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Abstract 
Gene therapy has received much attention the last decade as a method to correct a 
number of disorders arising from a defective gene. Gene therapy can be defined as 
the introduction of a functional genetic element into a cell for a therapeutic purpose. 
This is a very broad term and gene therapy can be applied to a wide range of 
diseases from genetic diseases such as cystic fibrosis to infectious diseases or even 
acquired genetic diseases such as cancers.  
 
Adenoviruses (Ad) are the second most common vector for gene therapy in clinical 
trials today, and these vectors are mostly based on serotype 2 or 5 (Ad2 and Ad5). It 
has been shown that Ad2 and Ad5 use a receptor that is often downregulated in 
malignant cells and they also suffer from shortcomings because of the high levels of 
pre-existing immunity against these serotypes in the society. Hence, new and 
improved vectors serving as alternatives to these serotypes need to be developed to 
make gene therapy a successful treatment option.  
 
The work presented herein is devoted to analyse what alternative adenovirus vectors 
could be used for treatment of glioma brain tumours. A number of different 
adenovirus serotypes were screened for their ability to infect human glioma tumour 
cells in vitro. Established cell lines as well as low-passage glioma cells from different 
donors were used. Adenovirus serotype 11p (Ad11p) proved to be a promising vector 
candidate because of its capacity to efficiently infect the glioma cells and its low 
prevalence in the society. The complete genome of this serotype was sequenced to 
further develop this as an alternative adenovirus vector. Furthermore, a number of 
cell lines were produced to generate E1 deleted Ad11p vectors. Other promising 
vector candidates were Ad16 and a chimpanzee adenovirus called CV23. Ad16 was 
the most efficient human serotype to infect human low-passage glioma cells and the 
prevalence for this serotype is also very low. The overall most efficient virus was 
surprisingly the non-human CV23 virus. This adenovirus has no prevalence in 
humans, but efficiently infects human cells in vitro. The first analysis was made on 
established glioma cell lines and was followed up by using low passage glioma cells 
from a number of different patients. The glioma cells were analysed when subjected 
to <20 passages (low passage) and then again at >40 passages (high passage). The 
cells at a higher passage number were significantly more permissive to Ad5 than the 
cells analysed at a low passage number. This could in part explain why some of the 
promising in vitro data for Ad5 have shown a limited success in vivo. In contrast, 
CV23 infected the low and high passage gliomas equally. This indicates that CV23 
uses an internalisation mechanism subjected to less variation than the mechanism 
used by Ad5.  
 
We further characterised the receptor interaction of CV23 and found that none of the 
previously known primary receptors for adenoviruses were of importance for binding. 
We found that bovine serum albumin present in the growth medium was responsible 
for the high binding capacity to cells. Binding is a criterion for the first step of the 
infection, but not necessarily a good correlate to the infection capacity. CV23 infected 
human cells efficiently also in the absence of bovine serum albumin. 
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Abbreviations 
 
Ad Adenovirus 
A.D. Adenoid degenerating agent 
ADP Adenovirus death protein 
CAR Coxsackie-adenovirus receptor 
CV23 Chimpanzee adenovirus 23 
CR Conserved region 
CRAD Conditionally replicating adenovirus 
CTL Cytotoxic T-lymphocyte 
DBP DNA binding protein 
DFG Din favoritgen 
E1 Early transcription unit 1 
ERK Extracellular signal-regulated kinase 
GON Group of nine 
HLA Human leukocyte antigen 
HSV-Tk Herpes simplex virus tymidine kinase 
ICTV International committee of taxonomy of viruses 
IFN Interferon 
IL Interleukin 
ITR Inverted terminal repeat 
kDa Kilodalton 
LRP Low density lipoprotein receptor related protein 
MHC Major histocompatibility complex 
MoMLV Moloney murine leukaemia virus 
NES Nuclear export signal 
NF Nuclear factor 
NLS Nuclear localisation signal 
PDB Protein database 
PML Promyelocytic leukemia 
pRb Retinoblastoma protein 
RCA Replication competent adenovirus 
RGD Arginine-Glycine-Aspartic acid 
SCID Severe combined immunodeficiency syndrome 
TBP TATA binding protein 
TNF-α Tumour necrosis factor α 
TP Terminal protein 
VA-RNA Virus associated RNA 
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Aims of this thesis 
 

Gene therapy vectors based on adenovirus serotypes 2 or 5 are very popular for use 

in gene therapy clinical trials, but also in basic research as a tool to efficiently deliver 

genes into cells. However, these vectors are not optimal to use for all applications 

and there is a need to develop alternatives to these vectors. 

 

The aim of this thesis was to find alternative adenovirus vectors suitable for treatment 

of glioma brain tumours. The alternative vectors should preferentially be less 

prevalent in society than serotypes 2 and 5 to avoid some of the immunological 

shortcomings associated with these vectors. They should also efficiently infect 

human glioma cells and preferentially have an alternative internalisation mechanism 

to generate a vector with distinct properties compared to the commonly used 

serotypes 2 and 5. 
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Summary in Swedish - Populärvetenskaplig 
sammanfattning på svenska 
 
Genterapi är en metod man hyser stort hopp till för att man i framtiden ska kunna 

behandla en rad sjukdomar där man vet att sjukdomsbilden uppkommer genom en 

defekt gen. Syftet med genterapi är att föra in en eller flera gener i cellerna som kan 

ersätta den defekta genen. Genterapi kan även användas i andra syften, t ex som ett 

vaccin mot infektionssjukdomar eller som behandling av cancer.  

 

Ofta använder man ett modifierat virus som ”bärare” av genen man vill sätta in i 

cellerna. Detta virus är modifierat så att det inte längre kan föröka sig och orsaka 

sjukdom och kallas då för en vektor. För att genterapi ska fungera på ett bra och 

säkert sätt krävs att man förbättrar de vektorer som används idag. Dagens 

adenovirusvektorer är baserade på ett virus som är väldigt vanligt i samhället och de 

flesta av oss har ett immunförsvar som neutraliserar vektorn innan den har hunnit 

göra nytta i cellen. Dessutom är många celler resistenta mot infektion av denna 

vektor. 

 

Den här avhandlingen syftar till att hitta bra vektorer för behandling av en hjärntumör 

som kallas gliom, vilket är den vanligaste primära hjärntumören hos vuxna. Vi har 

använt så kallade adenovirus (ett vanligt ”luftvägsvirus”) och undersökt hur effektiva 

de är på att infektera olika hjärntumörceller. Man kan modifiera dessa virus till 

ofarliga vektorer, och beroende på vilka gener man sätter in i vektorn så kan man få 

de infekterade hjärntumörcellerna att dö. Vi har analyserat en rad olika adenovirus för 

att hitta virus som kan fungera bättre än de befintliga vektorerna för genterapi. Ett av 

dessa virus är ett adenovirus som normalt infekterar chimpanser (CV23). Detta virus 

är bättre på att infektera hjärntumörceller än de som finns tillgängliga idag. Eftersom 

detta virus inte förekommer naturligt ibland människor så kan man behandla med en 

vektor baserad på CV23 utan att immunförsvaret förhindrar effekten av 

behandlingen.  

 

Vi har även sett att ett av de humana adenovirus som kallas adenovirus 11p effektivt 

infekterar hjärntumörceller. Detta virus har därför modifierats till en vektor för 



 11

genterapi. Att tillverka adenovirusvektorer är förknippat med ett problem. Vektorerna 

är genmodifierade för att inte kunna föröka sig, vilket medför att de heller inte går att 

producera i stor skala. För detta ändamål har vi därför konstruerat genmodifierade 

celler som kan hjälpa vektorerna att föröka sig (så kallade packningsceller). 

 

Se illustration på nästa sida. 
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Introduction 

 

History 

Adenoviruses were first isolated in 1953 from surgically removed adenoids and were 

at that time designated as an adenoid degenerating agent (A.D. agent) (Rowe, 

Huebner et al. 1953; Hilleman and Werner 1954). The following years, a similar agent 

was isolated from military personnel with respiratory disease and in 1956 the name 

adenovirus was proposed for this group of respiratory viruses (Enders, Bell et al. 

1956). Adenoviruses have since then been recovered from most organ systems of 

humans and have been associated with a variety of clinical symptoms such as 

respiratory diseases, acute hemorrhagic cystitis, gastroenteritis and epidemic 

keratoconjunctivitis (Wadell, Allard et al. 1999). In 1962, it was reported that injection 

of Ad12 into newborn Syrian Hamsters induced tumours at the site of injection 

(Trentin, Yabe et al. 1962) which started a new interest in adenoviruses as tumour 

viruses, although they have to date not been convincingly associated with human 

malignancies (Mackey, Rigden et al. 1976; Green, Wold et al. 1979; Mackey, Green 

et al. 1979; Wold, Mackey et al. 1979). The increased attention and research of 

adenoviruses has not only led to an increased knowledge of virology, but also to the 

discovery of fundamental principles in mammalian molecular biology. Sharp and 

Roberts were awarded the Nobel Prize in physiology/medicine in 1993 for their 

discovery of split genes and mRNA splicing using adenoviruses as a model system.  

 

Another important event in the history of adenoviruses is the prevalent outbreaks of 

adenovirus infections among military recruits and the development of an effective 

vaccine. As many as 80% of new recruits in the US army acquired lower respiratory 

tract illness during their first 3 weeks of training and 20% of them were hospitalised. 

Adenovirus type 4 and 7 accounted for 60% of the cases. The military base hospitals 

were quickly overwhelmed with up to 800 respiratory illness admissions per week 

(Katz 2000). By 1971, a live encapsulated enteric vaccine based on serotypes 4 and 

7 was developed, which conferred a highly effective prophylaxis when given 

immediately upon arrival (Gaydos and Gaydos 1995). This vaccine was 

manufactured until 1995 when the sole producer of these vaccines ceased the 
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production for economic reasons, and the stocks were totally depleted by 1999 

(Barraza, Ludwig et al. 1999; Gray, Goswami et al. 2000). Since then, epidemics of 

adenovirus infections in US military camps have increased to levels similar to the pre-

vaccination era (Gray, Goswami et al. 2000; Katz 2000). 

 

Taxonomy and classification of adenoviruses 

The adenoviruses belong to the virus family Adenoviridae. This family can be 

subdivided into four genera according to the International Committee on Taxonomy of 

Viruses (ICTV). These genera are the Aviadenovirus (infecting birds), 

Mastadenovirus (infecting mammals), Atadenovirus (AT-rich adenoviruses with a 

broader range of hosts including ruminant, avian, reptilian and marsupial hosts) and 

Siadenovirus (infecting birds and frogs). There is also a proposed fifth genus called 

Ichtadenovirus (adenovirus isolated from fish) (Büchen-Osmond 2003; Davison, 

Benko et al. 2003). The Mastadenoviruses are further classified into six species, A to 

F, based on hemagglutination properties, oncogenic poteintal in rodents and DNA 

homology (Wadell, Hammarskjold et al. 1980). Currently there are 51 different 

serotypes isolated from humans based on their resistance to neutralisation by 

antisera against other serotypes. Serotype specific neutralisation is primarily a result 

of antibodies targeting the hexon or fibre knob of the adenovirus particle (Norrby 

1969). Hypervariable loops on the surface of the hexon have been found to 

contribute to the sero-specificity (Crawford-Miksza and Schnurr 1996). A serotype is 

defined as a distinct serotype if there is no or low cross-reaction with previously 

known serotypes, and the titer should have a ratio of greater than 16 in both 

directions. The species B adenoviruses have an additional classification into two 

clusters, B:1 and B:2, based on their DNA restriction patterns (Wadell, Hammarskjold 

et al. 1980).  
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Biology 
 

Structure of the virion 

Adenoviruses are non-enveloped icosahedral particles of approximately 80 nm in 

diameter. Most of the studies of adenoviruses have been focused on serotype 2 and 

5, so the data presented is mostly derived from studies of these serotypes. The virion 

consists of 13% DNA and 87% protein (weight/weight). There are also trace amounts 

of carbohydrate in the fibre (adenovirus 2 and 5) (Mullis, Haltiwanger et al. 1990). 

Analysis of open reading frames (ORFs) and electrophoresis data suggest that the 

virion contain about 11 viral proteins. These are numbered by Roman numerals (II-

XII) in order of their decreasing sizes on SDS gels, but excluding polypeptide I, since 

it was later found to consist of aggregated proteins (Maizel, White et al. 1968; Shenk 

2001).  

 

Major structural proteins 

The capsid is composed of seven structural proteins of which more than 75% 

consists of the trimeric hexon protein (van Oostrum and Burnett 1985). The structural 

proteins are: II (hexon), III (penton base), IIIa, IV (fibre), VI, VII, and IX. The capsid is 

often described as an assembly of 252 subunits (capsomers), composed of 240 

hexon trimers and 12 pentons. As suggested by their name, they are surrounded by 

six or five neighbouring subunits, respectively (Ginsberg, Pereira et al. 1966; van 

Oostrum and Burnett 1985). The icosahedric capsid has 12 vertices, each composed 

of a pentameric penton base and a protruding trimeric fibre of varying length 

depending on the serotype. The fibre is non-covalently attached to the penton base 

to form the penton capsomer.  

