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Summary

The gene therapy of hematopoietic stem cells holds the potential for curative treatment of

several otherwise incurable inherited diseases. The majority of current gene therapy

treatments relies on the collection of hematopoietic stem cells, their ex vivo modification

with retroviral vectors and their transplantation into a myeloconditioned patient. This
approach entails several disadvantages, including a reduction of stem cell engraftment

potential after ex vivo culture and the potential danger of integrational mutagenesis. In

addition, the high costs and complex logistics of this approach limit the access of patients

to gene therapeutic regimens.

This work explores an alternative approach to hematopoietic stem cell (HSC) gene therapy,

termed stem cell in vivo transduction. This approach is based on the mobilization of HSCs

from the bone marrow into the peripheral blood and the transduction of the stem cells

with adenoviral vectors delivering a transgene as well as a transgene integration

machinery.

In the first part of this work, it was shown that first-generation adenoviral vectors could be

used for the transduction of mobilized HSCs in the periphery of human CD46-transgenic

mice. Further, the transduced HSCs were able to home back to the bone marrow and

express the transgene. However, over the course of 14 days, a loss of transgene expression

in HSCs was observed. To ameliorate these shortcomings, helper-dependent adenoviral

vectors encoding a hyperactive Sleeping Beauty transposase for transgene integration were

used for stable gene modification of hematopoietic stem cells following intravenous vector

administration in mobilized human CD46-transgenic mice. Using this improved vector

platform, gene marking of bone marrow HSCs could be observed for extended periods of

time (up to 12 weeks). Further, the functionality of the modified HSCs was demonstrated

both in colony-forming progenitor assays as well as through the transplantation of gene-

modified HSCs into lethally irradiated recipients. Transplantation of modified HSCs led to

long-term multi-lineage reconstitution showing that gene-modified stem cells were fully

functional.
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Subsequently the safety of systemic vector administration in mobilized hosts as well as of

the Sleeping Beauty-mediated transgene integration was assessed in human CD46-

transgenic mice. Lastly, the stem cell in vivo transduction approach was employed in NOG

mice transplanted with human CD34+ cells, as well as in Macaco nemestrina non-human

primates.

Zusammenfassung

Die Gentherapie hamatopoetischer Stammzellen (HSCs) besitzt das Potenzial, verschiedene

erbliche, nur symptomatisch behandelbare, Erkrankungen dauerhaft zu heilen. Die

Mehrheit der aktuell angewandten Verfahren dazu, basiert auf der Isolation von

hamatopoetischen Stammzellen, der ex vivo Modifikation dieser Zellen durch retrovirale

Vektoren und der Reinfusion der modifizierten Zellen in den immunsupprimierten

Patienten. Dieser Ansatz ist mit einer Reihe von Nachteilen verbunden, unter anderem

einem teilweisen Verlust des Rekonstitutionsvermogens der Stammzellen nach ex vivo

Kultur oder der Gefahr der Transformation durch Integration des retroviralen

Vektorgenoms. Daruber hinaus sind aktuelle Gentherapieansatze mit hohen Kosten und

groRem logistischem Aufwand verbunden, was den Zugang zu diesen Behandlungen fur

potentielle Patienten stark einschrankt.

Die vorliegende Arbeit verfolgt einen neuen Ansatz zur Gentherapie von HSCs, der auf der

Mobilisierung von Stammzellen aus dem Knochenmark in den peripheren Blutstrom und

der Transduktion dieser Stammzellen mit adenoviralen Vektoren basiert. Hierbei codieren

die Vektoren sowohl ein Transgen als auch eine Integrationsmaschinerie.

Der erste Teil der Arbeit belegt in einem humanen CD46-transgenen Mausmodell, dass

adenovirale Vektoren der ersten Generation in der Lage sind, mobilisierte HSCs im Blut zu

transduzieren und dass es den so transduzierten Stammzellen moglich ist, zuruck ins

Knochenmark zu migrieren und dort das Transgen zu exprimieren. Allerdings wurde im

Verlauf von zwei Wochen ein Ruckgang der Transgenexpression beobachtet. Urn dies zu

umgehen, wurde ein adenovirales Vektorsystem der dritten Generation genutzt, das eine

hochaktive Sleeping Beauty Transposase, zum Zweck der Transgenintegration, codiert.
Dieses System ermoglichte die stabile Genmodifikation mobilisierter hamatopoetischer

Stammzellen nach intravenoser Injektion. Die Expression des Transgens konnte uber
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langere Zeitspannen (bis 12 Wochen) beobachtet werden. Die modifizeirten Stammzellen

waren daruber hinaus in der Lage, genmodifizierte Kolonien in vitro zu bilden und das

hamatopoetische System letal bestrahlter Mause nach Knochenmarkstransplantation zu

rekonstituieren. Es wurde somit gezeigt, dass HSCs nach in vivo Modifikation weiterhin

funktional waren.

Weiterhin wurde sowohl die Sicherheit der intravenos verabreichten Vektoren, als auch die

Sicherheit der Transgeneintegration durch Sleeping Beauty in CD46-transgenen Mausen

bewertet. AbschlieRend wurde die hier beschriebene Gentherapiemethode in zwei dem

Menschen ahnlicheren Modellen getestet. Zum einen wurden sogenannte humanisierte

Mause, NOG Mause, die mit humanen CD34+ Zellen transplantiert wurden, fur diese

Zwecke genutzt. Zum anderen wurde das Verfahren in Sudlichen Schweinsaffen (Macaco

nemestrina ) angewandt.
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1 Introduction

1.1 Hematopoiesis and hematopoietic stem cells

The cellular components of the blood are generated in a process termed hematopoiesis. In
the adult, this process is based on the presence of hematopoietic stem cells (HSCs), which

have the potential to give rise to every cell type of every lineage in the blood system. In
addition, these HSCs possess the ability to self-renew so that a steady pool of these most

primitive cells can be maintained throughout the human life span.

In order to give rise to fully differentiated, lineage-committed cells, the HSC has to undergo

a cascade of differentiation steps. With each step, its multipotency is increasingly

restricted, and the spectrum of cell types it can give rise to becomes narrower until the cell

is fully committed and has only one path left to follow. These differentiation events are
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thought to be organized in a hierarchy (Fig. 1). At the top of the hierarchy, the primitive

HSC is found. Since these cells have the ability to long-term reconstitute the hematopoietic

system of an irradiated recipient, they are also called long-term HSCs (LT-HSC). These cells
hold tremendous potential, as it has been shown that a single transplanted LT-HSC is

sufficient to reconstitute the whole hematopoietic system (1). The next step of

differentiation are short-term HSCs (ST-HSCs). While these cells still can give rise to all

hematopoietic lineages, they are not able to self-renew and are exhausted after 4-6 weeks

after transplantation (2).

A step further down the hematopoietic hierarchy from the ST-HSCs are common

progenitors. This transition marks the first lineage-restricting step, as the ST-HSC can either

differentiate into a common lymphoid progenitor (CLP) or a common myeloid progenitor

(CMP). CLPs are restricted to further differentiation into lymphoid cells, while CMPs are

only able to give rise to myeloid cells. Further, CMPs then undergo a second lineage

restricting event and split up into megakaryocyte and erythroid progenitors (MEPs) and

granulocyte and macrophage progenitor (GMPs). Through various committed precursor

stages of single-lineage potential, for example pro- and pre-B cells, these progenitors then

differentiate into mature cells. This way, CLPs are able to give rise to B and T lymphocytes

as well as natural killer (NK) cells, while MEPs can form red blood cells and megakaryocytes

and GMPs form granulocytes and monocytes. The majority of these processes take place

in the bone marrow, while only the fully committed and differentiated cells egress into the

Fig. 1 Hierarchy of hematopoietic cells. The hematopoietic system is organized in hierarchical
form. Long-term HSCs with unlimited potential for self-renewal stand at the top and are able to
differentiate into all lineages of the hematopoietic system. LT-HSC: long-term reconstituting HSC,
ST-HSC: short-term reconstituting HSC,CMP: commonmyeloid progenitor, CLP: common lymphoid
progenitor. MEP: megakaryocyte and erythroid progenitor, GMP: granulocyte and macrophage
progenitor, ERY: erythrocytes, MK: megakaryocyte, GR: granulocytes,MO: monocytes, B: B cell, T:
T cell, NK: natural killer cell. Adapted from (2, 206).
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blood. The exception are lymphoid cells, which have to undergo further maturation steps

once they have left the bone marrow (2).

1.1.1 The hematopoietic stem cell niche

HSCs reside in so-called stem cell niches. While the concept of the stem cell niche had been

predicted by Schofield et ot. (3), it could only be proven in recent years (4-6). The niche is

conceptualized as a region of the bone marrow, where non-hematopoietic cells interact

with the HSCs and regulate their dormancy and self-renewal or their differentiation and

expansion (Fig. 2) . Through interactions with the niche, HSCs are either able to remain

3



Bone
Niche

Osteoblast

CAR cell

o o

G
CO c-kit — SCF

ooo
HSCO

O Qoo
VLA-4

VCAM-1

o o
Bone Marrow

CXCR4
SDF-1

Fig. 2 The hematopoietic stem cell niche. Hematopoietic stem cells reside in a stem cell niche
within the bone marrow and interact with niche osteoblasts and CXCL12-abundant reticular (CAR)
cells. The niche cells interact with the HSC through different attachment and signaling molecules,
actively retaining the cell in the niche and maintaining its dormancy. Adapted from (7, 47).

quiescent and occasionally undergo self-renewal, while at other times they can be pushed

into a state more prone to differentiation, in which they can rapidly expand to supply vast

amounts of progeny cells. To fulfill these seemingly contradictory tasks, the stem cells are

capable of undergoing asymmetrical cell division. The result of this process are two

daughter cells with distinct properties, functions, and cell fates. While one serves the

purpose of self-renewal and will retain the primitive stem cell characteristics of its

predecessor, the other can go down the path of differentiation and proliferation while

slowly losing its stem cell characteristics along the way (7).

Most adult HSCs of the bone marrow are quiescent and rarely divide. To retain their

dormancy, they rely on extrinsic signals from non-hematopoietic cells, for example

osteoblasts and osteoclasts that create the niche environment. The retention of HSCs

inside the stem cell niche is thought to be an active process involving different molecular

tethers that connect the HSCs to the bone marrow stromal cells (Fig. 2) (8).

The most prominent of these tethers is the SDF-1-CXCR4 axis. While CXCR4 is expressed on

the HSC surface, SDF-1, also known as CXCL12, is expressed by several stromal cells of the

marrow and is thought to retain HSCs in the niche. In addition, it has been proposed that

the SDF-1-CXCR4 axis plays a role in the maintenance of quiescence (9, 10).

Further attachment of HSCs to the bone marrow stroma is facilitated through the very late

antigen 4 (VLA-4) integrin dimer on the stem cells surface. VLA-4 is able to interact with

different components of the stroma, for example vascular cell adhesion molecule1(VCAM-
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1) (11, 12) and osteopontin (13) on the surface of niche cells or fibronectin in the niche

extracellular matrix (14).

In addition to the SDF1-CXCR4 axis and VLA-4, the interaction of membrane-bound stem

cell factor (SCF) and c-kit plays an important role in retention of HSCs in the bone marrow

niche and stem cell maintenance (15). While c-kit is highly expressed on FISCs (16),

membrane bound SCF can be found in the niche (17). Binding of membrane bound SCF to

c-kit can also trigger the expression of specific integrins that aid in the tethering of the FISC

to the bone marrow stroma (18).

1.1.2 Hematopoietic stem cell assays

The development of the principles underlying our understanding of hematopoietic stem

cells, and the formal discovery of the FISCs themselves required the development of

different assays to test for stem cell properties. After initial experiments showed that

irradiated hosts could be rescued through the injection of non-irradiated bone marrow cells

(19), the concept of stem cells that could repopulate the hematopoietic system emerged.
Flowever, it was not clear whether these stem cells consisted of a mixed population with

different stem cell types for the different lineages, or if a single stem cell could be able to

give rise to multi-lineage progeny cells.

The first step in answering these questions came with the development of the colony-

forming unit-spleen assay (CFU-S) (20). After injection of bone marrow cells into irradiated

mice, progenitor colonies formed in the spleens of the recipients and for the first time

allowed the quantification of the stem cell content in the transplanted bone marrow.

Further, it was shown that these progenitor colonies contained cells of multiple lineages,

proving that the same stem cell could give rise to cells of multiple lineages (21). Flowever,

it was later determined that the cells generating the splenic progenitor colonies were not

able to give rise to lymphoid lineages (22, 23). Additionally, 5-fluorouracil treatment led to

killing of the CFU-S but not to the death of CFU-S inducing cells in the bone marrow (24).

Therefore, it was concluded that more powerful,more primitive stem cells must exist (25).

Based on work by Bradley and Metcalf (26), different in vitro assay systems for the

detection of hematopoietic stem and progenitor cells (FISPCs) have been developed. Even
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though these assays are not able to detect truly primitive, long-term repopulating HSCs,

they can be used as a quick and convenient surrogate to the more complex in vivo assays.

The colony forming cell assay (CFC or CFU-C) is based on the growth of progenitor colonies

from HSPCs in semi-solid agar or methylcellulose media. The majority of the generated

colonies are lineage restricted colonies and exhibit only one or two different cell types.

Flowever, less common mixed colonies that contain erythrocytes, granulocytes,

macrophages,and megakaryocytes can arise and are an indicator of more primitive colony-

forming cells. The assay is usually carried out over a period of two weeks, a relatively short

time that does not support the outgrowth of more primitive FISCs. Further, the generation
of lymphoid colonies in vitro is not commonly possible in this assay system (27).

To be able to assay for more primitive cells in vitro, cells are cultured on layers of feeder

cells for extended periods of time. The cells are then subjected to CFC assays to determine

the content of long-term culture-initiating cells (LTC-IC), which can be used as a surrogate

for FISC content (28).

In spite of these in vitro stem cell assays, repopulation assays remain the gold standard for

the analysis of truly primitive LT-FISCs. The simplest of these assays is based on the

detection of long-term repopulating cells (LTRCs). Irradiated mice are injected

intravenously with serial dilutions of stem cells and hematopoietic reconstitution is assayed

after 3 - 4 months. The content of LTRCs in the sample can be calculated based on the

dilution of the sample that still allows for successful rescue of the recipient (29).

While the LTRC assays allows to test for the presence of FISCs, it does not allow any

conclusions over the performance of the assayed stem cells. If the performance of a stem

cell sample is to be assessed, for example after treatment with a growth factor, it needs to

be compared to untreated competitor cells. To this end, competitive reconstitution assays

were developed. These assays are based on the co-transplantation of untreated cells and

treated cells derived from two donors that express different isotypes of CD45. After
reconstitution, the ratio of CD45.1 to CD45.2 can be determined and allows conclusions

over the reconstitution performance of the treated graft (27).

The study of human hematopoietic stem cells in retransplantation assays became possible

with the development of NOD/SCID mouse models that allowed for the engraftment of
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Introduction

human HSCs and the generation of hematopoietic mouse/human chimeras. Based on this

model, the SCID repopulating cells (SRCs) were accepted as a metric for human HSCs.

However, one must note that this xenograft model is artificial, and the results should be

regarded with a certain extent of caution (30).

The advent of flow cytometry facilitated the phenotypic characterization of hematopoietic

stem cells based on the expression of surface markers. In combination with the assays

outlined above, flow cytometry allowed researchers to increasingly enrich bone marrow

cells for high contents of LTRCs. However, even in the most highly enriched fractions of

HSCs, the long-term reconstitution potential remains at 30 - 50 %, even though the cells

show homogenous surface marker expression. This shows that other characteristics of

HSCs must be involved in determination of the true HSC phenotype (30).

1.1.3 Differences in HSCs between mouse and man

While hematopoietic stem cells of mice and men are similar in the vast majority of their

characteristics, there are some cases in which distinct differences have been uncovered.
Most important for phenotypic analysis purposes are the significant differences in surface

marker expression between murine and human HSCs.

In mice,one of the phenotypic signatures of HSC-enriched cell populations is a combination

of the absence of lineage markers (Lin ) and the expression of Sca-1and c-kit (31). These
cells have been subsequently termed LSK cells (Lin",Sca-1+, c-kit+). However, cells exhibiting

these markers make up a relatively heterogeneous population, and only about 10% of the

cells are true HSCs. Another set of HSC-defining markers are the so called SLAM family

members, CD150,CD244, and CD48 (32). HSCs have been shown to be CD150+, CD244", and

CD48". The SLAM markers can be used in combination with the LSK markers to obtain a cell

population that contains about 50% of true HSCs.

In humans, CD34 was the first marker discovered to enrich for HSCs. In contrast to human

HSCs, mouse HSCs have been shown to be negative for CD34. However, CD34 alone is not

a stringent enough marker to sufficiently enrich cell populations for HSCs. To improve upon

this, additional surface markers have been described resulting in a HSC phenotype defined

by the following markers: CD34+, CD38",Thyl+, and CD45RA" (33-36).
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In addition to these phenotypic differences, some functional differences between murine

and human HSCs have been described. It is thought that these are most likely due to the

differences in organism size and life span between men and mice. For example, the longer
lifespan in humans increases the risk of mutations over time and increases the necessity

for increased tumor suppression. As a result, human HSCs are more resistant to

transformation than their murine counterparts (2).

Despite the differences mentioned above, several studies have suggested that the size of

the stem cell pool for both mice and humans is roughly the same (37-39). It was estimated

that both mice and humans possess roughly lxlO4 to1x10s HSCs.

1.2 Hematopoietic stem cell mobilization

1.2.1 Circulation of stem cells under physiological conditions

Only a small fraction of HSCs are circulating in the peripheral blood under steady state

conditions, while the majority of HSCs is found in the bone marrow (8). The freely

circulating HSCs are thought to be a means of exchange between different stem cell niches.
For example, in case of damage to a certain niche, HSCs released from a different, distant

niche can home to the damaged niche to replenish its hematopoietic potential (40). In fact,
circulating HSCs appear to be able to rapidly reengraft in the marrow leading to constant

egress and reengraftment of HSCs (41). In addition, it has been suggested that release of

HSCs into the peripheral blood is part of bone marrow homeostasis and provides a way to

dispose of superfluous stem cells (42).

In case of stress, for example following infection or chemotherapeutic treatment, the

amount of circulating HSCs is increased. It is thought that HSCs closest to the site of stress

are skewed towards a higher rate of differentiation at the expense of less focus on self-

renewal. This leads to partial exhaustion of the hematopoietic potential of this site. HSCs

released from distant niches are then able to home to the exhausted site and settle in the

vacant niches in order to restore the hematopoietic potential (40).

Massive mobilization of HSCs can also be observed during development. The first

hematopoietic stem cells are thought to be formed in the fetal liver, before formation of
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Introduction

the bones has begun. Once the bones are formed, fetal liver HSCs are released into the

circulation and seed the newly created niches in the bone marrow (43-45).

1.2.2 Agents of stem cell mobilization

The enforced egress of HSCs from the bone marrow into the periphery is referred to as

mobilization. The mobilization of stem cells is mainly used for the collection of HSCs, either

for use in direct transplantation or for gene therapeutic modification.

Currently, the most commonly used mobilizing agent is recombinant human granulocyte-

colony stimulating factor (G-CSF). It is given in form of subcutaneous injections for 5 days

and leads to efficient mobilization of both HSCs as well as more differentiated cells (8). The
mobilizing effect of G-CSF is achieved through different mechanisms. Firstly, G-CSF induces
cell division in the bone marrow and leads to an expansion of the stem cell pool as well as

overall proliferation of hematopoietic cells. Secondly, G-CSF is able to interfere indirectly

with the SDF-1/CXCR4 interactions of HSCs with the bone marrow stroma. This is thought

to be facilitated through two distinct pathways. Firstly, G-CSF interacts with bone marrow

macrophages,which induce and then downregulate the expression of SDF-1in osteoblasts

(46-48). Secondly, G-CSF induces several proteases in the stroma, which cleave SDF-1off

of the cell surface and loosen the tethering of the HSCs to their niche (49). Furthermore,

these proteases are capable of severing other connections with the stroma.

As mentioned above, hematopoietic stresses can also lead to increased levels of circulating

HSCs. One example of these stressors are chemotherapy drugs, such as cyclophosphamide.

Mechanistically, stress signals sent out after chemotherapeutic treatment are thought to

induce the expression and release of G-CSF, which in turn triggers mobilization as described

above (50).

Another class of mobilizing agents are CXCR4 antagonists, most prominently AMD3100.

These agents lead to rapid mobilization of HSCs (51, 52) (compared to G-CSF) and are

thought to cause mobilization solely through disruption of the SDF-1-CXCR4 axis, without

the induction of HSC proliferation. AMD3100 has been shown to synergize with G-CSF

mobilization (52), showing that G-CSF is only partially able to interfere with the SDF-1-
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CXCR4 axis. Due to its higher mobilization power, the combination of G-CSF and AMD3100

is used as a regimen in poor mobilizers, for example chemotherapy patients (53, 54).

Along the same lines, soluble SCF is able to interrupt the connection between membrane-

bound SCF and c-kit. SCF is considered a slow mobilizing agent and has to be administered

for several days (55, 56).

Lastly, a relatively novel class of mobilizing agents is aiming at VLA-4. Both antibodies (57)

and small molecules (58) binding to VLA-4 have been shown to be able to rapidly mobilize

HSCs and are also thought to have a synergistic or at least additive effect together with G-

CSF and AMD3100 (58, 59).

1.3 Gene therapy

The European Medicines Agency (EMA) uses two characteristics to describe a gene

therapeutic medicinal product. Firstly, the product contains or consists of a recombinant

nucleic acid that can be administered to humans with the goal of regulating, repairing,

replacing,adding, or deleting a genetic sequence,and secondly, the effect achieved by this

is directly related to the employed nucleic acid (60). In short, gene therapy aims at the

introduction of recombinant DNA into the cell in order to cure or prevent disease.

In terms of clinical trials, the most common indication for gene therapy to date is cancer,

followed by monogenic diseases, cardiovascular diseases, and infectious diseases. In these
trials, adenoviral and retroviral vectors have been most commonly used for gene delivery

(61)

Gene therapy regimen can alternatively be subdivided into strategies aimed at germ line

cells or at somatic cells. Modifications of germ line cells would be passed on from the

individual to its offspring and is ethically controversial. Therefore, thus far only gene

therapy regimens aimed at somatic cells have been developed.

Even though the number of successful clinical gene therapy trials is steadily increasing, only

a handful of gene therapy drugs have been approved for use in patients. The first two gene

therapy drugs were approved for use in China. Gencidine, an Adenovirus serotype 5 vector

that expresses p53 to combat head and neck squamous cell carcinoma, was the first (62,
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63). It was followed by Oncorine, an oncolytic Adenovirus that was only able to replicate in

cancer cells due to its E1B 55K viral gene deletion (64). Oncorine was approved for the

treatment of late-stage refractory nasopharyngeal cancer in combination with

chemotherapy (65).

In 2012, Glybera was the first gene therapeutic drug to be approved for the European

market (66). Glybera is an Adeno-associated virus (AAV) type1carrying a hyper-functional

lipoprotein lipase (LPL) gene to treat LPL deficiency (67).

The approval of these gene therapeutics made them forerunners for a new class of

medicines. However, as seen in the case of Glybera, their development and approval is

lengthy, and the finished product comes at a high price. The cost of one treatment of

Glybera was predicted to be in the order of $1million (68), and the treatment has only

been applied once following its entry into the marketplace (69).

Another way to classify gene therapy treatments is to subdivide them into in vivo and ex

vivo gene therapies. For ex vivo therapies, cells have to be isolated from a patient or donor

and are then modified ex vivo, usually using retroviral vectors. This method is commonly

used in the context of hematopoietic stem cell gene therapy and is described in greater

detail below. Advantages of ex vivo gene therapy include high transduction efficiencies, the

avoidance of off-target transduction events, as well as the possibility to select for modified

cells or test the quality of the generated product before administration to the patient.

In contrast, for in vivo gene therapy, a gene therapy vector is delivered directly into the

patient. The vectors in these regimens are usually non-integrating adenoviral or adeno-

associated vectors. Depending on the vector platform, either transient (AdV) or long-term

(AAV) gene expression can be achieved. However, due to their non-integrating nature,

these vectors are usually used in post-mitotic tissues, for example cardiac (70) and skeletal

(71, 72) muscle , the liver (73, 74), the retina (75-77), as well as the nervous system (78,

79)

1.3.1 Hematopoietic stem cell gene therapy

Hematopoietic stem cells, as discussed above, are at the top of the hematopoietic

hierarchy. They possess the ability to generate every cellular component of the
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hematopoietic system. Moreover, a single HSC is able to give rise to myriads of progeny

cells. As such, they are considered promising targets for gene therapeutic treatment of

hematologic disorders, since gene correction of the stem cells would also mean gene

correction in all progeny cells derived from this cell. Additionally, HSCs have been the

subject of extensive research for more than half a century, and the techniques to isolate,

maintain and modify them have long been established.

The most common process for the gene therapy of hematopoietic stem cells involves the

collection of bone marrow or mobilized peripheral blood cells. From this starting material,

fractions enriched for HSCs are isolated and maintained ex vivo. The stem cells are then

usually transduced with a retroviral vector carrying the desired transgene cassette. Since
retroviral vectors possess the ability to integrate their genome into the DNA of the host,

the transgene cassette can be retained throughout cell division and will be passed on to

progeny cells. The modified HSCs are then transfused back into the patient, usually

requiring a certain level of myeloconditioning to allow engraftment of the modified cells.

Among the most common diseases attempted to be treated with HSC gene therapy

approaches are primary immunodeficiencies, such as severe combined immune

deficiencies (SCIDs) (80, 81), as well as other monogenic hematologic disorders such as

hemoglobinopathies (82). Since these diseases are caused by defects in single genes

(monogenic), they can be treated with relatively simple gene therapy vectors encoding only

one transgene.

1.3.2 Clinical successes in HSC gene therapy

The first clinical trial for gene therapy of the hematopoietic system was initiated in 1990,

and it aimed at correcting adenosine deaminase deficiency severe combined

immunodeficiency (ADA-SCID) in two children. T lymphocytes of the patients were ex vivo

transduced with a gammaretroviral vector, encoding a functional copy of the ADA cDNA.

Both patients responded partially to the treatment but had to remain on supplemental

enzyme replacement therapy (83). This study not only showed a proof-of-principle for gene

therapy, but also shifted focus towards the modification of HSCs in order to achieve higher

engraftment rates and better therapeutic outcome.
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In the last two decades, a host of HSC gene therapy clinical trials for several indications

have been performed and not only further demonstrated the potential power of the

approach, but they also uncovered complications that will have to be addressed in the

future.

