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I. HEMATOPOIESIS

The average adult human body contains approximately 5 liters of blood, corresponding to 
roughly 8% of the body’s total weight[1]. It is composed primarily of plasma (54%) and 
erythrocytes, commonly called red blood cells (45%). The remaining 1% is made up of 
leukocytes, often referred to as white blood cells. 

90% of plasma is water, but the fluid also contains various enzymes, ions and proteins 
as well as diffused carbon dioxide gas. Glucose, mineral ions and hormones are distrib-
uted throughout the body via the blood plasma, while waste products carbon dioxide and 
dissolved proteins are deposited in the plasma for transport to disposal sites. Plasma also 
contains clotting factors to prevent excessive blood loss from damaged blood vessels.

The most important contributors to blood clotting are the platelets, which are produced 
by megakaryocytes. Megakaryocytes are large cells that remain in the bone marrow rather 
than circulating. They extend tendrils into the blood sinuses that release platelets into the 
blood via a budding process.

Erythrocytes, also known as red blood cells, are the most common cell type in the 
human body, making up 25% of the total cell population. 2-3 million are produced  
every second and released into circulation[1]. Erythrocytes are responsible for transporting  
oxygen to every tissue in the body. To this end, they contain an iron-rich molecule in their 
cytoplasm known as hemoglobin. In addition to binding oxygen, hemoglobin gives eryth-
rocytes their red color. Erythrocytes lack a nucleus and most organelles, and only circulate 
for 100 to 120 days before breaking down. 

Leukocytes, or white blood cells, make up a tiny fraction of the total blood volume, but 
are essential to the body’s defense against pathological agents. Leukocytes are divided 
into several lineages based on their function and their appearance under a light micro-
scope: granulocytes, monocytes, and lymphocytes. 

Granulocytes are named for the numerous lysosomes and secretory vesicles (granules) 
they contain. There are three main sub-types of granulocytes. Neutrophils, the most com-
mon sub-type, are responsible for phagocytosis of microorganisms such as bacteria and 
play a key role in innate immunity. Basophils secrete histamine to help mediate inflam-
matory reactions, while eosinophils destroy parasites and modulate allergic inflammatory 
responses.

Monocytes mature into macrophages upon leaving the bloodstream and migrating into 
tissue. Macrophages and neutrophils are the primary phagocytes of the immune system, 
engulfing microorganisms and dead or damaged cells and depositing them in lysosomes 
to be digested. Monocytes can also differentiate into dendritic cells, which have some 
phagocytic activity but are more active at presenting foreign antigens to lymphocytes to 
trigger a specific immune response.

Lymphocytes, the primary cells of the adaptive immune system, are split into two main 
classes: B cells and T cells. Lymphocytes are able to recognize a broad range of antigens, 
create a specific immune response to the offending pathogen, and retain a memory of the 
triggering antigens so that further incursions by that pathogen will be met with a rapid 
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response. The development of monoclonal antibodies recognizing cell surface markers, 
as well as fluorescence activated cell sorting (FACS) to visualize these antibodies, has al-
lowed lymphocytes to be categorized into specific fractions based on their role in adaptive 
immunity. The two main types of T cells are CD4+ ‘helper’ T cells and CD8+ cytotoxic  
T cells. CD4+ T cells, once activated by antigen presenting cells (APCs), rapidly divide 
and release cytokines to regulate a proper immune response. A subset of CD4+ T cells 
(CD4+CD25+FoxP3+ T cells) plays a crucial role in immune tolerance by suppressing T-cell  
mediated immunity and suppressing auto-reactive T cells. CD8+ T cells, sometimes called 
“killer” T cells, are activated by antigens bound to the MHC class I protein on the surface 
of distressed cells. CD8+ T cells destroy virus-infected cells and some tumor cells. Both 
types of T cells are positive for the CD3 marker. 

B lymphocytes are positive for antibodies B220 and CD19, and express specialized  
antigen receptors, called immunoglobulins (Ig), with a single antigenic specificity.  
Immunoglobulins are often referred to as antibodies. Upon activation, B-cells mature into  
plasma cells and release large amounts of immunoglobulins into the bloodstream. These 
secreted forms of Ig are called antibodies, and are a key component of the humoral  
immune system. Immature B cells express IgM on their surface, while mature B cells  
express both IgM and IgD. Once a B cell is activated, it begins to secrete antibodies and 
may undergo isotype switching, allowing it to produce IgA, IgE or IgG. 

A small fraction of lymphocytes, called natural killer (NK) cells, are involved in innate 
immunity and play a role in destroying virus-infected and tumor cells. Upon activation, NK 
cells release granules containing cytotoxic proteins to destroy the targeted cell. NK cells 
are positive for surface markers CD16 and CD56 in humans and NK1.1/NK1.2 in mice.

II. Hematopoietic stem cells and stem cell transplantation
The component cells of blood are all derived from the same source: the hematopoietic 
stem cell (HSC). As with other stem cells, HSC are capable of self-renewal, as well as dif-
ferentiation into myeloid and lymphoid progenitor cells. These progenitor cells can in turn 
differentiate into mature blood cells of specific lineages[2], as shown in Figure 1. HSC are 
rare cells (estimated to be 1 in 100,000 hematopoietic cells) that reside in the bone marrow 
in specific niches, mainly near osteoblasts and adjacent to blood vessels. They can also  
be found in umbilical cord blood (UCB). HSC still cannot be identified based on morpho-
logical properties. Instead, they are recognized by their affinity with certain monoclonal 
antibodies. The primary marker used for human HSC is CD34, a transmembrane protein 
expressed on hematopoietic progenitor cells in peripheral blood, bone marrow and vascular 
endothelium[3]. Additional cell surface antigens are used to distinguish between immature 
HSC and committed lineage precursors. For instance, CD34+CD38- cells are devoid of 
lineage markers and contain long-term repopulating stem cells, while CD34+CD38+ cells 
are only capable of short-term hematopoiesis[4]. In mice, lineage marker negative, Sca-1+ 
and c-Kit+ (LSK) cells are considered to be highly enriched for HSC. To compensate for 
the relatively short lifespan of many blood cell types, HSC produce vast numbers of new 
cells every day. HSC are capable of remarkable expansion in times of need: it is possible 
for a single HSC to repopulate an entire hematopoietic system[5]ZB. 
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Figure 1: Hematopoiesis. Image © A. Rad / Wikimedia Commons / CC-BY-SA-3.0 / GFDL

Hematopoietic stem cell transplantation as therapy
Allogeneic bone marrow transplantation (BMT) has been used to treat a range of hema-
topoietic diseases such as leukemia, autoimmune disease, radiation poisoning and immu-
nodeficiency diseases via introduction of healthy hematopoietic stem cells. BMT is also 
applied in some cancer patients to reduce mortality after intense chemotherapy, and can 
improve the survival rates in these patients by 20% or more[6]. 

A successful BMT results in the creation of a new, fully functional hematopoietic sys-
tem in the recipient[7]. The procedure involves mobilization of HSC from the BM of 
an HLA-matched donor into the peripheral blood via granulate colony-stimulating factor 
(G-CSF) followed by purification of CD34+ cells. These cells are injected into the patient’s 
bloodstream where they will migrate to the host’s bone marrow and engraft. 

It is critical that the donor and recipient have identical alleles of the major histocom-
patibility locus, called human leukocyte antigen (HLA), in order to prevent graft rejec-
tion and/or graft vs host disease (GVHD)[8]. BMT between HLA-matched donors and 
recipients has a very high survival rate (greater than 90%)[9]. Transplantation between 
non-HLA identical donors and recipients is possible, but carries a sharply increased risk 
of GVHD[10] and higher mortality (~40%). Pre-transplant depletion of T cells reduces 
the risk of GVHD in non-matched transplants. Novel molecular diagnostics technolo-
gies, such as next generation sequencing and microarray platforms, are applied to com-
pare the histocompatibility loci and ensure the virus-free status of the to-be-transplanted  
bone marrow.

MH_thesis.indd   13 13-09-13   12:16



C
hapter 1

14

III. SCID

Human severe combined immunodeficiency (SCID) is a class of primary inherited immu-
nodeficiencies caused by a mutation in one of the genes critical for the development of 
hematopoietic stem cells into mature T cell lineages. It was first reported 60 years ago in 
Switzerland, where doctors noticed that some infants were extremely lymphopenic (lack-
ing in mature lymphocytes) and died within 1 or 2 years of birth[11]. Further research 
revealed that there was more than one cause of the SCID phenotype: in some families 
SCID was passed on via an X-linked recessive inheritance, while in other families SCID 
was linked to an autosomal recessive inheritance. It was this autosomal recessive form 
of SCID that was first linked to a molecular cause, adenosine deaminase deficiency, in 
1972[12]. Two decades later the second, X-chromosome linked, cause of SCID was iden-
tified[13, 14]. Today SCID has been linked to mutations in 12 different genes, with more 
likely to be identified in the future[15-20]. 

Due to its recessive nature and extreme lethality, SCID is very rare in the general popu-
lation. The prevalence of SCID varies depending on the genetic makeup of the population. 
The overall prevalence of SCID in the United States is estimated at 1 per 500,000 live 
births, while in Australia it has been estimated at 1 in 65,000[21]. The worldwide average 
is thought to be around 1 out of every 50,000 to 100,000 live births.

There are several forms of SCID, some of which affect B and NK cells in addition to 
T cells. The exact phenotype depends on which gene is defective[22]. Patients suffer-
ing from SCID develop symptoms within a few months after birth, including persistent 
diarrhea, recurring opportunistic infections and failure to thrive[10, 22, 23]. Causative 
organisms include Candida albicans, varicella, adenovirus, respiratory syncytial virus, 
cytomegalovirus, Epstein–Barr virus, and parainfluenza virus. Transplacentally acquired 
maternal cells may persist in these patients and cause a rash due to GVHD on the skin[24], 
or occasionally the liver[25]. As protective maternal antibodies wane after the first few 
months of life, affected children experience an increased frequency of infection. A fully 
developed SCID leads to overwhelming fungal, viral and bacterial infections and a failure 
to thrive, with death occurring in the first year of life unless treatment is obtained. The 
various types of SCID are discussed below.

T-B-NK- SCIDs
The adenosine deaminase (ADA) gene was the first gene to be linked to SCID[12], and is 
responsible for approximately 15-20% of all SCID cases, about a third of all autosomal 
recessive SCIDs[26, 27]. ADA is an enzyme of the purine salvage pathway that catalyzes  
deamination of deoxyadenosine and adenosine. Patients with ADA deficiency have a 
marked reduction in thymopoiesis and therefore have few circulating T lymphocytes. Fur-
thermore, those T lymphocytes that are produced have decreased in vivo survival time[28]. 
Besides the severe consequences for lymphocyte development, many other symptoms 
have been reported, such as deafness, neuro-developmental deficits and skeletal abnor-
malities[29-31]. In mice, ADA deficiency results in perinatal mortality[32, 33], which can 
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be prevented when expression of the ADA protein is restored in trophoblast cells[34]. In 
these rescued mice, severe lymphopenia and combined immunodeficiency that emulates 
the human ADA-SCID phenotype can be observed. 

Reticular dysgenesis (RD) is a very rare disease caused by a defect in the adenylate 
kinase 2 gene (AK2)[35, 36]. Patients with RD, which are estimated to make up 2-4% 
of all SCID patients, lack B, T and NK cells. RD is characterized by complete failure of  
development of both myeloid and lymphoid cells. Hypogammaglobulinemia, lymphope-
nia, absent cell-mediated immunity, and neutropenia lead to severe and often fatal infec-
tions in the first year of life[37]. 

T-B-NK+ SCIDs
Defects in the recombination activating genes RAG1or RAG2 results in a T-B-NK+ SCID 
phenotype[38, 39]. RAG proteins create the double strand DNA breaks that initiate 
V(D)J recombination, the process of immunoglobulin and T-cell receptor (TCR) gene  
rearrangement which lead to mature B and T cells[40, 41]. Mutations in the RAG genes  
results in severely reduced recombinase activity. The inability to rearrange Ig and TCR 
gene segments results in a developmental block in early stages of B and T cell develop-
ment. NK cells, which do not undergo any recombination processes during maturation, 
are unaffected. Rag1 and Rag2 deficient mice have the same phenotype as human RAG-
SCID patients[42, 43]. Some RAG-SCID patients retain a small population of autologous  
T cells, which can lead to the autoimmune disorder known as Omenn syndrome.

Omenn syndrome (OS) is a form of SCID that results from mutations one of sever-
al genes involved in V(D)J recombination, including Artemis and IL7RA but most of-
ten RAG1 or RAG2[44]. OS patients suffer from autoimmune response leading to  
generalized erythrodermia, hepatosplenomegaly, lymphadenopathy and alopecia, as well as  
protracted diarrhoea and increased occurrence of life threatening infections[45]. In OS  
patients, B cells are mostly absent, while T cell counts are highly variable. T cells are 
active but oligoclonal, with a restricted TCR repertoire. Omenn syndrome patients often 
suffer from a graft-vs-host-like disease due to T lymphocyte infiltrates in the skin, gut, 
liver or spleen[39, 46, 47].

Other patients with T-B-NK+ SCID have normal RAG genes but were found to be 
sensitive to ionizing radiation, suggesting a defect in DNA double-strand break repair[48, 
49]. This defect was later linked to the Artemis gene[17, 50, 51]. Artemis is involved in 
non-homologous end joining and functions in hairpin opening during V(D)J-recombina-
tion. The immunological phenotype of Artemis KO mice closely resembles that of Arte-
mis-SCID patients, except that low levels of CD4+ T cells can be found in some mice[52].

A rare type of radiosensitive T-B-NK+ SCID caused by DNA ligase IV (LIG4)-deficiency  
was recently indentified[53]. Ligase IV plays a role in non-homologous end joining during 
repair of double-strand breaks[54]. Mutations in the DNA ligase IV gene (LIG4) lead 
to a block in T- and B-cell development. DNA ligase IV-deficiency in mice causes late  
embryonic lethality, suggesting that LIG4 has a key role in murine embryogenesis not 
shared by humans[55-57].
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T-B+NK+ SCIDs
Defects in the interleukin-7 receptor alpha (IL-7Rα) chain result in a T-B+NK+ form of 
SCID, and are responsible for approximately 10% of SCID cases[18, 58, 59]. IL-7Rα 
deficiency is an autosomal recessive form of SCID. Deficiency in this receptor results in 
defective IL-7 signalling, resulting in a wide range of T cell abnormalities. Il-7R mice 
have a different phenotype than IL-7Rα-SCID patients, as in the murine model B as well 
as T cell lineages are dependent on IL-7 signalling[60]. 

Deficiency of the hematopoietic-specific transmembrane protein tyrosine phosphatase 
CD45 also results in a T-B+NK+ SCID phenotype[16, 61]. CD45 regulates the Src kinases 
necessary for efficient T and B cell antigen receptor signal transduction[62-64]. Patients 
with mutations in the CD45 gene do have a small number of T cells, but they are not  
activated and do not respond to proliferation signals. As in other human SCIDs of this type,  
B cells are present but dysfunctional. 

Isolated cases of SCID-causing mutations in genes coding for CD3 subunits have also 
been described[15, 65-67]. CD3 chains form a complex with the T-cell receptor heterodi-
mer and play a crucial role in TCR signaling[68, 69]. All CD3 chains carry immunorecep-
tor tyrosine-based activation motifs (ITAMs)[70, 71]. Upon ligation of the TCR, ITAMs 
become phosphorylated and enable signalling events downstream of the TCR. Besides 
playing an important role in the function of mature T lymphocytes, CD3 subunits also play 
a crucial role during T-cell development. Each of the CD3δ, CD3ε and CD3ζ subunits is 
required for assembly, surface expression and function of the TCR and their deficiency 
results in a block in T-development. Both CD3δ and CD3ε appear to be essential for 
intrathymic development of T cells whereas CD3γ does not[72]. Some CD3γ deficiency 
patients have a complete SCID phenotype while other individuals present with a milder 
immunodeficiency[73, 74]. Some, but not all, targeted Cd3 gene disruptions in mice differ 
from human phenotype. The developmental block in Cd3γ-/- mice is stronger than in that 
seen in humans [75], whereas the block in Cd3δ-/- mice is weaker than human CD3δ- 
deficiency[76, 77].

T-B+NK- SCIDs
The most common form of SCID, affecting 50-60% of patients, is X-linked SCID 
(SCID-X1).  SCID-X1 is caused by mutation in the interleukin-2 receptor gamma gene 
(IL2RG) located on chromosome Xq13[13].  IL2RG produces the common g (gamma) 
chain protein, an integral membrane protein required for receptor binding and internal-
ization. The common g chain (gc) protein is a component of multiple interleukin receptor 
complexes including IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21[78-82]. gc-mediated activa-
tion of these complexes results in stimulation of the JAK-STAT pathway, a downstream 
signaling pathway composed of the Janus kinases (JAKs) and the signal transducers and 
activators of transcription (STATs), which act upon target genes[83, 84]. Without proper 
IL-7 signaling, the JAK-STAT pathway is disrupted and immature T cell precursors are 
unable to develop into fully functional T cell lineages[18].  Similarly, lack of IL-15 signal-
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ing is thought to disrupt NK cell development[85]. B cells are present in SCID-X1 patients 
but dysfunctional due to the absence of T cell co-activation as well as loss of IL-4 and IL-
21 signaling. Thus, despite having a normal or even elevated number of B cells, SCID-X1 
patients have low serum immunoglobulin (Ig) levels and lack all necessary Ig isotypes. 
Il2rg-/- mice are T-B-NK- and so have a different phenotype than the human disease. The 
lack of B cells in Il2rg-/- mice is due to the importance of IL-7 signaling to B cell develop-
ment in the murine, but not human, immune system[86].  

In one interesting case, an X-SCID patient had a spontaneous reversion of a γc mutation 
in a single T-cell precursor. This single corrected precursor was able to produce a diverse 
T-cell repertoire and partially ameliorate the X-SCID phenotype[87, 88].

Genetic defects in the Janus kinase 3 (JAK3) gene can cause an autosomal recessive 
form of SCID with a T-B+NK- phenotype[19, 89, 90]. JAK3, a tyrosine kinase that forms 
part of the aforementioned Janus family of kinases, associates with the γc protein and 
plays a critical role in cytokine signaling[91, 92]. Upon ligand binding, cytokine recep-
tor-associated Janus kinases are activated by transphosphorylation. Stat proteins bind the 
phosphorylated receptor chains and in turn are phosphorylated by JAK3. Phosphorylat-
ed Stat proteins translocate to the nucleus and accumulate, regulating gene expression.  
Because JAK3 and the common γ chain are directly associated, the phenotype of JAK3- 
deficient patients is identical to that of X-linked SCID patients and mice with a JAK3- 
deficiency mirror the T-B-NK-phenotype of Il2rg-/- mice[93, 94].

Treatment of SCID
The preferred treatment for SCID is hematopoietic stem cell transplantation from a healthy 
donor. In a successful transplantation, the stem cells migrate to the patient’s bone marrow 
and thymus and engraft. Because wild-type T cell progenitors have a selective advantage 
over cells containing debilitative mutations, in a successful transplant the SCID patient’s 
immune system quickly reconstitutes, with the newfound ability to generate mature T,  
B and/or NK cell lineages. If diagnosis of SCID is made at birth or shortly after, HLA-iden-
tical or haploidentical bone marrow stem cell transplantation is highly successful in all 
forms of SCID[95]. Later diagnosis increases the risk of severe infections and reduces 
the effectiveness of bone marrow transplantation. The first bone marrow stem cell trans-
plantation was successfully performed on a SCID-X1 patient in 1968 using a related, 
HLA-identical donor [96], and has since achieved a very high success rate of nearly 95% 
for patients with an HLA-matched donor[97-99]. Unfortunately, perfectly matched donors 
are available for less than a third of SCID patients[100, 101]. Transplantations from mis-
matched donors have improved in recent years, but still yield a significantly lower chance 
of survival (between 50% and 80%)[102]. BM transplantation from a non-haploidentical 
donor leads to an increased risk of graft vs host disease [103] and a poorer survival prog-
nosis. Other potential complications of BMT for SCID include failure of engraftment, 
Epstein-Barr virus–associated lymphoproliferative disease, and a failure to reconstitute 
normal humoral immunity after successful functional T-cell engraftment[104]. Even 
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upon successful engraftment, some recipients of allogeneic bone marrow transplantation  
experience incomplete B or NK cell reconstitution due to the engraftment failure of  
donor progenitor cells of those types[105]. Lack of normal humoral immune response 
after successful T cell engraftment has been seen even in HLA-matched BMT and sug-
gests that, unlike T cells, healthy donor B cells do not enjoy a strong selective advantage 
compared to the recipient’s cells. Use of a conditioning regimen significantly increases  
the frequency of sustained engraftment and results in more frequent engraftment of  
donor B lymphocytes and myeloid cells[102]. Donor B-cell chimerism is strongly associated  
with the development of normal B-cell function. A fully myeloablative regimen can 
lead to full B-cell immunity development but is associated with a higher risk of toxicity,  
particularly in infected patients. For this reason, pre-transplant conditioning is not often 
used in SCID-X1 patients. 

Prior to the advent of gene therapy, the only alternative to BMT was immunoglo- 
bulin therapy. Ig therapy can extend the lifespan of SCID patients, but it is expensive 
and non-curative and will eventually fail to prevent opportunistic infections. Thus, while 
HLA-identical BMT remains the preferred treatment for SCID, there is a need for alternative 
treatments that can benefit all patients. The still-developing technology of hematopoietic  
stem cell gene therapy has the potential to become a relatively quick and safe method of 
curing SCIDs, especially for patients lacking other treatment options. 

Viral vectors for gene therapy
RNA viruses, specifically retroviruses, are the most commonly used method of integrating  
a gene into the target cell[106, 107]. An MLV-derived gammaretroviral vector was 
used in the first successful gene therapy trials for SCID-X1 and ADA-SCID[108-111],  
discussed below. Human immunodeficiency virus (HIV)-derived lentiviral vectors have 
been proposed as an alternative to gammaretroviral vectors. Lentiviral vectors (LV) are 
able to transducer quiescent cells and display a markedly different integration pattern than 
gammaretroviral vectors[112]. LV vectors show no preference towards integrating near 
transcription start sites and are more resistant to silencing[113]. Recent investigations into 
alpharetroviral vectors suggest that they may have an even more favorable integration 
pattern[114]. 

IV. Gene therapy for SCID: the first clinical trials 

Gene therapy is a form of molecular medicine based on the introduction of a healthy copy 
of a mutated, disease-causing gene into the somatic cells of a patient in order to treat the 
underlying disease. The procedure is most effective when applied to two categories of cell: 
easily accessible stem cells, such as hematopoietic stem cells, or terminally differentiated, 
long-lived cells such as muscle fibers. The type of target cell also dictates what types of 
gene therapy vector should be used. Vectors able to deliver the therapeutic gene into the 
host genome are required for dividing cells, while non-integrating vectors can be used for 
postmitotic cells. Because of previously-mentioned the selective advantage that corrected 
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T lymphoid progenitors have compared to uncorrected cells in an immunodeficient host, 
the ability to correct even a few hematopoietic stem cells may have clinical benefit to 
SCID patients. 

The concept of gene therapy was first proposed in the 1970s, when scientists proposed 
that ‘gene surgery’ could be used to cure inherited diseases caused by simple genetic mu-
tations. Gene surgery would involve the removal of the defective gene, replacing it with a 
healthy copy. While recent developments with zinc finger nucleases and transposons are 
encouraging[115, 116], the ability to perform such feats of gene surgery in the clinic is still 
years away. Currently, scientists are focusing on the simpler task of gene therapy: inserting 
a healthy copy of the defective gene into the patient’s cells to ameliorate or correct the 
disease. 

As the technology capable of manipulating nucleic acids and the scientific community’s 
understanding of genetics advanced throughout the 1980s, gene therapy was proposed as 
a potential cure for a diverse set of inherited diseases ranging from hepatic (Factor XIV 
deficiency) to hematopoietic (ADA-SCID and sickle-cell anemia) to neuronal (Lesch- 
Nyhan Syndrome) [117-119].

In 1990, the first gene therapy clinical trial was conducted on two ADA-SCID  
patients in the United States[120]. The doctors repeatedly transduced a set of the patient’s  
lymphocytes with a retroviral vector containing the ADA gene ex vivo, with the hope that 
the gene-corrected cells would produce a more complete immune system once reintro-
duced into the patient. Over the next few years a total of 19 ADA-SCID patients would 
be treated via gene transfer to lymphocyte or T cell progenitors[121]. Gene-modified  
T cells and ADA protein expression persisted for several years after treatment, some cellu-
lar and humoral immune responses improved, and no adverse effects were seen. However, 
the level of gene transfer and engraftment were low, and full reversal of the ADA-SCID 
phenotype was not seen in any patient[122]. Furthermore, much of the improved immune 
response observed in some patients was attributable to the enzyme replacement therapy 
conducted concurrently with the gene therapy procedure. Nevertheless, this trial demon-
strated that safe and long-term expression of therapeutic transgenes was possible in the 
clinic. 

During the 1990s, advancements continued in the field of cell transduction and bone 
marrow transplantation, including improved ex vivo gene transfer protocols to CD34+ 
hematopoietic stem cells and administration of busulfan chemotherapy pre-transplant to 
improve engraftment. Ten years after the initial ADA-SCID trial, new developments in 
vector and cell transplantation led to successful clinical trials for gene therapy of ADA-
SCID and SCID-X1.

The 2000 ADA-SCID and SCID-X1 clinical trials 
In 2000, Dr. Aiuti of Milan initiated an ADA-SCID gene therapy clinical trial involving 
two young patients (2 years old and 7 months old) who lacked an HLA-identical sibling 
and were not performing on enzyme replacement therapy [108]. CD34+ BM cells were 
harvested from these patients, transduced with a gammaretroviral vector containing the 
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healthy ADA transgene, and transplanted back into the patients after nonmyeloablative 
conditioning. Subsequently, a total of 15 patients were enrolled in this gene therapy trial 
and all are alive and well. The first 10 patients treated were reported on in 2009, with 9 
demonstrating full T cell reconstitution, 8 remaining off of ADA enzyme replacement 
therapy and immune globulin replacement therapy discontinued in half of the patients 
[123]. Gene therapy also corrected some of the central and peripheral B cell tolerance 
defects found in ADA-SCID patients[124]. Complications due to the treatment included  
prolonged neutropenia in two patients and single cases of hypertension, Epstein-Barr virus 
reactivation and autoimmune hepatitis. Importantly, no adverse effects due to the viral 
vector have been reported. A similar trial was conducted in London and reported success-
ful transduction and engraftment in 3 out of 5 patients, with immune reconstitution seen 
in 2 of the 3 successfully treated[110]. A trial in Los Angeles emphasized the importance 
of pre-transplant myelosuppressive conditioning to improve transduced stem cell engraft-
ment. Out of 4 patients given gene therapy without conditioning, 2 had low levels of gene 
marking and no sustained immunologic improvement[125]. A second clinical trial includ-
ing low-dose myelosuppression with busulfan yielded production of ADA by peripheral 
blood mononuclear cells at 30% to 100% of normal levels in 5 out of 6 patients. However, 
one patient experienced a prolonged cytopenia after busulfan conditioning due to a pre- 
existing cytogenetic abnormality, highlighting at a potential limitation for patients subject 
to autologous gene transfer[126]. 

Since 2000, over 40 patients have been treated for ADA-SCID via gene therapy in Italy, 
the UK and the USA, with majority reporting substantial clinical benefit. To date, all of 
these patients are still alive and 29 of them no longer require ADA enzyme replacement 
therapy[123, 127]. No adverse events attributable to the retroviral vector have been report-
ed in any of the ADA-SCID gene therapy clinical trials, an important distinction from the 
SCID-X1 trials.

The first successful gene therapy trials for SCID-X1 were initiated in Paris in 1999 and 
reported in 2000, with several follow-up reports in the years since[128-131]. Drs. Fischer 
and Cavazzana-Calvo isolated CD34+ BM cells from five boys suffering from SCID-X1 
and transduced them ex vivo with a gammaretroviral vector carrying a healthy copy of the 
IL2RG gene. Four of the five patients treated responded positively to the treatment and 
showed improved immune function. Following this initial trial, five more patients were 
treated in Paris and ten in a similar trial by Drs. Gaspar and Thrasher in London[111, 
130] for a total of 20 patients treated between 1999 and 2006, with the majority enjoy-
ing clinical benefit. T-cell counts, diversity and proliferative responses normalized, and 
infections were cleared. All patients had proviral integrations in nearly 100% of their  
T cells, while integrations in B cell populations were very low. In most patients, T and NK 
cells populations and serum Ig levels reached healthy proportions within a year after treat-
ment and have been sustained for up to 12 years. Overall, hematopoietic stem cell gene  
therapy restored T cell populations in 18 out of 20 patients. Of the two patients that did not 
recover immune system function, one was a 10-month old boy with disseminated bacille 
Calmette-Guérin infection and splenomegaly. An attempt at allogeneic hematopoietic stem 
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cell transplantation was unsuccessful, and the patient died. At the time of the last report, 
17 of the original 20 patients are still alive, a success rate comparable to HLA-identical 
bone marrow transplantation, and six no longer need intravenous immunoglobulin[132]. 
The 2000-2002 French and UK SCID-X1 clinical trials demonstrate clear efficacy of gene 
therapy for a human genetic disease. They also pointed out some of the limitations of 
the procedure, namely the failure of gene therapy in two older patients, aged 15 and 20 
years[133]. More than ten years after the initial trials, the results indicate that IL2RG gene 
therapy is an effective method for treating SCID-X1 infants, if not more mature patients.

However, the success of these SCID-X1 clinical trials was tempered by the develop-
ment of leukemia-like symptoms in two of the Paris patients within three years post- 
therapy[131]. Further investigation revealed that the uncontrolled monoclonal prolifer-
ation of T cells in these patients was due to the gammaretroviral vector integrating near 
the proto-oncogene LIM domain–only 2 (LMO2), resulting in vector-derived insertional 
mutagenesis.  Since the initial leukemias were reported, a total of 4 patients in the Paris 
trial and 1 in the London trial have been diagnosed with a similar condition[109, 134-
136]. LMO2 was identified as the primary oncogene in the London and three of the Paris 
patients, with the other patient having an integration near proto-oncogene CCND2. One 
patient had an integration near proto-oncogene BMI1 as well as LMO2. Other genetic  
abnormalities included chromosomal translocations, gain-of-function mutations acti- 
vating NOTCH1, copy number changes, deletion of tumor suppressor gene CDKN2A, 6q 
interstitial losses, and SIL-TAL1 rearrangement[137]. Four of the five affected patients 
were successfully treated by chemotherapy without reducing the effectiveness of the gene 
therapy, while the one patient succumbed in spite of chemotherapy treatment[129, 137, 
138].  

In response to the leukemia cases, in 2003 the Federal Drug Administration (FDA) of 
the United States briefly placed a hold on “all active gene therapy trials using retroviral 
vectors to insert genes into blood stem cells.” Later in the same year the FDA chose to 
allow gene therapy clinical trials to continue on a case-by-case basis if no other treatment 
was available[139]. 

V. INTEGRATION ANALYSIS OF THE SCID GENE THERAPY TRIALS

The leukemia cases in the SCID-X1 clinical trials have underlined the importance of 
integration site analysis of gene therapy recipients. This analysis can reveal integration 
patterns of the viral vector, including preferences towards certain genomic features or  
potential integration ‘hot spots’. Ideally, integration analysis in pre-clinical trials on  
animal models will reveal the relative safety of new gene therapy vectors under investiga-
tion, allowing those vectors with potentially dangerous integration patterns to be excluded  
before they are used in human patients and adding a further argument in favor of using 
new vectors that are deemed to have a lower risk of triggering insertional mutagenesis. 

Integration analysis is done on DNA purified from various hematopoietic tissues in-
cluding peripheral blood, spleen, bone marrow, thymus and lymph nodes.  Often cells are 
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sorted by phenotype (T cell, B cell, etc) to check for lineage-specific integration patterns. 
The viral insertions contain sequences known to the researcher, and determining their 
location in the host genome can be accomplished by several methods.  The two most 
commonly used are ligation-mediated PCR[140] (LM-PCR) and linear amplification- 
mediated PCR[141-143] (LAM-PCR). In LM-PCR, DNA is chemically cleaved then  
amplified via primers complimentary to the end of the viral long terminal repeats (LTRs).  
Linker sequences are added to the ends of the primer-annealed DNA and these fragments 
are amplified via PCR. This amplifies the genomic DNA adjacent to the viral LTR, which 
can be indentified through sequencing. LAM-PCR is an expansion of LM-PCR in which 
the viral LTR-genome boundary is amplified by biotinylated primers. Biotinylated exten-
sion products are then purified, cut with an endonuclease and ligated to a linker cassette 
before a further round of amplification. LAM-PCR has greater sensitivity and specificity 
compared to LM-PCR and is able to reveal more integration sites. Recently, a new form 
of non-restrictive LAM-PCR (nrLAM-PCR)has been developed[144]. This method does 
not use a restriction digest step, and thus does not produce an amplicon bias based on the 
proximity of the integration site to nearest site(s) targeted by the restriction enzymes seen 
in LM-PCR and conventional LAM-PCR.

After sequencing is complete, the viral LTR is trimmed off and the remaining, genomic 
sequence is aligned to the host genome via BLAST, BLAT or a similar sequence-matching 
platform. Once the sequences are aligned to a unique genomic site, researchers search the 
area around the integration site via genome databases such as Ensembl or NCBI.  Genes 
near the integration site are typically the focus of the investigation, although other genom-
ic features such as CpG islands or miRNA binding sites may also be of interest.  

Insertional mutagenesis and oncogenesis 
The potential for viral integration to cause oncogenesis has been known for decades 

[145]. Prior to the initial gene therapy clinical trials it was considered to be a very minor 
risk. After the incidents of leukemia in the SCID-X1 clinical trial, the oncogenic potential 
of gammaretroviral vectors has been reexamined. 

The SCID-X1 gene therapy leukemias have been closely studied by the whole gene 
therapy community. The gammaretroviral vectors used in the Paris and London clinical 
trials were, in retrospect, sub-optimal with regards to safety. Analysis of the integration 
sites of the French and UK trials revealed a preference for gammaretroviral vectors to inte-
grate in gene-rich regions, near highly expressed genes. Many proto-oncogenes are highly 
expressed in stem cell and progenitor cells, increasing the risk of a vector integrating 
nearby. Furthermore, gammaretroviral vectors have been shown to preferentially integrate 
near transcription start sites at the 5’ end of genes[135, 136], a locus that has an increased 
risk of upregulating adjacent genes downstream. The risk of nearby gene upregulation  
is enhanced if the therapeutic gene is under the control of a strong, constitutively active 
promoter, such as the viral LTR used in the London and Paris SCID-X1 trials. The vector 
used in the French trial preferentially integrated into common fragile sites. LMO2 is one 
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such fragile site, which may explain why this oncogene was so heavily targeted for inte-
gration[146, 147].

The frequency of a transgene integration triggering oncogenesis were substantially 
higher in the SCID-X1 clinical trial than the pre-trial estimates. The initial estimates, 
based on murine gene therapy experiments, were in the range of 2x10-7. However, this 
assumed that the integrating transgene was only capable of affecting genes very close by, 
within 10kb or less. It has since been demonstrated that retroviral integrations are capable 
of affecting the transcription of genes at a distance of at least 90kb and possibly as much 
as 500kb[148, 149]. The risk of introducing a transgene within a dangerous distance of 
a proto-oncogene in the human genome has since been calculated to be roughly 10-3 to 
10-2[150], or roughly 1 per 100,000 integrations. Considering that the SCID-X1 clinical 
trials are estimated to have produced more than 108 random integrations, the potential for 
oncogene activation is clear. 

While the consensus is that the gammaretroviral vector integrations near proto-onco-
genes was responsible for the leukemia onset, the possible role of IL2RG as a potential on-
cogene remains controversial[151-153]. Recent evidence supports the notion that IL2RG 
and LMO2 require additional cooperating mutations to trigger a leukemic event, and that 
gc overexpression itself does not initiate leukemogenesis [154, 155] In addition, experi-
ments on Il2rg-/- mice suggest that the SCID-X1 phenotype itself causes cells to be more 
susceptible to insertional leukemogenesis by murine leukemia viruses or gammaretroviral 
vectors[156, 157]. There are several possible reasons for this. For one, immunodeficient 
organisms have defective antitumor surveillance machinery. It has also been hypothesized 
that the expanded pool of T cell progenitors present in the SCID-X1 phenotype increases 
the risk of oncogenesis, as most of the leukemias found in gene-therapy treated XSCID 
mice and all the leukemias found in the clinical patients were T cell derived. In one experi- 
ment, the frequency of T cell transformation was significantly increased when using donor 
cells from X-SCID mice compared to cells from immunocompetent mice [157]. There 
may also be a strong selective advantage for pre-thymic T cell progenitors triggered by 
renewed IL-7 signaling.

VI. RATIONALE FOR THE STUDIES PERFORMED IN THIS THESIS

Hematopoietic stem cell gene therapy has the potential to become a valuable tool for the 
treatment of inherited congenital diseases which are otherwise problematic to treat. Its 
efficacy has already been demonstrated in clinical trials for ADA-SCID and SCID-X1. 
However, the SCID-X1 trials also revealed the significant risk of gene therapy triggering 
adverse events and highlighted a need for improved gene therapy vectors and an increased 
understanding of the mechanisms and behavior of those vectors. It is to fulfill these urgent 
requirements that the experiments described in this thesis were performed. 

The studies detailed in the following chapters were designed with three primary aims: 
developing new lentiviral gene therapy vectors for treatment of SCID-X1, improving the 
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efficacy of gene therapy in a murine model, and generating a lentiviral vector safety profile 
via analysis of integration patterns and leukemic events in experimental animals. To this 
end, new self-inactivating (SIN) lentiviral vectors were developed that used one of two 
physiological promoters, the cellular phosphoglycerate kinase (PGK) promoter or a 1.1kb 
region of the IL2RG gene promoter (γcPr), to drive IL2RG expression. Physiological pro-
moters are much weaker than the viral promoters used in the clinical trials and thought to 
be less of a risk to trigger oncogenesis. These new LV vectors tested in vivo via transduc-
tion and transplantation of Lin- cells from Il2rg-/- mice into Il2rg-/- recipients and compared 
transplantation of wild type Lin- cells or cells transduced by a LV vector containing a 
strong viral promoter. Mice were followed for up to 1 year and were monitored monthly 
for circulating T and B cell levels as well as adverse events. Leukemias which developed 
in the course of these experiments were confirmed via secondary transplantation and care-
fully analyzed for phenotype and vector integration sites which may have contributed to 
oncogenesis.

Mice treated with HSC gene therapy are typically subjected to total body irradiation 
prior to transplantation, in order to create open niches in the bone marrow for donor HSCs 
to engraft. However, this sort of cytoreductive conditioning is not plausible in severely im-
munocompromised SCID-X1 patients, who often suffer from multiple recurrent infections 
at the time gene therapy is initiated. In order to determine if a non-cytoreductive method of 
creating open bone marrow niches could improve engraftment of donor HSCs, a pre-trans-
plantation protocol using granulocyte colony stimulating factor (G-CSF) was initiated. 
Il2rg-/- mice were transplanted with either wild type or LV vector-treated Lin- cells after 
a conditioning regimen consisting of either 2 Gy irradiation or G-CSF mobilization of 
recipient HSCs. 

Because analyzing integration sites by hand is both time consuming and introduces the 
possibility of human error, the analysis process was automated. A web-based integration 
site analysis platform was developed, named Methods for Analyzing ViRal Integration 
Collections (MAVRIC). MAVRIC is capable of quickly annotating trimmed genomic se-
quences and returns data on distribution of distances from nearest 5’ gene end, nearest 
gene expression level binning, and Ensembl data on any gene within a user-defined dis-
tance from the integration site. MAVRIC was used to annotate integration sites from IL-
2RG gene therapy experiments, as well integration sites generated in other disease models 
for which gene therapy is being evaluated, to generate a safety profile for the lentiviral 
vectors under development. 

