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Abbreviation list
Ad2: human adenovirus serotype 2
Ad5: human adenovirus serotype 5
Alexa-maleimide: alexa fluor 488 C5 maleimide
Alexa-TFP: alexa fluor 488 carboxylic acid, 2,3,5,6-tetrafluorophenyl ester
APS: ammonium persulfate
BSA: bovine serum albumin, fraction V
CAR: coxsackie B and adenovirus receptor
CIP: calf intestine phosphatase
CMV promoter: human cytomegalovirus immediate early promoter
CPE: cytopathic effect in the host cells induced by the virus
CsCl: cesium chloride
DMSO: dimethyl sulfoxide
DNase: desoxyribonuclease
DNTB: 5,5’ di-thio(2-nitrobenzoic acid) or Ellman’s reagent
dNTP: desoxyribonucleotides mix (dATP, dCTP, dGTP, dTTP)
EB buffer: elution buffer
ECL: enhanced chemiluminescence
EDTA: ethylene diamine tetraacetic acid
EGFP: enhanced green fluorescent protein (also called GFP in this study),
originally isolated from the jellyfish Aequora victoria
ELISA: enzyme-linked immunosorbent assay
ER: endoplasmatic reticulum

FDA: food and drug administration
FGF2: fibroblast growth factor 2
GON: group of nine hexons
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Abbreviation list

FCS: fetal calf serum
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HRP: horse radish peroxydase
LA and LB: luria broth agar medium and luria broth medium, respectively
LRP: low-density lipoprotein receptor related protein
LSM: laser scanning microscope
Mal: maleimide
Maleimide-Biotin: maleimide-PEO2-biotin, which is a sulfhydryl-reactive
biotinylation reagent with a hydrophilic polyethylene oxide spacer
MCS: multiple cloning sites
MOI: multiplicity of infection, virus particles per cell used in transduction assay
MTOC: microtubuli organizing center
NHS: N-hydroxysuccinimide
NHS-Biotin: EZ-link sulfo-NHS-LC-LC-biotin also called sulfosuccinimidyl-6'(biotinamido)-6-hexanamido hexanoate, which is a biotinylation reagent able to
react with primary amino groups
NPC: nuclear pore complex
OD: optical density
OCT: optimal cutting compound
OTC: ornithine transcarbamoylase
PBS: phosphate buffered saline
PCR: polymerase chain reaction
PCS: photon correlation spectroscopy
PEG: polyethylene glycol
PEI: polyethylene imine
PI: polydispersity index

Q-PCR: quantitative real-time PCR
RAP: receptor-associated protein
RNAse: ribonuclease

Abbreviation list

pIX: protein IX

IV

SATA: N-succinimidyl S-acetylthiopropionate
SDS: sodium dodecyl sulfate
SDS-PAGE: sodium dodecyl sulfate – polyacrylamide gel electrophoresis
SPA: succinimidyl propionate
SPDP: N-succinimidyl 3-(2-pyridyldithio) propionate
SSC: saline sodium citrate
TAE buffer: tris-acetate-EDTA electrophoresis buffer
Taq polymerase: enzyme from Thermus aquaticus YT-1
TBE buffer: tris-borate-EDTA electrophoresis buffer
TBS solution: tris-buffered saline solution
TCEP: tris-(2-carboxyethyl) phosphine, hydrochloride
TE buffer: tris-EDTA buffer
TELT: tris-EDTA-lithium triton buffer
TEMED: N,N,N’,N’-tetramethylethylenediamine
Tf: human apotransferrin
TfR: transferrin receptor
Traut’s reagent: 2-Iminothiolane•HCl
Tris: tris [hydroxymethyl] aminomethane
vp: vector particle
Vectors used in this study: Ad5-based E1-deleted first generation vectors
carrying an hCMV-driven EGFP cassette.
Ad1stGFP: wild-type capsid vector
Ad1Cys: contains a genetically introduced thiol in the fiber HI loop

AdpIX45Cys: contains a genetically introduced thiol at the C-terminus of pIX
via a 45 Å alpha-helical spacer
AdpIX75Cys: contains a genetically introduced thiol at the C-terminus of pIX
via a 75 Å alpha-helical spacer

Abbreviation list

AdpIXCys: contains a genetically introduced thiol at the C-terminus of pIX
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Introduction

1.1

Gene therapy

Somatic gene therapy is based on the concept that diseases can be treated and
prevented by the introduction of nucleic acids into somatic cells of a patient. This
approach is not only indicated for the treatment of hereditary diseases, it may also
be applied to the treatment of cancer or of cardiovascular diseases, and for
genetic vaccination (figure 1.1).

Figure 1.1: indications addressed by gene therapy clinical trials. The three main
indications for gene therapy are cancers, cardiovascular diseases and monogenic
diseases. (This drawing was taken from http://www.wiley.co.uk/genmed/clinical/)

Once a nucleic acid is chosen for its therapeutic or preventive effect, the crucial
step of gene therapy is the specific delivery of this nucleic acid to the target cells of

therapeutic nucleic acids into the target cells or, in the case of DNA, into the
nucleus of the target cells.
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the patient. A gene transfer vector is a system protecting and transporting the
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There are two main families of gene transfer vectors, non-viral vectors and viral
vectors (figure 1.2, p.2).

Figure 1.2: Gene transfer vectors used in gene therapy clinical trials. The three
main vectors used in clinical trials are two viral vectors, adenovirus- and retrovirusbased,

and

one

non-viral

vector.

(This

drawing

was

taken

from

http://www.wiley.co.uk/genmed/clinical/)

The strategy to transport a therapeutic or preventive nucleic acids with virusesderived vectors relies on the high efficiency of viruses to transfer their own genetic
material to cells. To engineer these viral vectors, the viruses were genetically
modified to remove or reduce pathogenesis, toxicity, replication ability, and to
increase the safety of the vectors for in vivo applications. Production systems for
many different viral vectors have already been established or are still being
improved to improve production yields and vector safety.
Many viral vectors are based on well-known either enveloped (retrovirus,
lentivirus, herpes simplex virus) or non-enveloped viruses (adenovirus, adenoassociated virus). However, one of the major hurdles for the clinical use of viral

and the complement system and are prone to activate the innate immune
response.
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vectors is their immunogenicity. They can be inactivated by pre-existing antibodies

2

Other strategies were developed to circumvent the disadvantages associated with
virus vectors. These strategies are based on the combination of synthetic
polymers (polycations – polyethylene imine, poly-L lysines- liposomes) with the
DNA molecule to facilitate cell entry and DNA delivery. These vectors are lesspathogenic and less-immunogenic. However, so far non-viral gene transfer vectors
do not match the efficiency of viral vectors to deliver their DNA to somatic cells in
vivo in a transcriptionally active form.
There are two fundamentally different ways to apply viral and non-viral gene
transfer vectors: ex vivo and in vivo gene therapy.
(http://www.cancer.gov/cancertopics/factsheet/Therapy/gene)
For ex vivo gene therapy, target cells are isolated from the patient (blood or bone
marrow for example) and subsequently modified with the vectors ex vivo. The
modified cells are selected and in some cases grown in culture before their
reinjection into the body.
This approach is limited to cell types that can be isolated from patients. However,
when this is not possible, for example in the case of musle cells and in
metastases, the vectors have to be injected into the body of a patient either locally
or systemically into the bloodstream. In this case, the vectors have to be designed
in a way that helps to overcome a multitude of hurdles. The viral vectors have to
escape from the pre-existing immunity and from the innate immune system.
Ideally, they should not transduce non-target cells and when it is the case, they
should pass through the anatomical barriers like the endothelial cell layer to reach
their target cells.

In 1999, a clinical trial with adenovirus vectors carrying a gene to treat the
ornithine transcarbamylase (OTC) deficiency, a rare metabolic disorder, led to the
death of a patient after the injection of the viral vectors that caused multiple organ

(http://query.nytimes.com/gst/fullpage.html?res=9C03E4DE1F3CF93BA15752C1A
96F958260&sec=&spon=&pagewanted=1)

Introduction

failure.
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The urea cycle (also known as ornithine cycle) is a series of five liver enzymes
including the ornithine transcarbamylase that transform ammonia, which is a toxic
breakdown product of protein, in urea, which is afterwards dissolved in blood and
excreted by the kidney as a component of urine [85]. The mammalian urea cycle
takes place in the liver.
The OTC deficiency is X-linked and is the most common urea-cycle disorder
occurring in one out of every 40000 births [7]. Newborns suffering of severe OTC
slip into hyperammonemic coma within 72 hours after birth, especially hemizygous
males. Half of them die in the first month, and a quarter die by the age of five. The
survivors have to be in low-protein diet and life-long medicine.
The adenovirus vector used in the clinical trial piloted by the University of
Pennsylvania was based on adenovirus type 5 and E1- and E4-deleted (see 1.3.4,
p.15) and contained the human OTC cDNA [95]. The liver tropism of the Ad
vectors suggested that the Ad vectors would carry the gene to the liver cells.
In vivo tests with mice were performed. After the transient secondary effects of the
Ad vectors injection, the treated mice were cured for two to three months, even
with a high-protein diet, while the control mice without therapy died [95]. The Ad
vectors also were tested in rhesus monkeys and baboons [53] and in one patient,
before a clinical trial with 19 patients was authorized. The goal of the trial was to
find the maximum tolerated dose, i.e. the dose for therapeutic effects with lower
side effects. The patient received the highest dose of the trial, a dose of 6x1011
particles / kg [60]. After slow infusion directly in the right hepatic artery, he started
to have fever and stomach problems, which was already observed with other
patients. But 18 hours after infusion, he was disoriented and presented jaundice
symptoms, which were not observed for the first 17 patients. This jaundice was the
sign of a disseminated intravascular coagulation that pushed him in coma few
hours after. 98 hours after infusion, the patient died of a multiple organ system
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failure.
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This clinical study, together with many other preclinical studies, has resulted in the
recognition that vectors have to be significantly improved with respect to efficiency
and safety.

The gene transfer technologies used in the clinical situation should be safe and
side effects should be absent or at least controllable. The viral vectors have to
escape from the pre-existing immunity and from the innate immune system.
Ideally, they should not transduce non-target cells and pass through the
anatomical barriers to reach their target cells. By improving gene transfer
efficiency, dose reduction would decrease the toxicity of the vectors and the innate
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immunity-associated side effects.

5

1.2

Classification of adenoviruses

Adenoviruses were isolated for the first time in 1953 [63] [29]. The discovered
viruses were named after the original tissue where they were found, the human
adenoids

[15].

Adenoviruses

mainly

cause

acute

respiratory

diseases,

asymptomatic and symptomatic gastrointestinal infections [48], infections of the
urinary tract and the kidneys, and conjunctivitis [32]. Most symptomatic infections
affect children and military recruits [49], but also immunodeficient persons [39].
Adenoviruses have been isolated for nearly all vertebrates, from fish to humans
[12] [3]. There are five genera of adenoviruses sharing a common ancestor.
Mastadenoviruses were

isolated

from mammals,

including

humans,

the

Aviadenoviruses were isolated from birds, the Siadenoviruses were isolated from
birds and one reptile, the Atadenoviruses were so called because of the high A / T
content of their genomes, and the Ichtadenovirus was isolated from a sturgeon.
Fifty-one human adenovirus serotypes have been characterized and classified in
species (table 1.3), initially by their resistance to neutralization by different antisera
[62] and more recently by sequence comparison.

Table 1.3: Classification of the human adenoviruses.
Species

Serotypes

A

12, 18, 31

B

3, 7, 11, 14, 16, 21, 34, 35, 50

C

1, 2, 5, 6

D

8, 9, 10, 13, 15, 17, 19, 20, 22-30, 32, 33, 36-39, 42-49, 51

E

4

F

40, 41

The adenoviruses type 2 and type 5 (both from species C) have been
used as gene transfer vectors.
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characterized in greatest details and those are the adenoviruses most frequently
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1.3

Biology of adenoviruses

The adenovirus particle consists of a linear double-stranded DNA molecule
protected in a protein shell, the capsid. The viral genome contains all the
information to generate new Ad particles. The capsid protects and preserves the
genome. It is a relatively efficient and safe vehicle able to introduce its genome
into target cells to engage virus multiplication.

1.3.1

Structure of the virions

Adenoviruses are non-enveloped viruses with an icosahedral shape (20 faces and
12 vertices) and with a size of 150 MDa and a diameter of approximately 100 nm
[3] [9] (figure 1.4, p.8). The eleven structural proteins (seven in the capsid and four
packed with the DNA in the core) of the virions were identified by electrophoretic
analyzes after disruption of the particles by sodium dodecyl sulfate, and each
polypeptide was named after its electrophoretic migration (table 1.5, p.8, from II to
IX – “I” was only an artifact due to aggregates- including IIIa, µ and TP). The three
major components of the capsid are the fiber, hexon and penton-base proteins.
The twenty capsid faces are mainly composed of hexon capsomeres, with twelve
trimers per face (240 trimers). Each vertex of the icosahedral shell is capped by
one penton-base pentamer (12 pentamers). The homotrimeric fibers protrude from
each pentameric penton-base ring and stick up from the capsid. In addition to
these three major proteins, there are four minor capsid proteins, IIIa, VI, VIII and
IX. These minor capsid proteins are associated with the hexons to stabilize the
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shell and give some flexibility to the structure for disassembly.
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Figure 1.4: Structure of the adenovirus virion. There are seven capsid proteins and
four core proteins (drawing taken from [67]).

Table 1.5: The eleven structural proteins of the adenovirus.
Polypeptide name

Molecular mass of

Copy number in current

monomer (kDa)

model

II (hexon)

109

240 trimers (720)

III (penton base)

63

12 pentamers (60)

IIIa

63

60 monomers

IV (fiber)

62

12 trimers (36)

V (core)

41

160 monomers

TP (terminal protein, core)

55

2 monomers

VI

22

60 hexamers (360)

VII (core)

19

630 monomers

VIII

15

IX

14

80 trimers (240)

µ (core)

±4

100 monomers

functions as a cement protein for the viral capsid. By stabilizing hexon-hexon
interactions [19], it contributes to the thermostability of the vector structure and has
also been suggested to take part in packaging of viral DNA [20]. Four pIX trimers
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Protein IX (pIX) is located between the hexon capsomeres (figure 1.6, p.9). pIX

8

cement nine hexons trimers in a highly stable plane structure called group of nine
(GON). One GON is connected to the three neighboring GON of the other facets
with three proteins IIIa. The protein VI and protein VIII decorate the inner side of
the hexons. The pVI connects the peripentonal hexons to each other and is
required for endosomal escape during infection. The pVIII acts like pIX to stabilize
the interactions between the hexons.

Figure 1.6: Group of nine hexons and pIX localization at the capsid surface.
(drawing adapted from [57])

The core of the virion contains five proteins and the viral linear double-stranded
DNA. Protein X is cleaved into µ which is present in the mature virions. The protein
V, the protein VII and the polypeptide µ are basic DNA-binding proteins that
condense the viral genome within the core. The terminal protein TP is covalently
attached to the 5’ ends of the viral DNA. Protein VII is the major core protein.
There are several hundred copies of protein VII and this protein compacts the 36
kb viral genome in repetitive structures. Protein V contacts the core with the
vertices of the capsid via the penton base and the protein VI. The p23 viral
cysteine protease was also found in mature adenovirus particles. This protease

and it is essential for endosomal escape during infection.
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cleaves the precursors of several viral proteins during assembly and maturation,
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1.3.2

Natural receptors and cell entry of adenovirus type 5

Ad5 infection is mediated predominantly by the fiber and the penton-base proteins
(figure 1.7). The adenovirus initially binds to the cell via the interaction of the fiber
with the specific cellular receptor, CAR (coxsackie B virus and adenovirus
receptor) [2] [31]. Then the penton base interacts with the integrin receptors of the
cell via its arginine-glycine-aspartic acid (RGD) motif. This interaction leads to
receptor-mediated endocytosis in clathrin-coated pits of the particle. A second
endocytic process, macropinocytosis, is simultaneously induced and involved in
viral uptake [50].

Figure 1.7: Interaction of the fiber and the penton base proteins with the cell

The fiber consists of three domains, the N-terminal tail which is attached
noncovalently to the penton-base, the shaft consisting of 22 structural repeats and

Introduction

receptors and cell entry.
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the distal C-terminus knob globular domain with a receptor-binding domain and a
trimerization domain (figure 1.8). The knob domain initiates the attachment to the
cells, with its high-affinity binding to the plasma membrane receptor CAR, the
high-affinity receptor for human adenoviruses from subgroups A, C, D, E and F.

Figure 1.8: Schematic representation of the fiber trimer. The three domains of the
fiber protein are shown: the tail, shaft and knob domains (not drawn to scale).

CAR is a member of the immunoglobulin superfamily and is a component of tight
junctions on epithelial cells. This receptor is expressed in many organs like heart,
pancreas, testis, lung, liver, intestine and central and peripheral nervous system.
After fiber binding to CAR, the penton base binds with a lower affinity to integrins
[91]. The interaction is made through the arginine-glycine-asparagine (RGD) motif
present at the surface of the penton base. This interaction provokes endocytosis of
the viral particles.
Integrins are heterodimeric cell surface receptors, mediating cell adhesion to the
extracellular matrix and signaling. The clustering of integrins leads to a signaling
cascade. The actin cytoskeleton rearranges to promote virus endocytosis.
The heparan sulfate proteoglycans were also proposed to promote the binding of
Ad5. The shaft domain of the fiber protein contains a putative heparin binding
domain, the lysine-lysine-threonine-lysine (KKTK) motif, which is thought to bind
the HSPGs [71].

receptors on many different body cell types is a major parameter to be considered
to avoid the transduction of non-specific cell types by gene transfer.

Introduction

The high promiscuity of Ad vectors resulting from abundant expression of these
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1.3.3

Viral intracellular trafficking

The Ad particles initially bind to the cell via the interaction of the fiber with CAR
and are taken up via the interaction of the RGD motif of the penton base with
integrins (figure 1.9, p.13). The actin cytoskeleton locally rearranges upon integrin
mediated signaling and the particles are internalized by receptor-mediated
endocytosis in clathrin-coated pits. The fibers are rapidly detached from the virions
upon interaction with integrins [51]. Receptor binding and uptake happens rapidly
with 80 % of the bound particles taken up in the five to ten first minutes after
receptor binding [50].
The vesicles containing the virions enter the endosomal pathway, with progressive
acidification of the endosomal compartment. This acidification leads to
conformational changes of the capsid proteins and to the activation of the viral
protease p23 [19].
This cysteine protease is essential for particle assembly [89] (it cleaves six capsid
protein precursors) and is packaged inside the viral particles. The protease is
inactivated when the particles are released from the infected cells into the
oxidizing extracellular environment [19]. When the particles enter the endosomes,
the viral protease is reactivated and cleaves the pVI at its N-terminus exposing an
amphipathic alpha-helix with a membrane lytic activity [93]. In addition, the viral
DNA was bound to pVI and the peripentonal hexons, so after p23 cleavage of the
pVI, the DNA is released from the inner wall of the capsid, and is free to escape
from the partially disassembled particles when they are docked at the nuclear
pores [23].
The uptake in the cells generates conformational changes, with release of penton
base, peripentonal hexons, pIIIa and pVI. The amphipathic alpha-helical Nterminal domain of pVI freed by the viral protease p23 disrupts the endosomal
membrane and the partially disassembled particles are freed from the early

Once in the cytoplasm, the partially disassembled particles interact with the
dynein/dynactin motor complexes [35], which track the particles along the
microtubuli to the microtubuli organizing center (MTOC), localized close to the
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endosomes. This endosomal escape occurs 15-20 minutes after binding.
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nucleus. The virions are released from the microtubuli organizing center by the
nuclear export factor CRM1 [74] and bind to the CAN / Nup214 protein of the
nuclear pore complex [77]. Once docked, the particles are further disassembled
and the histones H1 participate in the viral DNA transfer into the nucleus. The
transfer of the DNA occurs between 30 minutes and one hour after cell binding,
depending on the transduced cells.

Figure 1.9: Ad5 entry and intracellular trafficking. Ad particles bind CAR and
integrins. The fibers are shed early after entry. The actin cytoskeleton rearranges after
integrin mediated signalling and the particles are taken up by endocytosis. The decrease
in pH in the early endosomes leads to conformational changes, and the partially
disassembled particles escape from the early endosomes. In the cytoplam, they interact
with dynein, which tracks them along the microtubuli to the microtubuli organizing center
(MTOC). The particles dock to the nuclear pore complex and transfer their DNA into the

Introduction

nucleus. (drawing taken from [9])
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1.3.4

Adenovirus genome

The adenovirus genome is a linear double-stranded DNA (36 kb). The DNA has
inverted terminal repeats (ITR) sequences which act as DNA replication origins
(figure 1.10). The genome [3] contains five early transcription units (E1A, E1B, E2,
E3 and E4), three delayed early transcription units (pIX, IVa2 and E2 late) and one
major late transcription unit (which is processed to L1 to L5). The genome also
contains a packaging signal between the left ITR and the E1A coding region.
The E1A gene products activate the transcription and induce the cell to enter the S
phase. The E1B gene products have an anti-apoptotic activity. The E2 gene
products are responsible of the viral DNA replication. The E3 gene products
modulate immune responses to the Ad infection and are also involved in the
release of progeny virions. The E4 gene products have several functions. They
modulate transcription and translation, mediate the nuclear export of the mRNA
and modulate the viral DNA replication and cellular apoptosis. The structural

Figure 1.10: Transcription map of human adenovirus. (drawing adapted from [3])
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proteins of the capsid and of the core are products of the late genes.
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1.3.5

Adenovirus infectious cycle

As described in 1.3.3 (p.12), the adenovirus interacts with CAR and integrins and
enters the cells by endocytosis. The adenovirus is very rapidly released in the
cytoplasm and proceeds quickly to the nucleus, within one hour after cell entry.
The virus transfers its DNA into the nucleus.
E1A is the first gene activated after nucleus entry, and therefore it is also called
immediate early gene. It activates the early viral genes and activates cell entry to
the S phase which is the optimal environment for viral replication. The early viral
genes have two main functions. They protect the infected cells from cellular
defense systems. E1B-55K and E4orf6 inhibit p53, a transcription factor that
arrests the cell cycle and mediates apoptosis. E1B-19K inhibits BAX and BAK
which are responsible for a p53-independent apoptosis pathway. In addition, E1B55k and E4orf6 inhibit the cellular DNA damage repair system which is activated
upon Ad infection. The early genes also encode the products needed for viral
genome replication. The initiation of the replication requires three essential viral
proteins encoded by the E2 transcription unit, the precursor terminal protein (pTP),
the DNA polymerase (pol) and the DNA binding protein (DBP). In addition two
cellular transcription factor, nuclear factor I (NFI) and nuclear factor III (NFIII/Oct1), enhance the replication efficiency.
Initiation starts at both ends of the viral DNA molecules where identical replication
origins stand in the ITR. The two cellular transcription factors and the three viral
proteins form a stable nucleoprotein structure at the origin. The cellular
topoisomerase I is required for elongation. Elongation is performed by a
displacement mechanism and requires only DBP and the polymerase. The second
complementary strand is then generated. The replication starts six hours after cell
entry.
Finally the structural proteins, encoded by the late genes, are produced. The

the left end of the genome. The particles escape from the cell 48 hours after
infection.
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capsid is assembled in the nucleus. The DNA molecule is packaged starting from
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1.4

Adenovirus gene transfer vectors

Adenovirus vectors present many advantages. The Ad5 biology is wellcharacterized. The genome is highly stable and can be easily manipulated with
standard molecular biology methods. These vectors can be grown to high titers
and transduce efficiently dividing and non-dividing cells. Disadvantages include
their high promiscuity after systemic delivery and the immune response of the
host.

1.4.1

Adenovirus vectors

There are essentially three main groups of Ad vectors, first and second generation
adenovirus vectors and high capacity adenovirus vectors.

Figure 1.11: Ad vectors. There are three main types of Ad vectors, the first generation
vectors, with E1 (and E3) deletions of the adenoviral genome, the second generation
vectors, with additional deletions of E2 and/or E4, and the high-capacity helperdependant vectors, in which all the adenovirus genome except the encapsidation signal
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and the ITR is replaced.
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First generation vectors have a deletion of the E1 and/or E3 genes (figure 1.11,
p.16). The E1 region encodes for proteins essentially required for expression of
the other early and late genes. E1-deleted vectors are thus replication deficient.
The E3 region encodes for proteins that protect the infected cells from defense
systems. A maximum of 8.2 kb of foreign DNA can be inserted in this type of
vector [11]. The E1 genes, necessary for virus growth, are trans-complemented
during vector production by producer cell lines, such as the well-known 293 cell
line.
This cell line was generated in 1977 [22]. Human embryonic kidney cells were
transformed by transfection with sheared fragments of Ad5. These cells possess a
portion of the adenoviral genome containing the E1 genes with flanking
sequences. But because of the presence of the flanking part of E1 genes,
recombination may occur during vector production, leading to replicationcompetent viruses (RCA). To avoid this safety-relevant problem, other cell lines
were generated without any overlapping sequences, for example, the PER.C6
cells [16] or the N52.E6 cells [68].

These vectors can be produced to high titers (10 3 to 104 vector particles per cell).
However, first-generation vectors generate a significant immune response in vivo,
therefore additional genes have been removed. Many combinations exist, in
addition to E1 and E3, the E2 and E4 regions can be removed (figure 1.11, p.16).
These vectors were called second-generation vectors and allow the insertion of up
to 14 kb of foreign DNA [11]. As described with first-generation vectors, these
second-generation vectors are produced with complementing cell lines [24].

The first- and second-generation adenovirus vectors are potential vaccine vectors,
as they provide strong short-term transgene expression combined with innate and
adaptive immune responses and inflammatory effects in mammalian hosts [76]

Introduction

(table 1.13, p.19).
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The first-generation and second-generation adenovirus vectors are considered
defective for replication, but some expression of viral genes limits the period of in
vivo transgene expression, due to the elimination of the transduced cells by the
immune system. However, they can be used as gene transfer vectors in immuneprivileged sites like the eyes or the brain [30; 73]. These organs are protected from
damage by inflammatory responses and therefore may allow for gene transfer
mediated by first- and second-generation vectors without acute immune responses
and with a prolonged transgene expression.
High capacity Ad vectors (also called helper-dependent or “gutless” vectors) have
a deletion of the complete Ad genome except the ITR and the encapsidation signal
(figure 1.11, p.17). Up to 36 kb of foreign DNA can be transferred with these
vectors. High-capacity vectors allow the controlled expression of one large gene or
of several genes without the expression of viral genes, which would be toxic for
the cells and would also lead to the elimination of the cell by the immune system.

Figure 1.12: Production of high capacity Ad vectors with the Cre-mediated
excision of the packaging signal of the helper virus. The helper virus DNA cannot be
packaged after excision of the loxP-flanked viral packaging signal during infection of Crereplication and packaging of high capacity Ad vectors. The amount of infectious high
capacity vector particles can be increased by serial amplification in helper virus-infected
293 Cre cells. (Drawing taken from [58])
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expressing 293 cells. The helper virus provids in trans all of the functions necessary for
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These vectors are propagated with the trans-complementation of a helper
adenovirus (figure 1.12, p.18). Different systems were generated to avoid
contamination of the high capacity vectors with helper virus (FLP/frt [52], Cre/loxP
[58]).

The high capacity Ad vectors are gene transfer vectors able to efficiently
transduce the target cells in vivo and exhibit a decreased in vivo toxicity and
immunogenicity that allow for long-term expression of transgene in quiescent cells
(table 1.13).

Table 1.13: Features and potential applications of Ad vectors.
Maximal size of the

Expression / Potential

transgene

application

Ad vector type

Deletions

First generation

E1/E3

8.2 kb

E1/E2/E3/E4

12 kb

High capacity

Complete genome
except ITR / Ψ

/ Genetic vaccines
Strong short term expression
/ Genetic vaccines
Long term expression in

36 kb

quiescent cells / Gene
therapy
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Second
generation

Strong short term expression
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1.4.2

Targeting of adenovirus vectors

During the last years, many approaches were tested to give new receptor
specificities to Ad gene transfer vectors [9; 87]. The capsid proteins were modified
to introduce new tropism with genetic modification, fiber swap, chemistry, adaptor
strategies, or geneti-chemical strategy.
Targeting ligands were genetically fused to or inserted into the capsid proteins of
the adenovirus vectors [87]. Most of the ligand moieties which were successfully
inserted in the capsid were small peptide ligands (RGD motif) and some
polypeptide ligands like the fusion of fiber with single-chain antibody fragments
(scFv). The majority of the studies published so far used the fiber protein as a site
for genetic insertion of ligands [87].
In addition to the fiber protein, more abundant capsid proteins like hexon [84],
penton base [90; 92], pIX [13; 57; 82] and IIIa [10] can be used to genetically insert
peptide ligand motif or apply adaptor-molecule based targeting strategies.
Among these alternatives to fiber, pIX has attracted particular interest for two
reasons. First, in contrast to fiber, hexon and penton-base, pIX tolerates extensive
genetic modifications, which allow for the introduction of functional full-length
proteins that by far exceed the size of pIX [47]. Second, there are 240 pIX copies
per capsid and their modification generates Ad vectors with a significantly larger
number of ligand molecules on the capsid compared to fiber-modified vectors. The
ligand number that can be coupled might be of importance for the use of lowaffinity high-avidity ligands.
RGD or poly-lysine motifs and single chain antibody fragment (ScFv) were
successfully used to target Ad vector particles modified at the C-terminus of pIX
[13; 79; 82]. Furthermore, pIX-complementing cell lines have been developed that
stably express modified pIX and thereby facilitate the generation of vector particles
bearing modified pIX without genetic modification of the Ad vector genome [81].

with other proteins, giving a new tropism [9; 87]. The swapping of fiber in the
vector capsid gives other serotype receptor tropism. Other chimeric proteins, like
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In addition to the insertion of ligand moieties, the capsid proteins were substituted
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the fiber-trimeric reovirus attachment protein σ1, or synthetic proteins can also be
used.
Molecular adaptors can mediate the redirection of the Ad vector to new receptors
[87] (figure 1.14). They have two specificities. One end binds the fiber, and the
other the target cell receptor, like the fusion of the CAR receptor which binds to
fiber with a ligand giving new receptor specificity. In addition the high-affinity
interaction between avidin and biotin was applied to an adaptor system [59].

Figure 1.14: Adenoviral vectors targeted with adaptors. Receptor-ligand fusions or
biotin-avidin adaptors can be used for targeting. (Drawing adapted from [87]).

Chemical conjugation allow for the covalent coupling of targeting ligands at the
capsid surface via PEG-derived polymers (see figure 3.1, p.81). For example the
fibroblast growth factor 2 (FGF2) was covalently coupled to the Ad vectors and
redirected to FGF2-expressing cells.
A combined geneti-chemical strategy was developed by Kreppel and coworkers
[38]. Highly reactive thiols were genetically inserted in the fiber HI loop. The
solvent-exposed thiols were coupled to transferrin and the Tf-modified particles
were efficiently targeted to the transferrin receptor (TfR) expressing cells. This
geneti-chemical system could be combined with PEGylation of the capsid amino
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groups. This approach allows for well-defined coupling of full-length proteins.
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1.4.3

Hepatocyte gene transfer

Upon systemic delivery, the half life of the particles in the blood stream is less than
two minutes, 99 % of the vector particles are cleared from the blood after one hour
and 90 % of the vector genomes are cleared from the liver within 24 hours.
The systemic administration of adenovirus vectors rapidly generates many
physiological responses, including activation of the immune system caused by the
viral particles or capsid. This response results in inflammation with release of
proinflammatory

cytokines

and

chemokines

[70],

liver

toxicity

and

thrombocytopenia.
The vector particles can interact with the immune system and other factors in the
bloodstream. The particles can interact with the complement system [69] and preexisting antibodies [96]. Blood factors, like the vitamin K-dependant coagulation
zymogens, including the factor X, can bind to the vector capsid and redirect the
particles to the liver through HSPGs and LRP (see figure 1.16, p.26) [34]. The
thrombocytopenia comes from the coating of the vector particles with platelets [9].
Furthermore human erythrocytes (but not murine) neutrophils and monocytes also
can interact with the particles [44].
Kupffer cells, the resident hepatic macrophages (see figure 1.15, p.23), are a sink
for vector particles. After uptake of the particles, these cells activate the
endothelial cells, release cytokines and other proinflammatory substances
because Ad vector uptake result in activation and necrosis of the Kupffer cells.

