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ABSTRACT 

    At present, the human adenoviruses (Ads) comprise 51 members, which have been classified into six 
species (A to F). In general, adenovirus (Ad) tissue tropism or disease patterns vary according to 
species, although adenoviruses from different species can sometimes cause the same symptoms. The 
current interest in adenoviruses is partly due to the aim of using them as vectors for gene therapy. 
Hematopoietic cells are attractive targets for gene therapy and the transductions can be performed ex 
vivo. However, the most commonly used adenovirus vectors, based on Ad2 or Ad5, are inefficient in 
their transduction of hematopoietic cells since they attach poorly to these cells. Most Ads, including 
Ad2 and Ad5, appear to use the coxsackie-adenovirus receptor (CAR) (a component of tight junctions), 
for attachment to host cells. However, species B Ads do not bind to CAR and several studies have 
indicated that species B-based vectors would be more suitable for hematopoietic cells. Species B Ads 
can be further divided into species B1 and B2, which display different tissue tropisms. Species B1 Ads 
mostly cause acute respiratory infections whereas species B2 Ads have been associated with persistent 
infections of the kidney and urinary tract. One of the key determinants of tropism is believed to be the 
initial high-affinity attachment of the virion to host cell fiber receptors. By reciprocal blocking 
experiments and different ways of characterizing the species B attachment receptors, we have shown 
that the species B2 serotypes Ad11p and Ad35 and the species B1 serotypes Ad3p and Ad7p also differ 
in receptor usage. There are at least two different Ad species B receptors. Since one of these receptors 
appeared to be used by all four serotypes, we designated this receptor sBAR (species B adenovirus 
receptor). The other receptor appeared to be used exclusively by the two species B2 serotypes and was 
therefore designated sB2AR (species B2 adenovirus receptor). Binding to sBAR can be abolished by 
EDTA and restored with Mn2+ or Ca2+, whereas binding (of Ad11p and Ad35) to sB2AR is independent 
of divalent cations. Furthermore, sBAR appears to be trypsin sensitive whereas sB2AR is not. 
      We also identified CD46 as a receptor for Ad11p. Even so, CD46 does not appear to be a functional 
receptor for Ad7p. Both Ad7p and Ad11p attached to CD46-transfected Chinese hamster ovary (CHO) 
cells more efficiently than to control CHO cells. However, only Ad11p (selectively) infected CD46-
transfected CHO cells. Anti-CD46 antibodies inhibited Ad7p and Ad11p from binding to, and Ad11p 
from infecting, CD46-transfected CHO cells. However, in human cells, anti-CD46 antibodies had an 
inhibitory effect only on Ad11p binding (~30%) but did not affect Ad7p binding. In binding 
experiments with EDTA, divalent cations and pretrypsinized cells, Ad11p and Ad7p showed the same 
pattern in their binding to CHO-CD46 cells as in the previous study. Since Ad7p interacted almost as 
efficiently with control CHO cells as with CHO-CD46 cells after addition of Mn2+, it seems that Ad7p 
mainly addressed an endogenously expressed hamster receptor on CHO-CD46, the properties of which 
resemble sBAR. In addition, Ad3p and Ad7p attach poorly to PBMCs and CD46 is expressed on all 
nucleated cells. Thus, CD46 appears to correspond to sB2AR rather than to sBAR. 
      With these differences in receptor usage in mind, we studied the binding and infectious capacity of 
these species B Ads in various hematopoietic cells. We found that all species B serotypes bound 
efficiently to CD34+ hematopoietic stem cells (HSCs) and also productively infected HSCs. However, 
only the sB2AR binding Ad serotypes Ad11p and Ad35 could attach primary PBMCs efficiently. Our 
results regarding the subsequent steps in infection of PBMCs suggest that both Ad11p and Ad35 enter 
PBMCs and deliver viral DNA to the nuclei of most PBMC cell types. However, productive infections 
were only clearly detected in stimulated T-cells (most frequently) and monocytes, whereas Ad infection 
seemed eclipsed in unstimulated lymphocytes. Replication of Ad DNA seemed seriously impaired in at 
least T-cells, indicating limited production of infectious particles in PBMCs. The capacity of species C 
Ads to establish persistent infections in lymphatic tissues has been described previously. These Ads also 
persistently infect various transformed hematopoietic cell lines in vitro. Our studies indicate that 
replication of the species B2 Ads is also restricted in cells of hematopoietic origin (both in primary and 
transformed cells). Taken together, the results indicate that species B2 Ads (as compared to other Ads) 
seem to enter and infect most hematopoietic cells efficiently, which is in line with the persistent nature 
of these Ads. They would presumably act as suitable vectors for efficient transduction of most cells of 
hematopoietic origin, as has already been shown for e.g. HSCs and dendritic cells. The finding that 
replication of Ads in T-cells appears to depend on the level of T-cell activation, strengthens the 
hypothesis that T-cells may serve as a reservoir for human Ads and raises possible safety issues for 
usage of species B-based vectors in hematopoietic cells.  
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Abbreviations 
Ad  adenovirus  
ADP adenovirus death protein 
Adpol Ad DNA polymerase 
APCs antigen-presenting cells 
BHK cells       baby hamster kidney cells 
CAR coxsackie-adenovirus receptor 
CCP-domain complement control protein domain 
CD cluster of differentiation antigens 
CHO cells Chinese hamster ovary cells 
CLSM             confocal laser scanning microscopy 
CTL cytotoxic T-lymphocyte 
DBP (Ad) DNA binding protein  
EKC epidemic keratoconjunctivitis 
fk                    fiber knob 
GFP green fluorescent protein 
GPI anchor glycosylphosphatidylinositol anchor 
HC-vector high-capacity vector 
HHV human herpesvirus 
HSC hematopoietic stem cell 
IFN interferon 
Ig immunoglobulin 
IgSF immunoglobulin superfamily 
IL interleukin 
ITR inverted terminal repeat 
LDV motif Leu-Asp-Val motif 
MAPK mitogen-activated protein kinase 
MHC major histocompatibility complex 
MLP major late promoter 
MLTU major late transcription unit 
MV measles virus 
NLS nuclear localization signal 
NK-cell natural killer cell 
NPC nuclear pore complex 
ORF open reading-frame 
Pb penton base 
PBMC peripheral blood mononuclear cells 
PCR polymerase chain reaction 
PI3K phosphoinositide-3- kinase 
PKA cAMP-dependent protein kinase 
PKC protein kinase C 
PML promyelocytic leukemia 
POD  PML-oncogenic domains 
pTP pre-terminal protein 
RCA regulator of complement activation 
RGD motif Arg-Gly-Asp motif 
RID-complex receptor internalization and degradation complex 
SCR short consensus repeat 
TCR T-cell receptor  
TH cells T-helper cells 
TNF-α tumor necrosis factor-alpha 
TP terminal protein 
VA RNA virus-associated RNA 
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INTRODUCTION: 

1: General introduction to the adenoid-degenerative agent 
(later known as adenovirus)  

1:1 Discovery of Ads  
In 1953, Rowe and colleagues (Rowe et al., 1953) isolated several agents with adenoid-
degenerating properties (AD) from 33 surgically removed adenoids. Such agents were later 
termed adenovirus (Ad) and soon after, in 1954, adenoviruses were found to be a common 
cause of acute respiratory disease (Hilleman and Werner, 1954). In the years that followed, 
adenoviruses were also isolated from several other vertebrates. Today, 5 different phylogenetic 
genera can be distinguished, with human Ads belonging to the mastadenoviruses (Ads infecting 
mammals) (Benko and Harrach, 2003).  

1:2 Ad classification and links to Ad tropism 
    Human adenoviruses constitute the most studied group within the family Adenoviridae, and 
so far, 51 different serotypes have been identified (De Jong et al., 1999). Since this thesis will 
not go beyond the group of human Ads, from now on the term Ads will be used to refer only to 
human Ads.   
Based on DNA sequence homology, hemagglutination properties and oncogenicity in newborn 
hamsters, these 51 types have been divided into six distinct species, A-F, which display 
differences in tissue tropism and pathology (Table 1). Neutralization tests mainly test for 
differences in epitopes of the major constituent of the capsid (the hexon) and are used to define 
serotypes, whereas hemagglutination tests reveal differences in binding properties of the virus 
attachment protein (the fiber); thus, both are based on differences in capsid morphology 
(Wadell, 2000). Genome-based classification was later developed (Wadell et al., 1980) and this 
wider approach revealed relationships between different Ad strains and has also been shown to 
be sufficient for correct classification of Ads (Adrian et al., 1986). Genome-based classification 
also distinguished two distinct DNA homology clusters among the species B serotypes: species 
B1 and species B2 Ads (Wadell et al., 1980) (Table 1).  
 