A large pool of lentiviral integrations from various in vitro and in vivo experiments 
covering several SCIDs as well as the lysosomal storage disorder Pompe’s disease were 
annotated using MAVRIC. These integration sites were stratified based on species, disease 
phenotype, tissue, transgene and promoter. The resulting comparative analyses demon-
strates the stability of lentiviral integration site patterns across species and disease phe-
notypes, while uncovering evidence of selective pressures acting on the LV integration 
profile in vivo.
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Combined, the experiments described in this thesis demonstrate that lentiviral gene 
therapy vectors using a codon optimized IL2RG gene driven by select physiological 
promoters is effective for treatment of SCID-X1 when combined with some level of 
pre-transplant conditioning or HSC mobilization. Analysis of vector integration patterns 
and leukemias observed in experimental animals suggests that lentiviral HSC gene therapy  
has a low risk of triggering adverse events and is sufficiently safe for the treatment of 
life-threatening diseases.
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ABSTRACT

Clinical trials have demonstrated the potential of ex vivo hematopoietic stem cell gene 
therapy to treat X-linked severe combined immunodeficiency (SCID-X1) using gam-
maretroviral vectors, leading to immune system functionality in the majority of treated 
patients without pre-transplant conditioning.   The success was tempered by insertional 
oncogenesis in a proportion of the patients.  To reduce the genotoxicity risk, a self-inac-
tivating (SIN) lentiviral vector with improved expression of a codon optimized human 
IL-2 receptor gamma gene (IL2RG) cDNA (coγc), regulated by its 1.1kb promoter region 
(γcPr), was compared in efficacy to the viral spleen focus forming virus (SF) and the cellu-
lar phosphoglycerate kinase (PGK) promoters. Pre-transplant conditioning of IL2rg-/- mice 
resulted in long-term reconstitution of T and B lymphocytes, normalized natural antibody 
titers, humoral immune responses, ConA/IL-2 stimulated spleen cell proliferation, and 
polyclonal T cell receptor gene rearrangements with a clear integration preference of the 
SF vector for proto-oncogenes, contrary to the PGK and γcPr vectors. We conclude that 
SIN lentiviral gene therapy using coγc driven by the γcPr or PGK promoter corrects the 
SCID phenotype, potentially with an improved safety profile, and that low dose condi-
tioning proved essential for immune competence, allowing for a reduced threshold of cell 
numbers required.
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INTRODUCTION

X-linked severe combined immunodeficiency disease (SCID-X1) is a rare disorder caused 
by mutations in the IL-2 receptor gamma gene (IL2RG) leading to a non-functional com-
mon gamma chain protein (γc).   The γc protein is a shared subunit of IL-2, IL-4, IL-7, 
IL-9, IL-15, and IL-21 signaling, critical for growth and maturation of lymphocyte pop-
ulations1. Patients suffer from a complete absence of mature T and natural killer (NK) 
cells.  B cells are present but dysfunctional in SCID-X1 humans and absent in Il2rg-/- mice.  
Without treatment, patients succumb to severe, recurrent infections within the first year of 
life.  Bone marrow (BM) transplantation from an HLA-identical donor is life-saving with 
a high success rate.2 However, HLA-identical donors are only available to one out of every 
three patients. Non-HLA-identical BM transplantation has been attempted but carries a 
vastly increased risk of complications and mortality, making SCID-X1 an excellent candi-
date for clinical gene therapy trials for those patients who lack such a donor.  

The efficacy of gammaretroviral (RV) gene therapy to successfully treat SCID-X1 
was demonstrated in seminal clinical trials.3-4 However, some patients required immuno- 
globulin-replacement therapy. Additionally, 5 out of 20 patients developed leukemia  
several years post-therapy due to RV-induced insertional mutagenesis, which in most  
cases was successfully treated without reducing the effectiveness of the gene therapy.5-7 

To increase safety of future gene therapy treatment, the use of self-inactivating (SIN) 
RV and lentiviral vectors (LV) incorporating internal promoters has been proposed, which 
should reduce the risk of undesirable activation of genes adjacent to the integration site8-9 
and the bias towards integrating near transcription start sites.10-12 LV are less vulnerable 
to silencing than RV13 and do not require ex vivo growth factor stimulation, thereby pre- 
venting loss of stem cell repopulating capacity.

We generated a series of third generation SIN lentiviral vectors with a codon optimized 
human IL2RG open reading frame (hereafter designated coγc) that markedly improved 
mRNA transcription and translation.14-15  Transgene expression was driven by the strong 
spleen focus forming virus (SF) promoter to determine the potential genotoxicity of the 
procedure. For clinical application, the human phosphoglycerate kinase16 (PGK) promot-
er and a ~1.1kb section of the native IL2RG promoter sequence17 (γcPr) were tested in  
Il2rg-/- mice, since cellular/physiological promoters have been suggested to further  
improve vector safety.18 We found that the clinical lentiviral vectors provided safe and 
functional correction of the phenotype of SCID-X1 mice, and that the level of pre- 
transplant conditioning was a critical determinant for successful B cell reconstitution and 
immunoglobulin responses. 
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RESULTS

Lentiviral vector construction for SCID-X1 gene therapy
A SIN LV19-20 incorporating part of the native human IL2RG complementary DNA (cDNA) 
driven by the viral SF promoter21 was improved for efficacy by replacement of the native 
IL2RG by the coγc sequence, and resulting in an average 8.4-fold increase in viral titer, 
a 3.6-fold increase in transgene mRNA expression per integration, a 33-fold increase in 
IL2RG protein expression corresponding to a 3-fold increase in IL2RG protein membrane 
expression (Tables 1 and 2 and Figure 1). In addition, the cellular PGK or γcPr promoter 
was used to control coγc expression, the latter shown capable of driving transgene expres-
sion in lymphoid cell lines.17

Table 1. Titer comparison of SF-γc and SF-coγc lentiviral (LV) vectors. 

LV vector Viral Titer (TU/ml)
x106

mRNA expression per 
integration (picograms)

Fold increase in γc protein 
expression

SF-coγc 1.21 1.77 33

SF-γc 0.14 0.45 1

Titers, IL2RG mRNA levels and relative γc protein levels were determined in HeLa cells for both SF-γc and 
SF-coγc lentiviral vector (n = 2). After 7 days the number of integrations per cell and WPRE mRNA expression 
per integration were measured by qPCR of DNA and cDNA, respectively, and γc protein levels were measured 
via ELISA assay. 

Table 2. Comparison of surface γc expression between SF-γc and SF-coγc LV. 

LV vector Percent gc positive Mean Fluorescence  
Intensity (MFI)

LV integrations per cell

SF-coγc MOI 100 52.7 2890 5.43

SF-coγc MOI 10 31.3 1856 1.33

SF-γc MOI 100 15 1151 5.76

SF-γc MOI 10 5.3 1538 0.51

negative 4.0 2057 0.00

Lineage negative Il2rg-/- BM cells were transduced with SF-gc or SF-cogc at MOI 100 or 10, cultured for 4 
days, and then measured for surface gc expression via flow cytometry. Integrations per cell were determined 
via qPCR. 
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Figure 1. Comparison of codon-optimized γc vector vs non-optimized in vitro. Flow cytometry images of 
Lin- cells transduced with either LV-SF-gc or LV-SF-cogc at a Hela MOI of 100. Surface expression of CD132 is 
much higher in the cells transduced with the codon optimized vector, with a similar number of integrations per 
cell found in both vectors (5.4 for cogc and 5.8 for gc).

Wild type Lin- BM cells were transduced with a non-saturating but fixed MOI of γcPROM-
GFP (BM copy number per cell: 4.9), PGK-GFP (BM copy number per cell: not deter-
mined) or SF-GFP LV vector (BM copy number per cell: 3.2) and transplanted in 6 Gy 
sublethal TBI conditioned mice to compare promoter specificity and activity (Figure 2). 
In the γcPr-GFP mice, GFP expression in peripheral blood 3 months post-transplanta-
tion was present on average in 50% of CD3+ cells, 92% of IgM/B220+ cells and 65% of 
CD11b+ cells, whereas expression in erythrocytes and platelets was negligible. Similar 
percentages of GFP expression were observed in the constitutively active SF-GFP group, 
with detectable GFP levels in erythrocytes and thrombocytes (36-42%), similar to the con-
stitutively active PGK promoter. Fluorescence intensity in CD3+ cells was similar across 
all 3 promoters, but GFP intensity was for the SF-GFP group 5-fold higher in B cells and 
4-fold higher in CD11b+ cells compared to the physiological promoters (Figure 2b). GFP 
expression in γcPr-GFP-transduced cells was stable for eight months. We concluded that 
the γc promoter element displayed improved stable selectivity with a lower expression 
level compared to the SF promoter. 
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Figure 2. Comparison of SF, PGK and γcPr promoter expression in vivo. (a) the proportion of GFP positive 
erythrocytes (ery), thrombocytes (thro), T lymphocytes (CD3+), B lymphocytes (IgM/B220+) and myeloid cells 
(CD11b+) in Il2rg-/- mice three months after transplantation of wild type Lin- cells transduced with SF-GFP (dark 
grey bars, n=2), PGK-GFP (light grey bars, n=3) or γcPr-GFP (black bars, n=3). (b) shows the fluorescence 
intensity (mean fluorescent units or MFU) of GFP expression. 
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T and B cell reconstitution following lentiviral gene therapy for murine 
SCID-X1
4×105 SF-coγc, γcPr-coγc (both MOI 9-10) or PGK-coγc (MOI 2, due to low vector titer) 
transduced male Il2rg-/- Lin- bone marrow cells were transplanted into 6 Gy irradiated 
female Il2rg-/- recipients (n = 5 for PGK and n = 4 for SF and γcPr). As controls, Il2rg-/- 
and wild type Lin- BM cells were transduced with γcPr-GFP and transplanted into Il2rg-/- 
mice (n = 4 and n = 3, respectively). The number of integrations per BM cell corrected 
for donor/recipient chimerism was proportional to the MOI, reaching 2.1, 0.9 and 2.0 for 
the groups SF-coγc, PGK-coγc and γcPr-coγc respectively (Supplementary Table S1a).  
The control groups containing the γcPr-GFP vector on average had 4.9 integrations for 
wild type transplanted cells and 4.0 integrations for Il2rg-/- cells. Polyclonal integration 
patterns were confirmed for all vectors by LAM-PCR of BM DNA at 8 months post-trans-
plant (Figure S1). An initial, limited analysis revealed the LV characteristic preferential 
integration in active transcription units, with no obvious preference for transcription start 
sites. Of note, potential oncogenes, listed in the mouse retrovirus tagged cancer gene data-
base (RTCGD).22 were over-represented among integrations of vectors containing the SF 
promoter. Contrary to the vectors with cellular promoters, almost 15% of SF integrations 
were found within 100kb of a gene listed in the RTCGD (Table 3). Even in this limited 
data set, this difference is statistically significant (P=0.02).

Peripheral white blood cell counts increased in all gene therapy treated mice and were 
stable for 7 months post-therapy. T and B lymphocyte reconstitution is shown in Figure 
3a.  Animals transplanted with Il2rg-/- cells treated with γcPr-GFP had 7-11% peripheral 
blood CD3+CD4+ cells, depending on the time interval after transplantation, and were  
negative for CD8+, B220+IgM+, IgD+ and CD19+ cells.  Animals transplanted with Il2rg-/- 
cells treated with SF-coγc, PGK-coγc or γcPr-coγc began to recover T and B cell popu-
lations two months post-transplant, as did mice given wild type cells.  Reconstitution of 
CD4+ and CD8+ cells were similar for the coγc-treated groups and for the wild type group, 
and T cell populations remained stable. Two-sided ANOVA comparing to the GFP group 
returned P values of <0.01 for both T and B lymphocytes for wild type and all coγc-treated 
groups at months 5-7 after transplantation. B220+, IgM+ and IgD+ cell counts were similar 
for the wild type and SF-coγc groups, whereas the PGK-coγc and γcPr-coγc mice had 
B cell counts 2 to 4-fold lower, but prominently increased relative to the GFP control 
(P<0.001 for wild type and coγc groups).
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Figure 3. T and B lymphocyte reconstitution in peripheral blood. Il2rg-/- mice were transplanted with len-
tiviral vector transduced wild type or Il2rg-/- Lin- cells. Absolute lymphocyte cell numbers in peripheral blood 
of gene therapy treated mice were determined monthly by flow cytometry. A comparison of all the lentivi-
ral vectors tested is shown in (a): Il2rg-/- Lin- cells with γcPr-GFP, SF-coγc, γcPr-coγc (n = 4 per group) or 
PGK-coγc (n = 5), and wild type Lin- cells with γcPr-GFP (n = 3). Mice were subjected to 6 Gy irradiation 
and received 4x105 cells. T and B lymphocytes are presented as CD4+, CD8+ or IgD+, IgM/B220+ cells re-
spectively. (b) represents a comparison of a titration in irradiation conditioning: Il2rg-/- mice were subjected 
to 2Gy irradiation and transplanted with 5x105 cells, either wild type Lin- cells (n = 3) or Il2rg-/- Lin- cells 
transduced with γcPr-coγc (n = 9) or PGK-coγc (n=7). A further five Il2rg-/- mice were transplanted with Il2rg-/- 
Lin- cells transduced with γcPr-coγc (n=3) or wild type Lin- cells (n=2), without pre-transplant irradiation.  
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To further study the influence of conditioning intensity and cell number on engraftment, 
30 Il2rg-/- mice were treated with LV-γcPr-coγc or LV-PGK-coγc transduced Il2rg-/- cells or 
wild type cells with the pre-transplant conditioning reduced to 2 Gy (n=13 for γcPr-coγc, 
n=7 for PGK-coγc and n=3 for wild type) or no conditioning radiation (“0 Gy”) (γcPr-
coγc n=5 and wild type n=2). Four γcPr-coγc treated mice in the 2 Gy group received 105 
transduced cells compared to the 5x105 cells given to the other mice. Reconstitution of  
T and B cells is shown in Figure 3b. Reduction of pre-transplant conditioning from 6 Gy 
to 2 Gy had little or no effect on the reconstitution of T and B cells in either coγc treated 
mice or the wild type controls. Eliminating pre-transplant conditioning altogether resulted 
in reduced T and B cell counts for γcPr-coγc treated mice (P<0.01 for B cells compared 
to the 2 Gy group), whereas increased T cell counts and reduced B cells seen in wild type 
0 Gy controls were lower, but not statistically significant relative to the 2 Gy wild type 
group. Mice injected with 105 γcPr-coγc transduced cells had approximately 25% lower  
T cell counts relative to mice given 5×105 cells, however, this difference was not statis-
tically significant either (data not shown). Mice were sacrificed at 9 months post-therapy 
and T and B lymphocyte markers were determined in BM and spleen (Figure 4). Spleen  
T cell populations were similar for mice treated with coγc vector transduced cells and re-
cipients of wild type cells.  Mice treated with γcPr-GFP lacked CD8+ cells and had reduced 
levels of CD4+ cells.  BM of conditioned mice treated with coγc vectors or wild type cells 
had similar levels of B lymphocytes, whereas GFP-treated Il2rg-/- mice had virtually no B 
lymphocytes (Figure 4a).  Similar results were found in the spleens (Figure 4b). 

Figure 4. Percentages of CD8+ and IgD+ cells in spleen and BM. Percentages of CD3/CD8+ and IgD/B220+ 
cells in BM (a) and spleens (b) of experimental mice. Mice were subject to 6Gy, 2Gy or 0Gy irradiation and 
transplanted with 5x105 wild type Lin- cells (n= 17) or 5x105 Il2rg-/- Lin- cells transduced with SF-coγc (n=4), 
PGK-coγc (n=11), γcPr-coγc (n= 27) or γcPr-GFP (n=4). All groups consist of mice from 2 separate experiments, 
excepting the PGK and SF groups. Significant differences are seen in the percentages of IgD/B220+ cells between 
mice given pre-transplant conditioning and those who did not (*P<0.05, **P<0.01). 
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Mice given wild type or γcPr-coγc-treated cells with no pre-transplant irradiation condi-
tioning had significantly lower percentages of IgD/B220+ cells in their spleens and BM 
than mice given similar cells with conditioning. The average numbers of integrations per 
BM cell corrected for donor/recipient chimerism were 2.2 for the PGK-coγc mice and 3.5, 
3.2 and 2.4 for the γcPr-coγc mice given 0 Gy TBI/5×105 cells, 2 Gy TBI/5×105 cells and 
2 Gy TBI/105 cells, respectively (Supplementary Table S1b). 

To confirm that the γcPr-coγc vector could effectively restore T and B cell populations 
even at a low MOI, another 19 Il2rg-/- mice were administered 2 Gy irradiation and treated 
with 5x105 Il2rg-/- LV-γcPr-coγc transduced cells (n=15) or wild type cells (n=4). Cells 
transduced with LV-γcPr-coγc using a HTU MOI of 10, 3 or 1 were transplanted into 
Il2rg-/- mice (n=5 per group). Reducing the MOI of the γcPr-coγc from 10 to 3 had no 
effect on the efficacy of leukocyte reconstitution, whereas reducing the MOI to 1 resulted 
in a more protracted course of T cell reconstitution to reach levels of T and B cells similar 
to the MOI 10 and 3 γcPr-coγc groups at 5 months post-therapy (Figure S2). Mice were 
sacrificed at 8 months post-therapy and the average vector copy per BM cell, corrected for 
donor/recipient chimerism, was 1.9, 1.0 and 0.2 for the mice given cells transduced with a 
HTU MOI of 10, 3 and 1, respectively (Supplementary Table S1b). 

Humoral immune responses 
At 15 weeks post-transplant, peripheral blood plasma was tested for basal immunoglob-
ulin levels.   Plasma concentrations of IgM and IgG1 were similar among the wild type 
group and the two coγc treated groups (Figure 5a) and clearly distinct from the absent an-
tibodies in GFP-treated Il2rg-/- mice (P<0.05). Natural antibodies specific to TNP-KLH23 
were absent in GFP-treated Il2rg-/- mice but present in PGK-cogc mice as well as wild type 
controls. We conclude that natural antibodies normalized as well in successfully treated 
mice.
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Figure 5. Response of plasma immunoglobulin levels to immunization. (a) plasma immunoglobulin levels 
quantified for IgM, IgG1 or TNP-KLH. Il2rg-/- mice were transplanted with wild type Lin- cells (n=3) or Il2rg-/- 
Lin- cells transduced with γcPr-coγc (n=4), SF-coγc (n=4), PGK-coγc (n=5) or γcPr-GFP (n=4, group designated 
Il2rg-/-). Plasma was collected at 15 weeks after transplantation. All cogc-treated groups are significantly different 
than the GFP control group for levels of plasma IgM, IgG1 and anti-TNP-KLH antibodies (P<0.05). (b) Quan-
tification of Pneumo23 and tetanus specific immune responses. Il2rg-/- mice transplanted with 5´105 Il2rg-/- Lin- 
cells or wild type cells were subjected to a Pneumo23 immunization scheme 6 months after transplantation, with 
plasma collected 10 days later. Shown are fold changes in Pneumo23-specific IgM and IgG1 antibody levels 
before and after immunization. Mice had been transduced with γcPr-coγc (n=5) or PGK- coγc (n=6) after 2Gy 
irradiation, or given Il2rg-/- Lin- cells with no vector (n=4), or given wild type cells after 6Gy, 2Gy or 0Gy irra-
diation (n=4 for 6 and 2Gy and n=3 for 0Gy group). All groups except for the WT 0Gy group are significantly 
different than the Il2rg-/- control group (P<0.05). One month later, the surviving mice were subjected to a tetanus 
toxoid immunization scheme. Tetanus injections were repeated 2 times at 2 week intervals. Shown are plasma 
IgG1 antibody levels 2 weeks after the last boost. No antibodies to either Pneumo23 or tetanus were observed 
prior to immunization.
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To confirm that a specific T cell dependent antibody response was restored in γcPr-cogc 
and PGK-cogc mice, a tetanus toxoid immunization scheme was started at four months 
after transplantation in wild type and γcPr-cogc recipient mice in the 2 Gy radiation groups 
(Figure 5b). Mice were injected three times with tetanus toxoid at two-week intervals.  
Tetanus-specific IgG antibody levels increased over time in all groups with similar anti-
body responses between wild type and coγc treated mice. The antibody titers were also 
similar among γcPr-coγc treated mice receiving 5x105 or 1x105 Lin- cells. The specific 
antibody response was absent in plasma of Il2rg-/- mice.

A T cell independent antibody test was performed in mice that received wild type, 
PGK-cogc or γcPr-cogc-treated cells in the 2 and 0 Gy radiation groups (Figure 5b). Mice 
were injected with Pneumo23 and plasma was collected after 10 days had passed. IgM 
and IgG antibody levels in coγc and wild type cell treated mice were clearly normalized 
relative to the non-responding GFP treated mice. Of note, in the 0 Gy TBI recipients 
of γcPr-coγc transduced cells, 3 out of 4 mice immunized failed to produce antibodies,  
significantly different from all other treated groups (p=0.001) and consistent with the  
severely reduced B cell reconstitution in these mice.

To assess T lymphocyte response to cytokine signaling, the proliferative potential of 
spleen cells was determined in response to ConA and IL-2. As shown in Figure 6, cells 
of mice treated with SF, PGK or γcPr containing coγc vectors showed similar levels of 
cellular expansion in response to ConA and IL-2. A response was not obtained in spleen 
cells of Il2rg-/- mice treated with GFP (P<0.01).

TCR repertoire
Functional T cell receptor (TCR) rearrangement was determined from spleen cDNA with 
primers specific to the Constant (C) part of the T cell antigen receptor β chain and one of 
the Variable (V) gene segment-specific primers.24-25 A total of 21 V gene segment primers  
were used to create PCR products, which were then diluted and analyzed on an ABI 
3130xl sequencer.  Peak patterns for mice treated with coγc vectors or wild type cells were 
diverse, indicating the existence of a polyclonal T cell population that is able to create a 
diverse, functional repertoire of antigen receptors (Figure 7).   Peak patterns for Il2rg-/- 
mice treated with the GFP control vector tended to have only a few peaks, indicating that 
the antigen receptor repertoires in T cells in these mice had no or limited functionality.
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Figure 6. Spleen cell responses to stimulation with ConA/IL-2. Spleen cells were collected from wild type 
mice, Il2rg-/- mice, and Il2rg-/- mice transplanted with Il2rg-/- Lin- cells transduced with γcPr-coγc, SF-coγc or 
PGK-coγc (N = 3 for all groups). Measurements of coγc groups were adjusted for levels of spleen cell chimerism 
(Table 2). Wild type and coγc-treated groups were significantly different compared to Il2rg-/- group (**P<0.01) 
for both Con A and Con A + IL-2 stimulation, whereas the gene therapy treated mice did not significantly differ 
from the wild type mice. 

 

Figure 7. Genescan analysis of murine T cell receptor β (TCRβ) repertoire.  PCR was performed on cDNA 
synthesized from total spleen RNA, using a specific primer for the Constant part of the TCRβ chain in combi-
nation with 21 Variable (V) gene segment-specific primers. Of the 21 V gene segments tested, the most repre-
sentative samples are shown here. Diverse peak patterns indicate the rearranged TCRβ genes are derived from a 
polyclonal cell population, whereas samples with only a few peaks reflect inability to form a broad T cell receptor 
repertoire. 
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Secondary transplants
All mice in these studies were sacrificed 8 to 9 months after transplantation and BM cells 
were re-transplanted into one or two Il2rg-/- mice following 6 Gy irradiation (2x106 total 
BM cells per mouse). The secondary transplants were monitored monthly by blood counts 
and flow cytometry as described for up to 8 months. Reconstitution was universally infe-
rior to the primary transplants, with reduced circulating B cell counts (for the γcPr-cogc 
secondary recipients group 0.1 ± 0.0 x109 vs 1.2 ± 0.2 x109 IgM+B220+ B cells/L and for 
wild type secondary recipients, 1.9 ± 0.2 x109 vs 4.7 ± 0.5 x109 IgM+B220+ B cells/L) and 
poor antibody responses to Pneumo23 and tetanus seen in mice given cogc-treated or wild 
type cells (data not shown). Some secondary transplants had undetectable levels of B cells, 
with this effect most often seen when the primary transplants were treated with physiolo 
gical promoters or received no pre-transplant conditioning.

NK cell reconstitution
A pilot experiment to obtain insight into NK cell reconstitution following transplantation 
of cells transduced with the therapeutic γc gene was performed in Rag2-/-/Il2rg-/- C57BL/6 
mice, also using the opportunity to compare the LV-γcPr-coγc vector to the LV-UCOE-
IL2RG construct published earlier.26 Il2rg-/- lin- cells were transduced using an MOI of 
15 and of 10 for the γcPr and UCOE vectors, respectively, and transplanted into Rag2-/-/
Il2rg-/- recipients. Wild type C57BL/6 mice and untreated Rag2-/-/Il2rg-/- C57BL/6 mice were 
used as controls. Percentages of CD3+, B220+ and NK1.1+ cells were similar for the two 
vectors, and also similar to those obtained with the the SF and PGK vectors in recipients at 
a BALB/c background, although the mice treated with the γcPr vector had a higher num-
ber of vector copies per cell (Supplementary Table S2), again stressing that vector copy 
number/cell has no major impact above a certain threshold level. 

DISCUSSION
 
To address the risk of gammaretroviral vector-mediated insertional mutagenesis in gene 
therapy of SCID-X1, we generated self-inactivating SIN HIV-1 derived lentiviral vectors12 
containing the bPRE4* element described previously.20 These vectors integrate with high 
efficiency in hematopoietic stem cells by an overnight transduction without the require-
ment of pre-stimulation with growth factors and have a reduced likelihood of integrating  
near transcription start sites, as well as improved resistance to silencing.10, 13 Vectors for 
transfer of the therapeutic transgene were driven by the SF, PGK or γcPr promoters.  
Lineage negative Il2rg-/- cells transduced with these vectors and transplanted in clinically 
feasible numbers into Il2rg-/- recipient mice proved effective in restoring immune compe-
tence, as measured by T cell numbers, polyclonal TCRβ gene rearrangements, ConA/IL-2 
stimulated T cell proliferation, T cell dependent and independent B cell antibody responses,  
and by restored levels of natural antibodies. All three vectors proved effective at restoring  
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T cell populations and immune system functionality to wild type levels, provided a  
minimum level of pre-transplant conditioning was applied. A series of GFP vectors served 
as controls, and additionally demonstrated improved selectivity of the γcPr promoter for 
expression in white blood cells. 

We compared the efficacy of the SF-coγc, γcPr-coγc and PGK-coγc vectors at reconsti-
tuting T and B cell populations in Il2rg-/- mice.  The levels of T and B cell reconstitution 
in SF-coγc vectors, which approach recovery rates of wild type cells, are similar to the 
initial results of retroviral gene therapy for murine SCID-X1.27 Likewise, the lymphocyte 
numbers and the results of a spleen cell proliferation assay compare favorably with a more 
recent approach to murine SCID-X1 gene therapy with lentiviral vectors using a similar 
MOI.26 The γcPr-coγc and PGK-coγc vectors fully restored T lymphocyte populations in 
the periphery, BM and spleen, but were less effective in restoring B cell populations. Mice 
treated with coγc vectors regained immune function as shown by spleen cell reactivity to 
proliferation signals and displayed a repertoire of TCRβ gene rearrangements. Although 
the B cell populations were reduced, PGK and γcPr-coγc vector treated mice had plasma 
levels of IgM and IgG1 similar to mice given wild type cells with a comparable pre-trans-
plant conditioning regimen, as well as fully normalized antibody responses to Pneumo23 
and tetanus toxoid. The reduced number of circulating B cells in γcPr-coγc treated animals 
apparently does not negatively influence specific antibody production resulting from T cell 
dependent or from T cell independent responses. 

Due to a low vector titer, the MOI of the PGK-coγc vector was 5-fold lower than the 
other vectors with a corresponding reduction in the number of integrations per cells. The 
integrations per cell were also dissimilar for the comparison study between the UCOE and 
γcPr vectors, which aimed at measuring NK cell levels. However, we demonstrated that  
reducing the γcPr MOI to 0.2 integrations per cell had no significant effect on reconstitution,  
thus allowing comparisons at different numbers of integrations per cell. 

Although full functional restoration was accomplished, the reduced numbers of circu-
lating B lymphocytes in γcPr-coγc and PGK-coγc treated mice compared to those from 
SF-coγc and wild type groups is noteworthy.  This might be the result of species-specific 
differences in lymphocyte development:  humans with SCID-X1 are able to produce high 
levels of B cells through non-γc-dependent pathways,1N whereas Il2rg-/- mice do not have 
this ability.   Another possibility is that the lower levels of γc protein expression driven 
by γcPr and PGK relative to that by the SF promoter reduces the selective advantage of 
B cell precursor cells to repopulate bone marrow, leading to lower circulating levels and/
or proliferation.  This may also underline the importance of pre-transplant conditioning.

Reduction of the pre-transplant conditioning of recipient mice from 6 Gy to 2 Gy had 
no significant effect on the efficacy of the gene therapy treatment, consistent with the 
principles of conditioning for autologous stem cell engraftment earlier established in 
thalassemic mice.28 However, also in line with the latter observations, eliminating the 
pre-transplant conditioning altogether severely reduced the efficacy of the treatment in 
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mice transplanted with either γcPr-coγc treated or wild type cells, with a corresponding 
drop in donor cell BM chimerism, percentage of lymphocytes present in spleen and BM, 
and failures to produce antibodies upon immunization. Il2rg-/- mice that received wild type 
cells but were not pre-conditioned resulted in low to no detectable B cells levels in blood 
BM and spleen, and many of these mice had poor recovery of plasma antibody levels and 
specific immune responses. This is similar to conditions applied in the first gammaretro-
viral vector SCID-X1 trials,4 resulting in some of the patients requiring immunoglobulin- 
replacement therapy. To our knowledge, this is the first paper underlining the importance 
of pre-transplant conditioning for murine SCID-X1. Extrapolation of this observation to 
human SCID-X1 gene therapy predicts improved immune reconstitution by applying mild 
conditioning and a reduced threshold of cell numbers required, thereby improving both 
efficacy and safety. 

Titration of the LV-γcPr-coγc vector demonstrated convincingly that lowering the vec-
tor dose to reach the preferred 1 copy per cell for clinical application had no significant 
effect on the reconstitution of T and B cell lineages, in contrast to results previously de-
scribed by Zhou et al.29 Using an HTU MOI of 1 resulted in on average 0.2 vector copies 
per BM cell in vivo, compared to 1.9 copies/BM cell in a mouse given an MOI of 10, 
with no significant difference in the T and B cell counts seen in these animals at 6 months 
post-therapy. Likewise, reduction of the Lin- cell number transplanted to 105/mouse 
(4x106/kg, equivalent to 4x107/kg unfractionated BM cells or roughly 106/kg CD34+ cells 
in humans) did not noticeably influence immune reconstitution.

In this manuscript, we also provide evidence that the codon optimization proved essen-
tial for improved viral vector titers, transgene transcript levels and protein production as 
has been shown before in other vectors,15 allowing immune reconstitution at a level of one 
transgene copy per cell. This is in contrast to a recent report in which low copy numbers 
per cell of a vector with a 233-bp human EF1a promoter resulted in significantly reduced 
B and NK cell reconstitution, and IgG plasma levels.29 

The use of strong retroviral enhancer/promoter sequences is not desirable for clinical 
application since the leukemia cases that occurred in the initial gene therapy trials were 
caused by integrations in vulnerable regions near proto-oncogenes resulting in subsequent 
upregulation and constitutive expression.6-7 Furthermore, viral promoters are at risk of 
being silenced by methylation in mammalian cells.30-33 The SF promoter in particular has 
been shown to modify gene expression in regions greater than 100 kb,34 reducing the  
potential of activating neighboring genes by cellular promoters18 may be beneficial for 
clinical application. In a recent study, Zhou et al29 tried to address whether a 233-bp  
human EF1a promoter was able to upregulate LMO2 with a LMO2 activation assay 
in human leukemic Jurkat T-cells when inserted in the LMO2 locus, and compared to 
a γC genomic sequence inserted in the reverse orientation. However, lentiviral vectors  
integrate throughout genes, not at fixed locations or orientations, and have shown no  
preference to integrate near oncogenes or near transcription start sites. In the present study,  
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we encountered a significant number of integrations of the SF vector in the immediate 
vicinity of RTCGD listed proto-oncogenes, but not with the PGK or gcPr vectors (Supple-
mentary Table 3). 

Constitutive IL2RG expression has been postulated to pose an increased risk of  
oncogenesis.35 However, this implication of IL2RG acting as an oncogene under certain  
circumstances is controversial,36-37 since aberrant constitutive expression of LMO2 results 
in a differentiation block of developing T cell precursors under proliferative pressure,38 
which by itself would be sufficient to explain the onset of leukemia after a secondary 
oncogenic event. In this scenario, IL2RG expression is permissive, not causative. More 
recent evidence supports the notion that IL2RG and LMO2 require additional coope- 
rating mutations.39 In addition, a novel model of SCID-X1 reconstitution suggests that 
the SCID-X1 phenotype itself causes cells to be more susceptible to insertional leukemo-
genesis by murine leukemia viruses or gammaretroviral vectors.40 Of note, no insertions 
were detected in the Lmo2 locus after thorough integration analysis of the leukemic clones 
obtained in the course of this study.

The study involved 70 primary recipients, of which bone marrow cells have been  
retransplanted eight months after transplantation into secondary recipients to increase the 
proliferative pressure on the transduced cell population. Secondary recipients had poor 
lymphocyte reconstitution, particularly in the B cell compartments. Current observation 
times of primary and secondary recipients are at least 15 months after transplantation. 
While we have detected leukemias and T cell malignancies in some mice, none of these 
adverse events were shown to be vector-derived after qPCR and LAM-PCR analysis and 
as such were concluded to be background malignancies inherent to the radiation exposure, 
mouse strain or other factors in the procedure.41 The mice and their retransplants will be 
monitored life-long in the context of a larger study directed at potential adverse effects 
and at a full integration analysis, to be reported separately. Some mice treated with similar 
vectors in experiments not included in this manuscript have developed leukemias that are 
likely vector derived, which will be reported on separately.

We conclude that the γcPr-coγc vector, as well as the PGK-coγc vector, provides 
an attractive, required alternative to replace constitutive viral promoters, allowing the  
development of efficacious therapeutic lentiviral vector mediated gene transfer for the  
correction of SCID-X1 with a potentially improved safety profile both by the use of the 
SIN lentiviral backbone42-43 and as judged from an initial integration analysis. Additionally,  
our study underscores the importance of pre-transplant conditioning for consistent  
successful correction, which should have an impact on current clinical protocol develop-
ment.
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METHODS

Mice
BALB/c and Il2rg-/- mice were bred in the Experimental Animal Center of Erasmus MC.  
Il2rg-/- single KO mice with a targeted γc deletion were derived from a 10th generation 
backcross of BALB/c Rag2-/-/ γc-/- mice, kindly provided by Dr. H Spits,44 with syngenic 
BALB/c wild type mice.  All mice were used at 6 to 10 weeks of age and were maintained 
in specified pathogen free conditions.   Experiments were approved by the institutional  
Animal Ethical Committee of Erasmus MC in accordance with legislation in the  
Netherlands. Comparison studies between the LV-γcPr-coγc vector described here and a 
LV-UCOE vector were performed using Il2rg-/- donor mice and Rag2-/-/Il2rg-/- recipients, 
plus wild type controls (C57BL/6 background). These experiments were conducted at 
University College, London, according to their protocols, 26 with approval in accordance 
with legislation in the UK. 

Lentiviral vector plasmids
Third generation self-inactivating (SIN) LV incorporating the γc cDNA were construct-
ed using the HIV-1 vector backbone42-43 with SF promoter and a modified woodchuck 
posttranslational regulatory element (bPRE4*) as described previously,20 but now incor-
porating the γc cDNA. The native human IL2RG cDNA was cloned from a LZRS-IL-
2RG-IRES-EGFP retroviral plasmid,44 kindly provided by Dr. Karin Pike-Overzet, Dept 
of Immunology, Erasmus MC, Rotterdam, the Netherlands, and cloned into pRRL.PPT.
SF.EGFP.WPRE4*.SIN (LV-SF-GFP) to create LV-SF-γc. Codon-optimized human  
IL2RG sequence (coγc) predicted by GeneOptimizer® software (GeneArt AG, Regens-
burg, Germany) was cloned into LV-SF-γc to generate the LV-SF-coγc vector. 

The human IL2RG promoter fragment (γcPr) was obtained by PCR amplification 
of a ~1.1kb human DNA region17 using the following primers: 5’-CTCGAGAGGAT-
GTCTTGTTGGTCT-3’, and 5’-GGATCCCGCTTGCTCTTCATTCCC-3’ with restric-
tion sites underlined (Eurogentec, the Netherlands).  Post-PCR, the fragment was ligated 
into pCR-TOPO-TA vector (Invitrogen, Carlsbad, CA) and verified by restriction digest 
and sequencing.  The γcPr was subsequently ligated into a GFP LV in place of the PGK 
promoter by digestion with XhoI and BamHI to create LV-γcPr-GFP.  Similarly, γcPr and 
PGK were cloned into SF-coγc to produce LV-γcPr-coγc and LV-PGK-coγc.   

Production of lentiviral particles and titration
LVs were produced by standard calcium phosphate transfection of HEK 293T cells19 with 
the packaging plasmids pMDL-g/pRRE, pMD2-VSVg and pRSV-Rev.  LV were concen-
trated by ultracentrifugation at 20,000 r.p.m. for 2 hours at 4°C and stored at -80°C. Viral 
vector titration was performed on HeLa cells by serial dilutions to determine transducing 
units (HeLa transducing units, HTU) per mL. The transduced cells were harvested on day 
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11, DNA and total RNA were purified and the copy number per cell was determined by 
real-time quantitative polymerase chain reaction (qPCR).  

Real-time quantitative polymerase chain reactions
qPCR to quantify the integrated proviral copy number45 was performed on the ABI Prism 
7900HT Sequence Detection System (Applied Biosystems, Foster City, CA) with 100 
ng genomic DNA template and SYBR Green PCR Master Mix (Applied Biosystems) 
with HIV primer, 5’- CTGGAAGGGCTAATTCACTC-3’, and 5’-GGTTTCCCTTTC-
GCTTTCAG-3’ resulting in a 274 bp fragment of the proviral DNA. The PCR conditions 
were 95 °C for 10 min and 45 cycles as follows: 95°C for 15 s and 62°C for 1 min. A 
standard calibration curve was determined from flow sorted mouse 3T3 cells transduced 
with LV-SF-GFP at a multiplicity of infection (MOI) of 0.06 containing one integration 
per genome. All PCR reactions were performed in triplicate and analyzed with SDS2.2.2 
software.  

Determination of WPRE mRNA levels
Total RNA of transduced HeLa cells was converted to cDNA via the QuantiTect Reverse 
Transcription kit (Qiagen, Venlo, the Netherlands). qPCR reactions were performed using 
5ng cDNA and primer 5’-ATTGCCACCACCTGTCAACT-3’ and 5’-CCGACAACAC-
CACGGAATTA-3’ to amplify a fragment of the WPRE. qPCR reactions were performed 
on the ABI Prism 7900HT using a serial dilution of SF-IL2RG plasmid as the standard 
curve and a 55 °C annealing temperature. 

