junction, followed by
sequencing. This method has been adopted and modified by Kustikova et a/. in 2008 for
analyzing retroviral IS in HSCs [32].This method has restriction enzyme bias, and the linker
ligation step is very inefficient, since the vast majority of DNA “ends” are not on fragments
containing vector. This methodology has worked well to identify IS in clonal or oligoclonal
samples, with vector copy numbers of 0.10-0.20 or higher [33], but most clinical samples
have much lower copy numbers and it is not sufficiently sensitive or efficient to retrieve IS
effectively in this setting.

Linear amplification-mediated polymerase chain reaction (LAM-PCR)

A major advance in IS retrieval occurred one decade ago, when LM-PCR was modified by
von Kalle and coworkers to greatly increase sensitivity and efficiency in a method termed
“linear amplification mediated PCR” or LAM-PCR [34-36]. Efficiency and sensitivity was
greatly increased by adding in a linear amplification step, using a biotinylated primer
annealing to the LTR in the orientation out toward the junction with genomic DNA, and
then purifying these amplified fragments away from non-vector-containing DNA via
strepavidin-coated magnetic beads. These purified fragments are converted to dsDNA by
random hexamer priming, digested with a restriction enzyme(s), typically frequent-cutting
enzymes with a 4 bp recognition site, and then a double-stranded linker is ligated to the
ends. Exponential nested PCR using primers annealing to the linker and to the LTR
(identical to LM-PCR) is followed by direct sequencing, shotgun cloning into bacterial
plasmids and sequencing or pyrosequencing. The technique is technically challenging and
labor intensive.

LAM-PCR allows isolation and identification of large numbers of IS in highly polyclonal
samples, as demonstrated in numerous publications reporting IS data from clinical trials and
preclinical primate studies [5,9,15,16,37]. It is very sensitive, down to close to a single cell
level. It is much more efficient, in terms of “signal to noise (PCR and cloning artifacts)
when the overall level of vector copy number is at least 0.01, in our experience. Relatively
small amounts of DNA are sufficient for most analyses (100-500 ng), allowing analysis of
sorted cell populations for tracking of clones in specific lineages over time. We would stress
that simply running out LAM-PCR products on a thin gel and seeing multiple bands is not
sufficient to document polyclonality or come to other conclusions regarding IS, but that
shotgun sequencing or pyrosequencing and actual identification of IS is required for
rigorous analysis.
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But LAM-PCR also has limitations. It is impossible to detect the entire constellation of
vector integration sites using any method that relies on restriction enzyme cutting, since
some IS occur either too close or too far from any specific restriction enzyme site, resulting
in fragments that are too small to resolve, or alternatively, too long to be amplified, thus
limiting the analysis to a subset of clones in a mix [38,39]. For instance, frequent-cutting
enzymes recognizing AATT motifs can only access to 54.5% of all possible integrations in
the human genome. A combination of the 5 most potent four cutter restriction enzymes gives
access to 88.7% of the analyzable genome; however, performing LAM-PCR with 5 different
enzymes is even more labor intensive, expensive, and impractical in terms of the amounts of
DNA required [39]. Like inverse PCR, there is little evidence that LAM-PCR is sufficiently
quantitative to draw conclusions regarding the relative frequencies of individual clonal
contributions to a population of cells, short of very marked skewing, usually confirmed by
Southern blot or allele-specific PCR. This is due to differences in efficiency of ligation and
amplification depending on fragment length and potentially chromatin characteristics. In
other words, if an individual IS clone represents 20% of contigs identified by shotgun
cloning following LAM-PCR, this does not mean that the clone is truly present in 20% of
the starting cell population.

The power of any IS retrieval methodology has been greatly increased by replacing shotgun
cloning and then sequencing of inverse PCR or LAM-PCR products with high throughput
direct sequencing methodologies such as 454 pyrosequencing [40], Instead of at most
hundreds of IS being able to be isolated and identified by an army of laboratory members
over a time period of months to years, these new sequencing approaches can generate
thousands of IS in a day or two [41].