    In general, Ad tissue tropism and patterns of Ad disease vary with Ad species, although 
members of different species can also cause similar symptoms. Typical Ad disease patterns 
(Table 1) are as follows: acute respiratory infections (species C, species B1, species E), 
asymptomatic (species A, species D) and symptomatic gastrointestinal infections (species F); 
(Allard, Albinsson, and Wadell, 1992), infections of the kidney and urinary tract (species B2), 
infections of the eye in the form of keratoconjunctivitis (Ad8, Ad19 and Ad37 of species D) 
and conjunctivitis (species D, species B1, species E) (Wadell, 1984; Wadell, 2000). Most 
symptomatic Ad infections affect children or military recruits (Wadell, 1984; Wadell, 2000), 
but immunocompromised adults such as AIDS patients or organ transplant recipients are also 
affected relatively often by sometimes fatal (disseminated) Ad disease. This is most often 
caused by Ad serotypes known to establish persistent infections (Hierholzer, 1992; 
Kojaoghlanian, Flomenberg, and Horwitz, 2003).  
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TABLE 1: Ad species classification: properties and disease 
patterns 

Spec-
ies: 

Ad 
types 

Fiber 
receptor 

No. of 
fiber 
shaft 
motifs 

Penton 
binding 
motifs: 
-RGD  
-LDV 

Tropism/ 
Symptoms 

Persist- 
ence, 
Shedding 

No. of 
VA- 
RNA 
genes 

No. of 
E3- 
ORFs 

A 12, 
18,31 

CAR 22 Both Asymptomatic  
Diarrhea 

Yes 
(stool) 

1 6 

B1  3, 7, 
16,21,  
50 

?,  
CD46 
CD80 
CD86 

6 Both Pharyngo-
conjunctivitis, 
Pneumonia 
(Hemorrhagic 
cystitis)   

ND* 2 9 

B2 11,14 
34,35 

CD46  
? 
CD80? 
CD86? 

6 Both Asymptomatic 
Hemorrhagic 
cystitis 
(Pharyngo-
conjunctivitis) 

Yes 
(urine) 

1 8 

C 1, 2, 5, 
6,  

CAR 
VCAM-1 
HS-
GAGs 

22 Both Pharyngo-
conjunctivitis, 
(Pneumonia), 
Asymptomatic 
lymphoid 
persistence  

Yes 
(stool) 

2 7 

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

Sialic  
acid 
CAR 

8 RGD 
LDV- 
not 9, 
19,37 

Asymptomatic, 
Epidemic 
kerato-
conjunctivitis, 
Diarrhea 
Genital ulcers 

Yes 
(stool) 

2 8 

E 4 CAR 12 Both Pharyngitis, 
Hemorrhagic 
conjunctivitis, 
Pneumonia 

ND* 2 9 

F 40, 
41 

CAR 
? 

L: 21, 
    22 
S:12 

LDV Diarrhea ND* 1 5 

*ND= Not detected 
 
 

2: Adenovirus biology and virus-cell interactions during 
lytic infection  

2:1 Ad particle/virion composition 
    Basically, the Ad particle consists of a DNA molecule embedded in a protein shell, the 
capsid. The viral DNA contains the information needed for creation of new Ad particles and is 
in itself infectious if used to transfect permissive host cells. The capsid is the safe and efficient 
vehicle/vector of the viral genome and serves the function of protecting the genome and of 
efficiently introducing the viral DNA into permissive host cells (infection) so that the particle 
can be replicated (and spread to new hosts).  
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Figure 1: Symmetry and composition of the Ad particle. A: SDS-PAGE of  
Ad11 virions (Wadell et al., 1980). B: The icosahedral  species B Ad particle C: Schematic 
composition of one triangular surface. D: The vertex capsomer.  
 
 
     Described in greater detail, the Ad particle is naked (non-enveloped), contains a linear 
double-stranded DNA genome and manifests icosahedral symmetry (20 triangular surfaces and 
12 vertices) (FIG.1B). The Ad particle is approximately 80 nm in diameter and consists of 11 
different structural proteins which have been numbered according to how they migrate on SDS-
PAGE (i.e. on the basis of size) (FIG.1A). The viral capsid consists of 252 capsomer building-
blocks of which 240 are “hexons” (homotrimers of the hexon polypeptide, pII) and 12 are 
“pentons” (pIII = the penton base polypeptide and pIV = the fiber polypeptide) making up the 
vertex capsomers (FIG. 1D). The name “penton” and “hexon” refer to the geometrical 
relationships in the virus particle since each penton is surrounded by five hexon capsomers 
whereas each hexon is surrounded by six hexon capsomers (or 5 hexons and 1 penton 
capsomer) (Horwitz, 1990).  
 
     Proteins IIIa, VI, VIII and IX constitute the minor capsid proteins and are associated with the 
hexon, playing the double role of stabilizing the virion structure but also adding the flexibility 
necessary for uncoating/disassembly during virus infection. (FIG.1C) (Greber, 1998; San 
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Martin and Burnett, 2003). Protein IIIa (6 per vertex) contacts four hexons at the edge of the 
icosahedron, sealing the triangular surfaces and penetrating the capsid. It is required for virion 
assembly (Stewart, Fuller, and Burnett, 1993). Four groups of pIX trimers, positioned just 
below the triangular surfaces of the hexon, cement the hexons into highly stable nonamer units 
(Furcinitti, van Oostrum, and Burnett, 1989) which make up the main part of each triangular 
surface of the icosahedron (FIG.1C). Proteins VI and pVIII are associated with the inner 
surfaces of the capsid, pVI connecting the ring of peripentonal hexons and making contact with 
the core (Stewart, Fuller, and Burnett, 1993). (Ad structural studies were recently reviewed by 
(San Martin and Burnett, 2003)). 
 
    The heart of the virus particle, the core, is composed of the DNA molecule with associated 
core proteins V, VII, X and the terminal protein (TP) covalently linked to each 5´-end of the 
genome. Protein X is cleaved to the µ protein, which is present in mature particles. Proteins V, 
VII and µ are basic DNA-binding proteins that are important for correct packaging and 
positioning of the DNA molecule inside the capsid.  There are more than 800 copies of pVII, 
the major core protein, which organizes the virus DNA into compact repetitive structures 
(adenosomes: equivalent to nucleosomes). pV, which is present in ~160 copies per virion core, 
makes contact with the penton base protein pIII and the minor capsid protein pVI and anchors 
the core to the vertices of the capsid (San Martin and Burnett, 2003). pIVa2 and the 23K 
protease have also been found to associate with mature virus particles (Greber et al., 1996; 
Winter and D'Halluin, 1991).   
 
    In principle, three of the structural proteins of the Ad virion faces are exposed to the 
environment: the hexon, the penton base and the fiber. Together, these proteins thus constitute 
the Ad interface, each mediating their part in the interaction/communication of Ads with their 
host during the initial steps of infection. They are also the targets for neutralizing antibodies.  

2:2 The fiber protein and its role in virus infectivity 
    The fiber is a homotrimer of protein IV with three distinct regions: the knob, the shaft and 
the tail (FIG.1D). Crystal structures of several knobs, from different Ad serotypes, are available 
and in general each knob monomer is formed by an 8–9-stranded (each strand named A-H (J)) 
antiparallel β-sandwich connected by loops (AB, CD, EF etc.) (Bewley et al., 1999; Durmort et 
al., 2001; van Raaij et al., 1999; Xia et al., 1994). Ad infection is initiated by the attachment of 
virions to cells via the fiber knob (Philipson, Lonberg-Holm, and Pettersson, 1968) and viral 
binding to cells can be efficiently inhibited by competition with recombinant fibers (Mei, 
Lindman, and Wadell, 2002; Segerman et al., 2003b). The importance of the high affinity fiber 
knob-receptor interaction for viral infectivity can be illustrated by the fact that ectopic 
attachment receptor expression (Leon et al., 1998) or exchange of the fiber (Havenga et al., 
2002; Rea et al., 2001; Shayakhmetov et al., 2000) enabled infection/transfection of previously 
nonpermissive cells. Susceptibility of cells, to Ad5 infection/transfection has also been shown 
to correlate to the expression of its fiber attachment receptor but not to the expression of second 
step receptors/co-receptors (Bilbao et al., 2003; Philipson and Pettersson, 2004). Furthermore, 
the infectivity of fiberless particles is severely reduced (Legrand et al., 1999; Von Seggern et 
al., 1999). Swapping of fibers is one of the most common naturally occurring recombination 
events between Ads, indicating that it is often beneficial in the emergence of new strains and 
therefore strongly selected for (de Jong et al., 1983; Flomenberg et al., 1987; Hatch and Siem, 
1966; Kajon et al., 1996; Matumoto, Uchida, and Hoshika, 1958).  
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     The protruding shaft region varies in the number of repeats (~15 amino acid motif) between 
6 (species B) and 22 (species C) depending on the species (Table 1). Several recent studies 
with Ad5 and Ad5 pseudo-typed vectors, using varying shaft lengths (lengthened and shortened 
shafts of both CAR and non-CAR binding fibers) have indicated that shaft length influences 
virus infectivity at the attachment and some postinternalization step(s) (disassembly, 
endosomolysis etc.). Thus, shaft length appears to be carefully optimized to its corresponding 
viral environment (Ambriovic-Ristov, Mercier, and Eloit, 2003; Seki et al., 2002; 
Shayakhmetov and Lieber, 2000).  
 
    The tail region is conserved within species and contains a nuclear localization signal (NLS) 
and a penton interacting motif, and serves the function of anchoring the fiber to the viral 
capsid. Studies on fiberless particles have also indicated that besides its role in initiating 
infections, the fiber may have additional biological functions during the maturation of several 
structural proteins (Legrand et al., 1999). The fiber protein, which is produced in excess at late 
times of infection, has also been seen to be exported in complex with the penton base (Trotman 
et al., 2003) and to enhance the release of species C Ads (Walters et al., 2002).  