Chimerism assay
qPCR reactions were performed on spleen and BM DNA from Il2rg-/- mice transplanted 
with male donor cells transduced with LV vectors to amplify a region of the Y chromo-
some as described by Pujal et al46, using 100ng of genomic DNA and primers 5’-TCATC-
GGAGGGCTAAAGTGTCAC-3’ and 5’-TGGCATGTGGGTTCCTGTCC-3’. A standard 
curve was generated using spleen and BM DNA from male BALB/c mice. 

LM-PCR and LAM-PCR
High-resolution insertion-site analysis by linear amplification–mediated PCR (LAM-
PCR) and ligation-mediated PCR (LM-PCR) was performed on BM, peripheral blood or 
spleen DNA from Il2rg-/- mice transduced with LV vectors. For LAM-PCR47 restriction 
enzymes Tsp509I or MseI were used with the lentiviral (HIV) primer set. PCR products 
were run on high resolution polyacrylamide (Spreadex) gel. To the nested primers of the 
LM-PCR48-49 protocol, the following primers were added to create the sequencing tags: 
3’-GCCTCCCTCGCGCCATCAG-5’+ MID (multiplex identifier) to the primer annealing 
to the viral LTR, and 3’-GCCTTGCCAGCCCGCTCAG-5’+ MID to the primer annealing 
to the linker.
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Transduction and transplantation of lineage negative BM cells
BM cells from male Il2rg-/- and congenic wild type mice were purified by lineage depletion  
(Lin-) (BD Biosciences, Santa Clara, CA).   Lin- BM cells were transduced overnight 
at 106 cells/ml in serum free modified Dulbecco’s medium with supplements50 in the  
presence of murine stem cell factor (mSCF) 100 ng/mL, human FMS-like tyrosine kinase 
3-ligand (hFlt3-L) 50ng/ml and murine thrombopoietin (mTPO) 10 ng/ml at HTU MOI 
9, except for the PGK-coγc vector (MOI 2) and a vector dose titration of γcPr-coγc from 
MOI 10 to 3 to 1. Subsequently, 5×105, 4×105 or 105 cells were injected into the tail vein 
of 6 Gy or 2 Gy irradiated female Il2rg-/- recipients or without conditioning.

Immunophenotyping by flow cytometry
Flow cytometric analyses were performed on cells obtained from blood, bone marrow and 
spleen. Peripheral blood was collected monthly in EDTA tubes by retro-orbital puncture 
under isoflurane anesthesia. Complete blood cell counts were measured using a Vet ABC 
hematology analyzer (Scil animal care company GmbH, Germany).  Blood was lysed and 
leukocytes were washed three times with Hank’s balanced salt solution (HBSS, Invitro-
gen) containing 0.5% (wt/vol) bovine serum albumin and 0.05% (wt/vol) sodium azide 
(HBN).  Cells were incubated for 30 minutes at 4°C in HBN containing 2% heat-inacti-
vated normal mouse serum and antibodies against CD3, CD4, CD8, B220, CD19, IgM, 
IgD, CD11b Sca-1, C-kit and and T cell receptor β (TCRβ) directly conjugated to R-phy-
coerythrin (PE), peridinin chlorophyll protein (PerCP) or allophycocyanin (APC; all anti-
bodies BD Biosciences).  Subsequently, cells were washed and measured on a FACSCali-
bur (Becton Dickinson).  BM and spleen cells were evaluated similarly. Additionally, GFP 
expression was measured in mice treated with the LV-SF-GFP or LV-ycPr-GFP vectors.

Determination of surface gc expression
Lineage negative Il2rg -/- BM cells were purified as described above and transduced with 
LV-SF-gc or LV-SF-cogc vectors at a HeLa MOI of 100, 10 or 1. Transduced cells were 
cultured for 4 days, washed and then surface gc expression was determined via flow cy-
tometry. A CD132-pe antibody (BD Biosciences) was used to determine gc expression.

Immunizations and ELISAs
HeLa cells were transduced with a fixed MOI for either LV-SF-gc or LV-SF-co-gc and kept 
in culture for 7 days. Copy number per cell was confirmed by qPCR. An ELISA was per-
formed on extracts from these transduced cells coated on the plates, which were normal-
ized for protein content. Biotinylated goat anti-human common gamma chain (BAF284, 
R&D Systems) was applied to these plates, and signal was detected with streptavidine-per-
oxidase. The relative fold increase in gc expression was determined, adjusted for copy 
number per cell.

An ELISA was done on peripheral blood plasma collected 15 weeks after transplantation  
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to determine basal IgM and IgG1 plasma levels.  Briefly, Covalink 96-well plates (Nunc 
A/S, Roskilde, Denmark) were coated first with DSP (dithiobis[succinimidyl propionate],  
Pierce Biotechnology, Rockford, IL) in methanol and then with unlabeled (capture)  
anti-mouse IgM (1B4B1) or IgG1 (H143.225.8) antibodies (SouthernBiotech, Birming-
ham, AL) for two hours. The wells were blocked overnight at 4°C with 1% bovine serum  
albumin in PBS. The next day the plates were washed six times with PBS/0.05% Tween 
20 and incubated with serially diluted serum for 1 hour at room temperature (RT). Plates 
were washed and incubated with a goat anti-mouse horseradish peroxidase–conjugated 
antibody at RT for 1 hour. After subsequent washing the wells were stained with TMB 
substrate (Kirkegaard and Perry Laboratories, Gaithersburg, MD) and the reaction was 
stopped after 10 minutes by adding 1M phosphoric acid. The absorbance of each plate was 
then read at 405nm using a FLUOstar Optima plate reader.  Antibody concentrations were 
calculated by using purified IgM (M5909) and IgG (I5381) antibody standards (Sigma, 
Saint Louis, MO).

An ELISA for natural antibodies to trinitrophenol keyhole limpet hemocyanin (TNP-
KLH) was done on peripheral blood taken from PGK-cogc-treated mice as well as mice 
given WT and Il2rg-/- cells. The ELISA was performed as described, using TNP(17)-KLH 
(T-5060-5, Biosearch Technologies, Novato, CA) and anti-KLH (12B4.G3.A8) antibody 
(AbCam, Cambridge, United Kingdom). Optical density was used to measure the anti-
bodies.

T cell dependent specific antibody responses were determined by intraperitoneal  
immunization with 16 IU of tetanus toxoid. This process was repeated twice at two week 
intervals, and plasma was collected two weeks after the last immunization. An ELISA was 
performed on plates coated with tetanus toxoid, and HRP goat-anti-mouse IgG1 (InVitro-
gen) was used to measure signal. Anti-tetanus antibody TetE3 was used to make a standard 
line (AbCam).

T cell independent responses were obtained by subcutaneous immunization with 0.5mg 
of each 23 purified pneumococcal capsular antigens (PNEUMO 23, Sanofi Pasteur MSD, 
Brussels, Belgium), and plasma was collected 10 days later. ELISA plates were coated 
with Pneumo23 and goat-anti-mouse IgM or goat-anti-mouse IgG1 were used to measure 
signal (Invitrogen). Optical density was measured of pre-immunization and post-immuni-
zation plasma to determine the antibody response.

In vitro spleen cell proliferation assay
Spleen cells were cultured at 1×106 cells/mL in DMEM supplemented with 10% FCS 
and antibiotics (pen/strep).  Concanavalin A (Con A, 2.5µg/ml, Sigma) was added with or 
without human interleukin-2 (IL-2, 500 units/ml, Biogen Idec, Badhoevedorp, The Neth-
erlands).  On day 3, 0.5µCi 3H-thymidine was added to each well.  On day 4 cells were 
washed and 3H-thymidine incorporation was measured on a TopCount microplate scintil-
lation counter (GMI, Ramsey, MN).
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Genescan 
Genescan analysis of murine T cell receptor β (TCRβ) repertoire was performed cDNA 
derived from on 2 µg total RNA purified from fresh spleen cells using the Allprep DNA/
RNA kit (Qiagen). cDNA was synthesized using the QuantiTect Reverse Transcription 
kit (Qiagen).   PCR was performed on the cDNA using a specific primer for the Con-
stant (C) part of the T cell antigen receptor β chain (5’-FAM-CTTGGGTGGAGTCA-
CATTTCTC-3’) in combination with 21 Variable (V) gene segment-specific primers to 
form PCR products between 140 and 240bp as described.25 All PCR products were ana-
lyzed on an ABI 3100 or 3130xl sequencer.

Statistics
Statistical analysis was performed using SPSS 11 and Graphpad Prism. Significance of 
difference was determined by a Mann-Whitney test, for categorical data by Fisher’s Exact 
test. Data are presented ± SEM where applicable. 

MH_thesis.indd   56 13-09-13   12:16



57

C
hapter 2

ACKNOWLEDGMENTS

The authors thank Luigi Naldini for the third generation self-inactivating lentiviral vector, 
and recognize the assistance of Karin Pike-Overzet, Mark Rodijk and Frank J. T. Staal 
under the guidance of Jacques J.M. van Dongen in implementing the Gene Scan analysis 
as described by Pannetier et al.24-25 and in providing the LZRS-IL2RG-IRES-EGFP retro-
viral plasmid, and are grateful to Roya Sarwari for technical assistance and Elnaz Farah-
bakhshian for providing the Y chromosome primers. Funding was provided by the European 
Commission (5th, 6th and 7th Framework Programs, Contracts QLK3-CT-2001-00427-IN-
HERINET, LSHB-CT-2004-005242-CONSERT, and LSHB-CT-2006-19038-Magselec-
tofection), The Netherlands Health Research and Development Organization ZonMw 
(Translational Gene Therapy Research program, project 43100016), the Wellcome Trust 
(A.J.T, MB) and the UK Biotechnological and Biological Sciences Research Council (FZ).

Authorship contributions
Contribution: M.W.H., N.P.T., M.H.B., S.A., C.C., Y.L., K.K. F.Z. M.P.B., and T.P.V. per-
formed experiments and analysis; A.S. contributed to vector design; M.W.H. analyzed 
results and made the figures; M.W.H., N.P.T., M.M.A.V., and G.W. designed the research; 
M.S., C.K., C.B., A.J.T. and F.M. supervised analyses, reviewed the manuscript and con-
tributed to the text; and M.W.H., N.P.T., and G.W. wrote the paper.

Conflict-of-interest disclosure
The authors declare no competing financial interests.

MH_thesis.indd   57 13-09-13   12:16



58

C
hapter 2

REFERENCES 

	 1.	�� Noguchi M, Yi H, Rosenblatt HM, Filipovich AH, Adelstein S, Modi WS, et al. (1993). Interleukin-2 
receptor gamma chain mutation results in X-linked severe combined immunodeficiency in humans. Cell 
73: 147-157.

	 2.	� Fischer A, Griscelli C, Friedrich W, Kubanek B, Levinsky R, Morgan G, et al. (1986). Bone-marrow 
transplantation for immunodeficiencies and osteopetrosis: European survey, 1968-1985. Lancet 2: 1080-
1084.

	 3.	� Gaspar HB, Parsley KL, Howe S, King D, Gilmour KC, Sinclair J, et al. (2004). Gene therapy of X-linked 
severe combined immunodeficiency by use of a pseudotyped gammaretroviral vector. Lancet 364: 2181-
2187.

	 4.	� Hacein-Bey-Abina S, Hauer J, Lim A, Picard C, Wang GP, Berry CC, et al. (2010). Efficacy of gene  
therapy for X-linked severe combined immunodeficiency. N Engl J Med 363: 355-364.

	 5.	� Bushman FD. (2007). Retroviral integration and human gene therapy. J Clin Invest 117: 2083-2086.
	 6.	� Hacein-Bey-Abina S, Garrigue A, Wang GP, Soulier J, Lim A, Morillon E, et al. (2008). Insertional onco-

genesis in 4 patients after retrovirus-mediated gene therapy of SCID-X1. J Clin Invest 118: 3132-3142.
	 7.	� Howe SJ, Mansour MR, Schwarzwaelder K, Bartholomae C, Hubank M, Kempski H, et al. (2008).  

Insertional mutagenesis combined with acquired somatic mutations causes leukemogenesis following 
gene therapy of SCID-X1 patients. J Clin Invest 118: 3143-3150.

	 8.	� Bartholomew C, Ihle JN. (1991). Retroviral insertions 90 kilobases proximal to the Evi-1 myeloid trans-
forming gene activate transcription from the normal promoter. Mol Cell Biol 11: 1820-1828.

	 9.	� Modlich U, Bohne J, Schmidt M, von Kalle C, Knoss S, Schambach A, et al. (2006). Cell-culture assays 
reveal the importance of retroviral vector design for insertional genotoxicity. Blood 108: 2545-2553.

	 10.	� Montini E, Cesana D, Schmidt M, Sanvito F, Ponzoni M, Bartholomae C, et al. (2006). Hematopoietic 
stem cell gene transfer in a tumor-prone mouse model uncovers low genotoxicity of lentiviral vector 
integration. Nat Biotechnol 24: 687-696.

	 11.	� Schambach A, Bohne J, Chandra S, Will E, Margison GP, Williams DA, et al. (2006). Equal potency of 
gammaretroviral and lentiviral SIN vectors for expression of O6-methylguanine-DNA methyltransferase 
in hematopoietic cells. Mol Ther 13: 391-400.

	 12.	� Zufferey R, Dull T, Mandel RJ, Bukovsky A, Quiroz D, Naldini L, et al. (1998). Self-inactivating  
lentivirus vector for safe and efficient in vivo gene delivery. J Virol 72: 9873-9880.

	 13.	� Pfeifer A, Ikawa M, Dayn Y, Verma IM. (2002). Transgenesis by lentiviral vectors: lack of gene silencing 
in mammalian embryonic stem cells and preimplantation embryos. Proc Natl Acad Sci U S A 99: 2140-
2145.

	 14.	� Deml L, Bojak A, Steck S, Graf M, Wild J, Schirmbeck R, et al. (2001). Multiple effects of codon  
usage optimization on expression and immunogenicity of DNA candidate vaccines encoding the human  
immunodeficiency virus type 1 Gag protein. J Virol 75: 10991-11001.

	 15.	� Moreno-Carranza B, Gentsch M, Stein S, Schambach A, Santilli G, Rudolf E, et al. (2009). Transgene 
 optimization significantly improves SIN vector titers, gp91phox expression and reconstitution of super-
oxide production in X-CGD cells. Gene Ther 16: 111-118.

	 16.	� Hannan GN, Lehnert SA, MacAvoy ES, Jennings PA, Molloy PL. (1993). An engineered PGK promoter 
and lac operator-repressor system for the regulation of gene expression in mammalian cells. Gene 130: 
233-239.

	 17.	� Markiewicz S, Bosselut R, Le Deist F, de Villartay JP, Hivroz C, Ghysdael J, et al. (1996). Tissue- 
specific activity of the gammac chain gene promoter depends upon an Ets binding site and is regulated by 
GA-binding protein. J Biol Chem 271: 14849-14855.

	 18.	� Zychlinski D, Schambach A, Modlich U, Maetzig T, Meyer J, Grassman E, et al. (2008). Physiological 
promoters reduce the genotoxic risk of integrating gene vectors. Mol Ther 16: 718-725.

	 19.	� Follenzi A, Naldini L. (2002). HIV-based vectors. Preparation and use. Methods Mol Med 69: 259-274.

MH_thesis.indd   58 13-09-13   12:16



59

C
hapter 2

	 20.	� van Til NP, Stok M, Aerts Kaya FS, de Waard MC, Farahbakhshian E, Visser TP, et al. (2010). Lentiviral 
gene therapy of murine hematopoietic stem cells ameliorates the Pompe disease phenotype. Blood 115: 
5329-5337.

	 21.	� Baum C, Hegewisch-Becker S, Eckert HG, Stocking C, Ostertag W. (1995). Novel retroviral vectors 
for efficient expression of the multidrug resistance (mdr-1) gene in early hematopoietic cells. J Virol 69: 
7541-7547.

	 22.	� Akagi K, Suzuki T, Stephens RM, Jenkins NA, Copeland NG. (2004). RTCGD: retroviral tagged cancer 
gene database. Nucleic Acids Res 32: D523-527.

	 23.	� Korver K, Zeijlemaker WP, Schellekens PT, Vossen JM. (1984). Measurement of primary in vivo IgM- 
and IgG-antibody response to KLH in humans: implications of pre-immune IgM binding in antigen- 
specific ELISA. J Immunol Methods 74: 241-251.

	 24.	� Pannetier C, Cochet M, Darche S, Kourilsky P, inventors. Process for determining the quantity of a DNA 
fragment of interest by a method of enzymatic amplification of DNA. US patent 5635354, 1998.

	 25.	� Pannetier C, Cochet M, Darche S, Casrouge A, Zoller M, Kourilsky P. (1993). The sizes of the CDR3 
hypervariable regions of the murine T-cell receptor beta chains vary as a function of the recombined  
germ-line segments. Proc Natl Acad Sci U S A 90: 4319-4323.

	 26.	� Zhang F, Thornhill SI, Howe SJ, Ulaganathan M, Schambach A, Sinclair J, et al. (2007). Lentiviral  
vectors containing an enhancer-less ubiquitously acting chromatin opening element (UCOE) provide 
highly reproducible and stable transgene expression in hematopoietic cells. Blood 110: 1448-1457.

	 27.	� Lo M, Bloom ML, Imada K, Berg M, Bollenbacher JM, Bloom ET, et al. (1999). Restoration of  
lymphoid populations in a murine model of X-linked severe combined immunodeficiency by a gene-ther-
apy approach. Blood 94: 3027-3036.

	 28.	� Wagemaker G, Visser TP, van Bekkum DW. (1986). Cure of murine thalassemia by bone marrow trans-
plantation without eradication of endogenous stem cells. Transplantation 42: 248-251.

	 29.	� Zhou S, Mody D, DeRavin SS, Hauer J, Lu T, Ma Z, et al. (2010). A self-inactivating lentiviral vector for 
SCID-X1 gene therapy that does not activate LMO2 expression in human T cells. Blood 116: 900-908.

	 30.	� Challita PM, Kohn DB. (1994). Lack of expression from a retroviral vector after transduction of murine 
hematopoietic stem cells is associated with methylation in vivo. Proc Natl Acad Sci U S A 91: 2567-2571.

	 31.	� Hoeben RC, Migchielsen AA, van der Jagt RC, van Ormondt H, van der Eb AJ. (1991). Inactivation of 
the Moloney murine leukemia virus long terminal repeat in murine fibroblast cell lines is associated with 
methylation and dependent on its chromosomal position. J Virol 65: 904-912.

	 32.	� Klug CA, Cheshier S, Weissman IL. (2000). Inactivation of a GFP retrovirus occurs at multiple levels in 
long-term repopulating stem cells and their differentiated progeny. Blood 96: 894-901.

	 33.	� Pikaart MJ, Recillas-Targa F, Felsenfeld G. (1998). Loss of transcriptional activity of a transgene is  
accompanied by DNA methylation and histone deacetylation and is prevented by insulators. Genes Dev 
12: 2852-2862.

	 34.	� Kustikova O, Fehse B, Modlich U, Yang M, Dullmann J, Kamino K, et al. (2005). Clonal dominance of 
hematopoietic stem cells triggered by retroviral gene marking. Science 308: 1171-1174.

	 35.	� Woods NB, Bottero V, Schmidt M, von Kalle C, Verma IM. (2006). Gene therapy: therapeutic gene  
causing lymphoma. Nature 440: 1123.

	 36.	� Pike-Overzet K, de Ridder D, Weerkamp F, Baert MR, Verstegen MM, Brugman MH, et al. (2006). Gene 
therapy: is IL2RG oncogenic in T-cell development? Nature 443: E5; discussion E6-7.

	 37.	� Thrasher AJ, Gaspar HB, Baum C, Modlich U, Schambach A, Candotti F, et al. (2006). Gene therapy: 
X-SCID transgene leukaemogenicity. Nature 443: E5-6; discussion E6-7.

	 38.	� Pike-Overzet K, de Ridder D, Weerkamp F, Baert MR, Verstegen MM, Brugman MH, et al. (2007). Ecto-
pic retroviral expression of LMO2, but not IL2Rgamma, blocks human T-cell development from CD34+ 
cells: implications for leukemogenesis in gene therapy. Leukemia 21: 754-763.

	 39.	� Dave UP, Akagi K, Tripathi R, Cleveland SM, Thompson MA, Yi M, et al. (2009). Murine leukemias 
with retroviral insertions at Lmo2 are predictive of the leukemias induced in SCID-X1 patients following 
�retroviral gene therapy. PLoS Genet 5: e1000491.

MH_thesis.indd   59 13-09-13   12:16



60

C
hapter 2

	 40.	� Scobie L, Hector RD, Grant L, Bell M, Nielsen AA, Meikle S, et al. (2009). A novel model of SCID-X1 
reconstitution reveals predisposition to retrovirus-induced lymphoma but no evidence of gammaC gene 
oncogenicity. Mol Ther 17: 1031-1038.

	 41.	� Ginn SL, Liao SH, Dane AP, Hu M, Hyman J, Finnie JW, et al. (2010). Lymphomagenesis in SCID-X1 
mice following lentivirus-mediated phenotype correction independent of insertional mutagenesis and 
gammac overexpression. Mol Ther 18: 965-976.

	 42.	� Ailles LE, Naldini L. (2002). HIV-1-derived lentiviral vectors. Curr Top Microbiol Immunol 261: 31-52.
	 43.	� Follenzi A, Naldini L. (2002). Generation of HIV-1 derived lentiviral vectors. Methods Enzymol 346: 454-

465.
	 44.	� Gimeno R, Weijer K, Voordouw A, Uittenbogaart CH, Legrand N, Alves NL, et al. (2004). Monitoring 

the effect of gene silencing by RNA interference in human CD34+ cells injected into newborn RAG2-/- 
gammac-/- mice: functional inactivation of p53 in developing T cells. Blood 104: 3886-3893.

	 45.	� van Til NP, Markusic DM, van der Rijt R, Kunne C, Hiralall JK, Vreeling H, et al. (2005). Kupffer cells 
and not liver sinusoidal endothelial cells prevent lentiviral transduction of hepatocytes. Mol Ther 11:  
26-34.

	 46.	� Pujal JM, Gallardo D. (2008). PCR-based methodology for molecular microchimerism detection and 
quantification. Exp Biol Med (Maywood) 233: 1161-1170.

	 47.	� Schmidt M, Schwarzwaelder K, Bartholomae C, Zaoui K, Ball C, Pilz I, et al. (2007). High-resolution 
insertion-site analysis by linear amplification-mediated PCR (LAM-PCR). Nat Methods 4: 1051-1057.

	 48.	� Kustikova OS, Modlich U, Fehse B. (2009). Retroviral insertion site analysis in dominant haematopoietic 
clones. Methods Mol Biol 506: 373-390.

	 49.	� Pfeifer GP, Steigerwald SD, Mueller PR, Wold B, Riggs AD. (1989). Genomic sequencing and  
methylation analysis by ligation mediated PCR. Science 246: 810-813.

	 50.	� Wognum AW, Visser TP, Peters K, Bierhuizen MF, Wagemaker G. (2000). Stimulation of mouse bone 
marrow cells with kit ligand, FLT3 ligand, and thrombopoietin leads to efficient retrovirus-mediated gene 
transfer to stem cells, whereas interleukin 3 and interleukin 11 reduce transduction of short- and long-term 
repopulating cells. Hum Gene Ther 11: 2129-2141.

MH_thesis.indd   60 13-09-13   12:16



61

C
hapter 2

SUPPLEMENTARY MATERIAL

Table S1A. Averages of chimerism and proviral copies per BM or spleen cell. 

Vector HeLa 
MOI

Spleen cell 
chimerism (%)

BM cell chimerism 
(%)

Avg integrations per 
donor BM cell

SF-coγc (n=4) 9 41.2 ± 4.4 58.6 ± 9.6 2.1± 0.3

γcPr-coγc (n=4) 9 27.8 ± 8.0 65.2 ± 2.9 2.0 ± 0.4

PGK-coγc (n=5) 2 46.9 ± 15.8 26.6 ± 2.3 0.9 ± 0.3

γcPr-GFP (n=4) 9 30.1 ± 18.4 44.2 ± 1.7 4.0 ± 2.4

γcPr-GFP (wild type, n=3) 9 83.7 ± 4.2 75.3 ± 4.3 4.9 ± 0.8

Table S1B. Averages of chimerism and proviral copies per BM cell in Il2rg-/- mice treated with γcPr-coγc.

n HeLa 
MOI

Radiation 
dose

Lin- cell 
dose

BM cell chime-
rism (%)

Integrations per 
donor BM cell

BM cells
(x 106)

Spleen cells
(x 106)

5 9 0Gy 5*105 2.5 ± 0.9 3.5 ± 0.8 29.6 ± 3.1 186.5 ± 32.6

9 9 2Gy 5*105 27.3 ± 8.2 3.2 ± 0.6 19.8 ± 3.8 136.2 ± 8.8

4 9 2Gy 1*105 18.3 ± 7.1 2.4 ± 0.7 22.2 ± 3.0 177.2 ± 38.8

5 10 2Gy 5*105 32.1 ± 12.2 1.9 ± 0.7 24.7 ± 3.6 174 ± 52.3

5 3 2Gy 5*105 43.2 ± 22.4 1.0 ± 0.3 25.6 ± 2.7 145.9 ± 44.0

5 1 2Gy 5*105 27.2 ± 11.9 0.2 ± 0.1 20.8 ± 3.3 99.4 ± 17.4

WT 30.3 ± 3.4 202.9 ± 25.6

Il2rg-/- 9.4 ± 0.9 57.0 ± 14.4

Percentage of male donor cells in BM and spleen of female recipient mice (chimerism) are shown, as determined 
by qPCR amplification of Y-chromosome DNA template. Also shown is the number of vector copies per Il2rg-/- 
donor cell at 8 months post-transplant. 2A shows average copy numbers per donor cell were calculated by nor-
malizing the LV copy number of each individual mouse by its chimerism. Averages are shown ± SEM. All mice 
received 6Gy irradiation and 4x105 transduced Lin- cells. 2B shows chimerism, number and average copy num-
ber per donor BM cell, as well as spleen cell counts, of mice treated with γcPr-coγc at different vector, radiation 
and cell doses. Cell counts from mice given untreated Il2rg-/- or WT Lin- cells are also included for comparison.
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Table S2. T, B and and NK cell percentages in spleen.

Mouse CD3+ IgM+B220+ CD3-NK1.1+ Copies/cell Background

Wild type (n=2) 28.5 52.0 2.2

C57BL/6
Rag2-/-Il2rg-/- (n=2) 0 0 0

gcPr-coγc (n=4) 26.0 ± 4.7 32.3 ± 5.3 0.7 ± 0.2 3.7 ± 0.2

UCOE-coγc (n=3) 31.5 ± 3.5 50.7 ± 1.5 0.5 ± 0.0 0.5 ± 0.1

Wild type (n=4) 26.8 ± 1.0 45.7 ± 4.1 n/a

BALB/cSF-coγc (n=4) 29.4 ± 0.7 31.1 ± 1.4 n/a 1.9 ± 0.2

PGK-coγc (n=5) 26.7 ± 1.9 23.8 ± 3.3 n/a 2.8 ± 0.7

Averages of flow cytometry percentages for CD3+ and CD3-NK1.1+ cells in the spleens of Il2rg-/- C57BL/6 mice 
mice treated with LV-gcPr-cogc (n=4) or untreated (n=2) and wild type C57BL/6 mice (n=2). gcPr-cogc and 
UCOE averages are shown ± SEM. Measurements were made at 6 months post-transduction. Measurements 
from mice treated with SF-cogc and PGK-cogc in a similar experiment using Il2rg-/- BALB/c mice are included 
for reference.

In order to measure NK1.1 positive cells in spleen, Il2rg-/- mice were subjected to a LV-
gcPr-cogc transduction/transplantation scheme as described in the Methods section, with 
the following exceptions: the HeLa MOI on Il2rg-/- Lin- cells was 15, recipients were 
Rag2-/-/Il2rg-/-, and all mice were of a C57BL/6 background. Wild type C57BL/6 mice 
and untreated Rag2-/-/Il2rg-/- C57BL/6 mice were used as controls. These experiments were 
conducted at University College, London, according to their protocols 26, and were all 
approved in accordance with legislation in the UK. 

Table S3. Viral integrations near RTCGD genes, by promoter.

genes in RTCGD genes not in RTCGD

SF promoter 7 (14.3%) 42 (85.7%)

Cellular promoters 0 (0%) 33 (100%)

Number of viral integration sites found within 100kb of a gene listed in the Retrovirus Tagged Cancer Gene 
Database in vectors using either the SF promoter or a physiological promoter. The difference is statistically 
significant (p=0.017). Integration sites were derived from a total of 23 mice.
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Figure S1. LAM-PCR of bone marrow DNA in gene therapy mice.
LAM-PCR integration site analysis of selected gene therapy-treated mice. High-resolution gel images LAM-
PCR amplicons derived from BM DNA after digestion with Tsp590I (A) or MseI (B) restriction enzymes. Lanes 
designated ‘L’ are ladder lanes, and lanes designated ‘m’ contain genomic DNA from untreated mice.
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Figure S2. LV-gcPr-coγc titration FACS data.
Figure displays the results of the LV-gcPr-cogc vector titration: Il2rg-/- mice were transplanted with Il2rg-/- Lin- 
cells transduced with γcPr-coγc at an MOI of 10, 3 or 1 HTU (n = 5 per group) or wild-type Lin- cells (n = 4). 
Shown are the group averages for CD4+CD3+, CD8+CD3+, IgD+ and IgM+B220+ cells in peripheral blood as 
measured monthly by flow cytometry. qPCR of BM DNA found the average integrations per cell to be equal 
to 1.9, 1.0, and 0.2 for the MOI 10, 3 and 1 groups, respectively. Mice were subjected to 2 Gy irradiation and 
received 5x105 cells. 
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ABSTRACT

Hematopoietic stem cell (HSC) viral vector gene therapy has proven to be an effective 
treatment of severe combined immunodeficiencies (SCIDs). It has been hypothesized that 
creating open bone marrow niches in HSC transplant recipients improves the chances of 
donor HSCs to successfully engraft and accelerates hematopoietic reconstitution, which 
could be very helpful for transplantation of SCID patients. However, the poor health 
of most of these patients at diagnosis precludes the myelosuppressive methods used in  
standard bone marrow transplantation protocols. To investigate the feasibility of hema-
topoietic stem cell transplantation in a non-cytoreductive manner, HSCs of Il2rg-/- mice 
were mobilized with the growth factor granulocyte colony stimulating factor (G-CSF) 
and subsequently transplanted with wild type lineage negative (Lin-) cells or Il2rg-/- Lin- 
cells transduced with codon optimized IL2RG lentiviral vectors. Mice were monitored for 
the reconstitution of lymphocyte populations, level of donor cell chimerism and immune  
system responses and the results compared to mice given wild type or gene therapy treated 
Lin- cells after 2 Gy irradiation. The results demonstrate that G-CSF pre-transplant treat-
ment of immunocompromised recipients results in levels of lymphocyte reconstitution 
similar to mild irradiation and superior to no pre-transplant conditioning.
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INTRODUCTION

The most common form of severe combined immunodeficiency (SCID), affecting 50-60% 
of patients, is X-linked SCID (SCID-X1). It is caused by a mutation in the IL-2 receptor  
gamma gene (IL2RG) leading to a non-functional common gamma chain protein [1]. 
While bone marrow transplantation from healthy HLA-identical or haploidentical donors 
has proven highly effective at treating SCID-X1 [2], HLA-matched sibling donors are 
available to only ~10% of patients [3]. Transplantation from mismatched donors has a 
significantly higher risk of morbidity and mortality [4]. In order to treat SCID-X1 patients 
lacking a suitable HLA-matched donor, alternative methods such as gene therapy are be-
ing developed. 

The efficacy of gammaretroviral gene therapy to successfully treat SCID-X1 was 
demonstrated in seminal clinical trials in London and Paris [5, 6]. CD34+ bone marrow 
(BM) cells were ex vivo transduced with a gammaretroviral vector carrying a correct IL-
2RG cDNA copy. This approach restored T cell populations in 17 out of 20 patients, a 
success rate comparable to HLA-identical bone marrow transplantation [7]. T and NK cell 
counts and serum Ig levels have been sustained in some patients for up to twelve years, 
and at the time of the last report 6 of the 17 patients no longer need intravenous immu-
noglobulin[8]. All patients had detectable proviral integrations in their T cells, whereas 
gene-marking in B cell populations was very low (<1%) as were functional B cells levels. 
More recently initiated gene therapy trials to treat SCID-X1 with self-inactivating gamma-
retroviral vectors adhere to similar protocols without pre-conditioning. 

A clinical trial for ADA-SCID gammaretroviral gene therapy, initiated in Milan in 2000, 
ran concurrently to the SCID-X1 trial. A report on the first 10 patients treated stated that 
9 of these patients demonstrated full T cell reconstitution, 8 remained off ADA enzyme 
replacement therapy and immune globulin replacement therapy had been discontinued in 
5 [9]. There were far more vector-marked B and NK cells in the peripheral blood (52% and 
59%, respectively) compared to what was seen in the SCID-X1 trial. While direct com-
parison of the results of the Milan ADA-SCID and SCID-X1 clinical trials is impractical, 
one notable difference between the trials was that patients in the ADA trial were given low 
intensity conditioning with Busulfan prior to transplantation, which may have promoted 
engraftment of multilineage stem/progenitor cells. A London ADA-SCID trial which also 
used a mild pre-transplant conditioning regimen reported high levels of gene marking in 
T, B and NK cells[10]. 

The beneficial role of pre-transplant conditioning in improving engraftment of 
gene-therapy treated donor hematopoietic stem cells (HSCs) has been previously demon-
strated in a mouse model of SCID-X1[11]. However, current methods of emptying bone 
marrow niches, including irradiation, myelosuppressive conditioning and chemotherapeu-
tic agents, have significant toxicity and can lead to substantial transplant related morbid-
ity and mortality. In order to test whether creating sufficient open bone marrow niches 
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for donor HSC engraftment can be accomplished using a potentially less invasive and  
clinically applicable method, we initiated a gene therapy treatment in Il2rg-/- mice using 
the previously described self-inactivating lentiviral (LV) vectors[11] after HSC mobili-
zation via granulocyte colony stimulating factor (G-CSF)[12, 13]. G-CSF is used in the 
clinic to mobilize HSCs and progenitor cells into the peripheral blood for use as donor 
cells in bone marrow transplantation protocols[14, 15]. We hypothesized that mobilization 
of recipient HSCs into the bloodstream would improve the engraftment of gene therapy 
treated donor HSCs. 

To test this hypothesis, similar to the clinical gene therapy protocols for treating 
SCID-X1, we tested lentiviral gene therapy in Il2rg-/- mice with the addition of G-CSF 
pre-transplant and compared the subsequent lymphocyte reconstitution to mice given 2Gy 
irradiation conditioning. 

RESULTS 

Evaluation of mobilization factor G-CSF 
In order to assess the efficacy of G-CSF to mobilize HSCs, Il2rg-/- mice were treated with 
four injections of G-CSF, and another group was given four injections of saline solution as 
a control (n=5 for both groups). Peripheral blood was collected from these mice one day 
prior to starting the mobilization treatments and five hours after the last G-CSF injection. 
Absolute number of white blood cells and percentage of CD11b+, Sca-1+ and c-Kit+ cells 
were measured for both time points and the ratio of the absolute number of each cell type 
before and after mobilization was calculated. 

These mobilization protocols resulted in an large increase in the number of circulat-
ing white blood cells (WBC), composed mainly of CD11b+ myeloid cells in Il2rg-/- mice  
(Figure 1a). Of the progenitor/stem cell markers measured, the most dramatic mobili- 
zation effect was seen in the c-Kit+Sca-1- subtype, which had a 36-fold increase. The more 
stem cell enriched Sca-1+c-Kit+ population had a fold increase of 6.1. In control mice  
injected with saline solution no significant changes were observed. The absolute numbers 
of these cell types post-mobilization is shown in Figure 1b. 

MH_thesis.indd   70 13-09-13   12:16



71

C
hapter 3

Figure 1: Effect of G-CSF mobilization protocols on circulating stem and progenitor cells in peripheral 
blood of Il2rg-/- mice. (a) shows the fold change in the absolute numbers of myeloid and stem cell marker posi-
tive cells measured in peripheral blood after treatment with mobilization factor G-CSF compared to the numbers 
prior to mobilization. (b) shows the absolute numbers of c-Kit+, Sca-1+ and c-Kit+Sca-1+ cells after mobilization. 
Figures contain the combined results of two experiments. 

Wild type Lin- cell transplantation after stem cell mobilization in Il2rg-/- mice
Female Il2rg-/- mice were subjected to the G-CSF mobilization protocol described above 
and subsequently transplanted with 3 × 105 male lineage negative (Lin-) wild-type (WT) 
BALB/c cells (n = 6 for G-CSF). Other groups were transplanted with 3 × 105 WT Lin- 
cells after either 2 Gy irradiation (n =5) or saline injections (n=3). Mice were monitored 
for 6 months with monthly analysis of peripheral blood lymphocyte reconstitution and 
subsequently sacrificed for analysis of spleen and bone marrow lymphocyte populations. 
Absolute lymphocyte numbers in peripheral blood were calculated via WBC counts and 
FACS analysis and compared between the various groups (Figure 2a-c). Mature T cells 
were identified via flow cytometric analysis of CD4+CD3+ and CD8+CD3+ cells, and  
mature B cells for B220+IgM+IgD+ cells (Figure 2 d-f) and these were similar between 
G-CSF and 2Gy irradiation groups in both tissues. Similar results were found in the bone 
marrow (data not shown). Overall, Il2rg-/- mice transplanted with wild type Lin- cells after 
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G-CSF or 2 Gy total body irradiation (TBI) conditioning had lymphocyte levels similar to 
untreated age-matched BALB/c mice. Mice transplanted with wild type cells after saline 
injections tended to have reduced B cell counts. Levels of Y-chromosome chimerism (i.e. 
donor cell chimerism) were determined in bone marrow and spleen cells. Y-chimerism 
was highest in the 2Gy group and lowest in the saline group (Table 1). 

Figure 2: Absolute lymphocyte numbers in Il2rg-/- mice transplanted with wild type Lin- cells after condi-
tioning regimens. Flow cytometry profiles and cell counts were used to calculate mature lymphocyte numbers in 
peripheral blood (a-c, absolute number per ml) and in spleen (d-f, absolute number) of Il2rg-/- mice transplanted 
with 3 × 105 wild type Lin- BM cells after G-CSF mobilization or total body irradiation. 2Gy = 2 Gy irradiation 
conditioning. Measurements were taken six months post-transplant. Untreated age-matched wild type (BALB/c) 
mice are included for comparison.
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Table 1: Spleen and BM Y-chimerism levels in Il2rg-/- mice transplanted with wild type BALB/c Lin- cells 
after various conditioning regimens.

Group Spleen cell chimerism (%) BM cell chimerism (%)

G-CSF (n=5) 59.7 ± 17.4 33.3 ± 14.6

2 Gy irradiation (n=5) 73.4 ± 14.4 57.0 ± 16.3

Saline (n=3) 36.1 ± 10.0 25.2 ± 13.4

Data are shown as mean ± SEM

Lentiviral vector gene therapy in Il2rg-/- mice treated with mobilization  
factors
In order to determine the viability of mobilization factors as a pre-transplant regimen prior 
to lentiviral gene therapy, female Il2rg-/- mice were subjected to G-CSF mobilization (n = 
5) or 2 Gy irradiation (n = 4) and subsequently transplanted with 3 × 105 Lin- Il2rg-/- cells 
taken from a pool of cells transduced overnight with self-inactivating (SIN) lentiviral vec-
tors containing codon optimized human IL2RG gene (coIL2RG) previously described[11]. 
Transgene expression was driven by the spleen focus forming virus promoter (SF, HeLa 
multiplicity of infection (MOI) = 3). 