 

The hexon trimer is composed of six β-barrels that form a hexagonal base with a 

central cavity. This β-barrel structure is evolutionary conserved in many different 

viruses, including a bacteriophage (PRD1) now claimed to be a distant relative to 

adenoviruses. At the top there are three hypervariable loops that generate the type-

specific epitopes (Benson, Bamford et al. 1999; Rux and Burnett 2004). 
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The penton base is a pentamer of protein III and is situated on each of the 12 

vertices of the virion. There is a central cavity and five lobes protruding out from the 

penton base. The lobes contain the Arg-Gly-Asp (RGD) motif responsible for the 

binding to cellular αv-integrins (Stewart, Fuller et al. 1993). Only a fraction of the 

penton base proteins produced during the infection is assembled into virions. There 

is also an excess of fibres produced in the infected cell, and the fibre and penton 

base rapidly oligomerises into the penton complex (Chroboczek, Gout et al. 2003). 

The physiological role of this is still not known, but is has been shown that the RGD 

motif on the penton base is associated with the rounding up effect on infected 

adherent cells (Bai, Harfe et al. 1993). 

 

The trimeric fibre can be divided into an N-terminal tail, a central shaft and a C-

terminal knob (Green, Wrigley et al. 1983). The tail is binding to the cavity in the 

penton base through a highly conserved motif (Hong and Engler 1991). The N-

terminal tail also contains the conserved NPXY motif found in many proteins rapidly 

internalised into coated pits (Brown and Breton 2000; Chroboczek, Gout et al. 2003). 

The central shaft length varies depending on the serotype and is dependent on the 

number of pseudorepeats. The pseudorepeats contain about 15 amino acids and the 

number of repeats varies from 6 repeats in adenovirus 3 (shortest shaft) to 21.5 

repeats in adenovirus 5 (longest shaft) (Green, Wrigley et al. 1983; Signas, Akusjarvi 

et al. 1985). The shaft of serotype 2 and 5 contain O-linked N-acetylglucosamin 

structures, but this is not the case for all serotypes (Mullis, Haltiwanger et al. 1990; 

Chroboczek, Ruigrok et al. 1995; Hong and Engler 1996). The third shaft motif of 

serotype 5 is flexible, which is hypothesised to be crucial for the interaction with the 

coxsackie-adenovirus receptor (CAR) (Wu, Pache et al. 2003). Interestingly, the 

Ad37 fibre does not contain this hinge region and has been shown to have a rigid 

shaft. Despite the fact that the Ad37 knob contains the CAR binding motif, Ad37 can 

not use CAR as a receptor (Arnberg, Edlund et al. 2000; Chiu, Wu et al. 2001). The 

fibre knob domain begins with a conserved trimerisation motif (TLWTTPDPSPN) 

(Hong and Engler 1996), and then forms an eight-stranded antiparallel β-sandwich 

structure (Xia, Henry et al. 1994). The fibre trimer thereby forms a propeller-like 

structure (Fig. 1). The knob trimer is responsible for binding to the cellular receptor 



 17

(Louis, Fender et al. 1994; Mei 1996; Bergelson, Cunningham et al. 1997; Arnberg, 

Edlund et al. 2000; Segerman, Atkinson et al. 2003). 

 

 
Fig. 1. Adenovirus serotype 5 knob trimer crystallised by Xia, Henry et al. (1994). The trimer 

was modelled in Pdbviewer and refined using Povray v3.6. The three fibre knob monomers 

are illustrated in green, yellow and blue. The figure is viewed down the threefold symmetry 

axis of the knob. 

 

Minor structural proteins 

The molecular composition of the adenovirus capsid has been known for a long time, 

but it is not until recently that we are beginning to understand the functions and 

position of the proteins in the particle. Most of the emphasis has been on trying to 

understand the interaction between the fibre and the cellular receptor. In addition to 

the major capsid proteins hexon, penton base and fibre, there are four minor capsid 

proteins functioning as cementing proteins (IIIa, VI, VIII and pIX). These are 

important for the stability of the capsid, but there is also evidence that structural 
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proteins (i.e IIIa and pIX) are involved in transcriptional regulation of the viral genome 

(Molin, Bouakaz et al. 2002; Parks 2005).  

 

Protein IIIa are located as elongated monomers between the hexons and are 

believed to interact with protein VII (Boudin, D'Halluin et al. 1980; Stewart, Fuller et 

al. 1993). Protein VI is situated on the inside of the capsid, presumably joining two 

neighbouring peripentonal hexons together. Also, there is a basic region of protein VI 

that may interact directly with the DNA (San Martin and Burnett 2003). During the 

infection step, protein VI helps the virus to escape from the endosome. Protein VI 

mediates a pH-independent rupture of the endosomal membrane (Wiethoff, Wodrich 

et al. 2005). The precursor to protein VI, pVI, is important during the viral replication 

cycle by transporting newly produced hexons into the nucleus for assembly. In 

contrast to the mature protein VI, the pVI contains two nuclear localisation signals 

(NLS) as well as two nuclear export signals (NES). It is proposed that the NES are 

masked by binding to the hexon, thereby directing the transport into the nucleus 

(Vellinga, Van der Heijdt et al. 2005). Protein VIII is located on the inside of the 

capsid as dimers where it interacts with hexons on adjacent facets. Like proteins VI 

and IIIa, it is produced as a larger precursor protein that is cleaved by the adenoviral 

cysteine protease (Stewart, Fuller et al. 1993). Interestingly, the precursor for VIII is 

found in empty capsids, whereas it is untraceable in complete particles. This has 

been exploited in an assay to check for empty capsids in adenoviral vector 

preparations (Winberg and Wadell 1977; Vellekamp, Porter et al. 2001; Sutjipto, 

Ravindran et al. 2005).  

 

The smallest of the minor capsid proteins is the protein IX. This protein is unique for 

the genus Mastadenovirus and is not present in the Avi-, Si- and Atadenoviruses. 

During the replicative cycle and the initiation of the late genes, protein IX associates 

with the group-of-nine (GON) hexons that make up the facets of the adenovirus 

capsid. The GON hexons dissociate together as a planar array when the particle is 

disassembled indicating a difference with the peripentonal hexons that dissociate 

separately (Rux and Burnett 2004). Four trimers of IX bind to every facet of GON in 

the cavities formed between the crest of the hexons (Fig. 2), cementing them 

together, although alternative positions of IX have also been proposed (Vellinga, Van 

der Heijdt et al. 2005). Protein IX is not essential for growth, but adenoviruses lacking 
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IX are less stable than the wild type. Also, this protein is involved as a transcriptional 

activator and enhances the transcription from viral promoters, although the effect 

during wild type infection is uncertain (Parks 2005). In the infected cell, protein IX 

forms nuclear inclusion bodies where the promyelotic leukaemia (PML) protein is 

sequestered (Rosa-Calatrava, Puvion-Dutilleul et al. 2003). PML is normally located 

in nuclear PML bodies, also called ND10, and is implicated in several cellular 

processes including antiviral responses. It has been shown that other viruses also 

have mechanisms to disrupt the ND10 structures (Maul 1998; Chee, Lopez et al. 

2003). Recently, protein IX has come into focus in the adenoviral vector field because 

of the ability to anchor heterologous ligands on it to expand the viral tropism 

(Dmitriev, Kashentseva et al. 2002). 

 
a)   b) 

 
 

 
Fig. 2. a) A representation of the virus capsid showing the positions of the major and minor 

outer capsid proteins. The penton base is represented in light blue, hexon in dark blue and 

fibre in green. The two minor capsid proteins are protein IX (yellow) and protein IIIa (red). b) 

An illustration of one of the adenovirus facets. The hexons that represents the GONs are 

represented in white. Adapted from Vellinga, Van der Heijdt et al. (2005) with permission. 

 

The adenovirus core 

The core of the virion contains the linear double stranded DNA and associated 

proteins. Five polypeptides consisting of V, VII, X (also known as mu), IVa2 and the 

terminal protein (TP) are associated with the core (Fig. 3). The disposition of proteins 

and DNA in the core is still being debated. Polypeptide V, VII and mu are basic DNA 

binding proteins (Chatterjee, Vayda et al. 1986; Anderson, Young et al. 1989) and 
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protein V might bridge the binding of the core to the capsid by binding to the penton 

base (Shenk 2001). The most abundant protein in the core with approximately 800 

copies/virion is VII, which serves as a histone-like protein with the viral DNA wrapped 

around, forming the so called “adenosomes” (Newcomb, Boring et al. 1984) that 

silence the transcription (Xue, Johnson et al. 2005). Both protein VII and mu bind to 

the DNA in a sequence independent manner whereas protein IVa2 makes sequence 

specific interaction with the viral DNA packaging signal. Protein IVa2 is responsible 

for the serotype specific packaging of the DNA into the capsid (Zhang, Low et al. 

2001), but has also shown to be a transcriptional activator of the major late promoter 

(Lutz and Kedinger 1996). The TP is covalently attached to the 5’-ends of the 

genome, and is involved in the initiation of replication (Rekosh, Russell et al. 1977). 

 

Fig. 3. Schematic transection of the adenovirus particle. The position of the capsid and 

cementing proteins is reasonably well defined, although the positions of the DNA and core 

proteins are speculative. Adapted from Russell (2000) with permission. 
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Non-structural proteins 

There are about 30 adenoviral non-structural proteins described so far, although the 

precise function is still unknown for most of them (San Martin and Burnett 2003). One 

of the more studied non-structural proteins is the DNA binding protein (DBP). This 

protein has many functions and is involved in the viral replication as well as 

transcription. DBP binds to single stranded DNA without sequence specificity during 

replication, protecting the DNA from nucleases and drives the strand displacement 

(van der Vliet, Keegstra et al. 1978). Adenoviruses also encode a cysteine protease 

of fundamental importance in the assembly of mature virions as well as uncoating of 

the particle when entering the cell. The virus particle contains 10-30 protease 

molecules and mutants deficient of proteases cannot carry out a productive infection 

(Chatterjee and Flint 1987; Rancourt, Tihanyi et al. 1994; Greber, Webster et al. 

1996). 

 

Receptors and internalisation mechanisms 

Internalisation of the adenovirus is preceded by binding to a primary receptor through 

the fibre. CAR was at first isolated as the receptor for serotype 2 and 5 (Bergelson, 

Cunningham et al. 1997), and it was soon found that serotype representatives from 

four of the five species (A, C, D, E and F but not species B) can bind to CAR 

(Roelvink, Lizonova et al. 1998). The receptor for most species B adenoviruses has 

now been shown to be the CD46 molecule (Gaggar, Shayakhmetov et al. 2003; 

Segerman, Atkinson et al. 2003). Furthermore, serotype 8, 19a and 37 from species 

D utilise sialic acid as a receptor instead of CAR (Arnberg, Kidd et al. 2000). 

Additional receptors for species C serotypes 2 and 5 have also been proposed but 

are much less studied, for example the heparin sulphate glycosaminoglycans, MHC 

class I and V-CAM-1 (Hong, Karayan et al. 1997; Dechecchi, Tamanini et al. 2000; 

Chu, Heistad et al. 2001; Dechecchi, Melotti et al. 2001). The most studied 

interaction is between CAR and serotype 2 and 5, so the mechanism described for 

the CAR binding viruses are for these serotypes unless stated otherwise.  
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Species Serotype Tropism 
A 12a, 18, 31a Intestine 
B1 3b,d, 7, 16b, 21b, 50b Respiratory tract, eye 
B2 11b, 14b, 34, 35b Kidney, eye 
C 1, 2a, e, 5a, e, 6 Respiratory tract 
D 8c, 9, 10, 13, 15a, 17, 

19pa, 19ac, 20, 22, 23, 24, 
25, 26, 27, 28, 29, 30, 32, 
33, 36, 37b, c, 38, 39, 42, 

43, 44, 45, 46, 47, 48, 49, 
51 

Eye, intestine 

E 4a Respiratory tract, eye 
F 40, 41a Intestine 

Table 1. Properties of human adenoviruses. The ability to bind to different receptors is 

indicated by superscript letters. The receptors are CAR (a), CD46 (b), sialic acid (c), 

CD80/86 (d) and heparan sulphate (e) (Wadell 1988; Arnberg, Kidd et al. 2000; Gaggar, 

Shayakhmetov et al. 2003; Segerman, Atkinson et al. 2003; Short, Pereboev et al. 2004). 