Another nonrestrictive method was reported by Pule et al. [42], termed flanking-sequence
exponential anchored-polymerase chain reaction (FLEA-PCR). In contrast to standard
LAM-PCR, following the linear PCR step, primers containing a known sequence and then a
random sequence library are used for priming the single-stranded DNA, followed by
exponential nested PCR and sequencing. This method should be able to decrease bias and
allow more consistent and possibly quantitative detection of vector integration sites. But the
efficiency and sensitivity of these methods need to be tested, in combination with high-
throughput 454 pyrosequencing.

Nonrestrictive linear-amplification-mediated PCR (nrLAM-PCR)

To avoid the biases related to restriction enzymes cutting in the methods described above, a
nonrestrictive linear-amplification-mediated PCR (nfLAM-PCR) was recently developed by
von Kalle’s group [34,36,39]. This method starts identically to LAM-PCR, using a
biotinylated LTR-specific primer for the linear amplification step. But instead of converting
ssDNA to dsDNA after linear PCR and bead enrichment, and then cutting with a restriction
enzyme, the single-stranded DNA fragments containing the provirus-genome junctions are
ligated to a linker oligonucleotide without any restriction enzyme cutting, and exponential
nested PCR is then followed by high-throughput pyrosequencing. Because the single-
stranded ligation step in ntLAM-PCR is less efficient than ligation to dsDNA in standard
LAM-PCR, the sensitivity of nfLAM-PCR is lower, and larger DNA samples are required.

Transposase MuA based method

Recently, Brady et al. reported a new method based on phage Mu transposition for tracking
virus integration sites [43]. This method uses the bacterial transposase MuA to introduce
adaptors into genomic DNA to allow PCR amplification. There are no restriction enzyme or
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ligation steps and it is quick and simple. It appears to recover integration sites in a near
random fashion, and provides at least a rough measure of clonal abundance.

Distribution of integration sites for different classes of vectors

Human gene therapy clinical studies provide important information about gene therapy
efficiency and genotoxicity of viral vectors. However, information is limited due to the
small number and size of the clinical studies, and potential impact of the underlying disease
on the clonal reconstitution pattern. Therefore, integration analyses of viral vectors in cell
lines and in animal models have been very helpful to assess vector genotoxicity
preclinically, and to investigate IS distribution of different vectors. Before the sequence of
the human genome became available a decade ago, it was impossible to study IS
distribution. Soon after the genome was published, the first large scale analysis of HIV
lentivirus IS in a human T cell line was published by using LM-PCR [44]. There was an
unexpectedly strong bias for HIV IS within genes, particularly transcribed genes that were
activated in cells after infection by HIV-1. Comparative studies of IS patterns for other viral
vectors such as MLV, avian sarcoma leukosis virus (ASLV) and foamy viruses were then
performed in various cell lines [45—48]. In a landmark study from Wu ef al., 903 MLV
integrations and 379 HIV-1 integrations were mapped after transduction and short-term
culture of a human cell line, demonstrating that MLV retroviruses integrated near the start of
transcriptional units whereas HIV-1 was again shown to preferentially integrated anywhere
within the transcriptional unit, but not upstream of the transcriptional start site [47]. Avian
sarcoma leukosis virus and foamy viruses were shown to have the weakest preferences for
transcriptional units [45,46].

Both vector and target cell characteristics can impact on integration patterns. Retroviral
vector (RV) long-terminal repeat (RV-LTR) strong promoter/enhancer elements can change
the expression levels of nearby host genes, The mechanisms of the RV-LTR in oncogenesis
were reviewed recently by Dr. Trobridge [49]. For MLVand HIV vectors, the pattern of
gene activation influences the loci most likely to be preferred integration sites, therefore the
activation status of the cell, the target cell type (HSC versus lymphocyte for instance), and
cell culture conditions during transduction, would be expected to influence integration
profiles via epigenetic and transcriptional pathways [45,50-52]. Viral factors including the
gag component of the integrase and interaction of the provirus or viral proteins with target
cell proteins such as lens epithelium-derived growth factor (LEDGF) also play crucial roles
in controlling integration profiles [53—57]. The interactions of the host cell genome and
integrating viruses still require further investigation to fully characterize the factors
influencing viral vector integration patterns.