The liver is the organ where the nutrients absorbed by the gut and transferred to
the blood are processed to be easily used by other organs in the body [1]. The
major part of its blood is supplied by the intestinal tract via the portal vein and by
the hepatic artery. The liver is composed at 75% of hepatocytes. The liver is
involved in many metabolic processes, detoxification (toxins, drugs), protein
substances (serum albumin, coagulation factors, transferrin, and lipoproteins).
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synthesis, lipid modifications and secretion of the produced or modified
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Hepatocytes are responsible for the synthesis, the modification, the degradation,
and the storage of many substances, and they secrete most of the protein found in
blood plasma. Liver cells are interconnected with blood-filled spaces called
sinusoids running between them. The hepatocytes are interconnected with
sinusoids and with bile canaliculi. These cells are separated from the bloodstream
by fenestrated and flattened endothelial cells. The small holes in the endothelial
sheet, called fenestrae, allow the exchange of molecules and small particles
between the hepatocytes and the bloodstream. This structure facilitates the
exchange of metabolites between hepatocytes and the blood, which is essential
for the functions of the liver. Kupffer cells are spread in the sinusoids. In addition,
the hepatocytes stick to a net of bile canaliculi where they secrete bile which is
conducted to the gut via bile ducts (figure 1.15).

Figure 1.15: Structure of the liver. Drawing taken from [1].

molecules in the bloodstream make it an ideal target for gene therapy. The blood
delivery of new molecules has many indications, systemic diseases (cystic fibrosis,
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The central position of the liver and its high capacity to secrete many kinds of
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vasculitis, diabetes, etc), cancers (hepatic cancers, disseminated cancers,
metastasis), bile defects and metabolic diseases (haemochromatosis, etc).

To transduce hepatocytes, Ad vectors have to be administered systemically or via
surgical methods, but in both cases, they have to pass the immune system and to
escape from the Kupffer cells. Because systemic administration leads to a
widespread distribution of the Ad vectors and to Kupffer cells necrosis and
subsequent hepatotoxicity, new receptor specificities have to be applied to the
vector particles to transduce more efficiently and more specifically the
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hepatocytes.
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1.4.4

Model ligands for targeting characterization

Two model ligands were used in this study. RAP [55] and Tf [38] were already
used for targeting of gene transfer vectors. In addition, the hepatocytes express
the receptors for these two ligands and therefore, they are potential ligands for
hepatocyte targeting.

Apo-transferrin (Tf) is an iron transport protein, which is internalized by
endocytosis upon Tf receptor binding [1] (figure 1.16). The low pH in the
endosomes releases the iron from the transferrin while the transferrin (80 kDa)
remains bound to its receptor. The Tf receptor is recycled back to the plasma
membrane with the bound transferrin. When it returns to the neutral pH of the
extracellular environment, transferrin dissociates from the receptor and can bind
and transport iron ions.

Figure 1.16: Transferrin and transferrin receptor complex and their recycling
(drawing taken from http://walz.med.harvard.edu/Research/Iron_Transport/Tfrtf.php)
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intracellular pathway.
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The hepatocytes also express the LRP receptor (low-density lipoprotein receptor
related protein) [28]. This receptor recognizes at least 30 different ligands. Its
structural similarity to the LDL receptor and its expression in the liver suggested a
role in lipoprotein metabolism and cholesterol homeostasis. Further in vitro
evidence that LRP binds ApoE led to the proposal that this molecule serves as a
receptor for chylomicron remnants, lipoproteins that shuttle primarily dietary
cholesterol from the gut to the liver.
The LRP receptor is one of the members of the LDL receptor and LRP receptor
family (figure 1.17).

Figure 1.17: LDL and LRP receptor family. The LRP receptor expressed by the
hepatocytes is a member of the LDL and LRP receptor family. It binds at least 30
different ligands. (Drawing adapted from http://receptome.stanford.edu/hpmr/Families
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/Frameset_family.asp?FamId=6&ProtType=Receptor and [28])
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The Receptor Associated Protein (RAP) is a specialized chaperone. It is one of the
several ligands which binds to the LRP receptor (low-density lipoprotein receptor
related protein) and protects it from premature binding to its natural ligands in the
endoplasmic reticulum [26] (figure 1.18). RAP (39 kDa) binds with a high affinity to
LRP (Kd = 18nM) and is a universal antagonist of all known LRP ligands. In Golgi
vesicles, RAP is released from the LRP because of the decreased pH, and is
recycled to the ER via an ER-retrieval vesicle.

Figure 1.18: RAP, intracellular chaperone for LRP receptor and its pH-dependant
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recycling to the ER. (drawing taken from Herz, 2006).
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1.5

Aim of this study

From preclinical and clinical studies it has become apparent that current vector
technologies have to be significantly improved with respect to gene transfer
efficiency and specificity and also in safety before they can be routinely used in
patients.

Due to the promiscuity of the natural receptors, adenovirus vectors frequently
transduce non-target cells. In other situations, for example in many tumors, the
target cell may even carry the adenovirus receptors at only low abundance or not
at all. Thus, it will be very important to develop new targeting strategies to achieve
efficient and specific gene transfer to the tissue of choice.

The overall aim of this study was to evaluate (i) whether chemical or genetichemical coupling strategies can be used to attach receptor ligands to the
adenovirus capsid, in particular to protein IX, (ii) whether these modifications
would influence biological virus functions such as vector uptake and intracellular
trafficking, and (iii) whether, by any of the applied strategies, improved gene
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transfer can be achieved in vitro and in vivo.
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2

Material and methods

2.1

Material

2.1.1

Lab equipment

96-well plates reader: Multiskan Ex (Thermo Fisher Scientific)
Bacterial incubator: Heraeus B15 (Thermo Fisher Scientific, Waltham, MA, USA)
Cell culture incubator: Heraeus BBD 6220 (Thermo Fisher Scientific)
Centrifuge: Heraeus Multifuge 3s-r (Thermo Fisher Scientific)
Centrifuge: Microcentrifuges 5417C and 5417R (Eppendorf, Hamburg)
Centrifuge: Sorvall RC6 plus with rotors SLC3000 and F21S (Thermo Fisher
Scientific)
Confocal microscope: LSM 510 Meta (Carl Zeiss, Jena)
Dark reader: DR-45M transilluminator (Clare Chemical Research Inc., Dolores,
CO, USA)
Desiccator: 467-2120, Kartell, (Noviglio, Italy)
Developing machine: Optimax 2010 (Protec, Oberstenfeld)
Electrophoresis apparatus for acrylamide gels: Mini Protean II Cells (Bio-Rad,
Hercules, CA, USA)
Electrophoresis apparatus for agarose gels: Hoefer HE33 Minihorizontal

Electroporator: micropulser (Bio-Rad)
Flow cytometer: FACSCalibur system (Becton Dickinson Biosciences, San Jose,
CA, USA)
Fluorescence microscope: Axioskop 2 plus with an AxioCam MRm (Carl Zeiss)

Material and methods

Submarine Unit (Amersham, Buckinghamshire, UK)
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Fluorimeter: luminescence spectrometer LS50B (Perkin Elmer, Waltham, MA,
USA)
Incubator shaker for bacterial cultures: Incubator hood TH15 combined with a
shaker KS15 (Edmund Bühler GmbH, Tübingen)
FPLC apparatus: Äkta Purifier with pH/C-900, Uv-900, P-900 and Frac-950
modules (Amersham)
Gel documentation system: UV system (Intas, Göttingen)
Heating-block: HBT-2132 (Haep Labor Consult HLC, Bovenden)
PCR Thermocycler: FTGene5D (Techgene, Cambridge, UK)
pH-meter: MP225 (Mettler Toledo Gmbh, Schwerzenbach, Switzerland)
Phosphoscreen Reader: Phosphoimager BAS 1000 (Fujix, Tokyo, Japan)
Photon Correlation Spectroscopy Apparatus: N4 plus (Beckman Coulter,
Fullerton, CA, USA)
Pump system: Membrane vacuum pump MP26 / System I (Biometra, Göttingen)
Real-Time PCR thermocycler: iCycler iQ5 (Bio-Rad)
Slot Blot Manifold: Hoefer PR-648 (Amersham)
Spectrophotometer: Ultrospec 1000 (Pharma Biotech, Cambridge, UK)
Tube Shakers: MHR20/23 from HLC and Thermomixer Comfort (Eppendorf)
Ultracentrifuge: Sorvall Discovery SE with TH-641 rotor (Thermo Fisher
Scientific)

Tubes and plates

0.5 ml PCR tubes (82-0350-A, PEQLab, Erlangen)
1.5 ml reaction tubes, PCR clean (0030 125.215, Eppendorf, Hamburg)
1.5 ml safe-lock tubes (0030 120.086, Eppendorf)
15 ml highly clear polypropylene conical Falcon tubes (352096, Becton Dickinson,
Le Pont de Claix, France)
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2.0 ml safe-lock tubes (0030 120.094, Eppendorf)
200 ml centrifuge tubes with screw caps (NUNC, Roskilde, Denmark)
50 ml polypropylene conical Falcon tubes (352070, Becton Dickinson)
96 well plates for Elisa, C96 Maxisorp Immunoplate (430341, NUNC)
96 well plates for Ellman’s test, non-treated, flat-bottom (734-0083, NUNC)
UltraClear centrifuge tubes 14x89 mm (344059, Beckman, Palo Alto, CA, USA)

2.1.3

Chemicals, kits and other supplies

1-step Turbo TMB-ELISA (34022, Pierce, Rockford, IL, USA)
2-mercaptoethanol (M370-1, Sigma-Aldrich, Steinheim)
2K mPEG-SPA (Nektar Therapeutics, Birmingham, AL, USA)
Acetic acid, glacial (45731, Fluka Chemie Gmbh, Buchs, Switzerland)
Acrylamide, Rotiphorese Gel 40 (29:1) (A515.1, Roth, Karlsruhe)
Agarose (840004, Biozym, Hess)
Alexa Fluor 488 C5 maleimide (A-10254, Molecular Probes, Invitrogen, Eugene,
OR, USA)
Alexa Fluor 488 carboxylic acid, 2,3,5,6-tetrafluorophenyl ester (Alexa Fluor® 488
5-TFP) 5-isomer (A-30005, Molecular Probes)
Ampicillin sodium salt (K029.1, Roth)
APS, ammonium persulfate (A3678, AppliChem, Darmstadt)
Biotin, EZ-Link Sulfo-NHS-LC-LC-Biotin (21338, Pierce)

Boric acid (0055, J. T. Baker, Mallinckrodt Baker, Deventer, Holland)
Bromophenol Blue (B-8026, Sigma-Aldrich)
BSA, albumin fraction V, protease free (T844.2, Roth)
Cesium chloride (757306, Roche, Mannheim)
Clodronate liposomes (Roche)

Material and methods

Biotin, Maleimide-PEO2-Biotin (21901, Pierce)
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Chloroform, trichloromethane (3313.1, Roth)
Cuvettes for electroporation, 2 mm gap (Molecular BioProducts, San Diego, CA,
USA)
Cysteine (L-Cysteine, A3694, AppliChem)
Desoxycholic acid (D-6750, Sigma-Aldrich)
Dextran sulfate sodium salt (A2250, AppliChem)
DNTB, Ellman’s reagent, 5,5’ di-thio(2-nitrobenzoic acid), (A3378, AppliChem)
Dounce homogenizer 1 ml (Wheaton, Milville, NJ, USA)
ECL detection kit, SuperSignal West Pico Chemiluminescent Substrate (34080,
Pierce)
EDTA, ethylene diamine tetraacetic acid, disodium salt dihydrate (A355,
AppliChem)
EMCS, N-(ε-maleimidocaproyloxy) succinimide ester (22308, Pierce)
Ethanol absolute, for molecular biology (32205, Riedel-de Haën, Seelze)
Ethidium bromide, dropper bottle (A2270, AppliChem)
Fluorescent mounting medium (S3023, DakoCytomation, Glostrup, Denmark)
Glycerol anhydrous (A2926, AppliChem)
Glycin, for analyze (A1377, AppliChem)
HEPES (9105.3, Roth)
Hydroxylamine HCl (26103, Pierce)
Hyperfilm ECL (28906838, Amersham, Buchs, UK)
iQ SYBR Green Supermix (170-8882, Bio-Rad, Hercules, CA, USA)

Isopropanol, 2-propanol (59300, Fluka)
Kanamycin sulfate (T832.1, Roth)
LB agar, Lennox L agar (22700-025, Invitrogen)
LB, Difco LB Broth Lennox (240210, Becton Dickinson, Le Pont De Claix, France)
Lithium chloride (3739.1, Roth)

Material and methods

Isoamylalcohol (A3611, AppliChem)
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Lysine, L-Lysine monohydrate (A3448, AppliChem)
Lysozyme (A3711, AppliChem)
Magnesium chloride (A3618, AppliChem)
Magnesium sulfate (A1037, AppliChem)
Methanol (65543, Fluka)
Micro BCA Protein Assay Kit (23235, Pierce)
Milk powder, blotting grade (Fat<1%, T145.2, Roth)
NHS-PEG-(3,4kDa)-Mal (Nektar Therapeutics)
Nitrocellulose membrane, Hybond ECL (RPN3032D, Amersham)
Nonidet P40 (A1694, AppliChem)
Nylon membrane for Slot Blot, Biodyne B 0.45 µ (60208, Pall Corporation,
Pensacola, FL, USA)
OCT compound (4583, Tissue Teck)
Paraformaldehyde, extra pure (1.04005.1000, Merck KGaA, Darmstadt)
PD-10 desalting columns (Sephadex G-25M, 17-0851-01, GE Healthcare)
Phenol, Ultrapure buffer-saturated phenol (15513-039, Invitrogen)
Potassium chloride (31248, Riedel-de Haën)
QIAamp DNA blood mini kit (QIAGEN, Hilden)
QIAGEN Midi and Maxi Kits for plasmid purification (QIAGEN)
QIAquick PCR purification Kit (QIAGEN)
RAP, human receptor-associated protein was a gift from Raptor Pharmaceutical
(Novato, CA, USA)

Buckinghamshire, UK)
Salmon sperm DNA sodium salt (A2159, AppliChem)
SATA, N-succinimidyl S-acetylthiopropionate (26102, Pierce)
SDS, sodium dodecyl sulfate, molecular biology grade (SDS00250, MP
Biomedicals Europe, Illkirch, France)

Material and methods

Rediprime II Random Prime Labelling System (RPN1633, GE Healthcare,
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Sodium acetate, anhydrous (A1522, AppliChem)
Sodium chloride (A3597, AppliChem)
Sodium hydroxide (pellets, A1551, AppliChem)
SPDP, N-succinimidyl 3-(2-pyridyldithio) propionate (21857, Pierce)
Streptavidin-Horseradish Peroxidase Conjugated (21126, Pierce)
Sucrose, for molecular biology (S-0389, Sigma-Aldrich)
Sulfuric acid (A4872, AppliChem)
Syringe for vector collection, 2 ml single-use syringe (4606027V, B/Braun,
Melsungen) combined with 0.9x40 mm needle (Sterican, B/Braun)
TCEP, Tris-(2-carboxyethyl) phosphine, hydrochloride (T2556, Invitrogen)
TEMED,

N,N,N’,N’-tetramethylethylenediamine,

for

electrophoresis

(T9281,

Sigma-Aldrich)
Transferrin, human apotransferrin was a gift from Ernst Wagner (Munich,
Germany)
Traut’s reagent, 2-iminothiolane-HCl (26101, Pierce)
Tris, Tris [hydroxymethyl] aminomethane, Ultrapure, MB grade (75825, USB
Corporation, Cleveland, OH, USA)
Tri-sodium citrate dihydrate (A2403, AppliChem)
Triton X-100 (A1388, AppliChem)
Trypton (enzymatic digest from casein, 95039, Fluka)
Tween 20 (9127.1, Roth)
Winged infusion set (178/92/A, Ecoflo, Dispomed, Gelnhausen)

Yeast extract (A1552, AppliChem)

Material and methods

Xylene Cyanole FF (X-4126, Sigma-Aldrich)
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2.1.4

Buffers

Ampicillin (1000x stock solution): 100 mg/ml in demineralized water
Blocking solution for ELISA assay: 5 g of BSA powder dissolved in 100 ml PBS.
Blocking solution for western transfer analysis: 3 g of milk powder (fat < 1%)
dissolved in 100 ml of TBS.
Buffer for flow cytometry: PBS supplemented with 20 mM EDTA and 2% FCS
CsCl gradient buffers: 1.27 g/ml, 1.34 g/ml and 1.41 g/ml solutions in PBS
CsCl gradient buffers under reducing conditions: 1.27 g/ml and 1.34 g/ml in PBS
supplemented with 10 mM TCEP and 1 mM EDTA (pH 7.2), and 1.41 g/ml solutions in
PBS supplemented with 1 mM TCEP and 1 mM EDTA (pH 7.2)
Resuspension buffer for viral vector production in reducing conditions: PBS
supplemented with 10 mM TCEP and 1 mM EDTA (pH 7.2).
Dextran sulfate (10x stock solution): 50% dextran sulfate powder dissolved in
demineralized water
DNA loading buffer (10x stock solution): 0.2% bromophenol blue, 0.2% xylene cyanol
FF, 100 mM EDTA, 30% glycerol in demineralized water
Elution buffer (EB): 10 mM tris-HCl pH 8.5 in demineralized water
HEPES buffer: 50 mM HEPES, in demineralized water, pH 7.2 or 8
Hybridization buffer: 2x SSC, 1x milk solution, 0.5 mg/ml salmon sperm DNA, 1x
dextran sulfate, in autoclaved demineralized water, thoroughly mixed and boiled ten
minutes, then cooled down on ice to room temperature
Kanamycin (1000x stock solution): 50 mg/ml in demineralized water
LA (agar): 32 g/liter of demineralized water, autoclaved

Lysis buffer for fluorimetric assay: 50mM tris, 1% nonidet P40, 0.25% desoxycholat,
150mM NaCl, 1mM EDTA, in PBS, pH 7.4, sterile filtered
Milk solution for Slot Blot (10x stock solution): 5 % of milk powder (fat <1%), 10 % SDS
in demineralized water
Paraformaldehyde (PFA) solution: 2 % paraformaldehyde in PBS, neutral pH
equilibrated with sodium hydroxide pellets

Material and methods

LB medium: 20 g/liter of demineralized water, autoclaved
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Protein loading buffer (2x stock solution): 0.2% bromophenol blue, 5% 2mercatoethanol, 4% SDS, 125 mM tris HCl, 20% glycerol, in demineralized water, pH 7
Poly-acrylamide gel: resolving (8-12%) and stacking (5%) gels were prepared according
to the tables A8-9 and A8-10 from “Molecular Cloning, a laboratory manual”, respectively.
The acrylamide solutions were prepared with 30% Rotiphorese gel 40, 10% SDS, 10%
ammonium persulfate (APS), TEMED, 1.5 M tris pH 8.8 for resolving gels and 1 M tris pH
6.8 for stacking gels.
Salmon sperm DNA Solution: 1% salmon sperm DNA powder in TE pH 8.5, sheared,
heated at 37°C and kept at 4°C
SDS running buffer (10x stock solution): 250 mM tris HCl, 2.5 M glycin, 1% SDS, in
demineralized water, pH 8.3
SOC medium: 2 g trypton, 0.5 g yeast extract, 0.05 g NaCl in 100 ml demineralized
water, autoclaved and supplemented with 1 ml autoclaved 1 M MgSO4, 1 mL autoclaved
1M MgCl2 and 0.2 ml sterile filtered 20% glucose
Sodium acetate solution: 3 M in demineralized water, autoclaved, pH 5.3
SSC (20x stock solution): 3 M NaCl, 0,3 M tri-sodium citrate in demineralized water,
autoclaved, pH 7
Sucrose solution: 30 % sucrose in demineralized water
Tris-buffered saline solution (TBS): 25 mM tris HCl, 150 mM NaCl, 30 mM KCl, in
demineralized water, pH 7.4, optionally supplemented with 0.1% tween 20
Tris-EDTA-lithium triton buffer (TELT): 50 mM tris HCl, 62.5 mM EDTA, 2.5 M LiCl,
0.6% triton X-100, a small aliquot of lysozyme in demineralized water
Transfer buffer: 25 mM tris HCl, 150 mM glycin, 20% methanol, in demineralized water
Tris EDTA buffer (TE): 10 mM tris HCl, 1 mM EDTA, in demineralized water, autoclaved,
pH 7.5 or 8.5
Tris-acetate-EDTA Electrophoresis buffer (TAE) (5x stock solution): 200 mM tris base,

Tris-borate-EDTA Electrophoresis buffer (TBE) (10x stock solution): 225 mM tris base,
225 mM boric acid, 20 mM EDTA
Washing buffer 1 for Slot Blot (high stringency): 2x SSC, 0.1% SDS, in autoclaved
demineralized water
Washing buffer 2 for Slot Blot (low stringency): 0,1x SSC, 0.1% SDS, in autoclaved
demineralized water

Material and methods

5 mM glacial acetic acid, 5 mM EDTA
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2.1.5

Plasmids and primers

Table 2.1: plasmids for cloning.
Name

Based on / Provided by

pGS70

pBK-CMV

pGS66

pBluescriptII-SK(+)

pEGFP-N1

Clontech

p75A

Rob Hoeben and Jort Vellinga, University of Leiden, NL [80]

Oligos were purchased from Operon Biotechnologies GmbH, Cologne. All oligos
were resuspended in a final concentration of 1 µg/µl in TE pH 8.5 (see 2.1.5)

Table 2.2: annealed oligonucleotides for cloning.
Name

Sequence 5’-3’

SC1Sense

Phos-TAAGCAGGTGTTTAAACGCAGGTGCGATCGCAT

SC1Reverse

Phos- GCGATCGCACCTGCGTTTAAACACCTGCTTAAT

SC9Sense

TAAGCAGGCGTCGACCGTCCATGTATACAAGAT

SC9Reverse

CTTGTATACATGGACGGTCGACGCCTGCTTAAT

Name

Sequence 5’-3’

Gene

SC29Sense

GCTGTGTTCTTGCACTCCTTG

Murine ß-actin

SC29Reverse

CGCACGATTTCCCTCTCAGC

gene

SC30Sense

GCTACAGTTTCAGTTTTGGCTG

Adenovirus

SC30Reverse

GTTGTGGCCAGACCAGTCCC

fiber gene

Material and methods

Table 2.3: PCR primers for real-time PCR.
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Table 2.4: PCR primers pairs for cloning.
Name

Sequence 5’-3’

SC2Sense

GGCGTCCCTTAATTAAGGATC

SC2Reverse

GAGGTCGACTTAACAAACCGCATTGGGAGGGGAG

SC3Sense

TGTTAAGTCGACAACATAAATAAAAAACCAGACTC

SC3Reverse

GTCTGTATACGGGGACACG

SC2Sense

GGCGTCCCTTAATTAAGGATC

SC18’Reverse

GAGGTCGACATCGATAACCGCATTGGGAGGGGAG

SC22Sense

TCACATCGATGGGCGGGCACGGCTGTCCA

SC20Reverse2

ACTCATCGATTTAACACTCGCCGCGGTACTGCAC

SC22Sense

TCACATCGATGGGCGGGCACGGCTGTCCA

SC21Reverse

ACTCATCGATTTAACAGGTTGGGTTGTGGCGTTTG

Table 2.5: PCR primers for sequencing.
Sequence 5’-3’

SC08

GTAAAACGACGGCCAGTG

SC10

GCCAGCAGGTTTCTGCC

SC11

CGTGGAAGAACTTGGAGAC

SC12

CTTTTGAGCGTTTGACCAAG

SC14

CCAGGTGTTTTTCTCAGGTG

SC15

GTCCGAGTTTCTATACGAGG

Material and methods
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2.1.6

Enzymes

All restriction enzymes, Taq polymerase, T4 DNA ligase, desoxyribonucleotides
solution set (dNTP), calf intestine phosphatase (CIP) and appropriate buffers were
purchased from New England Biolabs (NEB, Beverly, MA, USA), Platinum Pfx
polymerase from Invitrogen (Eugene, OR, USA), DNAse free RNAse from Roche
(Mannheim).

2.1.7

Antibodies

Rat anti-mouse F4/80 antigen, dilution 1/100 (MCA497R, AbD Serotec,
Düsseldorf)
Rat IgG1, dilution 1/10 (R100, Caltag Laboratories, Invitrogen, Eugene, OR, USA)
Goat anti-rat Alexa555-conjugated, dilution 1/200 (A21434, Molecular Probes,
Invitrogen, Eugene, OR, USA)
Mouse anti-human 85 kDa LRP (MA-5A6, Gentaur, Brussels, Belgium)
Goat

anti-mouse

IgG

R-Phycoerythrin-conjugated

(M30004-1,

Caltag

Laboratories)
Rabbit serum anti-Ad5 pIX, dilution 1/2000 (Cevec, Köln)
Goat anti-rabbit IgG peroxidase-conjugated, dilution 1/20000 (A0545, Sigma-

Material and methods

Aldrich, Steinheim)
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2.1.8

Cell lines and cell culture products

A549:

ATCC # CCL-185
Cell line derived from human lung carcinoma

CHO LRP-null:

Cell line derived from CHO-K1 cells (Cricetulus griseus) [18]
Expressing a low level of the LRP1 receptor

CHO-K1:

ATCC # CCL-61
Cell line derived from adult Chinese hamster ovarian cells
(Cricetulus griseus)

Hepa1-6:

ATCC # CRL-1830
Cell line derived from murine hepatoma (Mus musculus)

HepG2:

ATCC # HB-8065
Cell line derived from human hepatocellular carcinoma

K562:

ATCC # CCL-243
Cell line derived from human chronic myelogenous leukemia

N52.E6:

Cell line derived from human amniocytes [68]
E1-trans-complementing for Ad vector production

DMEM (41965, Gibco, Invitrogen, Eugene, OR, USA)
MEM (powder for 10 liters, 61100-087, Gibco)
RPMI 1640 (21875, Gibco)
αMEM (powder for 10 liters, 12000-063, Gibco)
Dulbecco’s PBS (H15-002, PAA Laboratories Gmbh, Pasching, Austria)
Fetal Calf Serum (FCS) EU approved origin (10270-106, Gibco)

Trypsin (0.05% trypsin EDTA, 25300, Gibco)

15 cm dishes: TC dish 150x20, vents Nunclon D SI (157150, NUNC, Roskilde,
Denmark)
24 well plates, non-treated: multidish 24 wells, non-treated (144530, NUNC)
24 well plates: multidish 24 wells, Nunclon Delta SI (142475, NUNC)

Material and methods

Penicillin Streptomycin Glutamine (Pen Strep, 10378, Gibco)
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6 cm dishes: TC dish 60x15, vents Nunclon D SI (150288, NUNC)
Flask, non-treated: Easyflask 260 ml, non-treated SI (156800, NUNC)

Suppliers list

AbD Serotec, Düsseldorf

Invitrogen, Eugene, OR, USA

Amersham, Buckinghamshire, UK

J. T. Baker, Mallinckrodt Baker, Deventer, Holland

AppliChem, Darmstadt

Kartell, Noviglio, Italy

B/Braun, Melsungen

Merck KGaA, Darmstadt

Beckman Coulter, Fullerton, CA, USA

Mettler

Beckman, Palo Alto, CA, USA

Switzerland

Becton Dickinson Biosciences, San Jose, CA,

Molecular BioProducts, San Diego, CA, USA

USA

Molecular Probes, Invitrogen, Eugene, OR, USA

Becton Dickinson, Le Pont de Claix, France

MP Biomedicals Europe, Illkirch, France

Biometra, Göttingen

Nektar Therapeutics, Birmingham, AL, USA

Bio-Rad, Hercules, CA, USA

NUNC, Roskilde, Denmark

Biozym, Hess

PAA Laboratories Gmbh, Pasching, Austria

Caltag Laboratories, Invitrogen, Eugene, OR, USA

Pall Corporation, Pensacola, FL, USA

Carl Zeiss, Jena

PEQLab, Erlangen

Cevec, Köln

Perkin Elmer, Waltham, MA, USA

Clare Chemical Research Inc., Dolores, CO, USA

Pharma Biotech, Cambridge, UK

DakoCytomation, Glostrup, Denmark

Pierce, Rockford, IL, USA

Ecoflo, Dispomed, Gelnhausen

Protec, Oberstenfeld

Edmund Bühler Gmbh, Tübingen

QIAGEN, Hilden

Eppendorf, Hamburg

Riedel-de Haën, Seelze

Fluka Chemie Gmbh, Buchs, Switzerland

Roche, Mannheim

Fujix, Tokyo, Japan

Roth, Karlsruhe

GE Healthcare, Buckinghamshire, UK

Sigma-Aldrich, Steinheim

Gentaur, Brussels, Belgium

Techgene, Cambridge, UK

Gibco, Invitrogen, Eugene, OR, USA

Thermo Fisher Scientific, Waltham, MA, USA

Haep Labor Consult HLC, Bovenden

Tissue

Healthcare, Buckinghamshire, UK

Zoeterwounde, Holland

Intas, Göttingen

USB Corporation, Cleveland, OH, USA

Toledo

Teck,

Gmbh,

Sakura

Wheaton, Milville, NJ, USA

Schwerzenbach,

Finetek

Europe,
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2.2

Methods

All the buffers were described in 2.1.4. (p.35-36)

2.2.1

Work with E. coli bacteria and with desoxyribonucleic
acid

Transformation of Escherichia coli cell
1x10⁹ XL2Blue Escherichia coli cells (40 µl aliquots stored at -80°C) were thawed
on ice. 1 µl of a solution containing 10-50 ng/µl plasmid DNA (from Miniprep DNA
isolation or Midiprep - Maxiprep DNA isolation) or 4 µl of ethanol-precipitated
ligation were added to the bacterial cells and incubated five minutes on ice. The
bacterial cells were electroporated (one pulse of 2.5 kV for 5.5 ms) in a 2 mm gap
cuvette, and incubated two more minutes on ice. 300 µl of 37°C SOC medium was
added to the transformed cells and they were plated onto LA plates supplemented
with the appropriate antibiotic(s), overnight at 37°C.

Small-scale isolation of plasmid DNA (Miniprep)
The bacterial pellet of 1.5 ml cultures (LB supplemented with the appropriate
antibiotic, inoculated with a single colony, incubated overnight at 37°C and shaken
at 200 rpm) was resuspended in 200 µl of fresh TELT buffer. The samples were
thoroughly mixed, boiled for three minutes, and cooled down on ice. They were
centrifuged for ten minutes at 20000 g to remove the cell debris and the genomic
bacterial DNA. The supernatant containing the plasmid DNA was transferred to a

centrifuged for ten minutes at 20000 g. After removal of the supernatant, the
precipitated DNA was washed with 100 µl of 70% ethanol and centrifuged at
20000 g. After careful removal of the supernatant, the pellet was air-dried for few
minutes and resuspended in 20 µl TE buffer pH 8.5. 3 µl of plasmid DNA was
analyzed by the appropriate restriction digestion.

Material and methods

new 1.5 ml tube and 100 µl of isopropanol was added. The samples were
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Large-scale isolation of plasmid DNA (Midiprep, Maxiprep)
These isolations were performed from bacterial culture (200 ml of antibiotic
supplemented LB medium inoculated with a single colony, incubated overnight at
37°C with shaking at 200 rpm) with the QIAGEN plasmid midi or maxi kit according
to the manufacturer’s protocol, with one exception. After column purification, the
eluted DNA (in a 50 ml falcon tube) was precipitated by addition of 0.7 volume of
isopropanol and incubated 20 minutes at -20°C. The sample was centrifuged for
30 minutes at 5000g at 4°C with swing-out rotors. The supernatant was removed
and the precipitated DNA pellet was resuspended in 300 µl of TE buffer pH 8.5
and transferred into a new 1.5 ml tube and ethanol-precipitated. The precipitated
DNA was resuspended in 100 µl of TE buffer pH 8.5.