One mouse in the group given 2 Gy irradiation conditioning developed a large tumor 
in its left hindleg and had to be sacrificed at 6 months post-transplant. Analysis of the 
spleen, bone marrow and peripheral blood revealed no hematopoietic abnormalities in this 
mouse. One mouse in the G-CSF group developed an extremely high WBC count (258 
x106 cells per ml) 6 months post-transplant and had to be sacrificed. Analysis of this mouse 
revealed an enlarged spleen (980mg), a high percentage of CD4+CD8+ cells in the bone 
marrow (60.9%) and 2.4 vector integrations per BM cell. Integration analysis by LAM-
PCR is pending and will be included in a future publication: for the purposes of this study, 
this leukemic mouse was excluded from group comparison analysis. The remaining mice 
were sacrificed at seven months post-transplant for analysis of spleen and bone marrow 
lymphocyte populations.

Absolute lymphocyte numbers in peripheral blood and in spleen cells were compared 
to values taken from untreated Il2rg-/- mice and wild type BALB/c mice (Figure 3). Sig-
nificant differences (p < 0.05) compared to untreated Il2rg-/- mice were found in SF.coIL-
2RG-treated mice in the CD8+ and IgD+IgM+B220+ peripheral blood lymphocyte popula-
tions regardless of whether the mice were conditioned with G-CSF or 2 Gy irradiation. The 
same significant differences were seen in untreated BALB/c controls (Figure 2). Spleen 
vector copy per cell taken from SF.coIL2RG-treated mice revealed average integrations 
per cell of 1.1 and 0.9 for the G-CSF and 2 Gy conditioned groups, respectively (Table 2). 
Spleen and BM Y-chimerism levels were higher, but not significantly higher, in the 2 Gy 
group than in the G-CSF group. 
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Figure 3: Comparison of G-CSF and 2Gy conditioning regimens in mice treated with SF.coIL2RG len-
tiviral vectors. Figure shows reconstitution of lymphocytes in peripheral blood (a-c) at six months and spleen 
(d-f) at seven months after transplantation of 3 × 105 SF.coIL2RG-transduced Il2rg-/- Lin- BM cells following 
conditioning regimens of G-CSF or 2 Gy irradiation (2Gy). Untreated age-matched Il2rg-/- mice are included for 
comparison (* = significantly different from Il2rg-/- group, p-value <0.05)
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Table 2: Spleen and BM Y- chimerism levels and viral integrations per cell in Il2rg-/- mice transplanted 
with SF.coIL2RG vector-treated Lin- cells after various conditioning regimens.

Group Spleen cell 
chimerism (%)

BM cell 
chimerism (%)

Integrations per 
cell spleen

Integrations per cell 
BM

G-CSF (n=4) 30.9 ± 15.5 25.3 ± 11.4 2.1 ± 0.9 1.1 ± 0.5

2 Gy irradiation (n=4) 60.9 ± 9.4 64.7 ± 11.1 1.4 ± 0.2 0.9 ± 0.5

Vector copy per cell is corrected for donor chimerism. Data are shown as mean ± SEM

In order to determine if G-CSF mobilization was sufficient to allow engraftment of Lin- 
cells treated with lentiviral vectors containing a weaker eukaryotic promoter, we repeated 
the G-CSF protocol using the SF.coIL2RG vector or a vector driven by a 1.1 kb section of 
the native IL2RG promoter (γcPr). A HeLa MOI of 3 was used with the goal of producing 
1 vector copy per cell. The number of Lin- BM cells transplanted was reduced slightly 
to 1× 105. Reconstitution of T and B lymphocytes in these mice can be found in Figure 
4. The SF and γcPr groups had significantly higher levels of CD8+ and IgM+IgD+B220+ 
lymphocytes in the spleen compared to the untreated Il2rg-/- mice. Overall, the γcPr vector 
was able to increase the T and B populations in Il2rg-/- mice, but not to wild type levels. 
Y-chimerism and vector integration per cell analysis revealed lower levels of donor cell 
engraftment in spleen and bone marrow, as well as lower vector copy number per cell 
(Table 3), for the γcPr group compared to the SF group. 
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Figure 4: Comparison of various promoter elements in mice given coIL2RG vectors following a G-CSF 
conditioning regimen. Figure shows reconstitution of lymphocytes in peripheral blood (a-c) and spleen (d-f) 
after transplantation of 1 × 105 Lin- Il2rg-/- cells transduced with coIL2RG lentiviral vectors containing SF 
or γcPr promoter elements. Measurements calculated via cell counts and flow cytometry analysis six months 
post-transplant. Untreated age-matched Il2rg-/- mice are included for comparison (* = significantly different from 
Il2rg-/- group, p-value <0.05)
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Table 3: Spleen and BM Y- chimerism levels and viral integrations per cell in Il2rg-/- mice transplanted 
with LV vectors after various G-CSF conditioning.

Group Spleen cell 
chimerism (%)

BM cell  
chimerism (%)

Integrations per 
cell spleen

Integrations per 
cell BM

SF.coIL2RG G-CSF (n=5) 23.1 ± 5.3 11.6 ± 2.6 1.1 ± 0.6 0.6 ± 0.2

SF.coIL2RG 2 Gy (n=4) 47.9 ± 12.0 46.5 ± 12.1 1.2 ± 0.2 1.1 ± 0.4

γcPr.coIL2RG G-CSF (n=4) 5.4 ± 1.0 5.7 ± 2.2 0.4 ± 0.2 0.9 ± 0.3

γcPr.coIL2RG 2 Gy (n=4) 13.4 ± 8.7 21.1 ± 5.6 0.3 ± 0.2 0.5 ± 0.3

Vector copy per cell is corrected for donor chimerism. Data are shown as mean ± SEM

To confirm that a specific T cell dependent antibody response was restored in the  
Il2rg-/- mice transplanted with SF.coIL2RG or wild type cells, a tetanus toxoid immuniza-
tion scheme was started at five months after transplantation as previously described[11]. 
Tetanus-specific IgG1 antibody levels increased in all groups given wild type cells or 
SF.coIL2RG-treated cells (Figure 5). Antibody titers were highest in the wild type group, 
but all G-CSF and 2Gy conditioned groups had a strong, specific anti-tetanus immune 
response.

Figure 5: Anti-tetanus toxoid IgG1 immune response. Mice transplanted with wild type BALB/c Lin- cells or 
SF.coIL2RG vector-treated Il2rg-/- Lin- cells after 2Gy irradiation or G-CSF conditioning were subjected to a tet-
anus toxoid immunization protocol beginning four months post-transplant. Concentrations of plasma anti-IgG1 
tetanus toxoid antibodies were determined ten days after the last tetanus injection and compared to untreated 
BALB/c and Il2rg-/- mice (* = p-value <0.05 compared to Il2rg-/- group, ** = p-value <0.01)
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DISCUSSION

We have previously shown that minimal pre-conditioning significantly improves reconsti-
tution of gene-corrected cells in Il2rg-/- mice [11]. Pre-transplant conditioning regimens, 
such as irradiation, myelosuppressive conditioning and chemotherapeutic agents, to sup-
press or eliminate endogenous bone marrow cells have been shown to improve the ability 
of donor HSCs cells to contribute to hematopoietic reconstitution[16, 17]. However, mye-
loablative and myelosuppressive conditioning is associated with significant morbidity and 
mortality [18]. SCID-X1 patients are often in such poor health from recurrent infections 
by the time they are approved for gene therapy intervention that even mild myelosuppres-
sive regimens could be fatal[19]. Other agents that are less toxic may provide a safer way 
to treat patients with primary immune deficiencies, in particular SCID-X1 patients that in 
the current gene therapy protocols are not conditioned.

Granulocyte colony forming factor (G-CSF) is a cytokine which disrupts the interac-
tion between SDF-1, produced by stromal cells, and CXCR4 in granulocyte precursors, 
resulting in a myeloid hyperplasia in the bone marrow and expansion of both mature and 
immature myeloid cell types as well as the release of quiescent HSCs into circulation[20, 
21]. Repeated treatments of G-CSF over a period of 4-5 days results in the release of 
a considerable number of CD34+ cells into the peripheral blood, which can be harvest-
ed and subsequently administered into patients requiring bone marrow transplants [22].  
For this reason, G-CSF is routinely used in the clinic to collect donor cells for bone  
marrow transplantation without resorting to more invasive procedures. There has been some  
investigation into the possibility of using mobilization to create open bone marrow niches 
in HSC transplant recipients [15], but to our knowledge no one has yet applied the use of 
mobilization factors to a gene therapy protocol.

Since engraftment of hematopoietic stem cells in the bone marrow is a competitive pro-
cess, with donor HSC engraftment increasing based on the number of cells transplanted[23],  
we postulated that G-CSF mobilization of recipient HSC would improve donor cell  
engraftment and immune system reconstitution in immunodeficient Il2rg-/- mice.

First, we tested the ability of G-CSF as an agent to mobilize the HSCs. By using a 
four day injection scheme a 7-fold increase was observed in the myeloid population in 
the periphery, but more importantly, also a 40- fold increase of c-Kit+ progenitor cells and 
a 6-fold increase c-Kit+Sca1+ HSCs was observed. This mobilization was roughly 2-fold 
lower than other reports in wild type mice using murine G-CSF [24, 25], possibly due to 
cross-species differences in the activity of this cytokine. 

After validating the mobilization scheme, wild type Lin- cells were transplant-
ed in G-CSF treated mice. This resulted in high levels of spleen and peripheral blood  
T lymphocytes, indistinguishable from 2 Gy irradiated and saline treated mice. These 
results are similar to the SCID-X1 gene therapy protocols, in which high peripheral T cell 
populations can be observed in non-conditioned patients [10]. 
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Possibly due to the lack of myelosuppressive conditioning, patients in the London and 
Paris SCID-X1 clinical trials generally had poor B cell reconstitution and low levels of 
gene-marking in the B cells, even though reconstitution levels and gene marking in T cells 
was high [6]. The gene therapy treated donor HSCs and B cell progenitors may have had 
difficulty engrafting in the bone marrow, a disadvantage not seen in T cell progenitors 
possibly due to: the higher selective advantage of these cell types, the lack of competing  
T cell progenitor cells in the host [26] or the ability of multipotent progenitors cells to 
home directly to the thymus [27]. Pre-transplant myelosuppressive conditioning, such as 
was done in the ADA-SCID trial in Milan [9], could improve HSC engraftment by creat-
ing open bone marrow niches. A non-cytoreductive method of creating open bone marrow 
niches could be safely attempted in SCID-X1 patients and may lead to improved engraft-
ment and faster reconstitution.

In our mice, the number of B cells was similar for the groups given wild type cells 
after G-CSF or 2 Gy conditioning and higher than mice given wild type cells and saline. 
Donor cell chimerism levels in the bone marrow for the 2 Gy and G-CSF groups were 
higher than the saline group. Similar results were found for both peripheral T and B cell 
numbers and donor chimerism when Il2rg-/- Lin- cells were transduced with a SF.coIL2RG 
lentiviral vector with low vector copy number per cell. Furthermore, when the number of 
cells transplanted was reduced 3-fold to 1×105 Lin- cells and the eukaryotic native IL2RG 
promoter was used at minimal vector copies per cell, the majority of mice in these groups 
had measureable levels T and B cells, and significant T cell dependent antibody responses. 
On average, the γcPr groups had lower vector marking and lower donor cell chimerism 
in the BM and spleen compared to mice treated with the SF vector, which may suggest 
that the lower expression by the IL2RG promoter negatively affects the selective pressure 
to repopulate the bone marrow niches. The modest levels of lymphocyte reconstitution 
reached, comparable to 2 Gy irradiation, also confirms previously obtained results with 
this γcPr.coIL2RG vector [11]. 

Although there was considerable peripheral reconstitution observed with G-CSF treat-
ment, the levels of donor cell chimerism were reduced compared to those treated with 2 Gy 
irradiation. Chimerism levels in γcPr.coIL2RG mice treated with G-CSF were only 2-fold 
higher than levels previously seen with this vector when no conditioning was used[11]. 
This may indicate that G-CSF-mediated HSC mobilization is not as effective as irradiation 
conditioning at creating open bone marrow niches. It is also known that not all patients 
respond to G-CSF treatment, and need additional agents such as plerixafor to improve 
mobilization[28]. Combinations of other mobilization agents may improve engraftment as 
well. However, the modest efficacy of G-CSF in our experiments is offset by the greatly 
reduced toxicity of G-CSF treatment compared to the myelosuppressive conditioning used 
in the clinical settings. Overall, mobilization of recipient bone marrow HSCs with G-CSF 
was found to have efficacy similar to mild irradiation conditioning when transplanting 
Lin- cells into an immunodeficient mouse model. 
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Unfortunately, one mouse in the SF.coIL2RG group contracted a CD4+CD8+ leukemia 
6 months post-transplant. Analysis of BM cells revealed 2.4 vector integrations per cell, 
and although we do not yet know if this leukemic event was a direct consequence of inser-
tional mutagenesis, this may highlight the risks inherent in the SF promoter that have been 
observed by others [29] and underlines that SF is not an attractive promoter for clinical 
gene therapy applications.

The success of the SF.coIL2RG vector after G-CSF treatment demonstrates the feasi- 
bility of mobilization factors as a way to improve engraftment of vector-treated donor 
HSCs in gene therapy of certain SCIDs. While the SF promoter is not an attractive option 
for clinical use, other, safer vectors, such as the self-activating gammaretroviral vector 
with the elongation factor 1α short promoter[30] currently used in a multicentre clinical 
trial, or eukaryotic promoters, such as its native promoter [31], the ubiquitous chromatin 
opening element [32] or vav promoter [33] in combination with a lentiviral vector may be 
used. These promoters could retain sufficient transgene expression without the increased 
risk of insertional mutagenesis or methylation seen in SF [30, 33-35]. Administration of 
these vectors in conjunction with G-CSF mobilization may result in better reconstitution 
and a more effective treatment in future gene therapy clinical trials for SCID-X1.

MH_thesis.indd   80 13-09-13   12:16



81

C
hapter 3

MATERIALS AND METHODS

Mice
Il2rg-/- mice and syngenic BALB/c wild type mice [11] were bred in the Experimental 
Animal Center of Erasmus MC. All mice were used at 6 to 10 weeks of age and were 
maintained in specified pathogen free conditions. Experiments were approved by the  
institutional Animal Ethical Committee of Erasmus MC in accordance with legislation in 
the Netherlands. 

G-CSF mobilization protocols
Female Il2rg-/- mice were given subcutaneous injections of 6 μg of filgrastim (recombi-
nant methionylated human granulocyte-colony stimulating factor) (Sandoz, Frimley, UK) 
in 50 μl of saline solution or saline only daily for four consecutive days. Peripheral blood 
was collected at five hours after the last injection, at what is considered to be the peak  
mobilization time. The percentage of CD11b+, Sca-1+ and c-Kit+ cells were measured via 
flow cytometry. Absolute numbers of these cells were calculated based on total white 
blood cell counts and compared to the values in those animals one day prior to administra-
tion of G-CSF. Other cohorts of female Il2rg-/- mice were given one of the aforementioned 
mobilization protocols and transplanted with 5 × 105 wild type or 1 × 105 LV vector treated 
lineage negative BM cells five hours after the last G-CSF injection. 

Production of lentiviral vectors
Third generation self-inactivating (SIN) LV vectors incorporating codon-optimised IL-
2RG cDNA driven by the either the SFFV viral promoter or a 1.1kb section of the native 
IL2RG promoter were previously described [11]. LVs were produced by standard calcium 
phosphate transfection of HEK 293T cells[36] with the packaging plasmids pMDL-g/
pRRE, pMD2-VSVg and pRSV-Rev. Vector particle concentration and titration were  
carried out as previously described [11].

Transduction and transplantation of lineage negative BM cells
BM cells from male Il2rg-/- and congenic wild type BALB/c mice were purified by  
lineage depletion (Lin-) (BD Biosciences, Santa Clara, CA). Lin- BM cells were transduced  
overnight at 106 cells/ml in serum free modified Dulbecco’s medium with supplements 
[37] in the presence of murine stem cell factor (mSCF) 100 ng/mL, human FMS-like 
tyrosine kinase 3-ligand (hFlt3-L) 50ng/ml and murine thrombopoietin (mTPO) 10 ng/ml 
at HTU MOI 10 (SF vector) or MOI 3 (γcPr and UCOE vectors). Subsequently, 1 or 3 × 
105 cells were injected into the tail vein of 2 Gy irradiated female or G-CSF treated Il2rg-/-  
recipients. Mice were monitored monthly for six months via peripheral blood collec-
tion and analysis of hematopoietic cell counts and flow cytometry. Mice were sacrificed 
6-7 months post transplant and bone marrow and spleen cells were isolated for further  
analysis.
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Immunophenotyping by flow cytometry
Flow cytometric analyses were performed on cells obtained from blood, bone marrow and 
spleen. Peripheral blood was collected monthly in EDTA tubes by retro-orbital puncture 
under isoflurane anesthesia. Complete blood cell counts were measured using a Vet ABC 
hematology analyzer (Scil animal care company GmbH, Germany). Blood was lysed and 
leukocytes were washed three times with Hank’s balanced salt solution (HBSS, Invitro-
gen) containing 0.5% (wt/vol) bovine serum albumin and 0.05% (wt/vol) sodium azide 
(HBN). Cells were incubated for 30 minutes at 4°C in HBN containing 2% heat-inactivated  
normal mouse serum and antibodies against CD3, CD4, CD8, B220, IgM, IgD, CD11b, 
Sca-1 and c-Kit directly conjugated to R-phycoerythrin (PE), peridinin chlorophyll protein 
(PerCP) or allophycocyanin (APC; all antibodies BD Biosciences, Santa Clara, CA). Sub-
sequently, cells were washed and measured on a FACSCanto (BD Biosciences). BM and 
spleen cells were evaluated similarly. 

Real-time quantitative polymerase chain reactions
qPCR to quantify the integrated proviral copy number was performed as described be-
fore[11]. qPCR reactions were performed on spleen and BM DNA from Il2rg-/- mice trans-
planted with male donor cells transduced with LV vectors to amplify a region of the Y 
chromosome as described by Pujal et al[38], using 100ng of genomic DNA and primers 
5’-TCATCGGAGGGCTAAAGTGTCAC-3’ and 5’-TGGCATGTGGGTTCCTGTCC-3’. 
A standard curve was generated using spleen and BM DNA from male BALB/c mice. All 
PCR reactions were performed in triplicate and analyzed with SDS2.2.2 software. 

Immunizations and ELISAs
T cell dependent specific antibody responses were determined by intraperitoneal immu-
nization with 16 IU of tetanus toxoid. This process was repeated three times at two week 
intervals, with plasma collected two weeks after the last immunization and just prior to 
the initial immunization. An ELISA was performed on plates coated with tetanus toxoid, 
and HRP goat-anti-mouse IgG1 (InVitrogen) was used to measure signal. Anti-tetanus 
antibody TetE3 was used to make a standard line (AbCam). The specific ELISA proto-
col, using Covalink 96-well plates (Nunc A/S, Roskilde, Denmark) was identical to our  
previously described methods [11].
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ABSTRACT

The efficacy of ex vivo hematopoietic stem cell gene therapy in treating severe com-
bined immunodeficiency diseases (SCIDs) has been demonstrated in a number of clinical  
trials conducted in the early 2000s using gammaretroviral vectors. However the success of 
these early trials was tempered by the discovery of vector-derived insertional oncogenesis 
in some of the patients. HIV-1 derived lentiviral vectors have the potential to reduce the 
risk of genotoxicity due to their distinct integration profile compared to gammaretroviral 
vectors, but have yet to be tested in the clinic. We generated several self-inactivating (SIN) 
lentiviral vectors containing the IL2RG gene driven by promoters of varying strength and 
tested these vectors in a large number of Il2rg-/- mice. During the process of monitoring 
these mice, we discovered a total of 14 leukemias in 212 animals transplanted with lenti-
viral vector-treated lineage negative bone marrow cells derived from Il2rg-/- or wild type 
mice. The majority of leukemias observed were CD4+CD8+, but CD8+, CD4+, CD11b+, 
CD19+ and Sca1+ leukemias were also found. qPCR and integration site analysis suggests 
that vector-mediated insertional mutagenesis played a role in some of the leukemias found 
in vector-treated mice, while others contained no obvious oncogenic integration. Similar 
leukemia frequencies were seen in mice given IL2RG vectors, GFP vectors or untransduc-
ed cells and no increased risk of leukemogenesis was seen when using the viral SF pro-
moter compared to a eukaryotic promoter. Three leukemias were also found in Il2rg-/- mice 
transplanted with untransduced wild type cells. Considering the tumor-prone background 
of the Il2rg-/- mice used in these experiments, these observations suggest that self-inacti-
vating lentiviral vector HSC gene therapy has a low risk of genotoxicity.
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INTRODUCTION

Gammaretroviral vector (RV) gene therapy has emerged as a treatment option for primary 
immunodeficiency, and in particular severe combined immunodeficiency (SCID) patients 
lacking a suitable bone marrow donor. The efficacy of these vectors to transduce hemato-
poietic stem cells (HSCs) ex vivo with a MFG Moloney-derived retrovirus vector and suc-
cessfully reverse the SCID phenotype was first demonstrated in seminal clinical studies 
for SCID-X1 and ADA-SCID at the turn of the century [1-3]. The majority of patients in 
these trials recovered functional T and NK cell populations and healthy immunoglobulin 
levels. However, of the 20 SCID-X1 patients treated with gammaretroviral vectors, five 
later developed leukemia-like symptoms[4-6]. Careful investigation of these leukemias 
revealed that the vector had played a role in their development via insertional mutagen-
esis[7-9]. These leukemic events were treated successfully by chemotherapy in four of 
the patients without reducing the effectiveness of the gene therapy, while one patient suc-
cumbed as a result of treatment[5, 6, 10]. Evidence of clonal expansion was also seen in 
RV clinical trials for X-linked chronic granulomatous disease (CGD)[11] and X-linked 
primary immunodeficiency Wiskott-Aldrich syndrome (WAS)[12]. Conversely, none of 
the patients in the ADA-SCID trial have developed leukemia-like symptoms.

Further study identified a number of risk factors inherent to the clinical RV vectors used 
in the SCID-X1, ADA-SCID, CGD and WAS trials, including a strong viral promoter, lack 
of insulator elements and transcription start site (TSS) integration bias of the gammaretro-
viral vector itself [13, 14]. A redesigned gammaretroviral vector with an improved safety 
profile is currently in use in a multi-center clinical trial for SCID-X1. HIV-1 derived len-
tiviral vectors (LV) have been suggested as an alternative to gammaretroviral vectors for 
HSC gene therapy applications. Lentiviral vectors have several advantages over gamma-
retroviral vectors, including reduced silencing [15] and the ability to transduce quiescent 
cells. Unlike gammaretroviruses which have a preference towards integrating upstream of 
transcription start sites, lentiviruses prefer to integrate into the intronic DNA regions of 
active genes [14, 16, 17], which would in theory reduce the risk of genotoxicity. Further 
improvements by using the self-inactivating configuration and a eukaryotic promoter may 
even further reduce the risk of insertional oncogenesis[18-21]. Currently, there are LV 
clinical trials ongoing for X-linked adrenoleukodystrophy[22] , b-thalassemia[23] , Wis-
kot-Aldrich syndrome[24, 25] and metachromatic leukodystrophy[26]. The b-thalassemia 
trial reported expansion of a dominant myeloid-biased clone with a vector insertion in the 
third intron of the HMG2A gene. At the time of this writing, the dominant clone has been 
stable at approximately 10% of the clonal pool, shows no signs of additional expansion 
and has not disrupted haematopoietic homeostasis in the patient. Since the disease and 
genetic background can play an important role in the initiation of vector-induced leuke-
mia[6] , we have previously investigated the efficacy of lentiviral IL2RG gene therapy in 
an in vivo setting[19] by transplanting transduced and non-transduced lineage negative 
(Lin-) bone marrow cells into Il2rg-/- mice for long-term follow-up and retransplantation 
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into secondary recipients for a maximum up to 21 months. In this paper we assess the risk 
of oncogenesis in this disease model. By comparing the relative rates of leukaemogenesis, 
vector copy numbers and integration sites between experimental groups, a rough estimate 
of the risk of using lentiviral IL2RG gene therapy in the Il2rg-/- mouse model can be  
assessed.

RESULTS

Experimental overview
This manuscript provides a summary of the results of 11 separate gene therapy experi- 
ments, involving 239 Il2rg-/- primary transplants and 118 secondary transplants given Lin- 
bone marrow cells after irradiation conditioning (Table 1). Male donor cells were trans-
planted into female recipient mice in order to track donor cell chimerism. 

Table 1: Overview of Il2rg-/- transplantation and LV gene therapy experiments

Exp. No. 
of 1° 
mice

No. 
of 2° 
mice

No. of 
Lin- cells 
transplant-

ed

No. of mice 
transplanted 

after LV trans-
duction

No. of mice 
transplanted 

without trans-
duction

No. of 
leukemias 
observed

vectors used
(no. of leukemias 

observed)

1 10 12 4x105 10 0 1 SF.IL2RG(1)
SF.GFP

2 15 24 5x105 15 0 0 SF.coIL2RG
γcPr.coIL2RG,

γcPr.GFP

3 50 9  4x105 50 0 4 SF.IL2RG(1)
SF.poly(2)

PGK.coIL2RG(1)
EFS.coIL2RG

4 19 14 5x105 13 6 0 γcPr.coIL2RG

5 19 16 5x105 15 4 3 γcPr.coIL2RG(2)

6 17 0 3x104 0 17 2 n/a

7 24 20 1x105 24 0 2 γcPr.coIL2RG(2)
SF.poly

8 21 10 3x105 21 0 1 γcPr.coIL2RG
PGK.coIL2RG

γcPr.GFP(1)

9 41 13 3x103 41 0 4 γcPr.coIL2RG
PGK.GFP(4)

10 12 0 3x105 12 0 0 PGK.GFP

11 11 0 3x105 11 0 0 PGK.GFP

Abbreviations: Exp., experimental ID reference number; 1°, primary transplant; 2°, secondary transplant; Lin-, 
lineage negative cells (bone marrow derived)
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The cells transplanted included untreated wild type Lin- cells (27 mice), Il2rg-/- Lin- 
cells transduced with lentiviral vectors containing no transgene or a GFP gene (95 mice), 
and Il2rg-/- Lin- cells transduced with lentiviral vectors containing the wild type human 
IL2RG cDNA or a codon optimized version (coIL2RG) (117 mice, Table 2). The number 
of Lin- cells transplanted per mouse ranged from 3x105 to 1x105, with the exception of one 
titration experiment where 10,000 to 300 wild type Lin- cells were transplanted. Transduc-
tion efficiency varied based on the HeLa MOI of the vector used (MOI 1 to 10), resulting 
in 60% to 90% of the total cell pool containing at least 1 viral integration. Mice were 
monitored monthly via peripheral blood cell counts and FACS analysis for 6 to 8 months, 
and subsequently sacrificed for FACS analysis of bone marrow (BM), spleen and thymus. 
Mice which fell ill during the course of the experiment were sacrificed and potential leu-
kemic phenotypes were determined via flow cytometry analysis and confirmed via sec-
ondary transplants. Bone marrow and spleen DNA from leukemic secondary transplants 
were used to study potential vector influence on oncogenesis via qPCR and LAM-PCR 
investigation of integration sites. A total of 17 leukemias were confirmed in the course 
of these experiments, including 7 in mice treated with IL2RG vectors (out of 117 mice, a 
6.0% leukaemia rate), 7 in mice treated with GFP vectors or vectors containing no trans-
gene (7.4%) and 3 in mice given untransduced wild type Lin- cells (11.1%).

Table 2: Overview of lentiviral vectors used in Il2rg-/- transplantation experiments

observation time (months) no. of

vector no. of mice Lin- donor cells 1° transplants 2° transplants leukemias seen

EFS.coIL2RG 6 Il2rg-/- 8 x 0

PGK.coIL2RG 12 Il2rg-/- 8 9 1

PGK.GFP 47 BALB/c 7 12 4

SF.coIL2RG 4 Il2rg-/- 6 9 0

SF.IL2RG 16 Il2rg-/- 6 9 2

SF.IL2RG 10 BALB/c 6 9 0

SF.poly 14 Il2rg-/- 7 x 1

SF.poly 15 BALB/c 7 x 0

SF.GFP 4 Il2rg-/- 6 9 0

γcPR.coIL2RG 69 Il2rg-/- 8 12 4

γcPR.GFP 4 Il2rg-/- 6 9 0

γcPR.GFP 11 BALB/c 7 12 2

no vector 27 BALB/c 7 9 3

Abbreviations: 1°, primary transplant; 2°, secondary transplant; poly, vector containing a polylinker sequence 
but no transgene
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Leukemias attributed to viral vector integrations: SF promoter
63 mice were transplanted with cells transduced by vectors containing the SF promoter 
(Table 3a). Two leukemias were seen in mice given the SF.IL2RG vector in separate ex-
periments. The first mouse fell ill 21 weeks after transplantation with an extremely high 
white blood cell (WBC) count of 243x106/ml. Flow cytometric analysis of BM in the 
primary mouse and three secondary transplants confirmed that the leukemia was Sca-1+, 
with 93% of BM cells having this phenotype (Table 4). qPCR analysis of BM cell DNA 
revealed a high Y (donor)-chimerism (95% in secondary recipients) and an average of 2.2 
integrations per BM cell. LAM-PCR and sequencing of the flanking genomic sequence 
revealed a dominant integration site on chromosome 13 at base 83644267 (Supplemen-
tal Table 1). This integration is situated 1.1kb from the transcription start site (TSS) of 
gene Mef2c (myocyte enhancer factor 2C), in the first intron. Mef2c is a known oncogene 
and is the likely initiator of leukemogenesis in this mouse. A second mouse treated with 
SF.IL2RG fell ill with a WBC count of 80x106/ml with a peripheral blood CD4+CD8+ 
leukemia, with 87% of bone marrow cells having this phenotype. qPCR revealed that the 
leukemia was donor-derived (BM Y-chimerism = 80%) and had an average of 2.8 vector 
integrations per BM cell. LAM-PCR and sequencing showed a prominent IS on chromo-
some 5 at base 24812116, located in an intron of oncogene Mll3 (myeloid/lymphoid or 
mixed-lineage leukemia 3). Additional integration sites were located on chromosomes 
2 and 10 (Supplemental Table 1). One mouse given Il2rg-/- cells after transduction with 
SF.poly, a vector containing the SF promoter and a polylinker sequence but no transgene, 
developed a donor-derived CD11b+ leukemia. Three prominent integration sites were 
found in the leukemic clones (2.9 vector integrations per BM cell) on chromosomes 1, 11 
and 16. No known oncogenes were located within 500kb of these IS, but the integration 
on chromosome 1 was located in the first intron of gene Pyhin1 (pyrin and HIN domain 
family, member 1), which has been suggested as a tumor suppressor gene[27]. Another 
mouse transplanted with wild type Lin- cells after SF.poly transduction became sick with 
a high peripheral white blood cell count (137x106/ml) and was found to have a CD4+CD8+ 
leukemia. Although Y-chimerism levels in this mouse were high, qPCR and LAM-PCR 
of BM cells revealed no vector integrations, suggesting that this oncogenic event was not 
vector-initiated. 
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Table 3: Experimental Il2rg-/- gene therapy mice, sorted by vector
a) Sorted by vector promoter.

vector no. mice treated no. leukemias seen leukemia frequency overall frequency

EFS.coIL2RG 6 0 0.0%  0.0%

PGK.coIL2RG 12 1 8.3%
8.5%

PGK.GFP 47 4 8.5%

SF.coIL2RG 4 0 0.0%

6.3%
SF.IL2RG 26 2 7.7%

SF.poly 29 2 6.9%

SF.GFP 4 0 0.0%

γcPR.coIL2RG 69 4 5.8%
6.0%

γcPR.GFP 15 1 6.7%

b) Sorted by vector transgene. 

vector no. mice 
treated

no. leukemias 
seen

leukemia 
frequency

overall 
frequency

frequency, all trans-
planted mice

EFS.coIL2RG 6 0 0.0%

6.0%

7.1%

PGK.coIL2RG 12 1 8.3%

SF.coIL2RG 4 0 0.0%

SF.IL2RG 26 2 7.7%

ycPR.coIL2RG 69 4 5.8%

SF.poly 29 2 6.9%

7.4%
SF.GFP 4 0 0.0%

PGK.GFP 47 4 8.5%

γcPR.GFP 15 1 6.7%

no vector 27 3 11.1% 11.1%

Leukemias attributed to viral vector integrations: eukaryotic promoters
84 mice were transplanted with Lin- cells transduced by vectors driven by the γcPr pro-
moter, a 1.1kb section of the native IL2RG promoter region. Four leukemias were seen 
in mice given the γcPr.coIL2RG vector: all of these leukemias were donor-derived and 
had between 1.4 and 1.8 vector copies per bone marrow cell (Supplemental Table 1). One 
mouse had a dominant IS on chromosome 6, 51kb upstream of the TSS of proto-oncogene 
Ccnd2 (cyclin D2). Another mouse had a prominent IS on chromosome 4, 74kb upstream 
of the TSS of oncogene Pax5 (paired box gene 5) and a second IS on chromosome 10.  
A third mouse had a prominent IS located in a gene-dense region on chromosome 2 in the 
first intron of gene St6galnac4. An additional IS was found on chromosome 12, 267kb 
downstream of gene Il12b (interleukin 12b). No known oncogenes were found within 
500kb of either integration site. The last γcPr.coIL2RG which developed leukemia had 
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a single dominant integration site 69kb upstream of transcriptional repressor gene Kctd1 
(potassium channel tetramerisation domain containing 1)[28] on chromosome 18. 

One leukemia was found mice given wild type Lin- cells after γcPr.GFP transduction. 
The leukemic clones were donor-derived and CD4+CD8+ GFP-, with a dominant IS on 
chromosome 16, in the first intron of gene Rbfox1 (RNA binding protein fox-1 homolog). 
No known oncogenes were found within 500kb of the IS flanking Kctd1 or Rbfox1.

59 mice were transplanted with Il2rg-/- cells transduced with vectors driven by the PGK 
promoter. One donor-derived leukemia was found in a mouse treated with the PGK.coIL-
2RG vector. The leukemic clone contained an average of 1.2 vector copies per cell. There 
was one dominant IS on in a gene-dense region of chromosome 11, located in intron 1 of 
P4hb (prolyl 4-hydroxylase, beta polypeptide). The nearest known oncogene adjacent to 
this IS is Aspscr1 (alveolar soft part sarcoma chromosome region, candidate 1), 113kb 
upstream. 

Four leukemias were found in mice treated with PGK.GFP, all in the secondary trans-
plants of a single experiment. This experiment involved transplanting a low number of 
transduced wild type cells (10,000 to 300 Lin- cells per mouse) into 6 Gy conditioned  
Il2rg-/- recipients following seven days of expansion in vitro with protein Angiopoietin-like 
3. No primary mice in this experiment developed any hematopoietic abnormalities during 
7 months of monitoring. However, multiple secondary transplants developed CD4+CD8+ 
leukemias 8 to 24 weeks after receiving BM cells from the primary mice. Three of the 
leukemias were GFP+ and shared an integration sites on chromosome 5 and chromosome 
10, flanking genes Phtf2 (putative homeodomain transcription factor 2) and Shprh (SNF2 
histone linker PHD RING helicase), respectively. No known oncogenes were found within 
500kb of these IS, however, Shprh has been implicated as a tumor suppressor gene[29]. 
The IS on chromosome 10 lies in an intron between the 17th and 18th exons of Shprh. The 
final leukemia seen in this experiment was also CD4+CD8+ GFP+ and contained integra-
tion sites on chromosomes 4, 5 and 11. The IS on chromosome 11 is located within 100kb 
of several genes involved in transcriptional regulation or repression, including Sox15 and 
Zbtb4[30, 31]. 

Leukemias seen in mice transplanted with Lin- cells without transduction
Three leukemias were observed in Il2rg-/- mice transplanted with untransduced wild type 
BALB/c Lin-cells. Two leukemias were discovered in mice transplanted with the same 
pool of cells at 27 weeks post-transplant. These mice did not have elevated WBC counts 
but one did have an enlarged spleen (spleen weights of 860mg and 180 mg). Their leuke-
mias had different phenotypes: the mouse with the enlarged spleen had a CD4+CD8+ (75% 
of total BM cells) leukemia, while the other mouse’s leukemic phenotype was CD8+CD4- 

(84% of total BM cells) with a small subpopulation which was CD4+CD8+ (4% of BM 
cells). These divergent phenotypes were confirmed in secondary transplants. qPCR for 
Y-chimerism revealed that both leukemias were donor-derived. In another experiment, 
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total BM cells from a healthy Il2rg-/- recipient of wild type cells were transplanted into 
a secondary Il2rg-/- recipient. This mouse fell ill 40 weeks after transplant and had to be 
sacrificed. White blood cell count was within normal range (17x106/ml), but the spleen 
Table 4: Overview of leukemia phenotypes seen in Il2rg-/- mice during Lin- cell transplantation and gene 
therapy experiments

ID# trans-
plant 
type

vector donor 
cells

TBI 
dose

onset of 
illness 

(weeks)

PB 
WBC 
count

leukemia 
pheno-

type

% phe-
notype 
in BM

Y-chi-
merism 
(BM)

1 2° PGK.coIL2RG Il2rg-- 6 Gy 66 67.8 CD4CD8 89 86%

2 2° PGK.GFP BALB/c 6 Gy 44 3.2 CD4CD8 79 87%

3 2° PGK.GFP BALB/c 6 Gy 68 4.5 CD4CD8 44 71%

4 2° PGK.GFP BALB/c 6 Gy 68 2.5 CD4CD8 37 71%

5 2° PGK.GFP BALB/C 6 Gy 52 20.5 CD4CD8 64 70%

6 1° SF.Il2RG Il2rg-- 6 Gy 21 243 Sca-1 93 95%

7 1° SF.Il2RG Il2rg-- 6 Gy 25 80 CD4CD8 87 62%

8 1° SF.poly BALB/C 6 Gy 35 153 CD11b 96 72%

9 1° SF.poly Il2rg-- 6 Gy 22 137 CD4CD8 82 75%

10 1° γcPR.coIL2RG Il2rg-- 2 Gy 30 29.8 CD4CD8 57 95%

11 1° γcPR.coIL2RG Il2rg-- 2 Gy 33 1.7 CD4CD8 92 57%

12 1° γcPR.coIL2RG Il2rg-- 2 Gy 28 65.9 CD4 86 63%

13 1° γcPR.coIL2RG Il2rg-- 2 Gy 28 71 CD4CD8 94 82%

14 1° ycPR.GFP BALB/c 0 Gy 35 28.8 CD4CD8 83 88%

15 2° n/a BALB/c 6 Gy 67 16.8 CD19 96 95%

16 1° n/a BALB/c 2 Gy 27 2.9 CD8 84 97%

17 1° n/a BALB/c 2 Gy 27 16.5 CD4CD8 75 12%

Abbreviations: 1°, primary transplant; 2°, secondary transplant; TBI, total body irradiation; PB, peripheral 
blood; WBC, white blood cell

was enlarged (590 mg) and a B cell leukemia was found during FACS analysis (96% of 
BM cells were B220+CD19+) were found in this secondary recipient, 65 weeks after the 
initial transplantation into the primary Il2rg-/- mouse. 50% of the leukemic clones were 
IgM+, but none were IgD+. BM Y-chimerism levels were high, suggesting that the leuke-
mic clone was donor-derived. 
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DISCUSSION

Risks of SF vector and IL2RG transgene on insertional oncogenesis
Following the initial reports of leukemia in the 2000 Paris and London gene therapy trials 
for SCID-X1[5, 6], the MFG Moloney-gammaretrovirus derived vector used in these trials 
was implicated as having a role in oncogenesis. The case against viral enhancer/promoters 
was made due to the strength of activation of nearby genes and its possible influence on 
the integration site profile [13, 14]. In vitro immortalisation assays seemed to confirm the 
higher genotoxic risks of viral promoters, such as the SF promoter, compared to weaker 
eukaryotic promoters [13]. 