One common approach for evaluating genotoxicity in vitro has been developed based on
high level transduction of primary murine bone marrow cells, expansion, and then limiting
dilution plating to detect immortalized clones [58]. This technique was developed based on
the earlier observation by Du et al. that immortalized myeloid cells arose following
transduction with MLV vectors containing only a marker gene, and that these clones
contained vector insertions activating expression of Evi/ or related proto-oncogenes [59].
Using this approach, the authors showed that self-inactivating (SIN) MLV vectors using a
strong internal enhancer/promoter may also transform cells by insertional mutagenesis, but
that the transforming capacity was significantly reduced compared with standard LTR
containing vectors [58]. This method was also used to compare genotoxicity of other classes
of various viral vectors [60,61].
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Insights from HSC gene transfer animal models

As early as 1992, there was evidence that integration of proviruses into the genome of
hematopoietic stem and progenitor cells could result in tumors. Rhesus macaques
transplanted with CD34% cells transduced with MLV vectors developed T cell leukemia/
lymphoma, but these animals were found to be viremic with replication-competent
recombinant retroviruses that arose in the producer cell line, and the tumors were attributed
to scores of integration events arising in this unusual situation [62]. Regulatory agencies and
investigators focused on ensuring that producer cell lines were not contaminated with
replication-competent recombinant viruses, and the assumption was that the risk of
insertional mutagenesis was extremely low. In 2002, the first report was published regarding
a murine leukemia arising in an animal receiving HSCs transduced with a replication-
defective retroviral vector. The leukemic insertion site was near the Evi/ gene [33,63].
However, the short lifespan of mice and relatively low mutagenesis risk detected using
clinical vectors hampered studies of genotoxicity in normal mice. Tumorprone Cdkn2a™'~
mice, which are particularly susceptible to cancer-triggering genetic lesions due to the
presence of predisposing genetic lesions in all somatic cells, proved very useful to study
genotoxicity of retroviral and lentiviral vectors [64,65]. The results from this mouse model
suggested that retroviral vectors triggered leukemia/lymphomas contingent on LTR
enhancer activity in a dose dependent manner; in contrast, lentiviral vectors seem relatively
safe even with a higher integration load. IS enrichment in oncogenes and cell cycle related
genes was found in retroviral vectors but not in lentiviral vector insertion patterns. This
mouse model was also used to evaluate genotoxicity of vectors with removal of enhancer
elements (SIN y-retroviral vectors), and greatly reduced genotoxicity of these modified
vectors was confirmed [66].

The downside to all murine models is the fact that mice are short-lived animals, and
transplantation of cells transduced with most vectors containing therapeutic genes into
normal mice has generally not resulted in tumors within their life span. One approach to
accelerate genotoxicity in the mouse has been to perform serial transplants, with progression
to clonal hematopoiesis and leukemia in secondary and tertiary transplant recipients,
presumably due to much more intense selective pressure for activated proto-oncogenes in a
setting requiring rapid HSC expansion [33]. However, there are numerous differences
between murine and human hematopoiesis, and the serial transplant murine models still
require almost a year of follow-up. Even though there are a lot of disadvantages of using
mouse models for preclinical gene therapy development, they can help to assess HSC gene
therapy efficacy in disease models, and give relevant insights into safety. Many reports have
used a humanized mouse model to engraft transduced human long-term repopulating cells as
another relevant approach to optimize gene therapy technology or test gene therapy
efficiency [67-70].