Ethanol precipitation
DNA solutions of known volume were precipitated by addition of 0.1 volume of
sodium acetate solution and 2.5 volumes of pure ethanol. The DNA was
precipitated 20 minutes at -20°C. The sample was centrifuged for ten minutes at
20000 g at 4°C. The supernatant was removed and 300 µl of 70% ethanol was
added to the precipitated DNA pellet. The sample was centrifuged for ten minutes
at 20000 g at 4°C. The supernatant was carefully removed and the DNA pellet was
air-dried a few minutes before resuspension in TE buffer pH 8.5.

Analytic and preparative digestion by restriction enzymes
For analytic digestion, 3 µl of Miniprep-isolated DNA or 200 ng of Midiprep /
Maxiprep-isolated DNA was analyzed in a maximum 10-fold over-digestion (a onefold digestion is defined as one unit of enzyme digesting 1 µg of substrate DNA in

a final volume of 20 µl and for two hours. DNA loading buffer was added to the
samples and the different fragments were separated by electrophoresis on a TBE 0.8 % agarose gel containing ethidium bromide and visualized under UV light.

Material and methods

one hour) with the appropriate restriction enzyme and the corresponding buffer in
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For preparative digestion, 10 µg of plasmid DNA was digested with the appropriate
enzyme as described for analytic digestion, in a final volume of 100 µl for two
hours. DNA loading buffer was added to the samples and the different fragments
were separated by electrophoresis on a TAE - 0.8 % agarose gel containing
ethidium bromide and visualized with a dark reader.

When two different enzymes in two different buffers were required for digestion,
the digestion which required the lower-salted buffer was performed first. This
digestion was followed by an ethanol precipitation. After resuspension in TE buffer
pH 8.5, the second digestion was performed.

Dephosphorylation of 5’ ends of DNA fragments
To increase the ligation efficiency, the 5’ end of the plasmid vector fragment,
defined here as the DNA fragment containing the antibiotic resistance gene, was
dephosphorylated with the Calf intestinal phosphatase (CIP) enzyme. Therefore,
after preparative digestion of 10 µg of DNA, 5 units of CIP were added to the
sample and incubated 45 minutes at 37 °C.

Preparation of agarose gels and electrophoresis
The gels were prepared with 0.8-1% agarose in 1x TBE buffer for analysis gels or
1x TAE buffer for preparative gels, boiled in a microwave until the agarose was
completely dissolved. After cooling to 60°C, 0.5 µl of ethidium bromide was added
and the gels were prepared. The DNA samples were prepared in a final 1x of DNA
loading buffer. The electrophoresis took place in 1x TBE or TAE buffer at 80 volts.

gel analysis, or with a dark reader for preparative gels.

Material and methods

The DNA fragments were visualized with gel documentation system (UV light) for
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DNA fragment isolation from agarose gels, the “freeze and squeeze” method
DNA loading buffer was added to the samples and the different fragments were
separated by electrophoresis on a TAE - 0.8-1% agarose gel containing ethidium
bromide. The fragments were visualized on a dark reader. The DNA fragment of
interest was excised from the TAE – agarose gel, and the excised gel piece was
cut into small pieces and transferred into 2 ml tubes. 1 µl of buffer saturated
phenol was added per mg of excised agarose gel and the sample was strongly
mixed for one minute. The sample was frozen in liquid nitrogen and thawed before
centrifugation for ten minutes at 20000 g. The aqueous phase was transferred into
a new tube and mixed with an equal volume of chloroform/isoamylalcohol (24:1)
solution. The sample was mixed thoroughly for one minute before centrifugation
for ten minutes at 20000 g. The aqueous phase was transferred to a new tube. 0.7
volume of isopropanol were added to the sample before incubation 20 minutes at 20°C. The mixture was centrifuged for ten minutes at 20000 g at room
temperature, and the supernatant was carefully removed. The DNA pellet was
resuspended in 150 µl TE buffer pH 8.5 and ethanol-precipitated.

Extraction by phenol-chloroform
When no isolation of the DNA fragments of interest was required, and to inactivate
and remove proteins from the DNA containing solution, the DNA was extracted by
phenol-chloroform. Solution was filled up to a final volume of 500 µl with TE buffer
pH 8.5 and an equal volume of buffer saturated phenol was added. The mixture
was mixed thoroughly for one minute and centrifuged for ten minutes at 20000 g
and room temperature. The aqueous phase was transferred into a new safe-lock
tube, and the same volume of chloroform/ isoamylalcohol (24:1) was added. The

20000 g at room temperature. The aqueous phase was transferred to a new
eppendorf tube and the DNA was ethanol-precipitated.

Material and methods

sample was strongly mixed for one minute and centrifuged for five minutes at
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Oligonucleotides preparation and annealing
The tubes containing the lyophilized oligonucleotides were centrifuged and the
oligonucleotides were dissolved in a final concentration of 1 µg/µl with TE buffer
pH 8.5. After incubation for five minutes at room temperature, the samples were
thoroughly mixed. 1 µl of each oligo was added to 38 µl of TE pH 8.5 in a 1.5 ml
safe-lock tube, and the sample was boiled for two minutes in a water bath and
slowly cooled down overnight before storage at 4°C.

Ligation
For ligation of digested DNA fragments, the precipitated DNA fragments were
resuspended in EB buffer after ethanol precipitation. The samples were incubated
ten minutes at 42°C and cooled down on ice. For ligation, 100 ng of plasmid vector
and a 4- to 10-fold molar excess of insert fragment were used. Vector plasmid and
insert fragment were mixed on ice. 1 µl of buffer was added to each sample. The
solutions were filled to 9 µl with demineralized water. 1 µl of T4 DNA ligase (400
units) was added to the samples. The samples were incubated ten minutes on ice,
and placed at room temperature overnight. The DNA was ethanol-precipitated,
resuspended in 10 µl of demineralized water, and 4 µl of the ligation product was
used for transformation of XL2Blue E. coli.

For ligation of unphosphorylated oligonucleotides into a phosphorylated plasmid
vector, the oligos were annealed as described in TE buffer pH 8.5. For ligation,
100 ng of plasmid vector and a 50- and 100-fold molar excess of oligos were used.

ligation

of

phosphorylated

annealed

oligonucleotides

dephosphorylated plasmid, the molar ratio was 1:3 and 1:5.

into

a

CIP-
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For
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Analytic and preparative PCR
A 5 mM stock solution of dNTP was prepared. The pair of primers was dissolved in
a final concentration of 100 ng of each primer / µl of TE buffer pH 8.5. 10 ng of
template DNA was used for the reaction, including 2 µl of the dNTP stock solution,
1 µl of the primers solution, 5 µl of the polymerase buffer, 1 µl of polymerase, in a
final volume of 50 µl.
For analytic PCR, the reaction was performed with Taq polymerase and for
preparative PCR with the platinum Pfx polymerase.
The PCR products were purified with the QIAquick PCR purification kit. An aliquot,
after addition of DNA loading buffer, was loaded on TBE – 0.8-1% agarose gel for
quality control.

2.2.2

Eukaryotic cell culture

Routine maintenance of cell lines
All media (Gibco) were supplemented with 10% fetal calf serum (South America
origin, Gibco) and 1% Streptomycin-Penicillin-Glutamine (Gibco).

To maintain them in culture, eukaryotic cells were grown in 20 ml of the
appropriate medium in 15 cm dishes for adherent cells or in flasks for suspension
cells in humidity controlled cell incubator, at 37°C with 5 % of CO 2 (table 2.6, p.48).
Before they reached complete confluence (i.e. to keep the cells in the log phase of
growth), the adherent cells were washed with PBS (PAA) and detached with
0.05% trypsin (Gibco). They were sub-cultivated with the appropriate dilution twice

Material and methods

a week.
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For example, 2x107 N52.E6 cells (80% confluent) contained in one 15 cm dish
were washed with PBS. 5 ml of 0.05% trypsin solution was added to the cells and
incubated for two minutes before removing the excess of trypsin. When the cells
were completely detached, they were resuspended in 9 ml of fresh αMEM
medium. The dilution factor for the N52.E6 cells was 1/3, meaning that the cell
contained in one dish (with 80 % of confluence) could be sub-cultivated in three
dishes. 3 ml of the cells suspension was seeded into 20 ml of fresh αMEM medium
in a new 15 cm dish.

The K562 suspension cells were cultivated in non-treated flasks and sub-cultivated
by dilution of the cells suspension 1/10 in new flasks twice a week. When seeded
into 24 well plates, non-treated 24 well plates were used.

Table 2.6: Cultivation of cell lines.
Cell line

Medium

Dilution for passaging

A549

MEM

1/7

CHO K1

DMEM

1/20

CHO LRP-null

DMEM

1/20

Hepa1-6

DMEM

1/5

HepG2

αMEM

1/5

RPMI

1/10

αMEM

1/3

K562

N52.E6

Material and methods

(suspension cells)
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2.2.3

Vector production

Cell line for vector production
The first generation adenovirus vectors cannot be produced in all cell lines. The
E1 gene from the Ad5 genome is deleted, so vector production requires the transcomplementation of the missing E1 genes (E1A and E1B).

Schiedner and coworkers generated a E1-deleted Ad vector producing cell line
[68]. Human primary amniocytes were efficiently transformed with a plasmid
containing the E1 gene (without overlapping sequences with the current
adenovirus vector genomes) and the N52.E6 cell line was selected among the
different clones which were generated. This cell line mediates high-titer Ad5 first
generation vector production with a decreased risk of recombination compared to
293 cells, which contained overlapping sequences with E1-deleted vectors and
might produce replication-competent vectors.

N52.E6 cells were used for transfection and subsequent vector production. These
cells transcomplement the missing adenoviral E1 gene in the vector genome and

Material and methods

allow for viral vector replication.
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Procedure for vector production
Table 2.7: Procedure for vector production, from transfection to large-scale
preparation. Transfection of linearized infectious plasmids coding for first-generation
E1-deleted adenovirus vectors in N52.E6 producer cells generates small amounts of
infectious adenovirus vector particles. This small amount of vector particles obtained by
freeze-thaw some days after transfection was used for a new round of infection of
producer cells. This process termed amplification allowed to increase the number of
infectious vector particles and was repeated three times with increasing cell numbers to
8

obtain enough infectious particles for a large scale vector production using 2x10 cells.
Procedure

N52.E6 cell number

Transfection of

1st amplification

Total cell
number

6

1x10 cells

linearized infectious
plasmids

Dish number

6

1

1x10 cells

2

2x106 cells

1

1x107 cells

2

2x107 cells

per 6 cm dish
1x106 cells
per 6 cm dish

2nd amplification

1x107 cells
per 15 cm dish

3rd amplification

1x107 cells
per 15 cm dish
1x106 cells

Titration of lysate

5
per 6 cm dish

Large-scale

1x107 cells

preparation

per 15 cm dish

20

2x108 cells

Polyethyleneimine (PEI): polyplex preparation and in vitro transfection
In the presence of 150 mM NaCl, PEI compacts the DNA into positively charged
particles called polyplexes. These particles can interact with the negative charges
of the cell surface and enter the cell by endocytosis. Because cell entry requires

cations. The N/P ratio, referring to the number of PEI nitrogen per DNA phosphate,
describes the ionic charge of the complexes.

Calculation of the N/P ratio:
7.5 mM PEI volume (µl) = (3x DNA Weight (µg) x N/P ratio) / 7.5

Material and methods

positive charges, the ionic balance of the polyplexes should be in favor for the
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1x10⁶ N52.E6 cells were seeded in a 6 cm dish the day before transfection. Cells
were washed with PBS and 5 ml of fresh medium was added before addition of the
compacted DNA (table 2.7, p.50).
For transfection with the PEI which was generated in our lab, the optimal N/P ratio
was 17. The linear vector genome was obtained by digestion of 5 µg of DNA with
SwaI that excises the plasmid backbone, purified by phenol-chloroform extraction
and ethanol-precipitated. The DNA was filled to a final volume of 250 µl with 150
mM NaCl solution. 60 µl of 4.25 mM PEI solution (equivalent of 34 µl of 7.5 mM
PEI solution) was added to 190 µl 150 mM NaCl solution. The PEI solution was
added all at once to the DNA solution (the order is important here). The solution
was mixed immediately by pipetting up and down ten times, incubated for ten
minutes at room temperature and added to the N52.E6 cells.

Amplification
The vectors used in this study contain a CMV-driven EGFP cassette. The
transfected-cells and their EGFP expression were daily checked with a
fluorescence microscope. The vector production in the cells generates a
microscopically visible cytopathic effect (CPE). When the vectors replicate, the
producing cells start to get round and form cell clusters. After transfection, several
rounds of amplification were performed to obtain enough particles for a large-scale
vector preparation. For each amplification step, the crude lysate from the previous
amplification was used to infect a larger amount of producing cells (table 2.7,
p.50).
When the CPE occurred, the medium containing the detached cells were
centrifuged for ten minutes at 400 g. The supernatant was removed and the cell

freezing in liquid nitrogen and thawing in a 37°C water bath (freeze-thaw). This
crude lysate was used to reinfect larger amounts of producing cells (table 2.7,
p.50).
After three amplifications, the cell pellet was resuspended in 4ml of PBS and lysed
by three freeze-thaw cycles. This lysate was titrated before large-scale production.
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pellet was resuspended in 2 ml of PBS. The cells were lysed by three rounds of
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Titration of the infected cells lysate
Previous experiments showed that 20 infectious MOI were needed for an optimal
vector production in N52.E6 cells after 48 hours (the maximal yield per cell was
obtained with 20 infectious MOI whereas the yield was drastically reduced with
less or more infectious MOI). The crude lysate from the third amplification was
therefore tested for infectious particles.
Five 6 cm dishes containing 1x10⁶ N52.E6 cells per dish were prepared the day
before titration. 1x10⁶ N52.E6 cells were infected with 1 µl, 5 µl, 10 µl, 20 µl and 50
µl of crude cell lysate from the third amplification (table 2.7, p.50). The CPE was
checked after 48 hours. The volume of lysate generating complete CPE after 48
hours was the volume to be used (per 1x10⁶ cells) for large scale vector
production.

Large-scale vector production
Twenty 15 cm dishes containing 1x107 N52.E6 cells per dish were prepared the
day before infection for large scale vector production (table 2.7, p.50). The 1x10⁷
N52.E6 cells contained in each of the twenty 15 cm dishes (2x10 8 cells in total)
were infected in 10 ml of medium with 20 infectious MOI of purified Ad vector
titrated by Slot Blot or the appropriate volume of lysate as determined by titration.
The dishes were filled to 20 ml medium after 2 hours, and were incubated at 37°C.
48 hours later, the medium containing the infected cells was collected and pooled
in two 200 ml centrifuge tubes. The tubes were centrifuged for ten minutes at 400
g. The supernatant was removed and the cell pellets from the two tubes were
pooled and resuspended in 6 ml of resuspension buffer (table 2.9, p.55) in a 15 ml

cycles of freeze-thaw, and the lysate was centrifuged for ten minutes at 1800 g.
The vector particles were contained in the supernatant and were purified with two
CsCl gradients.

Material and methods

Falcon tube. The vector particles were released by rupture of the cells by three

52

Large-scale vector purification

Figure 2.8: Step gradient and the vector particles band. A. Before centrifugation.
Two kinds of gradients were used for vector purification. The first was a step gradient,
made of one layer of 1.41 g / ml CsCl solution, overlayed with one layer of 1.27 g / ml
CsCl solution. The second gradient was a continuous gradient, made by 1.31 g / ml CsCl
solution. B. After centrifugation. During the two hours of centrifugation of the step
gradient, the vector particles were stopped at the interface between the two densities.
During the 20 hours of centrifugation of the continuous gradient, a density gradient was
formed in the solution and the vector particles migrated at their density (1.31 g / ml).

The first gradient used for vector purification was a step gradient (figure 2.8). 3 ml
of 1.41 g / ml CsCl solution (table 2.9, p.55) was deposited in the Ultraclear
centrifuge tube and carefully overlaid with 6 ml of 1.27 g / ml CsCl solution (table
2.9, p.55). Two prepared tubes were required to purify the vector particles
produced by the 2x108 cells. 3 ml of the supernatant of the centrifuged crude
lysate was loaded at the top of each gradient. During the two hours of
centrifugation in a swinging bucket rotor (TH-641 rotor Sorvall) at 154000 g, the
different components of the supernatant were separated depending on their

the top of the CsCl solutions, the components with a higher density (density > 1.41
g / ml) passed through the density interface, and the vector particles (density of
1.37 g / ml) were stopped at the interface of the two densities.
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densities. The components with a lower density (density < 1.27 g / ml) remained at
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The produced vector particles were concentrated at the interface of the two CsCl
solutions of different densities and therefore they scattered the light (Tyndall
effect) and were macroscopically visible as a band in the CsCl solution. The vector
particles were carefully collected with a syringe and transferred to two new
Ultraclear centrifuge tubes. The 1.31 g/ml CsCl solution (table 2.9, p.55) was
added in a final volume to 12 ml. The solution was mixed by pipetting up and down
and the samples were centrifuged for 20 hours at 154000 g. During these 20
hours, a density gradient was formed in the solution. The vector particles migrated
in the solution till they reached their density equilibrium. The concentrated intact
particles were again macroscopically visible as a band in the CsCl solution. The
vector particles were carefully collected in a maximal volume of 1 ml from each
gradient with a syringe and pooled in a 15 ml Falcon tube. The volume was filled
to 2.5 ml with PBS. At this step, the vector particles were in suspension in CsCl
solution but they had to be purified from CsCl.

PD-10 columns are based on gel filtration and were used to purify the vector
particles. The molecules larger than the pores of the Sephadex matrix (which has
a molecular weight cut off of 5000) were eluted first. The smaller molecules (CsCl)
were able to enter the pores and had access to a larger column volume. Therefore
they were delayed and eluted after the larger molecules. One PD-10 column (one
per 2x108 cells) was equilibrated with 25 ml of PBS.

The 2.5 ml of the vector particles suspension was loaded onto the equilibrated
PD10 column (table 2.9, p.55). 5 ml of PBS were used for elution and five fractions
of 1 ml were collected. It was demonstrated in previous experiments that the

fractions were pooled and supplemented with 10% glycerol. The purified vector
particles were stored in suspension, aliquoted at -80°C.
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second and third eluted fractions contained the purified vectors. These two
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Conditions for vector purification
The vectors bearing solvent-exposed cysteines were purified under reducing
conditions to avoid oxidation of the thiols and aggregation of the particles (table
2.9).

Table 2.9: Solutions for vector purification under non-reducing and reducing
conditions.
Solutions

Non-reducing conditions

Resuspension buffer

PBS
1.27 g/ml CsCl in PBS

Reducing conditions
10 mM TCEP, 1 mM EDTA
in PBS, pH 7.2
1.27 g/ml CsCl
supplemented with 10 mM
TCEP, 1 mM EDTA in PBS,
pH 7.2

Step gradient

1.41 g/ml CsCl in PBS

1.41 g/ml CsCl
supplemented with 10 mM
TCEP, 1 mM EDTA in PBS,
pH 7.2
1.31 g/ml CsCl

Continuous gradient

1.31g/ml in PBS

supplemented with 1 mM
TCEP, 1 mM EDTA in PBS,
pH 7.2

PD-10 equilibration

PBS

Elution buffer

PBS

Storage conditions

10% glycerol in PBS, -80°C

Degassed and argon
saturated PBS
Degassed and argon
saturated PBS
10% glycerol in degassed
and argon saturated PBS

For purification under reducing conditions, the PBS and CsCl solutions were
degassed for ten minutes in a sonicator. Argon was fed in the solutions for 30

for storage) were placed slightly opened in a desiccator. The vacuum was made
with a pump system and argon was then introduced in the desiccator. The tubes
were closed to maintain the argon atmosphere. This procedure was repeated each
time the tubes were opened.

Material and methods

seconds. The 1.5 ml and 2 ml tubes (for elution, for fractionation of the eluate and
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2.2.4

Vector quality control

Total particle titration by OD260
According to Maizel et al. (1968), total titer was estimated by measuring of the
optical density at 260 nm (OD260) of SDS-lysed vector particles
20 µl of the vector preparation and 20 µl of 10 % glycerol as control were diluted in
79 µl PBS and 1 µl 10 %SDS, and incubated 10 minutes at 56 °C. After cooling,
the DNA concentration was measured with a spectrophotometer at 260 nm.
The total particle titer can be calculated as 1.1x10 12 particles per OD260 unit.
Because the vector solution was diluted 1/5, the concentration of vectors was
calculated as following:

Particles per ml = OD260 x 5 x 1.1 x 1012

Viral DNA extraction
The DNA from 200 µl vector preparation was extracted using the QIAmp DNA mini
kit according to the manufacturer’s protocol, followed by an ethanol precipitation.
The DNA was analyzed by digestion with the appropriate enzymes.

Total titer determination by Slot Blot
The viral genomes contained in the particles were quantified by hybridization with
a radioactively-labeled specific DNA probe and densitometric signal quantification.
This DNA-based method was used to accurately measure the total particle titer

[37].
To determine the total titer with Slot Blot experiments, the vector preparation to be
titrated was diluted to have a final concentration around 2x10 6 vector particles per
µl, based on OD260 titration. 2, 10 and 20 µl of the diluted vector preparation in
duplicates were added to 200 µl PBS/ 5 mM EDTA. To lyse the particles and
denature the DNA, 200 µl of 0.8 N NaOH solution was added to each sample.

Material and methods

called here total titer. It was adapted from the protocol described by Kreppel et al
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The pGS66 plasmid (containing the Ad vector genome) was used as a standard.
The plasmid was diluted in a final concentration of 1x10 6 copies per µl in PBS. 2
µl, 5 µl, 10 µl, 20 µl and 50 µl of the pGS66 containing solution in duplicates were
added to 200 µl PBS/ 5 mM EDTA in 1.5 ml safe-lock tubes. To lyse the particles
and denature the DNA, 200 µl of 0.8 N NaOH solution was added to each sample.
Both the vectors and the standard samples were incubated for 30 minutes at room
temperature. After strong mixing, 300 µl of each sample was blotted by vacuum on
a positively charged nylon membrane (Biodyne B 0.45µ, Pall Corporation) with a
Hoefer slot-blot apparatus (four rows of twelve slots) linked to a pump system.
After blotting, the membrane was washed with 2xSSC solution and the DNA was
crosslinked to the membrane for 20 minutes at 120 °C.

Infectious titer determination by Slot Blot
The viral genomes contained in the infected cells were quantified by hybridization
with a radioactively-labeled specific DNA probe and densitometric signal
quantification. This DNA-based method was used to accurately measure the
infectious particle titer called here infectious titer. 1x105 A549 cells were seeded in
24-well plate the day before Slot Blot [37].
The vector preparation was diluted to have a final concentration of 2x10 7 vector
particles per µl, based on OD260 titration. 2, 10 and 20 µl of the diluted vector
preparation were used to infect 1x10 5 A549 cells in duplicates (the cells of ten
wells were kept uninfected for the standard). The cells were incubated for four
hours in the incubator.
After several rounds of washing with 37°C PBS, the cells (six infected samples
and ten uninfected samples) were detached with 200 µl PBS/ 5 mM EDTA and

The pGS66 plasmid (containing the Ad vector genome) was used as a standard.
The plasmid was diluted in a final concentration of 1x10 6 copies per µl in PBS. 2
µl, 5 µl, 10 µl, 20 µl and 50 µl of the pSG66 containing solution in duplicates were
added to the uninfected cells resuspended 200 µl PBS/ 5 mM EDTA in 1.5 ml
safe-lock tubes.

Material and methods

transferred into new 1.5 ml safe lock tubes.
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To lyse the cells, the vector particles and denature the DNA, 200 µl of 0.8 N NaOH
solution was added to each sample, standard and sample, and incubated for 30
minutes at room temperature. After strong mixing, 300 µl of each sample was
blotted on a positively charged nylon membrane (Biodyne B 0.45µ, Pall
Corporation) with a Hoefer slot-blot apparatus (four rows of twelve slots) linked to
a pump system. After blotting, the membrane was washed with 2xSSC solution
and the DNA was crosslinked to the membrane for 20 minutes at 120 °C.

Hybridization with DNA probe and densitometric signal quantification
Non-specific binding sites were blocked by incubating the membrane one hour at
68°C in the hybridization buffer [37] without probe (prehybridization).
During the prehybridization of the membrane, the

32

P-labeled DNA probe was

prepared. The DNA probe used to bind specifically to the vector genome is a
fragment of the fiber gene (bp 21042-32390 of the Ad5 genome, Genbank number
AC_000008) amplified by PCR and purified. 100 ng on the DNA probe was added
to 44 µl of TE buffer pH 7.5 and boiled 5 minutes in water bath to denature the
DNA. After cooling down on ice, the denatured DNA was added to a Rediprime
reaction tube. This tube contains a buffered solution of dATP, dGTP and dTTP
and random primers with the Klenow fragment of the DNA polymerase I. 5 µl of 32P
dCTP was added and the solution was mixed by pipetting up and down. The
sample was incubated 30 minutes at 37°C. During this time, the primer-DNA probe
complex served as a substrate for the Klenow enzyme which synthesized the
complementary strand. By using the radioactive dCTP in addition to the nonradioactive dATP, dTTP and dGTP, the newly synthesized DNA was radioactive.
The radioactive DNA probe was denatured two minutes at 98°C in a heating block.
32

P-labeled probe was added to the hybridization buffer, and the membrane

was incubated in this buffer overnight at 68°C. The membrane was washed twice
for ten minutes in the washing buffer 1, and twice for ten minutes in the washing
buffer 2. The membrane was slightly dried and placed in transparent film. A
Phosphoimager plate was placed onto the membrane (to expose the sensitive
screen to the radiations) for few hours and the signals were measured with a
Phosphoimager BAS 1000 (Fujix) and an Aida software.
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The
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The standard curves (one for total titer, one for infectious titer) were generated and
the equation of the linear relation of the densitometric signal with the vector
genome copy was determined as:

Densitometric signal = linear function (genome copies) = ax+b
(The slope a and the y-intercept b were determined with Excel software)

The signals from the sample should be in the range of the signals of the standard.
Then the vector genome copies in the different volumes used were determined
with the equation and with the dilution applied (The vector preparation was diluted
to have a final concentration of 2x106 vector particles per µl for total titer and 2x10 7
vector particles per µl for infectious titer, based on OD 260 titration).

In addition to titration of vector preparation, Slot Blot experiments were used to
analyze cell entry of modified-Ad vector particles. Ad1stGFP particles modified
with 100-fold excess of Traut’s reagent over amino groups present at the capsid
surface, as well as control Ad1stGFP were compared on A549 cells, overnight with
100, 1000 and 10 000 particle MOI and subsequent slot blot experiments.

Ellman’s test to quantify the reducing reagents left in solutions
Because some ligands like transferrin possess disulfide bridges and therefore are
sensitive to a reducing environment, the amount of reducing reagents left in the
vector preparation was quantified with the Ellman’s test.
A fresh 1 mM DTNB solution in 100 mM Tris pH 7.5 was prepared. A standard

under reducing conditions. Different TCEP solutions with concentrations between
0.5 mM and 0.01 mM were prepared in demineralized water. 50 µl of the vector
preparation to be tested or 50 µl of the TCEP solutions were pipetted in a noncoated 96 well plate (NUNC) and each sample was mixed with 150 µl of the fresh
DTNB solution. The samples were incubated at room temperature for 15 minutes
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curve was generated with TCEP, which is the reagent used for vector production
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before measuring the absorbance of each sample at 412 nm on a microplate
reader.
The standard curve was generated and the equation of the linear relation of the
absorbance with the amount of reducing reagent was determined as:

Absorbance = linear function (amount of reducing reagent) = ax+b
(The slope a and the y-intercept b were determined with Excel software)

The signals from the different sample should be in the range of the signals of the
standard. Then the amount of reducing reagent left in the different vector
preparations was determined with the equation.

Photon correlation spectroscopy
The polydispersity index of the vector preparations and of the modified-vector
particles was determined with a Beckman-Coulter N4Plus. 1x1011 physical
particles in 2 ml pure degassed water were measured at a 90° angle for 850
seconds at 20 °C using refractory index (1.33) and viscosity (1x10-3 Pa / s) of
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water.
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2.2.5

Chemical modification of protein and vector particles

The chemicals used in this study, NHS-PEG-(3.4 kDa)-Mal (Nektar Therapeutics),
Traut’s reagent, SATA, SPDP (Pierce), lysines and cysteines (AppliChem) were
purchased as powder. These powders were dissolved immediately before reaction
in HEPES buffer for the different reactions described here, except SPDP which
was dissolved in DMSO. One precaution was taken with DMSO: when vector
particles were incubated with SPDP in DMSO, the final concentration of DMSO
was maintained below 10 %.

The crosslinkers are moisture-sensitive. The N-succinimide moiety can hydrolyze,
inactivating the reagent. They were stored at -80°C. The vials were equilibrated to
room temperature in a desiccator filled with silica balls, before opening, to avoid
condensation. The HEPES buffer used to dissolve the powders (crosslinkers,
lysines, cysteines) and to fill the solutions was degassed for ten minutes in a
sonicator. Argon was fed in the buffer for 30 seconds.

The 1.5 ml of 2 ml tubes used for the reaction were placed slightly opened in a
desiccator. The vacuum was made with a pump system and argon was then
introduced in the desiccator. The tubes were closed to maintain the argon
atmosphere. This procedure was repeated each time the tubes were opened.

Because the crosslinkers are sensitive to hydrolysis, the crosslinkers were
dissolved immediately before addition to the vectors or molecules. The solutions
atmosphere.

Two ligands were used in this study. RAP which binds to its receptor LRP and Tf
which binds to its receptor TfR.
Another coupling partner without cell receptor was used as a control, BSA.
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were gently mixed and spin down briefly. The incubations were performed in argon
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Maleimide activation of proteins
To modify one surface amino group of BSA, transferrin or RAP with a thiol-reactive
compound, 1 mg of BSA, or 1 mg of transferrin or 0.5 mg of RAP in PBS, pH 7.3
were incubated for 4 hours at room temperature with NHS-PEG-(3.4 kDa)-Mal in a
molar ratio of crosslinker to protein of 1:1 in the smallest volume possible (30µl).
After

reaction,

the

modified

proteins

were

purified

by

size

exclusion

chromatography on a Superose 6 HR 10/300GL column connected to an Äkta
Purifier device (Amersham) with degassed PBS. Quantification of the purified
proteins was performed with the Micro BCA Protein Assay Kit (Pierce). The
maleimide-activated proteins were kept aliquoted at -80°C.
For example, this is the calculation for the modification of 1 mg of transferrin with
one NHS-PEG-(3.4 kDa)-Mal per transferrin molecule:

1 mg x NA (6.022x1023) / 80000 g/mol (M.W. Tf) = 7.5x1015 molecules of Tf
required for 1:1 modification
7.5x1015 x 3400 g/mol (M.W. NHS-PEG-(3.4 kDa)-Mal) x NA (6.022x1023) = 0.04
mg

A small aliquot of NHS-PEG-(3.4 kDa)-Mal powder was dissolved in HEPES buffer
pH 8 (in a concentration of 0.04 mg / 10 µl) and 0.04 mg (10 µl) of NHS-PEG-(3.4
kDa)-Mal in solution was quickly added to 1 mg of Tf, in a final volume of 30 µl (the
volume was filled to 30 µl with HEPES buffer pH 8).