2:2:1 Adenovirus (fiber) attachment receptors: 

CAR 
    Species C Ads and group B coxsackieviruses (CBV) have been known for a long time to 
share attachment receptors (Lonberg-Holm, Crowell, and Philipson, 1976). The coxsackie-
adenovirus receptor (CAR) was not isolated until 1997 and was shown to belong to the 
immunoglobulin superfamily (IgSF) (Bergelson et al., 1997; Tomko, Xu, and Philipson, 1997). 
More recently, CAR has been identified as a component of tight junctions and has been shown 
to co-immunoprecipitate with ZO-1, which is also positioned at tight junctions (Cohen et al., 
2001). Representatives of Ad serotypes from all human species (A-F), except for species B 
Ads, have been shown to bind to the soluble CAR protein (Roelvink et al., 1998) and species C 
Ads use CAR as a functional receptor in vitro (Bergelson et al., 1997; Tomko, Xu, and 
Philipson, 1997) and probably also in vivo (Hutchin, Pickles, and Yarbrough, 2000; Tallone et 
al., 2001; Walters et al., 2001).  
 
    CAR is a 40-kDa Type I transmembrane protein with two Ig-like ectodomains, D1 and D2. 
Ads interact with the D1 ectodomain whereas CBV interacts with the D2 ectodomain. CAR as 
an Ad receptor and the Ad fiber-CAR interaction have been excessively studied. GPI-anchored 
CAR and CAR with truncated cytoplasmic tail have been shown to be equally efficient in 
mediating uptake of Ads, which strongly suggests that CAR merely mediates viral attachment 
to host cells (Wang and Bergelson, 1999). The crystal structure of the Ad12 fiber knob in 
complex with soluble CAR D1 has been solved (Bewley et al., 1999) and, more specifically, 
the interacting surfaces of the knob involve the AB, CD and DG loops of one monomer and the 
FG loop of the adjacent monomer, all of which are located on the lateral surface of the knob 
(Bewley et al., 1999). The AB loop mediates the majority of the interactions with CAR and 
appears to form an anchor structure for the complex. The CAR-interacting interfaces are mostly 
located in a cleft, formed between the AB and DE loops and most likely the binding is to a 
great extent water-mediated (Bewley et al., 1999; Howitt, Anderson, and Freimuth, 2003). Few 
residues of CAR-interacting Ad knobs are strictly conserved (Roelvink et al., 1999) and 
mutational studies have confirmed the importance of the AB loop in CAR binding (Kirby et al., 
2000; Roelvink et al., 1999), and indicate that Ser 408 and Pro 409 in the AB loop together 
with Tyr 477 in the DG loop and Leu 485 in beta-strand F serve as CAR-interacting residues 
for Ad5 whereas Ala 406, Arg 412 in the AB loop and Arg 481 in beta-strand E are 
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peripherally or indirectly involved (Kirby et al., 2000). Thus, the CAR binding site is rather 
inaccessible, and mostly positioned at flexible loop structures, and the binding interaction 
seems to be indirect to a large extent – probably lowering the constraints on maintaining 
specific amino acids. This combination of coverage and flexibility of the binding site may be 
one way by which evolution has solved the problem of maintaining receptor specificity, while 
at the same time escaping the action of neutralizing antibodies (recently reviewed in (Howitt, 
Anderson, and Freimuth, 2003)). Positioning of the receptor binding site to loop structures also 
implies generally higher allowance for mutations and emergence of new receptor specificities, 
since such mutations interfere with knob structure to a lesser extent. How the non-CAR binding 
Ads interact with their receptors remains to be elucidated; but unpublished mutational studies 
from our laboratory indicate that loop structures are also important in the interaction of the 
Ad11p knob with at least one of its receptors.  
 
    As a component of tight junctions, CAR is mainly expressed on epithelial linings and has 
been detected in human liver, kidney, lung, brain, heart, colon, small intestine, testis, prostate 
and pancreas – but not in skeletal muscle, spleen, ovary, thymus or placenta, and only to a 
limited extent on hematopoietic cells (Philipson and Pettersson, 2004). Monocytes are partially 
susceptible to species C infection (Huang et al., 1997). Amongst human bone marrow cells, 
40% of the nonlymphoid cells and ~15% of the CD34+ cells seem to express CAR (Nilsson, 
Karlsson, and Fan, 2004; Rebel et al., 2000) whereas lymphoid cells express low levels of CAR 
and are likewise inefficiently infected/transduced by species C Ads (Chen et al., 2002; Horvath 
and Weber, 1988; Huang, Endo, and Nemerow, 1995; Mentel et al., 1997; Rebel et al., 2000; 
Silver and Anderson, 1988). Studies with cell lines of diverse origin have shown that 
susceptibility to infection with species C Ads correlates well with CAR expression (Asaoka et 
al., 2000; Fechner et al., 2000; Hemmi et al., 1998). However, CAR-binding Ads inefficiently 
infect differentiated cells of intact airway epithelia (Grubb et al., 1994; Pickles et al., 1998; 
Walters et al., 1999; Zabner et al., 1997) and the main obstacle seems to be the basolateral 
expression of CAR on polarized epithelia (Hutchin, Pickles, and Yarbrough, 2000; Walters et 
al., 1999) In addition, the glycocalyx appears to negatively affect Ad species C infection 
(Pickles et al., 2000). It has been speculated that small transient breaks in the epithelium, 
exposing CAR, are required for infection; alternatively, low-affinity interactions with other 
abundant receptors, such as heparan sulphate, might mediate or at least assist in the initial 
attachment of virions to host cells. Recently, a new function for the Ad-CAR interaction has 
been described. Late in infection, prior to cell lysis, virions (Walters et al., 2002) and possibly 
fibers (Trotman et al., 2003) are secreted basolaterally and depending on the fiber-CAR 
interaction, the junctional integrity of polarized airway epithelia was seen to be disrupted, 
facilitating viral escape on the apical side of the epithelial barrier (Walters et al., 2002). Thus, 
the Ad fiber-CAR interaction may be important not only for entry into host cells but probably 
also promotes viral spread between hosts (Walters et al., 2002).   

Sialic acid 
    A small group (Ad8, Ad19a and Ad37) among the many and divergent species D Ads causes 
epidemic keratoconjunctivitis (EKC) and also appears to attach host cells through binding to 
sialic acid (Arnberg et al., 2000a; Arnberg, Pring-Akerblom, and Wadell, 2002) instead of 
CAR. The fiber knob domains of these Ads have an unusually high isoelectric point (9.0-9.1) 
(Arnberg, Mei, and Wadell, 1997) and as predicted by homology modeling, the top surface of 
these fiber knobs is positively charged (Arnberg et al., 2002). Thus, not surprisingly, Ad8, 
Ad19a and Ad37 appear to interact with sialic acid in a charge-dependent manner (Arnberg et 
al., 2002). Recently, the crystal structure of the Ad37 and Ad19p knobs in complex with sialyl-
lactose was solved, and the receptor interaction site seemed to be located on the top surface of 
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the knob, the two key residues being Tyr 312 and Lys 345, which are conserved among species 
D Ads (Burmeister et al., 2004). Ad37 and Ad19p differ at two positions in the knob sequence, 
Lys240Glu and Asn340Asp, which for 19p results in partial loss of positive surface charge. 
Furthermore, Lys 240 has been shown to be crucial in mediating Ad37 binding to conjunctival 
Chang C cells (Huang et al., 1999) and Ad37 but not Ad19p causes EKC (Wadell, 2000) . 
However, somewhat surprisingly, both knobs appeared to interact with sialyl-lactose with 
similar affinities: 5mM and 7mM for Ad37 and Ad19p, respectively (Burmeister et al., 2004). 
The differences in tropism among species D Ads can thus not at this point be explained by 
differences in interaction with sialic acid. However, as suggested by the authors, additional 
protein or sugar structures, present in vivo together with sialic acid, may modulate or be part of 
the virus binding site. Alternatively, Ad37 may address additional receptors or other post-
binding steps exist that are decisive for species D tropism. As compared to many protein-
protein receptor interactions, the fiber-sialic acid interaction is of low affinity; however, it is in 
the same range as for influenzavirus (Sauter et al., 1989) which uses sialic acid for attachment 
to cells. In addition, polyomavirus and rotavirus have also been found to interact specifically 
with sialic acid (Dormitzer et al., 2002; Stehle and Harrison, 1997). 

CD46 
    The species B Ads have been known for a long time to attach to host cells through receptors 
that are distinct from those used by the commonly studied species C Ads (Defer et al., 1990). 
Recently, CD46/membrane cofactor protein (MCP) has been identified in different ways as an 
attachment receptor for Ad3 (Sirena et al., 2004), Ad11 (Segerman et al., 2003b) and Ad35 
(Gaggar, Shayakhmetov, and Lieber, 2003). In addition, Ad37 (species D) has been reported to 
bind to CD46 (Wu et al., 2004). (This is discussed more thoroughly under Results and 
Discussion). 
 