In our experiments with SIN lentiviral vector gene therapy for murine SCID-X1, the 
choice of promoter seemed to have no effect on the rate of leukemogenesis. Mice treated 
with the SF promoter had a leukemia rate of 6.3%, similar to the rates seen in eukaryotic 
promoters PGK (8.5%) and γcPr (6.0%). There was no significant difference in the rate of 
leukemogenesis between the various promoter elements. 

The IL2RG gene itself was implicated as potentially having a role in oncogenesis[32], 
although this link has since been disputed[33-35] and a mouse strain expressing high 
levels of Il2rg showed no predisposition to tumor development[36]. Further investigation 
in mice has suggested that Lmo2, the principle oncogene in the clinical SCID-X1 trials, 
and Il2rg are often deregulated together in leukemias, and that there is strong selection for  
Il2rg deregulation in Lmo2-initatied instances of T cell leukemia [37]. However, dergegu- 
lation of these two genes is insufficient to trigger oncogenesis: leukemia onset requires 
other contributing mutations including overexpression of other oncogenes and downreg-
ulation of tumor suppressor genes. In the Il2rg-/- murine gene therapy experiments con-
ducted here, the rates of oncogenesis for vectors containing the IL2RG transgene versus 
a “neutral” GFP transgene or no transgene at all were very close (6.0% to 7.4%, respec-
tively) and similar to the background rate of leukemiagenesis in animals transplanted with 
wild type BALB/c cells without viral transduction (11.1%).

Thus, no additional risk of generating leukemias was seen in vectors containing either 
the SF promoter or the IL2RG transgene gene in our lentiviral gene therapy experiments 
in Il2rg-/- mice. This may be due to the presence of additional safety elements such as 
internal promoters and the deletion of enhancers elements in our 3rd generation SIN lenti-
viral vectors, features that were not present in the gammaretroviral vectors used in the ini-
tial clinical trials. Previous studies conducted with gammaretroviral and lentiviral vectors 
demonstrated that transcriptionally active LTRs, such as those used in the initial SCID-X1 
clinical trials, are major determinants of genotoxicity[38]. The same studies suggested that 
lentiviral vectors require a 10-fold higher viral load to trigger leukemogenesis than gam-
maretroviral vectors, likely due to the preference of gammaretroviruses to integrate into 
the promoter regions of active genes and into genes involved in cell growth and cancer[9]. 

MH_thesis.indd   96 13-09-13   12:16



97

C
hapter 4

Effects of Il2rg-/- background and irradiation conditioning on leukemogenesis
While it has been previously reported that Il2rg-/- mice are highly succeptible to MLV 
vector leukemogenesis, the rates of leukemogenesis in our vector-treated mice were not 
higher than those seen in mice transplanted after mock transduction (Table 2) or back-
ground levels of tumor formation in untreated Il2rg-/- mice (data not shown). Aside from 
the viral vector, several other factors could trigger oncogenesis in gene therapy protocols. 
The majority of recipient mice in our experiments received either 2 Gy or 6 Gy TBI prior 
to cell transplantation, sufficient to damage nuclear DNA and trigger leukemogenesis. 
However, leukemias generated due to irradiation would be of recipient origin and have 
low levels of Y(donor)-chimerism. Naturally, they would also have no evidence of viral 
vector integration. Out of the 17 leukemias described here, only one had sufficiently low 
Y chimerism to be considered of recipient origin. The remaining 16 leukemias are clearly 
donor-derived. 

Another factor which could trigger oncogenesis is the proliferative stress the donor 
HSC are subjected to after transplantation as they repopulate the hematopoietic system: in 
this case, the leukemias would be expected to be donor derived and have high Y-chime-
rism levels. Two donor-derived leukemias were seen in mice transplanted with untrans-
duced wild type Lin- cells. As no viral vector was administrated to these cells, prolifer-
ative stress is the most likely culprit for leukemogenesis. Similarly, the donor leukemia 
in a mouse treated with the LV.SF.poly vector, which had no vector DNA present in the 
(donor-derived) leukemic clones, was also probably due to proliferative stress triggering 
an oncogenic event in an untransduced donor HSC. 

The potential for HSC transplantation to trigger leukemogenesis in Il2rg-/- mice makes 
it difficult to state with confidence that insertional mutagenesis is responsible for the  
leukemias seen in lentiviral treated mice, even when the leukemic clones contain vector 
integrations near proto-oncogenes. In some instances (such as the Sca-1+ leukemia con-
taining a dominant integration site in the first intron of oncogene Mef2c) it is very likely 
that the vector played a key role in oncogenesis. However, there were several leukemias 
in vector-treated mice had no dominant integration site within 500kb of any known on-
cogenes, or tumor suppressor genes or transcription repressor genes. Some or all of these 
leukemic clones may have been caused by mutations generated during proliferative stress 
without vector involvement. This does not exclude the possibility that these dominant IS 
may lie near an as-yet unidentified oncogene. It is also possible that in some samples the 
oncogenic IS was missed by the LAM-PCR method used here, which is only able to detect 
60-70% of all IS clones and covers at most offers 80% genome coverage[39, 40]. 

The large majority of the leukemias seen in these mice derived from T cell lineages 
(14 out of 17, including one each of CD4+ and CD8+ and 12 that were CD4+CD8+). This 
was highly significant and suggests that the T cell lineages were especially prone to onco- 
genesis in these transplantation experiments. It is noteworthy that all 5 leukemias seen 
in the human SCID-X1 gene therapy trials were T-ALL, as was the leukemia seen in the 
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trial for Wiskott-Aldrich syndrome (WAS)[41]. Both WAS and SCID-X1 are T- immuno-
deficiencies. Similarly, the two adverse events seen in the chronic granulomatous disease 
(CGD) clinical trial were myelodysplasias[42]. It is possible that corrected hematopoietic 
progenitor cells belonging to the deficient cell type are subjected to additional prolifera-
tive stress and are therefore more susceptible to transformative events, particularly when 
this stress is combined with disruptive viral integrations near key proto-oncogenes. 

Overall, the analysis of these experiments suggests that the relative risk of developing 
leukemia in gene therapy treated Il2rg-/- mice using 3rd generation SIN lentiviral vectors 
is unaffected by the use of the SF promoter at low vector copy numbers, and further ar-
gues against the idea that the IL2RG gene is oncogenic. The use of 3rd gen SIN LV vectors 
for treatment of murine SCID-X1 is relatively benign and does not significantly induce 
insertional mutagenesis when used at low copy number and when transplanting a modest 
number of lineage negative cells. These vectors should be considered for future SCID 
clinical trials as they may offer a significant benefit to safety without reducing the efficacy 
of the gene therapy treatment.
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METHODS

Mice
BALB/c and Il2rg-/- mice were bred in the Experimental Animal Center of Erasmus MC.  
Il2rg-/- single KO mice with a targeted γc deletion were derived from a 10th generation 
backcross of BALB/c Rag2-/-/ γc-/- mice, kindly provided by Dr. H Spits[43], with syn-
genic BALB/c wild type mice.  All mice were used at 6 to 10 weeks of age at the time of 
transplant and were maintained in specified pathogen free conditions.  Experiments were 
approved by the institutional Animal Ethical Committee of Erasmus MC in accordance 
with legislation in the Netherlands. 

Production of lentiviral particles and titration
Third generation self-inactivating (SIN) LV incorporating the IL2RG cDNA were con-
structed using the HIV-1 vector backbone[44, 45] with SF promoter and a modified 
woodchuck posttranslational regulatory element (bPRE4*)[46]. Codon-optimized human 
IL2RG sequence predicted by GeneOptimizer® software (GeneArt AG, Regensburg, Ger-
many). A 1.1 kb fragment of the human IL2RG promoter (γcPr) and other promoter ele-
ments were cloned into LV-SF-IL2RG as described previously [19].   

LVs were produced by standard calcium phosphate transfection of HEK 293T cells[47] 
with the packaging plasmids pMDL-g/pRRE, pMD2-VSVg and pRSV-Rev.   LV were 
concentrated by ultracentrifugation at 20,000 r.p.m. for 2 hours at 4°C and stored at -80°C. 
Viral vector titration was performed on HeLa cells by serial dilutions to determine trans-
ducing units (HeLa transducing units, HTU) per mL. The transduced cells were harvested 
on day 11, DNA and total RNA were purified and the copy number per cell was deter-
mined by real-time quantitative polymerase chain reaction (qPCR).  

Lentiviral vector gene therapy protocols
Lentiviral gene therapy vectors containing the native human IL2RG cDNA, or a codon 
optimized version (coIL2RG), were created under the control of one of the following 
promoters: spleen focus forming virus promoter (SF), phosphoglycerate kinase promoter 
(PGK), elongation factor-1 alpha promoter (EFS) or a 1.1kb section of the native IL2RG 
promoter region (γcPr). Lineage negative (lin-) Il2rg-/- bone marrow cells from male do-
nors were transduced overnight (18 hours transduction time) with these vectors at HeLa 
MOI 1, 3 or 10 and then injected into female Il2rg-/- mice after irradiation conditioning, 
as previously described[19]. Mice were monitored for 6 to 8 months for reconstitution of 
lymphocyte populations and signs of hematopoietic abnormalities. Subsequently, mice 
were sacrificed and total bone marrow cells from selected mice were retransplanted into 
secondary recipients to be monitored for up to an additional 12 months. Other Il2rg-/- mice 
were transplanted with wild type or Il2rg-/- Lin- cells transduced with GFP vectors driven 
by the SF, PGK or γcPr promoters, or a vector containing the polylinker sequence but no 
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transgene (LV-SF-poly), in order to monitor the rate of insertional mutagenesis in non-IL-
2RG vectors. Untransduced wild type Lin- cells were transplanted into Il2rg-/- mice as 
efficacy controls on a per-experiment basis. 1x106 total bone marrow cells from selected 
mice (primarily mice treated with therapeutic vectors, i.e. vectors containing the IL2RG 
transgene) were transplanted into secondary recipients following 6 Gy TBI conditioning. 

A total of 239 Il2rg-/- primary transplants were generated over 11 separate gene ther-
apy experiments, including 212 mice transplanted with lineage negative BM cells after 
overnight transduction with lentiviral vectors and 27 mice transplanted with untransduced 
BALB/c cells. 

Immunophenotyping by flow cytometry
Flow cytometric analyses were performed on cells obtained from blood, bone marrow, 
thymus and spleen. Peripheral blood was collected monthly in EDTA tubes by retro-orbital  
puncture under isoflurane anesthesia. Complete blood cell counts were measured using a 
Vet ABC hematology analyzer (Scil animal care company GmbH, Germany).  Blood was 
lysed and leukocytes were washed three times with Hank’s balanced salt solution (HBSS, 
Invitrogen) containing 0.5% (wt/vol) bovine serum albumin and 0.05% (wt/vol) sodium 
azide (HBN).  Cells were incubated for 30 minutes at 4°C in HBN containing 2% heat-in-
activated normal mouse serum and antibodies against CD3, CD4, CD8, B220, CD19, 
IgM, IgD, CD11b Sca-1, and C-kit directly conjugated to R-phycoerythrin (PE), peridinin 
chlorophyll protein (PerCP) or allophycocyanin (APC; all antibodies BD Biosciences).  
Subsequently, cells were washed and measured on a FACSCalibur or FACSCanto (Becton 
Dickinson).  BM and spleen cells were evaluated similarly. Additionally, GFP expression 
was measured in mice treated with the SF-GFP, PGK-GFP or γcPr-GFP vectors.

Identification and confirmation of leukemic mice
Mice which fell ill during the course of the experiment or who were found to have hemato-
poietic aberrations during the course of monthly blood analysis were sacrificed and tissue 
samples of spleen, lungs, heart, liver, kidney, and intestines were collected and fixed with 
4% paraffin overnight. Potential leukemic phenotypes were determined via FACS analysis 
of peripheral blood, thymic, BM and spleen cells. DNA was extracted from 10x106 spleen 
and BM cells for PCR analysis, with the remaining cells being frozen viably at -190°C 
for later transplantation into secondary recipients. If a leukemia was suspected, 1x106 
spleen or BM cells were thawed and transplanted into 3 secondary recipients to confirm 
the leukemic phenotype. These secondary transplants were monitored daily and sacrificed 
at the first sign of illness, with similar analysis performed as for the primary mice. A total 
of 17 leukemias were confirmed in primary or secondary recipients during the course of 
experiments. 
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Real-time quantitative polymerase chain reactions
qPCR to quantify the integrated proviral copy number[48] was performed on the ABI 
Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA) with 
100 ng genomic DNA template and SYBR Green PCR Master Mix (Applied Biosystems) 
with HIV primer, 5’- CTGGAAGGGCTAATTCACTC-3’, and 5’-GGTTTCCCTTTC-
GCTTTCAG-3’ resulting in a 274 bp fragment of the proviral DNA. The PCR conditions 
were 95 °C for 10 min and 45 cycles as follows: 95°C for 15 s and 62°C for 1 min. A 
standard calibration curve was determined from flow sorted mouse 3T3 cells transduced 
with LV-SF-GFP at a multiplicity of infection (MOI) of 0.06 containing one integration 
per genome. All PCR reactions were performed in triplicate and analyzed with SDS2.2.2 
software.   qPCR reactions were performed on spleen and BM DNA from Il2rg-/- mice 
transplanted with male donor cells to amplify a region of the Y chromosome as described 
by Pujal et al[49], using 100ng of genomic DNA and primers 5’-TCATCGGAGGGCTA-
AAGTGTCAC-3’ and 5’-TGGCATGTGGGTTCCTGTCC-3’. A standard curve was  
generated using spleen and BM DNA from male BALB/c mice. 

LM-PCR and LAM-PCR
High-resolution insertion-site analysis by linear amplification–mediated PCR (LAM-PCR) 
and ligation-mediated PCR (LM-PCR) was performed on BM or spleen DNA from Il2rg-/- 
mice transduced with LV vectors. For LAM-PCR restriction enzymes Tsp509I and MseI 
were used with the lentiviral (HIV) primer set. PCR products were run on high resolution 
polyacrylamide (Spreadex) gel. To the nested primers of the LM-PCR[51, 52] protocol, 
the following primers were added to create the sequencing tags: 3’-GCCTCCCTCGCG-
CCATCAG-5’+ MID (multiplex identifier) to the primer annealing to the viral LTR, and 
3’-GCCTTGCCAGCCCGCTCAG-5’+ MID to the primer annealing to the linker. High 
throughput sequencing of LAM-PCR products was performed at GATC Biotech (Kon-
stanz, Germany). Following sequencing, the barcode and LTR sequences were trimmed 
and the remaining genomic sequences uploaded to the MAVRIC analysis tool[53] for 
alignment to the mouse genome and annotation of nearby genes.  Genes flanking each 
integration site (within 100kb) were checked against the Mouse Retrovirus Tagged Can-
cer Gene Database (RTCGD) and the Sanger Cancer Gene Census to identify oncogenes. 
Integration site prevalence was determined by calculating dividing the number of replicate 
sequences in a given sample by the total sequences for that sample:  integrations making 
up more than 50% of the total sequence pool, or 5-fold higher fraction than the next most 
prevalent integration, were considered dominant.  Dominant IS were re-checked for on-
cogenes within 500kb.
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SUPPLEMENTAL TABLES

Supplemental Table 1: details of integration sites found in LV vector leukemias

ID # vector integrations 
per BM cell

% clonal 
dominance 

chrom- 
osome

IS locus flanking 
gene

distance from IS 
to gene 5’ end

1 PGK.coIL2RG 1.1 96 11 120421360

Arl16 92.6 kb US

Gm17586 73.7 kb US

Npb 48.4 kb US

Anapc11 38.4 kb US

Gm11789 28.4 kb US

Fam195b 10.5 kb US

Ppp1r27 9.0 kb US

P4hb 13.1 kb DS

Arhgdia 21.4 kb DS

Gcgr 29.3 kb DS

Alyref 38.2 kb DS

Pcyt2 57.8 kb DS

Sirt7 65.1 kb DS

Slc25a10 68.2 kb DS

Mafg 73.4 kb DS

Mrpl12 75.4 kb DS

Pycr1 83.6 kb DS

Myadml2 88.0 kb DS

Hgs 92.4 kb DS

2 PGK.GFP 2.1

44 5 20378460
Tmem60 9.6 kb US

Phtf2 9.4 kb DS

55 10 10904550
Fbxo30 96.9 kb US

Shprh# 35.0 kb DS

Abbreviations: US, upstream of gene transcription start site; DS, downstream of gene transcription start site; 
* proto-oncogene
# tumor suppressor gene or transcriptional repressor gene
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Supplemental Table 1: details of integration sites found in LV vector leukemias (cont.)

ID # vector integrations 
per BM cell

% clonal 
dominance 

 chromo- 
some

IS locus flanking gene distance from IS 
to gene 5’ end

3 PGK.GFP 3.8

53 11 69550965

Mpdu1 74.9 kb US

Cd68 71.4 kb US

Eif4a1 65.1 kb US

Senp3 55.5 kb US

Tnfsf13 51.8 kb US

BC096441 41.4 kb US

Zbtb4 28.4 kb US

Polr2a 21.1 kb DS

Amac1 24.4 kb DS

2010012P19Rik 55.3 kb DS

Chrnb1 58.4 kb DS

Fgf11 64.3 kb DS

Tmem102 68.1 kb DS

Mir1934 74.4 kb DS

4933402P03Rik 80.9 kb DS

Sox15 82.1 kb DS

Spem1 84.6 kb DS

5 4 139002617
Mrto4 94.1 kb US

Iffo2 83.9 kb US

Ubr4 94.0 kb DS
29 5 90217673 Adamts3 94.5 kb DS

4 PGK.GFP 2.6
60 5 20378460 Tmem60 9.5 kb US

Phtf2 9.4 kb DS

26 10 10904550 Fbxo30 96.6 kb US
Shprh# 35.3 kb DS

11 18 36169497 Psd2 44.9 kb DS

5 PGK.GFP 3.1

39 5 20378460
Tmem60 9.5 kb US

Phtf2 9.4 kb DS
Rsbn1l 79.1 kb DS

19 10 10904550 Fbxo30 96.6 kb US
Shprh# 35.3 kb DS

24 11 48759187

Irgm1 74 kb US
Gm5431 43.5 kb US
Olfr56 33.5 kb US

Psme2b-ps 0.5 kb DS
9930111J21Rik1 33.7 kb DS

Gm12185 46.5 kb DS
Tgtp1 48.5 kb DS

* proto-oncogene
# tumor suppressor gene or transcriptional repressor gene 
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Supplemental Table 1: details of integration sites found in LV vector leukemias (cont.)

ID # vector integrations 
per BM cell

% clonal 
dominance 

chromo- 
some

IS locus flanking gene distance from IS 
to gene 5’ end

6 SF.IL2RG 2.2
7 3 75428013

Pdcd10 67.4 kb US

Serpini1 66.5 kb DS

83 13 83644267 Mef2c* 1.1 kb DS

7 SF.IL2RG 2.8

18 10 12297464 Utrn 291.6 kb DS

52 5 24812154
Galntl5 124.8 kb DS

Galnt11 83.4 kb DS
Mll3* 192.3 kb DS

22 2 108962025 Mettl15 158.9 kb DS

8 SF.poly 2.9

31 1 175565248

BC094916 99.2 kb US

Pydc3 38.8 kb US

Pydc4 35.9 kb US
Pyhin1# 4.3 kb DS

13 11 9313354 Abca13 221.4 kb DS

54 16 8633977
Pmm2 4.7 kb US

Tmem186 4.6 kb DS
Carhsp1 39.1 kb DS

9 SF.poly 0 n/a n/a n/a n/a n/a

10
γcPR.coIL-

2RG
1.4

10 6 127152223
9630033F20Rik 92.7 kb US

Ccnd2* 51.2 kb US
9330179D12Rik 52.8 kb DS

13 12 107028782
Papola 10.3 kb DS
Ak7 84.6 kb DS

61 X 154308268 Klhl34 51.9 kb DS

11
γcPR.

coIL2RG
1.6

68 2 32444602

Mir1954 63.2 kb US
Eng 57.5 kb US
Ak1 32.7 kb US

St6galnac6 10.6 kb US
St6galnac4 2 kb DS

Pip5kl1 14.3 kb DS
Dpm2 18.2 kb DS

Fam102a 53.8 kb DS
Fpgs 114.7 kb DS

22 11 43946382 Il12b 267.2 kb DS

12
γcPR.

coIL2RG
1.8 98 18 15379080 Kctd1 69 kb US

13 γcPR.
coIL2RG 1.7

58 4 44798766
Pax5* 74.5 kb US

Gm12463 32.8 kb US
Zcchc7 30 kb DS

32 10 9576640 Stxbp5 44.2 kb DS

14 γcPR.
GFP 0.8 96 16 6884523 Rbfox1 75 kb DS

* proto-oncogene
# tumor suppressor gene or transcriptional repressor gene
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ABSTRACT

Introducing therapeutic genes into hematopoietic stem cells using retroviral vector  
mediated gene transfer is an effective treatment for monogenic diseases. The risks of  
therapeutic gene integration include aberrant expression of a neighbouring gene, resul- 
ting in oncogenesis at low frequencies (10-7-10-6/transduced cell). Mechanisms governing 
insertional mutagenesis are the subject of intensive ongoing studies which produce large 
amounts of sequencing data representing genomic regions flanking viral integration sites 
(IS). Validating and analyzing these data require automated bioinformatics applications.  
The exact methods used vary between applications, based on the requirements and  
preferences of the designer. The parameters used to analyze sequence data are capable 
of shaping the resulting integration site annotations, but a comprehensive examination  
of these effects is lacking. Here we present a web-based tool for integration site a 
nalysis, called Methods for Analyzing ViRal Integration Collections (MAVRIC), and use its  
highly customizable interface to look at how IS annotations can vary based on the  
analysis parameters. We used the integration data of the previously published ADA-SCID 
gene therapy trials for evaluation of MAVRIC. The output illustrates how MAVRIC  
allows for direct multi-parameter comparison of integration patterns. Careful analysis of the 
SCID data and re-analyses using different parameters for trimming, alignment and repeat  
masking revealed the degree of variation that can be expected to arise due to changes in 
these parameters. We observed mainly small differences in annotation, with the largest  
effects caused by masking repeat sequences and by changing the size of the window 
around the IS.
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INTRODUCTION

The availability of PCR based techniques (inverseX, LAM-PCR, LM-PCR, splinker-
ette PCR) to identify viral integration sites has led to efforts to classify the relationship  
between virus integration and leukemia when using replicating retroviruses (Joosten et al., 
2002; Mikkers et al., 2002; Erkeland et al., 2006) as well as in gene therapy to identify 
clonal dominance and insertional mutagenesis leading to oncogenic events (Kustikova et 
al., 2005; Modlich et al., 2005). Further investigations into the integration profile of ret-
roviruses and lentiviruses (Mitchell et al., 2004; Montini et al., 2006; Biasco et al., 2011) 
has demonstrated the relationship between the occurrence of insertional oncogenesis 
and the integration profile (Montini et al., 2006; Zychlinski et al., 2008). Analysis of the  
amplicons retrieved after sequencing of viral genome boundaries (Kustikova et al., 2009)

 

is usually automated due to the large number of sequences produced by modern high 
throughput sequencing. The specific analysis methods applied to raw sequencing data vary 
between applications, which raises the question of how adjusting the analysis parameters 
might affect the annotations produced. We developed a bioinformatics pipeline aimed 
at high throughput data analysis for virus genome boundaries, which could be easily  
modified to compare the results of analyzing the same data set while varying a wide range 
of parameters. Similar tools have been described (Appelt et al., 2009; Hawkins et al., 
2011) for alignment of genome virus boundary sequences, but differ in customization 
options compared to our program. Understandably, analysis parameters in these tools are 
locked to ensure consistent results. For our bioinformatics tool we chose to allow several 
parameters to be adjusted prior to analysis to determine the impact on the final annotation 
results.

MAVRIC (Methods for Analyzing ViRal Integration Collections, http://mavric.eras-
musmc.nl) automatically BLASTs input sequences according to user-specified parame-
ters and returns information on the genes surrounding the viral integration site (IS). The 
analysis parameters used by MAVRIC can be set by the user, including repeat masking, 
minimum accepted sequence length, maximum E-value threshold, the maximum distance 
from the IS to search for genes, and the ability to use previous versions of BLAST and 
older genome builds in Ensembl. Analysis of nearby gene expression levels using user- 
generated expression data is an additional option, with MAVRIC automatically generating 
binning charts. Users can upload viral or adapter sequence information such as LTRs to 
be screened prior to analysis. This paper outlines the design choices made in the process 
of developing tools for virus integration analysis and examines the differences obtained 
when analyzing the same dataset with different database builds and analysis methods.
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User Input: Fasta sequences (Optional: Trimming Files, Expression Data)

Data Cleanup and Validation

Repeat Masker
(optional step)

Exclude
sequences < length 

threshold

Select species
and BLAST
alignments

Remove
ambiguous
alignments

Identify 
nearby genes via 

Ensembl

Identi�cation of Genomic Loci and Nearby Genes

Trim userspeci�ed 
vector sequences

(optional step)

IH

GF

Secondary Analysis of Genes Closest to Integration Site

D ECB

A

Clustering & removal 
of redundant 

sequences

Full gene
annotations

Distribution around gene 
transcription start sites Common Integration Sites

Microarray expression 
level binning

(optional step)

Figure 1. MAVRIC workflow.
A 	�(user input) - Fasta formatted sequences of human, murine or macaque origin. The user may also input vector 

sequences to be trimmed and/or expression data for additional analysis
B 	�(vector trimming step) - MAVRIC uses cross-match to identify any user-specified vector sequence fragments 

and removes them, leaving the genomic sequence
C 	�(clustering step) - Sequences which are >95% identical to another sequence are automatically removed from 

analysis
D 	�(RepeatMasker) - Different masking criteria are available for various species (human, murine, macaque or 

mammalian)
E 	� (sequence length threshold) - Sequences shorter than the cut-off are excluded from analysis. Recommended 

range is 11 bp to 25bp
F 	� (BLAST step) - Some older versions of BLAST are available for easy comparison to historical analysis
G	� (identify nearest gene to integration site) - Identifies the “nearest” gene (defined as the gene with the 5’ end 

closest to the IS) and all genes within the user-specified distance from the IS on either strand
H �	�(identify common integration sites) - Based on the list of genes nearest to IS. Any gene linked to 3 or more 

sequences is considered a CIS gene
I �	� (expression level binning) - User may upload expression data to be used in generating IS nearest gene expres-

sion binning charts
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MATERIALS AND METHODS

Integration analysis
The annotation workflow can be summarized as series of steps which consist of: data 
clean up, integration site detection, and identification of the nearest gene(s) to that site 
(Figure 1). First, the virus-genome boundary sequences are uploaded to the MAVRIC 
server. Sequence requirements are as follows: fasta format, 5’-3’ orientation, and at least 
11 bp in length. MAVRIC currently supports human, murine and macaque sequence data. 
The user may choose to include RepeatMasker criteria, upload vector sequence data to be 
trimmed, or change the minimum acceptable sequence length. Sequences that do not meet 
the minimum length requirement after any trimming or repeat masking step are excluded 
from further analysis. If the user is loading pre-trimmed sequences that contain no vector 
DNA, the genomic sequence fragments should be loaded such that the viral LTR would be 
adjacent to the 5’ end of the sequence. 

If the sequences contain fragments of vector, adapters or linkers that must be removed 
prior to annotation, the user should upload them as separate files. Up to three such trim-
ming files can be included. The upload windows are helpfully named for vector sequence, 
LTR and polylinker, but any external residues that may contaminate the genomic sequence 
can be uploaded and screened. MAVRIC detects and removes designated sequences via 
cross-match, an implementation of the Smith-Waterman-Gotoh algorithm developed by 
Phil Green (http://www.phrap.org/, University of Washington). Vector and linker/adapter 
sequences will be trimmed regardless of their orientation. The user can also choose to ex-
clude data that do not contain certain external sequences, such as viral LTRs, that are used 
to validate bona fide integration sites. 

After trimming, MAVRIC clusters the approved sequences by an implementation of cd-
hit-est (Li and Godzik, 2006). Sequences which are found to be more than 95% identical to 
another sequence in the dataset are considered redundant integrations and excluded from 
further analysis. The number of redundant sequences in each cluster is tracked and this 
information is presented in the “skipped sequences” summary table.

Submitted sequences can also be pre-screened using the online tool RepeatMask-
er (www.repeatmasker.org, Smit, AFA, Hubley, R & Green, P. RepeatMasker Open-3.0 
1996-2004). RepeatMasker screens sequences for regions of known genomic repetitive 
sequence using an implementation of the cross-match algorithm. Simple repeats, tandem 
repeats, segmental duplications and interspersed repeats such as pseudogenes, retrotran-
scripts, SINEs, DNA transposons, retrovirus retrotransposons and non-retroviral trans-
posons (LINEs) are masked by this algorithm. RepeatMasker can be adjusted to known 
repetitive sequences for several species (currently human, mouse, macaque and mamma-
lian are available on MAVRIC). 

MAVRIC aligns the screened sequences in the genome via BLAST (Basic Local Align-
ment Search Tool (Altschul et al., 1990), a fast algorithm that allows alignment of query 
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sequences (DNA or protein) to a predefined database. It finds the largest subsection of 
the query and tries to expand it in both directions, assigning penalties for the creation of 
gaps or mismatches. Given a query sequence, BLAST identifies the best fitting alignment 
in addition to similar alignments with higher penalty scores. In MAVRIC, the user can  
select the maximum E-value to be returned, with the default maximum E-value set to 0.01. 
The E-value is a statistical measure that shows how likely it is that the given alignment 
occurred by chance. Lowering the maximum E-value will result in fewer BLAST hits 
accepted but increases the confidence that those alignments are accurate. The alignments 
of integration sites identified by BLAST and accepted by MAVRIC are subsequently  
annotated using data available from Ensembl. Integration sites with multiple alignments 
possessing the same lowest E-value are considered non-informative since the alignment is 
ambiguous and these sites are excluded from further analysis.

Versions of BLAST linked to older NCBI builds are available for each species in order 
to precisely compare new data to previously-analyzed sets. NCBI v34-v37, v36-v37 and 
v1.41 are available for human, mouse and macaque, respectively. The user chooses the 
maximum acceptable E-value (Expect value) for the BLAST results. BLAST hits that 
exceed this maximum E-value are excluded from further analysis. The Ensembl data-
base used is based on the BLAST version and species selected. Note that some BLAST  
versions are linked to more than one Ensembl database (for example, mouse v37 is linked 
to Ensembl mouse 49 and 56), in which case the user may select the Ensembl database 
they wish to use. Finally, the user sets the size of the window flanking the integration 
site to search for genes, and chooses whether to return only Refseq genes (Pruitt et al., 
2007) or all genes and genomic features (miRNAs, pseudogenes, snRNAs, etc) found by 
Ensembl.

Annotation of retrieved integration locations 
Genes adjacent to the integration site are annotated as follows: gene symbol, Ensembl 
ID, Entrez ID, Unigene ID, Refseq ID, biotype, chromosome, strand, location of the hit 
start and hit end, and both the raw distance (defined as the minimum distance from the 
IS to the 5’ or 3’ end of the gene) and 5’ distance (defined as the distance from the gene 
transcription start site to the IS). Two outputs are generated for Ensembl hits: one file that 
contains every gene with at least 1 bp within the user-defined maximum distance from 
the integration site (default set to 100 kb), and another file which only contains the gene 
whose 5’ end (adjacent to the transcription start site) is closest to the integration site and 
is within the specified maximum distance. The ‘all genes’ file, assuming the user-defined 
distance is sufficiently large, gives an overview of every gene that could potentially be 
affected by the integrated vector. The ‘nearest gene’ file contains less information about 
the genomic loci surrounding the integrations, but allows each integration site to have an 
equal “weight” for certain downstream analyses. MAVRIC uses the ‘nearest gene’ file to 
generate a histogram showing the distribution of distances from the integration site to the 
nearest gene transcription start site. It also lists common integration sites (defined here as 
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3 or more hits for a given gene in the ‘nearest gene’ dataset) and a summary of the analysis 
parameters and excluded sequences. Graphical output and a summary of the IS anno- 
tations is presented in the results page, with the full output available for download in a zip 
file (Supplemental Figure 1)

Nearest gene expression level binning
MAVRIC includes an optional feature which associates genes annotated by MAVRIC as 
nearest to an integration site with user-generated expression level data, sorted in equally 
sized bins (Schröder, et al., 2002). The user submits a table of gene expression values 
generated from Affymetix arrays or similar analyses. MAVRIC sorts the genes in this table 
into 10 equally-sized bins as published previously) (Deichmann et al., 2007; Schwarz-
waelder et al., 2007) based on their relative expression levels, and then checks each gene 
in the ‘nearest gene’ file against this binning profile. MAVRIC creates a histogram display-
ing the number of IS genes allotted to each bin, giving an overview of the relation between 
gene expression level and integration frequency (Supplemental Figure 1D). Common  
integration site genes are also plotted separately on the same graph. Users can upload own 
expression data based on other experimental parameters along with their sequences. Note 
that MAVRIC cannot process raw array data: expression values must be determined by 
the user prior to upload. MAVRIC is able to process expression values from any source, 
provided that the user uploads the data in the proper format (tab-delimited text, see the 
help file at http://mavric.erasmusmc.nl/help.php?page=runs for further details). Users can 
upload up to two expression values per gene, which will result in two separate binning 
graphs. This allows easy comparison of two gene expression datasets, for example before 
and after cell stimulation.

Test set for comparison of parameters: a published sequence set for ADA-
SCID gene therapy
We compared the MAVRIC annotation process with the published annotation of a data-
set retrieved from a clinical gene therapy trial for ADA-SCID (Aiuti et al., 2007). The 
published data contained 706 sequences along with the gene found nearest to each inte-
gration site. These sequences were analyzed via MAVRIC, using the NCBI 37 assembly 
and Ensembl version 56. A total of six variations of RepeatMasker settings and E-value 
conditions were performed (Table 1). The ‘nearest gene’ and ‘all genes’ annotations for 
each MAVRIC variant, as well as the originally published analysis, were used as input for  
Ingenuity functional analysis (Ingenuity Systems). Ingenuity identifies biological func-
tions and/or diseases that are most significant to the set of genes provided by analyz-
ing RNA expression data in the context of known biological responses and regulatory 
networks as well as other higher-order response pathways. The following Ingenuity set-
tings were used for pathways analysis: Direct and Indirect Relationships; Data Sources 
= all; Confidence = experimentally observed; Species = all, Tissues and Cell Lines = all.  
This analysis was repeated using KEGG (Kyoto Encyclopedia of Genes and Genomes) 
pathway analysis, a manually curated list of genes and their interactions.
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Table 1a. Analysis parameters for MAVRIC using ADA-SCID data as input

name of analysis 
criteria

max 
E-value

uses  
Human  
Repeat- 
Masker?

mini-
mum 
length 

threshold

distance 
around 

IS 
searched

# of 
sequences 
processed

# of IS 
with 

BLAST 
hits

# of 
IS 

anno-
tated

# of 
unique 
genes

MAV1 (permissive) 10 no 11 100k 701 697 636 574

MAV2 0.01 no 11 100k 701 671 613 558

MAV3 0.00001 no 11 100k 701 621 567 522

MAV4 10 YES 11 100k 633 625 572 517

MAV5 0.01 YES 11 100k 633 592 547 495

MAV6 0.00001 YES 11 100k 633 540 495 457

conservative 0.01 YES 16 100k 630 592 542 495

super-permissive 10 no 11 500k 701 697 687 620

Table outlines analysis parameters and the number of annotations returned for each of eight MAVRIC settings. 
The number of sequences annotated can be greatly increased by skipping RepeatMasker and extending the size 
of the window around the IS to 500 kb, however this may result in lower quality annotations.

Table 1b. Gene ontology annotation results based on MAVRIC analysis parameters

“nearest gene” dataset INGENUITY functional analysis

Dataset
number of unique genes 

annotated
number of mapped 

genes % mapped

MAV1 574 547 95.3%

MAV2 558 531 95.2%

MAV3 522 496 95.0%

MAV4 517 493 95.4%

MAV5 495 471 95.2%

MAV6 457 434 95.0%

ADA-SCID analysis 706 639 90.5%

”all genes within 100 kb” dataset INGENUITY functional analysis

 Dataset
number of unique genes 

annotated
number of mapped 

genes % mapped

MAV1 2059 1901 92.3%

MAV2 2014 1827 90.7%

MAV3 1929 1780 92.3%

MAV4 1854 1716 92.6%

MAV5 1796 1656 92.2%

MAV6 1709 1576 92.2%

ADA-SCID analysis 1106 983 88.9%

Results of loading MAVRIC nearest gene annotations into Ingenuity functional analysis. The analysis  
parameters have little effect on the percentage of genes mapped by Ingenuity, but they do have an effect on the 
top pathways returned (see Supplemental Table 2).
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For direct comparison to the published analysis, we used the MAVRIC output with the 
following settings, hereby referred to as the ‘conservative criteria’: human RepeatMasker, 
minimum sequence length = 16 bp, maximum E-value = 0.01, maximum distance from 
gene to IS = 100 kb. These criteria returned 542 annotated sequences, or 77% of the data-
set. We then re-analyzed the dataset in MAVRIC with no RepeatMasker step, reducing 
the minimum sequence length to 11 bp and increasing the maximum E-value to 10. These 
parameters, dubbed the ‘permissive criteria,’ annotated a total of 636 sequences, for a 
90% return rate. The dataset was re-analyzed several more times with various parameters, 
described in detail in the next section. 

To determine the relationship between retroviral integration and the expression of  
nearby genes in hematopoietic stem cells, the target cells for gene therapy trials in  
inherited disorders of the blood cell / immune systems (Aiuti et al., 2002; Hacein-Bey- 
Abina et al., 2002; Gaspar et al., 2004), we referenced the ‘nearest gene’ list generated  
using the ‘permissive criteria’ to gene expression level data in hematopoietic stem cells. Gene  
expression values obtained from CD34+ human cord blood cells as measured on a U133 
plus 2.0 gene array were sorted into 10 bins based on relative expression. Genes identified 
by MAVRIC as the unique nearest gene to each IS were labelled according to their bin, and 
the resulting total for each bin was placed into a histogram. 

ADA-SCID integrations compared to XSCID integration data.
To assess to what extent the ADA-SCID data analyzed in this study overlap with data from 
the XSCID clinical trial, previously published data from the London and Paris XSCID  
trials (Deichmann et al., 2007; Schwarzwaelder et al., 2007) were compared using 
MAVRIC analysis with the permissive criteria. 
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RESULTS

MAVRIC performance testing
The current application annotates over 2500 unique integrations per hour, the rate limiting 
step being the BLAST alignment (60% of the total processing time). MAVRIC was not 
designed to process the extremely high number of sequencing reads generated by high 
throughput sequencing applications, but it does contain several features which make anno-
tation of medium-sized datasets possible. High-throughput sequencing methods produce 
a high volume of redundant sequence reads. The use of cross-match to recognize and 
remove redundant sequences (classified here as >95% identical to another sequence in 
the dataset) allows MAVRIC to process large high-throughput sequencing datasets in a  
relatively short amount of time. In our testing environment, MAVRIC was able to trim, 
cluster and annotate up to 30,000 high throughput LAM-PCR sequences per hour. 

The user can choose to exclude sequences that do not contain certain external  
fragments, such as viral LTRs. High throughput sequencing methods produce a number of 
aspecific genomic fragments, meaning that the presence of a viral LTR flanking genomic 
sequence is necessary to confirm a bona fide insertion site.