Purification by size exclusion chromatography
The size exclusion chromatography was performed with a Superose 6 HR

was equilibrated with two column volumes of degassed PBS. The sample were
injected in the sample loop. The chromatography was performed with a buffer flow
rate of 0.5 ml / min of degassed PBS. Fractions were collected with an automated
fractioning system, monitored by OD

280 nm.
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10/300GL column connected to an Äkta Purifier device (Amersham). The column
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Insertion of thiols by Traut’s reagent, SATA and SPDP at the capsid surface
Wild-type capsid Ad1stGFP vector particles were modified with different excesses
over capsid amino groups ranging from 0.1 to 100 for Traut’s reagent and from 1
to 1000 for SPDP and SATA (5x10⁹ particles modified in a final volume of 50 µl). A
small aliquot of the crosslinker powder was dissolved in HEPES pH 7.2, and the
appropriate amount of crosslinker in solution was added to the vector particles
(SPDP was dissolved in DMSO). The samples were incubated for two hours under
argon atmosphere in HEPES buffer pH 7.2 at room temperature, and then the
modified vectors were analyzed by transduction assay.
For example, this is the calculation for the modification of 5x109 vector particles of
Ad1stGFP with a 2-fold excess of Traut’s reagent over capsid amino groups:

5x109 vp x 18000 capsid amino groups x 2-fold excess = 1.8x1014 molecules
Traut’s reagent required
1.8x1014 molecules x 137 g/mol (M. W. Traut’s reagent) / NA (6.022x1023) = 0.049
µg Traut’s reagent

The small aliquot of Traut’s reagent powder was dissolved in HEPES buffer pH 7.2
(in final concentration of 4.9 ng / µl) and 4.9 ng (1 µl) of Traut’s reagent in solution
was quickly added to 5x109 Ad1stGFP vector particles in a final volume of 50 µl
(the final volume was obtained by filling with HEPES pH 7.2).

Covalent attachment of the maleimide-ligands to the genetically modified

To covalently couple the maleimide-activated molecules (Biotin, BSA, transferrin
or RAP) to Ad1Cys and to AdpIX75Cys vector particles, 1x1011 vector particles in
PBS/10% glycerol were incubated with a 20-fold molar excess of maleimideactivated molecules over fiber or pIX, respectively, in a final volume of 200 µl (filled
with HEPES buffer pH 7.2), in an argon atmosphere overnight at room
temperature. The modified vectors were stored supplemented with 10% glycerol
and frozen at -80°C.

Material and methods

adenovirus vectors
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For example, this is the calculation for the modification of 1x10 11 vector particles of
AdpIX75Cys with a 20-fold excess of maleimide-transferrin over pIX:

1x1011 vp x 240 pIX per particle x 20 fold excess = 4.8x1014 molecules of
maleimide-transferrin required
4.8x1014 x 80000 g/mol (M. W. Tf) / NA (6.022x1023) = 64 µg of maleimidetransferrin

1x1011 vector particles were incubated with 64 µg of maleimide-transferrin in a
final volume of 200 µl.

Covalent chemical coupling to the chemically modified adenovirus vectors
1x10¹¹ Ad1stGFP particles were modified with a 2-fold excess of Traut’s reagent
over capsid amino groups with HEPES buffer pH 7.2 in a final volume of 100 µl for
two hours at room temperature under argon atmosphere. The reaction was then
stopped for one hour by addition of lysines, in a 5-fold excess over Traut’s reagent
(4.9 µg of lysine was added, i.e. 1 µl of a lysine solution with a concentration of 4.9
µg / µl in HEPES pH 7.2). After PD-10 column purification to remove the unreacted
Traut’s reagent, maleimide-RAP was coupled to the generated thiol groups of the
purified vector overnight at room temperature under argon atmosphere.

460 µl of the purified and 10% glycerol supplemented modified vectors were
coupled to 1.5 µg of purified maleimide-RAP overnight under argon atmosphere at

The unmodified control and RAP-modified vectors were analyzed by transduction
assay.
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room temperature with HEPES buffer pH 7.2 in a final volume of 500 µl.
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ELISA quantification of maleimide-biotin coupling efficiency
The accessibility and reactivity of the engineered thiols was determined with the
analysis of the maleimide-biotin coupling efficiency to the thiols inserted in pIX. To
quantitatively analyze the coupling efficiency of small maleimide-activated
molecules, maleimide-biotin was used and quantified by HRP-based ELISA.
AdpIX75Cys was modified with a 50-fold molar excess of Maleimide-PEO2-Biotin
(Pierce) over pIX in HEPES buffer pH 7.2, overnight (5x10¹⁰ particles in a final
volume of 150 µl). A standard curve of biotin was generated. BSA was incubated
with a 10-fold molar excess of Sulfo-NHS-LC-LC-Biotin (Pierce) per BSA molecule
in HEPES buffer pH 7.2, overnight. All samples were purified from unreacted biotin
by size exclusion chromatography on a Superose 6 HR 10/300GL column
connected to an Äkta Purifier device (Amersham). The protein concentration was
determined in each sample with Micro BCA Protein Assay Kit (Pierce) according to
the manufacturer’s protocol and used to calculate the particle concentration
assuming that 1.1x10¹² particles have a weight of 280 µg [41].
Biotinylated vectors (5x108 and 1x109 particles in PBS) and NHS-Biotin-modified
BSA as a standard were immobilized overnight at 4°C on a 96 wells plate (C96
Maxisorp, Nunc) in 100 µl (dilution with PBS). After several rounds of washing with
PBS, the non-specific binding sites were blocked with 100 µl of blocking solution
for one hour at room temperature. After several washing with 0.1% tween in PBS,
100 µl of streptavidine-HRP (diluted 1/5000 in PBS) was added to each well. The
samples were incubated for two hours at room temperature. After several rounds
of washing with 0.1% tween in PBS, the bound streptavidine was detected with
100 µl 1-step Turbo TMB-Elisa (which contains the substrate for HRP Pierce) for
five minutes at room temperature in the dark. The reaction was stopped by

BSA was monitored by the formation of a yellow component. The absorbance of
each sample was measured at 450 nm on a microplate reader. The amount of
biotin per particle was determined by the measure of biotin present in the sample
with the standard curve divided by the number of particles immobilized in the
wells. The amount of biotin per particle was calculated with the equation
determined from the standard curve and compared with the 240 pIX per particles.
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addition of 50 µl 1.8 M H2SO4. The presence of biotin coupled to the particles or
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ELISA quantification of maleimide-protein coupling efficiency
The coupling efficiency of large molecules was monitored with a ligandindependent quantification assay.
To quantitatively analyze the coupling of large maleimide-activated molecules, a
ligand independent assay was established. Maleimide-biotin was used and
quantified by HRP-based ELISA. The amount of large protein ligand coupled to
pIX was determined by the quantification of the number of maleimide-biotin
molecules coupled to the thiols that were still available after coupling of the
maleimide-modified large molecules. Maleimide-BSA (69 kDa) was used for
quantification because of its representative size compared to RAP (39kDa) and Tf
(80 kDa).
As a control, AdpIX75Cys vectors particles mixed with free non-maleimideactivated BSA were used.
1x10¹¹ AdpIX75Cys particles were modified with a 20-fold molar excess of
maleimide-BSA over pIX in HEPES buffer pH 7.2, overnight (1x10¹¹ particles in a
final volume of 180 µl).
The following day, both the control AdpIX75Cys and BSA-modified AdpIX75Cys
particles were incubated with a 30-fold molar excess of Maleimide-PEO2-Biotin
(Pierce) over pIX for two hours at room temperature. Each sample was purified by
a PD10 column to remove the unreacted biotin. The protein concentration was
determined in each sample with Micro BCA Protein Assay Kit (Pierce) according to
the manufacturer protocol and the vector content was titrated in parallel by slot blot
experiments.
Biotinylated vectors (5x106, 1x107, 5x107 and 1x108 vector particles) were
immobilized overnight at 4°C on a 96 wells plate (C96 Maxisorp, Nunc) in 100 µl

sites were blocked with 100 µl of blocking solution for one hour at room
temperature. After several rounds of washing with 0.1% tween in PBS, 100 µl of
streptavidine-HRP (diluted 1/5000 in PBS) was added to each sample for two
hours at room temperature. After several rounds of washing with 0.1% tween in
PBS, the bound streptavidine was detected with 100 µl 1-step Turbo TMB-Elisa
(Pierce) for 5 minutes at room temperature in the dark. The reaction was stopped
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(dilution with PBS). After several rounds of washing with PBS, non-specific binding
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by addition of 50 µl 1.8 M H2SO4 and the absorbance of each sample was
measured at 450 nm on a microplate reader.
The amount of biotin per particle was calculated with the equation determined from
the standard curve and compared with the 240 pIX per particles. The number of
BSA molecules coupled per particle was calculated by subtraction of the number
of biotin per BSA-modified particles to the number of biotin coupled per control
particles.

Shielding with PEGylation and targeting with RAP coupling
Ad1Cys vector particles were PEGylated to ablate the Ad natural tropism and RAP
was coupled to the cysteine introduced in fiber to target the shielded particles. The
PEG used for shielding was a 2 kDa mPEG-SPA (called 2K mPEG-SPA, Nektar),
purchased as a powder. This powder was dissolved in HEPES pH 7.2 immediately
before addition to the Ad1Cys vector particles.
4x1010 Ad1Cys particles were modified with a 60-fold excess of 2K mPEG-SPA
(0.144 mg) over capsid amino groups for two hours at room temperature under
argon atmosphere in a final volume of 40 µl. The 2K mPEG-SPA powder was
dissolved in HEPES pH 7.2 immediately before addition to the vector particles in a
concentration of 0.144 mg / 10µl.
The reaction was stopped under argon atmosphere for one hour with a 10-fold
excess of lysine over 2K mPEG-SPA molecules (117 µg lysine was added, i.e. 1 µl
of a 2K mPEG-SPA solution with a concentration of 117 µg / µl in HEPES pH 7.2).
The particles were modified with a 20-fold excess of maleimide-RAP over fiber.
Maleimide-RAP was added (1.86 µg) for two hours at room temperature in argon
atmosphere. The modifications of the particles were tested by transduction assay
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on CHO K1 cells.
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2.2.6

Western blot analysis of engineered vectors

SDS-PAGE
The solutions for resolving and stacking gels were prepared fresh according to the
tables A8-9 and A8-10 of “Molecular Cloning” [66], respectively. The protein
samples were prepared during polymerization of the gels with a final 1x volume of
the protein loading buffer, and boiled for three minutes at 96°C. The
electrophoresis took place in SDS running buffer at 60 volts in the stacking gel and
80 volts in the resolving gel. The gel was washed in demineralized water before
transfer onto nitrocellulose membrane.

Western transfer analysis
The transfer of the proteins occurred in transfer buffer, one hour at 80 volts in the
appropriate apparatus. After washing, the membrane was blocked one hour at
room temperature in blocking solution. After several rounds of washing with TBS0.1% Tween, the membrane was incubated with the diluted primary antibody (see
2.1.8 for the appropriate dilution factors for the different antibodies) on a rotating
platform for one hour at room temperature. After several rounds of washing with
TBS-0.1% Tween, the membrane was incubated with the horseradish peroxydaseconjugated secondary antibody (see 2.1.8). The presence of the protein of interest
was revealed by the addition of the substrate for the peroxidase, contained in the
ECL kit. The emitted light was then detected by photographic film.

Detection of biotinylated-proteins

hour at room temperature (or overnight at 4°C). After several rounds of washing
with TBS-0.1% Tween, the membrane was incubated with streptavidine
conjugated with horseradish peroxidase (diluted 1/20000 in PBS). After several
rounds of washing with TBS-0.1% Tween, the presence of biotin was detected by
the luminescent reaction of the peroxidase with its substrate contained in the ECL
detection kit and films were exposed.
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After transfer, the membrane was blocked in 5% BSA dissolved in TBS for one

68

2.2.7

Vector characterization by in vitro experiments

Different cell lines were used for transduction assays in this study (table 2.10).
This table gives an overview of the receptors expressed by these cell lines and the
ligands which were tested with them.

Table 2.10: Receptors expressed by the different cell lines. High expression was
indicated by +++, low expression by +, receptor deficiency by -.
Cell line

CAR

Integrin

A549

+++

CHO K1

Ligand

LRP

TfR

++

+

+

Tf, BSA

-

-

+++

+

RAP

CHO LRP-null

-

-

LRP1 -

+

RAP

K562

+

-

+++

+++

Tf, RAP

tested

Transduction assays
2x105 cells per well were seeded in 300 µl of the 10% FCS, 1% penicillin /
streptomycin supplemented appropriate medium into 24-well plates. In the case of
transferrin-modified vectors, immediately before transduction 1 µl of a 1 mM
iron(III)–citrate solution was added per well to allow for reconstitution of holotransferrin. For transduction, 200, 1000, and 5000 physical particle MOIs of the
different vector preparations were added to the medium. After two hours, the
medium was filled up to 1 ml and cells were incubated at 37°C for 24 hours before
flow cytometry.

1x10⁹ particles of Ad1stGFP and AdpIXCys (filled to 100 µl with PBS) were
incubated 1, 4, 7 and 10 minutes at 37°C, 42°C, 45°C, 47.5°C and 50°C in a
heating-block in 1.5 ml safe-lock tubes. The samples were cooled down on ice
before transduction of A549 cells with 50, 100 and 200 pMOI, and flow cytometric
analysis was performed 24h after transduction.
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Thermostability test
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Competition experiments
5x105 CHO-K1 or K562 cells per well were incubated with an excess free RAP
(100 µg/ml) or free transferrin (100 µg/ml, with iron(III)-citrate in the medium),
respectively, in a total volume of 300 µl of 10% FCS, 1% penicillin / streptomycin
supplemented medium on ice for 1h. This experiment was performed on ice to
allow the receptor binding and to block the endocytosis. After washing with icecold PBS, the cells were incubated in 300 µl of ice-cold fully supplemented
medium with 1000 or 5000 particle MOIs of the different vectors for 1h on ice. After
washing with ice-cold PBS, the cells were incubated for 24 hours at 37°C in 1 ml of
serum and antibiotics supplemented DMEM medium before flow cytometry.

Neutralization test
Ad5 neutralizing human serum from a voluntary donor was diluted 1:200 in PBS,
and Ad5 neutralizing serum from immunized mice was diluted 1:10 in PBS and
both were incubated for 45 minutes at 56°C. Unmodified and Tf-modified
AdpIX75Cys particles were incubated with and without the diluted serum 15
minutes at 37°C (in a final concentration of 4x10⁶ vector particles per µl) and used
to transduce A549 cells (1000 MOI). The cells were washed after two hours. 24
hours after transduction the EGFP expression of the transduced cells was
analyzed by flow cytometry.

Flow Cytometric analysis
Control and transduced adherent cells were washed with PBS and detached by
trypsination. The cells were harvested in PBS/20 mM EDTA and centrifuged for
ten minutes at 400 g. The control and transduced suspension cells were harvested

The cell pellet was resuspended in 400 µl PBS/ 2% FCS / 20 mM. Flow-cytometric
analysis

of

EGFP

expression

was

performed

on

a

Becton–Dickinson

FACSCalibur. Twenty thousand events per sample were counted (channel FL1-H)
without gating. The product of the percentage of positive cells and the mean
fluorescence intensity was used to calculate the relative transduction efficiency.
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in PBS / 20 mM EDTA and centrifuged for ten minutes at 400 g.
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Detection of LRP receptor by antibodies directed against the human LRP
receptor
The adherent cells were washed with PBS and detached with trypsin.
2x105 cells were centrifuged in Eppendorf-1.5ml tubes and the supernatant was
removed. 0.5 µl of the anti-human 85 kDa LRP antibody was added to the cells
followed by incubation for 30 minutes on ice. The cells were washed with 1 ml of
ice cold PBS and centrifuged. The supernatant was removed and 0.5 µl of the antimouse PE-conjugated antibody was added to the cell pellet and incubated 20
minutes on ice in the dark before washing and flow cytometry analyses. Controls
were performed with the 1st antibody and secondary antibody.

2.2.8

Vector characterization by in vivo experiments

Female Balb/cAnNCrl (Balb/c) mice were obtained from an animal breeding colony
(Charles River, Sulzfeld, Germany) and maintained in pathogen-free, individually
ventilated cages (Tecniplast, Hohenpeissenberg, Germany) in the animal facility of
the University of Ulm. The animals were fed with sterilized laboratory rodent diet
(Ssniff, Soest, Germany) and used for experiments at 6-8 weeks of age. All animal
experiments were approved by the Animal Care Commission of the Government of
Baden-Württemberg and were in accordance with institutional guidelines.
Antragsnummer

des

Tierversuchsantrages:

TVA867

Regierungspräsidium

Tübingen.

Tail vein injection

dose of 2x1010 particles in 200 µl per mice. 72 hours later, the animals were
sacrificed and the liver was perfused with 10 ml PBS with winged infusion set. One
part of the liver was incubated in 2% paraformaldehyde overnight, and
subsequently

in

30%

sucrose

overnight

before

inclusion

in

OCT

for

immunohistology. The other part of the liver was snap-frozen in a falcon tube in
liquid nitrogen for fluorimetric assay and for quantitative PCR experiments.

Material and methods

Adenovirus vectors were injected into the tail vein of Balb/c mice (8 weeks) at a
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In the case of Kupffer cells depletion experiments, 200 µl of clodronate liposomes
(Roche) per mouse were injected in the tail vein 24 hours before Ad vectors
delivery.

Fluorimetric assay
One gram of liver was mechanically disrupted with a Dounce homogenizer in 2 ml
lysis buffer, incubated for 10 minutes at room temperature in a 2 mL tube, and
centrifuged at 20000 g for 10 minutes. The clear supernatant was transferred to a
new tube, aliquoted and kept at -80°C. The supernatant was diluted 1/500 in 1 ml
lysis buffer and the EGFP content in solution was measured with a luminescence
spectrometer LS50B (Perkin Elmer, Waltham, MA) with 488nm excitation
wavelength and 512 nm emission wavelength.

Preparation of cryosections
Livers fixed with paraformaldehyde and preserved in sucrose were included in
OCT. 6 µm frozen liver sections laid down on silane-covered glass slides were
blocked with 5% BSA for 1 hour at room temperature. The direct EGFP
fluorescence of the sections was observed under fluorescence microscope
(Axioskop 2 plus with an AxioCam MRm, with 100-fold magnification) with the
FITC filter set for EGFP and photographed.

Immunostaining of cryosections
To stain for Kupffer cells, sections were incubated with the primary anti mouse
F4/80 rat antibody (see 2.1.8, dilution 1/100, Serotec) for 4 hours at room

conjugated antibody (see 2.1.8, dilution 1/200, Molecular Probes) was incubated
1h at room temperature. After several rounds of washing, fluorescence mounting
medium was added onto the sections, and the glass slides were covered for
microscopy. The staining of the sections was observed under fluorescence
microscope with the Cy3 filter set for Alexa 555 and photographed.

Material and methods

temperature. After 3 washings with PBS, the secondary anti-rat goat Alexa555

72

DNA extraction from liver samples
The DNA was extracted from each liver with the QIAGEN DNA blood mini kit
according to the manufacturer’s protocol (tissue protocol), followed by an ethanolprecipitation and the resuspension of the extracted DNA in TE pH 8.5.

Quantitative Real Time PCR
Real-time PCR was performed to quantify the amount of adenoviral DNA in
Ad1Cys- and Ad1Cys-RAP-transduced liver cells. It was performed with a Bio-Rad
iQ5 iCycler system (dental clinic, University of Ulm) and with Bio-Rad iQ SYBR
Green Supermix reagent. To normalize the cellular DNA content of each sample,
murine beta-actin was used as a housekeeping gene (primers SC29 Sense and
Reverse, 377 bp). The primers for adenovirus DNA detection are located in the
fiber gene (primers SC30 Sense and Reverse, 397 bp). 50 ng of extracted liver
DNA and different amounts of the corresponding infectious plasmid mixed with 50
ng of liver DNA from naïve mice for quantification were subjected to 40 PCR
cycles with 10 pmol of each primer.
The obtained Ct values for the fiber gene were normalized to the beta-actin
content for each sample, and the corresponding adenoviral copy number per cell
was determined with the standard curve.
Different sets of primers were tested. The primers pairs SC29 and SC30 were
tested at different temperatures with generation of standard curve with uninfected
liver DNA for the detection of ß-actin gene and with infectious plasmid for
AdpIX75Cys for the detection of fiber. The formation of primer dimers were
monitored by gel electrophoresis of the PCR products and by the melting curves
generated by the Bio-Rad software.

(300 ng of liver DNA per reaction to 300 fg of liver DNA for SC29 primes. 340 pg
on infectious plasmid for AdpIX75Cys per reaction to 0.34 fg per reaction for the
SC30 primers) and no significant amounts of primer dimers were formed.

Material and methods

These two sets of primers were very sensitive over a wide range of DNA amount
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2.2.9

Fluorescence confocal microscopy

Alexa Fluor dyes are available in a chemically reactive form.
Two of these reactive dyes were particularly interesting for the present study:
-

Alexa Fluor 488 C5 maleimide called here Alexa-maleimide (A-10254,
Molecular Probes, Invitrogen, Eugene, OR, USA)

-

Alexa Fluor 488 carboxylic acid, 2,3,5,6-tetrafluorophenyl ester called
here Alexa-TFP (Alexa Fluor® 488 5-TFP) 5-isomer (A-30005,
Molecular Probes)

The Alexa-TFP, which reacts with primary amino groups on proteins but is more
stable than the Alexa-succinimidyl ester, was used to randomly label the capsid
surface (by reaction with the capsid amino groups) or the maleimide-activated
molecules used in this study (by reaction with the surface amino groups of RAPMal, Tf-Mal and BSA-Mal)

The Alexa-maleimide was used to specifically label the fiber or pIX capsid proteins
of the Ad1Cys or AdpIX75Cys vector particles respectively.

The intracellular trafficking of these vectors, after purification of the unreacted dye,
was analyzed with a confocal laser scanning microscope LSM 510 Meta (Carl
Zeiss).

The same precautions were taken for these modifications as the chemical

saturated buffers).

Material and methods

modifications (dyes kept at -80°C, in argon atmosphere, with degassed and argon-
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Effects of random labeling with Alexa-TFP on Ad1stGFP vector particles
5x109 Ad1stGFP vector particles were incubated with chemically reactive AlexaTFP for two hours at room temperature in argon atmosphere, in a final volume of
100 µl (filled with HEPES buffer pH 7.2), before transduction experiments on A549
cells. The effect of different excesses of Alexa-TFP (1000 and 10000 per particles
–i.e. 0.055- and 0.55-fold over capsid amino groups, respectively-and 20-, 40-, 60and 80-fold molar excess over the 18000 amino groups present at the capsid
surface) on the transduction efficiency of the labeled-particles was analyzed by
transduction assay on A549 cells.

Random labeling of Ad1stGFP vector particles with Alexa-TFP
1x1012 Ad1stGFP vector particles were incubated with a 20-fold excess of
chemically reactive Alexa-TFP over the 18000 amino groups present at the capsid
surface for two hours at room temperature in argon atmosphere, filled up to a final
volume of 900 µl with HEPES buffer pH 7.2. The reaction was stopped for one
hour with a 5-fold excess of lysines over Alexa-TFP (0.5 mg of lysine powder
dissolved in 100 µl of HEPES buffer pH 7.2). The labeled-vector particles were
then purified from unreacted dyes by PD10 column purification. The transduction
efficiency of the modified vector was analyzed by transduction assay on A549
cells. The intracellular trafficking of these particles was analyzed on A549 cells
and on CHO K1 cells with a confocal laser scanning microscope.

Specific labeling of the genetically modified vector particles with Alexamaleimide
1x10¹¹ vector particles (Ad1Cys or AdpIX75Cys) were incubated with a 20-fold

(AdpIX75Cys) for 2 hours at room temperature in argon atmosphere, in a final
volume of 200 µl (filled with HEPES buffer pH 7.2). The reaction was stopped for
one hour with a 10-fold excess of cysteines over Alexa-maleimide (0.96 µg of
cysteine powder dissolved in 18.5 µl of HEPES buffer pH 7.2). The labeled-vector
particles were then purified from unreacted dyes by PD10 column purification. The
transduction efficiency of the modified vector was analyzed by transduction assay

Material and methods

excess of chemically reactive Alexa-maleimide over fiber (Ad1Cys) or pIX
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on A549 cells and the intracellular trafficking of these particles was analyzed on
A549 cells with a confocal laser scanning microscope.

Random labeling of the maleimide-ligand with Alexa-TFP before coupling
with AdpIX75Cys particles
4.8x1014 molecules of ligand (64 µg of maleimide-Tf, 31 µg of maleimide-RAP or
55 µg of maleimide-BSA) were modified with a 5-fold excess of Alexa-TFP per
ligand molecule (353 µl Alexa-Mal, concentration 10 µg / ml) for two hours, in a
final volume of 700 µl (filled with HEPES buffer pH 7.2). The reaction was stopped
for one hour with a 20-fold excess of lysines over Alexa-TFP (13.4 µg of lysine
powder dissolved in 10 µl of HEPES buffer pH 7.2). The labeled-ligands were
coupled to 1x10¹¹ AdpIX75cys vector particles in a 20-fold molar excess over pIX
overnight in argon atmosphere at room temperature, in a final volume of 1 ml
(filled with HEPES buffer pH 7.2). The amount of purified maleimide-activated
ligand proteins used here (64 µg of maleimide-Tf, 31 µg of maleimide-RAP or 55
µg of maleimide-BSA) was the exact amount of ligand required to be coupled to
1x10¹¹ AdpIX75cys vector particles in a 20-fold molar excess over pIX
(20x240x1x10 11=4.8x1014 molecules). The labeled-vector particles were then
purified from unreacted dyes by PD10 column purification.
The intracellular trafficking of the labeled-RAP-modified AdpIX75Cys particles was
analyzed on CHO K1 cells with a confocal laser scanning microscope. The
intracellular trafficking of the labeled-BSA-modified AdpIX75Cys particles or
labeled-Tf-modified AdpIX75Cys particles was analyzed on A549 cells.

Random labeling of the AdpIX75Cys vector particles with Alexa-TFP before

2x10¹¹ AdpIX75Cys vector particles were incubated with a 20-fold excess of
chemically reactive Alexa-TFP over the 18000 amino groups present at the capsid
surface for 2 hours at room temperature under argon conditions, in a final volume
of 200 µl (filled with HEPES buffer pH 7.2). The reaction was stopped for one hour
with a 10-fold excess of lysines over Alexa-TFP (196 µg of lysine powder
dissolved in 2 µl in HEPES buffer pH 7.2). The AdpIX75Cys labeled vector

Material and methods

coupling with maleimide-ligand
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particles were then purified from unreacted dyes by PD10 column purification. 100
µl of the purified labeled-AdpIX75Cys (± 5x109 particles) were modified overnight
with maleimide-BSA or maleimide-RAP at room temperature under argon
conditions, filled up to a final volume of 300 µl with HEPES buffer pH 7.2.
The intracellular trafficking of the RAP-modified labeled-particles was analyzed on
CHO K1 cells with a confocal laser scanning microscope. The intracellular
trafficking of the BSA-modified labeled-particles was analyzed on A549 cells.

Preparation and infection of the cells for confocal laser scanning
microscopy
1x105 cells (A549 or CHO K1) were seeded directly onto Mattek poly L-lysine
covered glass dishes and cultivated 24 hours in the appropriate supplemented
medium. The day after, the cells were washed with cold PBS and 1 ml of 4°C cold
and fresh medium was added to the cells. 100 µl of the different modified-particles
were added to the medium for one hour on ice (this was the equivalent of 10000
pMOI). The cells were then washed 3 times with PBS and fresh 4°C cold medium
was added and the cells were kept on ice until they were placed in the 37°C
incubation chamber of the confocal microscope.

LSM 510 Meta (Carl Zeiss) settings
Live cell imaging was performed with a Carl Zeiss LSM 510 Meta confocal
microscope equipped with a 63x water immersion objective (C-Apochromat
63x/1.20 W corr, Carl Zeiss) and with a humidified CO2-controlled incubation
chamber. The Alexa 488 dyes were excited by the Argon laser (37% of the 488 nm
wavelength laser, and with the laser set up to 50% of its maximal power), and the

than 505 nm can pass through this filter to the detector). The pictures were mainly
collected on the z-axis at the nucleus level with a stack size of 512 x 512 pixels
(and 8 bit pixel depth, with 2 channels (Ch3-T1 fluorescence channel and ChD-T1
transmission light, with calibrated PH2 phase contrast) and as the sum of 4
pictures collected in 4-10 seconds.

Material and methods

emission was collected with a LP 505 filter (high pass filter, wavelengths higher
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Figure 2.11: Beam path in a confocal. The image of the sample at the point of focus is
transmitted to the detector, with the optimal settings for the system (Drawing taken from
the Carl Zeiss brochure for LSM 510 and LSM 510 META Laser Scanning Microscopes).

The pinhole of the fluorescence channel (CH3, figure 2.11) was set to one airy unit
(which defines the optimum settings for the system, in this case 112 µm) and the
signal intensity was adjusted from a gain of 1000 to a range of 900 to 950. The 10
µm scale and the merge of the two channels are shown on each picture.

Statistics

Statistical analyses were done using unpaired two sided Student's t test.
Differences were considered as significant when the calculated Student’s t test
probability was below 0.05 (p<0.05).

Material and methods
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3

Results

3.1

Random introduction of sulfhydryls at the capsid
surface via heterobifunctional crosslinkers

Lanciotti and coworkers showed in 2003 that amino-reactive ligands were
successfully coupled to the Ad vectors via the amino groups present at the capsid
surface [40]. A bifunctional crosslinker, tresyl-PEG-maleimide, was used to
chemically target Ad vector particles. The tresyl group of the crosslinker reacted
with the capsid amino groups and the maleimide-activated particles were purified
from unreacted crosslinkers. FGF2 contains four cysteines. Two of them are at the
surface and are predicted by structural studies to be the probable sites of
conjugation. Therefore, they mutated one cysteine (position 96) into a serine,
leaving the other cysteine free for reaction with the maleimide groups present at
the capsid surface. The maleimide groups of the modified particles reacted with
the thiol of the genetically engineered FGF2. The FGF2-PEG-Ad vector particles
were successfully retargeted to FGF receptor expressing cells.

Another approach was tested in the present study (figure 3.1, p.80). The vector
capsid does not present solvent-exposed thiols, but chemicals can introduce
sulfhydryls after reaction without some of the capsid 18000 amino groups. Thus,
instead of generating a covalent bond between the thiols of the ligand and the
capsid amino groups, a covalent bond was chemically generated between the
amino groups of the ligand and chemically generated thiols at the capsid surface.
Ligands of the membrane receptors (which represent the large majority of ligands
used for targeting) have evolved in oxidizing extracellular environment, they rarely
present solvent-exposed thiols, and this strategy would therefore allow the

Results

coupling of ligands without additional modification.
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Crosslinkers were used to generate accessible thiol groups on the particle by
reaction with the 18000 capsid amino groups, spread all over the capsid surface.
The different capsid proteins (fiber, hexon, penton base and accessible minor
capsid proteins like pIX) may be modified with these crosslinkers. The ligand was
modified with NHS-PEG-(3,4kDa)-Mal and the generated maleimide-ligands can
be covalently coupled to thiols groups.

Figure 3.1: Random introduction of sulfhydryls at the capsid surface for ligand

Results

covalent coupling.

80

Three crosslinkers were tested, Traut’s reagent, SPDP and SATA. All three can
react with primary amines at the physiological pH to create protected (in the case
of SPDP and SATA) or deprotected sulfhydryls (in the case of Traut’s reagent).

Traut’s reagent (2-Iminothiolane) is a cyclic thioimidate compound for thiol
generation (figure 3.2). It reacts with primary amino groups at pH 7-9 to introduce
deprotected sulfhydryl groups, which can directly react with maleimide-activated
proteins to form stable and covalent thioether bonds. Because hydrolysis is
relatively slow compared to the amine reaction rate, thiolation with Traut’s reagent
does not require a large molar excess of reagent compared to other modification
reagents, like SATA or SPDP.