    CD46 is a Type 1 transmembrane glycoprotein. It is expressed on all nucleated cells and 
(like CD55/DAF and complement receptors 1 and 2) belongs to the regulator of complement 
activation (RCA) family of proteins. Natural ligands of CD46 are C3b and C4b, and by acting 
as a cofactor for the serine protease factor I, CD46 mediates their breakdown (Barilla-LaBarca 
et al., 2002). A central function of CD46 is thus to protect host cells from homologous 
complement attack (Liszewski and Atkinson, 1992). The extracellular domain has four 
complement control protein (CCP) domains/short consensus repeats (SCRs), 1-4 (all of which 
are involved in complement binding and inactivation (Liszewski et al., 2000)), and a heavily O-
glycosylated serine/threonine/proline (STP) region adjacent to the plasma membrane (FIG.2). 
Alternative splicing in the STP domain and variable usage of two cytoplasmic tails, Cyt1 and 
Cyt2, give rise to 6 isoforms: ABC1, ABC2, BC1, BC2, C1 and C2, that vary between about 50 
kDa and 68 kDa in size (Liszewski and Atkinson, 1992; Seya et al., 1999) (FIG.2). Tissue-
specific alternative splicing results in a polymorphic expression of the predominant isoforms 
(BC1, BC2, C1 and C2), but both Cyt1 and Cyt2 isoforms seem to be represented on all cells 
(Johnstone et al., 1993; Russell et al., 1992) CD46 is especially highly expressed on epithelial 
linings of exocrine ducts and glands such as salivary glands and pancreas, but also in kidney 
tubules and glomerular epithelium (Johnstone, Loveland, and McKenzie, 1993). The biological 
significance of the different isoforms is not well understood, but the BC forms have been 
shown to be more efficient in inactivation of classical complement activation than the C forms 
(Liszewski and Atkinson, 1996); for example implicated in acute rejections of xenotransplants 
(Diamond et al., 2001). CD46 has also been found to be overexpressed on tumor cells 
(Anderson et al., 2004; Kinugasa et al., 1999), and in transformed cells expression of the rare 
ABC isoforms is more abundant (Hara et al., 1995; Russell et al., 1992). In sperm and placenta, 
two additional cytoplasmic tails are specifically expressed, giving rise to C3 and C4 (Seya et 
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al., 1999), and there is a putative role for CD46 in reproduction (Nomura et al., 2001). Both 
cytoplasmic tails mediate basolateral expression of CD46 (Maisner et al., 1997) and also 
initiate signaling events in response to ligand binding (Hirano et al., 2002; Katayama, Hirano, 
and Wong, 2000). Apart from its role as a complement regulator, CD46 has also been 
suggested to link innate and aquired immunity since it has been shown to affect cellular 
immune functions of macrophages and T-cells in response to complement (or pathogen) 
binding (depending on the cytoplasmic tails), as well as antigen presentation by MHC I or II 
(Cardoso et al., 1995; Rivailler et al., 1998). This has been reviewed recently by Russell 
(Russell, 2004) 
 
 

 

Figure 2: Schematic view of the most common CD46 isoforms. The binding sites for C4b, 
measles virus, human herpes virus-6, C3b, the monoclonal antibody GB24 (used in paper III) 
and Neisseria are indicated with arrows. 
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    The role of CD46 in antigen presentation indicates that CD46 is internalized, although some 
reports regarding polarized epithelium suggest that it is not (Maisner et al., 1997; Teuchert, 
Maisner, and Herrler, 1999). However, CD46 has recently been reported to be constitutively 
recycled via clathrin-coated pits (in diverse transformed cell lines with the exception of 
lymphoid cells). Multivalent CD46-ligands, in addition, were seen to induce (and be engulfed 
by) macropinocytosis which lead to CD46 cell surface down-regulation (Crimeen-Irwin et al., 
2003). In macrophages, signaling through CD46 has been shown to abrogate the production of 
interleukin (IL) 12 (which promotes proliferation of TH1-cells and NK-cells (Kuby, 1997)), and 
to enhance the production of nitric oxide (NO) through induction of type 1 interferons (IFN-
α/IFN-β) which also restricted the replication of MV in these cells (Hirano et al., 1999; 
Katayama, Hirano, and Wong, 2000) In T-cells, CD46 signaling has been linked to enhanced 
proliferation of stimulated T-cells (Astier et al., 2000), induction of a T regulatory phenotype 
(defined by their production of IL-10 and suppression of T-helper cells) (Kemper et al., 2003) 
and inhibition of contact type hypersensitivity (CTH) (which is T-cell mediated) (Marie et al., 
2001). Studies with transgenic mice indicated that the two CD46 cytoplasmic tails exert 
divergent effects on T-cell induced inflammatory responses (CTH) and differentially affect 
CD8(+) T-cell cytotoxicity, CD4(+) T-cell proliferation, interleukin 2 (IL-2) and IL-10 
production (Marie et al., 2002). Thus, CD46 seems to have a role in tuning T-cell responses, 
although ligand-binding mostly appears to repress T-cell mediated immunity (Kemper et al., 
2003). The immune regulatory functions of CD46 may be one answer to why CD46 is such a 
magnet for pathogens (Cattaneo, 2004), although not all of the CD46-mediated responses favor 
pathogens.  
 
    Multiple, diverse pathogens, such as the vaccine strain of measles virus (MV) (Dorig et al., 
1993), human herpes virus-6 (HHV-6) (Santoro et al., 1999), bovine viral diarrhea virus 
(BVDV) (Maurer et al., 2004), Ad species B (Gaggar, Shayakhmetov, and Lieber, 2003; 
Segerman et al., 2003b; Sirena et al., 2004) as well as Streptococcus pyogenes (Okada et al., 
1995) and pathogenic Neisseria (gonorrhoeae and meningitides)(Kallstrom et al., 1997) have 
been shown to use CD46 for attachment to host cells. These pathogens address various 
structures in the CD46 ectodomain. MV interacts with the two external CCPs (Casasnovas, 
Larvie, and Stehle, 1999), HHV-6 binds to CCPs 2-3 (Greenstone et al., 2002), and the third 
CCP and also the STP domain are crucial for CD46 binding of pathogenic Neisseria (Kallstrom 
et al., 2001) (FIG.2). However, interaction of both MV (Crimeen-Irwin et al., 2003) and 
Neisseria (Eugene et al., 2002) with CD46 has been seen to trigger macropinocytosis and, as 
also shown for HHV-6, downregulation of CD46 (Crimeen-Irwin et al., 2003; Gill et al., 2003; 
Santoro et al., 1999). Moreover, the immunosuppressive effects of MV and HHV-6 have at 
least partly been attributed to their interaction with CD46 (Marie et al., 2001; Smith et al., 
2003). As a consequence of CD46-triggered macropinocytosis, Neisseria meningitides is 
internalized in endothelial cells (Eugene et al., 2002) and CD46 has also been reported to 
facilitate the passage of Neisseria meningitides over the blood-brain barrier (Johansson et al., 
2003). Species B Ads have shown promise as vectors for gene therapy (Havenga et al., 2002; 
Vogels et al., 2003) and their eventual, CD46-mediated, immunomodulatory effects should be 
examined. However, both Ad5 vectors and Ad5/fk35 vectors have been reported to activate 
dendritic cells which (in turn) promoted T-cell proliferation (Rea et al., 2001; Rea et al., 1999) 
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Others  

VCAM-1  
    Like CAR, vascular cell adhesion molecule-1 (VCAM-1) is an IgSF member and the seventh 
Ig domain of VCAM-1 shows some sequence similarity to the first Ig domain of CAR. 
Transfection of nonpermissive NIH 3T3 (mouse embryonic) cells with VCAM-1 has been 
observed to augment Ad5 binding ~3-fold and transgene expression 6- to 10-fold (Chu et al., 
2001). This modest effect of VCAM-1 expression on virus attachment indicates that the Ad5 
fiber-VCAM-1 interaction is of substantially lower affinity than the Ad5p fiber-CAR 
interaction and the investigators were also unable to demonstrate a direct binding of Ad5 to 
pure sVCAM-1 protein (Chu et al., 2001). VCAM is mainly expressed on endothelial cells in 
response to inflammatory stimuli and mediates leukocyte adhesion and extravasation at the 
inflammatory site. As compared to normal vessels, Ad5 vector-mediated gene-expression was 
substantially higher in atherosclerotic vessels (Ooboshi et al., 1997), which also show increased 
expression of VCAM-1, but it is doubtful whether this effect can be explained only by Ad5 
binding toVCAM-1 (Chu et al., 2001). 

CD80 (HLA B7-1) and CD86 (HLA B7-2) 
    CD80 and CD86 are co-stimulatory molecules interacting with CD28 for co-stimulation of 
T-cells and are mainly expressed on antigen-presenting cells such as dendritic cells, 
monocytes/macrophages and mature B-cells, but deregulated expression on various neoplasms 
also appears to occur (Barclay et al., 1997). It has recently been observed that the Ad3 knob 
appears to interact with CD80 and CD86, and Ad3 virions also seemed able to infect cells via 
interaction with CD80 and CD86 (Short et al., 2004). CD80 and CD86 appear to be of 
importance as mediators of infection in mature dendritic cells; however, Ad5/fk3 vectors were 
only slightly more efficient than Ad5 vectors (which inefficiently transduce dendritic cells (Rea 
et al., 2001)) in mediating gene expression in dendritic cells (Short et al., 2004). We have also 
observed that, despite probable expression of both CD80 and CD86 on monocytes, Ad3 
attaches poorly to these cells (paper IV). Furthermore, on highly permissive cells such as HeLa, 
these receptors seem to be of minor importance as mediators of Ad3 infection (Short et al., 
2004). Thus, CD80 and CD86, as also suggested by the authors, most probably do not 
constitute the main receptors for Ad3 or Ad7 and cannot explain the tropism of these viruses 
for the respiratory tract.  

Heparan sulphate 
    Ad2 and Ad5 binding to heparan sulphate glycosaminoglycans (HS-GAGs) (Dechecchi et 
al., 2000) has been shown to be sufficient to mediate infection of Chinese hamster ovary 
(CHO) cells (CAR negative) (Dechecchi et al., 2001). However, the binding of Ad2 and Ad5 to 
HS-GAG expressing CHO cells must be said to be inefficient, since only 1% of the virions 
added bound to cells. Whether HS-GAGs are functional receptors that initiate infection also in 
vivo, for example in the respiratory tract, is uncertain and remains to be determined.  