Several clinical trials for ADA-SCID have been carried out and more than 40 patients have

been treated worldwide. All of the patients are alive and the therapeutic intervention

allowed the majority of patients to be independent of enzyme replacement therapy (80,

84,85). The gene therapeutic treatment of X-linked SCID (SCID-X1) in children was met with

success in most patients (81, 86). These overwhelmingly positive outcomes in the

treatment of SCIDs are at least in part thought to be due to the selective advantage that is

conferred to gene-modified HSCs and their progeny. Further, vacant spaces in the

hematopoietic compartments of SCID patients allowed for efficient engraftment of the

transplanted cells.

Besides SCIDs, leukodystrophies (LDs), a group of monogenic diseases caused by the

disability to properly form or maintain myelin sheaths in the central nervous system, have

been the target of clinical HSC gene therapy trials. The treatment of both X-inked

adrenoleukodystrophy (X-ALD) (87) and metachromatic leukodystrophy (MLD) (88)

through gene-modified HSCs were met with success.

Another indication to be treated by HSC gene therapy is p-thalassemia caused by a lack of

functional j3-globin expression. In a clinical trial, a mini globin gene under the control of a

minimal [3-globin promoter and locus control region was transferred into HSCs using a

lentiviral vector. One year after the transplantation of the gene-modified HSCs, the patient

was independent of blood transfusions (82).

The most recent success in the field was the recommendation of the gene therapy product

Stimvelis through the Committee for Medicinal Products for Human Use (CHMP), part of

the EMA, in April 2016. CHMP recommended to grant market authorization of this

treatment for ADA-SCID. Strimvelis consists of autologous CD34+ cells that have been

transduced with a retroviral vector encoding the ADA cDNA sequence.
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The above examples demonstrate that ex vivo HSC gene therapy is a potent tool for the

treatment of inherited diseases. However, long-term follow up of the patients treated in

those trials revealed some serious complications.

1.3.3 Problems of ex vivo HSC gene therapy

The earliest clinical trials of HSC gene therapy employed gammaretroviral vectors to

integrate the therapeutic transgene into the host genome. However, in the SCID-X1trial

mentioned above,5 out of 20 patients developed leukemia 2.5-5 years after gene therapy.
Sequencing of the malignant cells revealed that the viral vector had integrated into

oncogene loci,most commonly into the LMO-2 locus (89-91).

In a different study, treating X-linked chronic granulomatous disease (X-CGD) with HSC

gene therapy, dominant gene-modified clones were detected 5 - 1 5 months after

treatment, which later led to the development of leukemia. Again, activation of growth-

promoting genes through insertion of the vector genome was observed (92, 93).

Following these unfortunate outcomes, research of the integration behavior of retroviral

vectors in human cells was intensified. This research uncovered the preferential integration

of gammaretroviral vectors into gene regulatory sequences (94-97). This tendency,

together with the presence of the fully intact viral long terminal repeats (LTRs), which

contain promoter and enhancer elements, caused a great risk for aberrant gene regulation

and clonal expansion. The usage of the intact viral LTRs was originally intended to ensure

high expression levels of the encoded transgene but was later abandoned to generate a

transcriptionally inactive LTR. This lead to the development of self-inactivating (SIN)

retroviral vectors (98-100), not only increasing the safety of the vector but also allowing

the use of customized promoter elements to drive transgene expression.

However, the use of SIN vectors alone did not alter the integration pattern of the retroviral

vector. To further increase safety, researchers switched from gammaretroviral vectors to

lentiviral vectors for most gene therapy applications. In contrast to gammaretroviral

vectors, lentiviral vectors tend to integrate into the gene itself rather than into the

regulatory elements, which lowers, but not fully eliminates, the genotoxic potential of the

vector (101-103).
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In addition to their lowered genotoxic potential, lentiviral vectors possess another

advantage over other classes of retrovirus vectors. While gammaretroviral vectors require

cell division for them to be able to integrate (104-106), the lentiviral pre-integration

complex possesses the ability to enter the nucleus independently of the mitotic state of

the cell (106-109). This allows lentiviral vectors to integrate into-quiescent cells and

reduces the need for intensive cytokine activation of HSCs prior to transduction during ex

vivo culture. Avoiding intense stimulation of HSCs, in turn helped to preserve their stem

cell potency as much as possible as they are not forced into cycling. Even though this allows

the usage of lower doses of cytokines, it cannot be completely avoided, leading to a certain

loss of sternness and engraftment potential during the ex vivo culture of HSCs (110). This
potential for loss of stem cell capabilities clearly marks one of the problems of ex vivo gene

therapy.

In the early trials only low engraftment rates of modified cells were observed. This was later
attributed to a lack of room in the marrow compartment of the patients, where the

modified cells could engraft, a prerequisite for them to produce gene-corrected progeny

cells. It was later suggested that chemotherapeutic myeloconditioning is able to free up the

required space in the bone marrow and allows for more efficient engraftment. This was

demonstrated in the X-CGD clinical trial, an example where low-dose busulfan conditioning

led to satisfying engraftment rates (92), as well as in the ADA-SCID trial (80). However, it

must be considered that myeloconditioning of patients that are suffering from

hematological disorders, which are often connected to a compromised immune system to

begin with, can pose considerable risks for the patient's health.

In summary, the genotoxic potential of the employed retroviral vectors, including the risk

for the development of leukemia following gene therapy, the requirement for potentially

exhausting ex vivo culture of the graft, and the need for myeloconditioning of the patient

are among the main disadvantages of current protocols for ex vivo HSC gene therapy.

1.4 Adenoviruses

The family of Adenoviridoe can be subdivided into four different genera. The

Mastadenoviruses possess the ability to infect mammals.Human Adenoviruses (HAdVs) are

part of this genus. Further, Aviadenoviruses infect birds, while Siadenoviruses and
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Atadenoviruses can infect both mammals and birds as well as reptiles and fish (111). The
group of human Adenoviruses can be further subdivided into 6 species, A to F, although a

seventh species G has been proposed more recently (112). Within these groups, 70

different types can be found, although the number has been growing rapidly in recent years

and can be expected to further increase. The type classification was historically based on

the viruses' ability to be neutralized by specific animal antisera (serotype) but has more

recently been replaced by sequence comparison of hexon, fiber and penton, or whole

genome sequencing (113). An overview of the human Adenovirus types is given in Tab. 1.

Different Adenovirus species have been shown to utilize different cellular surface proteins

as primary attachment receptors. Species B1viruses, among others containing HAdV types

3, 7 and 14, utilize desmoglein 2 as a surface receptor (114), while species B2 viruses use

CD46 to attach to target cells (115). HAdV type 37 has been shown to utilized the glycan

GDla as a receptor (116). The remaining HAdVs are thought to utilize the coxsackie-

adenovirus receptor (CAR) for attachment (117). Human Adenoviruses can cause mild

infections of the respiratory, gastrointestinal and urinary tract. Further, infections of the
kidneys and eyes are possible. In immunocompetent individuals, these infections are

usually mild, self-limiting and without complications. The adenoviral genome is organized

in one single DNA molecule. For human adenovirus serotype 5 (Ad5), the length of the

genome is roughly 36 kbp. As mentioned above,when packed into the capsid, the genome

is associated with different core proteins. The two copies of the terminal protein interact

with each other to keep the packed genome in a quasi-circular conformation.

Tab. 1: Classification of human Adenoviruses. The seven species of human Adenoviruses, their
respective types, and the cellular receptor that is used for attachment to a target cell. Adapted from
Knipe and Howley 2013 (118).

Species Type Receptor

A 12, 18, 31, 61 (119) CAR
B1 3, 7,14, 66 (120), 68 (121) DSG2
B2 16, 21, 35, 50, 55 (122), CD46
C 1, 2, 5, 6, 57 (123), CAR
D 8, 9, 10, 13, 15, 17, 19, 20, 22-30, 32, 33, 36, 38, 39, 42-49,

51, 53, 54, 56 (124), 58 (125), 59 (126), 60 (127), 62-65 (128-
131), 67 (132), 69 (133), 70 (134)

CAR

37 GDla
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E 4 CAR
F 40, 41 CAR
G 52 CAR

Viral genes are encoded on both strands of the genome and can be subdivided into 5

transcription units (Fig. 3A). Four of these units (El - E4) are active early in the viral life

cycle. They are driven by their individual promoters and supply proteins that are required

for replication of the viral genome. The fifth transcription unit is active in the late stages of

infection and is driven by the major late promoter (MLP), which drives several genes

encoding the structural components of the virus capsid as well as two viral RNAs.

1.4.1 Adenoviral life cycle

The replication cycle of human adenoviruses can be subdivided into different phases. The
cycle begins when the virus attaches to a target cell, followed by entry of the virus into the

host cell and release of the viral genome into the nucleus. Once the genome reaches the

nucleus, early viral gene expression ensues to provide ideal conditions for viral replication.
The expression of the early genes is followed by the replication of the viral genome, which

in turn is followed by expression of the late viral genes. Lastly, new viral particles are

assembled, the host cell is lysed and viral progeny is released.

The attachment of the virus particle to the cell is initiated by the high affinity binding of the

viral fiber knob to its respective cellular receptor on the target cell surface. Once this high

affinity interaction is established, a second interaction between the viral capsid and the cell

surface takes place. An Arg-Gly-Asp (RGD) peptide motif found in the penton base of many

HAdV types is able to interact with integrins on the cell surface and to cause endocytotic

uptake of the virus particle. At this point, the virus sheds its fibers, which initiates the

organized disassembly of the viral capsid (135). The endocytotic vesicles then mature,

leading to endosome escape of the virus. This step is followed by further orderly

disassembly of the capsid and the transport of the subviral particle, containing the genome

and viral proteins, along microtubules towards the nucleus. Once the nucleus is reached,

subviral particles interact with nuclear pore complexes followed by further uncoating of

the subviral particle and import of the viral genome into the nucleus (118).
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Import of the virus genome into the nucleus is followed by the expression of early viral

genes. There are thought to be three essential roles for early gene products: First, the host
cell has to enter the S phase of the cell cycle in order to provide an optimal environment

for viral DNA replication. Second, the host defense mechanisms aimed at shutting down
A

Ad5 genome

E1 MLP L1 L2 L3 L4 E3 L5

ITR 4 4
E2B E2A E4

ITR

B
First generation

W AE1 AE3

ITR ITR

Second generation W AE1 AE2 AE3 AE4

ITR ITR
Fig. 3 Wild type Ad5 genome and adenoviral gene delivery vectors. A) The wild type genome of
Ad5 is subdivided into different early transcription units (El - E4) controlled by individual
promoters and several late transcription units (LI - L5), which are controlled by the mayor late
promoter (MLP). B) First-generation adenoviral vectors are deleted for the El and E3 transcription
units. A transgene cassette is usually inserted into the former El region. Second-generation Ad
vectors are additionally deleted for the E2 and E4 regions. Third-generation or helper-dependent
vectors are deleted for all viral genes except for the inverted terminal repeats (ITRs) and the
packaging signal f^). In addition to the transgene, the genome contains stuffer DNA to ensure the
correct size of the genome. Adapted from (218).

viral infection need to be blocked and thirdly, viral gene products required for viral DNA

replication need to be synthesized (118).

The first viral genes to be expressed are encoded in the E1A regions of the genome. Two

alternatively spliced E1A transcripts encode for the viral proteins E1A S12 and E1A S13.
Both proteins are able to disrupt retinoblastoma family proteins' (pRB) repressive

interaction with E2F transcription factors. This liberates E2F,which in turn is able to activate

several genes required for entry into the cell cycle. In addition, E1A protein binding to

regulators of chromatin structure and transcription, such as p300 and CRE-binding protein

(CBP), as well as expression of the E4 gene products E4orfl and E4orf4, are also thought to

support induction of cycling in the host cell (118).

As a host defense mechanism, apoptosis can be induced following E1A and E4 gene

expression through p53-mediated mechanisms and other pathways. To suppress

premature cell death due to apoptosis, the early viral proteins E1B-55K and E4orf6 are able

to cause degradation of p53 in the proteasome as well as repression of genes with p53

18



Introduction

binding sites. Further, E1B-19K is able to suppress apoptosis through activation of BAX and

BAK proteins. Gene products of the E3 region are furthermore responsible for suppression

of externally activated apoptosis through cytotoxic T cells (118).

To set the stage for viral DNA replication, liberated E2F transcription factors come into play

once more. The transcription factors are able to interact with and activate viral E2 genes,

which encode essential parts of the viral DNA replication machinery. Among them are the

viral DNA polymerase, the ssDNA binding protein (DBP), and terminal protein. All of these

gene products are necessary for viral genome replication. The replication process takes

place in two phases. The inverted terminal repeats (ITRs) of the viral genome serve as

origins of replication. In the first phase of replication, DNA synthesis occurs in a semi-

conservative fashion, using one of the parental DNA strands as template. This results in a

parental DNA strand paired with a newly synthesized daughter strand as well as a single

parental strand. Both ITRs of this single parental strand are able to anneal and form a

double-stranded panhandle that can serve to initiate replication and lead to generation of

a second daughter DNA strand (118).

With the onset of DNA replication, the switch from early to late viral gene expression occurs

through activation of the major late promoter. The MLP drives the transcription of one

28 kbp primary transcript from which the different mRNAs for the late genes LI - L5 can be

generated. Late gene products contain structural proteins for progeny viruses as well as

proteins and RNAs that facilitate the shut-off of cellular protein expression and virion

assembly. The structural components of the hexon and penton capsomeres polymerize in

the cytoplasm and are then imported into the nucleus. Flere, pro-capsids are assembled

and the viral genome is packaged. Further processing involving the viral protease results in
formation of infectious viral progeny. The virus producing cells are finally lysed and progeny

virions are released (118).

1.5 Adenoviral vectors for gene therapy

Early studies aimed at the possibility of transducing hematopoietic stem and progenitor

cells with adenoviral vectors generated controversial results. While one group of studies

employed low multiplicities of infection (MOIs) and short incubation times and concluded

that vectors based on Adenovirus type 5 (Ad5) were not able to transduce these cells (136,

19



137), a different group of studies, using high MOIs, extended incubation periods and

cytokine stimulation of HSCs found that transduction was possible (138-142). Looking at

the expression of CAR and integrins required for Ad5 transduction, researchers concluded

that even though HSCs were lacking the cellular receptors (143), unspecific internalization

of the vector could be achieved and would be favored by high MOIs and long incubation

periods. However, these infection conditions often resulted in cytotoxic effects and loss of

stem cell function in the transduced cells (144, 145), and it was concluded that CAR-tropic

Ad5 vectors did not fulfill the requirements of a HSC gene therapy vehicle.

1.5.1 Tropism modification of adenoviral vectors

Based on the lack of HSC transduction potential of Ad5, researchers tested other Ad

serotypes for their hematopoietic cell transduction capabilities (146, 147). Several studies

uncovered that Ads belonging to subgroup B were much more potent in transducing HSCs

(146-149). This was due to the altered tropism of the viruses, allowing them transduction

independent of CAR and integrin expression.

Fiber chimeric vectors were devised to be able to harness this improved HSPC transduction

potential of subgroup B viruses and the established methods to modify the well understood

Ad5 vectors. These vectors were based on Ad5, but the fiber gene was partially replaced

with that of Adll or Ad35. Moreover, studies employing these vectors were able to show

that they could transduce even primitive HSC populations, enriched for true, long-term

reconstituting stem cells (138, 150).

In addition to serotype switching, several other methods of tropism modification for

adenoviral vectors have been developed. These approaches can be subdivided into

chemical/physical modification of the vector and genetic modification of the vector.

Chemical and physical approaches are based on the modification of the vector after it has

been released from the producer cell. These modifications can include the chemical

attachment of targeting antibodies or adaptors to the virus capsid or the shielding of

intrinsic viral targeting molecules to modify virus tropism. Genetic modifications aim at

introducing targeting moieties into the fiber gene or disrupting amino acid sequences

involved in natural receptor binding to achieve de-targeting.
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While both approaches have been employed to allow Ad5 transduction of hematopoietic

cells (151, 152), several drawbacks have to be considered. First, while genetic introduction

of a polylysine motif or a cyclic RGD peptide into the fiber knob of Ad5 led to increased

transduction, it is important to consider that this modification is not specific to a certain

target cell and leads to a broader tropism of the modified vector. While this is acceptable

for the in vitro transduction of purified HSCs, this approach would lead to increased off-

target transduction in vivo. Second, while retargeting of a virus to the stem cell marker

CD34 led to targeted attachment of the vector to HSPCs, the same virus was only poorly

internalized, resulting in poor gene transfer potential (153). This highlights the complexity
underlying the processes following attachment, i.e. internalization, endosome escape, etc.
and shows that modifying the tropism requires more than just giving the virus a different

target.

In light of this, a serotype swap is usually preferred over other forms of tropism

modification, if it allows reasonable targeting of the desired cell type.

1.5.2 Helper-dependent adenovirus vectors

A viral gene transfer vector has to fulfill two requirements: First, it has to be able to

effectively deliver its genetic payload and second, it must be safe, i.e. kept from going

through its replicative program and killing the transduced cell. In early adenoviral vectors
this was achieved by deleting the viral E1A and E3 genes and inserting a transgene cassette

in their stead (Fig. 3B). Since E1A is thought to serve as the master regulator of viral gene

expression and replication, the lack of E1A should lead to a virus that does not express viral

genes and does not replicate. Therefore, for virus production, cell lines stably expressing

E1A must be used (154-156). Flowever, shut down of viral gene expression through E1A

deletion is not complete, and leaky expression of viral genes can occur. This can trigger

immune reactions against transduced cells and can diminish transgene expression (157,

158). Further, the total genome size of adenoviral vectors can only be modified within limits

and deletion of the E1A and E3 region frees up relatively little space for the transgene

payload. To increase the cloning capacity, second-generation Ad vectors (Fig. 3B) were

additionally deleted for the rest of the El region, as well as E2 and E4 (159,160). However,

this modification did not alleviate the immunogenicity of the viral gene products.
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This problem could only be solved with the development of third-generation vectors,which

are also called helper-dependent, gutted or gutless adenoviral vectors (Fig. 3B). These

vectors are devoid of all viral genes and the only viral sequences that remain are the

inverted terminal repeats (ITRs) and the packaging signal (161). Forthe production of these
viruses,coinfection with a helper virus is required.The helper virus delivers all viral proteins
required for virion assembly in trons. To avoid competition of the helper-dependent vector
genome with the helper genome for packaging into viral particles, the packaging signal of

the helper virus is flanked by loxP sites and vector production is performed in Cre-

expressing cells (162). In addition, packaging of the helper virus can be further inhibited by
decreasing the size of its genome. This way, the potentially contaminating helper virus can
also be removed from the helper-dependent vector in a cesium chloride density gradient

ultracentrifugation.

Not only are these gutless vectors less immunogenic due to the absence of leaky viral gene

expression, but they also cause less cytotoxicity when transducing hematopoietic cell lines

or HSCs in vitro, when compared to first-generation vectors (163, 164). Moreover, gutless
vectors have the potential to carry large transgene cassettes of up to 36 kb, which allows

the use of endogenous promoters and other regulatory elements.

1.5.3 Adenovirus vectors for the genetic modification of HSCs

Since HSCgene therapy usually aims at integration of a therapeutic transgene into the stem

cell, which then passes the modification on to progeny cells, adenoviral vectors,which lack

active integration of their genome into the transduced host cells, have traditionally been

deemed inadequate for gene transfer into HSCs. However, the advent of the so called

designer nucleases has the potential to change this (165). The designer nucleases allow for

the targeted introduction of DNA double strand breaks into virtually any region of the

genome. Following the introduction of the double strand break, the cellular DNA repair

machinery attempts to seal the nick, but this has a high potential for insertions or deletions,

leading to frame shift mutations. These frame shifts can in turn cause the effective knock-

out of the target gene. To elicit this knock-out, the nuclease only needs to be expressed

transiently,while the genomic modification is stable and will be passed on to progeny cells

when used in stem cells. In addition, long-term expression of these nucleases has been
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associated with increased off-target effects and cytotoxicity (166), making an adenoviral

vector a good choice to deliver nuclease-genes to sensitive hematopoietic stem cells.

One example for this approach was performed by Li et al. (167). The authors employed a

first-generation adenoviral vector carrying an Ad35 fiber shaft and knob to express a pair

of zinc finger nucleases (ZFNs) directed against the human CCR5 gene in HSPCs following

ex vivo transduction. CCR5 acts as a co-receptor for HIV-1 infection in humans. In a

groundbreaking study, an HIV patient developed resistance to the virus after receiving a

bone marrow transplant from a CCR5-negative donor. Based on this, it had been shown

that nuclease-mediated knock-out of CCR5 could artificially confer HIV resistance. In the

above mentioned study, Li et al. showed that after transduction with a CCR5-ZFN encoding

adenoviral vector, HSCs exhibited a knock-out for the CCR5 gene (167). Further, following

transplantation of these modified cells into NSG mice, the HSCs were capable of long-term,

multi-lineage engraftment, passing the CCR5 knock-out on to their progeny. Finally, upon

HIV-1challenge, animals showed effective protection of T cells from HIV-1infection.

1.5.4 Integrating adenovirus vector systems

Even though the nuclease-based strategies outlined above allowforthe stable modification

of HSCs, they are limited to the knock-out of genes. Many of the potential HSC gene therapy

applications however, require the introduction of therapeutic DNA. To be able to use

adenoviral vectors in this context, so called hybrid vector systems have been developed.

The methodology for these systems is to use an adenoviral vector for gene delivery that

encodes an integration machinery and enables integration of a transgene.

One of these strategies can be viewed as an extension of the nuclease-based gene

disruption described above. While homologous recombination can be used to introduce a

transgene into the cellular genome, the recombination rates under normal conditions are

very low (168). However, if nucleases are used to introduce a double strand break in the

genome and a matching DNA template flanked by homology arms is delivered, the

recombination efficiency can be drastically increased (169). Based on this, Ad vectors that
encode both a site-specific nuclease and a transgene flanked by homology arms have been

used to introduce transgenes stably into the cellular genome (168). Due to their large
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cloning capacities, helper-dependent adenoviral vectors are well suited for this approach,

as they allow the encoding of large transgene cassettes containing long homology arms.

Another approach is based on a hybrid vector system that combines features of adenoviral

vectors with those of adeno-associated viruses (AAVs). While the Ad portion of the system

is employed for efficient delivery, the AAV portion is leveraged to facilitate long term

expression for the transgene. In one method, this is achieved by flanking the transgene

cassette with the ITRs of AAV (170). The transgene can integrate into the host genome

through the ITRs. However, this is a passive process, and only a fraction of the transgenes

delivered this way will integrate into the host genome. Furthermore, this AAV Rep-

independent, ITR-directed integration process has been shown to be biased towards

integration into transcriptionally active regions for recombinant AAV serotype 2 vectors

(171), holding the potential for genotoxic transformation. A different iteration of the

Ad/AAV hybrid vector system delivers the AAV Rep proteins in trons, which leads to the

directed integration into the AAVS1region of the human genome (172). Even though the
directed integration into the AAVS1locus somewhat ameliorates the genotoxic potential

of the system, it is important to consider that AAVS1is a gene-rich region of the genome

and holds the potential for trans-activation of neighboring genes following transgene

integration. However, when looking into this problem, Lombardo et ol. found the AAVS1

locus to be relatively resistant to upregulation of nearby genes (173), leading to acceptance

of the AAVS1locus as a safe harbor for gene integration.

A third class of integrating hybrid vectors achieves transgene integration through the use

of a transposase. The most prominent transposase used for this purpose is Sleeping Beauty

transposase (SB). The SB gene was reconstructed from ancient fish DNA and it was shown

that, through interaction with inverted repeats (IR) of a matching transposable element -

or transposon - , it could integrate the transposon into the genome of fish, mouse and

human cells (174). In contrast to AAV or retroviral vectors, SB-mediated integration was

found to result in close-to random distributions of integration sites across the genome

(175). The transposase was later modified to give rise to several hyperactive variants of the

enzyme (176, 177) resulting in the latest version, SBlOOx, which displays a 100-fold

increased integration activity over the wild type version (178). Yant et at. performed the

first study in which an adenoviral vector system was equipped with the Sleeping Beauty
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integration machinery (179). The authors found that integration is more efficient when the

transposon is delivered in a circular conformation. Since adenoviral genomes are usually

linear, they included a Flp recombinase in the system that would circularize the transposon

before integration. It has to be noted that the size of the transposon appears to influence

the integration efficiency and that transposons with sizes upwards of 10 kbp are not

considered useful at this point (180). Thus, while a helper-dependent adenoviral vector

provides an efficient way to deliver a transposon, its full cloning capacity cannot be

exploited with this system. Nevertheless, the Ad-SB hybrid system has been successfully

employed for gene therapeutic approaches. For example, adenoviral delivery of a Sleeping
Beauty transposon encoding canine factor IX led to phenotypic correction of hemophilia B

in a dog model (181).
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2 Aims of the study

Ex vivo HSC gene therapy holds tremendous potential for the curative treatment of a host

of monogenic,hematopoietic diseases. The current treatment protocol for this therapeutic
approach involves the collection of HSCs from a patient, their maintenance and

transduction with a retroviral vector ex vivo, and retransfusion of the modified cells into

the myeloconditioned patient. This process is highly complex and not without risk for the

patient.

The goal of this study was to evaluate whether an alternative approach to genetically

modify HSCs, termed HSC in vivo gene therapy, would be feasible. It is based on the

mobilization of HSCs from the bone marrow into the peripheral blood, the transduction

and modification of the mobilized HSCs with an adenoviral vector, and the rehoming of the

modified HSCs into the bone marrow, where they persist and are able to give rise to gene-

modified progeny cells.

This first part of the study aimed at determining if the mobilization of hematopoietic stem

cells from the bone marrow allowed for the transduction of these cells with an

intravenously injected first-generation adenoviral vector. Further, it was to be assessed

whether the transduced cells were able to home back to the bone. In addition, a

comparison between a first-generation vector and a helper-dependent vector for the

transduction of mobilized HSCs was performed.

In order to be able to follow transduced HSCs for extended periods of time, transgene

expression in transduced cells needed to occur over extended periods of time. To this end

it was to be established if a switch to a helper-dependent adenoviral vector platform and

the use of a transposase-based integration machinery would allow for prolonged transgene

expression. In addition to being able to follow transduced cells for extended periods of

time,transgene integration also enabled functional assays to reveal whether HSCs modified

through in vivo transduction were still able to function as stem cells and to give rise to gene-

modified progeny.
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Aims of the study

In addition to the efficacy of the proposed in vivo transduction system, its safety had to be

assessed as well. For this, two questions had to be answered. First, how safe is the

intravenous administration of the adenoviral vectors in a mobilized host? Second, what is

the safety of the integration machinery in terms of genotoxic potential?