 

Upon systemic administration of adenovirus serotype 5, the vast majority of the 

virions end up in the liver and the spleen. Both hepatocytes and Kupffer cells, the 

resident macrophages of the liver, are transduced as well as the dendritic cells of the 

spleen (Schnell, Zhang et al. 2001). A systemic administration of adenovirus vectors 

leads to a rapid transduction of the Kupffer cells. This result in cell death and the 

Kupffer cells are swept away from the liver. A substantial amount of them are trapped 

in the pulmonary capillaries (Schiedner, Bloch et al. 2003; Manickan, Smith et al. 

2005). The indication that alternative receptors to CAR could be more important in 

vivo is also supported by studies in mice and non-human primates where the 

internalisation into liver was unaffected by ablation of the CAR binding motif in the 

fibre knob, but point mutation of a putative heparan sulphate glycosaminoglycan 

(HSG) binding motif in the fibre shaft (KKTK-motif at amino acid 91-94) reduced the 

liver uptake significantly (Smith, Idamakanti et al. 2003a; Smith, Idamakanti et al. 

2003b). The HSG binding motif is not present in the species B fibre shafts. In contrast 

to these results, it has been reported that blood factors such as factor IX and 

complement C4-binding protein (C4BP) can bind the fibre knob domain and create a 

bridge between the virus and heparan sulphate proteoglycans as well as to the low 
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density lipoprotein receptor-related protein (LRP) (Shayakhmetov, Gaggar et al. 

2005). 

 

CAR internalisation pathway 

CAR is a 46 kDa protein of the immunoglobulin superfamily. It is widely expressed in 

humans and functions as a tight junction protein (Cohen, Shieh et al. 2001) and this 

is reviewed in Philipson and Pettersson (2004). The knob domain of the adenovirus 

fibre binds to the CAR molecule. The region of the fibre knob responsible for the CAR 

interaction was localised to the AB loop on the side of the knob (Bewley, Springer et 

al. 1999; Kirby, Davison et al. 1999; Roelvink, Mi Lee et al. 1999). This interaction 

subsequently leads to the binding of integrins, although αvβ3 and αvβ5 integrins 

seem to be preferred (Wickham, Mathias et al. 1993). The integrin binding is 

mediated by the RGD motif of the penton base. How this interaction could take place 

while the fibre was attached to CAR was for long a mystery because the distance 

from the integrin to the penton base is about 33 nm for serotype 2 and 5 (Ruigrok, 

Barge et al. 1990; Nicklin, Wu et al. 2005). The shaft is very rigid, but the third repeat 

in the shaft does not correspond to the consensus sequence and correlates to a 

bend in the shaft often seen in the electron microscope (Ruigrok, Barge et al. 1990; 

Ruigrok, Barge et al. 1994). This led to the proposal that the fibre has a flexible hinge 

region in the third shaft repeat to allow the penton base to interact with the integrins 

(Fig. 4) (Wu, Pache et al. 2003). Also, there is possibly a second hinge region at the 

linker between the knob and the shaft domain, giving better flexibility of the knob to 

interact with the receptor (Chroboczek, Ruigrok et al. 1995). 
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Fig 4. Hypothetical model of how the fibre knob and penton base interacts with CAR and 

integrin, respectively. The figure is adapted from Wu, Pache et al. (2003), with permission. 

 

The interaction with the integrin leads to intracellular signalling that triggers clathrin 

mediated endocytosis, as reviewed in Nemerow and Stewart (1999). The clathrin 

mediated endocytosis is the primary route of infection, but there are also evidence of 

alternative routes (i.e signal-stimulated macropinocytosis (Meier, Boucke et al. 2002). 

The RGD motif is conserved among the serotypes, although not in serotype 40 and 

41 (Albinsson and Kidd 1999). The RGD motif is not necessary for infection, but has 

been shown to accelerate the endocytosis by about 10 hrs (Bai, Harfe et al. 1993). 

Within 10 minutes, about 50% of the adsorbed virions are internalised into 

endosomes. The internalisation requires dynamin that is involved in clathrin mediated 

endocytosis (Wang, Huang et al. 1998). The adenovirus starts a stepwise dismantling 

of the capsid and the virus triggers the endosomal escape with a halftime of about 5 

min (serotype 2 and 5) (Greber, Willetts et al. 1993). The precise mechanism of this 

is still unknown, however it has been shown that the penton base, αvβ5 integrins, 

acidification of the endosome and the fibre are important for endosomal release 

(Wickham, Filardo et al. 1994; Miyazawa, Leopold et al. 1999; Miyazawa, Crystal et 

al. 2001; Shayakhmetov, Li et al. 2003). It has been postulated that the acidification 

of the endosome triggers a conformational change in the penton base exposing 

hydrophobic domains leading to disruption of the membrane (Wohlfart 1988), but 

recent studies have shown the importance of protein VI as the mediator of 

endosomal release (Wiethoff, Wodrich et al. 2005). There is a difference between the 

species C (i.e serotype 2 and 5) and the species B adenoviruses (i.e serotype 7) in 

that the species C adenoviruses are released early from the endosome, whereas the 
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species B adenoviruses are released from late endosomes or endolysosomes 

(Miyazawa, Crystal et al. 2001). The capsid is dismantled starting with the fibre which 

is lost within 10 min of internalisation, followed by the capsid stabilising protein IIIa, 

VIII and IX which are detached between 30-60 minutes post-infection. To further 

liberate the viral DNA, the adenoviral cysteine protease needs to be activated to 

remove protein VI (reviewed in Greber (1998)). The partly dismantled adenovirus 

particle is docking to the nuclear pore complex about 40 min post-infection after 

being transported on microtubules. The capsid cannot pass through the nuclear pore 

(maximal dilatation of 40 nm (Ribbeck and Gorlich 2001)) so the last dismantling is 

made at the nuclear pore as reviewed in Trotman, Mosberger et al. (2001). About 

120 min post-infection, 40% of the virions have released their DNA (Greber, Willetts 

et al. 1993). Once the DNA has been threaded through the nuclear pore and entered 

the nucleus, the DNA becomes associated with the nuclear matrix through the 

terminal protein. This interaction is important for efficient activation of gene 

expression (Schaack, Ho et al. 1990). 

 

CAR as an exit mechanism 

It has also been proposed that the binding to CAR is an exit mechanism rather than 

an entry mechanism in vivo. It is known that CAR is not available on the apical 

surface of the respiratory epithelia (Walters, Grunst et al. 1999). Therefore, the use of 

CAR is not possible and alternative receptors should be of more importance. CAR is 

localised in the tight junctions between the cells, immediately below ZO-1 and also on 

the basolateral side of polarized cells. When the cell is infected, a large excess of 

pentons (fibre and penton base) are produced. The affinity between CAR and the 

fibre knob is high enough to compete between CAR homodimers, and as a result the 

tight junctions are disrupted mediating a more efficient spread and internalisation to 

adjacent cells (Fig. 5) (Walters, Grunst et al. 1999). This would also help to explain 

the fact that the CAR binding motif is conserved even in serotypes that can not use 

the CAR/αv-integrin mediated internalisation due to a long and rigid shaft lacking the 

hinge region described above. Thus, the CAR mediated release could be a 

conserved exit mechanism among several adenovirus serotypes.  
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Fig 5. CAR as an exit mechanism. Adapted from Walters, Freimuth et al. (2002) with 

permission from Elsevier. 

 

Genome organisation and expression patterns 

The genome organisation of the different adenoviruses is conserved, indicating a 

biological function for the placement of the different regions in the adenovirus 

genome (Fig. 6). It has been proposed to have a timing function, where the ends are 

transcribed first (E1 and E4), which will subsequently lead to an opening of the 

central core structure of the genome, allowing transcription from the more central 

regions (Brown, Westphal et al. 1975; Wong and Hsu 1989). 
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Fig. 6. The genome organisation in adenoviruses. Adapted from Davison, Benko et al. 

(2003) with permission. 

 

The genome is composed of eight RNA polymerase II dependent transcription units, 

namely the six (or five) early units (E1A, E1B, E2A, E2B, E3, E4), the delayed early 

units (IX, IVa2) and the Major Late transcriptional unit. (The E2A and E2B are often 

regarded as one transcription unit). The Major Late transcriptional unit is further 

subdivided into L1-L5 with respect to their use of alternative splicing sites. The 

genome contains one or two VA RNA genes transcribed by polymerase III (Kidd, 

Garwicz et al. 1995). The transcriptional units are often expressing proteins of similar 

functions. In general, the E1A unit codes for two proteins responsible for activation of 
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transcription and inducing the cell into S-phase. The E1B transcription unit contains 

two proteins that inhibit the cellular apoptosis and the E3 genes are involved in the 

evasion of the immune response. The exception that confirms the rule is the E4 

transcriptional unit that is involved in more diverse functions as mRNA transport, 

DNA replication modulation and apoptosis. The late genes are producing the 

structural proteins necessary for assembly of the capsid (Shenk 2001). 

 

Transcription of Early genes 

When the viral DNA has entered the nucleus, there is an activation of the early 

genes. The early genes have three goals. The first is to stimulate the cell to enter S-

phase, providing the virus with an optimal environment for replication. This is 

mediated by expression of the E1A, E1B and E4 genes. The second goal is to 

protect the virus from the antiviral defence mechanisms of the host organism. The 

protection against the cells antiviral activity is mediated by the E1A, E3 and VA RNA 

genes. E1A proteins and the VA RNAs inhibit the cellular response to interferon-α 

and -β. The E3 genes are responsible for protection from the cytotoxic T-lymphocytes 

and tumour necrosis factor. The third goal is to initiate the replication of the viral DNA 

(Shenk 2001). 

 

Transcriptional unit Named according to Example 
E1A Sedimentation coefficient of their mRNA E1A 13 S 
E1B Molecular mass E1B 55kDa 
E2 Function DNA polymerase
E3 Molecular mass E3 19 kDa 
E4 Open reading frame ORF 1 

Structural late genes Roman letters IV 
Table 2. Terminology of the open reading frames in adenoviruses (Horwitz 2001; Shenk 

2001). 

 

The first viral gene to be expressed is the E1A transcription unit that initially 

expresses two different mRNA splice variants, the 12S and 13S mRNA, 

corresponding to the E1A 243 residue (R) and 289R proteins respectively (two 

additional splice variants accumulate later in the infectious cycle (Stephens and 

Harlow 1987). In other serotypes, for example Ad12, six splice variants have been 

found (Brockmann and Esche 1995). The E1A proteins are modulators of 
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transcription, but do not bind to the DNA directly. Instead they activate and repress 

transcription by binding to a variety of cellular transcription factors and regulatory 

proteins. It has been shown that E1A affects a large variety of different mechanisms 

in the cell, including cell cycle control, apoptosis and oncogenic transformation 

(Brockmann and Esche 2003). There are three conserved regions in the E1A 

proteins (CR1-3) and these regions have been shown to be important for the protein 

interactions (Shenk 2001). One function of the E1A proteins is to sequester the 

tumour suppressor protein pRb through an interaction with the E1A CR2 domain. By 

binding to the hypophosphorylated pRb, the normal pRb suppression of the E2F 

transcription factor is inhibited and E2F can activate target promoters involved in the 

transition into S-phase. The pRb-E2F interaction is normally regulated by G1 cyclin 

dependent kinases (Bandara and La Thangue 1991; Brockmann and Esche 2003). 

Another characteristic of the E1A is activation of transcription through the TATA-

motif. The E1A binds to the TATA-binding protein (TBP) through the CR3 domain. 

This interaction can displace the tumour suppressor p53 by competition of the same 

binding site and thereby diminish the p53-mediated repression (Horikoshi, Usheva et 

al. 1995). In addition, the expression of E1A stabilises the p53 in a way that promotes 

apoptosis unless this is counteracted by the E1B 55kDa protein (Harada, 

Shevchenko et al. 2002). 

 

The activation of p53 can induce cell cycle arrest and apoptosis, but p53 can induce 

apoptosis through a second pathway that is not dependent on its ability to induce 

transcription. Therefore, the adenoviruses have evolved other strategies to suppress 

the p53 activity. The E1B region contains the E1B 19kDa and 55kDa protein. The 

E1B 55kDa protein from serotype 5 binds to p53 and blocks transcriptional activation 

(Sarnow, Ho et al. 1982; Yew and Berk 1992). Both E1A and E1B are oncoproteins 

and cooperate in the transformation of cells, although in contrast to E1A, the E1B 

genes cannot transform cells by themselves (Bernards, de Leeuw et al. 1986; 

Jochemsen, Peltenburg et al. 1987).  

 

Viruses with a deletion in the E1B 55kDa gene fail to replicate in cells unless they are 

infected during the S-phase. The reason for this is not known. Interestingly, 

adenoviruses with a mutation in the E4orf6 have a similar phenotype as the E1B 55 

kDa mutants (Goodrum and Ornelles 1999). The E1B 55kDa and E4orf6 proteins 
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form a complex that promotes proteasomal degradation of the p53 protein (Harada, 

Shevchenko et al. 2002). The E1B 55kDa-E4orf6 complex is also important for the 

nucleocytoplasmic transport and translation of the viral late mRNAs (Bridge and 

Ketner 1990). 