However, we believe that large animal models will also be desirable to fully evaluate
genotoxicity in preclinical gene therapy studies. Dogs and non-human primates have been
investigated and appear to be predictive models [71]. Dogs are relatively easy to handle, and
inbreeding has produced a number of models for human inherited genetic diseases, including
a-l-iduronidase deficiency, SCID-X1, canine leukocyte adhesion deficiency (CLAD) and
pyruvate kinase deficiency [72—75]. HSC gene therapy has been tested in dog models
showing phenotypic correction of canine SCID-X1 and CLAD, which provided important
information for clinical studies [76,77]. In a dog model comparing IS of long-term
repopulating cells transduced with y-retroviral vectors, lentiviral vectors or foamy viral
vectors [78]. y-retroviral vectors showed a high frequency of IS close to transcription start
sites. Also, y-retroviral proviruses were found more frequently within and close to proto-
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oncogene transcription sites than lentiviral or foamy vectors. These data confirm that this
retroviral system may be the most prone to risky gene activation.

Compared with dog models, nonhuman primates have a closer genetic relationship to
humans, and results from these models better predict outcome in human gene therapy trials
[71]. Genotoxicity related study results from nonhuman primates are the most relevant data
available to help assess the risk of insertional mutagenesis associated with viral vector gene
transfer in humans. We followed 42 rhesus macaques, 23 baboons, and 17 dogs with
significant levels of gene transfer for a median of 3.5 years with marker or drug-resistance
genes containing retroviral vectors transduced CD34% cells. In this study, no evidence of
progression toward oligoclonal or monoclonal hematopoiesis was observed [79]. However,
5 years after transplantation, one rhesus macaque developed a fatal myeloid sarcoma, a type
of acute myeloid leukemia. Analysis of the tumor showed two clonal vector insertions, and
one was in the anti-apoptotic gene BCL2-A1[80].

Our laboratory also compared genomic integration sites of the widely used y-retroviral
vector MLV and a lentiviral vector simian immunodeficiency virus (SIV) vector in
nonhuman primates. MLV or SIV transduced CD34% cells were transplanted and recipients
followed for 6 months to 6 years. MLV integrants were located predominantly around
transcription start sites while SIV integrants strongly favored transcription units and gene-
dense regions of the genome [37]. Insertions in the MDS1/EVII region were detected at a
very high frequency with MLV but not SIV following HSC transduction in primates,
although thus far we have not observed progression to abnormal hematopoiesis or leukemia
resulting from 7n vivo clonal expansion of the MDS1/EVII populations [81,82]. In vitro
expansion of transduced cells prior to transplantation resulted in more marked MDS1/EVII
clonal dominance [83].

Our group also investigated the use of ASLV vectors in rhesus long-term repopulating cells.
Compared with MLV and SIV vectors, ASLV vector integration was non-clustered, did not
favor gene-rich regions or transcription start sites, despite a weak preference for gene-coding
regions [46]. No insertions close to or within the MDS1/EVII locus were found in vivo
utilizing ASLV vectors. Moreover, ASLV LTRs do not have detectable promoter and
enhancer activity [84,85] in mammalian cells. These data suggests that optimized vectors
based on ASLYV could be useful and safe for gene therapy applications.