Lastly, to be able to better evaluate the applicability of FISC in vivo gene therapy in animal

models closer to humans, in vivo transduction studies were to be performed in humanized

NOG mice as well as non-human primates.
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3 Results

3.1 Expression of CD46 on HSPCs

In order to be transmissible by vectors based on Ad5/35, target hematopoietic stem and

progenitor cells have to express human CD46. The expression of human CD46 on human

cord blood mononuclear cells (CBMCs) and mouse bone marrow cells was assayed via flow

cytometry. (Fig. 4). In CBMCs (Fig. 4A), the CD46 expression level on total cells and on CD34+

cells, a population enriched for HSPCs, was at comparable levels with median fluorescence

intensities (MFI) of 1440 in total cells and 1283 in CD34+ cells. In mice, CD46 is only

expressed in the testes (182) while its role in other tissues is taken over by a different

protein. To be able to study CD46-tropic measles virus in mice, Mrkic et al. developed a

transgenic mouse model (CD46-tg) which expresses human CD46 in the same pattern and

A human
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I I isotype control
total CBMCs

CD34* CBMCs

I I isotype control
I I total bone marrow cells
I—I LSK cells

Fig. 4 Expression of human CD46 on human cord blood mononuclear cells and CD46-tg mouse bone
marrow cells. The expression levels of CD46 were analyzed by flow cytometry. Shown are histograms
of the recorded fluorescence signal for CD46. A) Human CD46 is expressed in human cord blood
mononuclear cells (grey curve), and comparable levels of CD46 can be found in the CD34+-positive
fraction (blue curve), which is enriched for more primitive HSPCs. The black curve represents human
cord blood mononuclear cells stained with an isotype-matched control. B) In total bone marrow cells
(grey curve) of CD46-tg mice, human CD46 is expressed on all cells. A smaller fraction of these cells
shows a higher CD46 expression level than the majority of cells. Bone marrow LSK cells (blue curve)
show a higher level of CD46, which matches that observed for the high expression subfraction seen
in total bone marrow. The black curve represents CD46-tg mouse bone marrow cells stained with an
isotype matched control. Bone marrow of 3 animals was analyzed, one representative animal is
shown.

at comparable expression levels that have been observed in humans (183,184). In addition

these mice possess an alpha/beta interferon receptor knock-out. In these CD46-tg mice
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(Fig. 4B), the expression level of CD46 in total cells was lower than in cells of the HSPC-

enriched LSK fraction, with an average MFI of 6335 compared to 13722 in LSK cells.

LSK cells are a subtraction of mouse bone marrow cells that are lineage-negative (lin-), and

positive for c-kit and Sca-1. This fraction is enriched for hematopoietic stem cells(185).

Thus,both human HSPCs and HSPCs of CD46-tg mice express the cellular receptor CD46, as

has been previously reported (186), and should be transducable with Ad5/35 vectors.

3.2 In vitro transduction of HSPCs with Ad5/35++ vectors

After the expression of the Ad35 cellular receptor CD46 had been confirmed on the cell

surface of both human and CD46-tg mouse HSPCs, it had to be shown that these cells could

be transduced with an Ad5/35-based vector in vitro. To this end,human CD34+ cells isolated

from the blood of G-CSF mobilized donors or lineage-depleted bone marrow cells of CD46-

tgmice were infected with Ad5/35++-GFP at multiplicities of infection of 200 and 1000 viral
particles (vp) per cell. The cells were incubated for 48 h and GFP expression was assessed

via flow cytometry (Fig. 5). In mouse CD46-tg lin" cells, 11.6 ± 0.4% and 14.2 ± 0.9 % were

GFP-positive after being infected with an MOI of 200 vp/cell and 1000 vp/cell, respectively.
In human CD34+ cells, 21.1± 1.0 % and 23.2 ± 0.5 % of cells were GFP-positive after being

infected with 200 and 1000 vp/cell, respectively.

In conclusion, both murine and human HSPCs appear to be transducable with Ad5/35-
based vectors. This is in line with the results of other studies that used adenoviral vectors

carrying Ad35 fiber knobs to transduce HSPCs (148,150, 187).
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Fig. 5 In vitro transduction of murine and human HSPCs with Ad5/35++-GFP. Lineage-depleted
(lin ) CD46-tgmouse bone marrow cells (black) and human CD34+ cells (grey) were transduced with
Ad5/35++-GFP in vitro at the given MOIs, and GFP expression was analyzed via flow cytometry 48
h after infection. Shown are mean ± SD frequencies of GFP-positive cells of triplicate (n=3,mouse)
and quadruplicate (n=4, human) infections, respectively.

3.3 Mobilization of HSPCs in CD46-tg mice

Even though the mobilization regimen of G-CSF combined with AMD3100 is well

established in humans (188, 189) and has been tested in the mouse (51), its effects and

dynamics had not been tested in the CD46-tg mouse model used in this study. To get a

better understanding of how the mobilization would influence the CD46-tg animals, we

applied a standard mobilization regimen, i.e. daily injections of G-CSF for four days followed
by a subcutaneous injection of AMD3100 on the fifth day. Blood samples of animals were

collected on day 5, either before the injection of AMD3100 (0 min), 40 minutes after

AMD3100 or 3 hours after AMD3100. Non-mobilized CD46-tg animals were used as a

reference. Red blood cells (RBCs) in the blood samples were lysed and the cells were plated

out in methylcellulose medium containing a mouse cytokine cocktail. This medium

promotes proliferation and differentiation of HSPCs, leading to formation of progenitor

colonies that could then be enumerated (Fig. 6A). The baseline of HSPCs in the circulation

of non-mobilized animals was at 17.6 ± 4.0 colony forming units (CFU) per 100 pi blood.

Animals that had received G-CSF for four days but no AMD3100 yet (0 h) yielded 505.0 ±

113.1 CFU/100 pi. Forty minutes after addition of AMD3100, the values increased

significantly (p<0.0001) to 1431.0 ± 251.5 CFU/100 pi. At 3 h after AMD3100,1146 ±159.8
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Fig. 6 HSPC mobilization in CD46-tg mice following injections of G-CSF and AMD3100. CD46-tg
animals were mobilized through subcutaneous injections of G-CSF on day1-4 and a subcutaneous
injection of AMD3100 on day 5. A) Blood samples were collected before injection of AMD3100 as
well as 40 min and 3 h after injection. Red blood cells were lysed, and the remaining cells were
subjected to CFU assays. Colonies were enumerated 12 days after plating, shown are mean ± SD
colonies normalized to a blood volume of 100 pi. Non-mobilized animals were used as a reference.
CFU assays were performed in triplicates (n=3). Statistical significance was analyzed via one-way
ANOVA with Bonferroni post testing. B) Flow cytometric analysis of non-mobilized and mobilized
blood samples for the presence of FISPCs. Blood of the mobilized animals was drawn 40 min after
AMD3100 injection. Shown is the c-kit and Sca-1expression of lineage-negative PBMCs. The shown
gate represents LSK cells, a fraction enriched for FISPCs. Mobilization and staining was performed
in duplicates; representative animals are shown.

CFU/100 pi could still be detected in circulation. The application of G-CSF alone led to a 29-

fold increase in HSPCs in the blood, while the addition of AMD3100 led to an 81-fold

increase over base line at 40 min after injection.

To consolidate the findings of the CFU assays, we mobilized mice as before and 40 minutes

after AMD3100 injection, sacrificed the animals and collected their blood. Red blood cells

(RBCs) were lysed and the remaining peripheral blood mononuclear cells (PBMCs) were

stained for LSK cells. In non-mobilized CD46-tg animals, the percentage of LSK cells in

PBMCs was about 0.001%, while 0.074 ± 0.014% of PBMCs were LSK cells in animals that

had received the mobilization treatment (Fig. 6B). Thus, mobilization led to an 80.9-fold

increase of circulating HSPCs based on this phenotypic analysis, further corroborating the

findings of the CFU assay. As a reference, the percentage of LSK cells in the bone marrow

of non-mobilized animals was 0.12 % and 0.27% in mobilized animals.
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3.4 HSPC in vivo transduction with Ad5/35++-GFP in CD46-tg mice

After it had been determined that CD46-tg HSPCs could be transduced with Ad5/35++-GFP
and that the mobilization regimen led to egress of HSPCs into the peripheral blood of

animals, the next step was to show that intravenously injected Ad5/35++-GFP was able to

transduce mobilized HSPCs in vivo. Furthermore, it had to be shown that transduced HSPCs

would be able to home back to the bone marrow after mobilization and transduction.

CD46-tg animals were mobilized with G-CSF and AMD3100 as before, and Ad5/35++-GFP
was injected 40 min later. Two hours after virus injection, animals were sacrificed and

PBMCs as well as cells of the bone marrow and spleen were isolated and cultured for 48 h

to allow GFP expression from the viral vector. Cells were then analyzed for GFP expression

within the HSPC-containing LSK subpopulation (Fig. 7A). In the peripheral blood 14.5 ± 3.3

% of LSK cells were positive for GFP, while 0.7 ± 0.5 % and 2.7 ± 1.3% of LSK cells were GFP-

positive in the bone marrow and spleen, respectively. This shows that Ad5/35++-GFP is able
to transduce HSPCs that have been mobilized from the bone marrow. While the cells are

still circulating in the periphery, lower transduction rates of HSPCs in the bone marrow and

spleen were observed. This could either mean that remaining HSPCs there had been

transduced directly, or that HSPCs that had been transduced in the periphery were

beginning to settle down in the bone marrow and spleen.

To further determine the behavior of transduced HSPCs following mobilization and

transduction,animals were mobilized and injected with Ad5/35++-GFP as before. Different

groups of animals were then sacrificed 3, 7, and 14 days after transduction (Fig. 7B). As a

reference, non-mobilized animals were injected with Ad5/35++-GFP and sacrificed at 48

hours after injection. GFP expression in the bone marrow and spleen was then assessed via

flow cytometry in both total cells and LSK cells. In the bone marrow of unmobilized control

animals, GFP-expression was at 0.45 ± 0.33 % for total bone marrow cells and 0.31± 0.10

% for LSK cells. In mobilized animals, GFP levels were 0.29 ± 0.07 % and 7.55 ± 1.97% at

three days after infection, 0.14 ± 0.04 % and 3.39 ± 1.18 % at seven days after infection,

and 0.08 ± 0.09% and 2.05 ± 0.63% at day 14 after infection for whole bone marrow cells

and LSK cells, respectively.
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Fig. 7 HSPC in vivo transduction with Ad5/35++-GFP in mobilized mice. CD46-tg animals were
mobilized with G-CSF and AMD3100 as before. Forty minutes after AMD3100 injection, Ad5/35++-
GFP was injected intravenously. A) Animals were sacrificed 2 h after virus injection, and bone
marrow and spleen cells, as well as PBMCs, were isolated. Cells were cultured for 48 h to allow for
transgene expression, and GFP expression was analyzed via flow cytometry. Shown are mean
percentages of GFP-positive LSK cells ± SD analyzed in triplicate animals (n=3).
B) Animals were sacrificed 3, 7 and 14 days after injection (dpi). Non-mobilized control animals
were sacrificed 2 days after injection. GFP expression in total cells (black) and LSK cells (grey) was
analyzed via flow cytometry. Shown are mean percentages of GFP-positive cells ± SD analyzed in
triplicate animals (n=3). Statistical significance was tested through unpaired T-tests.

In the spleen of unmobilized animals, 1.17 ± 0.44 % of total cells and 3.56 ± 0.62 % of LSK

cells were expressing GFP. In mobilized animals sacrificed at day 3, it was 1.12 ±1.17 % for

total cells and 10.25 ± 3.39 % in LSK cells. At seven days after transduction, 2.80 ± 0.66 %

of total cells and 1.61± 0.47 % of LSK cells were positive for GFP. At two weeks after

transduction, 1.81± 0.60 % of total cells and 1.53 ± 0.53 % of LSK cells still showed

transgene expression. It can be seen that the differences in transduction efficiencies of

both bone marrow and spleen are not significantly different. Thus, mobilization did not

seem to influence the transduction of the bulk of cells. Transduction levels of whole tissue

cells for the spleen were roughly an order of magnitude higher than in the bone marrow.
This is likely due to the spleen being thought to be in equilibrium with the peripheral blood,

whereas access to the bone marrow from the peripheral blood is much harder (42). In the
bone marrow, a decline in GFP-positive cells was observed over time, while GFP levels in

the spleen remained almost unchanged over time.

For LSK cells, background transduction in non-mobilized animals was comparable to total

cells in the bone marrow and slightly increased for the spleen. Flowever, once the animals

received the mobilization treatment , significant increases in HSPC transduction were seen

in both the bone marrow and the spleen (p<0.05), with the effect being more pronounced
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in the marrow. After the three-day time point, the percentage of GFP-positive LSK cells

declined for both bone marrow and spleen. In the marrow, the decline was gradual and

even after 14 days levels were still markedly increased over that seen in non-mobilized

animals.While, the decline in transduced LSK cells in the spleen appeared to be much more

rapid as background levels had already been reached at day seven after injection.

Even though transduction rates of spleen LSK cells upon mobilization were only three-fold

increased and went back to levels seen for non-mobilized animals at later time points, the

total numbers of LSK cells in the spleen have to be taken into account. While in non-

mobilized animals 0.02 + 0.01 % of cells in the spleen were HSPCs, at day 3 after

mobilization 0.18 ± 0.19 % of cells in the spleen were LSK cells. Thus it can be argued that
even though the percentage of GFP-positive HSPCs in the spleen with or without

mobilization did not differ by values as extreme as in the bone marrow, the total numbers

of transduced HSPCs in the spleen following mobilization were still much higher than in

non-mobilized animals. Interestingly, at day seven after transduction the percentage in LSK

cells in the spleen was 1.70 ± 0.20%, while at day 14 it was 0.3 ± 0.06%. Thus, between
days three and seven an influx of LSK cells into the spleen could be observed.

From these experiments several conclusions could be drawn. Firstly, the mobilization

regimen did force egress of bone marrow HSPCs into the periphery, where they could be

transduced with an Ad5/35 vector. Secondly, following transduction, a part of HSPCs in the
periphery were able to home back to the bone marrow and expressed the transgene there,

while another part of the mobilized HSPCs appeared to home to the spleen. However, the

percentage of transgene expressing HSPCs decreased over time. Several factors could

cause this. Firstly, the vector used here is a first-generation adenoviral vector, and leaky

expression of viral genes from the vector could lead to cytotoxicity or immune responses

(158,190). Furthermore, transduction with the vector could induce differentiation of some

HSPCs, causing the loss of the LSK phenotype. The decline of transduction rates in LSK cells

in the spleen could be caused by HSPC influx into the spleen, as seen in an increase in the

percentage of LSK cells between days three and seven. Alternatively, the spleen, with its

limited niches for HSPCs (191), could just not support the high number of HSPCs following

mobilization, which could cause these excess cells to die off. This in turn would explain the

drop in LSK cells between days 7 and 14 after transduction.
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3.5 Helper-dependent adenoviral vectors for HSPC transduction in vitro and

in vivo

Leaky expression of viral genes from first-generation adenoviral vectors, as mentioned

above, can lead to cytotoxicity as well as immune reaction towards the infected cells (158,

190), leading to a decline of transgene expression levels over time. Switching the applied

vector system from a first-generation to a third-generation or helper-dependent adenoviral

vector system, which is devoid of all viral genes, should alleviate these toxicity problems

(192). To assure that the transduction performance of the new helper-dependent vector

HDAd5/35++-CMV-GFP was on par with the previously used Ad5/35++-GFP, the

performance of both vectors for the transduction of HSPCs in vitro and in vivo was

compared (Fig. 8).

For the comparison of transduction efficiency in vitro, CD46-tg HSPCs were infected as

before (Fig. 5) and transduction levels were assessed 48 hours after infection using flow

cytometric analysis. As can be seen in Fig. 8A, both the first-generation Ad5/35++-GFP and
the helper-dependent HDAd5/35++-CMV-GFP were able to infect CD46-tg lin cells in very

similar levels at both MOIs used.

To compare both vectors for in vivo transduction of HSPCs,CD46-tg animals were mobilized

as before and intravenously injected with either vector at 2xl010 vp per animal. Animals

were sacrificed three days later, and GFP expression in HSPCs of the bone marrow and

spleen was analyzed (Fig. 8B). Animals transduced with Ad5/35++-GFP showed 4.6 ± 2.7 %

GFP-positive LSK cells, while in the spleen, 9.0 ± 3.2% of LSK cells were positive for GFP. In

animals that were infected with the helper-dependent vector, 5.2 ± 1.3 % of bone marrow

LSK cells expressed GFP and 6.6 ± 5.9 % splenic LSK cells were positive for transgene

expression. The differences observed here were not of statistical significance and it can be

assumed that both vectors were able to transduce HSPCs in vivo at similar efficiencies. Of

note, the transduction levels observed for the first-generation vector Ad5/35++-GFP in this
experiment were lower than those observed in the earlier in vivo transduction experiments

(Fig. 7B). However, the observed differences are small enough to be attributed to animal-

to-animal variations.
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In order to compare the cytotoxic potential of both the first-generation and helper-

dependent vector, lineage-depleted, GFP-positive bone marrow cells were collected

through a combination of MACS and FACS, and the resulting cells were used to assess the

colony-forming potential of transduced FISPCs in CFU assays (Fig. 8C). While cells that had

been transduced with Ad5/35++-GFP formed 16.3 + 12.6 colonies per 1000 lin" cells,

HDAd5/35++-CMV-GFP-transduced FISPCs formed 43.8 + 7.9 colonies. Thus, the colony-

forming potential of the helper-dependent vector appeared significantly higher than that

of the first-generation vector (p<0.05). However,when HSPCs of non-mobilized,uninfected

animals were used under the same conditions, 19.2 ± 5.4 colonies formed per 1000 plated

lin" cells. This shows no significant difference towards cells treated with the first-generation
vector. Several scenarios could lead to this result. It has been shown above that CD46-

targeting adenoviral vectors preferentially transduced LSK cells compared to whole bone
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Fig. 8 Comparison of transduction with a first-generation and helper-dependent vector in vitro
and in vivo. A) CD46-tg lineage-negative bone marrow cells were infected in vitro with either first-
generation Ad5/35++-GFP (black) or helper-dependent HDAd5/35++-CMV-GFP (grey) at the given
MOIs.Cells were incubated for 48 h, and GFP expression was assessed using flow cytometry. Shown
are mean percentages of GFP-positive cells ± SD, infections were performed in triplicates. Testing
for statistical significance was performed through unpaired T-tests. B) CD46-tgmice weremobilized
as before with G-CSF and AMD3100 and were injected 40 min after AMD3100 with either first-
generation Ad5/35++-GFP (black) or helper-dependent HDAd5/35++-CMV-GFP (grey). Animals
were sacrificed 3 days after transduction, and GFP expression in HSPCs of the bone marrow and
spleen was analyzed via flow cytometry. Shown is the mean percentage of GFP+ LSK cells ± SD, n=2.
Unpaired T-test were used to test for statistical significance. C) CD46-tg animals were mobilized
and transduced as above. Three days after virus injection, bone marrow cells were isolated and
lineage-depleted via MACS. Lin' cells were then FACS-sorted for GFP-positive cells, and these cells
were plated out in CFU assays. The amount of total colonies was scored 12 days after plating. Non-
infected, non-mobilized animals served as control (mock) and were also subjected to MACS and
FACS sorting to provide the same level of mechanical stress. Shown are mean ± SD for colonies
derived from 1000 lin' cells. Per animal, colonies were scored in triplicates, 3 animals per group. To
test for statistical significance, one-way ANOVA with Bonferroni post testing was applied.

marrow cells. It could therefore be the case, that in sorting for GFP-positive cells after in

vivo transduction, the collected fraction of cells was enriched for more primitive cells. Thus,
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the non-mobilized, untreated cells might have a lower colony-forming potential just

because they are not as enriched for HSPCs as the infected samples. Secondly, and along

similar lines, only the treated animals received injections of G-CSF. In addition to its

mobilizing properties, treatment with G-CSF also induces proliferation of HSCs in the bone

marrow (193, 194), and therefore, the stem cell content as well as the colony-forming

potential of non-mobilized bone marrow could be lower than that of animals that had

received G-CSF.

3.6 Stable modification of cells using an integrating adenoviral vector

system

Adenovirus serotype 5 (Ad5) and therefore adenoviral vectors based on Ad5 do not possess

the ability to actively integrate their DNA into the host genome (195). Therefore, transgene
expression from a traditional adenoviral vector will only be transient. As seen in previous

experiments (see section 3.4), transgene expression in HSPCs following in vivo transduction

decreased markedly over time. While part of this effect could be attributed to vector

toxicity, the episomal presence of the vector genome was most likely also responsible.

While transient expression of a transgene from an episomally retained vector can be

satisfactory for some applications, it does not fulfill the requirements for HSC gene therapy.
The vector genome cannot be replicated, and when a transduced cell divides, it is only

passed on to one daughter cell. This is detrimental for transgene expression, especially in

the modification of HSCs with a potential output of a myriad of progeny cells. Thus, a

system that would allow for integration of a transgene cassette encoded in an adenoviral

vector system would be preferable.

Yant et at. (179) described an integrating adenovirus vector system. By delivering the

Sleeping Beauty transposase (SB) together with a transgene-containing donor transposon,

stable integration and long-term expression of the transgene could be achieved. An
adapted form of the system was used in this study. The system is comprised of two helper-

dependent adenoviral vectors. The first vector, HDAd-SB, encodes the hyperactive

transposase SBlOOx (178) as well as an enhanced version of FLP recombinase (FLPe) (196)

(Fig. 9A). The second vector, HDAd-GFP (Fig. 9B), carries the transgene cassette flanked by

repeats necessary for recognition by the transposase as well as FRT sites, which allow for
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circularization of the transposon through FLPe prior to integration (Fig. 9C). The

circularization of the transposon has been shown to increase the integration rate of

Sleeping Beauty transposase (179). Upon co-infection of a target cell with both viruses, the
first vector supplies SBlOOx and FLPe in trans which circularize and integrate the

transposon into a random TA dinucleotide through a cut and paste mechanism (Fig. 9D)
(174).

3.6.1 Integration analysis in a model cell line

To test the integration capabilities of this two vector system, experiments in M07-e cells

were performed. Cells were either infected with HDAd-GFP alone or with both HDAd-GFP

and HDAd-SB at a 1:1 ratio. Upon infection, GFP-positive cells were singled out and

expanded for analysis of clones. After expansion, the presence of GFP-positive cells in the

colonies was assessed (Fig. 10A). For cells infected with HDAd-GFP alone, 37 ±12% of

analyzed colonies contained GFP-positive cells, while for the group infected with both
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Fig. 9 Adenoviral two-vector system for stable integration of a transgene cassette.The system is
comprised out of two helper-dependent adenoviral vectors. A) The first vector, HDAd-SB, provides
FLPe and SBlOOx in trons. B) The second vector, HDAd-GFP, encodes the transposon containing a
Efla-GFP cassette. The transposon is flanked by IR repeats and FRT sites. C) Upon superinfection
of the same cell with both vectors, HDAd-SB supplies FLPe, which leads to circularization of the
transposon through FRT sites. D) SBlOOx then integrates the transposon into the host genome
through interaction with the IR repeats.
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Fig. 10 Integration of a GFP transgene cassette following infection with the SleepingBeauty two-
vector system in M-07e cells. M-07e cells were infected in vitro either with HDAd-GFP alone or
with both HDAd-GFP and HDAd-SB.Cells were incubated for 48 h, and single GFP-positive cells were
isolated using FACS and expanded into colonies. A) After expansion in 96-well plates, wells were
scored for the presence of GFP-positive cells. Shown is the mean percentage of GFP-positive
colonies ± SD for eight 96-well plates per group. Test for statistical significance was performed using
an unpaired T-test. B) Distribution of GFP expression within GFP-positive colonies. The colonies
were visually inspected,and the percentage of GFP-positive cells per colony was estimated. Shown
is the distribution of GFP expression for all GFP-positive colonies. C) Colonies exhibiting the highest
expression levels of GFP were further expanded. After expansion, the level of GFP expression was
analyzed via flow cytometry. Shown are the percentages of GFP-positive cells for single colonies as
well as the mean. An unpaired T-test was performed to test for statistical significance. D) Digestion
of the non-integrated, episomal donor vector HDAd-GFP with Sad leads to a 2500 bp restriction
fragment that can be detected with a GFP-specific Southern blot probe (upper panel). If the vector
had been integrated into the genomic DNA in a SB transposase-mediated fashion (lower panel),
the Sad digest will yield a differently sized, GFP-containing fragment that can be probed. E)
Southern blot analysis of selected M-07e clones that had been treated either with HDAd-GFP alone
(left),HDAd-GFP and HDAd-SB (right), or that had not been transduced at all (mock). Genomic DNA
was digested with Sad and hybridized with a radioactive, GFP-specific probe. Per group, 4 clones
were analyzed.

HDAd-GFP and HDAd-SB, only 3 ± 2 % of colonies contained GFP-positive cells at all. Next,

the percentage of GFP-expressing cells in each colony was assessed (Fig. 10B), and GFP-

positive colonies formed by cells infected with HDAd-GFP alone contained relatively few

GFP-positive cells. In contrast, in most of the GFP-positive colonies formed by cells infected

with both viruses more than 90% of the colonies' cells expressed GFP. These results were
further corroborated by flow cytometry, where the same trends could be observed (Fig.

10C). Even though the observed differences were not statistically significant, it has to be
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considered that only colonies with at least 10% GFP-positive cells (based on Fig. 10B) were

included in the flow analysis.

Most cells infected with HDAd-GFP alone likely only retained the HDAd-GFP genome

episomally, and it was lost during cell division. Given the non-integrating nature of

adenoviruses this was not unexpected, and it explains why the majority of colonies only

showed GFP in very few cells. However, in rare cases, stable integration of the viral genome

can occur through breakage of the ITRs (197). This could explain the occurrence of a few

colonies that showed high percentages of GFP-positive cells. For cells infected with both

viruses, only relatively few colonies expressed GFP, but they did so in the majority of their

cells, suggesting successful integration. The low number of GFP-positive colonies can be

explained by cells in which the FLPe was able to circularize the transposon, thereby

destroying the episomal vector, which then did not get integrated by SBlOOx, leading to

loss of GFP expression.