 

The E1B 19kDa protein is a viral analogue of the antiapoptotic protein Bcl-2 that can 

block both p53-dependent and p53-independent apoptosis. The E1A proteins will 

stimulate cell proliferation and initiate transformed focus formation, but the foci will fail 

to proliferate indefinitely and will eventually degenerate by apoptosis. Coexpression 

of either E1B 55kDa or E1B 19kDa will overcome the cytotoxic response and induce 

full transformation (White and Cipriani 1990; Rao, Debbas et al. 1992). The 

expression of E1B 19kDa also rescues cells from apoptosis induced by TNF-α or 

anti-Fas antibodies (Hashimoto, Ishii et al. 1991; White, Sabbatini et al. 1992). 

 

Transcription from the E2 transcription unit is initiating the viral DNA replication. The 

cellular E2F was identified as a transcriptional activator of adenovirus E2 and is 

released from pRb by E1A (Kovesdi, Reichel et al. 1986). The E2 proteins are the 

adenoviral DNA polymerase, the pre-terminal protein (pTP) and the DNA binding 

protein (DBP). The pTP is an 80 kDa protein covalently attached to the 5’ termini of 

the adenoviral ends. The pTP is proteolytically cleaved into the 55 kDa terminal 

protein (TP) (still attached to the 5’ ends) during the late stage of virion maturation. 

The proteolytic processing (mediated by the adenoviral cysteine protease) is not 

required for the DNA replication (Challberg and Kelly 1981). The TP protein is 

probably also involved in protection of the viral ends against exonucleases and 

mediate the binding of the adenoviral genome to the nuclear matrix (important for 

efficient viral transcription) (Schaack, Ho et al. 1990). The adenoviral DNA 

polymerase is a polymerase with unique biochemical functions. Its activity is 

stimulated by binding to the pTP on the adenoviral 5’-end, and uses the pTP as a 

primer for the initiation of replication (Brenkman, Breure et al. 2002). The polymerase 

contains both 5’-to 3’ polymerase activity as well as 3’-to 5’ exonuclease proofreading 

activity (Field, Gronostajski et al. 1984). The adenoviral DNA polymerase-pTP 

complex is binding to the first 9-18 nucleotides in the genome, and this sequence has 

been denoted as the minimum origin of replication as it supports a limited 

replication(Temperley and Hay 1992). 
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The E3 transcriptional unit is not necessary for viral replication in vitro. This region is 

involved in counteracting the host immune response against the virus, inhibiting cell 

lysis by cytotoxic T-lymphocytes (CTL) or TNF-α. The E3 19kDa glycoprotein 

(gp19kDa) is a transmembrane protein with a dual function. It can localise to the 

endoplasmic reticulum where it retains class 1 major histocompatibility complex 

(MHC-1) preventing it from presenting peptides on the surface (Burgert and Kvist 

1987), but also interacts with TAP to inhibit maturation of MHC-1 molecules (Bennett, 

Bennink et al. 1999). CTLs can induce apoptosis in cells through an interaction of 

their Fas-ligand to Fas on the target cell. The membrane proteins E3 14.5 and 

10.4kDa forms a complex that internalises and degrades the Fas molecule (Elsing 

and Burgert 1998). It has also been shown that the E3 14.7kDa protein inhibit cell 

lysis caused by TNF-α (released from for example CTLs or macrophages) (Gooding, 

Elmore et al. 1988). The E3 11.6kDa is a nuclear membrane protein also known as 

the Adenovirus Death Protein (ADP). This protein does not affect the capacity to 

replicate in cells, but mutant viruses lacking ADP lyses cells much more slowly than 

wild type viruses (Tollefson, Ryerse et al. 1996). 

 

The E4 transcriptional unit is located at the 5’-end of the genome and contains at 

least six ORFs; ORF1, ORF2, ORF3, ORF4, ORF6 and ORF6/7. The E4 region is 

diverse in its different functions varying from transcriptional regulation and mRNA 

transport to DNA replication modulation and apoptosis (Shenk 2001). E4 ORF1 can 

disrupt tight junctions of epithelial cells (Latorre, Roh et al. 2005) as well as promote 

viral replication (O'Shea, Choi et al. 2005). Not much is currently known about the E4 

ORF2. The E4 ORF3 has been shown to interact with E1B 55kDa and is involved in 

the nuclear organisation important for effective viral replication (Leppard and Everett 

1999; Evans and Hearing 2005). The E4 ORF4 gene can induce p53-independent 

apoptosis in cells by inhibiting the function of protein phosphatase 2A (Marcellus, 

Lavoie et al. 1998). The E4 ORF6 is similar to E1B 55kDa in some aspects. E4 ORF6 

can bind to p53 and block its transcriptional activation function as well as cooperate 

with E1A in cell transformation, similar to E1B 55kDa (Flint and Gonzalez 2003). The 

E1B 55 kDa and E4 ORF6 block the transport of cellular mRNA into the cytoplasm 

and augment the transport of viral mRNA (Halbert, Cutt et al. 1985; Pilder, Moore et 

al. 1986). The E4 ORF6/7 can activate the E2a promoter and compensate for 
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deletions in the E1A region, which have implications in the development of gene 

transfer vectors (Helin and Harlow 1994; O'Connor and Hearing 2000). 

 

DNA replication 

Adenovirus serotype 2 and 5 initiate their DNA replication 5-8 hrs postinfection 

(Shenk 2001). The adenoviral pTP, DNA polymerase and DBP as well as the cellular 

nuclear factors NFI and NFIII are required. NFI and NFIII binds to conserved regions 

in the ITR and stabilises the DNA polymerase-pTP at the origin of replication (Chen, 

Mermod et al. 1990; van Leeuwen, Rensen et al. 1997). The initiation of replication 

starts opposite the fourth base of the template strand by covalent coupling of a dCTP 

base to a serine residue of the pTP. Two more nucleotides are added (A and T) and 

then the resulting tri-nucleotide intermediate (pTP-CAT) jumps back to template base 

pair 1-3, which is possible since the sequence starts with a repeated trimer, 

3’GTAGTA (King and van der Vliet 1994). Subsequently, the polymerase dissociates 

from the pTP and synthesises the rest of the genome. The strand displacement and 

replication requires both DBP and nuclear factor II (topoisomerase) (de Jong and van 

der Vliet 1999). 

 

Synthesis of the DNA can be initiated at either end of the adenoviral genome and the 

mechanism of replication can be divided into two types. Type 1 replication begins on 

either end of the duplex and forms a duplex with a parental and daughter strand as 

well as a displaced parental strand. Only one of the parental strands is used as a 

template. The single strand circularises by annealing the two ITRs on the ends 

forming a “panhandle” with the same structure as the original duplex genome. The 

single stranded DNA (circularised “panhandle”) is then replicated, in the same 

manner as the first stage of replication. The replication of the single stranded DNA is 

called type 2 replication (Fig. 7) (Lechner and Kelly 1977). 
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Fig. 7. Schematic model of the adenovirus replication. Replication is initiated at either end of 

the genome. Type 1 replication refers to replication on a duplex DNA strand whereas type II 

replication refers to replication on a displaced single DNA strand. The figure is adapted from 

Shenk (2001) with permission. 

 

VA RNA genes 

The virus associated (VA) RNA genes are produced throughout the infection cycle by 

RNA polymerase III, but is dramatically increased in the late stage (Shenk 2001). The 

VA RNAs are about 160 bp in length and have a stable secondary structure critical 

for their function. Adenovirus serotype 2 and 5 contain two VA RNA genes (VA RNA1 

and VA RNA2) while for example serotype 11p contains only one (Mei, Skog et al. 

2003). The VA RNAs are accumulated in large amounts in infected cells and protects 

against the anti-viral response caused by interferon-α. VA RNA1 has been shown to 

inhibit the antiviral effect of IFN-α by blocking the activation of PKR (activated PKR 

blocks eIF-2B needed for protein translation) (Kitajewski, Schneider et al. 1986). 
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Late gene expression 

The adenovirus late genes are all transcribed from the major late promoter (MLP), 

giving a primary transcript of approximately 29 000 bp. This transcript contains the 

structural proteins except protein IX. The different proteins are produced by exploiting 

different poly-A and splice sites, but they all contain the tripartite leader sequences 

that enhance the translation ability late during the infection cycle. The effect is 

specific for translation late in the infectious cycle and does not affect early translation 

or expression in reticulocyte lysate (Logan and Shenk 1984). The tripartite leader is a 

200 bp non-coding sequence on the 5’-end of the mRNA and is called tripartite 

because it is coded from three separate segments of the genome that are joined 

through splicing. The major late transcript is divided into 5 families (L1-L5) based on 

the use of alternative splice sites. The activity of the major late promoter is very low 

during the early time points of infection, but increases several hundred folds at late 

times after replication (5-8 hrs) (Shaw and Ziff 1980). The reason for this has been 

proposed to be a change in the chromatin associated proteins. Replicated viral 

genomes are associated with other proteins than non-replicated (Chatterjee, Vayda 

et al. 1986; Shenk 2001).  

 

The virion assembly takes place in the nucleus. The precise mechanism of this is not 

known, but similarities to the distant relative phage PRD1 has been proposed. The 

packaging mechanism is reviewed in Ostapchuk and Hearing (2005). Briefly, seven 

“packaging sequence” repeats (or A-repeats) are located between bp 220-400 on the 

left end of the genome of serotype 5. Protein IVa2, L1 52/55kDa and an unknown 

viral protein bind to the packaging sequences and then associate with structural and 

non-structural proteins to form a procapsid. The DNA is then inserted into the 

procapsid starting from the left end of the genome. The insertion is proposed to be 

mediated by a “packaging motor” analogous to the packaging events in PRD1. After 

encapsidation, the virion is further processed by proteolytic cleavage of the 

adenoviral protease into a fully mature infectious virion.  
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Clinical and pathological aspects 
Adenovirus infections are common in humans as well as animals throughout the 

world. The adenoviruses are species specific and do rarely cross the species barrier, 

although asymptomatic infections between species have been documented by 

antibody analysis (Shenk 2001). The clinical picture of adenovirus infections differ 

depending on the serotype encountered. Also, a large number of asymptomatic 

adenovirus infections occur (about half of the infections are asymptomatic) (Fox, 

Brandt et al. 1969; Fox, Hall et al. 1977). The adenoviruses enter the body through 

the mouth, nasopharynx or the ocular conjunctiva. Adenoviruses are often shed in 

the stool and the fecal-oral route of transmission is probably responsible for some of 

the transmissions among infants and children (Fox, Brandt et al. 1969). Shedding can 

occur for months to years (Shenk 2001). Other important routes of infection are 

airborne inoculation and spread of keratoconjunctivitis from ophthalmological 

instruments and contaminated swimming pools (Foy, Cooney et al. 1968; Mueller and 

Klauss 1993; Gaydos and Gaydos 1995). Adenoviruses are known to cause a lytic 

infection in cells, but persistence or latency has also been found, although the 

mechanism of this is not known. Peripheral lymphocytes have been shown to harbour 

persistent adenoviral infections (species C adenovirus), although at a very low 

frequency, 1 in 104 to 1 in 106 (Horvath, Palkonyay et al. 1986; Shenk 2001). 

Interestingly, the species C viruses contain two NFκB binding sites in the promoter 

for the E3 region, facilitating constitutive expression in lymphoid cells and promoting 

survival of persistently infected T-lymphocytes (Mahr, Boss et al. 2003). 

Adenoviruses of serotype 1, 2, 5 and 6 are very common among children and rarely 

cause disease in adults, while serotype 4 and 7 are uncommon among children and 

are more prevalent among adults (Shenk 2001). The more common symptoms of 

adenoviral disease are represented in table 3. Adenovirus infections are of great 

concern in immunocompromised individuals, but in rare cases, adenoviral infections 

(especially serotype 7h) are associated with death even in previously healthy 

individuals (Dudding, Wagner et al. 1972; Murtagh, Cerqueiro et al. 1993; 2001; 

Barker, Luby et al. 2003; Ivan, Frazier et al. 2004).  
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Table 3. Pathology of adenovirus infections. The table is adapted from Horwitz (2001) with 

permission. 