Impact of target cell characteristics

Compared with HSC targets, gene transfer into mature T cells appears less risky at least in
regards to genotoxicity. In human clinical trials utilizing MLV vectors to transducer mature
T cells, malignant transformation has not been observed even with 10 years follow-up [86—
88]. These observations suggest target cell characteristics may influence the genotoxicity of
integrating viral vectors. To clarify this issue, Newrzela ef al. directly compared
susceptibility of mature murine T cells and HSCs to transformation after retroviral gene
transfer of potent T cell oncogenes [89]. Mice receiving transduced HSCs all developed
Tcell lymphoma/leukemia; in contrast, none of the mice that received T cell transplants
transduced with the same vectors developed leukemia/lymphoma, despite persistence of
gene modified cells. The difference might be explained by the dependence of pre-malignant
mature T cell clones on major histocompatibility complex (MHC) self-peptide interactions
for survival, which would be restricted by the size of the corresponding MHC/self-peptide
niche. Proto-oncogenes responsible for self-renewal in HSCs may be accessible to vector
insertion in HSCs, in contrast to T cells.
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In most human gene therapy trials, y-retroviral vectors were used to transfer therapeutic
genes to autologous hematopoietic cells. However, serious adverse events, especially 5 cases
of leukemia in the SCID-X1 trial and 2 cases of MDS in the X-CGD trial, have raised strong
reservations regarding the further use of these vectors, due to their apparent high genotoxic
risk [13]. Powerful enhancer elements within the y-retroviral long-terminal repeats (LTRs)
of these vectors can activate the transcription of nearby proto-oncogenes. There is hope that
lentiviral vectors may be less genotoxic [64], based on their integration patterns: lentiviral
vectors integrate randomly in entire active transcribed genes while y-retroviral vectors
prefer promoter and enhancer regions and many lentiviruses therefore may be more likely to
inactivate than activate genes [37,47]. All lentiviral vectors under clinical development have
their LTR enhancers deleted, in order to decrease the risk of recombination with wild-type
HIV in a patient, but the added benefit of this design may be much lower risk for activation
of adjacent genes. However, as detailed above, despite these safety features and the
encouraging highly polyclonal integration pattern of lentiviral vectors in the X-ALD trial,
the single patient in the B-thalassemia trial developed marked clonal dominance of cells with
lentiviral vector-induced aberrant splicing and activation of the HMGA 2 gene [26]. No
integrating vector can be considered completely safe regarding insertional activation of
proto-oncogenes or inactivation of tumor suppressor genes or mirRNAs. All vectors need to
be assessed for their relative risk, and as many safety modifications as possible incorporated
based on results in preclinical testing.

Ongoing trials for SCID-X1 utilize SIN y-retroviral vectors with removal of LTR promoter/
enhancers, and instead use of an internal elongation factor (EF)-1a cellular promoter to
direct transgene expression. A second trial has been proposed utilizing a SIN lentiviral
vector that incorporates an insulator element to decrease activation of adjacent genes, and
also exploits the EF-1a promoter to drive gene expression. The comparison of clinical
outcomes and insertion-site profile in these two trials will provide very instructive safety
information on these two safety-modified vectors [90].

There are also several alternative virus vectors under development. The ASLV vector is
replication-incompetent in mammalian cells, with a promoter and enhancer in the LTR
selected for optimal expression in avian cells. Genome-wide analyses of ASLV integration
sites were done both in cell lines and in vivo in our rhesus macaques HSC transplantation
model. ASLV integration sites are distributed broadly in the human genome [48]. Despite a
weak preference toward gene-coding regions [4884], ASLV integration is non-clustered, and
does not favor gene-rich regions, transcription start sites nor CpG islands. There was no
propensity for ASLV insertions within or near proto-oncogenes, and most importantly, no
insertions close to or within the MDS1/EVII locus, which is in contrast to the significant
over-representation of this insertion site for MLV vectors in the same transplantation model
[48]. The combination of these features is unique for ASL'Vand suggests that optimized
vectors based on this virus could be useful and safe for gene transfer to HSCs and progenitor
cells.

Another alternative vector is based on the Foamy virus (FV). Analysis of FV vector
integration sites in vitro and in hematopoietic repopulating cells of dogs demonstrated a
unique integration profile and lack of preferential integration within genes, despite a modest
preference for integration near transcription start sites and a significant preference for CpG
islands. The genome wide distribution of FV vector proviruses was nonrandom, with both
clusters and gaps. Transcriptional profiling showed that gene expression had little influence
on integration site selection [45,91], suggesting that FV vector may be safer alternatives to
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y-retroviruses or lentiviral vectors. Several recent reviews summarize these and other
approaches to reducing genotoxicity via redesign of current vectors or development of
completely novel vectors [49,92].