2:3 The penton base and its function 
    The penton base (Pb) is a pentamer of pIII, which are grouped in a symmetrical ring-
structure (van Oostrum and Burnett, 1985). The fiber is noncovalently attached to the centre of 
this ring of penton base polypeptides, and together they make up the “penton” capsomer which 
is situated at each of the twelve vertices of the Ad particle (FIG. 1D). The Pb mediates 
internalization (Wickham et al., 1993) and appears to promote endosomal escape of Ad virions 
in several ways (Meier et al., 2002; Seth, 1994). The Pb alone has been demonstrated to 
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improve the cellular uptake and cytoplasmic penetration of synthetic gene delivery systems 
(Carlisle, 2002).  
 
    The activities of the penton base during viral internalization appear to be mediated by the 
RGD motif carried by one of the exposed protruding loops, in the central region of pIII, that 
interact with Ad co-receptors/second step receptors, such as the αvβ3 or αvβ5 integrins 
(Wickham et al., 1993). The RGD motif is conserved among Ads of species A-E and although 
the entry process in higher detail has mainly been studied for species C Ads (Meier and Greber, 
2003), it must be assumed that most Ads, at least partly, take advantage of the same entry 
mechanisms. However, species F Ads, the enteric Ads, do not contain RGD motifs and undergo 
delayed uptake in A549 cells (Albinsson and Kidd, 1999). In addition, almost all Ads 
sequenced, with representatives from species A-F, contain a Leu-Asp-Val (LDV) motif, 
indicating that the Pb may also interact with LDV-recognising integrins, such as α4β1, 

(Komoriya et al., 1991) expressed on lymphocytes and monocytes (which express little αv-
integrins in the unactivated state (Huang, Endo, and Nemerow, 1995)). However, studies 
defining a role for the conserved LDV motif are lacking at present.  
  
        Recently, the penton base (of Ad2 and Ad3) has also been seen to associate, through the 
N-terminal xPPxY motif(s) conserved in human Ads, with ubiquitin-protein ligases, WWP1, 
WWP2, and AIP4, which are involved in endocytosis, protein turnover and antigen 
presentation. The significance of this interaction in the infectious cycle of Ads has not yet been 
determined (Chroboczek et al., 2003).   

2:3:1 Ad, integrin co-receptors  
    It has been shown that for internalization into and subsequent infection of permissive 
epithelial cells, Ads depend on interactions with co-receptors such as αvβ3, αvβ5 (Wickham et 
al., 1993) and αvβ1 integrins (Davison et al., 2001; Li et al., 2001). Cryo-EM structural data 
have also indicated that with the arrangement of five RGD protrusions, Ads can induce integrin 
clustering (Chiu et al., 1999), which is necessary to elicit signaling through integrins and 
subsequent internalization (Li et al., 1998a; Li et al., 1998b).  
 
    Integrins are a large group of heterodimeric (α- and a β-subunit) cell adhesion molecules 
mediating cell contact to extracellular matrix (ECM) components such as fibronectin and 
vitronectin (αvβ3, αvβ5 or αvβ1) and cell-to-cell contacts, for example in leukocyte adhesion.  
Well-known integrin-recognizing sequence motifs include the RGD motif (Ruoslahti and 
Pierschbacher, 1987) and the LDV motif (Komoriya et al., 1991), and integrin-ligand binding 
is dependent of divalent cations. (This has been reviewed recently by (Xiong et al., 2003a). 
Integrins are signaling molecules modulating the movement, shape and also the polarity of 
epithelial cells (reviewed by (Hynes, 2002)) and some integrins such as α4β1, α5β1, expressed 
on leukocytes for example, can adopt a nonfunctional conformation and require activation (by 
inflammatory mediators, cytokines or PMA) for ligand binding to occur. Recently reviewed by 
(Liddington and Ginsberg, 2002; Xiong et al., 2003b).   
     
    Other integrins that recognize the RGD motif, such as α5β1 (Davison et al., 1997), have also 
been shown to support Ad entry into host cells, but α5β1 requires functional activation with (for 
example) antibodies in order to do so (Davison et al., 2001). There may be additional, as yet 
unidentified, Ad co-receptors.    
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Figure 3: Ad entry and intracellular trafficking pathways. The model is based on species C 
Ads (Meier and Greber, 2003) and available information regarding the initial cell interactions 
of Ad7 (species B1) (Miyazawa, Crystal, and Leopold, 2001; Miyazawa et al., 1999; Segerman 
et al., 2003a) are indicated in the figure. Interaction of Ad with integrins triggers signaling 
through PI3K and PKA, which promote Ad internalization and minus-directed transport of Ads 
on microtules, respectively (Li et al., 1998b; Suomalainen et al., 2001). Also, integrin-
independent signaling through p38/MAPK enhances minus-directed motility (Suomalainen et 
al., 2001).  

2:3:2 The Ad entry process: requirements for internalization and escape 
    Viral entry can be divided into two phases: viral internalization and viral escape from 
endosomes or lysosomes, and both events have common and separate requirements. 
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    It was noted early on that Ads induce endocytosis, and through the use of dominant negative 
mutants selectively interfering with clathrin-mediated endocytosis, it has been shown 
convincingly that the main infectious entry route (of at least species C Ads) is clathrin-
mediated (Meier et al., 2002; Wang et al., 1998) (FIG.3). Clathrin-mediated endocytosis is 
receptor-dependent and can be constitutive or – in the case of most signaling receptors – 
ligand-induced, as is most probably the case with Ads (Greber, 2002). Interaction of Ads with 
integrins has been shown to trigger signaling through the mitogen-activated protein kinase 
(MAPK) and the phosphoinositide-3-kinase (PI3K) pathways, and Ad internalization has been 
shown to depend directly on the latter event (Li et al., 1998b) (FIG.3). Activation of PI3K 
affects the actin cytoskeleton and, more specifically, Ad internalization has been shown to 
depend on the downstream-acting Rho family of small GTPases, Rac and CDC42 (Li et al., 
1998a; Li et al., 1998b). Rac and CDC42 induce polymerization of actin monomers, resulting 
in the formation of various membrane extensions (lamellipodia, filopodia) and eventual closure 
of adjacent lamellipodia gives rise to a macropinosome.     
 
    Viral penetration of early endosomes is less well understood, but acidification enhances this 
process (Prchla et al., 1995; Seth, 1994; Svensson, 1985), which appears to be mediated by the 
Pb (Seth, 1994; Svensson, 1985) or the fiber (Miyazawa, Crystal, and Leopold, 2001; 
Miyazawa et al., 1999) and which also implicates certain integrins (Li et al., 2001; Wang et al., 
2000) (FIG.3). Species C Ads, concurrent with their clathrin-mediated uptake, also trigger 
macropinocytosis and (at least partly) enter cells also through this route (Meier et al., 2002). 
Although the main infectious route appears to be clathrin-mediated, macropinocytosis has been 
shown to be required for efficient virus release from endosomes, and species C Ads also 
induced the release of fluid-phase tracers into the cytosol (Meier et al., 2002). Whether 
macropinosomes and early endosomes subsequently fuse inside infected cells or how 
macropinosomes facilitate membrane penetration of incoming virions is not known. But the 
virus-induced macropinocytosis and destabilizing effect on endosomal membranes was virus 
dose-dependent and the presence of virus in macropinosomes was not sufficient for membrane 
lysis to occur (Meier et al., 2002). Induction of macropinocytosis was shown to be mediated by 
αv-integrins, PKC, F-actin and the Rho-family GTPases (Meier et al., 2002); thus, PI3K is also 
strongly implicated in Ad-induced macropinocytosis (Amyere et al., 2000; Araki, Johnson, and 
Swanson, 1996). Furthermore, it has been shown that cholesterol is required for efficient Ad2 
internalization, macropinocytosis, endosomal escape and infection (Imelli et al., 2004). After 
cholesterol replacement, Ad2 internalization, macropinocytosis and also cytosolic release of 
macropinocytosed fluid-phase tracers were restored, but viral escape from endosomes was not 
(Imelli et al., 2004). These data suggest that a specific cholesterol-dependent membrane 
organization of endosomes possibly affects viral membrane penetration, signaling or trafficking 
of endosomes, and is required for successful entry of species C Ads into the cytosol (Imelli et 
al., 2004).  
        