 

Interleukine-6 (IL-6) is a pro-inflammatory cytokine often produced at the site of 

adenovirus infection (by macrophages and T-lymphocytes) as a part of the innate 

immune response. Production of IL-6 in response to adenovirus infections could have 

detrimental effects, since IL-6 activates the E2 promoter through the cellular 

transcription factor NF-IL-6 (this is specific for cell types with high NF-IL-6 levels) 

(Spergel, Hsu et al. 1992). E1-deleted vectors are replication deficient partly because 

they cannot activate the E2 transcription. The increased activity of the E2 promoter 

would augment the virus transcription and possibly replication. E1A deleted 

adenoviruses can replicate at wild type levels in HepG2 cells if they are 

supplemented with IL-6 (Spergel and Chen-Kiang 1991). Interestingly, Jessie 

Gelsinger who died from gene therapy using an E1/E4-deleted adenovirus vector 

responded to the treatment by a very much increased IL-6 level in serum (Raper, 

Chirmule et al. 2003). He was injected with 1013 E1/E4-deleted vectors into hepatic 

artery (Raper, Chirmule et al. 2003). The precise mechanism of why Jessie Gelsinger 

died is still not known, although one could speculate that the increased IL-6 level was 

unfavourable and led to an increased viral transcription that increased the toxicity 

from the vectors.  
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Gene Therapy 

 

Introduction 

Gene therapy can be defined as the introduction of a functional genetic element into 

a cell for a therapeutic purpose. This is a very broad term and gene therapy can be 

applied to a wide range of diseases, from genetic diseases such as cystic fibrosis to 

infectious diseases or even acquired genetic diseases such as cancers. Currently 

(Nov 2005), more than 1000 clinical trials with gene therapy have been initiated 

worldwide. Of these, more than 70% are using viruses as vectors for the gene 

transfer and 66% of the clinical trials are targeting cancer. Only about 9% are 

targeting monogenetic diseases (Edelstein 2005). The non-viral methods for gene 

transfer include naked DNA injection, lipofection, gene gun and in vivo 

electroporation and these methods been reviewed elsewhere (Gardlik, Palffy et al. 

2005).  

 

Viruses are excellent carriers of genes into cells, since they through evolution have 

adapted efficient mechanisms to internalise into cells and start transcription of their 

nucleic acid. The major drawback of using viruses as carriers for genes is the human 

immune systems ability to efficiently neutralise and eliminate viruses. The viruses 

used as vectors for gene delivery are made replication incompetent by deletion of the 

genes responsible for initiation of replication; alternatively all viral genes are 

removed. An exception to this are the conditionally replicating viruses sometimes 

used for tumour targeting.  

 

The two most common viral vectors for gene therapy in clinical trials are the 

retrovirus and adenovirus vectors. Retrovirus vectors are most often based on the 

moloney murine leukaemia virus (moMLV), but the recent development of a lentivirus 

vector (based on human immunodeficiency virus) is promising. The retrovirus vectors 

are integrating vectors that in theory would give a life-long gene expression. The 

adenovirus vectors, mostly based on serotype 2 and 5 (two common respiratory 

viruses), are not integrating, so the transgene will remain episomal. Therefore, the 



 38 

transgene expression from adenoviruses cannot be sustained in actively dividing 

cells.  

 

Approaches for gene therapy 

 

Immunotherapy/vaccination 

At the beginning of the 20th century, William Coley introduced the idea to use the 

immune response to specifically eliminate tumour cells by injecting a mixture of killed 

bacteria into the tumour (Coley 1906). There are many different approaches of 

cancer therapy using immunotherapy. Some clinical trials explore the possibility of 

using non-specific immunotherapy, where adenoviral vectors have been applied to 

insert cytokine genes into tumours in situ (Liu, Acres et al. 2004). It is a well known 

fact that many cancers are associated with immune anergy or immune suppression, 

although the molecular mechanism of this is poorly understood (Hadden 2003). The 

effect of locally produced cytokines from gene delivery vectors has an advantage 

since they can reach high local doses with reduced toxicity as compared to systemic 

administrations. This treatment has shown some promising results in clinical studies 

(Liu, Acres et al. 2004). 

 

Antigens associated with the progression of certain tumours have been identified and 

utilised for tumour specific targeting by vaccination (Coulie and Connerotte 2005). 

Standard vaccination using these proteins have shown limited success in cancer 

treatment because of the highly heterogeneous antigen expression on tumours, the 

immune regulation caused by the tumour cells and the fact that the antigens often 

suffer from poor immunogenicity due to self-tolerance mechanisms (Liu, Acres et al. 

2004). A better understanding of the molecular processes involved in tumour 

recognition and immune tolerance could hopefully improve these protocols. 

 

Gene replacement 

Gene replacement is the classical approach of gene therapy, where a mutated 

defective gene is replaced by a correct functioning gene. There have been some very 
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successful gene replacement protocols for treatment of e.g. haemophilia in dogs 

(Mount, Herzog et al. 2002; Chuah, Schiedner et al. 2003; Brunetti-Pierri, Nichols et 

al. 2005). However, there are still obstacles to overcome. When the patient has a null 

mutation for the clotting factor (factor VIII or IX) inhibitory antibodies are produced to 

counter the clotting factor. A proposed solution for this has been to stimulate the 

extrinsic clotting system instead by over expression of factor VII. This has shown 

promising results in animals lacking either factor VIII or IX (Margaritis, Arruda et al. 

2004). Also, it was possible to maintain a long term pharmacologically regulated 

expression of transgenes in non-human primates. The gene expression of 

erythropoietin could be turned on and off in a dose dependent manner using a 

regulated gene expression system controlled by the drug rapamycin. The gene 

expression persisted for more than six years and 26 induction cycles, which is 

promising for a range of different gene therapy applications (Rivera, Gao et al. 2005). 

 

The first successful gene therapy protocol in humans was the treatment of children 

with X-linked Severe Combined Immunodeficiency Syndrome (SCID-X1) 

(Cavazzana-Calvo, Hacein-Bey et al. 2000). Without treatment this disease leads to 

death within the first year of life because of the non-existing adaptive immune 

response in these patients. Mutations in ten genes can lead to the SCID syndrome, 

of which mutations in the gamma c gene (coding for the gamma chain of several 

interleukin receptors that are necessary for T-cell maturation) is the most frequent, as 

reviewed in Cavazzana-Calvo, Lagresle et al. (2005). To date, the immune systems 

have been restored in at least 17 patients (Couzin and Kaiser 2005). The children 

have been treated using a retrovirus vector carrying a correct copy of the defective 

gene. Since the target cells are dividing haematopoietic stem cells, the target gene 

needs to be integrated into the genome. Retroviruses are a double-edged sword in 

this aspect since they integrate, but they do not integrate specifically. The integration 

can lead to insertional mutagenesis affecting cell cycle homeostasis. Among the 17 

patients that were successfully treated for the immune deficiency, three developed a 

leukaemia about three years after the treatment indicating a need for modifications in 

the protocol used (Check 2005). Although the safety of these vectors needs to be 

improved, the risk vs benefit for these patients still encourages this treatment option 

when lack of a HLA-matched sibling makes stem cell transplantation impossible. 
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A recent development utilising the DNA recognition of zinc finger motifs in 

combination with a nuclease domain has opened new windows to gene therapy. The 

unspecific integration of retroviruses has a limitation since it does not undergo 

homologous recombination into the mutated locus. The unspecific integration can 

lead to insertional mutagenesis or transgene silencing. The later is a common 

defence against integrating wild type retroviruses (Doerfler 2005; Ellis and Yao 

2005). The recent advances in zinc finger biology have led to the possibility of 

securing site specific integration into genomic DNA. Briefly, zinc finger domains 

recognise 3-4 base pairs of DNA, and these can be arranged in tandem to 

specifically recognise longer sequences. By attaching a non-specific nuclease to the 

zinc finger domains, site specific double strand breaks have been achieved (Kim, 

Cha et al. 1996). The double strand breaks are repaired in the cell by homologous 

recombination, which efficiently introduces the transgene into the chosen locus. A 

modified zinc finger protein with a nuclease activity that recognised a 24 bp segment 

in the gamma c gene (defective in SCID-X1 patients) was used to specifically 

exchange the gamma c gene in approximately 20% of cells in vitro without a 

selection marker (Urnov, Miller et al. 2005).   

 

Gene silencing 

Another approach of gene therapy has been the production of short interfering RNA 

(siRNA) to downregulate the expression of unwanted proteins. Spinocerebellar ataxia 

type 1 (SCA1) and Huntigtons disease are caused by a polyglutamine expansion. It 

has been shown that RNA interference could significantly reduce the polyglutamine-

induced neurodegeneration and improve motor coordination in a mouse model (Xia, 

Mao et al. 2004). The vectors express short hairpin RNA molecules (∼70 nucleotides) 

that are subsequently processed to active siRNA (∼21 nucleotides) by the host cell 

Dicer complex (Paddison, Caudy et al. 2002). Other approaches for RNA interference 

have been antiviral therapy for HIV and hepatitis C (Qin, An et al. 2003; Wilson, 

Jayasena et al. 2003).  
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Adenovirus vectors 
 

The adenovirus vectors are being used in 25% of all clinical trials in gene therapy 

(Edelstein 2005). Some of the reasons behind its popularity are; the ability to grow 

the vector to a high titer, it infects both dividing and non-dividing cells and can give a 

high expression level of the transgene. Moreover, the adenovirus biology is well 

studied and the methods to manipulate the adenoviral genome are relatively easy to 

perform. The utilisation of adenovirus vectors started with the development of first 

generation vectors, soon followed by the second and third generation vectors as well 

as the conditionally replicating adenoviruses (CRAD) as reviewed below.  

 

First generation vectors 

First generation adenovirus vectors are replication deficient vectors deleted in their 

E1 genes. They can be produced in cell lines that trans-complement the E1 genes 

and the most commonly used cells are the 293 cells (Graham, Smiley et al. 1977). 

The first generation vectors are often deleted also in the E3 region allowing a total 

insertion size of 6.5-8 kb. The E1-deleted first generation vectors are easily produced 

and can initiate a high expression of the transgene in a wide range of cells. Although 

the efficacy of these vectors is very good in vitro, the results have often been 

disappointing in vivo. It has become clear that first generation adenoviruses cannot 

be used for long term expression of the transgene since the expression last for a 

maximum of a few months in immunocompetent individuals (Li, Holman et al. 2005). 

The reason for this is that the expression of viral genes in the E1-deleted vectors is 

greatly reduced but not completely turned off. This leads to immune stimulation and 

termination of the transduced cells. Another drawback of the first generation vectors 

is the obvious risk of contamination with replication competent adenoviruses (RCA) 

(Hehir, Armentano et al. 1996). There is a risk that some of the viruses regenerate 

the E1 region by homologous recombination in the transcomplementing cell line. 

Also, the vector can recombine to replication competent viruses if the transduced cell 

is infected by a wild type adenovirus. For some purposes, where a sustained gene 

expression is not needed, the first generation vectors have had some success. One 

approach has been tumour targeting. For example patients with malignant glioma 
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tumours almost doubled the survival time when administered a first generation 

adenovirus vector expressing the gene for herpes simplex tymidine kinase (HSV-Tk) 

followed by administration of ganciclovir as compared to standard treatment with 

radiation (Immonen, Vapalahti et al. 2004). Another approach has been vaccination. 

First generation vectors have been successful in mounting a potent immune 

response against pathogens in an effective and rapid manner. For example, one 

administration of adenovirus vectors expressing the Ebola glycoprotein induced 

100% protection against a lethal dose of Ebola in non-human primates within four 

weeks, whereas a standard vaccine required at least six months and multiple 

boosters to reach protection (Sullivan, Geisbert et al. 2003). This has implications 

when the vaccine is to be used to limit epidemic spread using ring vaccination. 

 

A first generation vector was also used in the adverse event of Jessie Gelsinger as 

mentioned in the section “Clinical and pathological aspects”. 

 

Second generation vectors 

The second generation vectors have additional genes deleted, for example the E2 

region. These vectors are less likely to generate RCA, but the problems associated 

with the first generation vectors are still seen in vivo. Deletion of the E4 region has 

also been tried to allow for larger transgene inserts as well as making the vector less 

immunogenic than the first generation vectors. The E1-E4 deleted vectors showed 

reduced toxicity in vivo, produced less viral proteins and had an increased duration of 

transgene expression (Gao, Yang et al. 1996). However, there are conflicting data 

regarding this, some studies show no difference in the immune response and the 

duration of expression compared to the E1 deleted vectors (Lusky, Christ et al. 

1998). Some studies indicate that deletion of the E4 region leads to transcriptional 

silencing of the vector construct (Armentano, Zabner et al. 1997; Brough, Hsu et al. 