Optimization of ex vivo cell culture conditions and cytokine combinations

A very important step in HSC gene therapy is the required ex vivo cell culture of target cells
during transduction. The ex vivo cell culture conditions and cytokine combinations are
critical to maintain hematopoietic stem/progenitor cell activity and can affect critical
behaviors including homing, engraftment and risk of genotoxicity. It has been reported that
murine and human cells cultured for prolonged period ex vivo in the presence of
hematopoietic cytokines which are necessary to induce cell proliferation have decreased
stem cell activity in vivo [93,94]. A previous in vitro study with rhesus CD347 cells
indicated that after 4 days of stimulatory culture in stem cell factor (SCF), megakaryocyte
growth and development factor (MDGF), and flt3 ligand (FLT), transfer of the cells to SCF
alone on retronectin (FN) support resulted in decreased active cycling and a halt to
proliferation, without a loss of viability or induction of apoptosis, and improved engraftment
[95]. Our group’s recent studies showed that prolonged ex vivo expansion of retrovirally
transduced primate CD34* cells resulted in overrepresentation of clones with MDS1/EVII
insertion sites in the myeloid lineage after transplantation which indicated that prolonged ex
vivo expansion of transduced cells may increase the risk of genotoxicity [83]. In vitro and in
vivo studies for optimizing ex vivo cell culture conditions and cytokine combinations are
important for modified HSC gene therapy clinical protocol to reduce genotoxicity.

Co-expression of suicide gene in therapeutic vector transduced HSC

Including an inducible suicide gene in a therapeutic vector has been proposed as a strategy
for reducing risk by providing a means to eliminate vector-containing cells that are
producing toxicities, including neoplastic transformation [96]. A number of suicide gene
systems have been investigated, all relying on specific killing of vector-containing cells
following administration of an activator drug, which is not toxic in the absence of the
transgene, and the best developed system utilized the herpes thymidine kinase (TK) gene,
which converts ganciclovir to a DNA replication-terminator, and preferentially kills cells
expressing the suicide gene. This suicide gene has been used successfully to allow deletion
of graft-versus-host disease producing vector-containing donor T cells in the allogeneic
transplantation setting [97-99]. However, drug administration may select for cells harboring
a suicide gene that has undergone an inactivating mutation, resulting in ganciclovir-resistant
cells. Tumor cells could escape suicide gene toxicity by genetic and epigenetic instability,
i.e. gene silencing or loss of the suicide gene resulting from recombination, chromosomal
deletion, or chromosomal loss [100]. An in vivo tumor cell model showed that a double
suicide gene strategy, with a vector containing both thymidine kinase and cytosine
deaminase genes, were required for reliable elimination of tumor cells; neither single suicide
gene system was effective alone [101]. A very potent new suicide gene is the inducible
Caspase 9 system, which can be activated by a small molecule specific chemical inducer of
dimerization to result in apoptosis [102—104]. Recently, a study has shown that an inducible
suicide gene system including both Caspase 9 and yeast cytosine deaminase ( YCD) can
efficiently and specifically induce apoptosis of transduced induced pluripotent stem cells
(iPSC) [105]. After optimizing, a suicide gene strategy may provide an added measure of
safety for HSC-directed gene therapy utilizing integrating vectors, since no integrating
system can be guaranteed safe regarding insertional mutagenesis.