Figure 3.2: Traut’s reagent and its reaction with primary amines. The Traut’s
reagent reacts with primary amines and introduces deprotected thiols at the capsid

Results

surface (drawing taken from the instruction datasheet provided by Pierce).
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SPDP (N-succinimidyl 3-(2-pyridyldithio) propionate) is a heterobifunctional
crosslinker able to generate sulfhydryls or to create bioreversible covalent bonds
(figure 3.3). Its N-hydroxysuccinimide ester part reacts with primary amines on the
capsid surface and then two reactions are possible, (i) after reduction, the
deprotected thiol can react with maleimide-activated ligands leading to the
formation of a stable thioether bond, or (ii) without reduction, the pyridyldithiol
generated at the capsid surface can react with sulfhydryls to form bioreversible
disulfide bonds.

Figure 3.3: SPDP and its reaction with primary amines. SPDP reacts with primary
amines and introduces protected thiols. (i) The deprotection with a reducing reagent
(DTT) leaves the thiol free for thioether or reversible disulfide bond formation. (ii) The
direct reaction of pyridyldithiol group with sulfhydryls forms reversible disulfide bond
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(drawing adaptated from the instruction datasheet provided by Pierce).
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SATA (N-succinimidyl S-acetylthiopropionate) was used to introduce randomly
protected sulfhydryls at the vector surface, by reaction of its N-hydroxysuccinimide
ester group with the primary amines on the capsid (figure 3.4). Hydroxylamine can
be used to deprotect the sulfhydryls, and therefore allowed for subsequent
reaction of the thiol group with maleimide-activated ligands to form covalent and
stable thioether bonds.

Figure 3.4: SATA and its reaction with primary amines. SATA reacts with primary
amines and introduces protected thiols. The deprotection with hydroxylamine leaves the
thiol free for subsequent reactions (drawing adaptated from the instruction datasheet
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provided by Pierce).
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To determine whether the introduction of thiols at the vector capsid can be
achieved with chemicals without altering the physical integrity and the biological
functions of the particles, the transduction efficiency of the modified particles, the
best indicator of the integrity and the function of the particles, was examined.
E1-deleted first generation Ad1stGFP vector particles containing a CMV promotercontrolled EGFP expression cassette were modified with various amounts of the
different crosslinkers (Traut’s reagent, SATA and SPDP).
The capsid amino groups of the Ad1stGFP vector particles were modified with
different excesses of Traut’s reagent. K562 cells were transduced with 5000
particles MOI of control and modified particles. 24 hours after transduction, the
cells were harvested and their EGFP expression was analyzed by flow cytometry
(figure 3.5).

Vector modification with Traut's reagent
Relative Transduction Efficiency

1,2
1
0,8
0,6
0,4
0,2
0
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0,1x

0,2x

1x

5x

10x

100x

Excess of Traut's reagent over capsid amino groups used for
reaction
Figure 3.5: Modification of Ad1stGFP with Traut’s reagent. Traut’s reagent can be
used to modify the vector particles with an up to 10-fold excess over capsid amino
groups without ablating transduction efficiency. With larger excesses, the transduction
efficiency of the modified-particles is reduced or even ablated. The transduction
efficiency of the modified-vector particles was analyzed by transduction of K562 cells

An up to 10-fold excess of Traut’s reagent over amino groups could be used to
modify the vector particles without significantly affecting their transduction
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with 5000 pMOI.
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efficiency. Importantly, with larger excesses, the transduction efficiency of the
modified-particles was drastically reduced.

Different excesses of SPDP (over capsid amino groups) were used to modify the
vector particles. The transduction efficiency of the modified particles was analyzed
by transduction of A549 cells with 5000 particle MOI (figure 3.6).

Vector modification with SPDP
Relative Transduction Efficiency
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Excess of SPDP over capsid amino groups used for reaction
Figure 3.6: Modification of Ad1stGFP with SPDP. SPDP can be used to modify the
vector particles with an up to 10-fold excess over capsid amino groups without ablating
transduction efficiency. With higher excesses, the transduction efficiency of the modifiedparticles is drastically reduced. The transduction efficiency of the modified-vector
particles was analyzed by transduction of A549 cells with 5000 pMOI.

An up to 10-fold excess of SPDP over amino groups could be used to modify the
vector particles without significantly affecting their transduction efficiency.
Importantly, as described for Traut’s reagent, with larger excesses, the
transduction efficiency of the modified-particles was drastically reduced.

Different excesses of SATA (over the capsid amino groups) were used to modify
the vector particles. The transduction efficiency of the modified particles was
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analyzed by transduction of K562 cells with 5000 particle MOI (figure 3.7, p.86).
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Relative Transduction Efficiency

Vector modification with SATA
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Excess of SATA over capsid amino groups used for reaction
Figure 3.7: Modification of Ad1stGFP with SATA. With all the excesses tested, SATA
decreased the transduction efficiency of the modified-particles. With more than a 5- fold
excess of SATA over capsid amino groups, the transduction efficiency was strongly
reduced. The transduction efficiency of the modified-vector particles was analyzed by
transduction of K562 cells with 5000 pMOI.

As observed for Traut’s reagent and SPDP, the transduction efficiency of the
modified particles decreased with increasing concentrations of the SATA reagent.
Already a one-fold excess of SATA over capsid amino groups significantly
decreased the transduction efficiency of the modified-vector particles.
Table 3.8: Comparison of the effect of Traut’s reagent, SPDP and SATA on the
transduction efficiency of the particles. For each crosslinker, the excess over capsid
amino groups is presented, at which transduction efficiency of the modified particles was
decreased by 50%, compared to unmodified particles.
Crosslinker

Excess over capsid amino / ½ transduction efficiency

Traut’s reagent

Between 10 and 100

SPDP

Between 10 and 50

SATA

Between 5 and 10

The random introduction of thiol groups by chemical means allows in principle for
chemical coupling of maleimide-activated protein ligands, but modifying randomly
the capsid surface with crosslinkers strongly affected the transduction efficiency of
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the adenovirus vectors (table 3.8).
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To analyze in more detail the fate of the vector particles modified with large excess
of crosslinkers over amino groups (here analyzed with 100-fold excess of Traut’s
reagent), slot blot experiments were performed on A549 cells to quantify the
amount of vector genomes entering the transduced cells. These data were
compared to the GFP expression results of transduced A549 cells. The Slot Blot
experiment determined the number of vector genomes present in the cells, i.e. in
the endosomes, the cytoplasm and the nucleus, as an indicator for the entry of the
modified particles in the cells. GFP expression could only occur if the modified
vectors would transfer their DNA into the nucleus (figure 3.9).

Relative Transduction Efficiency

GFP expression of A549 cells
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1
0,8
Ad1stGFP
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0,4
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Vector genomes in A549 cells

Relative genome content
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Figure 3.9: Comparison of the GFP expression and the number of vector genome
contained inside A549 cells transduced with Ad1stGFP vector particles modified
with a 100-fold excess of Traut’s reagent in the reaction. The GFP expression was
was determined by Slot Blot experiments.
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determined with transduction assay and flow cytometric analysis. The number of genome
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With flow cytometric analysis almost no GFP expression was found 24 hours after
transduction when the particles were modified with Traut’s reagent, whereas Slot
Blot analysis showed that at least 50 % of the Traut’s reagent modified-particles
were still able to bind and enter the cells. Thus, although modified vector particles
apparently entered the cells, GFP expression was not observed suggesting that
intracellular trafficking might have been affected by the capsid modification.

These data showed that the random modification of the capsid amino groups,
spread all over the capsid surface (fiber, penton base, hexon) [54], with chemicals
is very critical due to alteration of areas of the capsid or core proteins, that are
essential for the integrity and the functional activity of the vector particles and
which must be conserved for the use of adenovirus vector for gene transfer.

Because this uncontrolled modification of vector particles would not provide
homogeneously targeted vectors, the thiols were genetically inserted.

Nevertheless, a maleimide-activated ligand was coupled to the Ad1stGFP particles
modified with Traut’s reagent. This test is shown in the section 3.3.2 (figure 3.37,
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p.123)
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3.2

Genetic introduction of sulfhydryls in the minor capsid
protein pIX

3.2.1

pIX-modified adenovirus vector design

Three different adenovirus vectors were generated for this study (figures 3.15,
p.95, and 3.16, p.96). These Ad vectors are based on E1-deleted first-generation
Ad5 vector and contain an hCMV promoter-driven EGFP expression cassette and
contain the Ad5 sequence from nucleotide 1 to 440 and from nucleotide 3523 to
35935.

AdpIXCys particles carry one cysteine at the C-terminus of pIX, below the surface
of the neighboring hexons. It has been shown in previous studies that peptides
linked to the C-terminus of pIX were more accessible when they were lifted and
exposed at the capsid surface by carboxy-terminal extension of pIX [80]. Two
different lengths of extensions were tested, 45 and 75 Å in lengths. One cysteine
residue was also genetically introduced at the C-terminus of pIX via these two
different extensions. AdpIX45Cys particles carry one cysteine via the fusion of a
45 Å spacer at the C-terminus of pIX. The 45 Å spacer is the longest alpha-helix of
the human apolipoprotein E4. AdpIX75Cys particles carry one cysteine via the
fusion of a 75 Å spacer at the C-terminus of pIX. The 75 Å spacer had been
generated by the fusion of the 45 Å spacer with a synthetic 30 Å long alpha-helix.

Several cloning steps were required to modify the C-terminus of pIX.
The fragment of the first generation Ad vector genome (contained in the plasmid
pGS66, based on pBluescriptII-SK(+) [68]) was subcloned in a shuttle plasmid
(few unique restriction sites are present in this 36 kb plasmid, figure 3.10, p.90).
Several versions of this shuttle plasmid were generated with different multiple
cloning sites (MCS). The C-terminus of pIX was modified with PCR amplified-DNA
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fragments and the modified pIX was replaced back in the Ad vector genome.
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Figure 3.10: Maps of the plasmids pGS66 and pGS70. pGS66 is a pBluescriptIISK(+)-based plasmid containing the first generation Ad vector genome. pGS70 is a pBKCMV-based shuttle plasmid.

with the restriction enzyme PacI and the linearized shuttle plasmid was ligated with
two different annealed oligos to contain two different MCS in its PacI site, one
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As shown in figure 3.11 (p.91), the pBK-CMV-based plasmid pGS70 was digested
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inserting one PmeI site (pSC01) and one inserting one SalI and one BstZ17I site
(pSC03).

Figure 3.11: Cloning strategy for the AdpIXCys vector. The fragment of the plasmid
containing the Ad genome was subcloned and the pIX gene was modified by PCR.
Finally the modified pIX gene was replaced in the Ad genome and a reporter gene was
inserted in the E1 deletion.

designed to ablate the second PacI site that would have been formed after
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The annealed oligos had cohesive ends for PacI linearized pGS70 and were

91

ligation. The PacI-PmeI fragment of the plasmid pGS66 (infectious plasmid for Ad
vector) that contains the pIX gene was subcloned into pSC01 (pSC02). Two PCR
were performed to modify pIX. The first one inserted one SalI site after the Cterminus of pIX and amplified the fragment between the end of pIX and the
BstZ17I site. The second modified the end of pIX, inserting the three nucleotides
coding for one cysteine before the stop codon, followed by one SalI site, and
amplified the fragment between the PacI site and the end of the pIX gene. The first
PCR fragment was digested with SalI and BstZ17I and ligated to the SalI and
BstZ17I linearized pSC03 (pSC04). The second PCR fragment was digested with
PacI and SalI and ligated to the PacI and SalI linearized pSC04 (pSC05). The
PacI-BstZ17I fragment of pSC05 that contained the modified pIX was replaced in
the PacI-BstZ17I linearized pSC02 (pSC07). The PacI-PmeI fragment of pSC07
was replaced in the PacI-PmeI linearized pGS66 (pSC08).

containing an EGFP-expression cassette.
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Figure 3.12: The map of pTD3, the infectious plasmid for the AdpIXCys vectors
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Then the EGFP cassette (driven by hCMV promoter and containing the SV40
polyA) was excised from pTD1 with PacI and inserted in the linearized pSC08
(pTD3, figure 3.12, p.92, coding for AdpIXCys vector, figures 3.14, p.94 and 3.15,
p.95). The orientation of the EGFP cassettes was verified by sequencing and by
digestion with restriction enzymes.

Figure 3.13: Cloning strategy for the AdpIX45Cys and the AdpIX75Cys vectors.

As shown in figure 3.13, another PCR was performed to modify pIX. It inserted
one ClaI site followed by one SalI site after the C-terminus of pIX (without stop
codon) and amplified the fragment between the PacI site and the end of the pIX
gene. This PCR fragment was digested with PacI and SalI and ligated to the PacI
and SalI linearized pSC05 (pSC13). The PacI-BstZ17I fragment of pSC13 that
contains the modified pIX was replaced in the PacI-BstZ17I linearized pSC02

linearized pGS66 (pSC15). Two PCR reactions were performed to insert the
spacers, the cysteine residue and the stop codon into the single ClaI site. The first
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(pSC14). The PacI-PmeI fragment of pSC14 was replaced in the PacI-PmeI
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one amplified the 45 Å spacer from the plasmid template p75A [80] with one
cysteine codon followed by a stop codon, flanked by two ClaI sites. This fragment
was inserted in the ClaI linearized pSC15 (pSC18). The second amplified the 75 Å
spacer from the plasmid template p75A [80] with one cysteine codon followed by a
stop codon, flanked by two ClaI sites. This fragment was inserted in the ClaI
linearized pSC15 (pSC19).

the AdpIX45Cys and AdpIX75Cys vectors, respectively. These vectors contain an
EGFP-expression cassette.

Results

Figure 3.14: The map of pSC18-EGFP and pSC19-EGFP, the infectious plasmid for
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Then the EGFP cassette (driven by CMV promoter and containing the SV40
polyA) was excised from pTD1 with PacI and inserted in the PacI linearized pSC18
(pSC18-EGFP, figure 3.14, p.94, coding for AdpIX45Cys vector, figures 3.15 and
3.16, p.96) and in the PacI linearized pSC19 (pSC19-EGFP, figure 3.14, p.94,
coding for AdpIX75Cys vector, figures 3.15 and 3.16, p.96). The orientation of the
EGFP cassettes was verified by sequencing and by digestion with restriction
enzymes.

Figure 3.15: Genome maps of the different vectors used for this study. The first one
is the wild-type capsid E1-deleted first generation vector. The three other E1-deleted
first-generation vectors were generated for this study and contain the Ad5 sequence
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from nt 1 to 440 and from nt 3523 to 35935.
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Figure 3.16: Scheme of the three pIX-modified vectors. AdpIXCys particles carry one
cysteine directly at the C-terminus of pIX, in the valley between hexons. AdpIX45Cys
particles carry one cysteine via the fusion of a 45 Å alpha-helix at the C-terminus of pIX.
AdpIX75Cys particles carry one cysteine via the fusion of a 75 Å spacer at the C-
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terminus of pIX. The amino-acids sequences of both spacers are given.
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3.2.2

pIX-modified

vector

production

under

reducing

conditions and physical characterization of vector
particles

Kreppel and coworkers generated an adenovirus vector presenting one cysteine in
the HI-loop of the fiber protein (Ad1Cys vector). They showed that these thiols
exposed at the capsid surface might form inter-particles disulfide bonds, leading to
formation of vector particles aggregates when produced in the presence of
atmospheric oxygen [38]. In order to avoid aggregate formation, reducing reagents
were used during purification to control the reactivity of the genetically introduced
thiols.

As shown in the table 3.17, the pIX-modified vectors were amplified to high titers,
not significantly different from previously described E1-deleted Ad vectors with
wild-type capsid like Ad1stGFP or the fiber-modified Ad1Cys on N52.E6 cells. The
pIX-modified vectors were purified in the presence of 10 mM of TCEP, as a
reducing reagent, to avoid aggregation due to inter-particle disulfide bond
formation, which could occur between the engineered thiols at the capsid surface.

Table 3.17: Vector titers and vector production per cell, as average yield of 3 to 5
vector preparations and quantified with total particle titers determined by slot blot
experiments. The results of unpaired t-tests performed for all this vectors preparations
were p>0.16, indicating that there was no statistically significant difference for yields

Cell production

Number of

(vp/cell)

preparations

1.97

10800

3

AdpIX45Cys

1.75

9600

3

AdpIX75Cys

1.35

7300

5

Ad1stGFP

2.2

12100

5

Ad1Cys

1.9

10450

4

Vector

Titer (x10⁹ vp/µl)

AdpIXCys
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between the cysteine-containing and the wild-type capsid vector preparations.
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After purification with PD-10 columns, reducing reagents can remain in the vector
preparations. Some ligands like transferrin contain disulfide bridges, and therefore
the reducing reagent might modify the conformation of these ligands. To couple
intact and functional ligands for targeting, the amount of reducing reagent left in
the vector preparations was quantified by Ellman’s tests.

Reducing reagent in the vector preparations
1

Reducing reagent (mM)

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0
AdpIXCys

AdpIX45Cys

AdpIX75Cys

Ad1Cys

Figure 3.18: Amounts of reducing reagents left in the vectors preparations after
purification under reducing conditions. The values given here are representative
examples for the different vector preparations.

After purification, all vector preparations contained less than 0.5 mM of reducing
reagent (figure 3.18). This amount of reducing reagent left would not reduce the
disulfide bridges of the ligands used for targeting, and was therefore compatible
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with the subsequent modifications.
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The formation of vector particle aggregates was monitored by photon correlation
spectroscopy (PCS) [38]. PCS is a method to determine the size of the particles in
a suspension. The polydispersity index (PI) describes this particle size distribution.
An adenovirus vector preparation without particle aggregates is known to have a
polydispersity index below 0.2, i.e. where all the particles have the same size. A
higher polydispersity index indicates that the solution contains particles with
different sizes, i.e. the formation of aggregates. The PI values given in the figure
3.19 (p.100) represent the mean of four independent measurements of the
different vectors preparations.

The PI values of the modified vectors (PI AdpIXCys = 0.063, PI AdpIX45Cys =
0.14 and PI AdpIX75Cys = 0.024) were similar to the wild-type capsid vector
Ad1stGFP (PI = 0.052) and indicated a relatively narrow size distribution,
significantly below the 0.2 level that would indicate formation of aggregates of
adenovirus particles. The hydrodynamic diameters of the pIX-modified vectors (Ø
AdpIXCys = 111 nm, Ø AdpIX45Cys = 109 nm and Ø AdpIX75Cys = 116 nm)

Results

were also comparable to the Ad1stGFP control vector (Ø = 110 nm).
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Polydispersity index

Polydispersity Index (PI)

0,3
0,25
0,2
0,15
0,1
0,05
0
Ad1stGFP

AdpIXCys

AdpIX45Cys

AdpIX75Cys

AdpIX45Cys

AdpIX75Cys

Particle size

Particles diameter (nm)

160
140
120
100
80
60
40
20
0
Ad1stGFP

AdpIXCys

Figure 3.19: Polydispersity index and hydrodynamic diameter of the different
vectors. The polydispersity index was determined by photon correlation spectroscopy
experiments with the three pIX-modified vectors in comparison to the wild-type capsid
vector Ad1stGFP. The hydrodynamic diameter was measured by photon correlation
spectroscopy experiments for the different pIX-modified vectors in comparison to the
wild-type capsid vector Ad1stGFP. The numbers given here are the mean of four
independent measurements.

These data showed that the physical integrity of the vector particles was not
affected by the incorporation of a cysteine residue and alpha-helical spacers at the
C-terminus of pIX. The particle size is not changed by the introduction of
cysteines. The cysteine-containing vectors did not form aggregates i.e. no interparticles disulfide bonds. The amount of reducing reagents left in the vector
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preparations was tolerable for the disulfide bridges-containing ligands.
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3.2.3

Virion

stability:

a

biological

indicator

for

pIX

incorporation into the capsid

Protein IX acts as capsid cement and is not necessary for the Ad life cycle, but
virions without pIX are more thermolabile than wild-type particles. Changing the
protein IX sequence might result in misfolding and loss of its cement function. It
might also prevent the incorporation of pIX into the capsid. In both cases, the
capsid would be less stable. Therefore, the inverse bioactivities and the
thermostabilities of the different vector preparations were analyzed.
The inverse bioactivity was calculated by dividing the number of physical particles
by the number of infectious particles. An inverse bioactivity of less than 30 has
been recommended by the Food and Drug Administration for vector material used
in clinical trials. When the modified-particles are less stable, it is likely that the
infectivity of these vector particles would be affected, leading to an increasing
inverse bioactivity. Therefore, the measure of the inverse bioactivity is an indicator
for the capsid stability (table 3.20).

Table 3.20: Vector inverse bioactivity of the different vector preparations as
average inverse bioactivity of 3 to 5 vector preparations. The inverse bioactivity was
calculated as the total particle titer to infectious particle titer ratio. The titers were
determined by slot blot experiments. The results of unpaired t-tests performed for all this
vectors preparations were p>0.22, indicating that there was no statistically significant
difference for inverse bioactivity between the cysteine-containing and the wild-type
capsid vector preparations.
Vector

Inverse bioactivity

Number of preparations

AdpIXCys

13.2

3

AdpIX45Cys

3.6

3

AdpIX75Cys

3.5

5

Ad1stGFP

6.5

5

Ad1Cys

4.4

4

The inverse bioactivity of the different vectors used in this study was largely below

between the cysteine-containing and the wild-type capsid vector preparations.
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30, and there was no statistically significant difference for inverse bioactivity
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The thermostability of pIX-modified vector particles was analyzed. Importantly, it
has been previously shown that the incorporation of the 45 and 75 Å spacers
without terminal cysteine did not modify the thermostability of the vector particles
and it was considered that the inserted C-terminal cysteine would not affect the
particles thermostability [80]. Therefore to assess whether the incorporation of a
cysteine at the C-terminus of pIX interferes with the thermostability of the Ad
vectors, the thermostability of the pIX modified vector (AdpIXCys) was compared
with the thermostability of the wild-type capsid vector (Ad1stGFP). The Ad1stGFP
and AdpIXCys particles were incubated at different temperatures (37°C, 45°C,
47.5°C and 50°C) for 1, 4 and 10 minutes. The thermostability of the particles was
analyzed by transduction assay on A549 cells.

Relative Transduction Efficiency

Thermostability test of Ad1stGFP
1,2
1
0,8

37°C

0,6

45°C
47.5°C

0,4

50°C
0,2
0
0

5

Time (min)

10

15

Relative Transduction Efficieny

Thermostability test of AdpIXCys
1,4
1,2
1
37°C

0,8

45°C

0,6

47.5°C

0,4

50°C

0,2
0
0

5

Time (min)

10

15

Figure 3.21: Thermostability of the wild-type capsid vector Ad1stGFP and of the
pIX-modified vector AdpIXCys. The thermostability was analyzed by transduction of
50°C for 1 to 10 minutes, and flow cytometric analysis after 24 hours.
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A549 cells with 200 pMOI of vector particles after incubation at 37°C, 45°C, 47,5°C and
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As shown in figure 3.21 (p.102), the wild-type capsid Ad1stGFP vector and the
AdpIXCys vector showed very similar characteristics, their half-lives at 47.5°C
were around one minute. These data showed that adding a cysteine residue to the
C-terminus of protein IX did not alter the thermostability of the vector particles.

These data showed that the addition of alpha-helical spacers and of one cysteine
residue at the C-terminus of pIX did neither alter the inverse bioactivity nor the
thermostability suggesting that the modified pIX was incorporated in the capsid
and maintained the stability of the structure.

3.2.4

Accessibility and reactivity of the engineered cysteines
in the context of intact particles

Maleimide-biotin coupling to the introduced cysteines, proof of concept
To proof the incorporation of modified pIX into the capsid and to analyze the
accessibility and reactivity of the cysteine residues introduced to the C-terminus of
pIX, purified AdpIXCys, AdpIX45Cys and AdpIX75Cys vectors particles as well as
purified wild-type capsid Ad1stGFP vector particles were incubated with different
molar excesses of maleimide-biotin over pIX. The reaction was stopped by
addition of cysteine to inactivate the unreacted maleimide-biotins to avoid the
unspecific labeling of thiols during denaturation of the proteins.

reactivity of the cysteine residue of the pIX protein of AdpIX75Cys particles was tested
by reaction with different excesses of maleimide-biotin over pIX.

Results

Figure 3.22: Specific reaction of the Mal-Biotin with the introduced cysteines. The

103

As shown in figure 3.22 (p.103), AdpIXCys and AdpIX75Cys particles readily
reacted with a 2-fold molar excess of maleimide-biotin over pIX. Interestingly, the
increase in the excess of maleimide-biotin led to an increased biotin labeling of the
AdpIXCys particles, compared to AdpIX75Cys. This indicates that without spacer,
the accessibility of the modified pIX could be limited.
Maleimide-biotin was not coupled to the wild-type capsid vector (Ad1stGFP),
revealing the specific chemical reactivity of the genetically introduced cysteine
residues at the C-terminus of pIX, both without and with the 75 Å spacer.

Figure 3.23: pIX incorporation into the vector capsid and reactivity with increasing
amounts of maleimide-biotin. The pIX incorporation into the capsid was detected with
a pIX-specific antibody. The three pIX-modified vectors were reacted without or with 5 or
10-fold molar excess of maleimide-biotin over pIX, and the biotin coupling was detected

Results

by western blot analysis.
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Importantly, it was also observed that AdpIX45Cys was hardly labeled with biotin
(figure 3.23, p104). The thermostability experiments showed that no inter-particle
disulfide bonds were formed but it is possible that disulfide bonds were formed
between two pIX proteins or even between the terminal cysteine and the cysteine
contained in the spacers.
This specific chemical reactivity on the capsid surface can therefore be used for
covalent coupling of maleimide-activated molecules to the AdpIXCys and
AdpIX75Cys vector particle. Western transfer analysis with a pIX specific antiserum confirmed pIX identity and that the three different modified pIX were
incorporated into vector particles with the same efficiency. For all subsequent
experiments, AdpIX75Cys vector was used, because its introduced cysteines
showed the best accessibility and reactivity.

ELISA quantification of the coupling efficiency of small molecules
An ELISA experiment with streptavidine-horse radish peroxydase conjugate was
used to quantify the biotin-labeling of AdpIX75Cys vector particles.
AdpIX75Cys vector particles were modified with 50-fold molar excess of
maleimide-biotin (525 Da). The particles were purified by size exclusion
chromatography from the unreacted biotin. The protein concentration was
determined with the Micro BCA protein assay kit according to the manufacturer’s
protocol and used to calculate the particle concentration assuming that 1.1x10 12
particles have a weight of 280 µg. The ELISA quantification made by comparison
to a standard curve of biotinylated BSA provided an estimation of the presence of
232 biotins (SD ± 18) per virion as shown in the table 3.24, suggesting that 96% of
the cysteine residues on the capsid surface had reacted with maleimide-biotin.

Table 3.24: Elisa quantification of the amount of maleimide-biotin coupled to
AdpIX75Cys vector particles.
9

Biotin molecules
9

Biotin per particle

(1x10 )

(1x10 )

1.55

386

249

3.1

723

233

6.2

1323

213
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AdpIX75Cys vector particles
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ELISA quantification of the coupling efficiency of large molecules
Due to the close proximity of the C-termini of pIX in one trimer, it was expected
that large ligands might not be coupled to all the introduced cysteines because of
steric hindrance. Instead of establishing one ELISA test per coupled ligand, a
ligand/coupling partner-independent ELISA quantification was established for
monitoring the coupling efficiency to the introduced cysteines. This ELISA assay
was performed to quantify how many large ligands can be coupled to AdpIX75Cys
particles. The amount of large protein ligands coupled to pIX was determined by
the quantification of the number of maleimide-biotin that can be coupled to the
thiols that are still available after coupling of a large ligand. In the present study,
three relatively large molecules were used, RAP (39 kDa), BSA (69 kDa) and Tf
(80 kDa). BSA was chosen to perform this assay.

The full-length BSA (fraction V) was maleimide-activated with NHS-PEG-(3400)Mal (the succinimide ester reacted with the amino groups of BSA to form covalent
bonds) and the maleimide-BSA was purified after maleimide activation by size
exclusion

chromatography.

Maleimide-activated

BSA

was

incubated

with

AdpIX75Cys particles in a 20-fold excess over pIX-inserted cysteines residues. In
addition the same amount of non-activated BSA was added to the same amount of
AdpIX75Cys vector particles as a control.

BSA-modified AdpIX75Cys vector particles (i.e. where a certain proportion of the
cysteine residues were coupled to maleimide-BSA) and AdpIX75Cys vector
particles with control BSA were incubated with a large excess of maleimide-biotin
over pIX. To remove the unreacted biotin, the modified vector particles were
purified with a PD-10 column. The amount of biotin coupled to pIX (i.e. the amount
of thiol groups which remain free after BSA coupling to pIX) was quantified and

Results

compared to the unmodified particles.
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Biotin signal (AU)

Quantification of the Mal-BSA coupled to
AdpIX75Cys
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Figure 3.25: Quantification of the maleimide-BSA coupled to AdpIX75Cys particles.
The maleimide-biotin coupled to BSA-modified AdpIX75Cys and to AdpIX75Cys with free
BSA was quantified by ELISA assay. The maleimide-BSA coupled to AdpIX75Cys vector
particles was determined in a ligand-independent manner by quantification of the thiol
groups available for maleimide-biotin coupling, i.e. by the difference of biotin coupled
when BSA was coupled to the particles.

As shown in figure 3.25, there was 30% less biotin coupled to BSA-modified
AdpIX75Cys compared to AdpIX75Cys with “free” BSA, demonstrating that 72
BSA molecules were coupled per AdpIX75Cys particle corresponding to the 30 %
of the cysteine residues were coupled to BSA.

Table 3.26: Summary of the coupling efficiency with differently sized molecules.
Coupling efficiency
Maleimide-molecules

Molecular weight
Biotin per particles

Biotin

525 Da

96% (232)

BSA

69 kDa

30% (72)

These data suggested that coupling depended on the size of the ligands (table
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3.26).
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A similar difference in coupling efficiency depending on the size of the ligand was
previously described for pIX-modified vectors by Campos and coworkers in 2006
[8]. A pIX-modified adenovirus vector was generated with a biotin-acceptor peptide
inserted at the C-terminus of pIX. These vectors were metabolically biotinylated
and targeted with a biotin-avidin adaptor system. They quantified the number of
biotins present at the capsid surface with an ELISA based on avidin-horseradish
peroxidase and they estimated that 70 biotins were attached per particles. Their
quantification assay was based on the ability of large avidin molecules (90 kDa) to
bind to accessible biotins at the capsid surface, however when these biotins were
close to each other, steric hindrance might have prevented the binding of avidin to
the biotins, which is in agreement with the speculation that the coupling depends
on the size of the ligand.
In addition, Kreppel and coworkers showed that 28 large molecules like 20kDaPEG-Mal were coupled to the cysteines inserted in the HI loop [38]. Compared to
these fiber-modified vectors, which could carry up to 28 large ligands per vector
particle, the pIX-modified vector particles can carry approximately 72 coupled
large ligands per particle that is 2.6-fold more than the fiber-modified vector
particles.

In conclusion of the characterization of the genetically pIX-modified vectors, all the
vectors could be produced to high titers without aggregate formation. AdpIXCys
had the same thermostability as the wild-type capsid vector Ad1stGFP.
AdpIX75Cys vectors showed the highest reactivity and the best accessibility.
Almost all inserted cysteine residues of AdpIX75Cys were accessible to
maleimide-biotin (525 Da) and 30% of the inserted cysteines could be successfully
used to couple a full-length and relatively large protein (69 kDa for BSA).