To confirm that transposase-mediated integration had occurred in cells infected with both

viruses,4 clones were selected for Southern blot analysis. As a control, clones infected with
HDAd-GFP alone were enriched for GFP-positive cells via FACS. Before detection with a

GFP-specific probe, genomic DNA was digested with the restriction endonuclease Sad.

Digestion of the viral genome of HDAd-GFP withSad yields a 2500 bp GFP-containing band.

However, if the transposon had been integrated by SBlOOx, a shift in fragment sizes would

have been expected to appear (Fig. 10D). It can be seen in Fig. 10E, that for samples

infected with both viruses, fragments of varying sizes could be detected for all analyzed

clones, showing that SBlOOx-mediated integration had occurred. However, in cells that

were infected with HDAd-GFP alone, only the 2500 bp fragment was visible. Of note, this

means that integration did not occur through the sleeping beauty repeats. However, it is

not possible to distinguish between an episomally retained vector and a vector that

integrated randomly through breakage of the ITRs.
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3.6.2 Integration of the two vector system in primary mouse cells in vitro

Next, the integration capabilities of the two vector system were to be tested in primary

mouse cells. To this end, CD46-tg bone marrow cells were lineage-depleted and infected in

vitro. For the infection with both HDAd-GFP and FIDAd-SB, the same MOI of HDAd-GFP

(2000 vp/cell) was used but different MOIs for FIDAd-SB were used in order to assess the

best transposon to transposase ratio. Infected cells were plated in CFU assays 24 h after

infection, and leftover cells were analyzed for GFP expression 48 h after infection (Fig. 11).

Flow cytometric analysis of the cells 48 h after infection revealed that regardless of the

virus(es) and MOIs used, all cells showed similar levels of GFP expression ranging from 42%

(HDAd-GFP + HDAd-SB, ratio1:1) to 62% (HDAd-GFP alone). In the CFU assays, the overall

colony-forming potential of the cells was compared (Fig. 11A) as well as the percentage of

GFP-positive colonies (Fig. 11B). Uninfected cells had formed 119 ± 20 colonies, while cells

infected with HDAd-GFP had formed 114+ 2 colonies. Cells infected with different ratios

of both viruses yielded in the range of 118 to 173 colonies. The observed differences were
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Fig. 11 In vitro transgene integration into bone marrow HSPCs of CD46-tg mice. Lineage-depleted
CD46-tg bone marrow cells were infected in vitro with HDAd-GFP alone at an MOI of 2000 vp/cell
or with HDAd-GFP (2000 vp/cell) in combination with HDAd-SB at the given ratios. The cells were
plated out in colony forming unit assays 24 h after infection. Colonies were scored 12 days after
plating. Cells were plated in triplicates (n=3). Uninfected cells were used as control (mock). A)
Shown is the mean number of colonies formed per 1000 plated lin' cells ± SD. Statistical analyses
was performed using one-way ANOVA with Bonferroni post testing, no statistically significant
differences were found. B) GFP expression in CFU colonies. Shown is the mean percentage ± SD of
GFP-positive CFU in total CFU. No statistically significant differences between the treated groups
were found upon one-way ANOVA with Bonferroni post testing. C) Bright-field (top) and UV-
microscopic (bottom) images of CFU colonies derived from CD46-tg lin' cells that had been
transduced HDAd-GFP aloone or with HDAd-SB and HDAd-GFP at MOIs of 2000 vp/cell/virus. Shown
are representative colonies. Scale bar is 100 pm.

not statistically significant, showing that infection with either one or two viruses did not

markedly influence viability and colony-forming potential of primary mouse HSPCs.
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Subsequently, GFP-expressing colonies were enumerated (Fig. 11B). Colonies formed by

cells infected with HDAd-GFP alone showed 3.5 ± 1.5 % GFP-positive colonies. For colonies

formed from cells infected with both viruses the highest percentage of GFP-positive

colonies was seen for a1:1ratio at 5.4 ± 1.5 %,while the lowest was seen for a ratio of1:10

at 2.6 ± 1.4%. While the differences between cells infected with one or two viruses with

regard to the percentage of GFP-positive colonies were relatively small, it can be seen in

Fig. 11C that colonies formed by cells only infected with the transposon vector alone

contained fewer GFP-positive cells per colony than CFUs from cells infected with both

vectors. This is in line with the results found for M07-e cells infected in vitro (see section

3.6.1).

3.6.3 Integration of the two vector system in human HSPCs in vitro

Next, the integrating two vector system was tested on human CD34+ cells in vitro. Cells

were infected at two different MOIs either with HDAd-GFP alone or with a 1:1mixture of

HDAd-GFP and HDAd-SB. Twenty-four hours after infection, the cells were plated out in

colony-forming unit assays, and the colonies were scored two weeks later. The total colony

forming potential was highest for uninfected cells at 168 ± 15 CFU per 1000 plated cells,

while the lowest CFU counts were observed for cells infected with the high MOIs of both

Fig. 12 In vitro transgene integration into human CD34+ HSPCs. Human CD34+ cells were infected
in vitro at the indicated MOIs per virus per cell. Twenty-four hours after infection, cells were plated
out in CFU assays in triplicates. Colonies were scored 14 days after plating. Uninfected CD34+ cells
were used as control (mock). A) Total colonies formed from plated cells. Shown are means ± SD of
total colonies grown from 1000 CD34+ cells. B) GFP expression in CFU colonies. Shown is the mean
percentage of GFP-positive colonies in total colonies ± SD. Statistical analysis for significant
differences was performed through unpaired T-tests between groups of the same MOI.

viruses, which formed 109 ± 15 colonies per 1000 cells (Fig. 12A). The data suggests that

infection with viral vectors led to decreases in colony-forming potential. However, the

differences were too small to be statistically significant. Subsequently, the GFP expression

in the progenitor colonies was evaluated (Fig. 12B). For the lower MOI, cells that had been

infected with HDAd-GFP alone showed 0.49 ± 0.84 % GFP-positive colonies, while

1.49 + 0.65 % of colonies derived from cells infected with both viruses were positive for

GFP. Forthe higher MOI, the double infection group yielded significantly more GFP-positive

colonies than the donor vector-only group (p<0.01). For HDAd-SB + HDAd-GFP,
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2.73 ± 0.68% of colonies showed GFP expression, while only 0.71± 0.17% of HDAd-GFP-

only colonies expressed GFP.

Overall, an increase in the multiplicity of infection lead to a higher percentage of GFP-

positive colonies for cells infected with both viruses. This suggests that at higher rates of

superinfection, the efficiency of the integration machinery may be increased. Furthermore,
it could be seen that the percentage of GFP-positive colonies for human cells infected at an

MOI of 5000 vp/cell (Fig. 12B) was lower than that seen for mouse cells infected at MOIs

of 2000 vp/cell (Fig. 11B). Together with the fact that the overall colony-forming potential
for human and mouse cells was comparable (Fig. 11A ,Fig. 12A), this suggested that the

Sleeping Beauty-mediated transgene integration could be more efficient in mouse cells

than in human cells.

In conclusion, the Sleeping Beauty-mediated integration of a GFP-expressing transposon

appeared to be functional in both murine and human cells following infections in vitro.
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3.7 Multiple rounds of vector injections in mobilized animals

The most crucial step towards transgene integration using the Sleeping Beauty two vector

system is the superinfection of the same cell with both vectors. While this is easily achieved

in vitro, where the multiplicity of infection could simply be increased, the problem is more

complex in an in vivo context, where dose-related toxicity can limit the amount of virus that

can be injected at any one time. As seen in Fig. 6A, a significant amount of HSPCs continue

circulating even three hours after administration of AMD3100. Therefore, we compared in
vivo transduction levels of HSPCs in CD46-tg mice either after one injection of 2xl010 vp of

Ad5/35++-GFP 40 min after AMD3100 or two injections of 2xl010 vp each at 30 and 60 min
after AMD3100 (Fig. 13) . In mice injected with a single dose of Ad5/35++-GFP,14.5 ± 3.3 %
of HSPCs in the peripheral blood two hours after infection had been transduced. Injecting

two doses of virus significantly increased the transduction rate to 26.8 ± 2.5 % (p<0.01).
However, three days after injection, GFP-expression was detected for 7.6 ± 2.0% of bone

marrow and 10.3 ± 3.4% of spleen LSK cells in animals that had received one virus injection

2 hours 3 days
40n

(/)=5 30-
o

*if )-I+
CL
U.
O
o

** n.s. n.s.

o
10-

0

*e-o
9

1x Ad5/35++-GFP
2x Ad5/35++-GFP

Fig. 13 Increase in in vivo HSPC transduction efficiency following multiple rounds of virus
application. CD46-tg animals were mobilized as before and injected with one dose of 2xl010 vp
Ad5/35++-GFP 40 min after application of AMD3100 or with two doses of Ad5/35++-GFP, each at
2xl010 vp,30 min and 60 min after AMD3100 injection. To analyze GFP expression in PBMCs, blood
was taken 2 h after virus application, and PBMCs were cultured for 48 h before analysis. For GFP
expression in bone marrow and spleen, cells were isolated 3 days after infection. Cells were
analyzed for GFP expression in LSK cells via flow cytometry. Shown is the mean percentage of GFP-
positive LSK cells ± SD. Three animals per group, analysis for statistically significance was performed
using unpaired T-tests.

and 9.0 ± 1.2 % and 11.5 ± 1.8 % for bone marrow and spleen of animals that had received

two doses of virus. While the transduction rate in HSPCs circulating shortly after
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mobilization and virus injection increased almost 2-fold, the double injection approach only

translated into small increases in transduced HSPCs in bone marrow and spleen three days

after injection.

One possible explanation could be the transduction of extremely short-lived cells in the

peripheral blood. For example, neutrophils in the mouse are thought to have a half-life of

about 6.5 hours (198). Therefore, if these are the cells that cause the increased

transduction levels in the blood, they would only have a small impact after 3 days, since

the majority of these cells would already have died off. Nevertheless, we decided to apply

the two dose injection regimen for our experiments with the two vector system, since the

higher transduction rate displayed in the periphery shortly after infection should increase

the chances of superinfection of the same cell with both viruses.

3.8 HSPC in vivo transduction with integrating adenoviral vectors

3.8.1 In vivo transduction of bone marrow, spleen and PBMCs

After the functionality of the Sleeping Beauty transposase two vector system had been

tested in vitro, it had to be shown that the system would lead to stable transduction of

HSPCs in vivo. To this end, CD46-tg animals were mobilized with G-CSF and AMD3100 and

then injected with either HDAd-GFP alone or both HDAd-GFP mixed with HDAd-SB at a 1:1

ratio. Animals were sacrificed at four, eight and twelve weeks after transduction, and GFP

expression in bone marrow, PBMCs,and spleen was analyzed via flow cytometry (Fig. 14A).
In the bone marrow of animals injected with HDAd-GFP alone, 0.39 ± 0.26% of total cells

were positive for GFP four weeks after transduction, 0.3 + 0.25 % at eight weeks after

transduction, and 0.14 ± 0.16% at twelve weeks after transduction (Fig. 14B). Compared

to animals that had been injected with the first-generation vector Ad5/35++-GFP (Fig. 7),

GFP expression in bone marrow cells was retained at higher levels for markedly longer

periods of time.

For animals that received both components of the two vector system, GFP transduction

rates at four weeks after injection were significantly increased over the transposon vector-

only group (p<0.01). 2.46 ± 2.57 % of bone marrow cells were GFP-positive at this time.

After eight weeks, 1.11± 1.00% and after twelve weeks 0.43 ± 0.43 % of cells expressed
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GFP.While the animal-to-animal variation in these groups were considerable, overall,more

GFP-positive cells were present at all time points compared to the HDAd-GFP-only group,

and the transduced cells appeared to be retained longer. However, over time a loss of

transduced cells could be observed. Of note, the observed time periods of up to twelve

weeks are well overthe average half-life of the majority of bone marrow cells. For example,
it is thought that 1011neutrophils exit the bone marrow daily under steady state conditions

(198). Thus, the loss in transduced cells could in part be attributed to the natural turnover

of cells.

In bone marrow LSK cells, a similar pattern to that of the whole bone marrow was observed

(Fig. 14C). For animals transduced with HDAd-GFP alone, the transduction rates in LSK cells

were 3.50 ± 0.90, 3.21± 1.06, and 0.65 + 0.30 % at four, eight, and twelve weeks after

transduction, respectively. For animals injected with both vectors, transduction rates of

7.76 ± 2.18 % at four weeks, 4.34 ± 0.57 % at eight weeks, and 0.89 ± 0.26 % at twelve

weeks after infection were observed. Again, the group that received both vectors showed

better transduction rates at all three time points, even though the same decline in

transduced cells seen for total bone marrow cells was also observed here. In principle, the
same explanation for the observed decline in transduced cells of total bone marrow could

be applied here. However, the turnover of HSPCs is slower than that of fully committed

cells (199). In addition to this effect, it is possible that less primitive progenitors that have
been transduced differentiate into more committed phenotypes that do not express the

LSK surface markers any longer. For example, short-term reconstituting HSCs (ST-HSCs)

only have an average life span of four to six weeks, and part of the loss of transduced LSK

cells could be due to them being ST-HSCs (200).

In the spleen (Fig. 14D), animals that had received HDAd-GFP alone showed GFP levels of

9.09 ± 7.77% at four weeks, 5.49 ± 5.81% at eight weeks, and 7.71± 9.37 % at twelve

weeks after transduction, with some animals showing transduction rates around 20 % for

all three time points. For animals that had been injected with both vectors, the

transduction levels were 11.84 + 10.22 % after four weeks, 17.57 + 16.19 % after eight
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Fig. 14 In vivo HSPC transduction with the integrating two-vector system. CD46-tg animals were
mobilized with G-CSF and AMD3100 as before and received two virus injections at 30 and 60 min
post AMD application at a dose of 2xl010 vp per virus per injection. One group received the donor
vector alone (HDAd-GFP), while the second group of animals received the combination of Sleeping
Beauty vector and donor vector (HDAd-SB + HDAd-GFP). Animals were followed for 4, 8, and 12
weeks, respectively, and GFP expression in different tissues was analyzed via flow cytometry.
Experimental group sizes were as follows: HDAd-GFP alone n=6 for 4 and 8 week time point, n=5
for 12 week time point, HDAd-GFP + HDAd-SB n=10 for 4 week time point, n=12 for 8 and 12 week
time point. A) Experimental design. B - E) GFP expression following in vivo transduction was
assessed in total bone marrow cells (B), bone marrow LSK cells (C), total cells of the spleen (D) as
well as total PBMCs (E). Shown is the percentage of GFP-positive cells in single animals as well as
the means per group and time point. Treatment groups were compared for each tissue and time
point using two-way ANOVA with Bonferroni post testing. Differences were not statistically
significant unless indicated otherwise.

weeks,and 5.70 ± 8.89 % after twelve weeks. Maximum transduction rates observed in this

group were 28.3 %, 48.4%, and 30.9 % at four, eight, and twelve weeks after transduction,

respectively. First,it can be seen from these data that the transduction rates observed were

much higher than those seen in the bone marrow. This was in accordance with the data for

Ad5/35++-GFP (Fig. 7B) However, the values seen here for both groups were much higher
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than those for animals transduced with first-generation vectors. This showed that helper-
dependent vectors are better suited for transgene expression over longer periods of time.

Looking at the different time points, it could be seen that the sharp decline observed in the

bone marrow of the same animals (Fig. 14A) was not present in the spleen. Even though
the transduction levels were the lowest at twelve weeks after transduction, no clear

downward trend was visible, and for some animals, high GFP-levels appeared to be

retained for extended periods of time. Furthermore, the differences between animals that

only received the transposon vector and animals that had received both vectors were much

smaller than what had been observed for the bone marrow. Even animals that had only

received HDAd-GFP and that should not show stable integration into cells showed high

transgene expression levels, even twelve weeks after infection. This would suggest that

cells that had homed to the spleen following mobilization were able to remain there

without undergoing cells division or dying off. In support of this, patients undergoing

mobilizing treatment are know to sometimes undergo enlargement and even rupture of

the spleen (201-203). However, since these observations were made in a setting where

mobilized cells were collected through apheresis, no conclusions can be drawn for

conditions under which no cells are removed from the system,as is the case in these mouse

experiments.

In the peripheral blood cells of animals transduced with HDAd-GFP alone, the average

percentage of GFP expressing cells was 0.48 ± 0.36 % at four weeks, 0.13 ± 0.13 % at eight

weeks and 0.55 ± 1.15 % at twelve weeks after transduction. In the blood of animals that

had received both HDAd-SB and HDAd-GFP, the observed transduction levels were

0.34 + 0.29 % after four weeks, 0.04 + 0.05 % after eight weeks and 0.34 + 0.7 % after

twelve weeks (Fig. 14E). Thus, transduction rates for HDAd-GFP alone were slightly higher

than for the combination of both vectors. However, this is due to single animals at each

time point that showed particularly high transduction rates. Over time, the transduction

levels of PBMCs declined. However, twelve weeks after transduction, some animals of both

groups started to show relatively high GFP percentages in PBMCs. One possible explanation

could be that in these animals, GFP-positive PBMCs are supplied by stably modified HSPCs

from the bonemarrow. Even though this would be unlikely in the animals that only received

the non-integrating HDAd-GFP, it cannot be excluded. However, one would expect these

animals to present high percentages of GFP-positive cells in both the PBMCs and the spleen,
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since those two compartments are thought to be in equilibrium (42). This was not the case.

It should be noted that transduced cells in the spleen were able to persist for extended

periods of time (Fig. 14D), and that the equilibrium between blood and spleen in these

animals might not be functioning as it would under steady-state conditions.

In conclusion, even though a loss in transduction rates occurred over time, bone marrow

HSPCs could be modified over extended periods of time of up to twelve weeks.

3.8.2 In vivo transduction of HSPCs with CFU potential

In Fig. 14C it had been shown via flow cytometry that mouse LSK cells could be transduced

with the two vector system and that GFP was expressed up to twelve weeks after

transduction. However, this phenotypic analysis does not allow conclusions about the

functionality of the transduced HSPCs. To demonstrate this, the bone marrow of the

animals treated before (see section 3.8.1) was depleted of lineage-committed cells via

MACS and then enriched for GFP-positive cells via FACS. These cells were then plated out

in CFU assays and evaluated for their colony-forming potential as well as the GFP

expression in the formed colonies (Fig. 15A).

The total colony-forming potential of bone marrow cells from animals either treated with

HDAd-GFP alone or from animals that received both vectors did not differ significantly (Fig.

15B). Per 1000 plated cells, animals treated with HDAd-GFP alone formed

66.6 ± 47.7 colonies at four weeks, 46.5 ± 24.8 colonies at week eight, and 26.2 ± 16.3

colonies at week twelve after in vivo transduction. In comparison, animals that received

both HDAd-GFP and HDAd-SB formed 87.4 ± 37.0,44.5 ± 13.5, and 48.2 ± 32.6 colonies per

1000 plated cells at four, eight, and twelve weeks after transduction, respectively. The

differences between both groups were not statistically significant, showing that the

increased viral dose in the group that received both vectors did not negatively impact the

colony-forming potential of transduced HSPCs. However, overtime there was a decrease

in the number of colonies formed for both groups. Most likely, at the early time point, a

relatively high amount of progenitors that have not committed to a lineage yet but are very

close to this point are present. These cells are able to form colonies at this point in time,

however, at later time points they have committed to a lineage and are therefore excluded

during the lineage depletion step. These exhausted progenitors are replenished from the
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HSC pool, but the majority of them will not express GFP. Thus, the total amount of cells,

that have colony-forming potential and that express GFP will inevitably go down over time.

Although no differences between the two treatment groups were found in terms of total

colony formation, the GFP expression levels within the formed colonies differed drastically

(Fig. 15C). The percentages of GFP-positive colonies for animals treated with HDAd-GFP

alone were 0.45 ± 1.00 % at four weeks and 0.39 ± 0.71% at eight weeks after

transduction. At twelve weeks after transduction, no GFP-positive colonies could be

detected. In stark contrast, animals that had received the combination of HDAd-SB and

HDAd-GFP expressed GFP in 4.15 ± 2.67 % of colonies at four weeks after transduction and

in 7.01+ 4.80 % and 16.50 + 18.52 % of colonies at eight and twelve weeks after

transduction, respectively. Not only were the GFP percentages for animals that received

both vectors at least ten-fold higher than the HDAd-GFP-only group, but the percentages

increased over time. In addition, the vast majority of colonies that scored as GFP-positive

expressed the transgene in all cells of the colony (Fig. 15D). These results strongly suggest

that in colony-forming HSPCs in animals that received both vectors, stable integration of

the transgene had occurred and that all cells formed by those modified progenitors carried

the modification themselves. The increase in GFP-positive colonies over time was most

likely due to gradual differentiation or dying off of less primitive, transduced progenitors

that only possessed limited clonogenic or proliferative potential. Their exclusion from the

sorted cells at later time points effectively led to an enrichment of gene-modified cells that

were capable of forming colonies. In HSPCs of animals that only had received HDAd-GFP

alone, transgene expression in the progenitors was still detectable at the time of cell

sorting. However, since their progeny cells in the colonies did not express the transgene,

the viral genome must have been only present in its episomal form.
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Fig. 15 Stable modification of HSPCs with colony-forming potential following in vivo transduction
with the integrating two-vector system. CD46-tg animals were mobilized and in vivo transduced
with HDAd-GFP alone (n=6 for 4 and 8 week time point, n=5 for 12 week time point) or a
combination of HDAd-GFP and HDAd-SB (n=10 for 4 week time point, n=12 for 8 and 12 week time
point). Animals were sacrificed 4, 8, or 12 weeks after transduction; bone marrow cells were
isolated and lineage-depleted via MACS. GFP-positive cells were then collected via FACS. Cells were
then plated in CFU assays, and colonies were scored 12 days after plating. Statistical analysis was
performed using two-way ANOVA of log-transformed data. A) Experimental design. B) Formation
of total colonies per 1000 lin" cells. Shown are percentages for single animals as well as group
means. C) Percentage of GFP-positive colonies among total CFUs. Shown are single animals as well
as group means. D) Bright-field (top) and UV-microscopic (bottom) images of GFP-positive colonies
obtained from animals transduced with both HDAd-SB and HDAd-GFP. Scale bar is 500 pm.

In conclusion, these results clearly demonstrate that in vivo transduction of HSPCs is

feasible and that the Sleeping Beauty integration machinery allows for the stable

modification of these cells.

3.8.3 Integration site analysis following in vivo transduction of HSPCs

The colony-forming unit experiments carried out previously (see section 3.8.2), suggested

that the Sleeping Beauty integration machinery allowed for stable insertion of the GFP
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transgene cassette into the genomic DNA of transduced HSPCs. To further substantiate this

observation, a total of 20 GFP-positive colonies were collected from CFU assays,generated

from the bone marrow of female animals eight weeks after in vivo transduction. The
colonies were pooled and the genomic DNA was isolated. The DNA was then analyzed for

Sleeping Beauty-mediated integrations of the GFP transgene via LAM-PCR and next-

generation sequencing. Genomic DNA isolated from CFU colonies of uninfected animals

was used as a reference. Both samples were treated and sequenced in two independent

reactions and integration events of the transposon into TA dinucleotides were analyzed.

Hits that were found in both treated and untreated samples were considered false positives

and only hits that were not found in the control group but were found in both independent

reactions of the treated group were considered as true integration events.

For the 20 colonies that were pooled and analyzed, a total of 155 individual integration

sites had been detected. The integration sites within the mouse chromosomes are shown

in Fig. 16A. The distribution of integration events per chromosome are shown in Fig. 16B.
From both it can be seen, that the highest number of integration events was found on

chromosome 13. Furthermore, the majority of integration events on chromosome 13 were

found clustered together in the central region of the chromosome. When looking at the

distribution of integration sites in relation to nearby genes, 62 % of integration events

occurred in intergenic regions. Intronic regions of genes harbored 35 % of integration

events, while almost 2% were found in exonic regions (Fig. 16C). Looking at the mouse

genome, intergenic regions make up about 60% of the genome, while 38 % are intronic,

and 3.4 % are exonic (204). Thus the distribution of integration sites matches these values

relatively well, suggesting that the integration pattern observed here follows a random

distribution and is not biased towards certain regions or elements.
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Fig. 16 Integration site analysis in CFU colonies derived from in vivo transduced animals. Female
CD46-tg animals were mobilized and in vivo transduced with HDAd-GFP and HDAd-SB as before.
Animals were sacrificed 8 weeks after infection, bone marrow cells were isolated and sorted for lin"

/GFP+ using MACS and FACS. Cells were plated out in CFU assays and incubated for 12 days. A total
of 20 GFP-positive colonies were collected, pooled, and genomic DNA was extracted. Sleeping
Beauty-mediated integration events were detected using LAM PCR and next-generation
sequencing. A) Distribution of detected integration sites within the mouse genome. Integration
events are shown as red bars. B) Shown is the percentage of total integration events per
chromosome. C) Integration sites were mapped to the mouse genome, and their location with
respect to genes was analyzed. Shown is the percentage of integration events that occurred outside
of genes, within intronic regions and within exons, respectively. D) Distance of integration sites to
genes of the KEGG pathways in cancer database. The distance to the closest cancer related gene is
shown for each integration site.

However, the relatively high number of independent integration events was unexpected.

Assuming that each CFU colony contains clones of the original progenitor that initiated

colony formation, and assuming that the probability of transducing the same mobilized

progenitor with both viruses was relatively low, one would expect only one integration

event per colony. However, with the observed 155 integration events, every colony-
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inducing cell would have to carry eight integration events on average. Since the Sleeping

Beauty-mediated integration employs a cut and paste mechanism that destroys the

transposon donor vector, in order for eight integration events to occur, the same cell would

have to be transduced by at least nine virus particles. Looking at the overall transduction

rates observed during in vivo transduction, this seems very unlikely. The high number of

integration events can therefore not be logically explained .

In addition, the genomic positions of the identified integration sites were compared to the

genomic coordinates of the murine KEGG pathways in cancer genes (205) and the distance

of each integration site to the nearest cancer related gene was calculated (Fig. 16D). Most

importantly, none of the integration events occurred within cancer related genes. The
closest distance of an integration site to a cancer related gene was 3111 bp. The median

distance was 962 kbp and the majority of integration sites were at least 100 kbp up- or

downstream of cancer related genes.