    Entry and intracellular trafficking of species B Ads have been studied using Ad7 (species 
B1) (Chardonnet and Dales, 1970; Defer et al., 1990; Miyazawa, Crystal, and Leopold, 2001; 
Miyazawa et al., 1999), and to some extent Ad3 (species B1) (Defer et al., 1990) and a 
pseudotyped Ad5/fkAd35 GFP expressing vector (Shayakhmetov et al., 2003). Ad3 has been 
shown to interact with soluble αvβ5 integrins (Mathias, Galleno, and Nemerow, 1998) and entry 
of Ad3 into malignant melanoma (M21-L4) cells could be efficiently inhibited with a 
combination of antibodies directed against αvβ3 and αvβ5 (Mathias et al., 1994), indicating that 
at least the species B1 Ads (3p and 7p) – like species C Ads – depended on Ad integrin co-
receptors for efficient internalization. The internalization process of Ad7 and Ad35 seemed to 
be as efficient as for Ad5, but signifiquantly more species B virions, especially Ad35, were 
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attached and subsequently internalized in A549 or HeLa cells (Miyazawa, Crystal, and 
Leopold, 2001; Miyazawa et al., 1999; Shayakhmetov et al., 2003). The signaling pathways 
that are activated during entry of species B Ads are not known, but incoming Ad3 and Ad7 
particles were also observed to elicit co-internalization of fluid-phase macromolecules, 
indicating that species B1 Ads also activate the PI3K pathway and induce macropinocytosis 
(Defer et al., 1990). However, no (early) release of macromolecules into the cytoplasm was 
detected for Ad3 and Ad7 (Defer et al., 1990), and instead of escaping from early endosomes, 
Ad7 has been observed in EM studies to accumulate in membranous organelles at early times 
post infection (p.i.) (Chardonnet and Dales, 1970). Recent studies have strongly indicated that 
Ad7 traffics into the late endosomal/lysosomal compartment and for this virus, acid-dependent 
lysis of endocytic membranes appears to be optimal at pH 5.5, as compared to pH 6.0 for Ad5 
(Miyazawa, Crystal, and Leopold, 2001) (FIG.3). As a consequence, the nuclear targeting of 
Ad7 genomes was substantially delayed and at 1 h p.i., ~40% of the internalized Ad7 genomes, 
as compared with ~80% of the Ad5 genomes, associated with nuclear compartments. Despite 
great differences in kinetics, nuclear targeting of the Ad7 and Ad5 genomes seemed to occur 
with similar efficiency and 8 h p.i. Ad7 reached almost the same percentage of nuclear 
associated genomes as Ad5. Although not commented on by the authors, my impression is that 
the absolute number of nuclear-associated genomes at 1 h p.i. appeared to be similar for both 
serotypes, and in the end Ad7 seemed to deliver more genome copies than Ad5 to the nuclei of 
infected cells, at the same virus dosage (Miyazawa, Crystal, and Leopold, 2001; Miyazawa et 
al., 1999). Comparative studies with pseudotyped Ad5/fk7 vectors indicated that exchange of 
the fiber protein (from Ad5 to Ad7), was sufficient for direction of the particle into the late 
endosomal/lysosomal compartments. The vector also appeared to show equal efficiency and 
kinetics with regard to attachment, internalization, intracellular trafficking and final nuclear 
association of genomes, as compared to the wt Ad7 virus (Miyazawa, Crystal, and Leopold, 
2001; Miyazawa et al., 1999).  
 
    Comparative studies of species B1 and species B2 Ad entry are currently lacking, but 
Ad5/fk35 vectors also appear to associate with late endosomal compartments to a greater 
degree than Ad5 vectors. In contrast to the situation for Ad7, a substantial proportion of the 
internalized Ad5/fk35 vectors appear to be returned to the cell surface and the final expression 
of GFP was actually higher for Ad5 than for Ad5/fk35 transfected cells, although initially an 
approximately 3-fold higher amount of Ad35 pseudotyped vector was internalized into HeLa 
cells (Shayakhmetov et al., 2003). Ad11p and Ad35 infect the kidney and thus need to cross an 
epithelial lining in order to reach the kidney via the blood later on, and it would be interesting 
to know whether the wt viruses are exported on the opposite side of polarized epithelial linings 
(if they are exported at all). It has never been confirmed that the entry process of the vector is 
representative of that of wt species B2 Ads.  
 
    In summary, virus entry is a complex process and this in turn might explain why the entry-
mediating RGD motif is so highly conserved among Ads – and likewise the idea of the two-
receptor concept seen for Ad entry. If the attachment receptor is not simultaneously required in 
the entry process, the number of possible attachment receptors probably increases, in turn 
facilitating successful changes of tropism. In addition, one study has indicated that the RGD 
motif may be relatively hidden from neutralizing antibodies, most likely because of steric 
hindrance from the fiber protein (Stewart et al., 1997), and thus the penton base is perhaps 
better suited than the fiber to keeping a sequence-specific motif, triggering the specific events 
required for viral entry.  
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2:4 The hexon protein and its properties and functions 
    The pseudohexagonal hexon capsomere is the main constituent of the virus capsid and 
accounts for approximately 63% of the virion mass (van Oostrum and Burnett, 1985). The 
hexon polypeptide (pII) which is the largest Ad structural protein encoded by the genome, folds 
with the aid of the adenovirus 100K protein into a homotrimeric molecule with 
pseudohexagonal shape, the hexon capsomer, enabling hexons to pack closely and form a 
closed spherical capsid (San Martin and Burnett, 2003). The Ad hexon protein was the first 
animal virus protein to be crystallized, and structural studies have shown that the trimeric 
hexon capsomer, although hollow, shows extreme stability (Athappilly et al., 1994)  
 
    The distribution of conserved amino acid residues reflects the hexon’s dual function as an 
architectural building block and as an antigenic coat. The inside and lower surfaces, directly 
implicated in capsid formation, are highly conserved, whereas the central cavity of the 
molecule and its exposed upper surface vary. The tower regions at the top harbor the seven 
hypervariable loops, which are important in serotype determination (Rux and Burnett, 2000; 
Rux, Kuser, and Burnett, 2003). Interestingly, phage lambda, which shows close structural 
resemblance to human Ads in the hexon, completely lacks the tower region (Benson et al., 
1999), demonstrating that it is only of importance to the virus infecting an organism with 
specific defense mechanisms – in the form of neutralizing antibodies. Consequently, it is 
relatively easy to insert sequences into the hypervariable region of the hexon and this approach 
has for example been used to equip Ads with foreign epitopes (Crompton et al., 1994) or new 
receptor binding sites (Vigne et al., 1999). A new Ad entry pathway into (lung) alveolar cells, 
mediated by hexon interactions with lung surfactant (disaturated phosphatidylcholine) 
liposomes, has also been suggested recently (Balakireva et al., 2003). Thus, it seems possible 
for virions to use hexons also for initial receptor binding. However, as compared to pharyngitis, 
Ads more seldom cause pneumonia. In addition, the Ad hexon has been shown to be a potent 
adjuvant for activation of cellular immune responses (Molinier-Frenkel et al., 2002) and to 
contain a conserved T-cell epitope (Olive et al., 2002). 
    In the entry process virions shed their vertex capsomers (Greber et al., 1993; Nakano et al., 
2000), and after entry into the cytosol, the subsequent intracellular transport is most probably 
hexon-mediated.  

2:4:1 Intracellular trafficking pathways and nuclear import of Ad DNA 
    Virus entry and disassembly are simultaneous, interdependent processes and integrin binding 
seems to be an important trigger in both processes. As a result of Pb-integrin interaction, the 
particle loses its fibers (Nakano et al., 2000) and reactivates the viral 23K protease upon entry 
into a reducing environment (present in the endosome and the cytoplasm) (Greber et al., 1996). 
During entry, the (viral) 23K protease (independently of pH) has been shown to specifically 
cleave the peripentonal pVI (Greber et al., 1996; Matthews and Russell, 1995), which takes 
part in anchoring the core to the capsid and disassociation of viral DNA from the capsid 
requires 23K protease activity (Greber et al., 1996). After entry into the cytosol, the virion 
sheds the other hexon-associated, capsid-stabilizing proteins pIIIa, pVIII and pIX (Greber et 
al., 1993). Nuclear transportation of Ad2 particles has been shown to depend on 
dynein/dynactin minus-end-directed motility on microtubules, and the viral capsid appears to 
associate with microtubules/motor proteins (Dales and Chardonnet, 1973; Suomalainen et al., 
1999) (FIG.3). Also, plus-directed motility of Ads occurs but Ad induced integrin-dependent 
and non-integrin dependent signaling through the PKA and p38/MAPK pathways, respectively, 
was demonstrated to enhance minus-directed motility and thus to promote nuclear targeting of 
Ads (Suomalainen et al., 2001).  
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    Entry of species C Ads at the nuclear membrane is fast and takes place between 30 and 60 
min p.i. Hexon-mediated interaction with the NPC protein, CAN/Nup214, docks the particle at 
the nuclear pore where the last uncoating steps take place (Trotman et al., 2001). Capsid 
interaction(s) with nuclear histone H1, H1 import factors and Hsc70 trigger the timely release 
of viral DNA from its capsid at the site of nuclear entry (Saphire et al., 2000; Trotman et al., 
2001). Thereafter, in a mechanism dependent on intracellular Ca2+ stores and several importins, 
the Ad genome (associated with core proteins) is translocated into the nucleoplasm through the 
NPC (Greber et al., 1997; Trotman et al., 2001) (FIG.3). About one hour after initiation of the 
final capsid disassembly, species C intranuclear DNA reaches a peak (Greber et al., 1997; 
Trotman et al., 2001) and a few hours p.i., the pre-early, E1A, mRNAs can be detected in the 
cytoplasm (Binger and Flint, 1984).   
     
    Intracellular motilities of Ad7 and Ad5 at 30 minutes p.i. and at 4 h p.i., respectively, were 
similar, suggesting that Ad7 virus particles, after the delayed escape from late endosomal 
compartments, are transported through the cytoplasm to the nuclear membrane as naked 
particles (Miyazawa, Crystal, and Leopold, 2001). Ad7 and Ad5 have also been shown to 
compete for binding to nuclear envelopes in vitro, indicating that the subsequent steps in the 
infectious cycle are conserved between Ads (Wisnivesky, Leopold, and Crystal, 1999).  