The targeting mediated by 72 large ligands per virion coupled to pIX-modified
AdpIX75Cys vector particles was analyzed and compared with the targeting of the
28 large ligands per virion coupled to fiber-modified Ad1Cys vectors. These
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experiments are presented in the following chapters.
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3.3

In

vitro

characterization

of

the

ligand-modified

AdpIX75Cys particles

3.3.1

Transferrin as a model ligand

To first test whether coupling of a ligand to AdpIX75Cys can redirect the virions to
target cells other than the cells which can be transduced by adenovirus vectors,
full-length transferrin was selected as a model ligand, since it had already been
successfully used to redirect Ad vectors. Kreppel and coworkers recently
genetically inserted highly reactive thiols in the fiber HI loop (Ad1Cys vector) [38].
The solvent-exposed thiols were coupled to transferrin and the Tf-modified
particles were efficiently targeted to the TfR in K562 cells, a cell line largely
refractory to transduction by Ad5.

The full-length transferrin was maleimide-activated with NHS-PEG-(3400)-Mal (the
succinimide ester reacted with the amino groups of transferrin to form covalent
bonds) and the maleimide-transferrin was purified after maleimide activation by
size exclusion chromatography. Maleimide-activated transferrin was incubated
with AdpIX75Cys particles in a 20-fold excess over pIX-inserted cysteine residues.
In addition and as a control, it was also incubated with Ad1Cys particles in a 20fold excess over fiber-inserted cysteine residues. These modifications were tested
by transduction experiments on the human erythroleukemic cell line K562, which is
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characterized by little CAR but abundant TfR expression.
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Relative Transduction Efficiency

Transduction of K562 cells with Tf-modified
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Figure 3.27: AdpIX75Cys and Ad1Cys modified with maleimide-transferrin. The
transduction of K562 cells with AdpIX75Cys was decreased after covalent modification of
AdpIX75Cys vector particles with maleimide-transferrin. In contrast, transduction of K562
cells with Ad1Cys was increased after covalent modification of Ad1Cys vector particles
with maleimide-transferrin.

Surprisingly, the modification of AdpIX75Cys particles with maleimide-Tf
decreased the transduction almost 10-fold of the modified particles on K562 cells
compared to the unmodified AdpIX75Cys whereas the modification of Ad1Cys
particles with maleimide-Tf increased the transduction of K562 cells 10-fold (figure
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3.27).
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Competition experiments were performed. The cells were incubated on ice to
block endocytosis with a large excess of free Tf to saturate the TfR for one hour.
After washing with ice-cold PBS, the cells were incubated with 5000 particle MOI
for one hour on ice. After washing to remove the unbound vector particles, 37°C
medium was added and the transduction was analyzed by flow cytometry 24 hours
after.

Competition with Tf on K562 cells
p<0.003
p<0.0001
1,4
Relative Transduction Efficiency

p<0.0078
1,2
1
AdpIX75Cys

0,8

AdpIX75Cys+Tf
0,6
0,4
0,2
0
Without free Tf

With free Tf

Figure 3.28: Competition experiments with transferrin. Competition experiments with
excess free Tf on K562 cells did not completely out-compete the decreased transduction
of Tf-modified AdpIX75Cys particles. The results of unpaired t-tests performed were
p<0.0078, indicating that there are statistically significant differences between the
different transduction efficiencies.

The decreased transduction on these TfR positive cells could only partially be
restored in competition experiments with excess free Tf on K562 cells (figure
3.28). The decreased transduction with the Tf-modified ApIX75Cys particles, even
when the TfR were saturated with free Tf, suggested that the modified vector
might be influenced by an additional phenomenon than TfR-Tf pathway. The
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coupling of large proteins like Tf might sterically interfere with one or several of the
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processes needed to transduce the cells like the movement along the microtubuli
(perhaps by shielding of the hexon area which interacts with the microtubuli).
To test this, the Tf-modified AdpIX75Cys vector particles were also tested on A549
cells, which express low TfR but high CAR.

Transduction of A549 cells with Tf-modified
AdpIX75Cys
Relative Transduction Efficiency

1,2
1
0,8
AdpIX75Cys

0,6
AdpIX75Cys
+ Tf-Mal

0,4
0,2
0
20 pMOI

40 pMOI 100 pMOI 200 pMOI 1000 pMOI

Figure 3.29: Decreased transduction of A549 cells after covalent modification of
AdpIX75Cys vector particles with maleimide-transferrin.

As shown in figure 3.29, the transduction with the Tf-modified vector particles was
also decreased on A549 cells. With 20 particles MOI, the transduction by Tfmodified particles was decreased down to 40% of the control. With higher MOI,
the difference was reduced, with transduction decreased down to 90%. The A549
cells express TfR at low levels, therefore the transduction of the Tf-modified
particles was altered independently of the TfR interaction.
The effect of the coupling of another large molecule was tested. BSA, a molecule
with a size similar to Tf but, importantly, not binding to receptors on A549 cells,
was coupled to the pIX protein of AdpIX75Cys as described for Tf. The coupling of
BSA to pIX might not shield the binding sites of fiber and penton-base and the
CAR / integrin pathway.
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BSA-modified AdpIX75Cys particles might bind to the A549 cells via the natural
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The full-length BSA (fraction V) was maleimide-activated with NHS-PEG-(3400)Mal (the succinimide ester reacted with the amino groups of BSA to form covalent
bonds) and the maleimide-BSA was purified after maleimide activation by size
exclusion

chromatography.

Maleimide-activated

BSA

was

incubated

with

AdpIX75Cys particles in a 20-fold excess over pIX-inserted cysteines residues.
The effect of the modification with BSA was analyzed by transduction assay on
A549 cells.

Transduction of A549 cells with BSA-modified
AdpIX75Cys
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Figure 3.30: Decreased transduction of A549 cells after covalent modification of
AdpIX75Cys vector particles with maleimide-BSA.

As shown in figure 3.30, the transduction of A549 cells was significantly decreased
down to 50% with all MOI tested after modification of AdpIX75Cys with BSA.
These data showed that coupling of large molecules to pIX altered the
transduction efficiency of the particles, even when the coupled molecules did not
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bind to cell receptors.
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All these data showed that the covalent coupling of transferrin to AdpIX75Cys
particles strongly decreased the transduction efficiency of the modified particles.
Transferrin is a protein which binds to its receptor, delivers iron into the cells, but
remains bound to its receptor and is recycled back to the cell surface (see figure
1.16, p.25). In addition, after particles disassembly in the endosomes (figure 1.9,
p.13) pIX remains attached to the hexons carrying the DNA to the nucleus.
Therefore, when a ligand that does not dissociate from its receptor is covalently
coupled to pIX, the intracellular fate of the ligand might influence the intracellular
trafficking of the modified particles.

On the contrary, the fiber protein is shed very early during the entry of the vector
particle inside the cell. Therefore when coupled to the fiber of Ad1Cys particles,
transferrin gave new receptor specificities to the modified Ad vector and might
have been detached from the particle shell. The partially disassembled particles
would continue to travel to the nucleus, increasing their transduction efficiency.

In addition, the size of the ligand coupled to pIX might alter the functions of the
capsid proteins. When the ligands have a large size, like BSA (69 kDa) or Tf
(80kDa), their covalent attachment to pIX decreased the transduction efficiency of
the particles, maybe because the large molecules present at the capsid surface
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sterically interfered with capsid areas essential for intracellular trafficking.
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3.3.2

Receptor-Associated Protein as a ligand

The Receptor-Associated Protein RAP is a specialized chaperone which binds to
the LRP receptor (low-density lipoprotein receptor related protein). RAP binds with
a high affinity to LRP (Kd= 18 nM). In Golgi vesicles, after preventing the binding
of the receptor with its natural ligands, RAP is released from the LRP because of
the decreased pH, and is recycled to the ER. The LRP is expressed by many body
cells, including hepatocytes and therefore RAP might be used for hepatocyte
targeting.

To redirect pIX-modified Ad vector particles to LRP, RAP was attached to
AdpIX75Cys after chemical activation with a heterobifunctional crosslinker (NHSPEG-3400-Mal) in a 1:1 ratio and this maleimide-activated RAP was incubated
with the AdpIX75cys vectors in a 20-fold excess over pIX. The transduction of the
unmodified and the RAP-modified AdpIX75Cys was tested on CHO-K1 cells,
which express CAR at a low level but LRP at a high level. The effect of the
incubation of maleimide-RAP with wild-type capsid Ad1stGFP vectors was also
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tested.
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Transduction of CHO K1 cells with RAP-modified
AdpIX75Cys
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Figure 3.31: Modification of AdpIX75Cys with RAP. The effect of the coupling of
maleimide-RAP to AdpIX75Cys was compared to the unmodified AdpIX75Cys, as
analyzed by transduction of CHO-K1 cells and flow cytometric analysis. The effect of the
incubation of maleimide-RAP with wild-type capsid Ad1stGFP vectors was also tested.
indicating that there are statistically significant differences between the different
transduction efficiencies.
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The results of unpaired t-tests performed for AdpIX75cys particles were p<0.0018,
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In contrast to what was observed with Tf-coupling, RAPylated vector particles
showed an up to 10-fold increase in transduction compared to the unmodified
vector (figure 3.31, p.116).
Incubation of maleimide-RAP with wild-type capsid vector did not result in an
increased of CHO K1 cells. This indicated that the specific covalent thiol
modification of AdpIX75Cys with maleimide-activated RAP mediated the increased
transduction on CHO-K1 cells.

Maleimide-activated RAP was also incubated with Ad1Cys (vector which contains
one cysteine residue in the fiber HI-loop) in a 20-fold molar excess over fiber. The
transduction of the unmodified and the RAP-modified Ad1Cys was tested on CHOK1 cells.

Transduction of CHO K1 cells with RAP-modified
Ad1Cys
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Figure 3.32: Modification of Ad1Cys with RAP. The effect of the coupling of
maleimide-RAP to Ad1Cys was compared to the unmodified Ad1Cys (and with
Ad1stGFP), as analyzed by transduction of CHO-K1 cells and flow cytometric analysis.
The results of unpaired t-tests performed for Ad1cys particles were p<0.0002, indicating
that there are statistically significant differences between the different transduction
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efficiencies.
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Similarly to Tf-coupled Ad1Cys particles (see figure 3.27, p.110), RAP-modified
Ad1Cys vector particles showed a significant and up to 11-fold increased
transduction of CHO-K1 (figure 3.32, p.117).

Interestingly, RAP mediated a 10-fold increase in transduction efficiency when
coupled to both locales, pIX and fiber. However, Tf increased the transduction with
fiber-modified particles by 10-fold while decreasing the transduction with pIXmodified particles by 10-fold.

To determine if this increase in transduction was mediated by the RAP/LRP
pathway, competition experiments were performed with both AdpIX75Cys and
Ad1Cys to test if the increased transduction could be abolished by the addition of
free RAP. The CHO K1 cells were incubated on ice (to block endocytosis) with a
large excess of free RAP to saturate the receptors. After washing with ice-cold
PBS, the cells were incubated on ice with 1000 particles MOI for one hour. After
washing to remove the unbound vector particles, 37°C medium was added and the
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transduction was analyzed by flow cytometry 24 hours after.
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Competition experiments with RAP
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Figure 3.33: Competition experiments with excess free RAP on CHO-K1. Addition of
free RAP to the cells before transduction completely out-competed the increased
transduction with RAP-modified AdpIX75Cys particles. Addition of free RAP could outcompete 85% of the increased transduction with RAP-modified Ad1Cys particles. The
results of unpaired t-tests performed without free RAP were p<0.0003, indicating that
there were statistically significant differences between the different transduction rates.
The results of unpaired t-tests performed with free RAP were p>0.05, indicating that
there was no statistically significant difference between the different transduction
efficiencies.

As shown in figure 3.33, the increased transduction of the CHO-K1 cells with both
RAP-modified Ad1Cys and AdpIX75Cys vectors was completely abolished in
competition experiments with excess free RAP. These data suggested that the
RAP- modified vectors were taken up by members of the LRP receptor family and
that the increase in transduction efficiency was mediated by the interaction of RAP
with its receptor.

To study in greater detail the interaction of RAP-modified particles with the
different LRP receptors, transduction experiments were performed with a cell line,
which does not express the LRP1 receptor. In previous LRP studies from

selection of CHO-K1 clones that resist to Pseudomonas exotoxin. This cell line
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Fitzgerald and coworkers [18], the CHO LRP-null cells were generated by
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has no LRP1 expression (both at mRNA and protein levels). The effect of the
absence of the LRP1 receptor on the transduction of CHO LRP-null cells with
RAP-modified vector particles was tested.

Transduction of CHO K1 and CHO LRP-null cells
with RAP-modified Ad1Cys

Relative Transduction Efficiency
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Figure 3.34: Transduction of CHO-K1 cells compared to transduction of CHO LRPnull cells by maleimide-RAP modified Ad1Cys vectors. No unpaired t-tests was
performed.

The CHO LRP-null cells showed an up to 3-fold increased transduction when
transduced with RAP-modified Ad1Cys particles, whereas CHO-K1 showed an up
to 11-fold increase (figure 3.34).
This experiment is complementary to the competition experiments. Free RAP can
completely out-compete the increased transduction of the RAP-modified particles
while the large majority of the RAP-modified Ad1Cys particles was taken up by the
LRP1 receptor. Therefore, the targeting of the RAP-modified particles was mainly
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mediated by the RAP-LRP1 pathway.
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Human cell lines (one derived from hepatoma and the two other cell lines used in
this study) and a murine cell line derived from hepatoma were analyzed for LRP
expression by staining with mouse anti-human 85 kDa LRP receptor antibodies
and subsequent flow cytometric analysis. The 85 kDa domain of the LRP receptor
is the trans-membrane N-terminal domain of the human LRP receptor (see figure
1.17, p.26) [27].

Table 3.35: Detection of LRP on different cell lines by antibody staining and flow
cytometry analyses.

Cell line

Stained cells
(% of the total)

Control with
st

Control with the

the 1 antibody

2nd antibody

(% of the total)

(% of the total)

LRP

CHO-K1

2.71

0.3

0.98

/

CHO LRP-null

1.9

0.5

1.9

/

HepG2

52.6

0.31

3.23

++

Hepa 1-6

10.13

0.9

4.8

+

A549

2.43

0.08

0.68

/

K562

42.3

0.9

1.82

++

The Chinese hamster cell lines CHO-K1 and CHO LRP-null cells were analyzed
but staining of the cells did not work because the antibody did not recognize
hamster LRP.
The murine cell line Hepa 1-6 and the human cell lines A549, HepG2 and K562
were analyzed. As shown in table 3.35, the HepG2 cells and the K562 cells were
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strongly stained and express LRP receptors.
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To test the redirection of Ad vector particles to human LRP, maleimide-RAP was
coupled to AdpIX75Cys and Ad1Cys vectors. The transduction of the unmodified
and the RAP-modified vectors was tested on human K562, which express CAR at
low levels but LRP at high levels, as demonstrated before.

Transduction of K562 cells with RAP-modified vector
particles
Relative Transduction Efficiency
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Figure 3.36: Transduction of K562 cells with RAP-modified vector particles. The
transduction of the RAP-modified Ad1Cys and AdpIX75Cys vectors was tested on K562.

On K562 cells, a mild increase was found with RAP-modified AdpIX75Cys vectors,
but a larger increase, up to 4-fold, was found with RAP-modified AdpIX75Cys
vectors (figure 3.36). RAP could also mediate the redirection of Ad vector particles
to the human LRP receptor.

Comparison with targeting mediated by ligands attached to chemically
introduced thiols
As already mentioned in chapter 3.1 (p.89), RAP was coupled to chemically
modified wild-type capsid vectors. Ad1stGFP vector particles were incubated with
a 2-fold excess of Traut’s reagent over amino groups, and were coupled
afterwards to 2000 maleimide-activated RAP molecules per particle. The

expression was analyzed by flow cytometry 24 hours after gene transfer.
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uncoupled and coupled vector particles were tested on CHO-K1 cells and the GFP
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Transduction of CHO K1 cells with RAP-modified
Ad1stGFP particles with chemically inserted thiols
Relative Transduction Efficiency
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Figure 3.37: Effect of the modification of Ad1stGFP particles with chemically
inserted thiols with maleimide RAP. The transduction of CHO K1 cells with unmodified
and RAP-modified Ad1stGFP vector particles was tested on CHO K1 cells.

An up to 4.5-fold increase of transduction was observed when Traut’s reagentmodified particles were coupled to activated-RAP (figure 3.37), indicating that the
chemically introduced thiols were successfully modified with RAP and that RAP
gave new receptor specificities to this chemically modified wild-type capsid
vectors. However, this increase in transduction is twice lower than the 10-fold
increased transduction mediated by RAP obtained with both genetically modified
Ad1Cys and AdpIX75Cys vector particles. Both chemistry and genetics can be
used to introduce thiols at the capsid surface for ligand coupling and targeting, but
targeting was more efficient with genetically introduced thiols.

Ablation of the Ad natural tropism in addition to new receptor specificities:
The ligand-modified Ad vectors described in the present study had new receptor
specificities but kept their natural Ad tropism (CAR and integrin receptors).
Therefore in addition to the targeting with RAP, the natural tropism of the Ad
vector was ablated. PEG is a synthetic polymer that can be attached to the capsid
amino groups to shield the natural tropism of the particles by steric hindrance of

combination of the geneti-chemical modification of fiber (Ad1Cys vectors) with the
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the receptor binding sites. Kreppel and coworkers showed in 2005 that the
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PEGylation of the capsid amino groups provided to the Tf-modified particles
unique receptor specificity for TfR [38].

Surface PEGylation is a well-characterized method to reduce the interaction of Ad
vectors with their natural receptors. It was shown in previous reports that Ad1Cys
vector particles could be detargeted by PEGylation of the surface amino groups
and retargeted to K562 cells with maleimide-Tf. A similar experiment was
performed here with RAP. The capsid amino groups were modified with an aminoreactive polyethylene glycol 2K mPEG-SPA. Ad1Cys vector particles were
covered with 2K mPEG-SPA and retargeted with maleimide-RAP. This
modification was tested by a transduction assay on CHO-K1 cells.

The results shown in figure 3.38 (p.125) were in agreement with similar
experiments reported previously [38]. PEGylated Ad1Cys was significantly
detargeted compared to unmodified Ad1Cys, down to approximately 10% (4%
when transduced with 1000 pMOI and 16% with 5000 pMOI). In contrast, the
PEGylated vector covalently modified with RAP showed an up to 4-fold increase in
the transduction rate compared to the PEGylated Ad1Cys vector. The thiol groups
introduced in the fiber HI-loop were still accessible after PEGylation with the 2K
mPEG-SPA and the detargeted particles could efficiently be retargeted by the
coupling of maleimide-RAP.

However, when the increases in transduction efficiency obtained with PEGylated
or unPEGylated RAP-modified Ad1Cys vectors were compared to the Ad1Cys
vector control, the unPEGylated RAP-modified Ad1Cys vector increased
transduction 10-fold whereas transduction with the PEGylated and RAP-modified
Ad1Cys vector was only half of that with the control vector. This indicates that the
transduction with the targeted PEGylated vectors is 20-fold lower than with the
targeted unPEGylated vectors, while RAP is coupled to the same capsomere fiber

Results

in both cases.
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Reletive Transduction Efficiency

Transduction of CHO K1 cells with RAP- and PEGmodified Ad1Cys
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Figure 3.38: Detargeting ot Ad1Cys particles with 2K mPEG-SPA and retargeting
with RAP.

The data presented here showed that the genetically engineered cysteines
residues (both at pIX and fiber locales) and randomly inserted thiol groups at the
capsid surface, with an inferior efficiency, were successfully used to covalently
attach RAP to Ad vector particles. The RAP-modified AdpIX75Cys and Ad1Cys
vectors were redirected specifically to cells expressing the LRP receptor. The
ablation of the natural tropism of the Ad vectors could be performed with
PEGylation of the capsid amino groups in combination with geneti-chemical
modification of the fiber protein and the PEGylated-Ad1Cys vectors were
successfully retargeted with RAP to cells expressing the LRP receptor. However
the PEGylation itself decreased the transduction efficiency of the targeted
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particles, perhaps by alteration of the intracellular trafficking.
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3.3.3

Intracellular fate of the different capsid components
and their ligands

Intracellular trafficking studies:
The data presented so far demonstrated that the incorporation of cysteine
residues and the 75 Å spacer at the C-terminus of pIX did not alter the physical
and biological functions of the vector particles. However, when transferrin (that
mediated the targeting of fiber-modified vectors) was coupled to AdpIX75Cys
vector particles, the transduction efficiency of the modified particles was
significantly reduced, in contrast to the results when RAP was coupled to pIX.
Potential explanations for this unexpected observations include that the fibers
might shield the binding of the transferrin to its receptor that transferrin might carry
the particles along its recycling pathway or that transferrin itself might shield areas
of the capsid, which are essential for intracellular trafficking and nuclear DNA
transfer.

The most suitable analysis to test these hypotheses was the labeling of the
particles with fluorescent dyes and the observation of their intracellular trafficking
in live cells by confocal fluorescence microscopy.

To determine the critical steps of the intracellular trafficking of the different vectors
modified in the present study, the different Ad vectors as well as ligand-modified
Ad vectors were labeled using the geneti-chemical strategy with Alexa Fluor dyes,
and the intracellular trafficking of the labeled particles or ligands was observed by
confocal laser scanning microscopy (laser scanning microscope LSM 510 Meta,
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Carl Zeiss).
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Two reactive Alexa Fluor 488 dyes (Molecular Probes) were used for labeling
(figure 3.39 and table 3.40, p.128).
Alexa-TFP (which is amino-reactive) was used for three different purposes:
-

to generate randomly labeled vector particles by reaction with the capsid
amino groups to follow the trafficking of labeled capsid components

-

to label the maleimide-ligands before their coupling onto the vector particles
by reaction with the amino groups of the ligands to follow the trafficking of
the labeled ligands

-

to label the vector particles before coupling of the maleimide-ligands by
reaction with the capsid amino groups to follow the trafficking of ligandmodified and labeled capsid components and to compare it with the ligand
trafficking

Alexa-maleimide was used to generate vector particles specifically labeled at
different capsid locales.

Figure 3.39: Labeling of the vector capsid or of the attached ligands with Alexa
Fluor 488 Dyes. Alexa-TFP was attached to capsid or maleimide-ligands amino groups.
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Alexa-maleimide was attached to fiber or pIX.
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Table 3.40: Summary of the different labeling in this study. The capsid amino groups
of Ad1stGFP were labeled with Alexa-TFP. The fiber proteins of Ad1Cys and the pIX
proteins of AdpIX75Cys were labeled with Alexa-maleimide. The ligands were labeled
with Alexa-TFP before attachment to the pIX proteins of AdpIX75Cys. The capsid amino
groups of AdpIX75Cys were labeled with Alexa-TFP before attachment of the ligands to
pIX. The transduction efficiency of the modified-particles was tested on A549 cells or
CHO K1 cells.
Vector

Labeling

particles

Ad1stGFP

Ad1Cys

capsid amino

Attached

Cell lines

ligands
A549

Alexa-TFP

/

fiber

Alexa-maleimide

/

A549

pIX

Alexa-maleimide

/

A549

groups

CHO K1

Tf-Mal
A549
BSA-Mal
ligands

Alexa-TFP

AdpIX75Cys

capsid amino
groups

RAP-Mal

CHO K1

BSA-Mal

A549

RAP-Mal

CHO K1

Alexa-TFP

Labeling of the particles and transduction efficiency:
First Alexa-TFP was used to label the wild-type capsid proteins of Ad1stGFP
vectors. Alexa-TFP, which reacts with primary amino groups on proteins but is
more stable than the Alexa-succinimidyl ester, was used to label the capsid amino
groups and to analyze the trafficking of these wild-type capsid vector particles after
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purification from the excess of unreacted dyes.
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The modification of the capsid amino groups with crosslinkers (Traut’s reagent,
SPDP or SATA) led to the decrease of the transduction efficiency of the modified
wild-type capsid vector Ad1stGFP. Therefore, to analyze whether the labeled
particles were altered by the Alexa dye, their transduction efficiency was tested.
The effect of different excesses of Alexa-TFP (1000 and 10000 per Ad1stGFP
vector particles –i.e. 0.055- and 0.55-fold per capsid amino groups, respectively,
and 20-, 40-, 60- and 80-fold molar excess over the 18000 amino groups present
at the capsid surface) on particle transduction efficiency was analyzed by
transduction assay on A549 cells.

Vector labeling with Alexa-TFP
Relative Transduction Efficiency

140
120
100
80
60
40
20
0
0x
0,055x
0,55x
20x
40x
60x
80x
Excess of Alexa-TFP over capsid amino groups for reaction
Figure 3.41: Effect of the labeling with Alexa-TFP on the Ad1stGFP particles
transduction efficiency. Using large excesses (20- to 80-fold over capsid aminogroups) of dyes over capsid amino groups decreased the transduction efficiency of the
particles down to 70%. The transduction efficiency of the labeled-vector particles was
analyzed by transduction of A549 cells with 500 pMOI.

In contrast with the modification with Traut’s reagent, the labeling of the capsid
amino groups with large excesses only mildly decreased the transduction
efficiency of the particles (figure 3.41). For the subsequent experiments, the
labeling of the vector particles was performed with a 20-fold excess of Alexa dye
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over capsid amino groups.
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Intracellular trafficking imaging on live cells: proof of concept
Wild-type capsid vectors Ad1stGFP were labeled with Alexa-TFP and the
intracellular trafficking of the labeled particles was observed in A549 cells by
confocal laser scanning microscopy

Figure 3.42: Trafficking of labeled Ad1stGFP in A549 cells. The capsid amino groups
of Ad1stGFP were labeled with Alexa-TFP. The trafficking of the labeled particles after
transduction of A549 cells at the nuclear level was visualized with confocal microscopy
after (A) 10 minutes at 37°C, (B) 30 minutes and (C) one hour at 37°C. The black arrows
indicate the nucleus, and the white arrows the plasma membrane.

When A549 cells were transduced with labeled wild-type capsid vectors, the
adenovirus vector particles traffic to the nucleus within one hour (figure 3.42). In

cytoplasm after 30 minutes and the particles were localized around the nucleus
one hour after warming the plates to 37°C, which is in agreement with previous
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the first minutes, the particles were observed on the cell periphery, in the
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reports, analyzing kinetics of adenovirus trafficking [50]. The labeling of the capsid
amino groups with Alexa-TFP has not altered the intracellular trafficking of the
vector particles.

There are 18000 capsid amino groups at the capsid surface and there are only 36
fibers and 240 pIX proteins per capsid, therefore it might be difficult to observe the
Alexa-maleimide labeled Ad1Cys and AdpIX75Cys particles. To analyze whether
the intracellular trafficking of the fiber- and pIX-engineered vector particles can be
visualized with this strategy, the solvent-exposed thiols present in the fiber protein
of Ad1Cys and in the pIX protein of AdpIX75Cys were labeled with the thiolreactive Alexa-maleimide.

Figure 3.43: Trafficking of labeled AdpIX75Cys in A549 cells. The pIX proteins of
AdpIX75Cys were labeled with Alexa-maleimide. The trafficking of the labeled particles
after transduction of A549 cells was visualized at the nuclear level with confocal
microscopy after (A) 10 minutes at 37°C and (B) 25 minutes at 37°C. The black arrows
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indicate the nucleus, and the white arrows the plasma membrane.
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The trafficking of thiol-labeled AdpIX75Cys particles in A549 cells could be
observed and was also not altered, compared to labeled wild-type capsid vectors
(figure 3.43, p.131). Almost all the particles were localized around the nucleus
after 25 minutes at 37°C. In addition this experiment gave additional evidence that
the maleimide-molecules could be successfully coupled to the cysteines
introduced at the C-terminus of pIX.

Interestingly, no fluorescence was observed with fiber-labeled Ad1Cys vector
particles (data not shown). Compared to the ApIX75Cys particles which were
efficiently labeled with Alexa-maleimide, the number of Alexa-maleimide dye
molecules that theoretically can be coupled to Ad1Cys is approximately 2.6-fold
lower (see 3.2.4, figure 3.25, p.107). However, this does not explain that no
fluorescence at all was observed.
The pIX protein remains in the disassembled capsid until the particles reach the
nucleus while it has been described that fiber is shed from the capsid early after
binding of the penton base to the integrins receptors. The fact that no fluorescence
was observed when Ad1Cys vector particles were labeled with Alexa-maleimide in
A549 cells confirms the early shedding of fiber upon vector particles endocytosis.

This overall strategy, using fluorescently labeled vector particles to analyze their
intracellular trafficking in live cells by confocal fluorescence microscopy, can be
used to observe the intracellular trafficking of the Ad vector particles with both
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amino- and thiol-labeling.
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Analysis of the intracellular trafficking of the Tf- and BSA-modified
AdpIX75Cys particles
The coupling of large molecules like BSA and Tf to AdpIX75Cys vector particles
decreased the transduction of A549 cells. Therefore, to determine the critical
intracellular processes which were altered by large ligand coupling, the Alexa-TFP
was also used to label the maleimide-activated ligands tested in this study (Tf-Mal
and BSA-Mal).

The Alexa-TFP reacts with the amino groups present at the surface of the different
ligand proteins. After purification from the excess of dye, each labeled and
activated ligand was coupled to the AdpIX75Cys vector particles and the
intracellular trafficking of these complexes was analyzed.

The AdpIX75Cys particles were coupled to labeled-Tf or to labeled-BSA, and the
intracellular trafficking of these modified particles was visualized in A549 cells.

With confocal microscopy, only a section of the cell is visualized, not the whole
cell. Therefore, to avoid the generation of artifacts, when the nucleus of the cells
could not be observed in the same focus as the cytoplasm, two pictures were
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taken, one at the nuclear level and one at the cytoplasm level.
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Figure 3.44: Trafficking of AdpIX75Cys coupled to labeled-Tf in A549 cells. Alexalabeled-Tf was coupled to the pIX proteins of AdpIX75Cys. The trafficking of the labeled
particles after transduction of A549 cells was visualized with confocal microscopy after
(A) 10 minutes at 37°C and 50 minutes at 37°C with the focus (B) on the nucleus or (C)
on the cytoplasm. The black arrows indicate the nucleus, and the white arrows the
plasma membrane.

With both Tf- and BSA-labeled coupling to AdpIX75Cys, as shown in the figures
3.44 and 3.45 (p.136), the intracellular trafficking of the modified particles was
altered. Only a minority of the modified particles were located close to the nucleus,
in contrast to the unmodified labeled-AdpIX75Cys particles. A large majority of the
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modified particles remained disseminated in clusters in the cytoplasm.
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Figure 3.45: Trafficking of AdpIX75Cys coupled to labeled-BSA in A549 cells.
Alexa-labeled-BSA was coupled to the pIX proteins of AdpIX75Cys. The trafficking of the
labeled particles after transduction of A549 cells was visualized with confocal microscopy
after (A) 10 minutes at 37°C, (B) 30 minutes and (C) one hour at 37°C. The black arrows
indicate the nucleus, and the white arrows the plasma membrane.

To verify that the labeling indicated the trafficking of the particles, and not only the
trafficking of uncoupled labeled-ligands, another labeling was performed. The
Alexa-TFP was used to label the capsid amino groups of AdpIX75Cys vectors.
After purification from the excess of unreacted dyes, maleimide-BSA was coupled
to the AdpIX75Cys particles. The intracellular trafficking of these BSA-modified
labeled particles was analyzed in A549 cells and compared with the trafficking of
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particles carrying a labeled BSA on pIX.

135

Figure 3.46: Trafficking of labeled-AdpIX75Cys coupled to BSA in A549 cells. The
capsid amino groups of AdpIX75Cys were labeled with Alexa-TFP and BSA

was

coupled to the pIX proteins of AdpIX75Cys. The trafficking of the labeled particles after
transduction of A549 cells was visualized with confocal microscopy after (A) 10 minutes
at 37°C, (B) 30 minutes and (C) one hour at 37°C. The black arrows indicate the
nucleus, and the white arrows the plasma membrane.