3.8.4 In vivo transduction of different lineages in the bone marrow and

spleen

In addition to the GFP expression in different hematopoietic tissues over time, the

transduction rates in different lineages of the bone marrow and spleen as well as the

influence of mobilization and in vivo transduction on the cellular composition of both

tissues were to be assessed. To this end, CD46-tgmice were mobilized as before and in vivo

transduced with HDAd-GFP or both HDAd-SB and HDAd-GFP. Eight weeks after

transduction, animals were sacrificed and the expression of GFP and lineage surface

markers was assessed in cells isolated from the bone marrow and spleen (Fig. 17) .

The cellular composition of the bone marrow of non-mobilized, non-infected animals and

animals that had been mobilized and transduced can be seen in Fig. 17A. As expected,CD3-

expressing T cells were rare in the bone marrow, and no significant differences between

treated and non-treated animals could be observed. CD19-positive bone marrow B cells

made up a significantly higher fraction of total bone marrow cells in non-treated animals

than in the treated group. Conversely, the levels of myeloid cells, expressing surface

markers CDllb and/or Gr-1were higher in animals that had been mobilized and infected.
In the spleen, untreated animals showed significantly higher levels of B and T cells, while
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no differences in rare CDllb-positive cells were observed (Fig. 17B). Interestingly, animals

that had received the combination of both viruses had significantly higher levels of Gr-1+

cells compared to both untreated animals and animals that had been treated only with the

transposon vector.

In the bone marrow of infected animals (Fig. 17C), significant differences in the

transduction levels of the different lineages were seen. In CD3-positive T cells 2.98 ±1.29 %

expressed GFP in animals injected with HDAd-GFP alone and 4.63 + 4.06 % were GFP-

positive in animals that had received both vectors. In CD19-positive B cells, percentages of

GFP-positive cells were at 5.98 ± 3.06% for HDAd-GFP alone and 17.47 ± 10.44 for HDAd-

SB + HDAd-GFP. For myeloid cells in HDAd-GFP-only animals, percentages of GFP-positive

cells were at 0.255 ± 0.10% and 0.70 ± 0.13 % for CDllb+ and Gr-1+ cells, respectively and

0.82 ± 0.44 % and 2.76 ± 0.93 for animals that received both vectors. In the spleens (Fig.

17D) of animals that had been injected with HDAd-GFP alone, 2.15 ± 0.45 % of CD3+ cells,

4.81± 3.79 % of CD19+ cells, 6.25 ± 2.56 % of CDllb+ cells, and 3.75 ± 0.94% of Gr-1+ cells

were positive for GFP. In the two vector group, the percentages were 4.67 ± 1.68 for CD3+,

26.85 ± 24.46 for CD19+, 29.80 ± 13.69 for CDllb+, and 19.37 ± 5.54 for Gr-1+ cells.

Looking at the bone marrow of in vivo transduced animals compared to non-mobilized,

non-transduced controls, differences in the cellular composition of the marrow became

apparent. In animals that had been mobilized and injected, the level of CD19-positive B

cells had been reduced, while the percentage of CDllb-positve and Gr-l-positve myeloid

cells had increased (Fig. 17A). It has been shown that G-CSF signaling is used during the

induction of emergency granulopoiesis (206). While this process usually occurs during

infection, systemic administration of recombinant G-CSF could have the same effect.
Emergency granulopoiesis leads to rapid and massive proliferation of myeloid progenitors

and leads to increases in circulating granulocytes. At the same time, it is thought that the

expansion of the myeloid cell pool comes at the cost of a reduction in B cells, mainly due

to space limitations in the bone marrow (207). Along the same lines, it has been shown that
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Fig. 17 Effect of in vivo transduction on different lineages of the bone marrow and spleen. CD46-
tg animals were mobilized and in vivo transduced with HDAd-GFP alone (n=3) or both HDAd-SB and
HDAd-GFP (n=7). Animals were sacrificed 8 weeks after transduction, and bone marrow and spleen
were analyzed for transgene expression in different hematopoietic lineages via flow cytometry.
Uninfected, non-mobilized CD46-tg animals were used as controls (mock, n=2). Two-way ANOVA
with Bonferroni post testing was used to test for significant differences. Differences were not
statistically significant unless stated otherwise. A) - B) Influence of mobilization and in vivo
transduction on the composition of bone marrow (A) and spleen (B) in different lineages. Shown
are mean ± SD percentages of cells positive for the given lineage-specific surface markers. C) - D)
GFP expression in different lineages of bone marrow (C) and spleen (D). Shown is the mean ± SD
percentage of GFP-positive cells in cells positive for the stated cell surface markers.

G-CSF-based HSC mobilization can interfere with B lymphopoiesis (208, 209). However,
both of these processes are usually relatively short-lived and it remains questionable if the

consequences of both could still be seen two months after mobilization. The rapid

expansion of granulocytes and the decrease in B cell production could also explain the

observed transduction levels in B cells and myeloid cells in the bone marrow (Fig. 17C),

which showed higher transduction in B cells even though these cells are less abundant than

myeloid cells. Rapid expansion and turnover of myeloid cells would lead to a relatively quick

replacement of potentially transduced cells with new, untransduced cells. However, the

slower turnover of mature B cells could allow relatively high amounts of cells to continually

express GFP overextended periods of time. Additionally, when comparing animals that had
been injected with HDAd-GFP alone to animals that had received both viruses, animals of

the two vector group expressed higher levels of GFP in T cells, B cells, and in Gr-l-positive
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myeloid cells. Sleeping Beauty mediated transgene integration into committed progenitors

could explain these differences, while animals that only received the transposon vector

would be expected to loose transgene expression in the course of progenitor proliferation

and differentiation.

In the cellular composition of the spleen,untreated animals exhibited higher levels of both

B and T lymphocytes compared to treated animals, even though the differences were less

pronounced than in the bone marrow. While there were no significant differences in the

levels of CDllb+ cells, animals that had been injected with both vectors showed markedly

increased levels in Gr-1+ cells over both untreated control animals and animals that had

received only the donor vector. The differences between the two treated groups with

respect to GFP expression were more prominent in the spleen than in the bone marrow.

Animals that had received both viruses showed significantly increased numbers of GFP

expressing cells in both B cells and myeloid cells. The relatively low levels of transduced T

cells are most likely because they are a rare population in the bone marrow and therefore

not as effectively mobilized. In contrast, mobilization of B cells and myeloid cells from the

bone marrow appears to be more efficient, making these cells readily available for

transduction in the periphery. For myeloid cells of the spleen, GFP expression levels for

animals transduced with both viruses were significantly increased over FIDAd-GFP-only

injected animals. At the same time, the transduction rates of myeloid cells in the bone

marrow were relatively low. This suggests that these cells had been mobilized and infected,

but they were either not able to home back to the bone marrow, settling in the spleen

instead, or they were able to home back to both organs, but increased granulopoiesis in

the marrow soon led to loss of transduced cells. In both scenarios, myeloid cells appear to

be retained in the spleen and might even be able to proliferate, explaining the higher GFP

marking rate of animals that had received the integrating two-vector combination.
Furthermore,high transduction rates of B cells were observed for animals that had received

both vectors. Even though high transduction rates could be seen for both bone marrow

and spleen, animals that exhibited high levels of GFP-positive cells in the bone marrow did

not show the highest levels of GFP-expression in the spleen and vice verso.This would argue
against transduced B cell progenitors in the bone marrow being able to generate gene-

modified progeny that then settles in the spleen. Alternatively, the stable modification of
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mobilized B cell progenitors that then settle in the spleen and proliferate there appears

much more likely.

In conclusion, in vivo transduction with the integrating HDAd vector system led to efficient

transduction of B cells in the bone marrow and spleen and to the presence of transduced

myeloid cells in the spleen. The remaining lineages of both tissues could also be transduced,
albeit at lower efficiencies. Even though the cellular composition of bone marrow and

spleen was influenced by the treatment, it is not clear whether this effect is due to the viral

vector or due to the mobilization regimen.

3.8.5 Gene-modified HSPCs are capable of multi-lineage reconstitution

The stable integration of a transgene cassette had been shown in HSPCs that were able to

induce formation of colonies of gene-modified cells (see section 3.8.2). However, the gold

standard for functional assays for HSPCs is the rescue of lethally irradiated recipients after

bone marrow transplantation. To this end, CD46-tg mice were mobilized and in vivo

transduced with the two vector system (HDAd-GFP + HDAd-SB). Bone marrow cells were

harvested eight weeks after transduction and pooled for several animals. C57BL/6 recipient
mice were lethally irradiated and transplanted with donor bone marrow cells to rescue

them. One group of recipients received unmanipulated donor bone marrow, while the

second group of recipients received whole bone marrow cells that had been sorted for GFP-

positive cells (Fig. 18A). Blood samples of recipients were drawn every other week and the

expression of human CD46 and GFP in PBMCs was surveyed. In this case, human CD46 was

used as a marker for graft cells.

In animals that had received unsorted bone marrow, successful engraftment, based on

CD46 expression, was seen from week 4 up to week 14 (Fig. 18B). The majority of animals

showed close to 100% CD46-expressing PBMCs, with slight variances for single animals at

later time points. At four weeks after transplantation, low levels of GFP expression within
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CD46+ PBMCs could be detected for single animals. However, the levels of GFP expression

in these animal decreased further over time and stayed just barely above background levels

for most of the time (Fig. 18C) .
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Fig. 18 Secondary transplantation of in vivo transduced bone marrow into lethally irradiated
recipients. CD46-tg animals were mobilized and in vivo transduced with HDAd-GFP and HDAd-SB
as before. Eight weeks after infection, animals were sacrificed, and bone marrow cells were
isolated. Bone marrow from multiple animals was pooled. C57BL/6 recipients were irradiated and
received lxlO6 donor bone marrows cells i.v. For transplantation, either whole, unsorted bone
marrow (n=8), or bone marrow sorted for GFP-positive cells (n=7) was used. Blood samples of
recipients were collected every other week and were analyzed for CD46 and GFP expression.
Animals were followed for 16 weeks, at which time they were sacrificed, and GFP expression in
different tissues was analyzed (Fig. 19A). A) Experimental procedure. B) Engraftment in PBMCs of
recipients of GFP+ bone marrow. Shown is the percentage of PBMCs expressing CD46 for single
animals as well as means at different time points following bone marrow transplantation. CD46 is
used as a marker for engraftment since recipient C57BL/6 mice do not express CD46 on their blood
cells. C) GFP expression in CD46+ PBMCs of mice transplanted with GFP+ bone marrow. Shown are
percentages of GFP-positive PBMCs of single animals and group means. D) - E) Engraftment and
GFP-expression in PBMCs of animals transplanted with unsorted bone marrow. Shown are single
animals and group means.

engraftment rates could be observed (Fig. 18D). However, the GFP-expression levels in the

PBMCs of these animals were much higher. At four weeks after transplantation 8.1± 3.1%
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of CD46+ PBMCs had expressed GFP. The average expression level then slightly but steadily

increased to 12.5 ± 4.7 % at 14 weeks after transplantation (Fig. 18E). However, it can be

seen that the animals could be divided into two groups based on their GFP expression.
While 3 animals showed high levels of GFP expression that even increased over time, the

second group showed low to moderate expression levels at four weeks after

transplantation. In these animals, GFP expression levels declined within the following

weeks and remained low for the rest of the observed time window.

From this data it becomes clearthatthe amounts of gene-modified long-term repopulating

HSCs is very low. Donor bone marrow had to be sorted for GFP expressing cells in order to

artificially enrich their content in the graft, as animals that received unsorted bone marrow

did not show significant GFP expression following bone marrow transplantation. Even in

the seven animals that had received GFP-expressing bone marrow cells, only three showed

long-term expression of GFP. In these animals it has to be assumed that part of the received

long-term repopulating HSCs had been stably modified. In the remaining four animals,

either no stably modified HSCs had been transplanted, as indicated by low GFP expression

levels from week four to week 14 after transplantation, or only short-term repopulating

HSCs had been stably modified, as they expressed moderate levels of GFP in the blood four

weeks after transplantation but then GFP expression levels started to decline, coinciding

with the exhaustion of short-term repopulating HSCs.

A hallmark of true hematopoietic stem cells is not only their potential for long-term

engraftment of irradiated recipients but also their ability to reconstitute all hematopoietic

lineages in the recipient. To show that in vivo transduction with the Sleeping Beauty two

vector system allowed for the stable modification of these cells, the GFP expression in

different lineages of various hematopoietic tissues was assessed in transplanted animals.

Animals that had been transplanted with GFP-sorted bone marrow were sacrificed 16

weeks after transplantation,and GFP expression in cells of the bone marrow,spleen,blood,

lungs and thymus were analyzed for GFP expression via flow cytometry. First, the cellular

composition of bone marrow, spleen and peripheral blood in the transplanted animals was

analyzed and compared to non-treated C57BL/6mice (Fig. 19A). In the bone marrow, levels

of B and T lymphocytes were comparable between transplanted and control animals.

Transplanted animals showed significantly increased levels of myeloid cells. While control
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bone marrow contained 42.4 ± 3.5 % CDllb-positive cells, the marrow of transplant

recipients contained 55.4 ± 3.1% of CDllb+ cells. Similar results were found for the second
myeloid marker, Gr-1. In the peripheral blood, control animals exhibited slightly higher

amounts of B cells and myeloid cells, while transplanted animals had higher levels of T cells.
However, none of these differences were statistically significant. In the spleen only

marginal differences between control and transplanted animals could be detected. Thus, it

can be seen that multi-lineage reconstitution from in vivo transduced HSC was successful

in the transplant recipients.

However, to show that stably gene-modified HSCs were among those driving the multi-

lineage reconstitution of the hematopoietic system in these animals, the GFP expression of

different lineages in different tissues was analyzed (Fig. 19B). In the bone marrow,

3.4 ± 4.7 % of CD3+ cells, 7.6 ± 10.5 % of CD19+ cells, 7.8 ± 9.4 % of CDllb+ cells, and 8.7 ±

8.8 % of Gr-1+ cells expressed GFP. In the peripheral blood, GFP expression levels were at

5.1± 7.7 % in T cells, 6.6 ± 9.7 % in B cells and 8.7 ± 9.5 % and 21.6 ± 25.7% in CDllb+ and

Gr-1+ myeloid cells, respectively. In the spleen, 4.3 ± 5.9 % of T cells were GFP-positive,

while 7.0 ± 9.4% of B cells expressed GFP. In the myeloid fraction, 8.8 ± 9.9 % of CDllb+

cells and 5.1± 6.6 % of Gr-1+ cells expressed GFP.

In addition, the GFP expression in different HSPC-containing cell subsets was analyzed (Fig.

19C). In lineage-depleted bone marrow cells, 5.9 ± 7.2 % of cells were positive for GFP

expression. In the more primitive LSK subset,8.6 ± 11.4 % of cells expressed GFP and in the

even more primitive LSK SLAM subset, 4.7 ± 5.3 % of cells were expressing GFP.
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Fig. 19 Endpoint analysis of secondary recipients of Sleeping Beauty-modified bone marrow
transplants The experimental procedure is described in Res. Fig. 15. C57BL/6 animals were
sacrificed 16 weeks after transplantation with GFP-positive bone marrow cells from CD46-tg donors
that had been in vivo transduced with HDAd-GFP and FIDAd-SB. A) Lineage composition of bone
marrow, blood, and spleen in transplanted animals (n=7). Tissues were stained for the indicated
lineage markers, and expression was compared to non-transplanted C57BL/6 mice (mock, n=2).
Shown are means ± SD of percentages of cells positive for the indicated lineage markers. Two-way
ANOVA with Bonferroni post testing was used to test for statistically significant differences.
Differences were not significant, unless indicated otherwise. B) GFP expression in different lineages
of bone marrow, blood,and spleen. Shown are mean percentages of GFP-positive cells ± SD in cells
gated for the indicated lineage markers. C) Expression of GFP in different cell fractions of the bone
marrow enriched for HSPCs. Shown is the mean ± SD percentage of GFP-positive cells within the
indicated HSPC populations. D) GFP expression in leukocytes of the lungs and thymus. Shown is the
mean ± SD percentage of GFP-positive cells within the CD45-positive fraction.

This last subset, which in addition to the LSK surface markers is positive for CD150 and

negative for CD48, is thought to be highly enriched for HSCs (32).

Furthermore, the expression of GFP in white blood cells isolated from the thymi and lungs

of transplanted animals was assessed (Fig. 19D). In the lungs, 8.1± 8.2% of CD45+ cells

expressed the transgene, while in the thymus 6.3 ± 11.9 % of CD45+ cells were positive for

GFP.

Substantial variations for the transgene expression levels between individual animals could

be seen in all lineages and tissues. In parallel to the GFP expression levels that had been
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seen in the peripheral blood over time (Fig. 18C), this is most likely due to one group of

animals expressing GFP in many cells throughout all tissues, while a second group of

animals only has low levels of transgene expressing cells. Nevertheless, the average GFP

expression levels of most lineages and tissues are relatively close to 10 %, which is

consistent with what was seen in the peripheral blood between weeks 4 and 14 after

transplantation. Nevertheless, Gr-l-positive peripheral blood mononuclear cells expressed

unusually high levels of GFP. The highest value observed was 61.8 %. No other lineage in

any other tissues exhibited such a high marking rate. Flowever, in the bone marrow and

spleen, the levels of GFP-positive cells in Gr-1+ cells were much more comparable to the

other lineages, making this observation specific for the peripheral blood.

In addition to the flow cytometric analysis of different tissues and lineages, tissue sections

of two animals (390 and 775) that showed the highest levels of GFP expression were also

analyzed. In Fig. 20, sections of the colon, lungs, and spleen of transplant recipient animals

390 and 775 are shown in comparison to sections from a non-transplanted C57BL/6 mouse.
For both transplanted animals, expression of GFP could be detected in all three analyzed

organs, further corroborating the findings of the flow cytometric analysis.

Furthermore, blood samples from transplanted animals collected at the time of sacrifice

were submitted to blood cell count analysis (Fig. 21). It can be seen that the average blood

cell counts of the transplanted animals are well within the normal range for all blood cell

types except for eosinophils. Eosinophil counts were slightly higher than the expected

range. Flowever, a C57BI/6 animal used as a control also showed slightly increased counts

for eosinophils,which could hint towards a systematic error or a strain specific observation.

In conclusion, judging from the presence of GFP-positive cells within all of the analyzed

lineages and tissues, it can be concluded that stably modified HSCs that had been

transduced in vivo drove multi-lineage reconstitution of the recipient animals. Since

animals were analyzed at 16 weeks after transplantation, it can be assumed that this

reconstitution would remain stable over time, as historically, long-term repopulation is

defined as occurring after twelve weeks post bone marrow transplantation (2). This shows

that the in vivo transduction approach presented in this work allows for the transduction

of long-term repopulating hematopoietic stem cells with adenoviral vectors. Furthermore,

the transgene integration driven by the Sleeping Beauty transposase allows stable genetic
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modification of the cells. Moreover, the modified HSCs are still able to function in their role

as stem cells and pass the modification on to their progeny. In addition, the blood cell count

data shows that no aberrant expansion of any blood cell type in transplanted animals could

be detected. Uncontrolled expansion could hint towards malignant transformation of a

certain lineage and the onset of leukemia. Even though the sample size of transplanted

animals was fairly small, none of the integration events seemed to have led to any kind of

malignant transformation of transduced cells.
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Fig. 20 GFP expression in tissue sections of transplant recipients. Experimental procedure is
described in Fig. Res. 15. Two animals, 390 and 775, which both had received HDAd-SB + HDAd-
GFP are shown. Tissue sections of spleen, lungs, and colon are shown together with sections of a
non-transplanted C57BL/6 control animal (mock). GFP can be seen in green, while blue represents
DAPI nuclear stains. Upper panels show GFP alone, lower panels show GFP and DAPI. Scale bar is
50 pm.
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Fig. 21 Blood cells counts of secondary recipients of Sleeping Beauty-modified bone marrow
transplants. The experimental procedure is described in Res. Fig. 15. Shown are the counts/pl for
A) white blood cells (WBC), neutrophils (NE), lymphocytes (LY),monocytes (MO), eosinophils (EO),
basophils (BA), B) red blood cells (RBCs), and C) platelets (PLT) for animals that had received bone
marrow of in vivo transduced bone marrow cells. n=7.

3.9 Safety of HDAd in vivo transduction in CD46-transgenic mice

3.9.1 Biodistribution of HDAd5/35 vectors in mobilized animals

During the process of mobilization, large amounts of white blood cells are forced into the

bloodstream. Since all these cells express CD46 and represent potential target cells for

Ad5/35-based vectors, the biodistribution in mobilized animals could potentially be very

different from that observed in a non-mobilized animal. To further understand this impact,
CD46-transgenic mice were mobilized as before and injected with either HDAd-GFP or a

first-generation Ad5 vector (Ad5-GFP). The animals were sacrificed 3 days after infection

and the presence of viral genomes in different tissues was assayed via quantitative real

time PCR (Fig. 22). Of note, Ad5 is used as a reference here, since it is the vector platform

that has been traditionally used and is considered the serotype that is best understood.

For animals injected with Ad5-GFP, the highest concentration of viral genomes was found

in the liver. Genomes could also be detected in the bone marrow, colon, heart, kidneys,

lungs, and spleen, albeit at levels almost two orders of magnitude lower than in the liver.

No Ad5-GFP genomes could be detected in the intestine, the ovaries or the pancreas. For
the Ad5/35-based,helper-dependent HDAd-GFP, the highest number of viral genomes was
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Fig. 22 Biodistribution of Ad5-GFP and HDAd-GFP vector genomes in mobilized CD46-tg animals.
CD46-tganimals were mobilized as before and received intravenous injections of 4xl010 vp of either
Ad5-GFP (n=2) or HDAd-GFP (n=5). Animals were sacrificed 3 days after injection, and the presence
of viral genomes in different tissues was analyzed by qPCR. Shown are mean ± SD viral genomes
per ng of genomic DNA. Two-way ANOVA of log transformed data with Bonferroni post testing was
used to evaluate the statistical significance of differences.

found in the lungs. In addition, high viral genome copy numbers were found in the liver,

heart, spleen, and kidneys. Lower amounts of viral DNA were found in the bone marrow,

colon, and intestine as well as ovaries and pancreas.

The level of Ad5-GFP was higher than that of HDAd-GFP only in the liver. For the remaining

organs, HDAd-GFP genomes were found in higher numbers than Ad5-GFP. Statistically
significant differences were seen for the heart, kidneys, lungs, and spleen. Here, the

genome copies found for HDAd-GFP were at least one order of magnitude higher than

those of Ad5-GFP. Differences were also significant for the intestine,ovaries,and pancreas,

although the differences were less pronounced.

The strong liver tropism of Ad5-based vectors is well known and was to be expected (210).

In a biodistribution study in the same mouse model that compared wild type Ad5 to other

serotypes, Ad5 showed the highest levels of uptake through the liver (211). In the same

study, a wild type Ad35 virus also showed relatively high levels of liver tropism. Similar

results could be expected for the serotype 5 and 35 fiber chimeric HDAd-GFP vector.

Furthermore, the investigators observed that Ad5 was unable to transduce the lungs but

was found in medium quantities in the spleen. In contrast,Ad35 showed high copy numbers
in both spleen and lungs.
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In a second study that compared the biodistribution of Ad5-based and Ad5/35-based
vectors in a CD46-transgenic model (212), high levels of liver transduction and to a lesser

degree transduction of the lungs was found for the Ad5 vector. The Ad5/35 vector showed
high transduction levels of the lungs and heart, followed by the kidneys. In the spleen,

however, relatively low levels of vector were found.

In a third study, Ad5 and Ad5/35 vectors were compared after intravenous injection into

baboons (213). Here, again, the Ad5-based vector showed the highest liver uptake, while

still relatively high amounts of vector were found in the spleen, lungs, kidneys, and heart.

The Ad5/35 vector however, showed the highest transduction levels in the spleen, followed
by liver, heart, lungs, and kidneys. Interestingly, in this study, the Ad5 vector showed higher
genome copies in the bone marrow than the Ad5/35 vector.

These studies and the results presented in Fig. 22 are in agreement in most points. Ad5
vectors show strong liver tropism, while transduction in other organs is usually much less

profound. Ad35 and Ad5/35-based vectors exhibit relatively strong liver tropism and can

be found in the heart, liver, and kidneys as well. Strong tropism to the spleen was found

only by Stone et al. (214) and Ni etol. (213), but not by Ganesh etal.(212). Even though the

tropism to the spleen might be arguable in non-mobilized mice, in mobilized mice even

higher copy numbers of the virus in the spleen would be expected. We showed above that

high amounts of mobilized bone marrow cells can be transduced in the periphery and then

instead of homing back to the marrow, end up in the spleen (Fig. 7).

In conclusion, the mobilization regimen did not greatly influence the biodistribution of the

Ad5-based Ad-GFP or the Ad5/35-based HDAd-GFP. However, tropism to hematopoietic

tissues involved in the mobilization process appears to be impacted.

3.9.2 Inflammatory response and hepatotoxicity following in vivo

transduction

To evaluate the safety of intravenous injections of helper-dependent Ad5/35 vectors into

mobilized animals, cytokine responses and serum levels of liver enzymes were analyzed.

Animals were mobilized as before and in vivo transduced with either Ad5-GFP or HDAd-

GFP. For the analysis of inflammatory cytokine responses, animals received two doses of
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Fig. 23 Liver enzyme and cytokine levels following in vivo transduction in CD46-tg animals. A)- B)
Animals were mobilized as before and received two doses of 4xl010 vp of Ad5-GFP or HDAd-GFP
both 30 and 60 min after AMD3100 injection (n=5). Serum samples were collected 6 h after the last
injection, and concentrations of IL-6 and MCP-1 were measured. Shown are mean ± SD
concentrations of the indicated cytokines. It was tested forthe statistical significance of differences
using unpaired T tests with (IL-6) and without (MCP-1) Welch's correction. C) Animals were
mobilized as before and in vivo transduced with 4xl010 vp of Ad5-GFP (n=2) or HDAd-GFP (n=2).
Three days after transduction, animals were sacrificed, and serum samples were analyzed for
presence of aspartate transaminase (AST) and alanine transaminase (ALT) as indicators of liver
damage. Unmobilized, untransduced animals were used as a reference (mock, n=2). Differences
were analyzed for statistical significance using one-way ANOVA with Bonferroni post testing.
Differences were not significant unless stated otherwise.

each vector at 4xl010 vp per dose. Blood samples were taken six hours after the last

injection and serum levels of cytokines were analyzed using a cytometric bead array (Fig.