Using repeat masking to improve annotation throughput
Genomes contain sequences of interspersed repeats and regions of low complexity:  
repetitive sequences make up almost 50% of the human genome (Levy et al., 2007). 
These repeat regions cause difficulties when intersecting with a virus genome boundary 
sequence. When multiple alignments retrieved by BLAST share the lowest E-value score, 
the sequence will not point to a unique place in the genome. Repeat sequences also cause 
the throughput of the BLAST alignment to decrease. We approached this problem by 
pre-screening the virus genome boundary sequences using the online tool RepeatMasker. 
RepeatMasker allows batch uploads of sequences and returns sequences with the desired 
repeats masked. The resulting trimmed sequences can then be aligned using BLAST with-
out the throughput penalties or alignment ambiguities that repeat sequences introduce. 
The number of different repeat consensus sequences varies between genomes and the user 
should indicate from which species the sequences are derived when selecting Repeat- 
Masker. Figure 2A-B shows an example of the impact of repeat masking on sequence 
lengths. Repeat masking clearly shortens the sequences by removal of the repeated  
regions and reduces ambiguous alignments. Repeat masking also reduces the time  
required to BLAST alignments, leading to a net decrease in annotation time. Repeat- 
Masker does cause some sequences to lose the majority of the data, and in a few cases 
the entirety of the sequence is deleted (Figure 2B). Users choosing to implement Repeat- 
Masker should expect to have anywhere from 2% to 12% of their sequence data excluded 
prior to the BLAST step due to being trimmed below the acceptable length threshold, 
depending on the initial length and quality of the sequences. 
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Figure 2. Changes in sequence length distribution caused by RepeatMasker. (a) The distribution of sequence 
lengths in the original data (left) and after repeat masking (right). (b) Percentage of each sequence removed by 
RepeatMasker. Dataset was the 706 sequences published by Aiuti et al., 2007.

Differences in annotation between genome databases
The annotation of virus integration sites is dependent on the analysis parameters provided. 
While the different databases (UCSC, Ensembl, NCBI) use the same underlying genomic 
information, (http://genome.ucsc.edu/FAQ/FAQreleases, although UCSC mouse genome 
assembly contains only the C57Bl/6J reference strain data), the annotations are slightly 
different. For instance, Ensembl (http://www.ensembl.org/info/docs/genebuild/genome_
annotation.html) utilizes an automated annotation pipeline, using mRNA and protein data, 
combined with manually reviewed curated data from the Vega project (http://vega.sanger.
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ac.uk/index.html) and reviewed protein coding transcripts from CCDS (http://www. 
ensembl.org/info/docs/genebuild/ccds.html) (Flicek et al., 2011). Any integration dataset 
therefore depends on the annotation database (NCBI, Ensembl, UCSC) used. Although the 
majority of the genes identified will be identical regardless of the database, there might 
be some differences between the annotations, possibly leading to different genes being 
assigned as the nearest gene to an integration. For example, the murine Mecom locus, in 
which several splice variants for Evi1 and Mds1 are situated, shows differences in anno-
tation between NCBI, the UCSC genome browser and Ensembl (Supplemental Figure 2 
and Supplemental Table 1).

The use of NCBI Reference sequences or broader annotation
The option to annotate only Refseq genes has the advantage of returning only well  
described genes, but has the disadvantage of filtering out potentially interesting genomic 
features such as miRNAs, snRNAs and pseudogenes. In an analysis of a sample dataset 
(the published ADA-SCID data described below), filtering for Refseq genes resulted in 
only 3.5% reduction in the number of sequences annotated but a 19.5% mismatch in the 
genomic features identified via Ensembl as nearest to the IS (data not shown).

Annotation of retrieved integration locations
For each integration site, there are surrounding genes upstream and downstream on both 
strands. In addition to the closest gene, an integration may have several more neighbour-
ing genes that could be influenced by elements of the inserted provirus. Additionally,  
integrated promoter/enhancer regions can influence an area surrounding the integration of 
at least 92 kb (Bartholomew and Ihle, 1991) and possibly as large as 500 kb (Kustikova 
et al., 2005). Studies of deregulation of the virus integration locus should therefore be fo-
cused on such large areas and might include up to 1 Mb regions. With this in mind, our tool 
generates two outputs for Ensembl hits: one file that contains every gene located within a 
user-defined window around the integration site (default is 100 kb), and another file which 
only contains the gene whose 5’ end is nearest to each site. Assigning one unique gene that 
maps ‘nearest’ to each integration site allows for easier automated downstream analysis 
and allows every integration site to have equal impact, but user investigation of all the 
genes near each IS is highly recommended. 

Impact of genome builds on annotation output
In addition to RefSeq filtering and the size of the window around the IS, changes between 
versions of genome builds can have an effect on the annotations returned. Table 2a shows 
how the number of sequences hit and the number of genes identified increase with suc-
cessive builds of the human genome. Table 2b illustrates how an identical dataset can pro-
duce different outputs depending on which version of the NCBI human genome build was 
used by the BLAST algorithm. In particular, the gene symbols are updated frequently. For  
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instance, comparing the outputs for the published ADA-SCID sequences using v35 and 
v37, we find a 99% match in sequences with alignments, but only 91% of the Ensembl IDs 
and 89% of the EntrezIDs for those sequences match, and only 72% of the common gene 
names. We therefore highly recommend including the Ensembl ID, which exhibited the 
most stability between genome builds, for any large scale analysis and in published data. 

Table 2a. Comparison of results returned when using different builds of the human genome.

Human NCBI 34 Human NCBI 35 Human NCBI36 Human NCBI37

(October 2003) (October 2004) (March 2008) (July 2009)

num. of integration sites 
mapped (unique BLAST hit)

600 628 630 636

num. of integration sites with-
in 100kb of a Refseq gene

543 (90.5%) 569 (90.6%) 571 (90.6%) 574 (90.2%)

The number of integrations mapped and genes identified by NCBI build, using published ADA-SCID data as 
input. The consensus sequence is updated often, which can cause integration sites to be mapped to different 
places or to change the nearest gene. Sequences were annotated via MAVRIC, using the following parameters: 
no repeatmasking, maximum e-value = 10, minimum sequence length = 11 bp.
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Table 2b. Comparison of the overlap in integration sites (IS) and gene identifiers linked to each sequence 
(seq) over multiple human genome builds (versions 34 through 37). 

v.34 vs 35 v.34 vs 36 v.34 vs 37 v.35 vs 36 v.35 vs 37 v.36 vs 37

num. of matching sequences 
with annotated IS

596 590 595 618 624 627

num. of seqs with matching 
nearest gene Ensembl IDs

508 479 455 551 519 548

num. of seqs with matching 
nearest gene Entrez IDs

n/a n/a n/a 519 505 517

num. of seqs with matching 
nearest gene names

355 348 330 469 411 490

The number of annotated integration sites in different genome builds are nearly identical, but there are some 
discrepancies in the gene Ensembl IDs and Entrez IDs. This means that the IS occupies a slightly different place 
in the genome between the various builds. There are even greater discrepancies between gene names, indicating 
that the commonly used names for genes are subject to a great deal of turnover. Genome information and build 
dates were retrieved from ftp://ftp.ncbi.nih.gov/genomes/H_sapiens/. Entrez ID information was not available 
(n/a) for v.34.

Comparison of MAVRIC analysis settings via gene ontology
A total of six MAVRIC analysis parameters (MAV1-MAV6, Table 1a) were used to  
generate ‘nearest gene’ and ‘all genes’ data as the input for Ingenuity functional analysis 
and KEGG pathway analysis. In general, the same pathways were found regardless of 
the analysis settings but the ranking of the top 5 pathways had some minor adjustments 
(Supplemental Table 2). There was slightly more variation seen in the top pathways for 
the ‘nearest gene’ datasets compared to the ‘all genes’ datasets. On average, Ingenuity was 
able to annotate approximately 95% of the genes in the ‘nearest gene’ datasets and 92% of 
the ‘all genes’ datasets (Table 1b). 

Comparison of MAVRIC and a published analysis for ADA-SCID gene  
therapy
We compared MAVRIC’s performance with the manual annotation of a dataset retrieved 
from a clinical gene therapy trial for ADA-SCID, in which patients were transplanted 
with CD34+ cells transduced with the adenosine deaminase (ADA) gene using a retro-
viral vector (Aiuti et al., 2007)

 
. We analyzed 706 sequences using MAVRIC, which  

returned a varying number of annotated results depending on the RepeatMasker and E-value  
conditions (Table 1a). Increasing the E-value cut-off allows lower quality alignments to be 
annotated, however it also increases the processing time as more BLAST hits are generated.  
Sequences that have two or more alignments with equal minimum E-values cannot be 
confidently assigned to a specific place in the genome and so are excluded by MAVRIC 
from further analysis. This often occurs when the IS is located in repeat-dense regions of 
the genome. Repeat masking shortens the input sequences by removing highly repeated  
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regions from the input sequences, and occasionally will shorten an input sequence  
below the minimum length threshold for BLAST. RepeatMasker can also sometimes have 
an unintended effect on the BLAST alignments. For instance, the ADA-SCID sequences 
S3_022 and S3_110 exceed the length threshold but no longer align to a unique location 
in the human genome after human repeat masking.

For comparison to the published ADA-SCID data, we used the MAVRIC output using 
the following settings, hereby referred to as the ‘conservative criteria’: human Repeat-
Masker, minimum sequence length = 16 bp, maximum E-value = 0.01, maximum distance 
from gene to IS = 100 kb. These criteria were selected in order to return the highest confi-
dence alignments. Using these settings, MAVRIC returned 542 annotated IS, or 77% of the 
previously published sequences. Five sequences were removed during the clustering stage 
due to a more than 95% homology with another sequence in the dataset. An additional  
71 sequences were excluded due to being under the minimum length requirement after 
repeat masking. Of the remaining excluded sequences, 38 did not have an unambiguous 
lowest E-value < 0.01 and 50 had no Refseq gene within 100 kb of the IS.

In order to annotate more of the ADA-SCID dataset, we adjusted some of MAVRIC’s 
parameters. The following changes were made: no repeat masking step, reduce the mini-
mum sequence length to 11 bp and increase the maximum acceptable E-value from 0.01 to 
10. These settings, dubbed the ‘permissive criteria’, resulted in 697 seqs returning unique 
lowest BLAST hits. 636 IS were within 100 kb of a Refseq gene, for a 90% annotation rate. 

To annotate the maximum number of sequences from this dataset, we extended the 
window around the IS to look for genes to up to 500 kb distant in either direction. This 
resulted in 687 sequences returning gene annotations, for a final return rate of 97%. 
Of the 19 ADA-SCID sequences MAVRIC was unable to annotate, five were excluded 
during clustering for being >95% similar to another sequence in the dataset. Four more 
sequences were excluded due to having a non-unique lowest E-value (i.e., these sequences 
aligned with the same confidence to two or more places in the genome). The remaining 10  
sequences had no Refseq genes within 500 kb of the IS (in the original ADA-SCID analy-
sis, 11 sequences had this property).

The distribution of IS is highly similar between the previously published analysis (Aiuti 
et al., 2007) and MAVRIC permissive criteria (Table 3a). For the combined sequences, 
MAVRIC analysis returned the same 44%/56% split between intragenic and intergenic 
integrations. The percentage of integration sites less than 30 kb upstream, 10 kb upstream 
and within 5 kb of the transcription start site (TSS) is higher in the MAVRIC analysis, likely  
due to a slightly higher gene density in the newer human genome builds. The distribution 
of IS around the nearest gene TSS are also similar (data not shown). Using MAVRIC’s 
conservative criteria had a very minor effect on the distribution of integrations, skewing 
slightly away from distribution seen in the original ADA-SCID analysis. 
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Table 3a. Retroviral integration site distribution in hematopoietic stem cells from ADA-SCID patients, 
comparison between analysis methods

analysis method IS anno-
tated

intragenic intergenic <30 kb 
upstream

<10 kb up-
stream

+/-5 kb from 
TSS

ADA-SCID in vitro 212 50.9% 49.1% 19.4% 12.3% 23.6%

MAVRIC in vitro 185 47.6% 52.4% 30.3% 19.5% 27.6%

ADA-SCID ex vivo 496 41.3% 58.7% 25.6% 19.6% 28.8%

MAVRIC ex vivo 451 42.8% 57.2% 29.5% 20.4% 35.9%

ADA-SCID total 706 44.3% 55.7% 23.7% 17.4% 27.3%

MAVRIC total 636 44.2% 55.8% 29.7% 20.1% 33.5%

MAVRIC total,  
conservative criteria 

542 44.8% 55.2% 30.1% 21.0% 33.9%

Comparing the published ADA-SCID analysis with MAVRIC’s analysis of the same dataset using the permis-
sive criteria (see Table 1A). Analysis of the total dataset was also performed with the MAVRIC conservative 
criteria. Although the distributions vary slightly between analysis methods, the overall integration patterns are 
similar.

Table 3b. Comparison of unique genes and tumorigenesis-related genes found by each analysis method.

analysis method
sequences 
annotated

unique genes 
returned

oncogenes 
annotated

ADA-SCID analysis nearest gene only 706 637 30

ADA-SCID analysis all genes 706 972 36

MAVRIC permissive criteria nearest gene only 636 567 26

MAVRIC permissive criteria all genes within 100 kb 636 2049 49

MAVRIC conservative criteria nearest gene only 542 495 24

MAVRIC conservative criteria all genes within 100 kb 542 1790 46

Expanding the MAVRIC search parameters to list all RefSeq genes within 100 kb of the IS result in a roughly 
4-fold increase in the number of genes returned. The number of annotated oncogenes also increases. The ADA-
SCID analysis had no limit on distance from the IS to the nearest gene, so it was able to annotate all sequences.

The impact of choosing one gene per integration versus all genes within a 
defined window
As expected, searching for all genes within 100 kb of the integration site resulted in many 
more genes annotated compared to listing one ‘nearest’ gene per integration (Table 3b). 
The number of Refseq genes returned was approximately 4-fold higher relative to link-
ing only a single gene to each IS. Checking these genes against a list of 464 genes listed 
in the Sanger Cancer Genome project (http://www.sanger.ac.uk/genetics/CGP/Census/) 
revealed that the ‘all genes’ datasets contained many more potential oncogenes than 
the ‘nearest gene’ datasets. Additionally, using the ‘all genes’ dataset in Ingenuity and 
KEGG pathway analysis results in a large shift in the top functional pathways returned  
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(Supplemental Table 2). Restricting the annotations to those genes closest to the insertion 
site therefore masks potentially interesting genomic features and risks.

Expression level binning reveals that CIS genes are clustered in highly  
expressed bins
MAVRIC used the “nearest gene” list from the permissive analysis parameters as input 
for gene expression level binning. The list of genes was referenced to hematopoietic stem 
cell gene expression data obtained from CD34+ umbilical cord blood cells, as measured 
on an U133 plus 2.0 gene array. The list was then sorted into ten equally sized bins based 
on expression level. The results are charted based on the number of genes per bin, demon-
strating that in the ADA-SCID trial integration occurred more often near highly expressed 
genes (Figure 3). Genes identified as common integration site (CIS) genes are also charted 
separately, and are present exclusively in the top three bins. Similar results were found 
when using the conservative criteria (data not shown). This suggests that the vector used 
in the ADA-SCID trial has a preference for integrating near highly expressed genes in 
hematopoietic stem cells. 
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Figure 3. Expression level binning of genes identified in ADA-SCID trial by MAVRIC analysis or random-
ly selected genes. (a) Binning of 574 genes located proximal to IS from the ADA-SCID clinical trial: highly- 
expressed genes are more likely to have nearby IS. All of the CIS genes found in this dataset were assigned to 
the three highest bins. Genes annotated using MAV1 (permissive) criteria. (b) Binning of 864 genes nearby  
randomly-generated IS: a slight bias towards IS in low-expressed genes, and CIS are found in most bins. Expres-
sion levels generated from human HSC using an Affymetrix U133 array.
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ADA-SCID integrations compared to XSCID integration data.
To assess to what extent the ADA-SCID data analyzed in this study overlap with data from 
the XSCID clinical trial, previously published data from the London and Paris XSCID 
trials (Deichmann et al., 2007; Schwarzwaelder et al., 2007) were compared with the 
MAVRIC tool using the permissive criteria. The ADA SCID and XSCID trials used similar  
gammaretroviral vectors, which is reflected in a remarkable overlap in the list of genes 
nearest to an IS (14-16% compared to 4-6% vs random datasets, Table 4). 

Table 4. Genes co-occurring between X-SCID clinical data and ADA-SCID clinical data during MAVRIC 
analysis. 

Trial # of IS annotated # of unique genes annotated 
as nearest to an IS

overlap with ADA-SCID nearest 
genes

ADA-SCID 636 574 --

X-SCID Paris 445 390 64 (16.4%)

X-SCID London 524 487 69 (14.2%)

X-SCID Combined 969 815 117 (14.4%)

Random 1 998 882 33 (5.8%)

Random 2 999 840 31 (5.4%)

Random 3 999 872 23 (4.0%)

Random 4 998 870 29 (5.1%)

The integrations obtained from clinical samples retrieved in the London and Paris X-SCID trials, compared to 
the ADA-SCID integration data used in this study. Analysis consists of unique genes designated as nearest to an 
IS using MAVRIC’s permissive criteria (see Table 1). The ADA-SCID data is also compared against four sets 
of randomly-generated integration sites. The overlap between the clinical datasets is rough 3-fold higher than 
the overlap with the random data.
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DISCUSSION

Automated analysis tools allow efficient annotation of virus integration sites according to 
a predefined set of criteria, reduce the risk of user input errors and allow for convenient 
reanalysis in case annotations or database builds change. We created the MAVRIC web 
tool to automatically validate integration site sequences, align those using BLAST and 
annotate them using data retrieved from the Ensembl databases. MAVRIC can remove 
external or redundant sequences, returns a list of genes near each integration site and  
annotates the genomic loci (Figure 1). 

To efficiently process larger datasets, we have employed a clustering strategy, which 
accelerates BLAST alignments for high throughput sequencing data. Sequences which are 
found to be >95% similar to a previously-uploaded sequence in the dataset are removed. 
Sequences removed this way are tracked in a table which details why they were excluded 
and how many times that redundant sequence was found. 

Obviously, a method to annotate integrations following a defined set of criteria is less 
likely to make mistakes such as typing errors. Yet there is a problem even when reporting 
the automatically annotated integrations. Usually, spreadsheets are a convenient way of 
displaying moderately sized datasets. The automatic correction methods built in to spread-
sheets such as Microsoft Excel, however, can cause difficulties when the built-in correc-
tion methods are inadvertently used on gene symbols. This problem has been reported 
previously (Zeeberg et al., 2004) and has also occurred in our analysis

Another factor to consider when analyzing integration site data is the distance from the 
IS to nearby genes. Some IS may have no genes within 1 Mb or more, while others have 
multiple genes less than 50 kb away. We recommend searching for genes within 100 kb 
on either side of the IS, as viral integrations have been shown to have an effect on nearby 
gene regulation within this distance, but it is possible to widen this window at the cost 
of increased processing time. Widening the range to 500 kb allowed 7% more sequences 
to be annotated and increased the total number of genes returned by almost 4-fold but  
increased the annotation time by 125%.

Investigation of gene expression level binning, included as an optional step in the 
MAVRIC workflow, can give the user additional insights into the integration preferenc-
es of their vector. Referencing the nearest genes list of the ADA-SCID dataset against  
expression data generated from hematopoietic stem cells revealed that genes in the three 
highest expression bins were overrepresented, especially those genes that were also com-
mon integration sites. This suggests that the vector used in the ADA-SCID trial has a  
preference for integrating near highly expressed genes. Users interested in this type of 
analysis can use their cell type of interest and compare up to two expression values per 
gene. Any type of gene-centric expression values could be suitable for binning, with the 
caveat that it’s the user’s responsibility to assess the relevance of the resulting analyses. 

Linking each integration to a single gene (generally the gene nearest to the integra-
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tion site) is a common method of analysis. This allows every IS to have the same impact 
on secondary analyses such as gene expression arrays, Ingenuity Pathway Analysis, or  
other methods of looking for integration patterns in viral vectors. However, it is important 
to highlight what is meant by “nearest.” In general, we suggest that the nearest gene be 
whichever gene has its 5’ end closest to the IS, as viral integrations are known to alter 
expression of nearby genes via their long-terminal repeats (Wu et al., 2003; Lewinski 
et al., 2006) or their internal promoters (Modlich et al., 2009). There will be occasional 
integrations where this method of determining the gene most influenced by the IS will 
result in important information being missed. For example, consider a hypothetical viral  
vector integration located on human chromosome 13 at position 32,860,000 (Supplemental  
Figure 3). This integration is situated in an intron of the FRY gene, but it is within 25 kb 
of the 5’ end of gene ZAR1L and within 30kb of the 5’end of known oncogene BCRA2. 
Which gene should be considered ‘nearest’? Which is the most significant for determining 
vector safety? Is the orientation of the IS relative to nearby genes also a factor? Investi- 
gation of the genomic region around each integration site is highly recommended.  
Limiting the analysis to one gene per integration or a narrow window around the IS will 
exclude a high percentage of the genes close enough to potentially be affected by the inte-
gration, including genes related to tumorigenesis (Table 3B). 

The difference in datasets obtained with or without Refseq filtering, using different 
NCBI builds, adjusting the alignment criteria, etc., demonstrates how analysis results can 
be altered by minor changes to annotation settings. It is therefore necessary when des- 
cribing IS annotations to very explicitly state all parameters which were used in the  
analysis. Without these parameters, reproduction of alignments and annotations will prove 
difficult even when all sequence information is available.

Comparing the output of the automated MAVRIC tool to the published analysis of the 
ADA-SCID gene therapy study demonstrated large similarities in the overall integration 
patterns while highlighting subtle differences in the annotation processes. The distribu-
tions of integration site distance from TSS were very similar, as were the common inte-
gration sites. Some of the sequences identified in the ADA-SCID study were excluded 
by MAVRIC due to failure to achieve a quality threshold (primarily minimum sequence 
length before or after repeat masking). The remainder were excluded because of multiple 
identical lowest E-value BLAST alignments. 

Integration site analysis of ADA-SCID and X-SCID clinical trials revealed a large 
overlap in genes that have viral integrations nearby (14-16%). Ingenuity analysis showed 
the same functional pathways as frequent integration targets in both clinical trials and 
in mouse studies (Supplemental Figure 4, Montini et al 2009, Deichmann et al, 2011). 
This suggests that closely related vector types may have similar integration profiles across  
multiple treatments and species. Further cross-study analysis of vector integration sites 
could lead to new insights into viral vector integration patterns.

In basic structure, MAVRIC is similar to other automated sequence analysis tools such 
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as QuickMap (Appelt et al., 2009). Compared to QuickMap, MAVRIC annotation speed is 
slower but it annotates more integration sites. In a test run with the ADA-SCID sequences, 
QuickMap returned 515 unique protein coding genes vs 574 for MAVRIC, with anno- 
tations for 601 out of 706 sequences vs 636 for MAVRIC). MAVRIC produces less anno-
tation data than some other annotation tools but has a variety front-end options for the user 
with regards to the analysis parameters. MAVRIC is also able to incorporate microarray 
expression data to further investigate viral integration tendencies. We feel it is important 
to stress that MAVRIC was not designed for processing the number of reads generated 
by high-throughput sequencing. For these extremely large datasets, MAVRIC should be 
viewed as a supplementary tool. MAVRIC’s ease of use makes it an attractive option for 
investigators with modest amounts of sequencing data and those who lack a background 
in bioinformatics.

In summary, automated analysis tools can greatly increase the speed and efficiency 
of viral integration site annotation. Our tool, MAVRIC, returns detailed information on 
the genomic location of the integration sites and gives an overview of viral integration 
patterns. It is well-suited to generating annotations for re-analysis of historical datasets or 
comparison of data from different studies. Regardless of the annotation tool used, the user 
should carefully choose the quality thresholds and note which database versions and filter-
ing options are used, as small changes in the analysis parameters can have a significant ef-
fect on the resulting annotations. Analyzing all datasets with identical analysis parameters 
helps to ensure that the resulting annotations are optimally suited for direct comparison to 
enable rapid cumulative data processing. As high throughput sequencing becomes routine 
and more gene therapy applications move towards clinical implementation, automated 
analysis tools are becoming essential for rapid patient monitoring.

MAVRIC is available for use upon free registration at the following url: http://mavric.
erasmusmc.nl. 
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SUPPLEMENTAL DATA
Supplemental Table 1. Mecom annotations in NCBI, Ensembl and UCSC.

Database Annotated start site Annotated end site

NCBI GRCh37.p5 29850218 30408409

Ensembl 56.37i 29850221 30446930

UCSC GRCh37/hg19 30135491 30408409

The murine Mecom locus has different start and end sites depending on which version of the human genome is 
used. While the differences are minor, they could potentially effect automated annotations such as those used by 
MAVRIC and other bioinformatics software.

Supplemental Table 2. Top 5 pathways/functions returned by Ingenuity and KEGG for each of six 
MAVRIC analysis datasets (see Table 1).

Ingenuity analysis – nearest gene

rank MAV1 MAV2 MAV3 MAV4 MAV5 MAV6

1 Gastrointestinal 
Disease

Gastrointestinal 
Disease

Gastrointestinal 
Disease

Genetic  
Disorder

Gastrointestinal 
Disease

Gastrointestinal 
Disease

2 Genetic  
Disorder

Genetic  
Disorder

Endocrine  
System  

Disorders

Inflammatory 
Disease

Inflammatory 
Disease

Endocrine  
System  

Disorders

3 Inflammatory 
Disease

Inflammatory 
Disease

Metabolic 
Disease

Skeletal &  
Muscle  

Disorders

Genetic  
Disorder

Metabolic 
Disease

4 Neurological 
Disease

Endocrine 
System  

Disorders

Gene  
Expression

Immunological 
Disease

Skeletal &  
Muscle  

Disorders

Genetic  
Disorder

5 Gene  
Expression

Metabolic 
Disease

Genetic  
Disorder

Gastrointestinal 
Disease

Immunological 
Disease

Gene  
Expression

Ingenuity analysis – all genes

rank MAV1 MAV2 MAV3 MAV4 MAV5 MAV6

1 Gene  
Expression

Gene  
Expression

Gene  
Expression

Gene  
Expression

Gene  
Expression

Gene  
Expression

2 Cellular 
Growth & 

Proliferation

Cellular 
Growth & 

Proliferation

Cellular 
Growth & 

Proliferation

Cellular 
Growth & 

Proliferation

Cellular 
Growth & 

Proliferation

Cellular 
Growth & 

Proliferation

3 Cell Death Hematological 
Development 
& Function

Hematological 
Development 
& Function

Genetic  
Disorder

Immuno- 
logical  
Disease

Inflammatory 
Response

4 Hematological 
Development 
& Function

Tissue  
Morphology

Tissue  
Morphology

Immuno- 
logical  
Disease

Skeletal & 
Muscle  

Disorders

Genetic  
Disorder

5 Tissue  
Morphology

Cell Death Inflammatory 
Response

Skeletal & 
Muscle  

Disorders

Inflammatory 
Disease

Immuno- 
logical  
Disease
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KEGG analysis – nearest gene

rank MAV1 MAV2 MAV3 MAV4 MAV5 MAV6

1 Metabolic 
pathways

Metabolic 
pathways

Metabolic 
pathways

Metabolic 
pathways

Metabolic 
pathways

Metabolic 
pathways

2 Pathways in 
cancer

MAPK Signal. 
Pathways

MAPK Signal. 
Pathways

Pathways in 
cancer

Pathways in 
cancer

Pathways in 
cancer

3 MAPK Signal. 
Pathways

Pathways in 
cancer

Pathways in 
cancer

MAPK Signal. 
Pathways

MAPK Signal. 
Pathways

MAPK Sig-
nal. Pathways

4 Focal adhe-
sion

Endocytosis Endocytosis Focal adhe-
sion

Calcium Sig-
nal. Pathways

Calcium Sig-
nal. pathway

5 Endocytosis Calcium Sig-
nal. Pathways

Calcium Sig-
nal. Pathways

Neurotrophin 
Signal. Path-

ways

Cell cycle Cell cycle

KEGG analysis – all genes

rank MAV1 MAV2 MAV3 MAV4 MAV5 MAV6

1 Metabolic 
pathways

Metabolic 
pathways

Metabolic 
pathways

Metabolic 
pathways

Metabolic 
pathways

Metabolic 
pathways

2 Systemic 
lupus  

erythematosus 

Systemic 
lupus  

erythematosus

Systemic 
lupus  

erythematosus

MAPK  
Signal. Path-

ways

Systemic 
lupus  

erythematosus 

Systemic 
lupus  

erythematosus 

3 Pathways in 
cancer

MAPK Signal. 
Pathways

MAPK Signal. 
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Figure S1: MAVRIC graphical output.
(a) Shows the Your Runs page, with real-time updates of current runs and an archive of all runs by the user in the 
last 30 days. Clicking on one of the “____ skipped” link (marked in blue font, right-hand side of the page) brings 
the user to the Skipped Sequences page (b), where the sequences which were excluded for each annotation crite-
ria are enumerated. Clicking on the Results link in the Your Runs page leads to the Analysis Results page (c-d). 
An overview of the datasets integration profile and common integration sites (CIS) are shown at the top of the 
page, with graphical output and the annotations for the first few sequences listed below. (d) shows the histogram 
and HSC expression binning profiles for the ADA-SCID dataset. 
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Figure S2: The MECOM locus as annotated by Ensembl, NCBI and UCSC. 
Figure shows the MECOM MDS1 and EVI1 complex locus located on mouse chromosome 3 as annotated by 
three different genome databases: Ensembl, NCBI and UCSC. Shown are Ensembl version 56.37i, NCBI assem-
bly GRCh37.p5 and UCSC assembly GRCh37/hg19.
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Figure S3: A hypothetical integration site situated in an intron of human gene FRY near the 5’ end of the 
BRCA2 gene.  
The hypothetical vector integration site (VIS) is indicated by the vertical blue line and is in the 5’- 3’ (forward) 
orientation. Based on the position of this IS, the ‘nearest’ gene could be considered to be FRY (IS is intronic), 
ZAR-IL 001 (gene with nearest 5’ end), or the BRCA2 gene (gene with the nearest 5’ end on the same strand).

Figure S4: Ingenuity functional pathways analysis of all genes within 100 kb of the ADA-SCID clinical trial IS.
The list of 2059 genes annotated as within 100kb of a published ADA-SCID IS using the permissive criteria 
(ie MAV1, see FIGURE 1A) was uploaded to Ingenuity Pathways Analysis software and analyzed using the  
following settings: Direct and Indirect Relationships; Data Sources = all; Confidence = experimentally observed; 
Species = all, Tissues and Cell Lines = all.
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ABSTRACT

Clinical trials have demonstrated the potential of ex vivo hematopoietic stem cell gene 
therapy to treat a variety of monogenic inherited disorders, particularly severe combined 
immunodeficiency disease (SCID), while also underlining the inherent risks in using  
retroviral vectors which integrate in a semi-random manner and the potential role the 
disease background may play in genotoxicity. In order to better understand the integration 
patterns of third generation self-inactivating lentiviral vectors, a broad range of vectors 
were created and used to transduce hematopoietic stem cells for transplantation into mu-
rine models for severe combined immunodeficiency disorders SCID-X1, RAG1-SCID 
and RAG2-SCID, as well as the lysosomal storage disorder Pompe disease. GFP control 
vectors were used to transduce cultured hematopoietic stem and progenitor cells ofmurine, 
rhesus and human origin. Vector-genome boundary sequences obtained from cultured cells 
and various murine tissues were pooled to create a large database of over 16,000 lentiviral 
vector integration sites. Using this database, integration sites profiles were stratified by 
disease phenotype, tissue, transgene, promoter and in vitro vs in vivo samples in order to 
compare lentiviral integration patterns under a wide variety of conditions and determine 
if any of the above criteria had an effect on the integration pattern. The resulting analysis 
demonstrates that lentiviral integration profiles differ based on the tissue and transgene, 
but not from the promoter, and shows some evidence of integration site-specific selection 
in vivo. 

MH_thesis.indd   142 13-09-13   12:16



143

C
hapter 6

INTRODUCTION

The clinical gene therapy trials implemented since 2000 have successfully reversed the 
disease phenotype in a number of patients with life-threatening inherited diseases, but 
also underlined the risks associated with the integration pattern of the viral vectors used.  
Trials for X-linked severe combined immunodeficiency (SCID-X1)[1, 2], adenosine deam-
inase deficiency (ADA-SCID)[3, 4], X-linked chronic granulomatous disease (CGD)[5],  
Wiskott-Aldrich syndrome (WAS)[6, 7], β-thalassemia[8], X-linked adrenoleukodystro-
phy[9] and metachromatic leukodystrophy[10] all reported that the majority of patients 
obtained a clear clinical benefit. However, in the SCID-X1 trials initated in 2000 five 
patients (out of the 20 treated) developed acute clonal T cell lymphoproliferative disorders 
caused by the insertional activation of proto oncogenes LMO2 or CCND2[11, 12]. Four 
of these patients were successfully treated with chemotherapy without compromising the 
effectiveness of their gene therapy treatment, while the fifth patient succumbed in spite 
of chemotherapy. Two CGD patients treated with gene therapy developed myelodysplasia 
due to insertional activation of proto-oncogene MDS1-EVI1, with one patient dying of 
sepsis and the other undergoing allogeneic hematopoietic stem cell transplantation[13].  
At least one WAS patient has been reported to have developed acute lymphocytic  
leukemia similar to that seen in the SCID-X1 trials[6].

As a result of these vector-derived adverse events, which had been observed in experi-
mental settings only at a very low frequency prior to the SCID clinical trials, a great deal of 
research has been done on the mechanisms of viral vector integration into hematopoietic 
cells. Numerous studies have demonstrated that retroviral vector integration into hemato-
poietic cells is semi-random, with the viral subtype[14], long terminal repeats (LTRs)[15], 
promoter[16], transgene[17] and number of integrations per cell all potentially having 
an influence on either the site of integration or the genotoxic potential of the transduced 
cell. For example, it has been clearly demonstrated that gammaretroviral vectors have a 
clear bias towards for integrating near gene transcription start sites[18], whereas lentiviral 
vectors show a preference for integrating into active genes[19]. Transcriptionally active 
LTRs and strong viral enhancer/promoter regions have been shown to increase the risk of 
oncogenesis[15], while self-inactivating vectors and well insultated or weaker promoters 
often confer a reduced genotoxicity risk. Despite the prodigious amount of research that 
has been performed on retroviral vectors, many of their mechanisms for cell targeting and 
integration are still poorly understood. 

In the course of developing new therapeutic lentiviral vectors for treatment of 
SCID-X1[20], recombination activating gene (RAG)-SCID[21] and the lysosomal  
storage disorder Pompe disease[22], we have tested a wide range of vectors in murine 
models by transducing and subsequently transplanting hematopoietic stem and progenitor  
cells (HSPCs). Viral vector integration sites (IS) from these animals were generated via 
linear amplification mediated PCR (LAM-PCR)[23] and high throughput sequencing.  
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Integration sites were collected from a variety of tissues, including lineage negative bone 
marrow cells (Lin-) pre-transplantion and bone marrow spleen, thymus, lymph nodes and 
peripheral blood post-transplant. Additional lentiviral integrations were generated in vitro 
via transduction of HSPCs derived from mouse bone marrow, rhesus bone marrow or  
human umbilical cord blood.  In total, 16,370 unique IS were annotated, including 9699 in 
vivo and 6671 in vitro integrations.

As all of these IS were all generated using the same general transduction protocol in 
the same laboratory, they offer the opportunity to perform a broad comparitive analysis of 
lentiviral integration profiles across disease phenotypes, tissues, and transgenes. Here we 
have performed an in-depth analysis, investigating oncogene prevalence, common integra- 
tion site frequency, the tendency of IS to be located near a TSS or near/within a Refseq 
gene, Ingenuity Pathways Analysis and nearby gene expression levels to determine if any 
integration profile characteristics are over or underrepresented in certain sample sets. This 
analysis generates new insights into the integration profiles of lentiviral vectors under 
various conditions in vivo and in vitro.  
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RESULTS

Table 1: Integration sites (IS) recovered from cultured hematopoietic stem/progenitor cells

mousea rhesusb humanc Il2rg-/-d Rag1-/-d Rag2-/-d Pomped

no. of unique IS 1645 1279 835 1676 272 642 322

no. of unique genes 1353 1066 737 1345 256 588 309

no. of IS within 10kb of TSSe 303 207 120 294 52 126 63

no. of IS within 10kb of gene 1214 878 658 1214 216 485 213

no. of unique oncogenes 40 27 26 43 13 14 7

total no. of oncogenes 50 33 32 60 14 14 7

no. of CISf 126 84 44 147 9 36 4

CIS oncogenes 2 0 3 9 1 0 0

% within 10kb of gene 73.8% 68.6% 78.8% 72.4% 79.4% 75.5% 66.1%

% of IS that are CIS 7.7% 6.6% 5.3% 8.8% 3.3% 5.6% 1.2%

% of IS that are oncogenes 3.0% 2.6% 3.8% 3.6% 5.1% 2.2% 2.2%

alineage negative bone marrow cells from wild type BALB/c mice 
bCD34+ bone marrow cells  
cCD34+ cells derived from umbilical cord blood 
dlineage negative bone marrow cells from mutant mice 
etranscription start site 
fcommon integration sites

Integration site profiles of cultured mouse, rhesus and human HPSCs
Lineage depleted mouse bone marrow (BM) cells, CD34+ cells derived from rhesus bone 
marrow and CD34+ human umbilical cord blood cells were cultured overnight with the 
pRRL.PPT.SF.GFP.bPRE4*.SIN lentiviral vector[24, 25] in order to determine if lenti-
viral integration site preferences had a species-specific component. A total of 8 murine 
samples, 10 rhesus samples and 4 human samples were analyzed, yielding 1645, 1278 and 
835 unique integration sites, respectively. A comparison of the integration profiles for all 
three lineages can be found in Table 1. As expected, the percentage of IS within 10kb of a 
gene TSS was far lower than reported for gammaretroviral vectors, ranging from 14.4% of 
mapped IS for the human samples up to 18.4% for the murine samples. The percentage of 
IS within a gene or less than 10kb distant ranged from 68.6% (rhesus samples) to 78.8% 
(human). The number of common integration sites (CIS) scaled with the total number 
of IS analyzed: a list of CIS 5th order or higher for each dataset can be found in Supple-
mental Table 1. The number of IS found near proto-oncogenes in the rhesus, mouse and  
human samples containing oncogene frequencies of 2.6%, 3.0% and 3.8%, respectively. The  
human dataset also contained the highest frequency of CIS oncogenes (3 out of 44 CIS were 
in or flanking oncogenes, compared to 2 out of 126 and 0 out of 84 for the murine and rhesus 
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datasets, respectively), although this difference was not significantly different from either  
of the other species (Fisher’s exact test). For each dataset, Ingenuity Pathways analysis  
was applied to the genes within 10kb of an IS. All three species had Gene Expression and 
Organismal Survival in their top 10 pathways (Supplemental Figure 1). Interestingly, the 
top functional pathway for the murine Lin- samples was cancer, with 46.4% of mapped 
genes linked to this pathway (Figure 1a). This overrepresentation of cancer-linked genes 
in the mouse Lin- cells was highly significant even after applying Bonferroni’s correction 
for multiple tests (p-value = 2.41x10-9, threshold α= 0.05 corrected to 0.0002). Cancer 
was not in the top ten Ingenuity pathways for either human or rhesus samples, and was 
represented by a far lower fraction of the mapped genes (20.9% and 19.7%, respectively).
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Figure 1: Ingenuity Functional Pathways analysis. (a) Overepresented Ingenuity functional pathways for 
genes flanking integration sites in transduced bone marrow (BM) and lineage negative (lin-) cells from wild type 
and Pompe mice. Significance is shown on y-axis as –log10 P value. The base significance threshold of P < 0.05 
was adjusted for multiple comparisons using the Bonferroni correction to reach a new threshold of P < 0.00017 
(75 functional classes and 4 cell types = 300 function comparisons). (b) Percentages of genes belonging to the 
indicated Ingenuity pathway for wild type and Pompe integrations (c) Overrepresented functional pathways in 
transduced bone marrow (BM) and lineage negative (lin-) cells from severe combined immunodeficiency (SCID) 
mice. The base significance threshold of P < 0.05 was adjusted for multiple comparisons using the Bonferroni 
correction to reach a new significance threshold of P < 0.00011 (75 functional classes and 6 cell types = 450 func-
tion comparisons). (d) Percentages of genes belonging to the indicated Ingenuity pathway for each SCID dataset.      
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Lineage negative bone marrow cells derived from murine models for SCID-X1  
(Il2rg-/-), RAG-SCID (Rag1-/- and Rag2 -/-), and Pompe’s disease (Gaa-/-), as well as wild 
type BALB/c mice, were cultured overnight with therapeutic lentiviral vectors containing 
the human version of the appropriate transgene or a GFP control vector. The cells were 
subsequently cultured for 10-14 days without viral vectors before DNA was purified for 
LAM-PCR and integration site analysis (Table 1). The frequency of oncogenes was lowest 
in the Pompe and Rag2 samples (2.2%) and highest in the Rag1 samples (5.1%), although 
this difference in oncogene frequency between groups was not significant after Bonfer-
roni correction (p values: Rag1 vs Rag2 = 0.0395, Rag1 vs Pompe = 0.725, corrected α 
= 0.0125). The percentage of IS within 10kb of a gene TSS or within 10kb of a gene are 
similar for all four mouse phenotypes. The Il2rg Lin- dataset has 1676 IS and thus can 
be directly compared to the wild type mouse Lin- dataset (1645 IS). The frequency of IS 
flanking a gene or TSS are similar for the two datasets, while the Il2rg dataset has a slight-
ly higher incidence of CIS (8.8% compared to 7.7% for the wild type Lin- dataset) and 
oncogenes (3.6% vs 3.0%). Strikingly, the Il2rg dataset has a much higher percentage of 
CIS oncogenes: 6.1% (9 out of 147 CIS) vs. 1.6% for the wild type dataset (2 out of 126 
CIS). All of the Il2rg oncogenes are 2nd order CIS, while the wild type dataset had one 2nd 
order and one 3rd order CIS oncogene (Akap13 and Mef2c, respectively). The full list of 
CIS oncogenes for each dataset can be found in Supplemental Table 2. 