Gene and cell therapy using safe harbor iPSC clone

Induced pluripotent stem cell (iPSC) technology has the potential to revolutionize
regenerative medicine, disease modeling and drug discovery. Yamanaka and coworkers first
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succeeded in generating iPSC by reprogramming fibroblasts with four transcription factors
conferring pluripotency and an embryonic phenotype, Oct4, Sox2, Kif4, and c-Myc
[106,107]. Instead of gene therapy targeting HSC, it is possible that iPSC could be an
alternative target for correction and production of therapeutic hematopoietic progeny cells.
Recent studies have explored the potential of iPSC generation combined with gene and cell
therapy for disease treatment in mice and humans [108,109]. In a humanized sickle cell
anemia mouse model, hematopoietic progenitors obtained in vitro from autologous iPSC and
containing a normal human sickle hemoglobin allele could correct the disease phenotype
after transplantation [108]. Another in vitro study showed that corrected Fanconi-anemia-
specific iPSC can give rise to disease-free hematopoietic progenitors of the myeloid and
erythroid lineages [109]. There is concern about genotoxicity related to using integrating
retroviruses carrying proto-oncogenes for reprogramming, due to insertional mutagenesis of
retro- or lenti-viral reprogramming methods. A recent report showed that iPSC-like cells
could be generated simply by very high level transduction of target cells, even without
utilization of transcription factors [110], although IS profiles of iPSCs have not shown
concerning common integration sites [111]. Even transient expression of the transcription
factor transgenes may predispose to genetic or epigenetic changes predisposing to
malignancy, like c-Myc, one of the factors used for reprogramming is a proto-oncogene
which is a tumor inducer and also epigenetic hotspots exist in iPSCs [110,112,113]. Non-
integrating or excisable reprogramming methods have been developed to avoid some of
these problems [111, 114-119]. Recently, Papapetrou et al. describe a strategy to genetically
modify human iPSC at “safe harbor” sites in the genome. They used an excisable single
polycistronic vector co-expressing Oct4, Klf4, c-Myc and Sox2 to generate B-thalassemia-
patient iPSCs, and then transduced these cells with a corrective lentiviral B-globin vector.
Five “safe harbor” criteria based on integration position relative to contiguous coding genes,
microRNAs and ultra conserved regions were defined. They found about 10% of
integrations of a lentivirally encoded B-globin transgene in B-thalassemia-patient iPSC
clones met the “safe harbor” criteria and permitted high-level B-globin expression upon
erythroid differentiation, with little risk of insertional mutagenesis [119]. This study defined
a feasible strategy for the potential safe use of patient-specific iPSC combined with
corrective gene therapy or introduction of a suicide gene.

Another gene therapy study using X-CGD patient specific iPSC cell with gp9/Phox
deficiency was reported by Zou et al. [120]. Instead of using viruses to correct the X-CGD
mutation, zinc finger nuclease-mediated gene targeting was used. A single-copy gp9/Phox
therapeutic minigene was mediated into one allele of the “safe harbor” AAVSI1 locus in X-
CGD iPSCs, and resulted in sustained expression of gp91Ph°X and substantially restored
neutrophil ROS production with functional correction of neutrophils differentiated from the
iPSCs. This study showed non-viral high-efficiency gene transfer/targeting represents
alternative and promising approach for iPSC-based gene therapy.

Conclusions

Great progress has been made in the development of HSC mediated gene therapy over the
past two decades. Understanding the factors that influence vector-mediated genotoxicity will
allow for the future development of safer vectors and protocols, extending applications to
diseases that are not immediately fatal. Appropriate models including in vitro cell lines,
mouse models, and large animal models continue to be developed and refined in their
predictive capabilities. Numerous methods for insertion site retrieval have been developed,
and now permit large-scale rapid assessment of insertion site patterns. All these efforts
should benefit patients who can best be cured with HSC gene therapy. The possibilities for
utilizing iPSCs to generate corrected hematopoietic cells are an exciting recent development
that could circumvent problems associated with HSC targets; however, there are numerous
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hurdles to overcome, most importantly inefficient production of hematopoietic cells from
iPSCs, and ongoing safety concerns.
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Fig. 1.

Schematic diagrams for summarizing the different methods available to identify proviral
insertion sites. (A)Methods requiring restriction enzyme digestion adjacent to insertion sites,
including inverse PCR, LM-PCR, LAM-PCR and multi-arm optimized LAMPCR. (B)
Methods without restriction enzyme digestion, including FLEA-PCR, nfLAM-PCR and
transposase MuA based-PCR. (Timeline shows the year when each method was first

described.)
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