23A, B) . Both in animals injected with Ad5-GFP and those injected with HDAd-GFP, the

levels of interleukin-10 (IL-10), interferon-y (IFN-y), tumor necrosis factor a (TNF-a), and IL-

12p70 were below the detection limit of the assay. Interleukin-6 (IL-6) was detected at

3.5 ± 2.1pg/ml for animals that had received HDAd-GFP and 8.0 ± 8.1pg/ml for animals
that had received Ad5-GFP (Fig. 23A). Animals treated with HDAd-GFP showed monocyte

chemoattractant protein-1 (MCP-1) serum levels of 153.0 + 13.9 pg/ml, while animals

treated with Ad5-GFP showed serum levels of 196.4 ± 38.6 pg/ml (Fig. 23B).

In comparison to other studies, the levels observed here for both IL-6 and MCP-1 are

extremely low. In a study that looked at cytokine responses after intravenous injections of

1011 vp of either Ad5 or Ad35, much higher cytokine levels were observed (211). Not only

were the levels of IL-6 and MCP-1more than 50-fold increased,but INF-y could be observed

in these animals as well. In a different study, authors found that first-generation Ad5/35
vectors induced much more severe IL-6, MCP-1, and IFN-y responses than what was

observed here for HDAd-GFP, albeit the Ad5/35 vector was being used at 1011 vp per
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animal. In a third study comparing Ad5 and Ad5/35 vectors side by side, again more severe
cytokine responses were observed for MCP-1, while IL-6 was below the detection limit in

animals that received Ad5/35 (215). Of note, in this study, Ad5 caused more severe innate

immune responses than Ad5/35.

The absence of a more severe cytokine response is most likely due to the use of

Dexamethasone (Dex) as part of the mobilization regimen. Dex, a glucocorticoid, has been
shown to be able to considerably lower the levels of inflammatory cytokines following

intravenous delivery of adenoviral vectors (216). Of note, when initial in vivo transduction

experiments were performed without the use of Dexamethasone, severe responses of

mobilized animals could be observed a few minutes after virus administration. In some

cases, animals did not survive the injection. To circumvent these problems, injections of

Dex were included in the standard in vivo transduction regimen.

Adenoviral vectors, especially vectors based on serotype 5,exhibit strong liver tropism and

have been shown to cause liver toxicity (210). As a marker for liver damage, the blood levels

of the liver enzymes AST (aspartate transaminase) and ALT (alanine transaminase) are

measured. To assess the liver damage associated with HSPC in vivo transduction, CD46-tg

animals were mobilized as before and received an intravenous injection of either Ad5-GFP

or HDAd-GFP. Three days after transduction, blood was collected and analyzed for the

presence of AST and ALT (Fig. 23C). As a reference, unmobilized, uninjected animals were

used. Animals injected with Ad5-GFP showed significantly increased AST levels in the blood,

while ALT levels were elevated as well. In contrast, animals that had received HDAd-GFP

only showed minimal elevations in the levels of AST and ALT.

The differences in release of liver enzymes for Ad5-GFP and HDAd-GFP were most likely

due to their difference in serotype. As seen in the biodistribution study (Fig. 22), higher

genome copy numbers of Ad5-GFP were found in the liver when compared to HDAd-GFP.
Part of the adenoviral vector is taken up by resident liver macrophages (Kupffer cells) and

leads to the death of these cells. The rest of the viral particles are able to transduce

hepatocytes through interaction of the adenoviral capsid with coagulation factors and the

uptake of virus-coagulation factor complexes into hepatocytes (217). The interaction of the
virus with the coagulation factors was found to be mediated by the viral hexon protein

(218-220). While Ad5-based vectors are extremely efficient in transducing the liver, it has

70



Results

been shown that fiber-chimeric vectors carrying shorter fiber shaft domains exhibit less

liver transduction potential (221, 222). In addition, as mentioned before,Ad5-GFP is a first-

generation vector with the potential for leaky expression of viral genes and related

cytotoxicity issues. HDAd-GFP does not encode any viral genes and should therefore lead

to less toxicity towards transduced hepatocytes. Taken together, this explains the lower

level of liver damage by FIDAd-GFP, as indicated by liver enzymes in the blood. Of note,
Seregin et at. (216) reported that dexamethasone treatment only slightly decreased the

transduction of liver cells.

In conclusion, the helper-dependent FIDAd-GFP vector exhibited lower inflammatory

responses than Ad5-GFP, albeit low overall cytokine levels due to dexamethasone

treatment. In addition, liver damage induced by FIDAd-GFP was lowerthan that induced by

the Ad5-based vector.

3.10 In vivo transduction in a humanized mouse model

The experiments above focused on a CD46-transgenic mouse model to study the potency

of this newly developed in vivo transduction method. To supplement this data with a

system more closely resembling the situation in humans, a humanized mouse model was

employed. This model is based on the engraftment of human hematopoietic stem cells in

an irradiated, immunodeficient mouse, resulting in the formation of a partly human

hematopoietic system within the mouse. For this, NOD/SCID-IL-2Rynul1 (NOG) mice (223)

were lethally irradiated and then transplanted with human CD34+cells alongwith accessory

mouse bone marrow cells from unirradiated NOG donors. Six weeks after transplantation,

the engraftment rate in recipient animals was confirmed via flow cytometric analysis of

human CD45 (huCD45)-positive cells in the peripheral blood (Fig. 24A) .

To ensure that human progenitors could be mobilized out of the bone marrow, a group of

humanized animals was mobilized using the same combination of G-CSF and AMD3100 as

before. Following the mobilization regimen, blood samples were drawn and PBMCs were

plated out in CFU assays supporting the growth of either human or murine progenitor

colonies Blood from unmobilized, humanized NOG mice was used as a reference.

Progenitor colonies were enumerated 14 days after plating (Fig. 24B). While the

mobilization led to a 2.2-fold increase in mobilized, human colony-forming progenitors, an
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8.2-fold increase in circulating murine progenitors could be observed. This data suggests

that the effectiveness of G-CSF and AMD3100-based mobilization appeared greatly

impaired in humanized NOG mice.

In comparison, in CD46-tg mice an 81-fold increase of circulating, colony-forming

progenitors upon mobilization had been observed (Fig. 6). Studies performed in NOD/SCID
mice, used for humanization experiments before the development of NOG and NSG mice,

showed that G-CSF treatment of animals engrafted with human FISPCs also showed

relatively low increases in the numbers of circulating human progenitors (224).

Next, humanized NOG mice were used in an in vivo transduction experiment. To this end,
animals were mobilized as before and injected with a 1:1mixture of FIDAd-GFP and HDAd-

SB. Groups of animals were sacrificed at three days and four weeks after transduction and

the expression of GFP was surveyed in human and murine cells in different tissues (Fig.

24C) Unmobilized, uninfected, humanized NOG mice were used as a reference.

The engraftment level of human cells in the bone marrow of animals following the in vivo

transduction regimen remained comparable to untreated animals (Fig. 24D). At three days

after transduction 38.7 ± 23.5 % of bone marrow cells were positive for human CD45.

However, animals that were analyzed four weeks after transduction showed a drastic

decrease in human CD45+ cells in the bone marrow down to 4.2 ± 2.3 % huCD45+. In the

spleen, an opposing trend could be observed. While in unmobilized, untransduced animals

a splenic engraftment of 26.6 ± 15.9% could be observed, it increased to 32.5 ± 11.7% and

35.7 +17.6 % at three days and four weeks after transduction, respectively. In the

peripheral blood, the engraftment rates remained comparable before and after treatment

at 16.6 ± 8.3 % for untreated animals, 16.8 ± 2.9 % at three days after transduction and

12.4 ± 10.9% at four weeks after transduction. Especially low levels of human cells in the

bone marrow at four weeks after transduction could indicate the exhaustion of the human

graft after extended periods of time. In support of this, when comparing the engraftment

rates in the peripheral blood at six weeks after bone marrow transplantation (Fig. 24A) and

at the time of sacrifice (up to 24 weeks after bone marrow transplantation, Fig. 24D) a

decrease of almost 50% of human cells could be observed.
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The transduction rates for human cells in bone marrow, spleen, and PBMCs are shown in

Fig. 24E. In human CD45+ cells in the bone marrow, transduction rates were 0.21± 0.25 %

at three days after transduction and 2.49 ± 2.25 % at four weeks after transduction. In the
spleen 0.13 ± 0.15 % and 7.59 ± 4.83 % of cells were positive for GFP at three days and four

weeks after transduction, respectively. In the peripheral blood, 2.24 +1.71% and

0.40 + 0.59 % of human cells were GFP-positive at three days and four weeks after

transduction, respectively.

For comparison, the transduction rates in murine cells (Fig. 24F), which are most likely due
to unspecific transduction, since these cells do not express CD46, were as follows: In the

bone marrow 0.11+ 0.12 % and 0.06 ± 0.07% of murine cells were positive for GFP. In the
spleen transduction rates were at 0.51± 0.63 % and 3.78 + 2.77 %. In the peripheral blood,
no GFP-positive cells could be detected three days after transduction, and at four weeks

after transduction 0.25 + 0.28 % of mouse blood cells were GFP-positive.

In addition to measuring the transduction rates,bone marrow cells from in vivo transduced

NOG mice were sorted for huCD45+/GFP+ and plated out in CFU assays for human

progenitors (Fig. 24G). At three days after transduction, the colony forming potential was

47.5 ± 18.1CFU per 104 plated cells, while four weeks after transduction it was at

36.1± 7.3 CFU per 104 plated cells. Of note, none of the formed colonies, neither plated at
three days or four weeks after transduction were expressing significant levels of GFP. The
number of colonies formed in these experiments was relatively low. This, taken together

with the low transduction rates observed in the bone marrow, lowers the probability to

pick up a gene-modified FHSPC in this colony-forming assay.
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Fig. 24 In vivo transduction of humanized NOG mice with integrating HDAd vectors. To generate
humanized NOG mice, animals were lethally irradiated and then transplanted with a mixture of
human CD34+ cells and unconditioned whole bone marrow of NOG donor mice. A) Successful
engraftment was determined 6 weeks after transplantation through analysis of PBMCs via flow
cytometry. B) Animals were mobilized with G-CSF and AMD3100, and PBMCs were isolated 90 min
after AMD3100 injection. Red blood cells were lysed, and cells were plated out in CFU assays
supporting the growth of either human or murine progenitor colonies. Colonies were scored 14
days after plating. Shown are mean ± SD of total colonies formed from 100 pi of whole blood (n=2).
C) Animals were then mobilized as before and injected with a low dose mixture of HDAd-GFP and
HDAd-SB at 30 min after AMD3100 and two high dose injections of both viruses at 60 and 90
minutes after AMD3100. Animals were sacrificed 3 days (n=4) and 4 weeks (n=7) after injection.
The experimental setup is shown. D) The engraftment of human cells in the bone marrow (BM),
spleen, and PBMCs was assessed via flow cytometry. Shown is the mean ± SD of human CD45+ cells
in the indicated tissues of unmobilized, untransduced animals (mock, n=2) and mobilized and in
vivo transduced animals sacrificed at 3 days or 4 weeks after transduction. E) GFP expression in
human cells present in bone marrow (BM), spleen and PBMCs of the same animals. Shown are
mean ± SD percentages of GFP+ human cells. F) GFP expression in mouse cells present in bone
marrow (BM), spleen,and PBMCs. Shown are mean ± SD percentages of GFP+ mouse cells. G) Bone
marrow cells of in vivo transduced animals were sorted for human CD45+/GFP+ and plated out in
CFU assays. Colonies were scored 14 days after plating. Shown are mean ± SD CFU normalized to
10000 plated cells for animals sacrificed 3 days and 4 weeks after in vivo transduction.
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In conclusion, this data indicates that the mobilization and in vivo transduction approach in

a humanized mouse model appeared to be less efficient and might also follow different

kinetics than those observed in CD46-tgmice (Fig. 14B, D). The transduction rates observed

in the bone marrow and spleen at four weeks after transduction were comparable to the

values observed for CD46-tg mice. Interestingly, the values observed at three days after

transduction were much lower than those at four weeks, even though the opposite trend

was observed in experiments in CD46-tg mice (Fig. 7, Fig. 14). In addition, the transduction

rates in the peripheral blood after three days were high compared to bone marrow and

spleen, but then dropped over time. This could be indicative of the following mechanism:

G-CSF and AMD3100 administration lead to mobilization of bone marrow cells into the

periphery, where they were transduced by the adenoviral vectors. However, since it is not

clear if the interaction between the human graft and the murine bone marrow stroma and

spleen are working seamlessly, the mobilized and transduced cells might stay in circulation

longer, which would explain the high transduction rates in the blood after three days. At
later time points the cells were able to return to the bone marrow or settle down in the

spleen, explaining the increase in transduced cells there at four weeks after transduction.

An alternative explanation for the increase in transduction rates in bone marrow and

spleen over time could be that Sleeping Beauty-mediated integration took place and the

modified cells expanded over time. Even though no GFP-positive colonies could be

detected in the CFU assays, the ability of NOG mice to maintain human primitive HSCs over

extended periods of time is limited, most likely due to the missing expression of human

thrombopoietin (225). Since the mice used here were transduced and analyzed at relatively

late time points (up to 24 weeks after bone marrow transfer), these mice might only

possess low amounts of human HSCs, which could be why their stable modification was not

picked up in the CFU assay.

In addition, unspecific transduction of murine cells, which were mobilized as well, was not

insignificant. In fact, at three days after transduction,GFP expression levels in murine cells

in bone marrow were comparable and in the spleen were higherthan those seen for human

cells. However, this could in part be due to an advantage in rehoming to those tissues for

the murine cells, since they are interacting with self-cells. Since the murine cells in this

model did not express the viral receptor CD46, an alternative transduction mechanism had

to be involved. In a study by Bradfute et al., the authors transduced mouse HSPCs with Ad5-
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based vectors. Even when the primary receptor for Ad5 was blocked, transductioncould be
detected at low levels, most likely through interaction of the virus with cellular integrins

(226). A similar mechanism could have been involved here.

3.11 HSPC in vivo transduction in a non-human primate model

To further demonstrate the potential of HSPC in vivo transduction approach, the system

was applied in a non-human primate model. Two pig-tailed macaques (macaco nemestrina )

were used for these studies. The studies were performed in cooperation with Kevin

Haworth and other members of the group of Hans-Peter Kiem at the Fred Hutchinson

Cancer Research Center,Seattle, WA.

The first animal, Z12406, was mobilized with G-CSF and stem cell factor (SCF), both at

50 pg/kg/day for 4 consecutive days. On the fifth day, the animal received an intravenous

injection of HDAd-GFP at 2xl012 vp/kg. The second animal was mobilized with a

combination of G-CSF (50 pg/kg for four days) and AMD3100 (4 mg/kg) on day four. The

following day, the animal was injected with a single injection of HDAd-GFP and HDAd-SB at

2xl012 vp/kg per virus.

The effectiveness of the mobilizing regimen in both animals was assessed in blood samples

drawn from the animals before, during, and after mobilization and virus injection. Both the

total white blood cell (WBC) counts as well as the content of CD34+ cells were analyzed (Fig.
25A, B). At day three before injection, an increase in WBCs over baseline for both animals

could be detected. While the HDAd-GFP-only animal exhibited 4.1xl04 WBC/pl of blood,
the HDAd-SB + HDAd-GFP animals showed 3.8xl04 WBC/pl. However, in blood samples

drawn directly before virus injection, the HDAd-GFP animal's WBC counts had increased to

6.8xl04 cells/pl, while the animal that received both viruses still had WBC counts of

3.9xl04 cells/pl. When looking at the CD34+ cell content in the peripheral blood, the

differences between the two animals were even more pronounced. The HDAd-GFP-only

animal showed steady increases in the percentage of CD34+ cells in the peripheral blood,

which peaked at the day of injection at 0.22%. For the second animal, however, no

significant increases in circulating CD34+ cells could be detected over the course of

mobilization, and at the day of injection 0.018 % of cells in the blood were positive for

CD34.
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This data clearly suggests that while mobilization in the HDAd-GFP animal was successful,

the animal that received both viruses showed poor mobilization overall, as well as

mobilization of HSPCs into the peripheral blood.

To assess the transduction of HSPCs in the non-human primate model, CD34+ cells were

isolated from peripheral blood samples before virus injection as well as two and six hours

after virus injection. The cells were cultured for 72 h after virus injection to allow for

transgene expression, and GFP expression was assessed via flow cytometry (Fig. 25C). For

the HDAd-GFP-only animal, GFP expression at two hours post injection could be detected

in 3.1% of CD34+ cells, while at six hours post injection 1.5 % of CD34+ cells expressed GFP.
The lower level of GFP expression at six hours after transduction is most likely due to

transduced cells beginning to leave the peripheral blood and homing to the spleen and

bone marrow. For the animal that had received both viruses, not enough CD34+ cells could

be isolated for meaningful analysis. This was directly connected to the poor mobilization

observed in this animal.

To assess the transduction of HSPCs that had homed back to the bone marrow following

mobilization, bone marrow biopsies were obtained three and seven days as well as ten

weeks after virus injection. The GFP expression in CD34+ HSPCs was analyzed via flow

cytometry (Fig. 25D). For the animal that had received HDAd-GFP alone, 0.19 % of bone

marrow CD34+ cells expressed GFP three days after injection. At seven days after injection,

the value had increased slightly to 0.23 %. At ten weeks after transduction, the majority of

GFP-positive cells had been lost in the bone marrow, and only 0.01% of CD34+ cells

expressed the transgene. In the second animal, which had received both HDAd-GFP and

HDAd-SB, lower levels of transgene expression were detected. GFP was expressed in 0.04%
and 0.08 % of bone marrow CD34+ cells after three and seven days following injection,

respectively. At ten weeks after transduction,0.01% of bone marrow CD34+ cells remained

GFP-positive.
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This data demonstrates that HSPC mobilization and intravenous injection of HDAd vectors

allows for the transduction of mobilized HSPCs and that the mobilized HSPCs are able to

home back to the bone marrow following transduction. At the same time, long-term

modification of HSPCs could not be shown in the animal that had received both the

transposon vector and the transposase vector. This was most likely due to the poor

mobilization and low level of initial HSPC transduction.

To assess the safety of the HSPC in vivo transduction approach in the NHP model, plasma

levels of the vector, as well as serum levels of several cytokines,were monitored over time

(Fig. 26). The plasma clearance of the vectors was assessed via qPCR for the GFP cassette

of the HDAd-GFP vector. Of note, the plasma levels of the HDAd-SB vector were not

detected separately but were assumed to be similar to those observed for HDAd-GFP, since

both vectors were injected at the same dose and time. For the animal that received HDAd-
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Fig. 25 Mobilization and HSPC transduction in a non-human primate model. Non-human primates
were mobilized and injected intravenously with either HDAd-GFP alone or HDAd-GFP and HDAd-SB
on day 0. A) Total white blood cell counts and B) CD34+ cell content in the peripheral blood were
measured over time. C) Peripheral blood CD34+ cells were collected at the indicated time points,
cultured for 72 hours, and GFP expression in the cells was assessed in the animal treated with
HDAd-GFP. D) Bonemarrow biopsies from both animals were collected at the indicated time points,
and the GFP expression was assessed in CD34+ cells.

GFP alone, the highest plasma levels of the vector were detected at two hours after

injection, the earliest time point that was analyzed (Fig. 26A). At this time, the virus load in
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the plasma was at 5.5xl07 vector genomes (vg) per ml of blood. The virus was then cleared
from the circulation over time. One day after injection, the plasma levels were at

1.2xl07 vg/ml and at day four after injection, no circulating virus could be detected. For the
animal that had received both viruses, the plasma level of HDAd-GFP at two hours after

transduction was at 2.1xl09 vg/ml and decreased down tol.lxlO7 vg/ml at 24 h after

injection. At day five after injection, the virus plasma level was at 2.3xl05 vg/ml. This value
was slightly above the detection limit of the assay,which was at 2xl05 vg/ml. At seven days
after transduction, no circulating virus genomes were detected.

The higher vector plasma levels in the animal that received both vectors were most likely

due to both a higher amount of vector injected and the lower level of HSPC mobilization.
Since this animal received twice the amount of adenoviral vector compared to the first

animal, it is to be expected that the higher amount of vector will be cleared more slowly

from the circulation (227). At the same time, the second animal had shown only low levels

of HSPC mobilization, leading to fewer cells in the circulation with the potential to take up

the vector, resulting in higher plasma levels in the second animal.

Serum samples of the injected animal were tested for the levels of IL-2, IL-4, IL-5, IL-6, IFN-

y, and TNF-a. The presence of IL-2, IL-4,and IL-5 could not be detected in the serum of both

animals. The theoretical detection limits of the assay for these cytokines were as follows:

IL-2 3.6 pg/ml, IL-4 0.9 pg/ml, and IL-5 0.3 pg/ml. In the animal that had received HDAd-

GFP alone, only background levels of IFN-y could be detected (Fig. 26B). For the second

animal, which had received both viruses, levels of IFN-y were close to the limit of detection.

TNF-a could be detected on the day of injection for the animal that had received HDAd-

GFP alone (Fig. 26C) . The peak level was detected at six hours after injection at 27.7 pg/ml.
For the second animal, TNF- a levels remained at background levels. Significant elevations
in IL-6 serum levels were detected for both animals, with peaks at six hours after injection

with 4415 pg/ml for the HDAd-GFP-only animal and 4797 pg/ml for the animal that had

received both vectors (Fig. 26D). In both animals, the IL-6 levels returned back to normal

within 24 hours after injection.
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Fig. 26 Safety parameters of HSPC in vivo transduction in a non-human primate model. In the
same animals as in Fig. 25, following vector injection, plasma clearance of HDAd-GFP genomes (A)
and serum levels of different cytokines (B-D) were measured. Dashed lines represent the
theoretical detection limit of the cytokine assays.

Elevations in IL-6 serum levels following intravenous injection of adenoviral vectors have

been reported before. In a study in rhesus macaques, the intravenous delivery of a first-

generation adenoviral vector at a dose of 3.8xl012 vp/kg lead to IL-6 serum levels of

240 pg/ml at six hours after injection (227). As a comparison, the animal that received

2xl012 vp of HDAd-GFP alone exhibited IL-6 levels of almost 20-fold higher, showing that

the mobilization of the animal most likely had a high impact on the inflammatory response

following vector administration. Another study injected different doses of first-generation

adenoviral vectors into baboons (228). A dose of 5.6xl012 vp/kg lead to peak IL-6 levels of

360 pg/ml at three hours after injection. A second animal was injected withl.lxlO13 vp/kg
and exhibited a severe innate immune response requiring euthanasia of the animal at nine

hours after injection. While this animal showed IL-6 levels of 9850 pg/ml at six hours post
injection, the levels kept increasing to 35000 pg/ml at 8.5 h after injection. While that study

presented a clear vector dose dependence of the IL-6 response, similar peak levels of IL-6

were observed for both animals in this study, irrespective of whether they received only

one virus or both viruses (Fig. 26D). As the HSPC mobilization appeared to have a major

impact on the IL-6 response, this effect could have been caused by the lower level of HSPC

mobilization. Even though the observed IL-6 levels were significantly higher than what had
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been described for unmobilized animals, IL-6 levels returned to baseline within 24 h of

vector administration, and both animals tolerated the injections well.
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4 Discussion

Gene therapy of hematopoietic stem cells holds the promise of delivering curative

treatments for various genetic diseases. Treatments in advanced stages of clinical

development rely on the collection of patient-derived HSCs, the ex vivo culture of these

cells followed by transduction with retroviral vectors and reinfusion of modified cells into

a myelo-conditioned patient. While this approach has shown promising results in clinical

trials, it entails a number of drawbacks (see section 1.3.3). Moreover, its technical

complexity as well as the strict regulations imposed on facilities performing the ex vivo

culture and transduction, severely limit the accessibility of this treatment to potential

patients. To overcome these drawbacks of traditional ex vivo HSC gene therapy, this study

outlines a new method for the genetic modification of HSCs within the patient,without the

need for extraction, ex vivo culture or myeloablative treatment of the patient. Our system
is based on the mobilization of HSPCs out of the bone marrow and into the peripheral

bloodstream. Here, HSPCs can be transduced with an intravenously injected, adenoviral

gene transfer vector. Following transduction, gene-modified cells home back to the bone

marrow and persist as functional stem cells for extended periods of time.

4.1 Mobilization allows transduction of bone marrow HSPCs in vivo

The first aim of this study was to assess whether the mobilization of HSCPs from the bone

marrow into the periphery would allow their transduction and if these transduced cells

would be able to home back to the bone marrow afterwards.

In order for HSPCs to be transducable with a vector based on Ad5/35, the target cells are
required to express the cellular receptor CD46. Both human and CD46-transgenic mouse

HSPCs did express CD46 (Fig. 4). This is in line with reports that CD46 is expressed on human

CD34+ (186) cells as well as that the CD46-tg mouse model expresses CD46 in

hematopoietic cells (184). The expression of CD46 allowed for the transduction of these

cells in vitro with a first-generation Ad5/35++ vector (Fig. 5).While Ad5/35 had been shown
to be a capable gene transfer vector for human CD34+ cells, transduction of HSPCs in the

CD46-transgenic mouse model had not been studied before. However, since these cells

expressed even higher levels of CD46 than total bone marrow MNCs, efficient transduction

with Ad5/35-based vectors was to be expected.
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In addition to the vector being able to transduce HSPCs, the efficient mobilization of these

cells through the treatment with G-CSF and AMD3100 had to be shown. In the CD46-tg

mouse model, efficient mobilization of bone marrow HSPCs into the peripheral blood was

shown both in CFU assays as well as through phenotypic analysis using flow cytometry (Fig.

6). In addition, a synergistic effect of mobilization of G-CSF combined with AMD3100 was

observed. While this approach had not been tested in the CD46-tg mouse model before,

studies in C57BL/6 mice, the founder strain of the CD46-tg mice, found similar results (51).

In conclusion,both requirements for HSPC in vivo transduction, the ability of Ad5/35-based
vectors to transduce HSCs as well as the ability to mobilize HSCs into the peripheral blood

stream, were given in the CD46-tg mouse model.

The intravenous administration of Ad5/35++-GFP into mobilized CD46-tg mice lead to

transduction of HSPCs in the periphery (Fig. 7A). The transduced HSPCs were then able to

home backtothe bone marrow (Fig. 7B). In addition,copious amounts of transduced HSPCs

were found in the spleen. The deposition of mobilized bone marrow cells in the spleen was

to be expected as increases in spleen sizes following mobilization in humans have been

reported (229, 230). These effects are usually transient, especially when apheresis is used

to collect mobilized cells, but there is the potential for more serious side effects. In fact, in

rare cases,mobilization treatment has even led to rupturing of the spleen in patients (201—

203).