Comparison of integration profiles between murine in vitro and in vivo samples
Lineage negative bone marrow cells derived from Il2rg-/-, Rag1-/- , Rag2 -/- or Gaa-/- mice 
were cultured overnight with therapeutic lentiviral vectors or a GFP control vector 
and subsequently transplanted into the appropriate mouse phenotype. Other mice were 
transplanted with wild type Lin- cells after overnight transduction with a GFP control  
vector. Transgene expression was driven by the SF, PGK, UCOE, γcPr or TCRβ promoter 
elements. DNA from bone marrow, spleen, and/or thymus was collected 6-12 months 
after transplantation. Subsequent LAM-PCR and sequencing of vector-genome bound-
ary sequences yielded over 12,600 unique integration sites for analysis. The distribution 
of samples and integration sites based on mouse strain can be seen in Table 2. Notably, 
the percentage of IS within a gene or less than 10kb distant was significantly lower for 
wild type mice given GFP vectors (58.5%) than in any of the disease phenotypes (66.5% 
to 73.9%, p value <0.001 for all disease phenotypes compared to the wild type group).  
The percentage of the IS flanking proto-oncogenes ranged from 3.3% to 4.0%, depending 
on the mouse phenotype, with the Rag1 dataset having the highest oncogene frequency, 
although these differences were not significant. CIS of 5th order or greater for these data-
sets can be found in Supplemental Table 1, and the full list of CIS oncogenes can be found 
in Supplemental Table 2. 
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Table 2: Overview of all integration sites (IS) recovered from murine in vivo samples

Il2rg-/- Rag1-/- Rag2-/- Pompe Wild type

no. of unique IS 2960 1384 2561 798 1996

no. of unique genes 1829 986 1804 713 1277

no. of IS within 10kb of TSS 430 286 515 161 213

no. of IS within 10kb of gene 1968 965 1893 556 1168

no. of unique oncogenes 61 36 59 24 46

total no. of oncogenes 105 56 84 27 76

no. of CIS 441 205 63 49 224

CIS oncogenes 16 9 12 4 10

% within 10kb of gene 66.5% 69.7% 73.9% 69.7% 58.5%

% of IS that are CIS 14.9% 14.8% 2.5% 6.1% 11.2%

% of IS that are oncogenes 3.5% 4.0% 3.3% 3.4% 3.8%

Comparing the list of CIS for the various in vivo and in vitro datasets reveals a number of overlapping CIS 
(Table 3). No more than one of these lentiviral integration “hot spots” was found on any single chromosome, 
and none of them were in the vicinity of any known oncogenes. One CIS, found in wild type mice transplanted  
with SF.GFP transduced cells, contained 8 IS clustered in or near proto-oncogene pleomorphic adenoma gene 
1 (Plag1), which encodes for a developmentally-regulated zinc finger protein (Supplemental Table 2). An  
additional CIS oncogene of 5th order, serologically defined colon cancer antigen 8 (Sdccag8), was found in the in 
vivo Il2rg dataset. Overall, out of 73 CIS of 5th order or higher found in the various in vivo and in vitro subsets, 
only 2 were flanking oncogenes. 
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Table 3: Common integration sites found in multiple datasets (3rd order or higher)

Gene Chromosome Dataset CIS order Locus

Sfi1 11

Rag2 in vivo 8th 3031603-3110289

Il2rg in vivo 7th 3031770-3202635

Il2rg in vitro 7th 3030445-3110058

Pompe in vivo 3rd 3083899-3095580

1110028C15Rik 1
WT in vivo 3rd 66827410-66833325

Rag2 in vivo 3rd 66808037-66850310

Il2rg in vivo 3rd 66823216-66836930

Ccnh 13
Rag2 in vivo 4th 85353162-85418014

Il2rg in vivo 4th 85357018-85411736

WT in vitro 3rd 85367950-85401745

Cggbp1 16
Pompe in vivo 3rd 64795977-64840559

Il2rg in vivo 3rd 64795733-64825315

Il2rg in vitro 3rd 64822461-64859627

Epha7 4
Rag2 in vivo 3rd 28771873-28806620

Rag1 in vivo 3rd 28832563-28833606

Il2rg in vivo 3rd 28753182-28775600

Plxdc2 2
Il2rg in vivo 6th 16422537-16565516

Rag2 in vivo 4th 16402704-16428376

WT in vitro 3rd 16467374-16494708

Uba6 5
Il2rg in vivo 11th 86459481-86582241

WT in vivo 3rd 86562050-86583025

WT in vitro 3rd 86575222-86583707

Ube3a 7
Il2rg in vivo 4th 66528406-66562531

Il2rg in vitro 3rd 66493095-66524429

Rag2 in vivo 3rd 66498812-66538856

Vegfc 8
WT in vivo 6th 55188886-55262672

Rag2 in vivo 6th 55199088-55366242

WT in vitro 3rd 55309415-55345413

Pooling all of the in vivo IS (consisting of integrations recovered from spleen, BM, peripheral blood and lymph 
nodes) and all of the murine in vitro IS (consisting of IS recovered from Lin- cells) and comparing their CIS 
genes revealed that only 60% of the 5th order or higher CIS present in the Lin- integrations were present as CIS 
in the integration sites derived from murine tissues (Figure 2). Of the ten highest-ranking CIS for the in vitro and 
in vivo datasets, only two overlapped: a 114kb region on chromosome 11 near gene Sfi1 (Sfi1 homolog, spindle 
assembly associated (yeast)), and a 155kb region on chromosome 14 flanking gene Oxsm (3-Oxoacyl-ACP 
Synthase, Mitochondrial). While no enrichment of oncogenes was seen when comparing the two datasets, the 
in vivo data had more oncogenes present in high level CIS compared to the in vitro data: 11 oncogenes were 
found in the top 10% highest order CIS for the in vitro data (corresponding to CIS order 7 and higher), including  
Camk2d, Cr2, Evi1,Gimap7,Ikzf1, Lnpep, Mef2c, Meis1, Plag1, Rps13 and Sdccag8. Only one oncogene, 
Mef2c, was found in the top 13% of CIS for the in vivo data (corresponding to CIS order 4 and higher).
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Figure 2: Common integration sites (CIS) of 5th order or higher in murine in vitro and in vivo datasets. 
Overlap among in vitro and in vivo murine common integration site genes (CIS). Genes flanking CIS of 5th  
order or higher are reported in the overlapping circles, with 57 CIS genes shared between the in vitro and in vivo 
samples. Word clouds below the circles correspond to the relative frequency of each named gene in the CIS pool 
(larger genes indicate more IS were found near that gene).

Due to the highly heterogeneous nature of the sample origins, the in vivo IS were further 
stratified based on the tissue (Table 4). In order to minimize the impact of variance, sample 
subsets containing less than 300 IS were excluded from the comparative analysis. Datasets 
with less than 300 IS included the spleen Pompe samples, thymic Il2rg samples and the 
peripheral blood samples for all phenotypes. 
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Table 4: Integration sites recovered from various murine tissues

BM

Il2rg Rag1 Rag2 Pompe Wild type

no. of unique IS 2442 649 465 755 1996

no. of unique genes 1617 539 425 677 1277

no. of IS within 10kb of TSS 326 127 79 156 213

no. of IS within 10kb of gene 1608 454 332 524 1168

no. of unique oncogenes 55 21 8 24 46

total no. of oncogenes 87 24 8 27 76

no. of CIS 333 73 23 47 224

CIS oncogenes 11 3 0 4 10

% within 10kb of TSS 13.3% 19.6% 17.0% 20.7% 10.7%

% within 10kb of gene 65.8% 70.0% 71.4% 69.4% 58.5%

% of IS that are CIS 13.6% 11.2% 4.9% 6.2% 11.2%

% of IS that are oncogenes 3.6% 3.7% 1.7% 3.6% 3.8%

spleen thymus

Il2rg Rag1 Rag2 Rag1 Rag2 Pompe

no. of unique IS 576 728 1207 208 637 31

no. of unique genes 366 541 1007 181 589 31

no. of IS within 10kb of TSS 115 165 242 42 138 3

no. of IS within 10kb of gene 406 522 916 141 456 25

no. of unique oncogenes 13 25 38 7 19 0

total no. of oncogenes 20 37 45 8 21 0

no. of CIS 101 103 107 22 26 0

CIS oncogenes 5 6 1 1 1 0

% within 10kb of TSS 20.0% 22.7% 20.0% 20.2% 21.7% 9.7%

% within 10kb of gene 70.5% 71.7% 75.9% 67.8% 71.6% 80.6%

% of IS that are CIS 17.5% 14.1% 8.9% 10.6% 4.1% 0.0%

% of IS that are oncogenes 3.5% 5.1% 3.7% 3.8% 3.3% 0.0%

In order to determine if in vivo selection of clones in the bone marrow during or after 
engraftment could skew the integration profile of vector-treated animals, we first compared 
the IS profiles of the Lin- and BM samples for each of the four mutant mouse strains. The 
percentage of IS within 10kb of a gene was significantly lower in IS recovered from BM 
samples than in IS recovered from Lin- samples for all SCIDs, Pompe and wild type data-
sets (p value <0.001). while the percentage of oncogenes was higher but not significantly  
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so (averages of 3.5% for BM vs 3.2% for Lin- datasets). The highest frequency of onco-
genes amongst the mutant mouse strains was found in the Rag1 samples for For the BM 
datasets, the following oncogenes were found in CIS of 3rd order or higher: Mef2c (Il2rg, 
two 2nd order CIS 117kb apart), Rspo3 (Il2rg, 3rd order), Arid1a (Rag1, 3rd order), Plag1 
(wild type, 8th order), and Lnpep (wild type, 6th order). 

Next, the integration profiles in spleen and BM were compared. Only the SCID datasets 
had sufficient spleen IS for comparative analysis. No significant differences were found 
when comparing spleen vs BM for frequency of IS near genes, gene TSS or oncogenes.

Comparing the Ingenuity Functional Pathways of the IS for BM and Lin- in wild type 
and Pompe datasets revealed a significant overrepresentation of genes linked to cancer in 
the Lin- datasets, but not in the BM (Figure 1a,b). This overrepresentation was also seen in 
the percentage of genes involved in cancer pathways in the wild type Lin- and Pompe BM 
datasets. The various SCID phenotypes showed an overrepresentation of genes involved 
in cancer in both the BM and Lin- Il2rg datasets and a high percentage of cancer-related 
genes in the Il2rg datasets as well as the Lin- datasets for Rag1 and Rag2. (Figure 1c,d). 

Genes flanking IS were referenced against an expression level binning database  
generated via an Affymetrix mouse 430 2.0 gene array. Briefly, cDNA derived from mouse 
lineage negative Sca-1+cKit+ (LSK) cells after 2 days of stimulation with growth factors 
was measured on this whole genome array, and the resulting gene expression values were 
sorted into ten equally sized bins based on expression level. Genes flanking an IS were 
referenced against this database and sorted into the appropriate bin. The resulting binning 
chart (Figure 3) demonstrates that lentiviral vectors prefer to integrate into active genes in 
hematopoietic stem cells. A similar expression pattern is seen in genes flanking IS before 
(Figure 3a) and after (Figure 3b) transplantation, suggesting that IS near highly expressed 
genes do not undergo selective pressure. 

MH_thesis.indd   153 13-09-13   12:16



154

C
hapter 6

Figure 3: Gene expression binning data. Gene expression values of lineage negative Sca-1+ c-Kit+ cells after 
two days of stimulation, as measured on an Affymetix mouse 430 2.0 array, were sorted into 10 equally-sized 
bins based on their relative expression levels. Subsequently, the MAVRIC annotation tool uses genes nearest 
to an integration site in one of the lineage negative (Lin-) or transplanted (Tx) datasets to generate a histogram 
based on this binning profile. Bins 1-4, 5-6 and 7-10 were grouped into three categories dubbed low expression, 
moderate expression and high expression, respectively. Graphing these categories for Pompe and wild type (a) 
or SCID (b) integrations gives an overview of the relation between relative gene expression level and integration 
frequency. Highly expressed genes are much more likely to contain nearby integration sites.
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Comparison of integration profiles: GFP vs IL2RG or GAA
In order to determine if insertion of a therapeutic transgene could result in a selective 
advantage and IS bias after engraftment, the integration profile of samples in Il2rg-/- mice 
transplanted with Il2rg-/- Lin- cells transduced with an IL2RG vector was compared with 
the profile of mice transplanted after transduction with a GFP vector (Table 5). The num-
ber of integration sites for both subgroups was similar (1506 IS for IL2RG vectors vs 1567 
for GFP vectors), allowing direct comparison of the integration site profiles. No signifi-
cant differences in the frequency of IS near genes, TSS or oncogenes were seen between 
the GFP and IL2RG datasets. Noteworthy CIS oncogenes included Mef2c for the IL2RG 
vector dataset (two 2nd order CIS 112kb distant). Ingenuity Pathways Analysis revealed an 
overrepresentation of genes related to functional categories cancer, organismal survival 
and gene expression for both datasets as well as the GAA data (Figure 4). The IL2RG data 
had an increased frequency of IS near cancer-related genes, although this difference was 
not significant. The same GFP vs IL2RG vector analysis was performed using the Lin- IS, 
and the same overrepresentation of genes linked to the cancer pathway was observed (data 
not shown) but no significant differences between the two transgenes were noted. 
Table5: in vivo integrations from GFP vectors vs therapeutic vectors

therapeutic GFP

Il2rg Pompe Il2rg Pompe

no. of unique IS 1506 376 1567 424

no. of unique genes 1071 350 1099 388

no. of IS within 10kb of TSS 200 70 245 91

no. of IS within 10kb of gene 996 253 1049 304

no. of unique oncogenes 33 12 39 12

total no. of oncogenes 51 14 58 13

no. of CIS 187 17 206 25

CIS oncogenes 5 2 7 1

% within 10kb of gene 66.1% 67.3% 66.9% 71.7%

% of IS that are CIS 12.4% 4.5% 13.1% 5.9%

% of IS that are oncogenes 3.4% 3.7% 3.7% 3.1%

This analysis was repeated for the Pompe IS data. The number of in vivo integrations 
available for analysis was much lower than in the IL2RG data (376 unique IS for Pompe 
with GAA vectors and 424 unique IS for Pompe GFP vectors), so higher variance in the 
data is expected. The GFP vector IS had a higher percentage of IS that were nearby a gene 
region and a higher percentage of CIS, but a lower oncogene frequency (3.1% vs 3.7% for 
the in vivo integrations). No Pompe Lin- samples transduced with GFP were available, so 
the in vitro samples were not used for comparative analysis.
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Figure 4: Top Ingenuity Functional Pathways linked to in vivo samples containing IL2G, GAA or GFP 
transgenes. Top Ingenuity functional pathways for genes flanking integrations in Il2rg-/- or Pompe mice trans-
duced with a therapeutic vector (ther) or a GFP control vector. Functional pathways are sorted based on their 
ranking in the Il2rg therapeutic dataset.
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DISCUSSION

Lentiviral vectors are a viable alternative to gammaretoviral vectors for clinical gene  
therapy trials, offering a distinct integration pattern which favors integrations in or near 
active genes rather than near gene transcription start sites. While many different groups 
are investigating lentiviral gene therapy vectors for treatment of various diseases[7, 10, 
26-29], assessing lentiviral integration patterns is complicated by systematic differences  
in the methodology of animal experiments in various labs. Vector design, transduction  
protocols, and differences in integration site annotation methods all complicate  
direct comparison of lentiviral integration profiles derived from different sources. In order 
to enable large-scale comparisons of lentiviral integration profiles under a wide range 
of physiological settings, the total IS annotations from a number of in vitro and in vivo  
experiments conducted in the same lab were pooled. Over 16,000 lentiviral integration 
sites have been annotated and analyzed, including murine IS collected in vitro, in vivo, 
from SCID, lysosomal storage disorder and wild type mouse phenotypes, and from human 
and rhesus CD34+ cells. By stratifying the pooled IS based on various parameters, some 
of the selective forces which act on gene therapy-treated HSCs after transplantation and 
engraftment in the bone marrow are revealed.

Comparison of LV integration sites generated in vitro in mouse, rhesus and human 
hematopoietic stem and progenitor cells confirms that the vector’s integration preferences 
are not species specific. No significant differences were found between the species when 
comparing the frequency of IS near genes, gene TSS, or oncogenes. The three species 
also had a similar profile of overrepresented Ingenuity functional pathways, although the 
mouse HSPC having a prominent overrepresentation of genes involved in cancer compared  
to the rhesus and human datasets. 

It has been hypothesized that viral integrations which improve the relative fitness of 
the transduced cell in the competitive environment of the bone marrow niche or thymus 
will be over-represented relative to those integrations which do not grant a competitive 
advantage. In this case, integration sites near proto-oncogenes or genes involved in cell 
proliferation, and which can influence the regulation of these genes, would be more likely 
to be found in vivo. However, the integration site profiles observed in this analysis suggest 
that this is not the case. Comparing (pre-transplant) Lin- samples and samples collected 
from bone marrow, spleen, peripheral blood and lymph nodes post-transplant revealed that 
the frequency of an IS landing near an oncogene in pre-transplant samples was similar or 
lower than in post-transplant samples for the mouse SCID phenotypes studied here, while 
higher in transplanted samples than in Lin- cells for the Pompe and wild type groups.  
At the same time, Ingenuity Pathways Analysis revealed a highly significant overrepresen- 
tation of genes related to cancer in the Lin- samples for wild type and Pompe mice, while 
the transplanted samples had far fewer genes linked to cancer. Ingenuity analysis applied 
to SCID mice revealed a significant overrepresentation of genes linked to cancer in both 
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the Lin- and transplanted samples, with very little difference between the two groups. 
Comparing the IS profiles of therapeutic vectors to GFP control vectors revealed no  
evidence of integration site skewing, suggesting that the transgene has little or no effect 
on the LV integration profile.

One feature of LV integration site profiles observed in our analysis was that the relative 
frequency of IS within 10kb of a gene was lower in transplanted cells than in Lin- cells. 
A similar effect was seen when comparing the Lin- cells of wild type and SCID animals, 
with the wild type Lin- cells having significantly fewer integrations near or in Refseq 
genes. These findings suggests that there may be some sort of negative selection against 
cells containing integration sites near cancer or proliferative genes taking place in the bone 
marrow, and that this effect may be reduced in the immunodeficient SCID mice. Alterna-
tively, the reduction in IS near or in genes could be the result of some of the integrations 
disrupting gene function and reducing the viability of the transduced cell, an effect which 
would not be seen in Lin- cells cultured for only a week.

The prevalence of common integration sites (CIS) varied based on the size of the data-
set analyzed, but in all cases was much higher than the expected frequency of CIS in 
datasets of comparable size based on mathematical models of random integration or on 
in silico data [30]. This further emphasizes that lentiviral integration patterns are only 
semi-random. 

Prominent hot spots containing multiple CIS of high order (5th order or greater) were 
located in megabase ranges on most chromosomes, with chromosomes 1, 6, 8, and 11  
having three or more CIS clusters within 20 megabases. Out of 1639 CIS identified by 
pooling all of the transplanted murine samples, only 57 were in or near known proto- 
oncognes, for a frequency of 3.4%. This is very similar to the frequency of non-CIS onco-
genes in the data as a whole, suggesting that no clustering or positive selection for IS near 
oncogenes takes place. 

Overall, these data suggest that that lentiviral integration profiles are stable across a 
wide range of phenotypes, and that LV vector hematopoietic stem cell gene therapy has a 
relatively low risk of integrating near oncogenes. 
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MATERIALS AND METHODS

Mice
Wild-type BALB/c- C57BL-6, and C57BL-6-Rag1-/-, BALB/c-Rag2-/-[21], BALB/c-Il-
2rg-/-[20] and FVB/N-Gaa-/-[22, 31] mice were bred in the Experimental Animal Center of 
Erasmus MC. Congenic Rag1-/- mice were derived from a C57BL-6 background as previ-
ously described[32]. All experiments were approved by the institutional Animal Ethical 
Committee of Erasmus MC in accordance with legislation in the Netherlands.  

Lentiviral vectors
The third generation self-inactivating (SIN) lentiviral vector (LV) pRRL.PPT.SF.GFP.
bPRE4*.SIN[24, 25] and derivatives were constructed using the HIV-1 vector backbone 
as previously described[20-22].  

Therapeutic promoter cassettes were divided in ubiquitous promoters (UP) and cellular 
restricted promoters (CP). UP included the house keeping promoter human elongation 
factor 1 α short (EFS)[33], phosphoglycerate kinase (PGK)[34], and a 2.6 kb ubiquitous 
chromatin opening element (UCOE)[35, 36] . The CP used were the native human RAG1 
or RAG2 promoters (RAG1p and RAG2p, respectively)[7], the TCR Vβ6.7 gene promoter  
(TCRVβp)[10], and the γ chain promoter (γcPr)[37]. The CP promoters were made by 
PCR amplification of human genomic DNA; excepting the RAG2p which was generated 
from the pGL2-RAG2-LUC plasmid,  ligated into pcR-TOPO (Invitrogen) and verified by 
sequencing (primer sequences provided in table E1 in the Online Repository).

The following lentiviral vector constructs were used:  SF.IL2RG, SF.IL2RGco, PGK.
IL2RGco, γcPr.IL2RGco, EFS.IL2RGco, SF.GFP, PGK.GFP and γcPr.GFP for Il2rg-/-;  
SF.RAG1co, TCRBpr.RAG1co, γcPr.RAG1co, RAG1pr.RAG1co and SF.GFP for Rag1-

/-; SF.RAG2, SF.RAG2co, and UCOE.RAG2co for Rag2-/-; SF.GAAco, PGK.GAAco and 
SF.GFP for Gaa-/-; and SF.GFP for in vitro transduction of murine, rhesus and human 
HSPCs and in vivo studies in wild type BALB/c mice. Nomenclature “co” refers to codon 
optimization of transgene cDNA to improve transcription and translation[28], performed 
by GeneOptimizer® software (GeneArt AG, Regensburg, Germany).

Transduction and transplantation of lineage negative BM cells	
BM cells from male mice were purified by lineage depletion (Lin-) (BD Biosciences, 
Santa Clara, CA).  Lin- BM cells were transduced overnight at various cell densities in 
the presence of murine stem cell factor (mSCF) 100 ng/mL, human FMS-like tyrosine 
kinase 3-ligand (hFlt3-L) 50ng/ml and murine thrombopoietin (mTPO) 10 ng/ml.  Vector 
dose varied based on the experiment, with a range of HeLa MOI 20 to 1. Subsequently, 
5×105 to 1x103 Lin- cells were injected into the tail vein of 6 Gy or 2 Gy irradiated female 
Il2rg-/- recipients or without conditioning.  Mice were followed for six to twelve months 
and subsequently DNA was purified from peripheral blood, bone marrow, spleen, thymus 
and lymph nodes.
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LAM-PCR and integration site analysis workflow
High-resolution insertion-site analysis by linear amplification–mediated PCR (LAM-
PCR) of vector-genome border regions was performed as previously described [23]. Re-
striction enzymes Tsp509I or MseI were used with the lentiviral (HIV) primer set.  LAM-
PCR products were pooled and sequenced at GATC Biotech (Konstanz, Germany) and 
subsequently annotated using the MAVRIC integration site analysis tool [38].  Briefly, 
viral sequences were trimmed and the remaining genomic sequences aligned to the appro-
priate genome via BLAST (maximum e-value = 0.01, integrations must have one unique 
best e-value score). The genomic regions around aligned sequences were scanned using 
the Ensembl genome browser (maximum distance = 100kb).  Each IS was annotated with 
a single, nearest Refseq gene[39], which was subsequently used for downstream analysis.  
Genes nearest to an integration site were flagged as proto-oncogenes based on a list of 528 
mouse common integration site genes from the Retrovirus and transposon Tagged Cancer 
Gene Database (RTCGD).  When pooling IS for large scale analysis, integrations within 
10 bases of another integration site, on either end, were considered redundant and removed 
from the analysis.  This step was included to prevent instances of an identical integration 
site derived repeatedly from multiple tissues in a single mouse from skewing the analysis.  
Common integration sites (CIS) were determined based on established methods[40].

Statistics
P values for comparisons of the frequency of oncogenes, IS near TSS, and IS within 10kb 
of a gene were calculated using Fisher’s Exact test (2-sided), with Bonferroni’s correction 
used to adjust the threshold p value (α) where applicable. P-values for overrepresented 
functional pathways calculated automatically using Ingenuity’s software (Fisher’s Exact 
test) and adjusted for multiple comparison analysis using Bonferroni’s correction (calcu-
lated on the basis of 75 functional groups for each analysis).
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Supplemental Table 1: CIS of order 5+ for all in vitro and in vivo datasets

CIS order nearest gene(s) locus (chrom:bp) dataset

5th B3galt2;Cdc73;Glrx2;Uchl5 1:145500259-145632404 WT mouse in vitro

5th Akt3 1:179046612-179183780 WT mouse in vitro

5th 2700029M09Rik;Clcn3 8:63392605-63453218 WT mouse in vitro

5th LOC722601 2:1954335-2135540 rhesus in vitro

7th BX572640.9;Sfi1;Eif4enif1 11:3030445-3110058 Il2rg in vitro

5th Smc6;Vsnl1 12:11276072-11390057 Il2rg in vitro

8th Plag1 4:3858379-3862732 WT in vivo

6th Trip12 1:84725207-84766670 WT in vivo

6th Uba2 7:34930305-35091597 WT in vivo

6th Vegfc 8:55188886-55262672 WT in vivo

6th Ube2e2 14:19550698-19721219 WT in vivo

5th Nqo2;Ripk1;Bphl 13:34082481-34155957 WT in vivo

5th Pkhd1l1 15:44325577-44393622 WT in vivo

5th Fshr 17:89494826-89573458 WT in vivo

5th Ap3s1 18:46919713-46942581 WT in vivo

9th Ngly1;Oxsm;Top2B 14:17081150-17239702 Rag2 in vivo

8th Sfi1;BX572640.9;Eif4enif1 11:3031603-3110289 Rag2 in vivo

6th Mospd2 X:161374599-161414861 Rag2 in vivo

6th 4732440D04Rik 1:6206629-6244805 Rag2 in vivo

6th Vegfc 8:55199088-55366242 Rag2 in vivo

6th Dmxl1;Tnfaip8 18:50000245-50123411 Rag2 in vivo

6th 4930503L19Rik;Stard6;Poli;Mbd 18:70626903-70740285 Rag2 in vivo

6th Rgs18 1:146599298-146617984 Rag2 in vivo

5th Gtdc1 2:44703455-44758157 Rag2 in vivo

5th Slit2;Pacrgl 5:48593553-48710476 Rag2 in vivo

5th Glcci1 6:8226905-8359267 Rag2 in vivo

5th Itpr1 6:108189526-108250583 Rag2 in vivo

5th Mir706;Wnk1 6:119958946-119968079 Rag2 in vivo

5th 1700017N19Rik 10:100157015-100167934 Rag2 in vivo

5th 4933413L06Rik;Hcn1 13:118601875-118645154 Rag2 in vivo

5th Nsun3;Stx19;Arl13b 16:62763719-62913276 Rag2 in vivo

5th AC139157.4;Mpp7 18:7571900-7670499 Rag2 in vivo

5th 5730494M16Rik;AW554918 18:25298264-25453383 Rag2 in vivo

9th Serbp1 6:67219389-67241340 Rag1 in vivo

7th Prkg1 19:31604719-31613286 Rag1 in vivo

6th Cd9 6:125433313-125433956 Rag1 in vivo
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CIS order nearest gene(s) locus (chrom:bp) dataset

6th Kcnmb4;Cnot2 10:115927351-115996941 Rag1 in vivo

5th Lingo2 4:36315548-36315795 Rag1 in vivo

5th Mup5 4:61493189-61493599 Rag1 in vivo

5th Trpc6 9:8548164-8548537 Rag1 in vivo

5th Pja2 17:64672665-64673226 Rag1 in vivo

11th Cenpc1;Stap1;Uba6 5:86459481-86582241 Il2rg in vivo

11th Hsd3b7;Zfp668 7:134941128-135003319 Il2rg in vivo

10th Adamts3 5:90215910-90284089 Il2rg in vivo

9th Psme2b-ps;Olfr56 11:48758858-48940405 Il2rg in vivo

9th Meox2 12:37821771-37822579 Il2rg in vivo

8th Fezf1;Cadps2 6:23232110-23268216 Il2rg in vivo

8th 4922501C03Rik 9:87107746-87246456 Il2rg in vivo

8th Polr2a 11:69550965-69551788 Il2rg in vivo

7th Spata6 4:111457160-111458241 Il2rg in vivo

7th Hp1bp3 4:137704040-137705056 Il2rg in vivo

7th Sfi1;Eif4enif1;Patz1 11:3031770-3202635 Il2rg in vivo

7th 5730522E02Rik 11:25601161-25602362 Il2rg in vivo

7th Smad7 18:75574839-75575388 Il2rg in vivo

7th Rfx3 19:27936866-28082262 Il2rg in vivo

6th Klhl4 X:111641012-111641577 Il2rg in vivo

6th Hisppd1;Pam 1:99749247-99908290 Il2rg in vivo

6th Plxdc2 2:16422537-16565516 Il2rg in vivo

6th Tbcd 11:121316541-121317930 Il2rg in vivo

6th Coch;Strn3 12:52693480-52762846 Il2rg in vivo

6th Mycbp2 14:103625972-103705779 Il2rg in vivo

6th Csmd3 15:48374807-48565562 Il2rg in vivo

6th Rab11b 17:33891591-33892146 Il2rg in vivo

6th Wac 18:7887637-7908433 Il2rg in vivo

5th Plac1 X:50535886-50536046 Il2rg in vivo

5th Sdccag8 1:178831743-178888431 Il2rg in vivo

5th Rnpc3 3:113318930-113329219 Il2rg in vivo

5th Iffo2;Ubr4 4:139002575-139003340 Il2rg in vivo

5th Hgf 5:16083233-16147351 Il2rg in vivo

5th Phtf2;Rsbn1l 5:20378460-20419684 Il2rg in vivo

5th Pcm1 8:42346466-42421556 Il2rg in vivo

5th Rbm6;Ip6k1 9:107737849-107928163 Il2rg in vivo

5th Mnat1 12:74265405-74266301 Il2rg in vivo
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Supplemental Table 2: CIS oncogenes for all in vitro and in vivo datasets

CIS order oncogene locus (chrom:bp) dataset

2nd AHI1 6:135747276-135754727 human in vitro

2nd RAP1GDS1 4:99302155-99320768 human in vitro

2nd RREB1 6:7154873-7156445 human in vitro

2nd Akap12 7:82778136-82791917 WT mouse in vitro

3rd Mef2c 13:83673980-83688671 WT mouse in vitro

2nd 5730419I09Rik 6:143015786-143028748 Il2rg in vitro

2nd Il2rg X:98463949-98464344 Il2rg in vitro

2nd Map3k8 18:4341613-4368948 Il2rg in vitro

2nd Mef2c 13:83674833-83679611 Il2rg in vitro

2nd Mid1 X:166412406-166414614 Il2rg in vitro

2nd Rere 4:149745522-149771559 Il2rg in vitro

2nd Rnf216 5:143825346-143841534 Il2rg in vitro

2nd Runx2 17:44822168-44846482 Il2rg in vitro

2nd Slc19a1 10:76503383-76503387 Il2rg in vitro

2nd Zdhhc7 8:122600710-122600719 Rag1 in vitro

2nd Bcl11a 11:23990060-23990061 WT in vivo

2nd Camk2d 3:126374077-126385393 WT in vivo

2nd Cr2 1:196978154-196978155 WT in vivo

2nd Evi1 3:30013260-30033466 WT in vivo

2nd Gtf2a1 12:92818318-92824334 WT in vivo

2nd Lnpep 17:17680467-17684517 WT in vivo

4th Lnpep 17:17733747-17764326 WT in vivo

8th Plag1 4:3858379-3862732 WT in vivo

2nd Ppfibp1 6:146848693-146849124 WT in vivo

2nd Rap1gds1 3:138661473-138662870 WT in vivo

2nd Tnfrsf8 4:144959073-144959074 WT in vivo

2nd Cr2 1:197025311-197025462 Pompe in vivo

2nd Eps15l1 8:74919901-74919904 Pompe in vivo

2nd Evi1 3:29951810-29976592 Pompe in vivo

2nd Zfp521 18:13872964-13873209 Pompe in vivo

3rd Chd2 7:80689961-80698119 Rag2 in vivo

2nd Dhrs3 4:144479703-144480327 Rag2 in vivo

2nd Eml4 17:83779316-83789841 Rag2 in vivo

2nd Fli1 9:32333271-32333366 Rag2 in vivo
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CIS order oncogene locus (chrom:bp) dataset

2nd Igf1r 7:75255470-75255471 Rag2 in vivo

2nd Ikzf1 11:11604680-11618953 Rag2 in vivo

4th Lnpep 17:17659083-17685294 Rag2 in vivo

2nd Lrmp 6:145076139-145076149 Rag2 in vivo

3rd Pde4d 13:109689194-109689256 Rag2 in vivo

2nd Runx2 17:44956558-44956654 Rag2 in vivo

4th Zeb2 2:44949600-44997523 Rag2 in vivo

4th Zfp608 18:55072950-55123377 Rag2 in vivo

3rd Arid1a 4:133273234-133273420 Rag1 in vivo

2nd Bach2 4:32587042-32587094 Rag1 in vivo

3rd Cdk6 5:3375852-3381855 Rag1 in vivo

3rd Coro1a 7:133862044-133863162 Rag1 in vivo

4th Gimap7 6:48659062-48679534 Rag1 in vivo

2nd Ikzf1 11:11604706-11624778 Rag1 in vivo

3rd Plag1 4:3820950-3860577 Rag1 in vivo

2nd Rbm39 2:155999074-155999343 Rag1 in vivo

2nd Zeb2 2:45085683-45085819 Rag1 in vivo

5th Sdccag8 1:178831743-178888431 Il2rg in vivo

3rd Gimap6 6:48657067-48680056 Il2rg in vivo

3rd Jak1 4:100885754-100885930 Il2rg in vivo

3rd Myb 10:20948239-20965158 Il2rg in vivo

3rd Rspo3 10:29300524-29338034 Il2rg in vivo

2nd Cdk6 5:3388366-3414078 Il2rg in vivo

2nd Ghr 15:3424982-3425026 Il2rg in vivo

2nd Ikzf1 11:11619194-11639027 Il2rg in vivo

2nd Mef2c 13:83640034-83644074 Il2rg in vivo

2nd Mef2c 13:83756876-83757178 Il2rg in vivo

2nd Meis1 11:18802925-18831440 Il2rg in vivo

2nd Pde4d 13:109588147-109589229 Il2rg in vivo

2nd sep_09 11:117184972-117185475 Il2rg in vivo

2nd Slc38a1 15:96453460-96453465 Il2rg in vivo

2nd Smg6 11:74771873-74772308 Il2rg in vivo

2nd Sox4 13:28882951-28893782 Il2rg in vivo

2nd Stag1 9:100652120-100652147 Il2rg in vivo
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Supplemental Figure 1: Top Ingenuity functional pathways for integrations recovered from cultured 
HSPC. Top functional pathways associated with genes flanking integration sites in cultured hematopoietic 
stem and progenitor cells (HSPC), as assessed by Ingenuity Pathways Analysis software (IPA). Functions 
sorted based on the order of significance in mouse HSPC.

 

Supplemental Figure 2: Top Ingenuity functional pathways recovered from SCID integrations.
Top IPA functional pathways associated with genes flanking integration sites in Il2rg-/-, Rag1-/- and Rag2-
/- mice. Functions sorted based on the order of significance in lineage negative (lin neg) Il2rg-/- cells dataset.