1997). The silencing was dependent on the promoter used as well as the tissue type 

transduced by the vector. The CMV promoter used for transgene expression was 

silenced in vectors lacking the E4 region, and further analysis showed that retention 

of the E4 ORF3 was needed to circumvent the gene silencing in murine lung and liver 

(Armentano, Smith et al. 1999; Lusky, Grave et al. 1999). 
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Third generation vectors 

The third generation of adenovirus vectors is the “gutless” adenoviral vectors, also 

known as “high capacity vectors” or “helper dependent vectors”. These vectors are 

devoid of all viral genes, containing only the viral ITRs and packaging signal 

(Kochanek, Clemens et al. 1996). This makes it possible to package up to 37 kb in 

the vector construct. The production of gutless adenovirus vectors is more difficult 

than for the first generation vectors. Since the vector is devoid of all viral genes, 

these must be supplemented during the production. This is accomplished by co-

infecting the producer cell line (i.e 293 cells) with an E1-deleted helper virus that can 

produce the proteins needed for particle assembly. Consequently, the gutless virus 

preparation is often contaminated with E1 deleted replication incompetent helper 

virus, although most of them can be separated from the gutless virus by equilibrium 

centrifugation in a CsCl gradient. Further optimisation of the method by a Cre-loxP 

system that removes the packaging signal from the helper virus has made it possible 

to produce gutless preparations with less than 0.1% contamination with helper virus 

(Ng, Evelegh et al. 2002). Other improvements have been utilised to additionally 

reduce helper virus contamination with about one log (Palmer and Ng 2003). The 

adenovirus capsid normally contains a genome of about 36 kb. The gutless vector 

must therefore be of equivalent size to be properly encapsidated. The vector 

construct contains the transgene expression cassette and a non-coding “stuffer 

DNA”. It has been shown that the nature of the stuffer DNA will influence the 

expression efficacy from the transgene cassette (Parks, Bramson et al. 1999).  

 

These vectors show reduced toxicity and a prolonged gene expression in vivo. The 

gene expression can be sustained for more than a year in baboons (Morral, O'Neal et 

al. 1999). Furthermore, approaches that will facilitate long term expression also in 

dividing cells by introduction of EBNA1 elements into the vector have been appraised 

(Kreppel and Kochanek 2004). Gutless vectors are superior to first generation 

vectors regarding the duration of gene expression and reduced activation of cytotoxic 

T-cells after vector transduction. However, the adenovirus capsid can itself be toxic in 

high concentrations. The adenovirus capsid activates the innate immune response 

that can induce acute toxicity at high virus concentrations. Systemic injection of 5 × 

1012 gutless virus particles/kg into a baboon caused mild and transient acute toxicity 
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whereas 1 × 1013 virus particles/kg induced lethal acute toxicity (Brunetti-Pierri, 

Palmer et al. 2004).  

 

Conditionally replicating adenoviruses (CRADs) 

The replication deficient adenovirus vectors have been used clinically for tumour 

therapy, but the outcome has not been great. There has been some success for 

glioma therapy (Immonen, Vapalahti et al. 2004), although not all studies have been 

successful. One problem with the replication incompetent vectors is the poor spread 

form the site of injection (Lang, Bruner et al. 2003). One way to approach this 

problem is to use CRADs. CRADs have been developed to specifically target tumour 

cells. They are adenoviruses with small modifications that favour replication in p53 

deficient tumours leading to cell lysis and release of progeny to surrounding cells. 

Many tumours contain mutations in the tumour suppressor gene p53. This gene is 

mutated in about 30% of primary glioblastomas and 65% of secondary glioblastomas. 

In lower grade gliomas the frequency is even higher (Ohgaki, Dessen et al. 2004). 

For efficient replication of the adenovirus genome the cell is forced into S-phase by 

the E1A inactivation of the Rb protein. Forced induction of S-phase may trigger p53 

dependent apoptosis and subsequent cessation of adenoviral replication. To prevent 

this apoptotic response, the E1B 55 kDa protein is necessary to inactivate the action 

of p53. Adenoviruses with deletions in the E1B 55 kDa have been generated, of 

which the more renowned is called ONYX-015 (Bischoff, Kirn et al. 1996). However, 

this virus showed cell lysis and anti-tumour activity in human glioma cells 

independent of p53 status (Geoerger, Grill et al. 2002). Hundreds of patients, mostly 

with severe cancers, have been treated so far in clinical phases (phases I-III) using 

the ONYX-015, and the treatment is well-tolerated at doses up to 2 × 1012 

particles/patient irrespective of administration route (intratumoural, intraperitoneal, 

hepatic artery or intravenous administration) (Kirn 2001). The replication in the 

tumours is transient and is terminated within 10 days. The clinical effect of this has 

been limited, however the anti-tumour effect is synergistic when given in combination 

with chemotherapy. The combination therapy has shown success in the treatment of 

head and neck tumours (Khuri, Nemunaitis et al. 2000). 
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Vector targeting 

Several limitations are associated with using adenovirus serotypes 2 and 5 as has 

been described earlier. Some tissues are refractory to infection by these serotypes 

and high amounts of virus vectors have been applied to reach a sufficient number of 

transduced cells, which in turn compromises the safety of the patients. The efficacy 

and safety of the adenoviral vectors could be improved by targeting the vector to the 

chosen tissue. 

  

Transductional retargeting 

Transductional targeting includes modification of the capsid to direct the vector to a 

new receptor. Several strategies have been employed, for example the use of 

bispecific antibodies that can bind to the viral capsid and a receptor of choice (e.g. 

EGF receptor that is often up regulated in tumours). This approach has been shown 

to ablate the natural tropism for CAR and induce a specific binding and uptake 

through the bispecific antibody (Wickham, Segal et al. 1996). A similar approach has 

been developed where the fibre contains an “affibody-motif” with affinity for the 

human IgG Fc domain. This virus can be retargeted by incubating the vector with an 

antibody specific for the epitope of choice (Hong, Magnusson et al. 2003). Other 

means of transductional retargeting involves mutating motifs of the capsid, so called 

genetic retargeting, or making pseudotyped vectors with fibres from other serotypes 

(Havenga, Lemckert et al. 2002; Wickham 2002). The latter approach exploits the 

natural diversity of adenoviruses. Interestingly, retargeting a vector based on 

serotype 5 by introducing the fibre from serotype 11p does not give a vector with the 

same tropism as a vector completely based on serotype 11p, indicating a possible 

role for other capsid proteins for in vivo targeting (Stone, Ni et al. 2005). Generating 

vectors completely based on other serotypes than the existing ones is another 

approach, although involving much more labour. Attempts to make the vectors less 

prone to neutralisation have also been tested by chemically modifying the capsid. 

One example is the introduction of the chemically inert polyethylene glycol (PEG) into 

the capsid, making the virus less sensitive to neutralising antibodies. This PEG 

modification creates a “stealth” vector, but also detargets the vector from its natural 

tropism by covering epitopes on the capsid and/or steric interference (Fisher, 

Stallwood et al. 2001). 
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Transcriptional retargeting 

Transcriptional retargeting involves the use of tissue specific promoters that only 

allow transcription of the transgene in the tissue of choice. Adenovirus vectors have 

the capacity to transduce a wide range of cell types. For some purposes (e.g. cancer 

therapy with a toxic gene) it is unfavourable to have expression in tissues other than 

the target organ. The transgene inserted into the vector is accompanied by a 

promoter of choice, and sometimes it is favourable to also include enhancer regions 

(Latham, Searle et al. 2000). Promoters can be regulated by environmental signals 

such as stress, hypoxia or hormones by a response element located within the 

promoter region. When a cell becomes malignant, the expression of certain genes 

that normally show low or no expression can become upregulated. This can be 

exploited in the vector construct by regulating the transgene expression with the 

activated promoter. Tissue and tumour specific promoters and their use for gene 

therapy have been reviewed by (Mario Fernandez 2002). Although the use of tumour 

specific or tissue specific promoters may seem like a straightforward approach, it is 

not that easy in practise. In some cases the promoter loses the specificity when taken 

out of its context into the vector construct. Furthermore, these promoters are often 

too weak to be therapeutically useful (Ueda, Iwahashi et al. 2000). However, 

improvements of the vector design have overcome some of these shortcomings 

(Kijima, Osaki et al. 1999) and transcriptional retargeting is of great importance in the 

field of gene therapy.  

 

Immune response against adenoviral vectors 
 

The immune response can be detrimental for sustained gene expression from 

adenoviral vectors. However, it could also be of benefit when the vector is used for 

tumour targeting or as a vaccine, where the adjuvant responses could enhance the 

effect. In either case, it is of fundamental importance to understand the effects of the 

immune response to improve the safety of adenovirus vectors in the clinic. 
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The innate immune response 

The innate immune response is perhaps the main obstacle to successful adenoviral 

gene therapy. It occurs within 24 hrs of administration of the vector and is triggered 

by the virus capsid in a dose dependent manner (Muruve, Barnes et al. 1999). The 

innate immunity affects gutless vectors as well as first generation vectors. When the 

vector is administered in high doses, it leads to inflammation and loss of transgene 

expression in the transduced tissue. Interestingly, the innate immunity is contributing 

more to the loss of vector transduction than the adaptive immune response (Worgall, 

Wolff et al. 1997). The activation of the innate immune response starts already at the 

vector attachment and internalisation to the target cells. When the adenovirus penton 

base binds to the cellular integrins, the particle is internalised into a clathrin coated 

vesicle. The interaction with the integrins also triggers a number of integrin-linked 

signalling pathways including the p38 mitogen activated protein kinase and 

extracellular signal-regulated kinase (ERK) pathway that subsequently leads to 

expression of pro-inflammatory genes. The expression of these genes (cytokines and 

chemokines) recruit the innate effector cells (neutrophils, monocytes/macrophages 

and natural-killer cells) that kill the transduced cells. In addition, the recruitment of 

antigen-presenting cells will stimulate the adaptive immune response (Guidotti and 

Chisari 2001). The cytokines and chemokines tumour necrosis factor-alpha, IP-10 

and RANTES up regulate P-selectin, E-selectin and α4-integrin which are involved in 

neutrophil recruitment (Li, Muruve et al. 2002). The activation of cytokine/chemokine 

expression is illustrated below (Fig. 8). A mutant adenovirus defective for endosomal 

penetration was unable to activate the p38 pathway, indicating a post-internalisation 

step necessary for activation. Upregulation of several different cytokines have been 

reported after adenoviral administration, and in the severe adverse event of Jessie 

Gelsinger, IL-6 and IL-10 levels were shown to be very high (Raper, Chirmule et al. 

2003). A chimeric adenovirus vector carrying the fibre from serotype 11p induce less 

pro-inflammatory cytokines compared to vectors based completely on serotype 5 (Ni, 

Bernt et al. 2005), indicating that vectors based on other serotypes could be safer to 

use. Many of the adverse effects caused by the adenoviral capsid could be avoided 

by using lower titers, however, for this to be applicable in the clinical setting, more 

efficient vectors need to be developed.  
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Fig. 8. Stimulation of the innate response by the adenovirus capsid. The figure is adapted 

from Liu and Muruve (2003) with permission. 

  

The adaptive immune response 

The immune response against adenoviruses is of major concern when administering 

adenoviral vectors. Understanding the immune response against the gene therapy 

vectors is crucial to reach the goal of safe gene therapy. Many of the adenovirus 

serotypes have high prevalence in the society which leads to high titers of 

neutralising antibodies that will eliminate the vectors before they are internalised into 

the target cells. Adenoviruses are well known to induce an adaptive immune 

response, and the first/second generation adenovirus vectors are not an exception. A 

Th1 dominant immune response is mounted 5-7 days following vector administration 

and is directed against the residual viral gene expression still detected in the first and 

second generation vectors (Yang, Ertl et al. 1994). When these vectors are used, the 

transduced cells will be eliminated after a few weeks to a few months in 

immunocompetent individuals. In contrast, gutless vectors do not have expression of 
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any viral genes and therefore minimise the adaptive immune response, leading to 

improved efficacy and duration in vivo (Lieber, He et al. 1996; Morral, O'Neal et al. 

1999).  

 

The use of non-human adenovirus vectors 
 
We decided to explore if non-human adenoviruses could be used for gene delivery 

into human glioma cells as an alternative to the commonly used serotypes 2 and 5. A 

few strains of chimpanzee adenoviruses were tested of which CV23 was found to be 

the most efficient (Skog et al. unpublished data).   

 

CV23 adenovirus 

The chimpanzee adenovirus CV23, also known as Pan-5 or simian adenovirus 22, 

was isolated in the late 1960’s from the mesenteric lymph node of a chimpanzee 

dying from experimental kuru (Rogers, Basnight et al. 1967; Roy, Gao et al. 2004). 

We had seen that this virus infected human low passage glioma cells very efficiently. 

To further characterise this virus we cloned the CV23 fibre gene by using primers 

based on the previously published sequences for the Simian adenovirus 25 (Skog et 

al. unpublished data) (Davison, Benko et al. 2003). Both CV23 and the Simian 

adenovirus 25 are grouped into the human species E indicating a relatively high 

sequence similarity (Wadell, Hammarskjold et al. 1980).  