The mobilization status of the animals at the time of vector administration did not seem to

have a pronounced effect on the transduction levels of bone marrow and spleen total

MNCs, while the efficient transduction of HSPCs in both tissues was only possible following

mobilization. The effect of mobilization on HSPC transduction was much more pronounced

in the bone marrow (Fig. 7B). Over a time period of 14 days, a loss of GFP expressing cells

was observed both in total MNCs of the bone marrow as well as in HSPCs of the bone

marrow and spleen. For total bone marrow cells, the rapid turnover of neutrophils and their

replenishment from the bone marrow most likely contributed to this observation (231).
However, for HSPCs, the turnover of which is much slower, a different mechanism must be

at work.
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The vector that was used in these initial in vivo transduction experiments was a first-

generation adenoviral vector deleted for the E1A and E3 region. However, all other viral

genes are still encoded in the vector genome and could lead to leaky expression of viral

genes,which in turn could lead to death of the transduced cells due to an immune response

(158, 190). It was further shown that immune responses can also be mounted in response

to an immunogenic transgene, for example GFP, leading to increased death of transduced,

transgene expressing cells (232). Lastly, the vector genome of Ad5/35++-GFP can only be

maintained episomally and would be lost if a transduced cell underwent multiple cell

divisions. Similarly, a rapidly dividing cell in the bone marrow would also lose its HSC

phenotype - and not be detected through the LSK staining used in this study - and would

be lost from the pool of GFP expressing HSPCs.

Furthermore, in the spleen, in addition to a rapid loss of transgene expression, changes in

the numbers of splenic HSCs were observed over time. This must be considered when

evaluating the loss of transgene expressing cells in the spleen.

Summarizing the first part of this study, it was shown that the mobilization of HSCs into the

peripheral blood could be achieved, that these cells could be transduced by Ad5/35-based
vectors,and that transduced HSPCs were able to home back to the bone marrow. However,

loss of transgene expressing cells due to an episomally maintained first-generation

adenoviral vector that could induce cytotoxicity and immune reactions, showed that the

vector platform would need to be modified to enable long-term transgene expression in

transduced HSCs and their progeny.

4.2 Stable modification of primitive HSCs with integrating adenoviral

vectors

As described above, a first-generation vector without the capability to integrate its

transgene into the HSC genome is not suitable for HSC gene therapy purposes. To improve

upon this system, a switch to a helper-dependent adenoviral vector platform was made.
These vectors are devoid of all viral genes, and it has been extensively shown that they

elicit far less severe immune responses and cytotoxicity (233). In a comparison between a

first-generation Ad5/35 vector and a helper-dependent HDAd5/35 vector, both vectors

were able to transduce HSPCs at comparable efficiencies both in vitro and in vivo (Fig. 8).
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Hematopoietic stem cells giving rise to progeny cells undergo many cell divisions until the

final stage of the fully differentiated progeny cell is obtained. Therefore, an episomally

maintained adenoviral vector is not suitable to track gene-modified HSCs and their

progeny. Instead, transgene integration is required. So called hybrid vectors have been

developed; these are based on adenoviral gene transfer vectors, and they encode a

transposon and a matching Sleeping Beauty transposase. These hybrids are able to stably

integrate the transposon into the cellular genome, while maintaining the advantages of an

adenoviral gene delivery platform. Successful gene delivery and integration into the liver

of mice and dogs has been achieved using this system (181). However, the application of

hybrid vectors to HSCs had not been attempted before. Nevertheless, the key components

of the system were reported to function separately in HSCs: Ad5/35 vectors have been

shown to efficiently transduce HSCs in this study,and the Sleeping Beauty transposase had

been reported to be functional in HSCs of both mouse and human (234-236).

In this study, it was shown that the integrating adenoviral vector system could be used to

integrate a GFP transgene cassette into murine and human HSPCs in vitro and that the

modified cells were able to form gene-modified progenitor colonies (Fig. 11, Fig. 12).When

the integrating vector system was employed for in vivo transduction experiments, higher

levels of transgene expression for longer periods of time could be observed in the bone

marrow when compared to a non-integrating control (Fig. 14). Further, the integrating

vector system achieved higher transduction rates in cells of different lineages in the bone

marrow and spleen when compared to a group that only received the transposon vector

(Fig. 17). However, over time a loss of transgene-expressing cells in the bone marrow could

be observed. This was most likely due to the relatively fast turnover of less primitive cells

in the bone marrow, leading to a loss of transgene expressing cells. Nevertheless, gene-

modified cells with colony-forming potential could be detected even after 12 weeks, the

last time point analyzed (Fig. 15). In fact, the amount of obtained GFP-positive colonies

increased over time, again arguing for a loss of transduced less primitive cells, while

modified cells with colony-forming potential appeared to remain in the bone marrow.

Transduced bone marrow cells collected at 8 weeks after in vivo transduction with the

integrating vector system were able to rescue lethally irradiated recipients, and gene

marking could be observed in all hematopoietic lineages in the bone marrow, peripheral
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blood,and spleen at 16 weeks after transplantation (Fig. 18, Fig. 19). This showed that long-

term,multi-lineage reconstituting HSCs had been transduced upon mobilization and in vivo

vector administration.

The efficiency of a gene therapeutic treatment will finally be determined by its ability to

alleviate the underlying condition. If therapeutic levels of the transgene can be achieved, it
will be efficient enough, but if those levels cannot be reached, the therapy will most likely

fail. Since, in this study GFP was used as a transgene, it is difficult to judge the efficiency of

the in vivo transduction approach presented here. Nevertheless, due to the in vivo

administration of the vector and the resulting relatively low multiplicity of infection, the

efficiency of the in vivo approach is most likely lower than those achieved through ex vivo

transduction.

To improve upon the transduction efficiency of the in vivo transduction system, different

approaches could be envisioned. One option would be to optimize the transposase used to
achieve transgene integration. While the hyperactive SBlOOx used in this study has

exhibited significantly improved activity over other generations of Sleeping Beauty

transposases, there are othertransposases available. The most prominent,next to Sleeping

Beauty, are piggyBac (PB) and Tol2. A recent study showed that SBlOOx had a higher

transposition efficiency than both PB and Tol2 (236, 237). However, it has been shown that
the size of the transposon has a major impact on the transposition activity. While Izsvak et

al. showed that a transposon size of over 5 kb lead to an over 75 % decrease in SB

transposition activity (180), both PB and Tol2 were shown to not suffer from reduced

activities for transposon sizes of up to 9.1kb and 11kb in size, respectively (238, 239). The

potential to more efficiently integrate larger transposons is especially interesting in the

context of helper-dependent adenoviral delivery. HDAds have a cloning capacity of up to

33 kb and would not be able to exhibit theirfull potential if the transposon size was capped

at 5 kb. Furthermore, the molecular evolution of different transposases is still ongoing,and

future versions with superior capabilities will eventually be available.

In summary, in this section it was shown that the HSC in vivo transduction approach using

a Sleeping Beauty integration machinery allowed the stable gene modification of true

hematopoietic stem cells after in vivo transduction of mobilized animals. The modified HSCs
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possessed long-term, multi-lineage reconstitution potential and passed their gene

modification on to their progeny.

4.3 Safety profile of HSC in vivo gene modification

The main concerns regarding the safety of the in vivo HSC gene therapy approach

introduced in this study are two-fold: First, the safety of the intravenous administration of

the vector in mobilized animals had to be assessed. Second, the safety of the transgene

integration through the Sleeping Beauty transposase in terms of potential genotoxic events

had to be evaluated.

The biodistribution of vector genomes after HDAd-GFP injection into mobilized animals was

assessed through qPCR (Fig. 22) and compared to intravenously injected Ad5-GFP.
Compared to the Ad5 vector, much higher amounts of vector genomes were found in the

lungs, the heart, the kidneys and the spleen. The transduction of these organs after

intravenous administration of Ad35 and Ad5/35 vectors had been reported before (211,

215). However, stronger transduction of the spleen was found in this study. This is most

likely due to the uptake of mobilized cells that had been transduced in the periphery and

subsequently were deposited in the spleen.

In addition, inflammatory cytokine responses following intravenous vector administration

in mobilized animals was assessed. During initial experiments, injection of a first-generation
Ad5/35 vector led to the death of some animals at 5 - 10 minutes after vector

administration. It was concluded that this was most likely due to a severe cytokine

response, as this had been reported for adenoviral vectors in mice before (216). To

ameliorate these effects, the animals were pretreated with Dexamethasone, as this had

been shown to limit the severity of cytokine responses following intravenous Ad vector

injection (216). Using this regimen, only mild elevations of IL-6 and MCP-1were observed

(Fig. 23A, B). Of note, the elevation of both cytokines was lower in response to HDAd-GFP

than in response to Ad5-GFP. While the need for Dexamethasone treatment could be

viewed as a drawback of the HSC in vivo transduction approach, it has to be noted that a

similar treatment has been employed before to suppress inflammatory responses when

systemically administering viral vectors (240).
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The hepatotoxicity of an intravenously injected vector in mobilized animals was tested for

both Ad5-GFP and HDAd-GFP (Fig. 23C). Ad5-based vectors exhibit a strong liver tropism

and are able to elicit strong hepatotoxic effects upon systemic administration (211, 241).
In contrast, when HDAd-GFP was injected into mobilized animals, only slight elevations in

serum levels of ALT and AST could be observed, showing that this vector exhibited reduced

potential to damage the liver. This lower hepatotoxic potential is due to both the helper-

dependence and the fiber chimerism of the vector. First, helper-dependent adenoviral

vectors have been shown to elicit lower levels of ALT and AST in the serum of systemically

injected animals compared to corresponding first-generation vectors (242). However, even
for HDAd vectors this effect is dose dependent, and higher doses of HDAd vectors will still

cause hepatotoxicity (228).

The fiber chimerism of HDAd-GFP is also responsible for the lower potential for liver

damage of the vector compared to Ad5-GFP. When an Ad5-based vector is injected

intravenously, up to 98% of the vector is taken up by the liver within 30 minutes after

injection. While the majority of vector is taken up by resident macrophages of the liver,

also known as Kupffer cells, part of the injected viral particles form complexes with vitamin

K-dependent coagulation factors, for example factor X (FX). These complexes are able to

interact with cellular heparan sulfate proteoglycans (HSPGs), which mediate the uptake of

the virus-FX complexes into hepatocytes and facilitates hepatotoxicity (241). Further, it was

shown that fiber-chimeric Ad vectors that were carrying a short fiber shaft showed

markedly decreased interaction with blood factors and hence, showed mitigated

hepatotoxicity after systemic administration in vivo (221). In addition, the same study

showed that short-shafted Ad vectors also induced the release of lower levels of

inflammatory cytokines compared to their long-shafted counterparts (221). Since the HDAd

vectors used in this study both carry the short Ad35 fiber shaft, lower serum levels of ALT

and AST were to be expected.

In conclusion, the systemic administration of the integrating two-vector HDAd system in

mobilized CD46-tg mice was well tolerated, and it did not cause adverse side effects that

would prohibit the application of this system.

To evaluate the safety of transgene integration through the Sleeping Beauty transposase,

integration site analysis of CFU progenitor colonies derived from in vivo transduced animals
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was performed (Fig. 16). While a part of the integration events was mapped to the central

region of chromosome 13,overall the distribution of integration sites appeared to be close-

to-random. Further, the distribution of integration events over intergenic, intronic and

exonic regions very closely matched the percentages of the genome that are made up by

these regions, again, corroborating a random integration pattern. The random integration

pattern of the Sleeping Beauty transposase has been reported before and is one of the

major advantages of the system over other integration platforms (175, 237). While

gammaretroviral vectors have been shown to preferentially integrate into regulatory

sequences (94-97), lentiviral vectors showed tendencies to preferentially integrate into the

body of genes (101-103). However, retroviral integration machineries are not the only

modes of integration that exhibit integration bias. The two transposases mentioned above,

piggyBac and Tol2 also have been shown that they do not integrate completely randomly

(237). Therefore, the Sleeping Beauty transposases system is expected to exhibit a

relatively low genotoxic potential.

In accordance with these findings, no signs of genotoxic transformation could be found in

animals that had been transplanted with bone marrow cells that had been transduced with

the Sleeping Beauty vector system. Even though transplanted animals showed increased

numbers of myeloid cells in the bone marrow, all other lineages appeared normal when

compared to non-transplanted animals. In contrast, the percentages of myeloid cells in the

peripheral blood and the spleen were comparable to non-transplanted animals (Fig. 19A),
arguing against aberrant expansion of the myeloid cells. Further, the blood cell counts for

the transplanted animals were within the normal ranges for all parameters except for

slightly lowered platelets (Fig. 21). This data suggest that gene-modified HSCs gave rise to

normal cells. However, to be absolutely sure of this, a clonal tracking approach could be

employed in the future to be able to analyze clonal diversity or the emergence of dominant

clones (243).

Nevertheless, it was surprising to identify over 150 integration sites in the genomic DNA

derived from 20 CFU progenitor colonies. Since each colony is derived from a single

progenitor cell, one would expect to find a lower number of integration sites. In the

presence of more than one transposon vector together with at least one particle of the

Sleeping Beauty vector in the same cell, multiple integration events per cell could be
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imagined. However, this process appears to be too unlikely to occur often enough to

explain the large number of identified integration events. Additionally, Sleeping Beauty

transposase has been shown to be able to remobilize an integrated transposon. According
to the data obtained for HDAd-GFP, an episomally retained vector could still be present at

the time of cell collection at 8 weeks after injection. Therefore, it cannot be excluded that

the transposase was able to remobilize the transposon after the first rounds of cell division

during formation of the CFU colony. However, the likelihood of this happening multiple

times appears to be very low. Lastly, it is possible that the vector supplying the Sleeping

Beauty gene integrated randomly into the genome of a HSC. Although it only occurs at low
frequencies,unspecific integration of adenoviral genomes through breakage of the ITRs has

been reported (195). If the SBlOOx were to be integrated and constitutively expressed in a

HSC, it could lead to numerous remobilization events in the progeny of that cell.
Remobilization events in model systems that constitutively expressed Sleeping Beauty

transposase have shown that the reintegration of the transposon tends to appear close,

i.e. 5 - 15 Mb, to the original integration site, a process termed local hopping (244, 245).
Therefore, this mechanism could explain the high amount of integration events in the

central region of chromosome 13. Nevertheless, the probability of this event occurring is

assumed to be very low.

In conclusion, the systemic administration of the adenoviral vector system in mobilized

mice did cause an inflammatory response. However, this response could be managed

through the administration of glucocorticoids leading to acceptable levels of cytokine

responses. Further, the gutless vectors did not elicit significant levels of hepatotoxicity due

to their capsid design and their lack of viral gene expression. The observed integration

pattern was random and did not show bias towards coding or regulatory regions of the

genome. In addition, animals that had received gene-modified bone marrow grafts

exhibited mostly normal distributions of lineage cells in hematopoietic tissues as well as

normal blood cell counts. This suggests that the in vivo HSC gene therapy approach

presented in this study is safe to use in mice.
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4.4 HSC in vivo gene therapy is applicable in advanced pre-clinical models

The in vivo HSC gene therapy approach was employed in both humanized mice as well as

non-human primates in order to evaluate it in models better resembling the situation in

humans.

In the humanized mouse model, the in vivo transduction approach was shown to allow

gene transfer into human bone marrow cells (Fig. 24). However, successful genetic long-

term modification of human HSCs could not be convincingly shown in this model. Although

the reasons for this are not completely understood, the interaction of human HSCs with

the murine host could play a role here. It was seen that the mobilization of human bone

marrow cells was very inefficient. In the same context, it is not clear if these cells were able
to efficiently home back to the marrow once mobilized. Further, the mouse model used

has been shown to poorly maintain human HSCs over extended periods of time (225).

Therefore, to show efficient HSC in vivo transduction in humanized mouse, further

optimization of the system is required.

Even the most sophisticated mouse model will not be able to mimic the situation in a

human system quite as well as a non-human primate model. Therefore, the HSC in vivo

transduction approach described in this study was tested in two non-human primates (Fig.

25, Fig. 26) Mobilization and HSPC transduction with a GFP vector alone was successful and

transduction of bone marrow HSPCs could be demonstrated. However, due to the non-

integrating nature of the vector, transgene expression was lost over time. A second animal,

which instead received the combination of both components of the integrating vector

system, mobilized poorly and only marginal HSPC transduction could be shown.

To assess the safety of the HSPC in vivo transduction approach, blood clearance of the

vector as well as serum levels of different cytokines were monitored. Even though relatively

high levels of IL-6 following injection were observed compared to other studies, the serum

levels of IL-6 dropped back to normal levels by 24 hours after injection. The decrease in

serum IL-6 had been seen in studies in which the injected vector was well tolerated (227,

228). In contrast, extended periods of high IL-6 levels were only observed in studies with

fatal outcome (228, 246). Therefore, the intravenous delivery of helper-dependent
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adenoviral vectors in mobilized NHPs was safe and well tolerated in the two animals that

were treated in the course of this study.

4.5 Concluding remarks and future directions

In this study, it was shown that the in vivo HSC transduction approach with integrating

adenoviral vectors allows for the stable modification of hematopoietic stem cells. As
mentioned above, it is hard to judge the gene transfer efficiency of the presented system

based on data generated with GFP, as different efficiencies and expression levels are

expected as soon as a different transgene is used. Nevertheless, the system would most

likely benefit from increases in efficiency, and different approaches to achieve this could

be envisioned.

The most significant impact on efficiency of the system likely consists of the need to

superinfect the same target cell with two vectors to achieve stable transgene integration.
To circumvent this inherently inefficient approach, a single vector encoding both the

transposon and the integration machinery would be favorable. However, in order to be

able to produce these vectors, the expression of the integration machinery must be very

tightly regulated, as even a single molecule of either Flpe or SBlOOx would be capable of

destroying multiple vector genomes, leading to low yields of vector. To date, no group has

achieved the development of a vector that is able to efficiently circumvent this problem.

Alternatively, the HSC in vivo transduction system could be employed to deliver an

adenoviral vector encoding a designer nuclease against a transgene of interest (see section

1.5.3). Since this approach is based on only a single vector, it would most likely be able to

stably modify HSCs at higher rates than the integration-based two vector system.

A second way to ameliorate low efficiency of the gene modification system would be the

selection of a disease context that confers a selective advantage to the gene-modified cells

or to apply artificial selective pressure. As mentioned above (see section 1.3.2) gene

correction in ADA-SCID patients is thought to confer a survival advantage of modified cells,

which has lead to sufficient gene correction rates, even when patients did not receive

myeloconditioning treatment. Therefore, even a low rate of gene modification following

HSC in vivo transduction could be sufficient to overcome the disease.
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Discussion

Another method of selecting for gene-modified cells is the transfer of a resistance gene

cassette in addition to the therapeutic transgene, which can then be employed as a

selectable marker. An example of this is the MGMT in vivo selection system. The gene

product of the 06-methylguanine-DNA-methyltransferase (MGMT) is able to repair the

toxic chloroethyl adduct that forms on DNA after treatment withl,3-bis(2-chloroethyl)-l-

nitrosourea (BCNU) (247). BCNU alone has been shown to be a stem cell toxin due to the

low expression levels of MGMT in HSCs (248). Further, 06-benzylguanine (06BG) has been

shown to be a potent inhibitor of the native MGMT gene product. To use this system as a

selectable marker, the 06BG resistant mutant P140K MGMT (249) is encoded in a gene

transfer vector. After gene transfer, HSCs expressing P140K MGMT can then be selected by

treatment with 06BG and BCNU (247). The feasibility of this approach has been shown in

HSCs after lentiviral gene transfer and transplantation, followed by in vivo selection with

06BG and BCNU (250).

Lastly, two additional advantages of the HSC gene therapy approach presented here are

related to the costs and logistics of gene therapeutic treatments. Firstly, the production of
adenoviral vectors is cost-efficient compared to other vector platforms like lentivirus or

AAV that require large scale transfections to produce the amounts of virus required for use

in large animal models or humans. As an example, Sheu et ai. compared production

methods for laboratory grade lentivirus preparations and compared their cost (251). Using

production in cell factories, they were able to obtain 1.75xl09 vector genomes (vg) for a

price of $1400. When using an advanced hollowfiber bioreactor, they produced an average

of 3.82xl09 vg at a price of $6350. The costs in these studies are only based on the price of

consumables and reagents. As a comparison, the vectors used for NHP studies in this work

were produced at lxlO13 vg per batch at a price of $2000 per batch, making the price per

adenovirus vector genome roughly 4000-fold cheaper than the price of a lentiviral vector

genome. This difference could become even greater if production was performed under

clinical grade conditions. Furthermore, the adenoviral vector preparations yielded titers of

5 - 8xl012 vg/mL, while the lentiviral preparations only yielded titers of 2 - 2.5xl08 vg/mL.
Therefore, adenoviral vector preparations could be readily used for in vivo applications,

while the lentiviral vectors would need to be further concentrated.
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In addition to the lower production cost of the adenoviral vector, the treatment logistics

for HSC in vivo gene therapy would be much simpler than those involved in ex vivo HSC

gene therapy. For ex vivo transduction, patient HSCs need to be collected, cultured and

transduced according to good manufacturing practices and then reinfused into the patient.

These processes require highly specialized facilities and are, in addition to the price of the

vector, costly. In contrast, for the application of the in vivo HSC gene therapy approach

described here, patients would only have to undergo a series of intravenous infusions that

could be performed in most hospitals. This would likely both decrease the cost of the

treatment, and also dramatically increase the access of potential patients to therapeutic

treatment.

In conclusion, this work lays the groundwork for a new approach to HSC gene therapy that

holds the potential to revolutionize the field in the future.
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5 Materials and Methods

5.1 Adenoviral vectors

An overview of the adenoviral vectors used in this study is shown in Tab. 2. The first-

generation vectors Ad5-GFP (148) and Ad5/35++-GFP (252) had been generated in our

laboratory and have been described before. Both vectors are based on Ad serotype 5, are

deleted for E1A, and carry a CMV-driven GFP cassette in the E3 region. While Ad5-GFP

carries a wild type Ad5 fiber, the fiber of Ad5/35++-GFP is comprised of an Ad5 tail, a short

Ad35 shaft, and an affinity enhanced Ad35 knob.

Tab. 2 Adenoviral vectors used in this study. FG- first-generation, FID-helper-dependent, Ad35++
- affinity enhanced serotype 35 knob, IR -Sleeping Beauty repeat.

Name Type Transgene casette
Tail

Fiber
Shaft Knob

Ad5-GFP FG CMV-GFP Ad5 Ad5 Ad5
Ad5/35++-GFP FG CMV-GFP Ad5 Ad35 Ad35++
HDAd5/35++-CMV- HD CMV-GFP Ad5 Ad35 Ad35++
HDAd-GFP HD FRT-IR-Efla-GFP Ad5 Ad35 Ad35++
HDAd-SB HD Efla-Flpe, PGK-SBIOOx Ad5 Ad35 Ad35++

5.1.1 Production of first-generation adenovirus vectors

For propagation of first-generation adenoviral vectors, virus stocks were used to infect

HEK-293 cells at 90-100% confluency in 15 cm tissue culture dishes. The next day, 5 ml

fresh medium were added. When the cells began to show signs of cytopathic effect (CPE,

usually 48 h post infection), the cells were harvested and freeze-thawed for four rounds.

The lysate was then used to infect 4 to 5 new dishes. This process was repeated until a total

of 30 plates could be infected in one step. Thirty-six hours after the final infection step, the
cells were collected, pelleted and taken up in 1ml PBS per dish. The cells were freeze-

thawed for 4 rounds, pelleted, and virus particles were isolated from the supernatant

through two steps of ultracentrifugation. For the first step, cesium chloride solutions of

different densities were layered as follows: 0.5 ml of 1.50 g/cm3, followed by 3.0 ml of

1.35 g/cm3, followed by 3.5 ml of 1.25 g/cm3. The cesium chloride solutions were then

overlayed with 5 ml of virus suspension and spun for 1h at 150000x g and 4 °C. The lowest

band containing intact viral particles was collected and combined with virus bands of other
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tubes. Four ml of the virus suspension were then mixed with 8 ml 1.35 g/cm3 CsCI solution

and spun overnight at 150000x g at 4 °C. The virus band was collected and dialyzed against

1000 ml of 10 mM Tris pH 7.5, 10 mM MgCb, 250 mM NaCI and 10% glycerol overnight at

4 °C in 50 kDa cut-off dialysis tubing. The dialyzed virus was aliquoted and stored at -80 °C.

To determine the optical titer of the virus, virus stock was diluted1:20 in TE buffer (10 mM

Tris pH 8.0,1mM EDTA pH 8.0) with 0.1% SDS and thoroughly mixed for 5 min at room

temperature. The solution was centrifuged at 16000x g for 5 min and the supernatant was

transferred to a fresh tube. The absorption at 260 nm (A260) was measured using a

spectrophotometer and the virus titer was calculated as follows,with DF being the dilution

factor (253):

titer [vp /ml ] = A260 X DF x 1.1 x 1012

5.1.2 Production of helper-dependent adenoviral vectors

The molecular cloning of the vector genomes of HDAd-GFP and HDAd-SB was kindly

performed by Liu Jing in the group of Anja Ehrhardt (University of Witten/Herdecke,
Germany). The transposon vector genome of HDAd-GFP was assembled as follows: In a first

cloning step, the elongation factor la (Efla)-driven GFP expression cassette was

introduced into the plasmid pHM5-attB-TMcs-FRT2,which has been described earlier (181),

through sticky end ligation after Pad digest to generate pHM5-T/EFla-GFP-FRT2. Of note,
pHM5-attB-TMcs-FRT2 contains a multiple cloning site (MCS), flanked by Sleeping Beauty

inverted repeats (IR) and FRT sites on both ends. The bacterial artificial chromosome (BAC)

containing the helper-dependent Ad5 genome (B-HCA) only contains the viral packaging

signal and the inverted terminal repeats (ITRs), the remaining viral genes have been deleted

and were replaced with scrambled human X-chromosomal DNA. This construct has been
described earlier (254). To introduce a transgene cassette into this BAC, a recombineering

approach, described earlier (254),was employed. In short,SW102 bacteria (255) that stably

express a heat shock inducible recombination system were transformed with B-HCA. In a

first recombination step, a negative selection marker flanked by homology arms was

introduced into the Ad genome. Next,pHM5-T/EFla-GFP-FRT2 was digested with ICeuI and
Pl-Scel to release the transposon flanked by IRs, FRT sites, and the same homology arms.
This fragment was then introduced into the BAC, replacing the negative selection marker

and resulting in a new BAC, B-HCA-FRIR-Efla -GFP. The sleeping beauty vector HDAd-SB
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was generated along the same lines. Through recombineering, an Efla-driven FLPe

expression cassette and a PGK-driven hyperactive Sleeping Beauty cassette (SBlOOx) were

introduced into B-HCA.