As described for labeled-BSA (figure 3.45, p.135), after one hour some particles
were located around the nucleus, but importantly, a large majority of the BSAmodified particles were still disseminated in clusters in the cytoplasm (figure 3.46).
Apparently, the modified-particles bound to the cells and were internalized, but
they did not reach the nuclear pores.
The Tf- and BSA-modified particles were able to bind to the cells and were taken
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up, but they exhibit an aberrant intracellular trafficking and could not reach the
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nucleus within one hour, which is in agreement with the transduction assays (see
3.3.1, figures 3.29, p.112 and 3.30, p.113).

Analysis of the intracellular trafficking of the RAP-modified AdpIX75Cys
particles
The modification of the AdpIX75Cys vector particles with RAP and its effects on
intracellular trafficking was also studied. First CHO K1 cells (a cell line largely
refractory to transduction by Ad vectors) were infected with Alexa-TFP labeled
Ad1stGFP vector particles, but when the CHO K1 cells were incubated with same
amount of particles as the A549 cells (10000 pMOI), very few vectors were binding
and taken up by these cells. Therefore, the experiment was repeated with ten
times more vector particles (equivalent to 100000 pMOI).

Figure 3.47: Trafficking of labeled Ad1stGFP in CHO K1 cells. The capsid amino
groups of Ad1stGFP were labeled with Alexa-TFP. The trafficking of the labeled particles
after transduction of CHO K1 cells was visualized with confocal microscopy after (A) 10
minutes at 37°C and (B) 45 minutes at 37°C. The black arrows indicate the nucleus, and
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the white arrows the plasma membrane.
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The CHO K1 cells were hardly transduced by the Ad1stGFP particles but some
labeled particles were observed in the cytoplasm of the cells and localized around
the nucleus as shown in figure 3.47 (p. 137).

The Alexa-TFP was used to label the maleimide-activated RAP. The Alexa-TFP
reacts with the amino groups present at the surface of maleimide-RAP. After
purification from the excess of dyes, the labeled-RAP was coupled to the
AdpIX75Cys vector particles and the intracellular trafficking of the modified
particles was analyzed in CHO K1 cells (with 10000 pMOI).

Figure 3.48: Trafficking of AdpIX75Cys coupled to labeled-RAP in CHO K1 cells.
Alexa-labeled-RAP was coupled to the pIX proteins of AdpIX75Cys. The trafficking of the
labeled particles after transduction of CHO K1 cells was visualized with confocal
microscopy after (A) 10 minutes at 37°C and (B) 25 minutes at 37°C. The black arrows
indicate the nucleus, and the white arrows the plasma membrane.

To verify that the labeling indicated the trafficking of the particles, and not the
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trafficking of uncoupled labeled-RAP, another labeling was performed.
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The Alexa-TFP was used to label the capsid amino groups of AdpIX75Cys
vectors. After purification from the excess of unreacted dyes, maleimide-RAP was
coupled to the AdpIX75Cys particles. The intracellular trafficking of these RAPmodified labeled particles was analyzed in CHO K1 cells.

Figure 3.49: Trafficking of labeled-AdpIX75Cys coupled to RAP in CHO K1 cells.
The capsid amino groups of AdpIX75Cys were labeled with Alexa-TFP and RAP was
coupled to the pIX proteins of AdpIX75Cys. The trafficking of the labeled particles after
transduction of CHO K1 cells was visualized with confocal microscopy after (A) 10
minutes at 37°C and (B) 30 minutes at 37°C. The black arrows indicate the nucleus, and
the white arrows the plasma membrane.

The experiments, both by labeling of RAP (figure 3.48, p.138) and of the particles
(figure 3.49), indicated that CHO K1 cells took up significantly more RAP-modified
AdpIX75Cys particles than unmodified AdpIX75Cys. In contrast to Tf-modified
particles, almost all the particles were localized at the nucleus surface just after 25
minutes at 37°C. RAP mediated the transduction of cells which were not
permissive to unmodified Ad particles and importantly, RAP did not alter the
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intracellular trafficking of the particles.
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The labeling of the particles (randomly of the capsid amino groups or of specific
capsomeres like pIX) did not significantly alter the transduction efficiency, and
allowed for the direct observation of the intracellular trafficking of the particles in
live cells. As suggested by the transduction assays, the coupling of large
molecules (Tf and BSA) to pIX impaired the intracellular trafficking of the modified
particles, leading to significantly reduced transduction efficiency, whereas the
coupling of RAP to pIX strongly increased the uptake by Ad vector-refractory cells
without affecting the trafficking and consequently increased transduction
efficiency.

3.3.4

Analysis of protection against neutralizing antibodies
provided by coupling of Tf to pIX

One important hurdle of systemic administration of Ad vectors is the presence of
neutralizing antibodies in the blood. For systemic gene delivery, the Ad vectors
must escape from the inactivation by these neutralizing antibodies.
Ad5-specific neutralizing antibodies recognize mainly hexon. Because trimers of
pIX lie in the cavities between the different hexons, it was hypothesized that
coupling large molecules like Tf to ApIX75Cys particles could shield the hexons
epitopes around.
A neutralization test was performed with human Ad5 neutralizing serum (diluted
1:200). The serum was heat inactivated for 45 minutes at 56°C. Unmodified and
Tf-modified ApIX75Cys vector particles were incubated with and without serum for
15 minutes at 37°C and their transduction efficiency was analyzed on A549 cells.

Flow cytometric analysis of the transduced A549 cells 24 hours after transduction
(figure 3.50, p.141) showed that both unmodified and Tf-modified vector particles
were neutralized with the same efficiency. The chemical coupling of Tf did not
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protect AdpIX75Cys from neutralizing antibodies.

140

Neutralization test with human serum
Relative Transduction Efficiency
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Figure 3.50: Neutralization assay with human serum and transferrin-modified
AdpIX75Cys vector particles. Unmodified and Tf-modified vector particles were
incubated with or without serum (diluted 1:100) before transduction of A549 cells and
flow cytometry analysis.

Neutralization test with murine serum
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Figure 3.51: Neutralization assay with murine serum and transferrin-modified
AdpIX75Cys vector particles. Unmodified and Tf-modified vector particles were
incubated with or without serum (diluted 1:10) before transduction of A549 cells and flow
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cytometry analysis.

141

The same experiment was performed with murine serum (diluted 1:10, figure 3.51,
p.141), and both unmodified and Tf-modified AdpIX75Cys were neutralized in the
same manner.

The coupling of transferrin to pIX did not protect the AdpIX75Cys particles from
neutralizing antibodies. Because Tf was the largest ligand coupled to AdpIX75Cys,
it was assumed that no protection could be offered by any of the ligands coupled
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to pIX.
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3.4

In vivo targeting of the redirected vectors

Upon systemic administration, the Ad vectors interact with many blood
components, and the immune system reacts rapidly and strongly to remove the
particles from the bloodstream. The RAP-modified vectors are promising vectors
for clinical applications as demonstrated by the in vitro data.

Hepatocytes are a very important target for gene transfer vectors because these
cells can secrete many different molecules in the blood and these circulating
molecules could be used in other organs or cells disseminated in the body.
Hepatocytes carry receptors for the two ligands described in this study, Tf and
RAP, and therefore, all the combinations (RAP or Tf-coupling to the thiols inserted
in the fiber of Ad1Cys or in the pIX of AdpIX75Cys vector particles) of targeted
vectors were tested in vivo after systemic vector delivery.

2x10¹⁰ vector particles were injected into the tail vein of Balb/c mice. 72 hours after
injection the livers were perfused with PBS and liver samples were analyzed by
fluorimetry, quantitative real-time PCR and immunohistology. Non-injected mice
livers were used as controls in the following experiments.

Livers were homogenized and cleared from cell debris. The EGFP content of the
different samples was measured with a fluorimetric assay. In addition, the DNA of
each liver was extracted and quantitative real-time PCR was used to quantify the
number of vector genome copies per liver cell. Liver sections were observed by
fluorescence microscopy for EGFP expression and for Alexa 555 staining of the
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Kupffer cells.
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Figure 3.52: In vivo targeting of RAP-modified Ad1Cys vector particles as
measured by fluorimetry experiments and Q-PCR on liver tissue. Livers from noninjected mice were used as controls. The fluorimetry values (AU) and the vector genome
copies per cell are given for each sample. The results of unpaired t-tests performed were
p<0.0001 for fluorimetry experiments, and p< 0.014 for Q PCR experiments, indicating
that there was a statistically significant difference between the unmodified and RAPmodified vectors.

Confirming the results from the in vitro experiments, coupling of RAP to the
genetically introduced cysteine residues in the fiber HI-loop of the Ad1Cys vector
2.8-fold the copy number of vector genome in liver cells (figure 3.52).
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particles increased 3.5-fold the GFP expression of liver tissue (n=8, p>0.0001) and
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Figure 3.53: In vivo targeting of RAP-modified AdpIX75Cys vector particles as
measured by fluorimetry experiments and Q-PCR on liver tissue. Livers from noninjected mice were used as controls. The fluorimetry values (AU) and the vector genome
copies per cell are given for each sample.The results of unpaired t-tests performed were
p<0.036 for fluorimetry experiments indicating that there was statistically significant
difference between the unmodified and RAP-modified vectors. (no unpaired t-tests and
no standard deviations was calculated for Q-PCR).

Surprisingly, as shown in figure 3.53, coupling of RAP to pIX only slightly
cells.
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increased both liver EGFP expression and vector genome copy number per liver
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Figure 3.54: In vivo targeting of Tf-modified Ad1Cys and AdpIX75Cys vector
particles as measured by fluorimetry experiments and Q-PCR on liver tissue.
Livers from non-injected mice were used as controls. The fluorimetry values (AU) and
the vector genome copies per cell are given for each sample.The results of unpaired ttests performed were p>0.05 for fluorimetry experiments indicating that there was no
statistically significant difference between the unmodified and Tf-modified vectors (no
unpaired t-tests and no standard deviations was calculated for Q-PCR).

Ad vectors (figure 3.54).
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In contrast, coupling of Tf to fiber or pIX did not alter the liver tropism of modified

146

To confirm the results of the fluorimetric assay and of the quantitative PCR and to
identify the cell type which was transduced by the RAP-modified Ad1Cys and
AdpIX75Cys vectors, direct observation of the EGFP expression was compared
with the Kupffer cells staining of cryosections from the liver tissue.

modified at the fiber and at the pIX with maleimide-activated RAP and transferrin.
The white arrows indicate Kupffer cells in the GFP, Alexa555 and merged pictures.
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Figure 3.55: Hepatocytes and Kupffer cells transduction with Ad vector particles
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Fluorescence observation of the EGFP expression confirmed the increased
transduction of liver cells, and Kupffer cells staining via the F4/80 antibody
detected with Alexa 555 revealed that very few liver resident macrophages were
transduced by the modified vectors, which nearly exclusively transduced
hepatocytes in the liver (figure 3.55, p.147).

The same experiment with unmodified and RAP-modified Ad1Cys was reproduced
with clodronate liposomes injection 24 hours before Ad vectors injection, to
deplete the Kupffer cells.

First, 2x1010 vector particles were injected into the tail vein of Balb/c mice 24 hours
after clodronate liposome injection, the livers were perfused and liver samples
were analyzed by fluorimetry 72 hours after vector injection. The livers expressed
extremely high levels of GFP, and no significant difference was found between the
unmodified- and RAP-modified Ad1Cys vectors.

To determine if the ability of the liver cells to express GFP was not saturated, the
experiment was performed with a lower vector dose.

4x10⁹ vector particles were injected into the tail vein of Balb/c mice 24 hours after
clodronate liposomes injection, the livers were perfused and liver samples were
analyzed by fluorimetry and quantitative real-time PCR 72 hours after vector
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injection.
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Figure 3.56: In vivo targeting of RAP-modified Ad1Cys vector particles after
Kupffer cells depletion, as measured by fluorimetry experiments and Q-PCR on
liver tissue. Livers from non-injected mice were used as controls. The fluorimetry values
(AU) and the vector genome copies per cell are given for each sample.The results of
unpaired t-tests performed were p<0.036 for fluorimetry experiments, and p< 0.045 for Q
the unmodified and RAP-modified vectors.
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PCR experiments, indicating that there was a statistically significant difference between
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Table 3.57: Summary of the in vivo experiments performed with unmodified and
RAP-modified Ad1Cys vectors without and with Kupffer cells (KC) depletion with
clodronate liposomes.
Vectors

Dose

Ad1Cys

2x1010 vp per

without KC depletion

mouse

Ad1Cys+RAP

2x1010 vp per

without KC depletion

mouse

Ad1Cys

4x10 vp per

with KC depletion

mouse

Ad1Cys+RAP

4x10 vp per

with KC depletion

mouse

GFP expression

Vector genome

(AU)

copies per cell

257

1.15

893

2.88

6673

7.95

11095

11.14

9

9

After depletion of the Kupffer cells with clodronate liposomes (see figure 3.56,
p.149, and table 3.57), the livers expressed more GFP and contained more
genome copies per cells (for example 7-fold more for Ad1Cys) with a 5-fold lower
vector dose than without depletion.
Importantly, even if the GFP expression and the vector genome copies per cell
were already high, RAP-modified Ad1Cys vectors could still increase the EGFP
content and the vector genome copies of the liver tissue up to 1.5-fold.

RAP gave new receptor specificities to the Ad1Cys and AdpIX75Cys vector
particles in vitro and targeted the RAP-modified Ad1Cys vectors to hepatocytes in
vivo (with or without Kupffer cells depletion). However, Tf did not influence the in
vivo transduction of hepatocytes, in contrast to the in vitro experiments already
described.

These results demonstrate that the geneti-chemical targeting platform, as
represented here by Ad1Cys (which contains a cysteine residue in the fiber HI
loop) and AdpIX75Cys (which contains a cysteine residue at the C-terminus of pIX

intracellular trafficking of the Ad vectors.
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via a 75 Å spacer), is a suitable tool for screening of ligands that may alter the
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Discussion

Somatic gene therapy is a strategy based on the concept of treating or preventing
diseases by the introduction of nucleic acids into somatic cells of a patient. The
concept of gene therapy – to repair or modify the gene pool to treat a disease was born with the idea that it could treat hereditary diseases. But many more
pathologies are potential targets for gene therapy, as long as genes can be used
to restore a lost function or to generate a new function. Gene therapy has been
studied the last four decades but despite the hopes for rapid progress, many
problems still have to be overcome.

Depending on the disease, there are several ways to deliver in vivo the gene
transfer vectors. The route of delivery depends on the target cells to treat. The
vectors might be delivered locally, for example directly into the eyes for ocular
diseases or in the central nervous system for neurodegenerative diseases. But
many gene transfer applications require the expression of the transgene in
disseminated tissues throughout the body, for example for the skeletal muscle or
for metastasis. Therefore gene transfer vectors might also be systemically
administered via an intravenous injection or infusion.

The route from the site of injection to the nucleus of the target cells looks like an
obstacle course in a hostile ground. After systemic injection, the vectors are
carried away in the bloodstream. They directly get in contact with the blood
components (erythrocytes, platelets, coagulation factors, complement system).
When they are not inactivated by blood components and by antigen presenting
cells (hepatic or splenic macrophages and dendritic cells) that clear the blood from
foreign bodies, the vectors have to find their target and pass through anatomical
barriers like the endothelial cells, and transduce specifically the cells of interest.

The expression of this transgene has to be efficient but under control. The
expressed genes should not be toxic or immunogenic, in order to avoid that the
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Once inside the cell, they have to reach the nucleus and deliver the transgene.
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transduced cells are removed by the immune system. Of course, the ideal gene
transfer vector has to overcome efficiently and safely all these obstacles.

The main gene transfer vector used in clinical trials so far is the adenovirus vector
(figure 1.2, p.2). It has been used in 25 % of the gene therapy clinical trials until
2007 (i.e. 337 clinical trials on 1347, http://www.wiley.co.uk/genmed/clinical/). Of
these 337 clinical trials, 258 were performed to treat cancers (76 %), 46 to treat
cardiovascular diseases (14 %) and 17 to treat monogenic diseases (5%).

The first-generation adenovirus vectors are replication-defective (figure 1.11,
p.16), but a low expression of viral genes occurs, resulting in toxicity of the viral
gene products for the cell and in the limitation of the period of in vivo transgene
expression, due to the elimination of the transduced cells by the immune system
[9]. Nevertheless, the use of high-capacity vectors (figure 1.11, p.16) allows the
controlled expression of one large gene or of several genes (up to 36 kb of foreign
DNA can be transferred with these vectors) without the expression of viral genes,
which would be toxic for the cells and would also lead to the elimination of the cell
by the immune system. These decreased in vivo toxicity and immunogenicity allow
for long-term expression of the transgene in quiescent cells.

Chemical modification of the capsid amino groups
The present study focused on the efficient targeting of the gene transfer
adenovirus vectors specifically to the target cell types, for both local and systemic
vector administration. The natural tropism of the Ad vector particles is directed
mainly to three receptors (see 1.3.2, p.10), the coxsackie B and adenovirus
receptor CAR, the αvß3 / αvß5 integrins and the heparin sulfate proteoglycans
(HSPGs). These receptors are expressed on many different cell types in different
organs (liver, kidney, etc). Unfortunately, the Ad tropism rarely coincides with the

specificities must be introduced. Although there have been major improvements in
gene delivery and in the development of adenovirus vectors in the past years, to
enhance targeting, only peptide ligands and few larger protein ligands were
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target cells. Therefore, to avoid transduction of non-target cells, new receptor
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successfully inserted into the adenovirus capsid proteins by genetic engineering.
In addition, a majority of the ligands interesting for targeting are naturally secreted,
like transferrin or antibodies for example, and they are produced and excreted via
the ER and Golgi secretion pathway where they are post-translationally modified.
The genetic insertion of these ligands was performed by fusion or insertion to
capsid protein, and the adenoviral proteins are assembled in the nucleus.
Therefore, these fusions proteins might be misfolded and they would not be
incorporated in the capsid. In addition, only proteins could be inserted genetically,
no carbohydrates or fatty acids.
To address this incorporation problem, the ligands were attached to the vector
capsid by chemistry. Aside from viral characterization, chemicals were generally
used against the viruses, to destroy the viruses (disinfecting agents) or to
inactivate the viruses for vaccination (with formol, betapropiolactone or ethylethyleneimine). The chemical reagents should inactivate completely the
transduction efficiency of the viruses without disturbing their immunogenicity. But
in this study, chemicals were used in a smooth manner to introduce new reactive
groups on the capsid surface without altering the particle transduction efficiency
and integrity.

Thiols perform chemical reaction in aqueous solutions at the physiological pH.
Thiols can react with other thiols to form biologically reversible disulfide bridges.
They can also react with maleimide groups to form stable and covalent thioether
bonds. Because ligands of the membrane receptors (which represent the large
majority of ligands used for targeting) have evolved in oxidizing extracellular
environment, they rarely present solvent-exposed thiols. Therefore, most of the
ligands can be maleimide-activated with NHS-PEG-(3400)-Mal on their surface
amino groups. This orientated chemistry forms covalent thioether bonds without
the risk of ligand-ligand formation. Another advantage of thiol chemistry is the high
reactivity of thiols with the maleimide-reactive ligands. A small excess of activated

the potential to successfully couple a wide choice of ligands to the capsid surface,
without altering physical and functional integrity of the particles and without
additional modifications of the chosen ligands.
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ligands is sufficient to react with the available thiols. Therefore, thiol chemistry has
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Pure chemistry was first tested to achieve targeting of the vectors. There are
18000 amino groups at the capsid surface, and three crosslinkers (Traut’s reagent
137.63 Da, SATA 312.37 Da and SPDP 231.23 Da) were used to introduce free or
protected sulfhydryls by reaction with these amino groups (see section 3.1, figures
3.2, 3.3 and 3.4). An up to 10-fold molar excess of Traut’s reagent and SPDP
(figures 3.5, p.84 and 3.6, p.85) and a one-fold excess of SATA (figure 3.7, p.86)
over amino groups could be used without drastic alteration of the particle
transduction efficiency. However, the transduction efficiency of the modified
particles was divided by two after incubation with 10- to 100-fold of Traut’s
reagent, with 10- to 50-fold SPDP and with 5- to 10-fold excess of SATA over
amino groups (table 3.8, p86).
Greber and coworkers [23] showed that NEM can be used to destroy the
enzymatic activity of the activated viral protease p23 in vitro in the particle. They
treated purified particles with dithiothreitol (DTT) to reduce the disulfide bridge
which inactivated the protease p23 in the extracellular environment and the free
thiols were alkylated with N-ethylmaleimide (NEM 125.13 Da). This alkylation
blocked the active site of this cysteine protease. The NEM was able to enter the
capsid shell and reacted with core proteins. In addition, Fisher and coworkers [17]
used YOYO-1 iodide (1270.65 Da) to stain the viral DNA in the particles for flow
cytometric analysis.
Traut’s reagent, SATA and NEM have a similar size and hydrophilicity. The
hydrophobicity of YOYO-1 and SPDP are similar. Therefore, because NEM or
YOYO-1 can enter the vector particles, it is likely that Traut’s reagent, SPDP and
SATA entered inside the particles and modified the intra-particle amino groups.
These crosslinkers have not only thiolated the capsid amino groups but also the
core proteins and perhaps the viral DNA itself. These modifications might explain
the loss of transduction efficiency starting with the use of a 10-fold excess of
crosslinkers over capsid amino groups.

with the physical integrity of the particles and largely maintained the ability of the
vector particles to bind to their natural receptors, as shown by the slot blot
experiments (figure 3.9, p.87) but these modifications might interfere with
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These modifications both of the capsid and the core proteins have not interfered
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biological functions like endosomal escape or like interaction with microtubuli or
with the nuclear import factors. The crosslinkers must be used in an excess over
capsid amino groups lower than 10-fold to maintain the transduction of the
modified vectors. These results indicate that chemistry has to be applied carefully
to not alter biological functions of the vector particles.

In addition, the data shown here demonstrate that chemically modified particles
can be retargeted to new receptors. The Ad1stGFP particles were modified with a
2-fold excess of Traut’s reagent over capsid amino groups to preserve biological
functions and then coupled with maleimide-RAP. The 2-fold excess of Traut’s
reagent over capsid amino groups has not affected the transduction efficiency of
the particles and the thiolated particles were retargeted with RAP to LRP
expressing cells with an up to 4.5-fold increase in transduction efficiency (figure
3.37, p.123).
Lanciotti and coworkers [40] tested another chemical targeting strategy. A
bifunctional crosslinker, tresyl-PEG-maleimide (M.W. 5000), was used to
chemically target the Ad vector particles. The tresyl group of the crosslinker
reacted with the capsid amino groups and the maleimide-activated particles were
purified from unreacted crosslinkers. FGF2 was chosen as a ligand. It contains
four cysteines. Two of them are at the surface and are predicted by structural
studies to be the probable sites of conjugation. Therefore, one cysteine (position
96) was mutated into a serine, leaving the other cysteine free for reaction with the
maleimide groups present at the capsid surface. The vector they used was a 5%
PEGylated vector (PEG coupled to the amino groups on hexon, penton base and
fiber) with 75 to 100 optimized FGF2 per virion. The FGF2-PEG-Ad vector
particles were successfully detargeted from CAR expressing cells and retargeted
to FGF receptor expressing cells. They also demonstrated that ligand-coupling via
a PEG-containing crosslinker allowed the modified particles to evade from
neutralizing antibodies and to decrease their interaction with the cellular immune

modification for example, is that the large crosslinker used (M.W. 5000) does
probably not enter the particles and therefore does not modify the core proteins.
However, this strategy requires one accessible thiol at the ligand surface. The
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system. The advantage of this strategy, compared to the Traut’s reagent
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large majority of the ligands interesting for targeting does not present thiols at the
surface, thus the ligands have to be successfully genetically modified.
On the contrary, the strategy used in the present study allowed the coupling of
natural full length RAP, without prior genetic introduction of a single cysteine
residue into a ligand.

The random introduction of thiol groups by chemical means allows for chemical
coupling of maleimide-activated protein ligands, but modifying randomly the capsid
surface with crosslinkers might strongly impact on the transduction efficiency of
the adenovirus vectors. The modification with chemicals is very critical. The
locations where the thiols were generated could not be controlled [54]. These
chemically introduced thiols could alter areas of the capsid proteins, of the core
proteins and maybe of the viral DNA which are very important for the biological
functions of the vector. These functions must be conserved for the use of
adenovirus vector for gene transfer. Therefore, because coupling ligands to vector
particles thiolated in an uncontrollable manner would not provide homogeneously
modified vectors, the focus was made on genetically inserted thiols.

Geneti-chemical modification of the minor capsid protein IX
Kreppel and coworkers showed in 2005 that adenovirus vector particles could be
successfully retargeted to “new” receptors by covalent coupling of maleimideactivated transferrin to a cysteine residue genetically inserted in the fiber HI-loop
of the Ad1Cys vector particles [38]. The modification of these Ad1Cys particles is
highly defined. In contrast to the chemical targeting strategies, the thiols where the
ligands were coupled were inserted specifically in the fiber. However, because
there are only 36 fibers per particle, one limitation of the fiber-modified vector
particles was the need to couple ligands with high affinity for their receptors.
The affinity between a ligand and its receptor describes how tightly the ligand will

between these two molecules, interactions like hydrogen bonds, electrostatic or
hydrophobic interactions and Van Der Walls forces. Other ligands have lower
affinity but show high avidity for their receptor. Avidity describes the combined
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bind to the receptor. This affinity depends on the non-covalent interactions
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strength of multiple bonds generated by the binding of one or several ligands to
the receptor. For example, antibodies generate weak but multiple bonds with the
antigens, and each single bond could be easily broken. But because of the amount
of bonds generated, the overall effect is a synergistic strong binding of antibodies
to their antigen. These low-affinity high-avidity ligands might require the coupling
of a high ligand copy number to bind efficiently to their receptors.
Therefore, to be able to couple both high affinity and high avidity ligands and to
modify all the particles homogeneously, another capsid protein with more copies
per particles and accessible loop or terminus was genetically modified.

The minor capsid protein pIX is present in 240 copies per particles and functions
as molecular cement, stabilizing the hexons. One pIX trimer stabilizes the three
surrounding hexons, and the four trimers of one icosahedral facet stabilize the socalled groups of nine (GON) (figure 1.6, p.9). The exact position of pIX is not clear.
It was thought that three pIX molecules reside in each central cavities of the
GONs, 65 Å below the hexon surface and therefore, it was hypothesized that pIX
forms trimers. Saban and coworkers proposed two different positions of the Cterminus of pIX, ¾ of the C-termini radiating at the capsid surface on each facet
and ¼ localized near the penton base between the peripentonal hexon trimers
[64].

But in recent studies to visualize the display of ligands fused at the C-terminus of
pIX at the capsid surface, Marsh et al. suggested that the protein IIIa (63 kDa),
which was thought to bridge the GONs of the different facets, may not be exposed
at the capsid surface and that the density previously assigned to IIIa at the capsid
surface may be a tetramer of pIX (4 x 14.4 = 57.2 kDa) [45]. However, despite the
obvious need for additional structural analyses of the capsid, these contradictory
localizations of pIX agree in one point, pIX is exposed at the capsid surface and
can therefore be used as a scaffold for the attachment of reporter or targeting

Discussion

molecules to the vector particles.
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As demonstrated recently by several independent studies, the C-terminus of the
minor capsid protein pIX can tolerate relatively large genetic modifications.
Proteins like the thymidine kinase (TK, 40 kDa), EGFP (30 kDa), single chain
antibody fragment (ScFv, 27 kDa) and firefly luciferase (50 kDa) were genetically
fused at the C-terminus of pIX. The produced virions were physically and
functionally intact and enzymatically functional.
Matthews and coworkers constructed in 2006 an adenovirus vector that contain a
thymidine kinase – firefly luciferase fusion at the C-terminus of pIX via a 18 amino
acid linker containing the FLAG-tag sequence (Ad-pIX-TK-Luc) [47]. These vector
particles were produced with lower yields compared to vector particles with pIX
containing the TK at their C-terminus. Western blot analysis of the gradientpurified Ad-pIX-TK-Luc was performed to verify the incorporation of the pIX-TKLuc in the capsid. Compared to the fusion of TK only to pIX (40 kDa) [43], the pIXTK-Luc (40 kDa + 50 kDa) was inefficiently incorporated in the capsid, which
would also explain the lower yield observed.
These vectors, with pIX fused to TK, EGFP or the luciferase, are highly valuable
tools for analysis the Ad trafficking with real-time imaging, but redirecting the Ad
tropism by genetic modification of pIX had a very limited success. Short peptides
like poly-lysine or RGD motifs were fused at the C-terminus of pIX. These genetic
modifications increased the transduction of naturally non-permissive cell lines via
the receptor of the attached motifs.
The only large ligand genetically inserted at the C-terminus of pIX so far was a
single-chain antibody fragment 13R4 (scFv). In 2007 Vellinga and coworkers could
efficiently incorporate the fusion of the scFv at the C-terminus of pIX into the
vector capsid [79]. Many ligands for targeting are normally secreted from the cells,
routed by the secretory pathway. However, since the capsid is assembled in the
nucleus, ligands fused with the capsid proteins may be misfolded. They
demonstrated the efficient and functional incorporation of the hyper-stable singlechain antibody scFv 13R4 fused at the C-terminus of pIX via a 75 Å spacer. This

can be produced in a soluble form in the cytoplasm with retained activity. This
proves the concept that large ligands can be genetically inserted but this scFv has
no targeting ability.
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In addition, Ad vectors metabolically biotinylated at the C-terminus of pIX could
increase the transduction of cells, which were chemically biotinylated and
incubated with avidin before infection [59].
The strategies to target the Ad vectors via the minor capsid protein pIX had a very
limited success. But they also showed that large proteins coupled to the Cterminus of pIX might give Ad vectors new receptor specificities.
The geneti-chemical modification of the particles does not depend on the folding of
the ligand. And in addition, shielding to neutralizing antibodies may be provided by
the ligand coupled to pIX. Therefore, pIX was genetically modified to carry one
cysteine residue at its C-terminus.

Vellinga et al. demonstrated that the use of spacer extension increased the
accessibility of peptide ligands introduced at the C-terminus of pIX [80]. Three pIXmodified vectors were generated in the present study (figure 3.16, p.96).
AdpIXCys particles carry one cysteine residue directly at the C-terminus of pIX.
AdpIX45Cys particles carry one cysteine residue at the C-terminus of pIX via a 45
Å long alpha-helix spacer and AdpIX45Cys particles carry one cysteine residue at
the C-terminus of pIX via a 75 Å long alpha-helix spacer. The three modifiedvectors were produced with high titers, without significant effect on the virion
structure, inverse bioactivity, thermostability and transduction efficiency (see
section 3.2.2, p.97-103). The presence of reactive thiol groups at the capsid
surface might result in the formation of particles aggregates during production via
the formation of inter-particle disulfide bonds, therefore the vector particles were
purified under reducing conditions. The purification protocol which was established
yielded suspensions of single particles as demonstrated by photon correlation
spectroscopy experiments (figure 3.19, p.100). The specific reactivity of the
engineered cysteines was assayed by western blot analysis. Surprisingly, despite
PCS experiments and western blot analysis showing an intact physical structure
without aggregation and efficient incorporation of the modified pIX, the thiols of the

p.104). It was likely that disulfide bonds were formed via diverse combinations of
bonds between the thiols contained in the 45 Å long alpha-helix and the C-terminal
thiols (see figure 4.1, p.160, for potential combinations). The high crosslinking of
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the introduced thiols suggested that the C-termini of pIX are localized by pair at
the capsid surface. In contrast, the thiols of the AdpIX75Cys particles very
efficiently reacted with small maleimide-molecules. The 75 Å spacer is the fusion
of the 45 Å long alpha-helix with a synthetic 30 Å long alpha-helix. This 30 Å long
spacer is a rigid alpha-helical domain [21]. Maybe the inflexibility of this domain
decreased the possibility to form disulfide bonds. AdpIX75Cys particles presented
the more reactive and accessible thiols, thus all further transduction assays were
then performed with AdpIX75Cys.

Figure 4.1: Combination of disulfide bonds that can be formed within the
AdpIX45Cys and AdpIX75Cys particles.