MH_thesis.indd   168 13-09-13   12:16



MH_thesis.indd   169 13-09-13   12:16



01001101011000010111
00100 111001101101000
 01100  001011011000110
  1100    0010000001010111
   011       010010110110001101
    10           0011010010110000101
                     101101001  00000010010
                        00011101      01011100110111010
                            0011011         11011011100010110000
                                 100000             01010
                                    00001                 1010
                                         000                     100100

                            GGAC  GCC   GGCATGCC
                            AGCAGGTACGCGAGA
                          AGGCTAGCTAG
                       CAGGCTCGA
                  CAGTGGGTAT
            GTGAGCTTGCTC
         GATAGCGGGTA
       TGCTAGCCGGC
    GGGAATGCAGG
  TACGCTTGCTAGA
CCGCAGGCATGC
CTGTATGCTTGCTC

     Met     
 Ala    Tyr
             Xle
                Ala
 Ser         Cys
                Lys
              Ser
             Pyl
           Asn     Leu

        Glu
          Ser
        Thr
     

      Cys
   Ala   Lys
Xle        
                 Pyl
                 Asn
                

         TyrXle
   Met         Ala
Ala              Cys
          Asn   Lys
            SerPyl

Arg 
 Glu 
   SerThr
     LeuGlu

          PylAsn
      Ser
   Lys
 Cys
  Ala
     Xle     
         GluArg

              IleAsaAsn
      LeuLeu           His
TrpIle                     Sec
               Asn       Ser
                    PylThr

                             Asn
                                    Pyl
                                     Thr
                          SecSer
             AsaAsnHis
    LeuLeuIle
TrpIle     
           

          His
               Ala
                  Arg
  PylAsn       Arg
Thr              Ile
 Ser           Glu
     Sec    Thr 
           His 

His
  AlaArg
          ArgIle
 Asn         Glu
 Pyl          Thr 
   Thr      His
      SerSec 

γc

γc

γc
γc γc

γc

γc

γc 7
MH_thesis.indd   170 13-09-13   12:16



Correction of murine SCID-X1 by  
lentiviral gene therapy using a codon 
optimized IL2RG gene and minimal 

pre-transplant conditioning

Marshall W. Huston1, Niek P. van Til1, Trudi P. Visser1, Shazia Arshad1, Martijn 
H. Brugman1,2, Claudia Cattoglio3, Ali Nowrouzi4, Yuedan Li1, Axel Schambach2, 
Manfred Schmidt4, Christopher Baum2, Christof von Kalle4, Fulvio Mavilio3,5, Fang 
Zhang6, Mike P. Blundell6, Adrian J Thrasher6,7, Monique M.A. Verstegen1, and 
Gerard Wagemaker17 General Discussion

MH_thesis.indd   171 13-09-13   12:16



MH_thesis.indd   172 13-09-13   12:16



173

C
hapter 7

EFFICACY OF LENTIVIRAL GENE THERAPY FOR SCID-X1

The ideal candidate disease for gene therapy intervention would have the following  
characteristics: a chronic condition, caused by mutations in a single gene, with the  
deleterious effects localized to a single tissue which is easy for physicians to access.  
Several inherited immunodeficiency diseases fit all of these criteria, so it was natural that 
the first gene therapy trials would be conducted on SCID patients. The SCID-X1 and 
ADA-SCID trials initated in 2000 featured MLV-based gammaretroviral vectors driven by 
the viral long terminal repeat (LTR) [1-3], which had strong expression of the therapeutic 
IL2RG and ADA transgenes and had been reported as safe and effective in pre-clinical 
studies[4, 5]. These gene therapy trials demonstrated that gammaretroviral gene therapy 
was capable of curing SCID with a single administration, but also revealed that the treat-
ment could have severe adverse effects that were not foreseen in the pre-clinical animal 
models. The onset of oncogenesis in 5 of the 20 SCID-X1 gene therapy patients was a  
serious setback for the field and overshadowed the successful immune system reconstitution 
seen in most of the treated SCID-X1 and ADA-SCID patients[6, 7]. These leukemic events 
led to a flurry of scientific research focused on determining why they occurred and how to 
improve vector safety for future trials. This thesis contains research related to these goals. 
To address the risk of gammaretroviral vector-mediated insertional mutagenesis in 
gene therapy of SCID-X1, we generated self-inactivating SIN HIV-1 derived lentiviral  
vectors. Lentiviral vectors have several properties which make them attractive gene  
therapy vectors. They are able to integrate with high efficiency into hematopoietic stem 
cells following overnight transduction and without pre-stimulation with growth factors. 
They also have a reduced likelihood of integrating near transcription start sites com-
pared to gammaretroviruses and improved resistance to silencing. Lentiviruses have no  
preference to integrate into the promoter regions of active genes or into genes involved in 
cell growth and cancer[8]. 

The initial SCID-X1 clinical trials used the viral long terminal repeat to control IL2RG 
transgene expression. This LTR was later implicated as potential risk factor for the type 
of oncogenic events that occurred in the London and Paris trials. The leukemia cases that 
occurred in these trials were caused by integrations in vulnerable regions near proto-onco-
genes resulting in subsequent upregulation and constitutive expression[9]. Other strong, 
constitutively active viral promoters, such as the SF promoter used in the X-linked chronic  
granulomatous disease (CGD) trial[10], have been shown to modify gene expression 
in regions greater than 100 kb, resulting in undesired upregulation of proto-oncogenes.  
However, it should be noted that the same SF promoter was used in the recent London  
ADA-SCID trial, and to date no adverse events have been seen (48 to 72 months  
after treatment)[11]. Thus it is likely that the disease background plays an important 
role in the relative vulnerability to vector-related leukemic events. Nevertheless, the use 
of strong retroviral enhancer/promoter sequences is a known risk factor for triggering  
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adverse events and is not desirable for clinical gene therapy applications. Another potential  
drawback of using viral promoters is that many of these promoter elements are at risk of 
being silenced by methylation in mammalian cells.[12-14] 

The lentiviral vectors described in this thesis made use of eukaryotic promoters, including  
the phophoglycerate kinase promoter (PGK) or a 1.1kb section of the native IL2RG pro-
moter region (γcPr) to drive transgene expression. These promoters lead to a weaker level 
expression which is sufficient for correction of the SCID phenotype but should reduce the 
risks of unintended upregulation of genes flanking a vector integration site. Most eukaryotic  
promoters are less prone to methylation compared to viral promoters and so can be  
expected to retain their function long-term. Codon optimization of the IL2RG gene 
(dubbed coIL2RG) proved essential for improved viral vector titers, transgene transcript 
levels and protein production, allowing immune reconstitution when using eukaryotic pro-
moters with modest expression levels such as those listed above. 

Transduction of lineage negative (Lin-) Il2rg-/- bone marrow cells with these lentiviral 
vectors and subsequent transplantation into Il2rg-/- recipient mice led to a reversal of the 
SCID phenotype. T cell numbers, polyclonal TCRβ gene rearrangements, concanavalin 
A/IL-2 stimulated T cell proliferation, T cell dependent and independent B cell antibody  
responses and levels of natural antibodies all improved over the course of six months 
as the transduced HSCs reconstituted the immune system. The coIL2RG vectors proved  
effective at restoring T cell populations and immune system functionality to wild type 
levels even at a low vector MOI, provided a minimum level of pre-transplant conditioning  
was applied. A series of GFP vectors demonstrated improved selectivity of the γcPr pro-
moter for expression in white blood cells. Overall, these vectors performed similarly 
to published results of gammaretroviral[15] and lentiviral[16] gene therapy for murine 
SCID-X1. The γcPr-coIL2RG and PGK-coIL2RG vectors fully restored T lymphocyte 
populations in the periphery, BM and spleen, but were less effective in restoring B cell 
populations. This reduction in circulating B cell populations did not seem to affect plasma 
levels of IgM and IgG1, and the mice had fully normalized antibody responses to Pneu-
mococcal polysaccharides and tetanus toxoid. 

Titration of the viral vectors, particularly the LV-γcPr-coIL2RG vector, demonstrat-
ed convincingly that lowering the vector dose to reach the preferred 1 copy per cell for  
clinical application had no significant effect on the reconstitution of T and B cell  
lineages. Likewise, reduction of the Lin- cell number transplanted to 105/mouse (4x106/kg,  
equivalent to 4x107/kg unfractionated BM cells or roughly 106/kg CD34+ cells in humans) 
did not noticeably influence immune reconstitution.

The importance of recipient BM conditioning for lentiviral gene therapy  
protocols
Reduction of the pre-transplant conditioning of recipient mice from 6 Gy to 2 Gy had 
no significant effect on the efficacy of the gene therapy treatment. However, eliminating 
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the pre-transplant conditioning altogether severely reduced the efficacy of the treatment 
in mice transplanted with either lentiviral vector treated or wild type cells, with a corre-
sponding drop in donor cell BM chimerism, percentage of lymphocytes present in spleen 
and BM, and failures to produce antibodies upon immunization. This effect of reduced 
lymphocyte reconstitution was consistent across multiple experiments and positively  
correlated with a reduced cell dose (less than 105 Lin- cells per mouse). Based on these  
observations, it is likely that applying mild conditioning to human SCID-X1 gene therapy  
protocols could result in improved immune reconstitution, particularly in when a low 
number of transduced cells is available. The critical role of cytoreductive conditioning 
has already been confirmed in murine and clinical studies of ADA-SCID gammaretroviral 
gene therapy[17, 18].

Unfortunately, the type of myeloablative and myelosuppressive conditioning typically  
used in the clinic prior to allogeneic bone marrow transplantation is associated with  
significant morbidity and mortality [19]. By the time they are approved for gene therapy 
intervention, SCID-X1 patients are often in such poor health due to recurrent infections 
that even mild myelosuppressive regimens could be fatal[20]. Development of a less toxic 
way to improve donor cell engraftment may provide a safer way to treat these patients.

Granulocyte colony forming factor (G-CSF) is a cytokine which disrupts the interaction  
between SDF-1 in stromal cells and CXCR4 in granulocyte precursors, resulting in a  
myeloid hyperplasia in the bone marrow and release of quiescent HSCs into circulation 
[21, 22]. Repeated treatments of G-CSF over a period of 4-5 days results in the release of 
a considerable number of CD34+ cells into the peripheral blood, which can be harvested 
and subsequently administered into patients requiring bone marrow transplants [23]. For 
this reason, G-CSF is routinely used in the clinic to collect donor cells for bone marrow 
transplantation without resorting to more invasive procedures. Since engraftment of he-
matopoietic stem cells in the bone marrow is a competitive process, with donor HSC en-
graftment increasing based on the number of cells transplanted[24], G-CSF mobilization 
of recipient HSC has the potential to improve donor cell engraftment and immune system 
reconstitution. 

A G-CSF mobilization protocol was tested in immunodeficient Il2rg-/- mice prior 
to lentiviral gene therapy treatment and the efficacy compared to mild 2Gy irradiation  
conditioning. After seven months, T and B cell numbers in the spleen, BM and peripheral 
blood and T-cell dependent antibody responses to tetanus toxoid were similar for mice 
transplanted with Il2rg-/- Lin- cells after transduction with a SF.coIL2RG lentiviral vec-
tor following G-CSF mobilization, mice transplanted with wild type BALB/c Lin- cells 
following G-CSF mobilization, and mice transplanted with Il2rg-/- Lin- cells transduced 
by SF.coIL2RG vector following 2 Gy irradiation. Repeating the G-CSF mobilization and 
lentiviral gene therapy experiment using the γcPr.coIL2RG vector at minimal copies per 
cell resulted in modest levels of lymphocyte reconstitution, similar to the results seen 
when using this vector after 2 Gy irradiation. Donor cell chimerism levels in the BM and 
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spleen were lower in mice treated with G-CSF than in mice given 2Gy irradiation, an  
observation that was consistent regardless of the cell type or vector used. At the same time, 
levels of chimerism and lymphocyte reconstitution in mice treated with G-CSF were higher  
than in mice transplanted without any conditioning. The modest efficacy of G-CSF mobili- 
zation in these experiments is offset by the greatly reduced toxicity of G-CSF treatment 
compared to the myelosuppressive conditioning used in the clinical settings, suggesting 
that mobilization of recipient bone marrow may be a viable strategy for future SCID-X1 
clinical trials. 

Risk assessment of IL2RG gene therapy
After the leukemias were discovered in the initial SCID-X1 clinical trials, the IL2RG 
gene was implicated as potentially having a role in oncogenesis[25]. Further investigation 
in animal models has since revealed that LMO2, the principle oncogene in the clinical 
SCID-X1 trials, and IL2RG are often deregulated together in leukemias, and that there 
is strong selection for IL2RG deregulation in LMO2-initiated instances of T cell leuke-
mia [26]. However, deregulation of these two genes is insufficient to trigger oncogenesis: 
leukemia onset requires other contributing mutations including overexpression of other 
oncogenes and downregulation of tumor suppressor genes. In no cases was activation or 
overexpression of the IL2RG alone sufficient for leukemogenesis. Over the course of five 
years and 11 long term in vivo repopulation assay experiments, a total of 239 Il2rg-/- mice 
were transplanted with LV vector transduced Lin- cells or untreated wild type Lin- cells 
and followed for at least 6 months. An additional 118 mice were followed for at least eight 
months as secondary recipients after receiving total BM cells recovered from the mice 
transplanted with transduced Lin- cells. Over the course of these experiments, the overall 
rates of oncogenesis were very similar for vectors containing the IL2RG transgene, or 
a neutral transgene such as GFP (6.0% and7.4%, respectively) and similar to the back-
ground rate of leukemiagenesis in animals transplanted with wild type cells without viral 
transduction (11.1%).

The murine leukemia virus (MLV) promoters used in the SCID-X1 trials have also 
been implicated as having a role in oncogenesis, both by activating nearby genes and 
influencing the integration site profile of the vector[27, 28]. In addition, study of the SF 
promoter revealed that it does have increase potential to generate immortal clones in  
vitro[29]. However, in vivo studies in a tumor-prone mouse model suggest that an internal 
SF promoter in a SIN vector has no increased risk of oncogenesis compared to eukaryotic  
promoters[30]. The differences in integration profiles seen with the MLV SF vector,  
including the increased tendency to integrate near proto oncogenes, were shown to be due 
to genetic selection of clones post-integration, and these differences disappeared once the 
SF vector was switched to a SIN configuration. In our experiments with SIN lentiviral 
vector gene therapy for murine SCID-X1, the choice of promoter seemed to have no effect 
on the rate of leukemogenesis. 
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The presence of additional safety elements in our 3rd generation SIN lentiviral vectors  
that were not present in the gammaretroviral vector used in the initial clinical trials,  
including internal promoters and the deletion of enhancers elements, gives the SIN LV vec-
tors an improved safety profile and makes them an attractive alternative for future clinical 
trials of SCID-X1. Previous studies conducted with gammaretroviral and lentiviral vectors 
demonstrated that transcriptionally active LTRs, such as those used in the initial SCID-X1 
clinical trials, are major determinants of genotoxicity[30]. The same studies suggested 
that lentiviral vectors require a 10-fold higher viral load to trigger leukemogenesis than 
gammaretroviral vectors, likely due to gammaretroviruses’ preference to integrate into the 
promoter regions of active genes and into genes involved in cell growth and cancer[8]. 

Low risk of oncogenesis is not the same as no risk, and a total of 17 leukemic events 
were observed in experimental mice. The majority of these leukemias (12 out of 17) were 
CD4+CD8+, the same phenotype as the leukemias in the SCID-X1 clinical trials. There 
were also single instances of CD4+, CD8+, CD19+, CD11b+ and Sca-1+ leukemias. Four-
teen leukemias were found in mice treated with lentiviral vectors, with all but one of these 
containing vector integrations in the leukemic clones. In most cases, the dominant vector 
integration sites in the leukemic clones were within 50kb of either a known oncogene or 
a tumor suppressor gene: prominent oncogenes with flanking integration sites included 
Mef2c and Ccnd2. Three leukemias were found in mice transplanted with untransduced 
wild type Lin- cells. Two of these leukemias were donor-derived, suggesting that the pro-
liferative stress associated with lymphocyte reconstitution was a major factor in leukemia 
onset. The potential for HSC transplantation to trigger leukemogenesis in Il2rg-/- mice 
makes it difficult to state with surety that insertional mutagenesis is responsible for all the 
cases of leukemogenesis observed in these mice, even in those mice which have vector 
insertions in the leukemic clones. Some of these leukemic clones may have been caused 
by mutations generated during proliferative stress without vector involvement. 

Overall, these experiments suggest that the relative risk of developing leukemia in gene 
therapy treated Il2rg-/- mice using 3rd generation SIN lentiviral vectors is unaffected by 
the use of the SF promoter at low vector copy numbers, and further argues against the 
idea that the IL2RG gene is oncogenic. The use of third generation lentiviral vectors for 
treatment of SCID-X1 is relatively benign and does not significantly induce insertional 
mutagenesis when used at low copy number and transplanting a modest number of lineage 
negative cells. These vectors should be considered for future SCID clinical trials as they 
may offer a significant benefit to safety without reducing the efficacy of the gene therapy 
treatment.

Integration site analysis
Thorough analysis of vector integration sites in pre-clinical models would not be possi-
ble without automated analysis tools to rapidly and efficiently annotate high numbers of  
integration site sequences. Automated tools also have the benefits of having a predefined 
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set of criteria to ensure analysis consistency between datasets. The MAVRIC web tool was 
designed to automatically validate integration site sequences, align those using BLAST 
and annotate them using data retrieved from the Ensembl databases. MAVRIC is capable 
of performing vital QC steps, including removing external sequences such as viral LTRs 
and clustering redundant sequences to both speed up the BLAST process and keep track 
of the relative frequency of integration sites. 

During analysis of the many lentiviral integration sites generated during in vitro and 
in vivo gene therapy experiments, several key factors emerged that should be considered 
during any analysis project. The first of these is linking IS to nearby genes. Linking each 
integration to a single gene is a common method of analysis, which allows each IS to have 
the same impact on secondary analyses such as gene expression arrays, etc. However, it is 
important to realize that there may be other nearby genes which could be affected by the 
vector integration, particularly if the vector integrates into an exon or important regulator 
sequence. For this reason, the genomic region around each integration site up to a certain 
distance should be considered. 

Another factor to consider is the annotation differences generated by changes in NCBI 
builds, choosing to filter based RefSeq genes, changing the E-value threshold, etc. Analy-
sis results can be significantly altered by minor changes to annotation settings. For clarity 
and consistency, it is necessary to very explicitly state all parameters used in IS analysis. 
Without a thorough detailing of the analysis parameters, reproduction of alignments and 
annotations will prove difficult even when using identical sequence datasets.

MAVRIC was used to annotate over 16,000 lentiviral integration sites from gene ther-
apy experiments for various SCIDs as well as glycogen storage disease type II (Pompe 
disease). Comparative analysis of the various vector constructs, tissue types, disease phe-
notypes and species demonstrated that the lentiviral vector’s integration profile is stable 
across a wide range of transduced cells and that the risk of integrating near proto-onco-
genes is not affected by promoter or transgene.

The future of gene therapy
Following the discovery of the first leukemias in the SCID-X1 clinical trial, analysis of the 
vector integration sites revealed integrations proximal to oncogenes LMO2 and CCND4. 
Investigating the mechanisms behind these adverse events led to the development of  
sophisticated new methods of facilitating vector integration site analysis. Innovations 
in vector technology, sequencing and bioinformatics have greatly improved the under-
standing of viral vector integration patterns and led to more confident safety assessments 
of proposed gene therapy vectors, pushing gene therapy to the forefront of cutting-edge  
medicine. 

The top priority of current vector development for SCID-X1 is to improve the viral vec-
tor safety profile compared the first generation gammaretroviral vectors while retaining  
good efficacy. To this end, numerous modifications have been implemented, including 
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switching from strong, constitutively active viral promoters to use of internal promoters 
and eukaryotic or cell specific promoters, the removal of viral LTRs and codon optimization  
of the IL2RG transgene. In addition to the MLV-derived gammaretroviral and HIV-1  
derived lentiviral vector tives such as alpharetroviral vectors[31] are being  
developed. Internal modifications to vector constucts are also being explored, including 
the addition of miRNAs to improve cell type specificity, adjustments to the viral envelope 
to improve tropism, and the addition of inducible “kill switches” to deactivate transgene 
expression in case of adverse events. Non-viral means of delivering nucleic acids are being 
developed, including zinc finger nucleases[32], transposons[33], magselectofection[34] 
and nanoparticles[35]. Rapid technological innovations suggest that many of these genetic 
modification tools will be tested in the clinic in the near future. In addition, an assort-
ment of next generation sequencing projects and assays necessary for the introduction of  
personalized, targeted gene therapy treatment strategies are being developed. These  
projects will greatly benefit from bioinformatics resources such as MAVRIC to study viral 
integration in regulatory elements such as enhancers regulating gene expression in vivo.

In 2012, a new international phaseI/II clinical trial for SCID-X1 using an updated  
gammaretoviral vector was initiated. This new trial, a collaboration of groups in Paris, 
London and Boston, marks the first new gene therapy trial for SCID-X1 since 2005. The 
redesigned gammaretroviral vector is self-inactivating, lacking all enhancer-promoter  
activities of the LTR U3 region. The IL2RG gene is under the control of an intron-less 
version of the human elongation factor 1-α (EFS) promoter. Pre-clinical studies with 
this vector demonstrated that it is able to produce high levels of IL2RG expression 
while having an improved safety profile over the vector used in the previous trials[36].  
Enrollment in this trial is ongoing, and the preliminary results from the first treated  
patients are promising.

Recently, two reports on ongoing lentiviral hematopoietic stem cell gene therapy trials 
have been published. These trials for the treatment of metachromatic leukodystrophy[37] 
and Wiskott-Aldrich syndrome[38], respectively, demonstrate that lentiviral gene ther-
apy has high efficacy and is capable of sustained expression of therapeutic transgenes. 
Three patients were involved in each trial, and all of them have shown clinical benefit. No  
adverse events have been reported in any of the patients in these trials, with a follow-up 
time ranging from 7 to 32 months.

In the past five years, more than 200 clinical gene therapy trials have been initiated, 
using gammaretroviral lentiviral, adenoviral, and adeno-associated viral vectors to treat 
diseases ranging from acute lymphoblastic leukemia to hemophilia to Leber’s congenital  
amaurosis. Many of these trials are reporting marked improvements in the quality of 
life of patients who had no viable treatment options prior to the advent of gene therapy.  
Nevertheless, gene therapy can still be considered to be in its infancy. The initiation of 
new clinical trials, combined with lifelong follow-up of those patients already treated with 
gene therapy, will further improve our understanding of gene therapy vectors and lead to 
even more effective and safer treatments in the future. 
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SUMMARY

Hematopoietic stem cell (HSC) retroviral gene therapy for treatment of monogenet-
ic diseases has been demonstrated to have high efficacy in clinical trials for X-linked 
severe combined immunodeficiency (SCID-X1), adenosine deaminase (ADA)-SCID, 
Wiscott-Aldrich syndrome (WAS), and metachromatic leukodytrophy (MLD). By using 
retroviral vectors to deliver a healthy copy of the mutated gene to HSCs ex vivo and sub-
sequently returning the treated cells to the patient where they engraft in the bone marrow, 
the majority of patients obtained long-term clinical benefits and in some cases complete 
remission of the disease phenotype. HSC gene therapy is becoming attractive alternative 
to bone marrow transplantation for these types of diseases, particularly if no suitable hu-
man leukocyte antigen (HLA)-matched donor is available. However, the semi-random 
nature of retroviral integrations is associated with the risk of triggering insertional muta-
genesis. This risk was clearly seen in the 2000 SCID-X1 clinical trials, where 5 out of 20 
patients treated with an MLV-derived gammaretroviral vector developed leukemia-like 
symptoms due to vector integrations flanking, and deregulating, proto-oncogenes. Four 
of the affected patients were successfully treated by chemotherapy without reducing the 
effectiveness of the gene therapy, while one patient succumbed in spite of chemotherapy 
treatment. Leukemias or other hematopoietic abnormalities due to insertional mutagenesis 
were also seen in clinical trials for WAS and chronic granulomatous disease (X-CGD). In 
response to these severe adverse events, the scientific community involved in gene therapy 
focused their efforts on developing new gene therapy vectors and new methods to predict 
with greater accuracy the relative safety of those vectors prior to their implementation in 
clinical trials. The contents of this thesis, developing and assessing new lentiviral gene 
therapy vectors for the treatment of SCID-X1, are part of that communal effort. 

Chapter 2 focuses on developing new gene therapy vectors for treatment of SCID-X1 
by using new 3rd generation self-inactivating (SIN) lentiviral vectors containing one of 
two physiological promoters: the cellular phosphoglycerate kinase (PGK) promoter or a 
1.1kb region of the IL2RG gene promoter (γcPr), to drive IL2RG expression. Physiolo- 
gi-cal promoters are much weaker than the viral promoters used in the 2000 SCID  
clinical trials and thought to be less likely to deregulate genes flanking integration sites.  
To ensure that sufficient gc protein expression was obtained to reverse the SCID pheno-
type, a codon-optimized IL2RG gene (coIL2RG) was used. A vector containing the strong 
viral SF promoter was included for comparison. Vectors were tested in vivo by transduc-
tion and transplantation of lineage negative (Lin-) bone marrow cells from Il2rg-/- mice 
into Il2rg-/- recipients. The efficacy of these vectors was compared to that of wild type 
Lin- cell transplantation under a range of pre-transplant conditioning regimens. These 
experiments demonstrated that LV gene therapy using eukaryotic promoters and a codon 
optimized IL2RG gene could reverse the SCID phenotype, provided that a modest level of 
pre-transplant conditioning was used.
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Mice treated with HSC gene therapy are typically subjected to total body irradiation 
prior to transplantation, in order to create open niches in the bone marrow for donor HSCs 
to engraft. However, this sort of cytoreductive conditioning is not plausible in severely 
immunocompromised SCID-X1 patients, who often suffer from multiple recurrent infec-
tions at the time gene therapy is initiated. In Chapter 3, a pre-transplantation protocol 
using granulocyte colony stimulating factor (G-CSF) was initiated to determine if a non- 
cytoreductive method of creating open bone marrow niches could improve engraftment of 
donor HSCs. Lentiviral gene therapy experiments in Il2rg-/- mice utilizing the G-CSF pro-
tocol demonstrated that recipient HSC mobilization improves engraftment of donor HSCs 
relative to no conditioning regimen, suggesting that G-CSF may be a viable alternative to 
cytoreductive conditioning methods.

Chapter 4 consists of an analysis of the leukemias which developed in Il2rg-/- mice 
during LV gene therapy experiments. A total of 17 confirmed leukemias were observed, 
including 7 in mice treated with therapeutic vectors, 7 in mice treated with GFP vectors, 
and 3 in mice transplanted with untransduced wild type Lin- cells. The rates of leukemia 
onset were similar for the three groups (6.0%, 7.4% and 11.1%, respectively). The large 
majority of leukemias found had a CD4+CD8+ phenotype, although . Prominent proto- 
oncogenes found flanking integration sites in dominant clones included Mef2c, Mll3, 
Ccnd2 and Pax5. Other leukemias had no known oncogenes flanking the dominant inte-
gration sites, but did have integrations in or near tumor suppressor genes or transcriptional 
repressor genes.

Because analyzing integration sites by hand is both time consuming and introduces 
the possibility of human error, the analysis process was automated. Chapter 5 describes 
a web-based integration site analysis platform, Methods for Analyzing ViRal Integration 
Collections (MAVRIC). MAVRIC is capable of quickly annotating trimmed genomic  
sequences and returns data on distribution of distances from nearest 5’ gene end,  
nearest gene expression level binning, and Ensembl data on any gene within a user- 
defined distance from the integration site. MAVRIC was used to annotate integration sites 
from IL2RG gene therapy experiments, as well integration sites generated in other disease  
models for which lentiviral gene therapy is being evaluated, to generate safety profiles for 
the vectors under development. 

Chapter 6 describes how a large pool of lentiviral integration sites from various in vitro 
and in vivo experiments were annotated using MAVRIC. The origins of these integrations 
included SCID mice, Pompe mice, wild type mice, and murine, human and rhesus HSCs. 
The integration sites were stratified based on species, disease phenotype, tissue, transgene 
and promoter to determine any differences in the integration patterns. The resulting com-
parative analyses demonstrated the stability of lentiviral integration site preferences across 
species and disease phenotypes, while uncovering some evidence of selective pressure 
acting on the LV integration profile in vivo: namely, that the frequency of integration sites 
in or near genes is reduced in transplanted cells compared to cultured HSCs.
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The experiments described in this thesis demonstrate that lentiviral gene therapy  
vectors using a codon optimized IL2RG gene driven by select physiological promoters 
is effective for treatment of SCID-X1 when combined with some level of pre-transplant 
conditioning or HSC mobilization, even at one vector copy per cell. Analysis of vector 
integration patterns and leukemias observed in experimental animals demonstrates that 
lentiviral HSC gene therapy has a low risk of triggering oncogenic events in vivo and 
suggests that the promoter and transgene have little or no effect on the relative safety 
of self-inactivating lentiviral vectors. Combined, these results argue that SIN LV gene  
therapy is sufficiently safe for the treatment of life-threatening diseases such as SCIDs.
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SAMENVATTING (DUTCH SUMMARY)

Retrovirale gentherapie van hematopoietische stamcellen (HSCs) voor de behandeling van 
monogene erfelijke ziekten is effectief gebleken in klinische trials voor X-linked severe 
combined immunodeficiency (SCID-X1), adenosine deaminase (ADA)-SCID, Wiscott- 
Aldrich syndroom (WAS), en metachromatische leukodystrofie (MLD).  Met gebruik van 
retrovirale vectoren om een gezonde kopie van het gemuteerde gen ex vivo te integreren in 
het genoom van HSC’s en de behandelde cellen terug te transplanteren naar het beenmerg 
van de patiënt werd bij het merendeel van de patiënten het fenotype partieel of volle-
dig gecorrigeerd. Stamcelgentherapie werd daarmee een aantrekkelijk alternatief voor 
allogene beenmergtransplantatie voor dit type aandoeningen, in het bijzonder indien een 
geschikte HLA-identieke donor niet beschikbaar is. Echter, het semi-random integratie-
patroon van de retrovirale vectoren is geassocieerd met het risico van insertiemutagenese. 
Dit risico bleek in de eerste klinische trials voor SCID-X1, waarin 5 van de 20 behandelde 
patiëntjes leukemie ontwikkelden als gevolg van deregulerende vector-integraties nabij 
proto-oncogenen. Vier patiëntjes werden daarvoor met succes behandeld met behoud van 
immuun competentie, één overleed als gevolg van complicaties van de nodig geachte al-
logene stamceltransplantatie.  Leukemie en andere hematopoietische abnormaliteiten ten 
gevolge van insertionele mutagenese werden ook waargenomen in de klinische trials voor 
WAS en chronische granulomateuze ziekte (CGD). In antwoord op deze severe adverse 
events worden in het kader van samenwerkingsprojecten gesubsidieerd door de Europese 
Commissie nieuwe gentransfer vectoren omwikkeld en nieuwe methoden om accuraat de 
veiligheid van deze vectoren bij gebruik in klinische trials te voorspellen. Dit proefschrift, 
waarin de effectiviteit en veiligheidsstudies worden beschreven van lentivirale stamcel-
gentherapie maakt deel uit van deze inspanning.

Hoofdstuk 2 is gericht op de ontwikkeling van nieuwe gentransfer vectoren voor de  
behandeling van SCID-X1 door gebruik te maken van derde generatie zogenaamde 
self-inactivating (SIN) lentivirale vectoren met fysiologische promoters, i.e., de cellulaire 
phosphoglyceraat kinase (PGK) promoter of een 1.1kb deel van de IL2RG gen promoter  
(γcPr) om expressie van het IL2RG gen te bewerkstelligen. Fysiologische promoters 
zijn veel zwakker dan de virale promoters die gebruikt werden in de eerste SCID-X1  
klinische trials en daarmee minder waarschijnlijk in staat tot deregulering van flankerende 
genen. Om er zeker van te zijn dat het gc eiwit voldoende tot expressie zou komen werd 
een codon-optimized IL2RG gen (coIL2RG) geconstrueerd.  Een vector met de krachtige 
virale SF promoter diende als controle ter vergelijking van de effectiviteit. De vectoren 
werden in vivo getest door transductie en transplantatie van lineage negative (Lin-) been-
mergcellen van Il2rg-/- muizen naar  Il2rg-/- ontvangers.  De effectiviteit werd vergeleken 
met die van normale Lin- cellen met gebruikmaking van verschillende pre-transplantatie 
conditioneringsregimes. De experimenten toonden aan dat LV gentherapie met eukaryote 
promoters  en een codon optimized IL2RG gen het SCID fenotype volledig corrigeert, mits 
een milde pre-transplantatie conditionering werd gebruikt. 
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Muizen die worden behandeld met HSC gentherapie worden voorbehandeld met totale 
lichaamsbestraling voorafgaand aan de transplantatie teneinde open niches te creëren in 
het beenmerg voor de getransplanteerde stamcellen. Deze cytoreductieve conditionering 
is echter niet geschikt voor SCID-X1 patiënten, die doorgaans bij diagnose al lijden aan 
meerdere chronische en levensbedreigende infecties. In hoofdstuk 3 wordt een pretrans-
plantatie protocol met gebruik van granulocyte colony stimulating factor (G-CSF) beschre- 
ven om te onderzoeken of een niet-cytoreductieve benadering om open beenmerg niches te 
creëren voldoende zou zijn voor transplantatie van autologe HSCs. Lentivirale gentherapie  
experimenten met Il2rg-/- muizen en het G-CSF protocol toonden aan dat mobilisatie van 
ontvanger de effectiviteit van de transplantatie ten opzichte van geen conditionering ver-
betert, wat er op wijst dat G-CSF conditionering een levensvatbaar alternatief zou kunnen 
zijn voor cytoreductieve conditionering.

Hoofdstuk 4 geeft een analyse weer van gevallen van leukemie die tot ontwikkeling 
kwamen in Il2rg-/- muizen gedurende de LV gentherapie experimenten. In totaal werd in 
17 muizen leukemie bevestigd, waaronder 7 in muizen behandeld met therapeutische vec-
toren, 7 in muizen behandeld met GFP vectoren en 3 in muizen die werden behandeld met 
ongetransduceerde normale stamcellen. De frequentie van het optreden van leukemie in 
de drie groepen was niet significant verschillend (6.0%, 7.4% en 11.1%, respectievelijk).  
De overgrote meerderheid van de gevallen van leukemie had een  CD4+CD8+ fenotype. 
Onder proto-oncogenen die werden gevonden naast integraties in dominante klonen  war-
en  Mef2c, Mll3, Ccnd2 en Pax5 prominent aanwezig.  Bij andere gevallen werden echter 
geen oncogenen aangetroffen, maar integraties nabij tumor suppressor genen of transcrip-
tie repressor genen.

Aangezien de handmatige analyse van integraties tijdrovend is en menselijke fouten 
niet uitsluit werd een geautomatiseerde analyse ontworpen. Hoofdstuk 5 beschrijft een 
web-based platform voor integratie-analyses, genaamd Methods for Analyzing ViRal  
Integration Collections (MAVRIC). Met MAVRIC kunnen gensequenties snel worden 
geannoteerd en gegevens worden verkregen over de afstand tot de dichtstbijzijnde 5’ eind 
van een gen, de relatie tot het genexpressie niveau van het dichtstbijzijnde gen vastgesteld, 
en Ensembl gegevens verkregen voor elk gen met een door de gebruiker gedefinieerde 
afstand tot de integraties. MAVRIC is als onderdeel van het veiligheidsprofiel gebruikt 
voor de analyse van integraties in de  IL2RG gentherapie experimenten en in andere dier-
modellen waarin lentivirale gentherapie wordt geëvalueerd. 

In hoofdstuk 6 wordt beschreven hoe een reeks lentivirale integraties werd geanaly-
seerd met MAVRIC. De integraties waren afkomstig van SCID muizen, Pompe muizen, 
normale muizen en van stamcellen van de muis, de resusaap en de mens en gerangschikt 
naar diersoort, fenotype van de onderliggende aandoening, weefsel, transgen en promoter 
om potentiële verschillen in het integratiepatroon op het spoor te komen. De resultaten 
toonden de stabiliteit van het lentivirale integratiepatroon tussen diersoorten en ziekte-
fenotypen aan. Tevens werd aanwijzing gevonden voor een zekere mate van selectiedruk 
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op het LV integratiepatroon in vivo, i.e., de frequentie van lentivirale integraties in of nabij 
genen neemt af na transplantatie in vergelijking tot in vitro doorgekweekte HSCs. 

De experimenten beschreven in dit proefschrift tonen aan dat lentivirale gentransfer vec-
toren met een codon-optimized IL2RG gen onder geselecteerde fysiologische promoters  
effectief is voor de stamcelgentherapie van SCID-X1 in combinatie met een milde vorm 
van pre-transplantatie conditionering van de ontvangers, zelf bij 1 vectorkopie per cel.  
Analyse van het integratiepatroon en het optreden van leukemie liet zien dat het risico op 
oncogene transformatie in vivo na lentivirale stamcelgentherapie gering is, met weinig tot 
geen effect van promoter en transgen op de relatieve veiligheid van self-inactivating len-
tivirale vectoren. Concluderend pleiten deze gegevens ten gunste van SIN LV gentherapie 
als voldoende effectief en veilig voor de behandeling van levensbedreigende aandoeningen  
zoals SCID.  
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LIST OF TERMS AND ABBREVIATIONS

ADA	 adenosine deaminase
APC	 antigen presenting cell
BLAST	 Basic Local Alignment Search Tool
BM	 bone marrow
BMT	 bone marrow transplantation
CCND2	 cyclin D2 (proto-oncogene)
CD34	 cluster of differentiation 34 protein (human HSC marker)
cDNA	 complimentary DNA
CIS	 common integration site
coIL2RG	 codon optimized IL2RG gene
coγc	 codon optimized IL2RG gene
DNA	 deoxyribonucleic acid
ELISA	 enzyme linked immunosorbent assay
FACS	 fluorescence activated cell sorting
Flt3-L	 FMS-like tyrosine kinase 3-ligand
G-CSF	 granulocyte colony stimulating factor
GFP	 green fluorescent protein
GVHD	 graft vs host disease
Gy	 gray (irradiation dose)
HBSS	 Hank’s balanced salt solution
HIV	 human immunodeficiency virus
HLA	 human leukocyte antigen
HSC	 hematopoietic stem cell
Ig	 Immunoglobulins
IL7	 Interleukin-7
IL2RG	 Interleukin-2 receptor gamma
IS	 integration site
ITAM	 immunoreceptor tyrosine-based activation motifs
JAK	 janus kinase
LAM-PCR	 linear amplification-mediated PCR
Lin-	 lineage negative
LMO2	 LIM domain only 2 (proto-oncogne)
LM-PCR	 ligation-mediated PCR
LSK	 lineage negative, Sca-1+, C-kit+
LTR	 long terminal repeat
LV	 lentiviral
MAVRIC	 Methods for Analyzing ViRal Integration Collections web tool
MOI	 multiplicity of infection
NCBI	 National Center for Biotechnology Information
NK	 natural killer cell
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PCR	 polymerase chain reaction
PGK	 phosphoglycerate kinase promoter
qPCR	 quantitative PCR
RAG	 recombination activating gene
RTCGD	 Retroviral Tagged Cancer Gene Database
RV	 gammaretroviral
SCF	 stem cell factor
SCID	 severe combined immunodeficiency
SEM	 standard error of the mean
SF	 spleen focus forming virus promoter
SIN	 self-inactivating
STAT	 signal transducer and activator of transcription
TCR	 T cell receptor
TNP-KLH	 trinitrophenol keyhole limpet hemocyanin 
TPO	 thrombopoietin
UCB	 umbilical cord blood
UCOE	 ubiquitous chromatin opening element
γc	 common gamma chain protein
γcPr	 1.1kb region of the IL2RG gene promoter
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PHD PORTFOLIO 
Summary of PhD training and teaching activities

Name PhD student: Marshall William Huston	 PhD period: �Dec. 2006 – Dec.2011
Erasmus MC Department: Hematology	 Promotor(s): �Prof. dr. Gerard Wagemaker
Research School: COEUR	 Supervisor: Dr. Niek van Til

1. PhD training	 Year	 Workload
		  (Hours/ECTS)
Courses
• Biomedical Research Techniques V	 2006	 1.5
• Laboratory animal science	 2007	 3.0
• Principles of research in medicine	 2009	 0.7
• Matlab fundamentals and statistical method	 2009	 0.5
• Basic course on ‘R’	 2010	 1.0

Presentations
• �Oral national conference 	 2009-2010	 3.0 

(NVGCT, Dutch Hematology conference) (2x)
• �Oral international conference 	 2007-2011	 9.0 

(ESGCT, ASGCT, CONSERT) (6x)	
• �Poster international conference 	 2007-2011	 10.5 

(ESGCT, ASGCT, CONSERT/PERSIST) (7x)	

International conferences
• �European Society of Cell and Gene Therapy (2x)	 2007-2008	 2.0
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