Out of these BACs, helper-dependent Ad5/35++ vectors were generated by the group of

Philip Ng (Baylor College of Medicine, Houston, TX, USA). In short, the viral genomes of

HDAd-GFP or HDAd-SB were released from the respective BACs through digest with Pmel.
The genomes were then transfected into 116 cells, a Cre recombinase expressing, 293-

based cell line that can be grown both adherent and in suspension (256). The transfected

cells were then infected with the helper virus AdNG163-5/35+. This virus encodes a

chimeric fiber gene consisting of the Ad5 fiber tail, the Ad35 fiber shaft and an affinity-

enhanced Ad35 fiber knob (Ad35++) (252). Lysates of infected cells were amplified by

passaging them on tissue culture dishes and co-infecting the cells with the helper virus. The
final production step was performed in 3 I spinner flasks. The helper-dependent viruses

were then isolated through CsCl gradients. The virus preparations were tested for helper

virus contamination via TaqMan quantitative real-time PCR, and the levels of helper

contamination were found to be below 0.5 %. The virus titers were determined

spectrophotometrically as described above.

5.2 Tissue culture

Cells were maintained in a water-jacketed incubator at 37 °C, 5 % CO2 and maximum

humidity.

HEK-293 cells (ATCC no. CRL-1573) were maintained in DMEM (Invitrogen) supplemented

with 10 % fetal calf serum (FCS, HyClone Laboratories Inc.), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin (all Invitrogen).

M-07e cells (DSMZ no. ACC 104) were maintained in RPMI 1640 (Invitrogen) supplemented

with 10 % FCS (HyClone Laboratories Inc.), 2 mM L-glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin (all Invitrogen), and 0.1 ng/ml granulocyte-macrophage colony-

stimulating factor (GM-CSF, Peprotech).

Human CD34+-enriched cells from G-CSF mobilized healthy donors were obtained from the

Fred Hutchinson Cancer Research Center Cell Processing Core Facility (Seattle, WA, USA).
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CD34+ cells were resuscitated from frozen stocks and recovered overnight in Iscove's

modified Dulbecco's medium (IMDM, Invitrogen) supplemented with 10 % heat-

inactivated FCS, 1% bovine serum albumin (BSA), 0.1 mM 2-Mercaptoethanol (Sigma-

Aldrich), 2 mM L-glutamine, 100 U/ml penicillin, 100 p.g/ml streptomycin, 50 ng/ml Flt3
ligand, 20 ng/ml interleukin 3, 10 ng/ml thrombopoietin, and 50 ng/ml stem cell factor (all

Peprotech).

For in vitro culture of mouse bone marrow, spleen, and peripheral blood mononuclear cells

(PBMCs), cells were maintained in RPMI 1640 supplemented with 10 % heat-inactivated

FCS, 10 mM HEPES (Invitrogen), 0.1mM 2-Mercaptoethanol, 2 mM L-glutamine,100 U/ml
penicillin, 100 pg/ml streptomycin, and 0.25 pg/ml Amphotericin B (Invitrogen).

5.3 Mouse studies

All experiments involving animals were conducted in accordance with the institutional

guidelines set forth by the University of Washington. Mice were housed in specific-

pathogen-free facilities.

C57BL/6 mice were obtained from Charles River Laboratories. Mice transgenic for human

CD46 (CD46-tg) were a generous gift from Roberto Cattaneo and have been described

before (183, 184). In short, while CD46 in humans is expressed on all cells, in mice it can

only be found in the testes. Therefore, a transgenic mouse model containing the whole

human CD46 locus was generated, and the animals have been shown to express human

CD46 in a similar pattern and at levels comparable to those found in humans. In addition,

these mice are knocked out for the interferon receptor.

NOD/SCID-IL2Rynul1 (NOG) mice were a generous gift from Thalia Papayannopoulou and

have been described before (223). These mice are based on non-obese diabetic, severe

combined immunodeficiency (NOD/SCID) background. In addition, they are knocked out

for the interleukin 2 receptor gamma, which effectively prevents development of mature

B and T cells and allows for better engraftment of human bone marrow transplants.
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5.4 HSPC in vivo transduction

Animals received subcutaneous (s.c.) injections of 5 pgG-CSF (Neupogen ,Amgen) diluted

in 5 % (w/v) Glucose on four consecutive days. The next day, animals received an s.c.
injection of AMD3100 (Sigma-Aldrich) diluted in PBS at 5 mg/kg. In addition, animals were
injected with Dexamethasone (West-Ward Pharmaceuticals) at 10 mg/kg at 16 and 2 h

before virus injection. In the single virus dose injection setting, the virus was injected at

4xl010 vp/animal 40 min after AMD3100 application. In the double injection setting,

animals received two doses of 4xl010 vp each at 30 and 60 min after AMD3100 injection.

In addition, animals received 500 pi PBS s.c. following the first virus injection.

In humanized mice, the same mobilization regimen was employed. On the day of virus

injection, animals were pre-dosed with a low dose virus injection of 5xl08 vp 30 min after

AMD3100 injection and two full dose injections of 4xl010 vp each at 60 and 90 min after

AMD3100. Additionally, animals received 500 pi PBS s.c. following the first full dose

injection of virus.

5.5 Isolation of cells from mouse tissues

Mice were anesthetized with Tribromoethanol (Sigma-Aldrich). To collect blood, an incision
into the hepatic portal vein was made, blood was flushed from the circulation with PBS

using the heart as a pump and the blood was transferred into heparinzed tubes. Red blood
cells (RBCs) were lysed using Pharm Lyse buffer (BD Biosciences) and washed in FACS buffer

(PBS supplemented with1% FCS).

To isolate splenocytes, the spleen was resected and ground up between frosted glass slides.

The suspension was washed with FACS buffer once and RBC lysis was performed using BD

Pharm lyse buffer followed by a wash in FACS buffer. The suspension was then passed

through a 70 pm cell strainer.

To isolate cells of the thymus, the same procedure as for the spleen was followed, omitting

the RBC lysis step.

For the isolation of cells from mouse lungs, a procedure described by Jungblut et al. was

followed (257). In short, the lungs were resected and rinsed with PBS in a Petri dish. The
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lungs were then transferred to gentleMACS C tubes (Miltenyi Biotec) containing 4.9 ml

HEPES buffer (10 mM HEPES, pH 7.4,150 mM NaCI, 5 mM KCI,1mM MgCI2,1.8 mM CaCI2).
Collagenase D (Sigma-Aldrich) and DNase I (Roche Diagnostics) were added to a final

concentration of 2 mg/ml and 40 U/ml, respectively, and the lungs were homogenized

using a gentleMACS Dissociator (Miltenyi Biotec). The samples were then incubated at

37 °C for 30 min on an orbital shaker. Samples were homogenized one more time and

passed through a cell strainer. Finally, the cells were washed once in FACS buffer.

For the isolation of bone marrow cells, tibiae, femora, and ilia were resected. The bone

marrow was flushed from the bones using a syringe. A single cell suspension was generated

pipetting up and down several times. The suspension was passed through a 70 pm cell

strainer and washed in FACS buffer once.

After single cell suspensions had been prepared, the cells were enumerated using a

hemocytometer.

5.6 Flow cytometry and fluorescence activated cell sorting (FACS)

Cells were resuspended at 1x10s cells/100 pL in FACS buffer and were incubated with FcR

blocking reagent mouse and/or human (Miltenyi Biotech) for ten minutes on ice. Next, the
staining antibody solution was added in 100 pL per 106 cells and incubated on ice for 30

minutes in the dark. After incubation, cells were washed once in FACS buffer. For secondary

stainings, the staining step was repeated with a secondary staining solution. After the wash,

cells were resuspended in FACS buffer and analyzed using a LSRII flow cytometer (BD

Biosciences). Debris was excluded using a forward scatter-area and sideward scatter-area

gate. Single cells were then gated using a forward scatter-height and forward scatter-width

gate. If applicable, dead cells were stained with 4',6-Diamidin-2-phenylindol (DAPI). Flow

cytometry data was then analyzed using FlowJo (version 10.0.8, FlowJo, LLC).

For fluorescence activated cells sorting (FACS), cells were washed and resuspended in FACS

buffer and run on an Arialll cell sorter (BD Biosciences) using a 70 pm nozzle. Sorted cells

were collected into chilled tubes containing culturing medium or into 96-well plates using

an automated cell deposition unit.

A list of the antibodies used for flow cytometry and FACS is shown in Tab. 3.
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Tab. 3 List of antibodies used for flow cytometry. *: contains antibodies against CD5, CD45R,
CDllb,Gr-1,7/4,and Ter-119. B-S-APC: biotin-streptavidin-APC,primary antibodies are conjugated
to biotin, streptavidin-APC is used as secondary detection reagent. Div.: contains multiple antibody
clones. **: contains antibodies against CD2, CD3, CD14, CD16, CD19, CD56 and CD235a.
Antigen Reactivity Label Clone Manufacturer Dilution
lineage cocktail* mouse B-S-APC div. Miltenyi Biotec 1st 1:50 2nd1:100
c-kit (CD117) mouse PE 2B8 eBioscience 1:100
Sca-1(Ly-6A/E) mouse PE-Cy7 D7 eBioscience 1:100
CD150 mouse BV421 Q38-480 BD Biosciences 1:100
CD48 mouse BV510 HM48-1 BD Biosciences 1:100
CD3 mouse PE 17A2 BD Biosciences 1:200
CDllb mouse PE Ml/70 eBioscience 1:200
Gr-1(Ly-6G) mouse PE RB6-8C5 eBioscience 1:200
CD19 mouse PE 1D3 BD Biosciences 1:200
lineage cocktail** human eFIuor 450 div. eBioscience 1:20
CD3 human PE-Cy7 SK7 BD Biosciences 1:40
CD33 human BV421 WM53 BD Biosciences 1:80
CD19 human PE HIB19 BD Biosciences 1:40
CD45 human APC 5B1 Miltenyi Biotec 1:80
CD45 human PE H130 BD Biosciences 1:20
CD34 human PE 581 BD Biosciences 1:20
CD38 human FITC HIT2 BD Biosciences 1:10
c-kit (CD117) human PE-Cy7 104D2 eBioscience 1:40
CD46 human APC E4.3 BD Biosciences 1:80

5.7 Magnetic cell sorting (MACS)

For the depletion of lineage-committed cells, the mouse lineage cell depletion kit (Miltenyi

Biotec) was used to the manufacturer's instructions. In short, cells were resuspended in

MACS buffer (PBS supplemented with 0.5 % BSA, 2 mM EDTA, pH 7.2) and incubated with

a biotin antibody cocktail directed against mouse lineage markers (CD5, CD45R,CDllb, Gr-

1, 7/4, Ter-119), followed by magnetic anti-biotin microbeads.

The cells were washed, and non-labelled, lineage-negative cells were isolated by applying

the cell suspension to a LS column mounted on a MidiMACS separator (both Miltenyi

Biotec).
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For the isolation of human CD45-positive cells from the bone marrow of humanized NOG

mice, cells were incubated with MicroBeads directed against human CD45 (Miltenyi Biotec)

according to the manufacturer's instructions. In addition, cells were incubated with a

fluorescent anti-human CD45 antibody (Miltenyi Biotec). The cells were washed and

positive selection in LS columns (Miltenyi Biotec) was performed following the

manufacturer's instructions. The purified human cells were then subjected to FACS as

described above.

5.8 Cytokine detection in serum samples

For mouse samples, blood was drawn into microcentrifuge tubes and allowed to coagulate

at room temperature for 30 minutes. Samples were spun in a microcentrifuge at 2000x g

for 5 minutes,and the supernatant was collected. Non-human primate (NHP) samples were

drawn into serum separating tubes (SST, BD) and centrifuged at lOOOx g for 10 minutes,

and the upper serum phase was collected.

Cytokine analysis was performed using the BD cytometric bead array (CBA) mouse

inflammation kit and the BD CBA non-human primate Thl/Th2 cytokine kit for mouse and
NHP samples, respectively. The samples were processed to the manufacturer's

specifications and analyzed on a LSRII flow cytometer (BD Biosciences). The resulting raw

data was analyzed using FCAP array software (version 3.0.1, Soft Flow Inc.).

5.9 Quantitative real-time PCR of viral genomes

To determine the virus genome copy numbers in mouse tissues,animals were anesthetized

with Tribromoethanol (Sigma-Aldrich), and blood was flushed from the circulation with PBS

using the heart as a pump. Organs of interest were resected and genomic DNA (gDNA) was

isolated using the DNeasy blood and tissue kit (Qiagen) to the manufacturer's

specifications. The concentration of gDNA was determined spectrophotometrically and

gDNA samples were subjected to quantitative polymerase chain reaction (qPCR) using 48

ng of gDNA per reaction.

To determine the viral genome copy number in plasma of non-human primates (NHPs),

plasma was isolated from blood samples after Ficoll density centrifugation. Plasma samples

were diluted1:1000 in water and subjected to qPCR.
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For qPCR analysis, the GFP-specific primer pair GFP_fwd and GFP_rev and the Kapa SYBR

Fast qPCR master mix (Kapa Biosystems) were used, and samples were run on a

StepOnePlus real time PCR system (Applied Biosystems). The total reaction volume was 10

p.1 per well of a 96-well plate, using both primers at 2 pM each. The parameters for the

amplification consisted of 2 min at 95 °C followed by 40 cycles of 95 °C for 3 s and 60 °C for

30 s with a melting curve analysis after the final cycle. Samples were analyzed in triplicates,
and viral genome copy numbers were determined using serial dilutions of purified HDAd-

GFP viral DNA as a standard curve. Crvalues of samples were determined using StepOne

Software (version 2.1, Applied Biosystems). Wells were rejected if either the melting

temperature of the amplified product did not match that observed for the standard curve

or if the observed CT value was lower than that of the highest standard curve dilution (10

genome copies per reaction).

5.10 Colony-forming unit assay

For mouse lineage-depleted cells that were infected in vitro, 1500 cells were plated in

triplicates in ColonyGEL 1202 mouse complete medium (ReachBio) and incubated for 12

days at 37 °C in 5 % CO2 and maximum humidity. Colonies were enumerated using a Leica

MS 5 dissection microscope (Leica Microsystems). For scoring of GFP-positive colonies, an

Olympus IMT-2 UV microscope was used with a DFC 300 FX camera (Leica). Images were
recorded using the Leica Application Suite (version 4.1, Leica Microsystems)

In vitro infected human CD34+ cells were plated at 1000 cells per dish in triplicates in

ColonyGEL 1102 human complete medium (ReachBio) and incubated and scored as

described above.

For colony-forming unit (CFU) assays from in vivo transduced animals,mouse bone marrow

cells were lineage-depleted via MACS (see section 5.7) and sorted for GFP-positive cells via

FACS (see section 5.6). Cells were then plated out in ColonyGEL 1202 mouse complete

medium supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/ml
Amphotericin B and incubated and scored as described above. As a control, bone marrow
from untransduced animals was lineage-depleted and sorted for GFP-negative cells to

subject them to the same level of mechanical stress.
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5.11 Analysis of cryosections

For the analysis of tissue sections, animals were anaesthetized with Tribromoethanol, and

blood was flushed from the circulation with PBS using the heart as a pump. Tissues were
resected and embedded in cryomolds using Tissue-Tek OCT compound (Sakura Finetek)

and frozen at -80 °C. For sectioning, cryomolds were pre-conditioned at -20 °C over night

and sectioned at 8 pm thickness with a Leica CM 1850 cryostat (Leica Microsystems). The

sections were then fixed in 4 % paraformaldehyde for 15 min at room temperature and

were then washed with PBS twice for 5 min per wash. Finally, the sections were air dried

and mounted with VECTASFIIELD mounting medium with DAPI (Vector Laboratories).
Pictures of the sections were taken using a DMLB microscope and a DFC 300 FX camera

(both Leica Microsystems).

5.12 Integration analysis in M07-e cells

M07-e cells were infected in vitro at a multiplicity of infection (MOI) of 300 vp per virus per

cell with either HDAd-GFP alone or both HDAd-GFP and HDAd-SB. The cells were incubated
for 48 h and single GFP-positive cells were sorted into 96-well plates via FACS (see section

5.6). Cells were expanded for two weeks, and the number of GFP-positive wells in addition

to the rough percentage of GFP-positive cells per well was determined using a UV

microscope. Cell clones that showed more than 30% GFP+ cells were transferred to larger

culture dishes and expanded further. GFP-expressing cells were sorted out via FACS,

genomic DNA was isolated usingthe DNeasy blood and tissue kit (Qiagen), and the genomic

DNA concentrations were determined spectrophotometrically.

Per clone, 10 pg of genomic DNA were digested with the restriction endonuclease Sad

(NEB). The resulting restriction fragments were separated on a 0.7% agarose gel and the

gel was depurinated in 0.2 M HCI for 30 minutes and denatured in 0.4 M NaOFI. The DNA

was transferred onto a Flybond-N+ nylon membrane (Amersham) in 0.4 M NaOH overnight.

The membranes were washed in 2x SSC (saline sodium citrate buffer, Sigma-Aldrich), and

the DNA was cross-linked using a UV chamber.

To generate the probe, the plasmid pHM5-T/EFla-GFP-FRT2, encoding a GFP cassette, was

digested with the restriction endonucleases Notl and Ncol . The restriction fragments were
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separated on an agarose gel, and the 720 bp fragment of interest was excised and cleaned

up using the QIAquick gel extraction kit (Qiagen). The probe was then labelled with [a-

32P]dCTP (PerkinElmer) using the Rediprime II DNA labeling kit (GE Healthcare) to the

manufacturer's instructions, and unicorporated radio-labelled nucleotides were removed

using illustra MicroSpin G-50 columns (GE Healthcare).

Southern Blot membranes were prehybridized in Rapid-Hyb buffer (GE Healthcare),

hybridized with the labelled probe at 2xl06 cpm/ml, washed according to the

manufacturer's specifications, and the membranes were autoradiographed with Biomax

XARfilm (Carestream Health).

5.13 Integration analysis in progenitor colonies

CFU colonies from bone marrow cells of in vivo transduced female CD46-tg animals were

grown as described above. Atotal of twenty GFP-positive colonies were picked and pooled,

and the genomic DNA was isolated using DNeasy blood and tissue kit (Qiagen). As a control,

colonies from untransduced animals were collected and treated the same way. The

integration analysis was performed by Eniko-Eva Nagy and Manvendra Singh in the group

of Zsuzsanna Izsvak (Max Delbruck Center for Molecular Medicine, Berlin, Germany).

Amplification of SB genomic DNA junctions was performed by linear amplification-

mediated PCR as described previously (258) with some modifications. For this, the isolated
genomic DNA was digested with Nlalll or MluCI restriction enzymes and ligated to adaptors

having Nlalll (Nlalll-linker+, Nlalll-linker-) or MluCI (MluCI-linker+, MlucCI-linker-)

compatible overhangs. Then, 2x 50 rounds of linear amplification were carried out with a

biotinylated left Sleeping Beauty inverted repeat specific primer (LAM SB-50-Bio) to enrich

fragments with Sleeping Beauty genomic junctions. The single-stranded biotinylated

products were captured on streptavidin-coated magnetic beads using the Dynabeads

kilobaseBINDER kit (Invitrogen). After washing the beads with water, the captured products

were eluted in water by incubating them at 80 °C for 3 min. The products were then used

as templates in a nested PCR. During amplification, barcoded primers specific for the left
Sleeping Beauty inverted repeat and adapter specific primers were used, so that different

libraries could be pooled in the subsequent steps. For the first PCR, the primers Linker

Primer and SB-20-hmr-bio were used. For the second PCR, Nested Primer and either

SB_PE_new_bcl, _bc2 or _bc3 were used. Finally, primers corresponding to lllumina
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adapter sequences were used (PE_nest_indl and llluminal) to yield a directional library, in

which sequences complementary to the lllumina genomic DNA sequence primers were

located upstream of the left Sleeping Beauty inverted repeat. The resulting libraries were
pooled and sequenced on a single flow cell lane on the HiSeq Genome Analyzer platform

(lllumina) with rapid1X100 bp single end run settings.

For the bioinformatics analysis of the recovered integration sites, sample-specific barcoded

sequencing reads were de-multiplexed from the multiplexed flow cell using the CASAVA

software (lllumina). The quality of sequencing runs was evaluated using FastQC1. Reads that
started with the barcode GTATGTAAACTTCCGACTTCAACTG followed by a TA dinucleotide,

which is characteristic of Sleeping Beauty-mediated integration, were aligned against the

latest version of the mouse reference genome (GRCm38/mmlO (Dec, 2011)), using bowtie

(259). For the distribution of integration sites, annotations of untranslated regions (UTRs),

exons and coding DNA sequences (CDS) were downloaded from the UCSC genome

browser2, and the percentage of integration sites overlapping with the given genomic

coordinates was calculated. For the analysis of integration sites in spatial relation to genes

from pathways related to cancer, pathway data from the KEGG pathways in cancer -mouse

(205) database were obtained and the distance of integration sites from the closest cancer-

related gene was calculated.

5.14 Blood cell counts and liver enzyme detection

Blood cell counts and the levels of the liver enzymes AST and ALT in the blood were

determined in the University of Washington Medical Center Clinical Laboratories (Seattle,

WA, USA). For blood cell count analysis, blood samples were collected into EDTA-coated

tubes, and analysis was performed on a HemaVet 950FS (Drew Scientific). Serum samples

were used for analysis of blood chemistry, including the liver enzymes aspartate

aminotransferase (AST) and alanine aminotransferase (ALST). Serum was isolated as

described above (see section 5.8).

1http://www.bioinformatics.babraham.ac.uk/projects/fastqc - last accessed on1/30/17
2 https://genome.ucsc.edu/cgi-bin/hgTables - last accessed on 1/30/17
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5.15 Non-human primate studies

The non-human primate studies were performed at the Washington National Primate

Research Center (Seattle, WA, USA). Blood cell counts and flow cytometric analysis of

primate cells were performed in collaboration with Kevin Haworth in the laboratory of

Hans-Peter Kiem (Fred Hutchinson Cancer Research Center,Seattle,WA,USA). Two animals
(macaca nemestrina), Z12406 and Z13058,were used for in vivo HSPC transduction studies.

Animal Z12406 was mobilized with a combination of G-CSF and SCF, both at 50 mg/kg for
4 consecutive days. On day 5, the animal received an intravenous injection of HDAd-GFP at

2xl012 vp/kg. The second animal, Z13058 was mobilized with G-CSF (50 mg/kg) for 4

consecutive days and with AMD3100 (4 mg/kg) 3 hours before virus injection. Additionally,
both animals received Dexamethasone (0.5 mg/kg) 16 and 2 hours before vector injection.

This animal received a mixture of HDAd-GFP and HDAd-SB at 2xl012 vp/kg per virus through
intravenous injection. Blood samples were collected at regular intervals. Bone marrow

samples were collected on day 3 and day 7 as well as 10 weeks after virus injection. The
expression of GFP was analyzed in CD34+ cells in blood and bone marrow samples collected

on the day of virus injection. Further, vector genome copies in plasma samples were

determined via qPCR as described above, and cytokine levels in serum were determined

via cytometric bead arrays as described above.

5.16 Statistical analyses

All statistical analyses were performed using GraphPad Prism (version 6.00, GraphPad

Software). Statistical tests were employed as indicated. To compare the means of two

groups, unpaired, two-sided T-tests were employed. If testing for equal variances of the

compared groups revealed statistically significant differences in the variances, Welch's

correction was used. For the comparison of more than two means, one-way analysis of

variance (ANOVA) with Bonferroni post testing for multiple comparisons was used. When

the comparison of more than two means was influenced by two independent variables, i.e.
when both the administered vector as well as the incubation time periods determined cell

transduction frequencies, two-way ANOVA with Bonferroni post testing was employed.

Levels of statistical significance were expressed as follows: n.s. not statistically significant,

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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5.17 List of oligonucleotides

Name Sequence (5' to 3')
GFP_fwd
GFP_rev

TCGTGACCACCCTGACCTAC
GGTCTTGTAGTTGCCGTCGT

Nlalll-linker+ GTAATACGACTCACTATAGGGCTCCGCTTAAGGGACGTGACTGGAGTTCAGACT
GTGCTCTTCCGATCTCATG

Nlalll-linker- AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC
MluCI-linker+ GTAATACGACTCACTATAGGGCTCCGCTTAAGGGACGTGACTGGAGTTCAGACG

TGTGCTCTTCCGATCT
MluCI-linker- AATTAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC
LAM SB-50-Bio Biotin-AGTTTTAATGACTCCAACTTAAGTG
Linker Primer GTAATACGACTCACTATAGGGC
SB-20hmr-Bio Biotin-AACTTAAGTGTATGTAAACTTCCGACT
Nested Primer AGGGCTCCGCTTAAGGGAC
SB_PE_new_bcl ACACTCTTTCCCTACACGACGCTCTTCCGATCTATCACGGTATGTAAACTTCCGAC

TTCAA
SB_PE_new_bc2 ACACTCTTTCCCTACACGACGCTCTTCCGATCTACATCGGTATGTAAACTTCCGAC

TTCAA
SB_PE_new_bc3 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCCTAAGTATGTAAACTTCCGAC

TTCAA
PE_nest_indl CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCT

CTTCCGATCT
lllumina 1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT

CT
GFP fwd TCGTGACCACCCTGACCTAC

5.18 List of suppliers and manufacturers

Company Location
Amersham
Amgen
Applied
BD Biosciences

Little Chalfont, UK
Thousand Oaks, CA, USA
Foster City, CA, USA
San Diego, CA, USA

Carestream
Charles River
Drew Scientific
FlowJo, LLC
GE Healthcare
GraphPad
HyClone
lllumina
Invitrogen
Kapa Biosystems
Leica
Milentyi Biotec

Rochester, NY, USA
Wilmington, MA, USA
Waterbury, CT, USA
Ashland, OR, USA
Little Chalfont, UK
La Jolla, CA, USA
Logan, UT, USA
San Diego, CA, USA
Carlsbad, CA, USA
Boston,MA, USA
Heerbrugg,Switzerland
San Diego, CA, USA
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NEB (New
Olympus
Peprotech
PerkinElmer
Qiagen
ReachBio
Roche Diagnostics
Sakura Finetek

Ipswich,MA, USA
Center Valley, PA, USA
Rocky Hill, NJ, USA
Waltham, MA,USA
Valencia, CA, USA
Seattle, WA, USA
Indianapolis, IN, USA
Torrance, CA, USA
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