 

CV23 has now been fully sequenced (Roy, Gao et al. 2004), and the sequence of the 

fibre completely matched the sequence we had previously obtained. Antigenically, 

CV23 is so similar to the chimpanzee virus Pan-7 (simian adenovirus 24) that they 

can be classified as different genome types of the same serotype. CV23 and the 

human serotype 4 are closely related and share large homologies throughout the 

genome, although this virus is not cross-neutralised by serum against serotype 4 and 

has no prevalence in man (Wadell, Hammarskjold et al. 1980; Roy, Gao et al. 2004). 

The shaft of the CV23 fibre has a length of 13 repeats, which can be compared to the 

23 and 5 motifs of human serotype 12 and 3, respectively. The CAR interacting 

motifs (mostly constituted by the AB-loop) in the fibre knob of CV23 are rather well 
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conserved and contain all but one (proline 272) of the amino acids of importance for 

CAR binding (Bewley, Springer et al. 1999; Roelvink, Mi Lee et al. 1999; Skog, Mei et 

al. 2002). The receptor used by this virus has still not been determined, although it 

seems to use a different receptor than the previously reported receptors CAR, CD46 

and sialic acid. Furthermore, the HSG binding motif (-KKTK- in the third repeat) that 

is present in the species C serotype 2 and 5 is not present in the CV23 fibre shaft. 

 

Comparison of the three major capsid proteins of CV23 and human 

serotypes 2 and 5 

The amino acid sequence alignment and comparisons were made using a PAM250 

comparison matrix (gap penalty of 12 and gap extension penalty of 4).  

 

Most of the diversity between CV23 and serotype 5 is located in loops extending 

towards the outer surface of the virion where the immunologically available epitopes 

are located (Fig. 9-11). 
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CV23 hexon 

The amino acid sequence identity between the hexon of CV23 (accession number 

AAS10369) and serotype 5 (accession number AP_000211) was 78 %. In contrast, 

the hexon showed 89 % identity with the human serotype 4p (accession number 

CAA59139). 

 

 
Fig. 9. The CV23 hexon sequence was modelled on the existing crystal structure of the 

adenovirus serotype 5 hexon (PDB ID 1p30). The threading was done using SWISS-MODEL 

ProMod II system (Peitsch 1995; Guex and Peitsch 1997; Schwede, Kopp et al. 2003) and 

then refined using Swiss-PdbViewer. The upper part of the figure represents the portion of 

the hexon facing outward from the capsid. The amino acids that are identical between the 

adenovirus serotype 5 and CV23 hexon monomer are coloured light blue and the amino 

acids that differ are coloured in red.  
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CV23 fibre knob 

The amino acid sequence identity between the fibre knob of serotype 5 (accession number 

AP_000226) and CV23 (accession number AAS10384) was 59 %. The alignments are 

made from aspargine 396, just before the trimerisation motif. Surprisingly, the identity 

between the highly homologous serotype 4p (P36844) and CV23 was only 54 %. 

 

 
Fig. 10. The CV23 fibre knob monomer was modelled on the existing crystal structure of 

adenovirus serotype 5 (PDB ID 1KNB) (Xia, Henry et al. 1994). The threading was done 

using SWISS-MODEL ProMod II system (Peitsch 1995; Guex and Peitsch 1997; Schwede, 

Kopp et al. 2003) and then refined using Swiss-PdbViewer. The figure is arranged so that 

you are looking down the threefold symmetry axis towards the virion. Two fibre monomers 

from serotype 5 are showed in yellow. The amino acids that are identical between the 

adenovirus serotype 5 and CV23 fibre monomer are coloured light blue and the amino acids 

that differ are coloured in red. The CAR binding motif of CV23 is relatively well conserved 

(showed in green) but differs on proline 272. 
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CV23 penton base 

The CV23 penton base was modelled based upon the crystallised penton base of 

serotype 2. The crystal structure of serotype 5 has not yet determined but share 99% 

sequence identity to serotype 2 (serotype 5 accession number AP_000206). The 

amino acid sequence identity between the penton base of serotype 2 (accession 

number AP_000170) and CV23 (accession number AAS10364) was 70 %. The 

corresponding number between CV23 and Ad4p (accession number AAT97445) was 

95 %. 

 
Fig. 11. The CV23 penton base was modelled on the existing crystal structure of adenovirus 

serotype 2 (PDB ID 1X9P). The threading was done using SWISS-MODEL ProMod II system 

(Peitsch 1995; Guex and Peitsch 1997; Schwede, Kopp et al. 2003) and then refined using 

Swiss-PdbViewer. The amino acids that are identical in the adenovirus serotype 2 and CV23 

penton base monomer are coloured light blue and the amino acids that differ are coloured in 

red. The RGD motif is shown in green, however, the structure of the loop containing the RGD 

is uncertain as it did not diffract in the crystal, probably because of flexibility.  
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Gliomas 
 

Brain tumours represent about 2 % of all cancers. The most commonly diagnosed 

primary brain tumour of adults is a glioma tumour called glioblastoma multiforme, with 

an incidence of about 3 cases per 100 000 individuals per year (CBTRUS 2004). 

Despite a high load of molecular and clinical research regarding human 

glioblastomas, the median survival has remained at 9-12 months for decades (Maher, 

Furnari et al. 2001). The classification of gliomas is still based on a histological 

classification system developed 80 years ago (Kleihues, Louis et al. 2002), although 

recent developments in molecular biology could provide a more accurate tool to 

predict the outcome of the disease (Schwartz, Weil et al. 2004; Liu, Zheng et al. 

2005; Reyzer and Caprioli 2005). The origin of glioma tumours is commonly believed 

to be the neoplastic transformation of fully differentiated glia cells, but this theory still 

remains to be proved (Sanai, Alvarez-Buylla et al. 2005). Knowledge about the origin 

of glioma tumours is important for the understanding of the disease. Glia cells were 

previously thought to be the only dividing cell in the post-natal brain, making them the 

most likely cell to be susceptible for transformation. There are also adult neural stem 

cells as well as glial progenitor cells in numerous regions of the adult brain, and they 

share a number of traits common to gliomas as reviewed by (Sanai, Alvarez-Buylla et 

al. 2005). Neural stem cells have the ability to avoid apoptosis and senescence, and 

as a result neural stem cells may require less than the estimated four to seven 

mutations required to induce a malignant transformation in differentiated cells (Renan 

1993; Sanai, Alvarez-Buylla et al. 2005). The subventricular zone of the brain is often 

proposed to be a common origin of gliomas, and interestingly, this region contains a 

high number of stem cell populations (Sanai, Alvarez-Buylla et al. 2005). In animal 

models, brain regions with higher content of neural stem cells are also more prone to 

transformation by chemical oncogenesis (Lantos and Cox 1976). A fascinating 

observation is that also the transforming ability of the adenovirus E1 region is very 

much enhanced in tissues of neural origin as is discussed in paper IV “Construction 

of an E1-transcomplementing cell line for adenovirus 11p”.  
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Results and discussion 
 

Paper I 

 
Human adenovirus serotypes 4p and 11p are efficiently expressed in cell lines 
of neural tumour origin.  
Skog J., Mei Y.F., Wadell G. Journal of General Virology. 2002 Jun; 83 (Pt 6): 1299-

1309. 

 

The binding capacity of adenovirus serotypes 4p (species E), 5 (species C), 11p 

(species B) and 17 (species D) was analysed on cell lines of different neural tumour 

origins. The viruses were chosen from species E, C, B and D respectively to analyse 

if there was a difference in their ability to bind and infect cells derived from human 

neuroblastoma, medulloblastoma and glioblastoma tumours. Serotype 17 was a 

promising candidate since it previously had been shown that serotype 2 

adenoviruses pseudotyped with the serotype 17 fibre infected rat neural cells more 

efficiently than the non-pseudotyped virus (Chillon, Bosch et al. 1999). However, we 

found that serotype 17 did neither bind, nor infect the human neural tumour cells 

efficiently.   

 

Adenovirus 11p had an exceptionally high binding capacity to the glioblastoma, 

medulloblastoma and neuroblastoma cells as well as to the positive control cell line 

A549. Serotype 11p efficiently infected two of the cell types, but despite the high 

binding capacity, the neuroblastoma cell line was refractory to infection and only a 

few infected cells were observed.  

 

Adenovirus 4p showed an intermediate binding capacity to the neural tumour cells, 

but was able to infect the cells very efficiently. Despite a lower binding ability than 

serotype 11p, serotype 4p infected the cells equally well, if not better as evaluated by 

immunofluorescence and pulse-chase experiments with S35-labeled methionine and 

cysteine.  
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At the time of publication the receptor for most adenoviruses, except species B, was 

believed to be CAR (Roelvink, Lizonova et al. 1998). Serotype 17 contains the CAR 

binding motifs in the fibre knob, but there are extensive sequence differences 

compared to the prototypic CAR binding serotypes 2 and 5 in other regions. The 

differences between the sequences are so large that a computer based model of the 

serotype 17 knob could not be modelled on the serotype 5 crystal structure. A 

combination of the crystal coordinates from serotypes 2, 5 and 12 were needed to 

obtain a proper model of the serotype 17 knob. The large differences exposed in the 

model indicate that alternative receptors to CAR can be of importance. In addition, 

adenovirus 37 (also a member of species D) contains the CAR binding motif but can 

not use CAR as a receptor due to a stiff shaft structure (Wu, Pache et al. 2003).  

 

Adenovirus 4p had a surprisingly high affinity for CAR as evaluated by binding to 

CHO-cells expressing human CAR. The reason for this ability is not known, but the 

model of the knob showed a distinct difference compared to serotype 5 on amino 

acid residues located close to the CAR interacting region.  

 

The receptor for serotype 11p had not been identified at that time, but the high 

binding capacity as well as the high capacity to infect the neural tumour cell lines 

made it a very promising vector candidate. In addition, the low seroprevalence in 

society against this serotype was advantageous in comparison with serotype 5. 

Serotype 4 was also very efficient, although the seroprevalence is lower than for 

serotype 5, the epidemic nature of serotype 4 as well as the CAR tropism could be a 

shortcoming. CAR is often downregulated in malignant gliomas (Fuxe, Liu et al. 

2003).  
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Paper II 

Efficient internalization into low-passage glioma cell lines using adenoviruses 
other than type 5: an approach for improvement of gene delivery to brain 
tumours.  
Skog J., Edlund K., Widegren B., Salford L.G., Wadell G., Mei Y.F. Journal of 

General Virology. 2004 Sep; 85 (Pt 9): 2627-2638. 

 

This study is a continuation of the first paper to extend the result beyond established 

cell lines, since these seldom represent the in vivo situation. In vivo data from animal 

models are difficult to translate into the human situation since the receptor expression 

is different and adenoviruses can also be species specific in their replication ability. 

Furthermore, serotype 17 that showed an increased ability to infect rat neural cells 

was unable to replicate in human neural tumour cells (Paper I). In this study, human 

low passage glioma cells from seven different donors were used to limit the impact of 

the tissue culture adaptations of established cell lines. Six types of adenoviruses 

were included in this study (serotypes 4p, 5, 11p, 16, 17 and 21). Adenovirus 11p, 16 

and 21 belong to species B. The glioma cells were surgically removed and diagnosed 

by pathological examination as glioblastoma multiforme (designated as 1141, 1151, 

1175, 1199 and KNf35). 1206 and 1212 were diagnosed as an oligodendroglioma 

and a giant cell astrocytoma, respectively. The low passage glioma cells were 

infected at different concentrations of virus and it was confirmed that serotype 17 was 

unable to efficiently infect human glioma cells.  

 

Surprisingly, serotype 5 infected the low passage glioma cells more efficiently than 

serotype 4, indicating a difference compared to the study performed on the tissue 

culture adapted cell lines in “Paper I”. Furthermore, the higher capacity of serotype 

11p to infect the cell lines in “Paper I” was not seen on the low passage glioma cells. 

Cells from one of the donors (1199) was relatively refractory to infection with 

serotypes 4p, 5, 17 and 11p, but supported infection by serotypes 16 and 21. Overall, 

adenovirus 16 was the most efficient virus on cells from these seven donors.  

 

The amount of CAR and integrin expression (both αvβ3 and αvβ5) was measured on 

the glioma cells to evaluate if there was a correlation between the CAR level and the 
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ability to support infection in these cells. There was no significant correlation between 

the CAR level and permissiveness for any of the serotypes. This indicates that 

alternative receptors to CAR could be of importance for infection of these cells, but 

also post-binding steps could be of significance for a successful infection. Several 

other factors have been shown to influence the rate of infection with the CAR binding 

serotypes 2 and 5. As an example, the clathrin dependent endocytosis of serotype 2 

is also dependent on cholesterol (Imelli, Meier et al. 2004). 

 

Adenoviruses 11p, 16 and 21 can use CD46 as a receptor (although it has been 

shown that serotype 11p can use yet another unknown receptor (Segerman, Arnberg 

et al. 2003)). Serotypes 16 and 21 very effectively infected the glioma tumours. 