2:5 The Ad genome/proteome and replicative cycle 
Together with polyomaviruses, papillomaviruses, and parvoviruses, adenoviruses have been 
classified into a family of small DNA viruses, and the linear double-stranded genome varies in 
size between 34,000 and 36,000 bp and encodes about 40 proteins. Ad genomes from 
representatives of all species (except for species E) have been sequenced: Ad12 (Sprengel et 
al., 1994), Ad7 (AC AY495969), Ad11 (Mei et al., 2003; Stone et al., 2003), Ad35 (Gao, 
Robbins, and Gambotto, 2003; Vogels et al., 2003), Ad2 (Roberts, 1986), Ad5 (Chroboczek, 
Bieber, and Jacrot, 1992), Ad17 (Chillon et al., 1999), and Ad40 (Davison et al., 1993). All 
adenovirus genomes characterized to date show similar genome organization and eight RNA 
polymerase-II dependent transcription units, E1A, E1B, E2, E3, E4, pIX, pIVa2 and the 
MLTU, can be distinguished. In addition, the Ad genome encodes 1 or 2 small virus-associated 
RNAs (VA RNA I and II), transcribed by RNA polymerase-III (Kidd, Garwicz, and Oberg, 
1995) (FIG.4). Expression from these different units is carefully orchestrated and, as for most 
DNA viruses, can be divided into early, intermediate and late phases.  

 

 
Figure 4: Organization of the adenovirus 11p genome (Mei et al., 2003). 
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2:5:1 Early transcription regions 
    There are five different early transcription units, E1A, E1B, E2, E3 and E4, located on both 
strands of the Ad genome and spread out in a way so that no complementary mRNAs that 
might give rise to dsRNA are transcribed at early time-points. One might speculate that this 
organization serves the purpose of avoiding activation of the ds RNA dependent protein kinase 
(PKR) and RNAase L (each being parts of the IFN-induced defense system) until the viral 
defense mechanisms in the form of VA-RNAs have been transcribed. In addition, the L1 
52/55K protein, encoded by the major late transcription unit (MLTU), and also the VA-RNAs 
start to be expressed at early times of infection. 
 
    The Ad transcriptional program starts with the expression of the E1A gene products (Berk et 
al., 1979; Jones and Shenk, 1979) which stimulate transcription from the other regions that are 
expressed early (E1B-L1 52/55K and VA-RNAs). The order of appearance in the cytoplasm of 
early mRNAs, in a permissive cell system, has been shown to be the following: E1, E3, and E4 
appearing at  ~4 to 6 hr p.i.; E2A and E2B at  ~8 hr p.i.; and the L1 mRNA species at ~10 to 12 
hr p.i. (Binger and Flint, 1984).  
 
    The early transcription units encode more than 20 regulatory proteins that (in different ways) 
ensure efficient production of large amounts of virions at late times of infection and are 
designed to turn the infected cell into an highly efficient, hidden virus factory. (In a permissive 
cell system, each infecting virion gives rise to ~1 × 105 new infectious virions. (Segerman, 
Mei, and Wadell, 2000)) Several of these proteins can thus also be considered to be important 
virulence factors.  

E1A 
    Initial expression of E1A is induced by cellular transcription factors (Kirch et al., 1993) such 
as E2F (Kovesdi, Reichel, and Nevins, 1987), but binding sites for several nuclear factors 
present in HeLa cell extracts have been identified (Yoshida, Narita, and Fujinaga, 1989). The 
E1A gene products also promote their own transcription in a feed-forward auto-regulatory 
fashion (Kirch et al., 1993; Kovesdi, Reichel, and Nevins, 1987).  
 
    E1A encodes two major proteins, E1A-289R and E1A-243R, which are translated from the 
13S and 12S mRNAs, respectively. The 243R and 289R proteins of all Ads contain 2 and 3 
(respectively) highly conserved regions (CR1-3) which together with the N-terminal mediates 
most of the transcriptional regulatory functions of the major E1A proteins (recently reviewed 
by (Brockmann and Esche, 2003)). Apart from inducing the early viral genes, 243R and 289R 
also induce a variety of cellular genes and inhibit the transcription of others (Zhao et al., 2003). 
The E1A products are not sequence-specific transactivators, but modulate transcription through 
interaction with general transcription factors (TFIID and TFII2F complexes), sequence-specific 
transcription factors (c-Jun, ATF-1 and -2, CREB), co-factors (p300, CBP) and repressors of 
transcription factors (pRB, Dr1/DRAP1) (Brockmann and Esche, 2003). Through binding to 
pRB-family proteins, E1A proteins release E2F which promotes entry of the cell into the S-
phase (Hiebert et al., 1991; Sidle et al., 1996). In summary, E1A proteins have two major 
functions: to activate the viral replicative cycle and to create a cellular environment permissive 
for DNA synthesis and viral replication, which is accomplished by driving the cell into the S-
phase. Due to their transforming activities, the E1A gene products sensitize the cell to 
apoptosis. 
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E1B 
    The E1B region encodes the 19K and 55K proteins, both of which counteract apoptosis in 
their own way. The 55 K protein is required for inhibition of p53-mediated apoptosis. Alone, it 
binds to and sequesters p53 in the cytoplasm (Zhao and Liao, 2003), and in complex with the 
E4ORF6 protein E1B55K promotes degradation of p53 in proteasomes (Harada et al., 2002), 
thereby inhibiting p53-mediated transcriptional activation and repression of (for example) the 
survivin and the MAP4 promoters (Punga and Akusjarvi, 2003).  
 
    The 19K protein is a functional analog of the antiapoptotic regulator Bcl-2 (Chiou et al., 
1994) and like Bcl-2, is a potent inhibitor of apoptosis induced by various stimuli including Fas 
(Hashimoto, Ishii, and Yonehara, 1991), tumor necrosis factor-alpha (TNF-α) (Gooding et al., 
1991; Hashimoto, Ishii, and Yonehara, 1991) and p53-dependent apoptosis (Chiou, Rao, and 
White, 1994; White et al., 1994). The 19K protein has been shown to bind to and antagonize 
the effect of the cellular death-inducing proteins Bax, Bak and Nbk/Bik (Han et al., 1996; Han, 
Sabbatini, and White, 1996; Sundararajan et al., 2001) which are downstream mediators in p53 
and TNF-α induced apoptosis. Both E1B proteins are required to counteract the apoptotic 
program, triggered by the E1A (and E4) transforming activities, and viruses missing E1B can 
only grow in transformed cells. (The oncolytic ONYX-015 system and relatives of 
conditionally replicating Ads have been based on this idea. See section 4:1). 

E2 
    The E2 region encodes three proteins required for viral DNA replication, the DNA 
polymerase, the pre-terminal protein (pTP) and the DNA binding protein (DBP) (reviewed by 
(Liu, Naismith, and Hay, 2003)). 
  
    The Ad DNA polymerase (Adpol) is one of the highly conserved Ad proteins and consists of 
a 140-kDa polypeptide (Ikeda, Enomoto, and Hurwitz, 1981) belonging to the Pol α family of 
protein-primed DNA polymerases which all have intrinsic 3´-5´ proofreading exonuclease 
activity (Field, Gronostajski, and Hurwitz, 1984). The Ad DNA binding protein is an ATP-
independent, helix-destabilizing protein with high affinity for ssDNA, an activity which is 
probably decisive for its unwinding effect on the viral dsDNA genome, thus enabling viral 
DNA elongation and replication (Liu, Naismith, and Hay, 2003).  pTP, which is the 80-kDa 
precursor form of TP, is the predominantly found, active form of this protein in Ad-infected 
cells. pTP exhibits sequence-specific DNA binding, forms heterodimers with Adpol and is 
required for initiation of DNA replication (Roovers et al., 1993; Webster, Leith, and Hay, 
1994). Processing of pTP, by the 23K protease, gives rise to the adenovirus terminal protein, 
TP, a 55-kDa protein covalently linked to both 5´-ends of the Ad genome. Apart from its role 
in DNA replication, it probably protects viral DNA from exonucleases, prevents inhibitory 
effects of end-binding proteins such as NFIV/Ku (de Vries et al., 1989) and mediates 
attachment of viral DNA to the nuclear matrix (Schaack et al., 1990).  

Ad DNA replication  
    After entry of the infected cell into S-phase and expression of the E2 gene products, Adpol-
directed replication of the Ad DNA genome can start (recently reviewed by (de Jong, van der 
Vliet, and Brenkman, 2003)). In vitro studies have defined the minimal requirements for 
initiation and elongation, in Ad DNA replication, to be the viral proteins pTP, Adpol, DBP and 
the cellular nuclear factors (NF) I, II and III (Oct-1). The cellular factors NFI and NFIII bind to 
Adpol and pTP, respectively, and recruit the pTP-Adpol complex to the core origin by binding 
to conserved downstream NFI and NFIII sites located in the ITRs. DBP and the genome-bound 
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TP stabilizes the pre-initation complex at the core origin. Using pTP as a protein primer, Adpol 
then starts DNA replication at the internal start site. For elongation and synthesis of full-length 
genomes, DBP and the cellular topoisomerase NFII are required for respectively mediating and 
making possible the unwinding of the dsDNA molecule. E4ORF3 and E4ORF6 have been 
found to greatly enhance DNA replication, presumably by contributing to the organization of 
optimal replicating centers (in complex with E1B-55K) (Doucas et al., 1996; Evans and 
Hearing, 2003).  

E3 
    Depending on the Ad species, the E3 region encodes 5-9 polypeptides, all of which are 
aimed at evading recognition and elimination of infected cells by the immune system. This 
region is dispensable for virus growth in cell culture (recently reviewed by (Lichtenstein et al., 
2004; Windheim, Hilgendorf, and Burgert, 2004)). Since the composition of the E3 region 
varies markedly, it has been assumed that E3 proteins are important regulators of species-
specific characteristics such as viral tropism, pathology and persistence. However, the 
functions of the non-species C E3 proteins remain to be determined and currently there is no 
information about their contribution in this respect.      
  