Furthermore, the coupling efficiency to pIX was dependent on the size of the
molecule to be coupled. Small molecules like biotin were coupled with high
efficiency to the cysteine residues and larger molecules like BSA were only

might prevent the binding of large molecules to bind to these modified-pIX which
are near to each other (table 3.26, p107).
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A similar efficiency of pIX modification using a non-covalent adaptor strategy was
previously described by Campos and coworkers in 2006 [8]. An adenovirus vector
was generated with a biotin-acceptor peptide inserted at the C-terminus of pIX.
These vectors were metabolically biotinylated on pIX and targeted with a biotinavidin adaptor system. They quantified the number of biotins present at the capsid
surface with an ELISA based on avidin-horseradish peroxidase and they estimated
that 70 biotins were attached per particles. Their quantification assay was based
on the ability of large avidin molecules (90 kDa) to bind to accessible biotins at the
capsid surface, however when these biotins were close to each other, steric
hindrance might have prevented the binding of avidin to the biotins, which is in
agreement with the speculation that the coupling depends on the size of the
ligand.
The data presented here showed that pIX-modified vector particles were
specifically and covalently attached to an average of 70 large protein ligands,
which is 2.6-fold more than the fiber-modified vector particles (see 3.2.4, figure
3.25, p.107), and this coupling efficiency might allow for coupling of both high
affinity and low affinity high avidity ligands. In addition, the coupling of large
ligands might shield the particles from neutralizing antibodies.

During the study presented here, Campos and Barry were the first to compare the
different capsid protein (fiber, hexon and pIX) for cell targeting mediated by the
insertion of a biotin acceptor peptide (BAP) [8] (figure 1.14, p.21). The BAP is
metabolically biotinylated and was fused at the C-terminus of fiber or pIX, or in the
HRV5 loop of hexon. Three different Ad vectors with metabolically biotinylated
fiber, pIX or hexon were generated and the adaptor system using avidin to bridge
the ligand and the particles was tested with biotinylated ligands, including
transferrin. They concluded from their results that cell targeting was only effective
when Ad vectors were redirected through the fiber protein.
However, in contrast to Ad vectors metabolically biotinylated at the fiber protein,

demonstrated after preincubation of the target cells with a biotinylated ligand,
subsequent incubation of the target cells with avidin, and finally addition of the
metabolically biotinylated virions to the cells. This complex procedure, which
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potentially restricts this targeting approach to a well-defined in vitro situation, is
probably necessary due to the fact that multivalent avidin is used as a bridge
between the metabolically biotinylated Ad vector particles and the chemically
biotinylated ligands. Avidin binds up to four biotin molecules and, therefore, cellfree preincubation of Ad vector particles that are efficiently metabolically
biotinylated at the C-terminus of pIX with avidin will likely result in the formation of
large, transduction-incompetent, avidin-bridged aggregates with limited capacity to
bind biotinylated ligands. In fact, avidin-biotin interactions have been successfully
used to induce aggregation of biotinylated and PEGylated liposomes [83].
Compared to fiber, pIX and hexon-bridging with the same ligands could not
mediate efficient targeting. pIX-biotinylated Ad vector particles failed to be
redirected to K562 cells that were preincubated with biotinylated transferrin and
avidin. They hypothesized that this could be due to an aberrant trafficking at the
cell surface or aberrant intracellular trafficking. The complex procedure that was
used, generating bridges with avidin between preincubated target cells with a
biotinylated ligand and metabolically biotinylated particles, potentially restricts the
cell targeting to a particular in vitro situation.
The pIX-coupled virions that were used in the present study resulted from a single
reaction of activated ligands with the vector particles (figure 3.1, p.80) and
obviated the need to pretreat the targeted cells, which is a major advantage over
the otherwise appealing approach of metabolic biotinylation for both in vitro and in
vivo use. The present results are mainly in agreement with their results, albeit the
transduction of K562 with Tf-coupled AdpIX75Cys vectors was decreased in the
present experiments (figure 3.27, p.110). This decreased transduction may be
attributed to the higher stability of covalently pIX-modified particles compared to
the biotin-avidin pIX-bridged particles, it suggests that using pIX as ligand
attachment site requires certain features of the ligand. Tf remains bound to its
receptor in the early endosomes and the complex Tf/TfR is recycled back to the
cell surface rapidly [1; 25] (figure 1.16, p.25). When coupled to fiber, the recycling

cell entry. But pIX traffics with the partially disassembled Ad vector particles after
endosomal release along the microtubuli until the docking to the nuclear pore.
Ligands and especially receptor-bound ligands-coupled to pIX may interfere with
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the Ad intracellular trafficking. As confirmed by the microscopy experiments (figure
3.44, p.134), the AdpIX75Cys-Tf particles exhibit an aberrant intracellular
trafficking. This theory of altered intracellular trafficking is in agreement with
Campos and Barry, and could at least partially explain the decreased transduction
of AdpIX75Cys-Tf vector particles on K562 cells.

Furthermore, the presented data provide evidences that the size of the attached
ligand may also have some influence not only on the coupling efficiency but also
on the success of the targeting. Partially disassembled vector particles are
released from the early endosomes and the hexon proteins interact with the
microtubuli to transport the particles to the nucleus. Large molecules like Tf or
BSA when attached to pIX might sterically shield the surrounding capsid proteins,
including the interacting areas of hexons. Therefore the attachment of ligands to
the capsid might interfere with the hexon interaction with microtubuli, which is
necessary for transport and delivery of the vector DNA into the nucleus. The
decreased transduction observed with AdpIX75Cys-Tf particles on K562 cells
could only be partially out-competed with free Tf (figure 3.28, p.111). When Tf and
BSA were coupled to AdpIX75Cys particles, the transduction of Ad permissive
cells A549 exhibited similar decreases (figures 3.29, p.112 and 3.30, p.113). In
addition the same aberrant trafficking was observed for both AdpIX75Cys-Tf and
AdpIX75Cys-BSA during fluorescence microscopy experiments with A549 cells
(figures 3.44, p.134 and 3.45, p.135). All these data taken together indicated that
the presence of large ligand proteins on pIX influences the transduction of the
cells, even when the coupled molecule does not bind to any receptor and when
the particles are taken up via the Ad natural CAR/integrin or HSPG pathways.

Nevertheless, targeting with a full-length protein ligand by covalent coupling to pIX
was possible. RAP mediated efficient targeting after covalent coupling to Ad vector
particles and the in vitro targeting increases were similar when RAP was coupled

for the LRP (low density lipoprotein receptor-related protein), a multiligand
receptor belonging to the LDL-receptor family [26] (figure 1.18, p.27). It has been
shown that LRP mediates endocytosis of its bound ligands and their subsequent
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delivery to the lysosomes. Furthermore, LRP can be recycled from the early
endosomes to the cell surface by Sorting Nexin-17 [78]. Importantly, RAP is an
intracellular chaperone that prevents association of LDL-receptor family members
(figure 1.17, p.26) with their physiological ligands in the secretory pathway and
thus allows for proper folding of the receptors prior to their transport to the cell
surface. During sorting in the secretory pathway RAP dissociates from its
receptors in the Golgi compartment and is reshuttled to the ER by ER-retrieval
vesicles. This dissociation of RAP from its receptor is mediated by the low pH (<
6.3) in Golgi vesicles and has been described to be based on an increase of
positively charged residues on the surface of the RAP domain D3 due to
protonation of exposed histidine residue [42]. It seems likely that this pHdependent “histidine switch” also occurs during endosomal acidification and,
therefore, allows for dissociation of AdpIX75Cys-RAP from LRP, endosomal
escape and non-altered trafficking of vector particles to the nuclear pore. In fact,
as shown by both transduction assays (figures 3.31, p.116 and 3.32, p.117) and
fluorescence microscopy experiments (figures 3.48, p.138 and 3.49, p.139), RAP
coupled to pIX allowed the vector particles to bind with high affinity to the Ad nonpermissive cell line CHO K1 and that the covalent coupling of RAP to this capsid
site did not affect the intracellular trafficking of AdpIX75Cys particles. In contrast to
the wild-type capsid vector Ad1stGFP which was hardly observable (figure 3.47,
p.137),

the

RAP-modified

AdpIX75Cys

particles

were

easily

observed

disseminated inside the CHO K1 cells, a cell line refractory to Ad infection but
expressing high LRP, in the first minutes after endocytosis. Twenty five minutes
after transduction, a large majority were localized close to the nucleus, suggesting
that the particles were docked at the nuclear pores.
Both AdpIX75Cys-RAP and wild-type capsid vector particles exhibited the same
trafficking pattern, on CHO K1 and A549 cells, respectively.

It was concluded that dissociation of ligand-coupled vector particles from their

mediated by the capsid protein pIX. This redirection via pIX requires screening for
ligands which are evolutionary designed to dissociate from their receptors like

Discussion

receptors after endocytosis is an important prerequisite for successful targeting

164

RAP or ligands genetically modified to be for example enzymatically cleaved after
cell entry in the endosomes (figure 4.2, p.166).
The geneti-chemical targeting platform presented here in principle allows for the
formation of covalent bonds between the vector particle and the ligand that could
be cleaved intracellularly simply by the use of different crosslinkers. More detailed
experiments are ongoing to analyze the efficiency of disulfide bonds to attach in a
bioreversible manner ligands to AdpIX75Cys, since disulfides should become
reduced in the endosomes or in the cytosol and, therefore, allow for dissociation of
vector particles from ligand-receptor complexes.

In addition, two fluorescent dyes, for example chemically reactive quantum dots
which have different emission wavelengths depending on their diameter for a
unique excitation wavelength, could be used for labeling. One dye could be used
to label the amino groups of the AdpIX75Cys particles and another dye with
another emission could be used to label the ligand, coupled to pIX. The
intracellular trafficking of particles and ligands could be observed at the same time.
The labeled ligands could also be coupled via a bioreversible bond to the labeled
particles, and their intracellular trafficking could be compared with the results
obtained for the stable covalent coupling.

Furthermore, these Alexa-labeled AdpIX75Cys particles can be used in vivo. The
labeled particles could be easily detected in cryosections or fluorimetric assay of
different organs at early time points after body delivery (locally or systemically). In
addition, the targeted labeled particles (for example labeled AdpIX75Cys particles
with the amino reactive Alexa and with RAP coupled to their thiols) could be an
additional tool for ligand screening and biodistribution analysis at early time points.

The transduction assays and intracellular trafficking data presented here provide

vitro to new receptors (other than natural Ad receptors) with an intracellular
trafficking similar to the trafficking of vectors with wild-type capsid. The targeting
ligand may have some specific features, probably of size and detachment from its

Discussion

evidence that the pIX-modified AdpIX75Cys adenovirus vectors can be targeted in

165

receptor because the size of the coupled ligand and its intracellular fate might
interfere with the intracellular trafficking of the vector particles (figure 4.2).

Figure 4.2: Proposed model for ligand-modified AdpIX75Cys intracellular
trafficking. The targeted particles binds to target cells. When the ligand could dissociate
from its receptor (1), or when the covalent bond could be broken without altering the
particle functions (2), the particles escape from the early endosomes and transfer their
DNA into the nucleus (4). But depending on recycling of the ligand (5), its degradation
(6), or the impairing of some capsid functions leading to particles blocked in the
cytoplasm (7), the particles could not transfer their DNA (3).

Another barrier for Ad5-based gene transfer vectors is the pre-existing immunity
directed against the human adenovirus serotype 5. This immunity is highly
prevalent in the human population and makes tough the use of adenoviruses for a
safe in vivo gene transfer. Most of the humans have been exposed to Ad5 and
possess

significant

titers

of

neutralizing

anti-Ad5

antibodies.

Consequently, it was analyzed whether coupling of large protein moieties to pIX
allowed for evasion from neutralizing antibodies, which form one of the most
important barriers for adenovirus-based gene transfer vectors. Ad5-specific
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neutralizing antibodies recognize mainly hexon in both humans and mice [75].
Because trimers of pIX are thought to lie in the cavities between the different
hexons, it was assumed that coupling large molecules like Tf (80 kDa) to the
cysteine introduced in pIX in AdpIX75Cys vector particles might shield the hexons
epitopes from Ad5 neutralizing antibodies. The presented data indicated that
coupling of large molecules like transferrin to pIX was not sufficient to shield the
vector particles (figures 3.50, p.141 and 3.51, p.141). The specific modification of
pIX, with Tf or with RAP which is twice smaller than Tf, is not a viable strategy to
generate particles able to evade from human serum neutralizing antibodies. Ad5specific neutralizing antibodies recognize mainly hexon but they also recognize
fiber and penton-base [75]. There are approximately 72 transferrin molecules
coupled per AdpIX75Cys particles (table 3.26, p.107), corresponding to three or
four transferrin per facet (figure 1.6 p.9). Therefore it is likely that the neutralizing
antibodies directed against fiber and penton-base were still able to bind to the
fibers and penton-base, even if they are present in the serum with a titer lower
than the neutralizing antibodies directed against hexon. The presence of
neutralizing antibodies directed against other capsid proteins explains the
inactivation of the Tf-modified AdpIX75Cys vector particles by both the human and
murine sera. The shielding of the hexon by coupling of large molecules to pIX
proteins can be tested with anti-hexon serum.
This finding has an important impact on the development of strategies to target
and Ad vector particles. The combination of geneti-chemical targeting with more
extensive genetic modifications like the genetic alteration of the antigenic epitopes
or the use of fiber from other serotypes may help to overcome the anti-Ad5
neutralizing antibodies. In addition, the genetic modification of the antigenic
epitopes contained in the hypervariable regions of the hexon protein could help to
evade from the neutralizing antibodies [61]. The application of the geneti-chemical
targeting to other Ad serotypes would be another strategy to escape from
neutralizing antibodies. The use of different serotypes which does not have
particles.
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In addition to neutralizing antibodies, many of the blood components can inactivate
the Ad vector particles. The systemic administration of adenovirus vectors
generate rapidly many physiological responses, including activation of the innate
immunity, release of proinflammatory cytokines and chemokines, transient liver
toxicity and thrombocytopenia. The innate immunity is activated through the
proteins of the complement system, which interact with the capsid proteins
themselves. Platelets also bind to the vector particles, after interaction of the RGD
motif contained in the penton base of the particles with the integrins of the
platelets [14]. The platelet-coated adenovirus vector particles are sequestered by
the reticulo-endothelial system causing a fall in the number of circulating platelets,
called thrombocytopenia [72]. The particles can also interact with human
erythrocytes, but interestingly not with murine erythrocytes and this is a limitation
of in vivo studies with mice. More in vivo studies should be performed with rats or
monkeys to test the impact of the interaction with erythrocytes on the targeting.
Then most of the particles are taken up by the Kupffer cells, the resident hepatic
macrophages. These cells activate the endothelial cells, release cytokines and
other proinflammatory substances because Ad vector uptake result in necrosis of
the Kupffer cells.

Johansson and coworkers described in 2007 that lactoferrin, a tear fluid
component, mediates the transduction of epithelial cells by adenoviruses from the
species C. The adenovirus particles use body molecules to attach and enter the
host cells [33]. Furthermore, the vitamin K-dependent blood coagulation factors,
including factors VII, IX, X and the protein C, mediate the Ad vector transduction of
hepatocytes [56; 69]. When Ad vectors are delivered systemically, they interact
with the blood coagulation factors [69]. Kalyuzniy and coworkers identified in 2008
the capsid protein which binds the coagulation factor X [34]. They report that the
factor X binds to hexons with an affinity 40-fold stronger than fiber for CAR. It is
likely that the coupling of large molecules to pIX does not prevent the binding of

targeted vectors with blood components. In addition Waddington and coworkers
showed that the adenovirus serotype 35 weakly interacts with the factor X [86].
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Therefore the geneti-chemical strategy could be applied to this serotype (subgroup
B) to overcome this hurdle.

To evaluate if the RAP-modified vectors could be also targeted in vivo, the RAPmodified Ad1Cys and AdpIX75Cys particles were injected systemically to mice. In
vivo targeting to hepatocytes has only been achieved so far by vectors genetically
modified to contain poly-lysine (seven residues) at the C-terminus of the fiber knob
[36]. The poly-lysine binds with a high-affinity to the heparin sulfate. Koizumi and
coworkers showed that the Ad vectors containing the poly-lysine at the C-terminus
of fiber were able to increase in vivo 6-fold the transduction of liver cells.
It was demonstrated here that RAP, when coupled to the fiber protein, can
increase transduction of hepatocytes up to 3.5-fold (figure 3.52, p.144). This
increase is comparable to that obtained with the poly-lysine modified vector
particles. Immunostaining of the liver sections showed that the GFP was
expressed in hepatocytes, not in Kupffer cells (figure 3.55, p.147). However the
absence of GFP expressing Kupffer cells does not indicate that the interaction with
the Kupffer cells was reduced. When the particles are taken up by the Kupffer
cells, these cells die by necrosis within one day, which means that the Kupffer
cells observed in the sections are “new” Kupffer cells which recolonize the liver.
In addition, when the Kupffer cells were depleted by injection of clodronate
liposomes, RAP coupled to the fiber protein increased transduction of hepatocytes
up to 1.5-fold, which is lower than without depletion, but still significant (3.56,
p.149). Interestingly, when the absolute values of the vector genome copies per
cells are compared, there was seven times more genome copies of unmodified
cysteine-bearing vector Ad1Cys when the Kupffer cells were depleted.
The delivery of Ad vectors in vivo can provoke acute inflammatory responses
therefore targeting to specific cell types would reduce the dosage of Ad vectors
required to get a therapeutic effect. Importantly, this targeting technology may be
combined with surgical methods like isolation of the liver or hydrodynamic delivery
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The coupling of RAP to the fiber protein probably neither interferes with Kupffer
cell interaction nor with other serum components like vitamin K-dependent
zymogens or the complement system, which have been described to mediate liver
tropism. Interestingly, RAP mediated only a weak in vivo targeting when coupled
to pIX (figure 3.53, p.145). It is unclear whether this indicates a general limitation
for the use of pIX for in vivo targeting. It seems likely that liver tropism of Ad
particles is mediated by serum components that have been shown to bind to
hexon proteins. The observation that Tf-coupling to pIX does not prevent the
binding of neutralizing antibodies suggests that the coupling of RAP, which is twice
smaller than Tf, does not interfere enough with the interaction of serum
components with hexon to shield the particles and thus the targeting effect of RAP
coupled to pIX is only mild. Therefore the capsid-host interactions should be
reduced or blocked.

The data presented here demonstrate that the geneti-chemical targeting platform
allows for efficient in vivo screening of ligands that may mediate hepatocyte
transduction. A large panel of ligands can be tested, high affinity ligands like low
affinity high avidity ligands, and not only proteins and peptides, but also
carbohydrates, antibodies derivatives and fatty acids. In addition, RAP, screened
together with Tf by the geneti-chemical system, targeted the pIX-modified particles
not only in vitro but allowed for liver targeting in vivo after systemic vector delivery,
whereas the coupling of Tf to fiber or pIX did not influence liver transduction by the
modified particles (figure 3.54, p.146). Ad vectors have a very narrow therapeutic
index, and therefore an efficient targeting to hepatocytes is required for the use of
Ad vectors in gene transfer to the liver, preferentially accompanied by decreased
Kupffer cell interaction.

The dose necessary to get an efficient therapeutic response can be decreased by
reducing Ad vector interactions with non-target cells. The native tropism of the Ad
combination with the introduction of new receptor specificities.
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The natural tropism of the particles may be ablated by fiber swapping or fiber
replacement [9]. Many groups showed that the Ad5 fiber can be swapped with
fibers from other Ad serotypes and this fiber swapping introduces another tropism
to the Ad5 particles. Another way to remove the natural tropism of Ad vector would
be to replace the wild-type fibers with for example knobless fibers. Magnusson et
al. deleted the knob domain and the last 15 shaft repeats of the fiber gene and
replaced them with an external trimerization motif and with the integrin-binding
motif RGD. The genetically modified fiber retained the basic biological functions of
the natural fiber (trimerization, nuclear import, penton formation) and the
introduced RGD motif could bind to integrins. But one major problem for the
replacement of fiber protein is that the modified fibers in the particles might not be
efficiently incorporated in the capsid. Optimization might be required to restore the
encapsidation of the chimeric fibers, but this strategy provides a very interesting
basis for truly targeted vectors.

Coating the vector particles with synthetic polymers was extensively studied the
last years to ablate the natural Ad tropism. Two polymers have been used so far,
polyethylene glycol (PEG) and poly-N-(2-hydroxypropyl)methacrylamide (polyHPMA).
Polyethylene glycol (PEG) is a synthetic polymer of various lengths composed of
repeated CH2CH2O subunits that can be linear or branched. This hydrophilic
molecule has a neutral charge, a low degree of toxicity and it is non-immunogenic.
Many PEG derivatives exist and PEG can be attached to the capsid surface via
different kinds of bond. PEGylated Ad vectors exhibited significantly reduced
innate immune responses, evaded from neutralizing anti-Ad antibodies, reduced
the platelet and endothelial cells activation, and decreased the thrombocytopenia
in vivo.
Poly-HPMA (poly-N-(2-hydroxypropyl)methacrylamide) is a hydrophilic polymer
that offers very different features compared to PEG. Depending on its synthesis,

multivalent polymer can be coupled to multiple amino groups at the capsid
surface. This multivalent polymers can certainly crosslink different capsid proteins.
It might interfere with particle disassembly, and/or intracellular trafficking of the
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coated particles. However, using a HPMA coat that would be removed after cell
entry could solve this problem. In addition, no detailed analysis of the innate
immunity response to poly-HPMA-modified Ad vectors has been published so far
so the successful use of poly-HPMA to shield the particles needs further analysis.

Two different PEG polymers were used in this study.
For coupling the chosen ligands to the thiols introduced at the capsid surface, the
ligands were “activated” with NHS-PEG-(3,4kDa)-Mal. The N-hydroxysuccinimide
groups reacted with the amino groups of the ligands while the maleimide at the
other extremity of the PEG spacer reacted with the thiols present at the capsid
surface. 30 % of the inserted thiols were coupled to PEGylated large ligand (table
3.26, p.108). This PEGylation (in addition to the steric hindrance generated by
ligand coupling) was not sufficient to shield the particles from neutralizing
antibodies.
For detargeting of the natural Ad tropism, also called PEGylation, a
monofunctional 2K SPA-PEG (a PEG with one inert extremity -capped with an
inert methoxy group- and with one amino-reactive extremity –here with a Nhydroxysuccinimide group) was attached to approximately 70 % of the capsid
amino groups (around 10000 amino groups). This polymer modification of Ad
vectors allowed for retargeting via coupling of RAP to the cysteine contained in the
fiber of Ad1Cys particles. However when the absolute values of the targeting
obtained with PEGylated or unPEGylated RAP-modified vectors are compared to
the control unPEGylated unmodified vectors (figure 3.38, p.125), the unPEGylated
RAP-modified vectors increased transduction 10-fold whereas the PEGylated
RAP-modified vectors restored the transduction to half of the transduction of the
control vector. This indicates that the transduction with the targeted PEGylated
vectors is 20-fold lower than the targeted unPEGylated vectors, while RAP is
coupled to the same capsomere fiber in both cases.
This drastic difference might be explained in the light of the trafficking

trafficking of the modified particles. It is likely that the random modification of the
capsid proteins, including hexon, with PEG also interferes with the biological
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functions required to transfer the DNA into the nucleus. PEGylation ablates the
natural Ad tropism and allows the particles to have one receptor specificity, but it
might also alter the intracellular trafficking of the particles.
Furthermore, as it was already mentioned, pure chemical ligand-coupling via a
PEG-containing crosslinker allowed the modified particles to evade from
neutralizing antibodies and to decrease their interaction with the immune system.
RAP was activated with NHS-PEG-(3,4kDa)-Mal, i.e. a bifunctional crosslinker
similar to tresyl-PEG-maleimide and this maleimide-RAP was coupled to Traut’s
reagent modified Ad1stGFP vectors (figure 3.37, p.123). It is likely that these RAPPEG-Ad1stGFP vectors also evade from neutralizing antibodies, but this requires
further experiments.

The geneti-chemical targeting of the Ad vectors based on fiber could be combined
with PEGylation as it might allow for evasion from the immune system, by
decreasing the interactions with Kupffer cells, neutralizing antibodies and perhaps
also with serum components. But it would be difficult to combine PEGylation with
pIX-targeted vectors. When the PEGylation would be performed before targeting,
PEG polymers would be coupled randomly to the capsid proteins, including to
hexons and the pIX thiols would hardly be accessible for targeting. When the
targeting would be performed first, the PEGylation would also cover the ligand,
and therefore, the targeting would be lost.
Because of this incompatibility and because PEGylation might alter the
intracellular trafficking of the particles, another strategy should be used to ablate
the natural Ad tropism and to block the capsid/host interaction of the genetichemically pIX-modified particles. The alteration of the intracellular trafficking
when the particles are PEGylated could be circumvented by pH-triggered removal
of the PEG shield within the endosomes [88]. In addition, blocking of the
capsid/host interactions could also be achieved with the genetic modifications of
the capsid proteins in order to remove all sites of interactions with blood

might be difficult to produce, and the sites involved in the known interactions are
not characterized so far.
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Wortmann and coworkers showed in 2007 that the size of the PEG determines
detargeting efficiency and that an optimized PEGylation provides protection
against neutralizing antibodies. But fully detargeted PEGylated Ad vectors still
induced strong immune responses to the expressed transgene [94]. This is a
strong limitation for gene transfer vectors. The gene transfer vectors should
express the transgene in the target cells, not in the antigen presenting cells. To
overcome this barrier, the cell entry must be very specific. However, the particles
are taken up by non target tissues including antigen-presenting cells that
scavenge and take up the particles.
Therefore, the natural tropism and the interactions with the blood components
should be ablated and combined with an efficient targeting to restrict the entry to
the sole target cells. In addition to the transductional targeting described in the
present study, targeting could be performed at the transcriptional level. Tissue
specific promoters could be used to avoid expression of the transgene in non
target cells [65]. Then, to make sure that the transgene is not expressed in the
antigen-presenting cells, a cell lineage specific detargeting could be done at the
translational level. Brown and coworkers showed in 2006 that transgene
expression can be suppressed in hematopoietic cells using vectors that are
responsive to microRNA [4]. MicroRNAs (miRNAs) are small non-coding RNAs
that regulate gene expression by repressing translation of target cellular
transcripts. They constructed a miRNA-regulated lentiviral vector by inserting four
tandem copies of a 23-bp sequence called mirT with exact complementarity to the
miRNA mir-142-3p because northern blot and microarray analysis reported that
this miRNA is enriched in hematopoietic cells. The four mirT were inserted into the
3’-untranslated region of a GFP expression cassette. GFP expression from
lentivirus vectors incorporating target sequences for mir-142-3p was efficiently
suppressed in hematopoietic cells, whereas expression was maintained in nonhematopoietic cells. This system could be used to decrease the transgene
transcriptional targeting.
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Finally, although the present study focused on the adenovirus type 5-based gene
transfer vectors, a variety of other viral vectors may be modified in a similar
manner and redirected to target cells. This geneti-chemical strategy can be
applied to other adenovirus serotype vectors or high-capacity adenovirus vectors.
In the case of high-capacity vectors (figures 1.11, p.16 and 1.12, p.18) a cysteine
(with the 75 Å spacer) should be genetically introduced at the C-terminus of pIX in
the helper virus genome for amplification of modified high capacity vectors. The
stability of the capsid and the reactivity of the introduced thiols should be the same
as described for the first-generation vector used in the present study and therefore
it can be assumed that the geneti-chemical modification of high capacity vectors
can be performed.

In conclusion, this study demonstrated (i) that the geneti-chemical targeting
technology can be applied to generate intact vector particles displaying large
ligand molecules on the capsid protein IX, (ii) that RAP can mediate efficient
targeting to LRP when displayed on pIX, (iii) that in contrast to ligands attached to
the fiber capsomere, ligands attached to pIX can interfere with intracellular
trafficking of the particles and thus require mechanisms that allow for dissociation
of vector particle-ligand-receptor complexes after cell entry and a size which does
not shield the areas of the vector capsid essential for nuclear transport, (iv) that
this geneti-chemical platform can be used for particle imaging in live cells, (v) that
geneti-chemical targeting allows for generation of vector particles with altered in
vivo tropism, and (vi) that modification of pIX with large protein moieties is not
sufficient to shield Ad vector particles from neutralizing antibodies. These findings
may have significant impact on Ad vector development for successful in vivo gene
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5

Summary

Due to the abundance of the natural receptors on many different cell types,
adenovirus vectors may not only transduce target cells but frequently also nontarget cells. Furthermore, certain cell types like many tumor cells do not express
the adenovirus receptors at significant levels and are refractory to transduction
with adenovirus vectors.
The overall direction of the present study was to evaluate different targeting
strategies based on chemical or geneti-chemical attachment of receptor ligands to
different areas of the vector capsid with the long-term goal of improving gene
transfer efficiency and specificity.
Two main strategies for coupling of ligands were pursued. The first involved
random introduction of thiol groups at the capsid surface and using chemical
crosslinkers for ligand attachment. Modification with relatively high concentrations
of chemical crosslinkers strongly reduced transduction efficiency of the particles
without affecting their physical integrity. Specific stoichiometries of crosslinkers
and ligands allowed for covalent attachment of Receptor-Associated Protein (RAP)
and vector targeting to its cognate receptor family, the low-density lipoprotein
receptor related protein (LRP) family.
Since chemical introduction of thiol groups generates heterogeneously and less
well-defined thiolated particles, a second and alternative strategy was evaluated
that is based on specific genetic introduction of thiol groups at the C-terminus of
the capsid protein IX (pIX). The genetic introduction of one cysteine residue at the
C-terminus of pIX via a 75 Å spacer improved accessibility and did not negatively
affect production yield, virion structure, inverse bioactivity, thermostability and
transduction efficiency. Large maleimide-activated molecules like transferrin,
bovine serum albumine and RAP were covalently attached to the C-terminal thiol
of protein IX. The analysis of the adenovirus vector particles displaying large
model ligands on protein IX suggested that, in contrast to ligands attached to the

of the particles and thus require mechanisms that allow for dissociation of the
vector-ligand-receptor complex after cell entry. As a further result of this study, it is
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also important to consider the size of the ligand to avoid shielding of capsid areas
that are essential for gene transfer and trafficking.
Thus, RAP, when coupled to protein IX, mediated an efficient targeting to LRP
while attachment of transferrin to protein IX rather inhibited gene transfer.
Further insights into the mechanisms for ligand and attachment site dependencies
of vector uptake and gene expression were obtained by fluorescence confocal
microscopy following labeling of vector particles and ligands with fluorescent dyes.
Maybe not surprisingly, while some of the targeting results obtained from the in
vitro studies were confirmed in vivo, others were not, indicating the higher
complexity of the in vivo situation compared to the in vitro situation.
Finally, modification of protein IX with large protein moieties was not sufficient to
shield adenovirus vector particles from neutralizing antibodies, indicating that the
geneti-chemical targeting strategy requires further optimization to reduce the
interaction of the adenovirus vector particles with blood components.

In conclusion, this study demonstrated (i) that the geneti-chemical targeting
technology can be applied to generate intact vector particles displaying large
ligand molecules on the capsid protein IX, (ii) that RAP can mediate efficient
targeting to LRP when displayed on pIX, (iii) that in contrast to ligands attached to
the fiber capsomere, ligands attached to pIX can interfere with intracellular
trafficking of the particles and thus require mechanisms that allow for dissociation
of vector particle-ligand-receptor complexes after cell entry and a size which does
not shield the areas of the vector capsid essential for nuclear transport, (iv) that
this geneti-chemical platform can be used for particle imaging in live cells, (v) that
geneti-chemical targeting allows for generation of vector particles with altered in
vivo tropism, and (vi) that modification of pIX with large protein moieties is not
sufficient to shield adenovirus vector particles from neutralizing antibodies. These
findings may have significant impact on adenovirus vector development for
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