Serotype 11p was approximately on par with serotype 5. The species B adenoviruses 

are generally very different from species C. This in combination with their low 

seroprevalence and effective infection capability into glioma cells make them very 

interesting vector alternatives to serotypes 2 and 5. 

 

Paper III 

Comparative analysis of the genome organization of human adenovirus 11, a 
member of the human adenovirus species B, and the commonly used human 
adenovirus 5 vector, a member of species C.  
Mei Y.F., Skog J., Lindman K., Wadell G. Journal of General Virology. 2003 Aug; 84 

(Pt 8): 2061-2071. 

 

To generate a vector based on serotype 11p, the complete genome of this virus was 

sequenced. The genome sequence needs to be determined to allow easy 

manipulation of the genome and cloning it into a plasmid for vector construction. It is 

also needed to better understand the biological characteristics of this virus/vector. 

The increased attention and need to develop vectors based on this serotype was 

later confirmed by an independent publication of an additional serotype 11p 

sequence three months after our sequence was submitted (GenBank submission 

date comparison) (Stone, Furthmann et al. 2003). The two sequences are nearly 

identical, but single basepair discrepancies occur at nine positions throughout the 

genome of 34794 bp (table 4). 
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Basepair 1753 10638 12337 15842 24782 28485 30579 32050 33885 
Mei A T T T A G G - C 

Stone C - C G C A A C A 
Location E1B 

21 
kDa 

Before 
L1 

L1 IIIa L2 VII L4 100 
kDa 

E3 
20.3 
kDa 

E3 
15.3 
kDa 

E4 
ORF 
6/7 

(90R) 

E4 130R

Table 4. Sequence alignment was performed using ClustalW version 1.82. The GenBank 

accession numbers for the serotype 11p genomes published by Mei, Skog et al. (2003) and 

Stone, Furthmann et al. (2003) are AF532578 and AY163756, respectively. 

 

The differences between the two sequences are probably caused by a mutational 

drift during the multiple passages of this virus, although sequencing errors cannot be 

excluded. There are two single base pair deletions found in the sequences, one is 

located in a non-coding region, whereas one generates a frame shift in ORF 6/7 

(table 5).  

 

Location Mei et al Stone et al 
(1753) E1B 21 kDa Lysine at position 48 Aspargine at position 48 
(10638) Non-coding 

region 
- - 

(12337) L1 protein IIIa AGT → Serine AGC → Serine 
(15842) L2 protein VII Phenylalanine at position 

155 
Valine at position 155 

(24782) L4 100 kDa 
protein 

Glutamine at position 450 Histidine at position 450 

(28485) E3 20.3 kDa 
protein 

Alanine at position 44 Threonine at position 44 

(30579) E3 15.3 kDa 
protein 

Cysteine at position 126 Tyrosine at position 126 

(32050) E4 ORF 6/7 (90R) Frameshift (generating 
90R instead of ORF 6/7) 

E4 ORF 6/7 

(33885) E4 130R protein Aspartic acid at position 
36 

Tyrosine at position 36 

Table 5. Differences between the two first published serotype 11p sequences. 

 

Adenovirus 5 and 11p are relatively well conserved in the late regions and the E2B 

region whereas the E1, E2A, E3, E4, protein IX and fibre show low amino acid 

homology. The low sequence homology in the E1 region explains why E1 deleted 
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species B vectors cannot be replicated in the E1 transcomplementing cell lines 

generated for serotype 5 (Vogels, Zuijdgeest et al. 2003). The encapsidation region 

in serotype 11p is located between base pair 249 and 392. The homology in this 

region is only 67% compared to serotype 5 indicating that the serotype 5 

encapsidation signal would not lead to efficient packaging into the serotype 11p 

capsid. The genome organisation of different human adenoviruses is very similar, but 

the varying sequence identity helps to explain the diversity displayed by the different 

serotypes. The identity between the genome of serotype 11p (species B) and 

genomes of serotype 5 (species C), 17 (species D), 12 (species A), 40 (species F) 

and CV68 (species E) is 57%, 62%, 43%, 39%, and 60% respectively (Mei, Skog et 

al. 2003). 

 

Paper IV 

Construction of an E1-transcomplementing cell line for adenovirus 11p.  

Skog J., Edlund K., Mei Y.F., Wadell G. Manuscript. 

 

The E1 deleted adenovirus vectors cannot be produced on a large scale without a 

transcomplementing cell line, also called “packaging cell line” or “producer cell line”. 

The E1 deletion in the vector must be complemented by E1 expression in the cell line 

to enable replication of the vector. Vectors derived from species B adenoviruses 

cannot be transcomplemented by the packaging cell lines used for the serotypes 2 

and 5 vectors, so we wanted to generate a packaging cell that could efficiently 

transcomplement E1 deleted vectors based on serotype 11p. When this project was 

initiated, there were no publications on cell lines that could support replication of 

species B vectors. It was known that primary human amniocytes could be efficiently 

transformed by the E1 region of serotype 5 (Schiedner, Hertel et al. 2000), so we 

tested this approach also for serotype 11p. However, this was not successful. The E1 

region of serotype 11p was toxic upon transfection of the cells and the toxicity was 

dose dependent (data not shown). The construct used for transfection was modified 

with the addition of a neomycin phosphotransferase gene and then used for 

transfection of the established cell lines A549 and 293. 14 clones from the A549 cells 

and 5 clones from the 293 cells were amplified. 7 of the A549 clones still contained 

the E1 region as evaluated by PCR. At least one of the A549 clones was positive for 
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expression of the E1B 20kDa gene as well as the E1B 55kDa gene as evaluated by 

reverse transcription PCR. No antibodies against the E1 proteins of serotype 11p are 

available and the antibodies against the E1A and E1B proteins in serotype 5 do not 

cross-react with serotype 11p as evaluated by immunostaining of cells infected with 

these serotypes (data not shown). 

 

The adenovirus 11p E1 integrity within the 293 cells has not yet been fully tested. 

However, a southern blot experiment of restriction enzyme digested cellular DNA 

showed a band of the correct size in all five clones and whereas normal 293 cells are 

negative (data not shown).  

 

The importance of developing adenovirus vectors based on species B serotypes is 

illustrated by the recent increased interest in these vectors. Vectors based on 

serotype 11p and serotype 35 have been developed independently in different 

laboratories (Gao, Robbins et al. 2003; Sakurai, Mizuguchi et al. 2003; Seshidhar 

Reddy, Ganesh et al. 2003; Vogels, Zuijdgeest et al. 2003; Holterman, Vogels et al. 

2004; Stone, Ni et al. 2005). Adenovirus 11p and 35 are very similar on the genomic 

level, but they differ in the fibre. This is of importance since it may influence the mode 

of entry into cells as well as their immunogenic characteristics. The sequence identity 

of the adenovirus 11p fibre knob and adenovirus 35 fibre knob is only about 50 % 

(Mei 1996), although both have been shown to bind the CD46 molecule (Gaggar, 

Shayakhmetov et al. 2003).  

 

Paper V 

Characterisation of a chimpanzee adenovirus that is highly infectious to human 
low-passage glioma cells. Skog J., Andersson E., Edlund K., Mei Y.F., Wadell G. 

Manuscript. 

 

The low passage glioma cell lines (used also in Paper II) were found to be very 

efficiently infected by the chimpanzee adenovirus CV23. This virus was more efficient 

than the commonly used serotype 5, but was also slightly more efficient than 

serotype 16 that was the most promising serotype in Paper II. The low passage 

glioma cells (<20 passages) were then passaged to a passage number >40 and the 
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infection assay was repeated. The tissue culture adapted high passage glioma cells 

were much more permissive for infection and replication of adenovirus 5 than cells 

from low passages. In contrast, the ability of CV23 to infect the tissue culture adapted 

cells was unchanged, indicating that CV23 uses an internalisation mechanism 

subjected to less variation than serotype 5.  

 

The efficient replication of CV23 in the glioma cells encouraged us to further 

characterise the binding mechanism for this virus to cells. Binding experiments were 

performed on a range of different cell types, and the binding capacity was extremely 

high to all of the cell types tested (data not shown). Addition of 17 850 virus 

particles/cell (5 pg/cell) generated binding of approximately 10 000 virus 

particles/cell. This can be compared to 600 virus particles/cell for serotype 5 when 

binding was analysed on the highly permissive A549 cell line (Fig. 3 in paper V). An 

equally high binding capacity for CV23 to adult human CD34+ cells was seen, but 

none of these cells were infected when 5 pg virus/cell was added (data not shown). 

The extremely high binding capacity was found to be dependent on the bovine serum 

albumin found in the growth medium. Interestingly, human serum albumin did not 

have any effect on the binding. It is interesting to speculate if the binding properties 

of other microorganisms or other molecules to human cells have been misinterpreted 

by the fact that the cells are grown in serum from bovine origin.  

 

It has been shown that liver cells contain receptors for polymerised albumin and 

hepatitis B viruses have been suggested to use this as a mechanism for entry into 

the liver cells by binding the polymerised albumin (Itoh, Kuroda et al. 1992; Takami, 

Kasuya et al. 1992). It is not known whether the CV23 interaction to albumin is of any 

biological importance in its natural host since serum albumin from chimpanzee has 

not yet been tested. The capacity of CV23 to infect and replicate in the human oat 

lung carcinoma cell line A549 was not affected by the increased binding ability in the 

presence of bovine serum albumin (Fig. 6 in paper V). It still remains to be tested if 

the effect is different on other cells. Hepatocytes contain receptors for polymerised 

albumin which may be a path of entry also for CV23. It is also possible that cells with 

a high level of membrane trafficking could mediate internalisation of the cell-bound 

CV23 by other means, for example the unspecific internalisation of macropinocytosis 

(Sieczkarski and Whittaker 2002). However, we only have a partial understanding of 
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the many mechanisms of viral endocytosis into cells, and this needs to be further 

investigated. For adenovirus 2 and 5 it is known that the clathrin mediated 

endocytosis is the main pathway of entry, but also other pathways like 

macropinocytosis can be utilised (Meier, Boucke et al. 2002). The four major routes 

of endocytosis used by different viruses are 1) macropinocytosis, 2) non-clathrin non 

caveolae endocytosis, 3) clathrin mediated endocytosis and 4) caveolae, as 

summarised in Fig. 12 below. 

 

 
Fig. 12. Summary of the four major routes of endocytosis used by viruses, macropinocytosis, 

non-clathrin non-caveolae endocytosis, clathrin mediated endocytosis and caveolae. 

Proteins of importance for the formation of the different stages are shown. CCV and non-

CCV are clathrin coated vesicles and non-clathrin coated vesicles, respectively. The figure is 

adapted from Sieczkarski and Whittaker (2002) with permission. 

 

An interesting observation is that CV23 seems to use a receptor different from the 

previously known receptors CAR and CD46 and is also independent on 

glycosaminoglycans and N- and O-linked sugars. This is important from the 
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perspective of developing alternative vectors to serotypes 2 and 5. If a cell type is 

refractory to one route of infection, a different route of infection may be successful. 
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Concluding remarks 
 

Adenovirus vectors are promising tools for treatment of a range of different 

conditions. Two approaches that are showing encouraging results are the use of 

adenovirus vectors as vaccine vectors and as tumour targeting vectors. This thesis 

investigated the possibilities of improving the gene therapy vectors for treatment of 

human glioma brain tumours. Most adenovirus vectors today are based on serotype 

2 and 5. These viruses are common in the society making the majority of the 

population immune to them. Also, many tumours are refractory to these serotypes. 

Alternative adenovirus vectors are needed to make the gene therapy protocols safe 

and efficient. 

 

We have demonstrated that the species B adenoviruses are interesting alternative 

vector candidates to the species C serotypes 2 and 5. The species B adenoviruses 

are different from serotype 2 and 5 and utilises different internalisation pathways into 

the cells. Also, they are much less prevalent in the society making vectors based on 

these serotypes less susceptible to pre-existing antibodies. The most efficient human 

adenovirus was serotype 16 of species B, but also serotypes 21 and 11p were 

efficient. We have sequenced the complete genome of serotype 11p which led to the 

production of a vector based on this virus. Another very interesting vector candidate 

is the non-human adenovirus CV23 that infected the low passage glioma cells better 

than the human serotypes tested. This virus was isolated from a chimpanzee and is 

not prevalent in the human population. Furthermore, this virus uses a receptor 

different from the previously known receptors CD46 and CAR and is independent on 

N- and O-linked glycosylation as well as glycosaminoglycans.  

 

In conclusion, we have found that vectors based on the species B adenoviruses 11p, 

16 and 21 could be important alternative vectors to serotypes 2 and 5 for treatment of 

glioma tumours. CV23 also represents a vector of great interest for glioma treatment 

because of its very efficient replication in human glioma tumours as well as being 

non-prevalent in the human society. CV23 is using an alternative route of infection 

which could be an important complement to the existing adenovirus vectors. 
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