     With a few exceptions (14.7K, 12.5K and Ad4-6.3K), the E3 proteins are predicted to be 
transmembrane proteins and the majority of them contain putative transport motifs and thus 
appear to exert their actions through interfering with the cellular protein-sorting machinery 
(Windheim, Hilgendorf, and Burgert, 2004). Three E3 proteins, the 10.4K, 14.5K and 14.7K 
proteins, are functionally conserved among all Ad species and the 12.5K and 19K proteins are 
found in species B-E, but not in enteric Ads (species F).    
     
    The cytosolic 14.7K protein has been shown to protect cells from tumor necrosis factor 
(TNF)-α and FasL receptor-mediated cell death (Persson, Oberg, and Philipson, 1978; 
Tollefson and Wold, 1988; Wang, Scott, and Ricciardi, 1988) and to counteract the initial Ad-
induced inflammatory response (Horwitz, 2001; Mahr and Gooding, 1999; Wold et al., 1999). 
Also, the recently discovered receptor internalization and degradation (RID) complex, 
consisting of the 10.4K (RIDα subunit) and the 14.4K (RIDβ subunit) protects Ad-infected 
cells from apoptosis. RID induces the internalization and degradation of plasma membrane 
“death” receptors such as Fas, TRAIL-R1 and -R2, thereby counteracting ligand-induced 
apoptosis (Tollefson et al., 1990a; Tollefson et al., 1990b; Wilson-Rawls et al., 1990). It has 
been shown that the species C-specific E3-6.7K protein can form a complex together with RID 
which is required for TRAIL-R1 and -R2 downregulation (Benedict et al., 2001). The species 
B, D and E Ads encode related proteins of 16K, 22K and 23K, respectively. Whether or not 
they associate with RID or exert other functions is not known (Windheim, Hilgendorf, and 
Burgert, 2004).  
         
    The E3-gp19K binds to and retains MHC-I molecules in the ER, thereby interrupting the 
exposure of viral peptides at the cell surface and subsequent recognition and lysis of infected 
cells by cytotoxic T-lymphocytes (CTLs) (Persson, Jornvall, and Zabielski, 1980). Species A 
and F Ads which lack the 19K protein, downregulate MHC-I expression instead through 
transcriptional repression, thus illustrating the functional importance of abolishing MHC-I.  
 
    The 11.6K protein/adenovirus death protein (ADP) is the only E3 protein that is 
predominantly late (being expressed mainly through MLP-driven transcription) (Tollefson et 
al., 1992). ADP induces cell lysis and has been found to be required for efficient viral release 
and spread in vitro (Tollefson et al., 1996a; Tollefson et al., 1996b). The species B1 Ads 



 30

encode a 9K protein which, like 11.6K, appears to be a type Ib transmembrane protein. Apart 
from a small stretch of 20 amino acids, they have no significant similarity. However, both 
proteins contain a YXXϕ motif in their cytoplasmic tails and localize to the same 
compartments, which may suggest similar functions. Ad4 (species E) and some species D Ads 
encode a 29.7K and a 31K protein, respectively, which are interrelated. Within a short C-
terminal stretch, these also show similarity to 11.6K and likewise contain a YXXϕ motif. The 
other Ad species (A, B2 and F) have no ORF in this position on the genome and either lack the 
ADP or encode an equivalent protein from another ORF (Windheim, Hilgendorf, and Burgert, 
2004).  
     
    Species D encodes a unique E3-49K protein (Blusch et al., 2002; Deryckere and Burgert, 
1996) which mainly localizes to the membranes of the Golgi/trans-Golgi network. 
Interestingly, the N-terminal domain of the 49K protein may be secreted and bind to NK-cells, 
after proteolytic processing of 49K (unpublished data by Windheim (Windheim, Hilgendorf, 
and Burgert, 2004)). Species B Ads have two additional E3 ORFs which encode two internally 
related proteins, 20.3K and a 20.6K (Flomenberg, Chen, and Horwitz, 1988; Mei and Wadell, 
1992; Signas, Akusjarvi, and Pettersson, 1986), which also seem  to be related to the Ad4 
24.8K protein and (in restricted areas) show significant similarity to the species D-49K protein.  
 
    E3 transcription can also be activated through NF-κB, and the NF-κB binding sites appear to 
be conserved among human Ads. Where, when or how NF-κB mediated transcription serves its 
purpose has not been ascertained. 

E4 
    The E4 region is homologous and has a similar sequence organization among the human Ads 
characterised so far, indicating that the proteins encoded within this region are functionally 
conserved. The E4 region produces at least six polypeptides, commonly named according to 
the order of their corresponding open reading frames (ORFs) as ORF1, ORF2, ORF3, ORF4, 
ORF6 and ORF6/7. Somewhat surprisingly, only ORF3/ORF6 viral double null mutants are 
severely defective in growth (in cell culture) (Bridge and Ketner, 1989; Huang and Hearing, 
1989) and currently the function of these two proteins in lytic infection is understood best. (E4 
and ORF-6 activities has been reviewed by (Flint and Gonzalez, 2003; Tauber and Dobner, 
2001)).  
 
        ORF3 and ORF6 highly augment viral DNA replication and late viral protein synthesis 
and have been found to form mutually exclusive complexes with the E1B-55K protein 
(Leppard and Everett, 1999). Initially, ORF3-E1B-55K associates with nuclear matrix 
substructures known as promyelocytic leukemia (PML) bodies, PML-oncogenic domains 
(PODs) or ND10, and mediate their reorganization/interruption (Doucas et al., 1996; Leppard 
and Everett, 1999). This activity of ORF3 has been shown to correlate with its augmenting 
effect on DNA replication (Evans and Hearing, 2003). After expression of ORF6, E1B55K, in 
complex with ORF6, redistributes to nuclear replication sites, at the same time recruiting POD-
associated components to Ad replication sites (Doucas et al., 1996; Evans and Hearing, 2003; 
Leppard and Everett, 1999). PODs have been suggested to serve as depots for proteins involved 
in cellular nuclear activities and contain large amounts of proteins involved in transcription 
(CREB, pRb and p53), RNA processing, DNA repair and replication, and cell cycling 
(Negorev and Maul, 2001). Several diverse viruses have been seen to target PODs and hi-
jacking of these structures appears to be a general strategy of nuclear-replicating DNA viruses 
(Moller and Schmitz, 2003). The ORF6/E1B55K complex also enhances late viral gene 
expression and host cell shutoff through selectively facilitating the nuclear export of major late 
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viral mRNAs while simultaneously inhibiting export of most cellular transcripts (Flint and 
Gonzalez, 2003). This complex also destabilizes p53 (Roth and Dobbelstein, 2003; Roth et al., 
1998). The ORF3 and ORF6 proteins have been found to inhibit the activity of the DNA-
dependent protein kinase (DNA-PK) (which is an essential part of the double-strand break 
repair (DSBR) system) (Nicolas et al., 2000) and this function of ORF3 and ORF6 seems to be 
important in order to avoid concatenation of viral DNA genomes during replication (Evans and 
Hearing, 2003; Weiden and Ginsberg, 1994).  
 
    The role of E4-ORF1 and -ORF2 during lytic infection is currently unknown. The ORF4 
protein appears to exert its functions in complex with the protein phosphatase 2A (PP2A) and 
has an inhibitory effect on signal transduction and cellular and viral (E2 and E4) gene 
expression (Kleinberger and Shenk, 1993; Mannervik et al., 1999), and also induces p53-
independent apoptosis, preferentially in transformed cells (Kleinberger, 2000). ORF6/7 
encodes a fusion protein of ORFs 6 and 7 with transcriptional activating properties that overlap 
and complement E1A functions (O'Connor and Hearing, 2000). 

Virus associated (VA)-RNA  
    VA-RNAs are short RNA polymerase III transcripts that have been predicted to form 
dsRNA secondary structures (Kidd, Garwicz, and Oberg, 1995). They bind and antagonize the 
effect of the RNA-dependent protein kinase (PKR) (Katze et al., 1987; Kitajewski et al., 1986) 
(which is one of the mediators of translational inhibition in the IFN-inducible antiviral defense 
system) and are required for efficient translation of cellular and viral mRNAs at late times of 
infection (Thimmappaya et al., 1982).  
    Human adenoviruses of species A, B:2, and F have only one VA RNA gene, whereas human 
adenoviruses of species B:1 (Ad7), C (Ad2 and Ad5), D , and E (Ad4) have two (Kidd, 
Garwicz, and Oberg, 1995). The relative importance of having one or two VA RNA genes has 
not been determined.    

2:5:2 Intermediate transcription regions 
    At intermediate times of Ad infection, immediately after the onset of DNA replication but 
before late gene expression has started (~12 h p.i.), two proteins of multifunctional character, 
pIX and pIVa2, with mRNAs each transcribed from their own promoter, start to be expressed 
(Binger and Flint, 1984) .  

Protein IX 
    Apart from its role as capsid cement (see 2:1), protein IX been shown to mediate packaging 
of full-length viral DNA genomes (Ghosh-Choudhury, Haj-Ahmad, and Graham, 1987) and to 
possess transcriptional activity, specifically transactivating TATA-containing promoters such 
as the major late promoter (MLP) (Lutz, Rosa-Calatrava, and Kedinger, 1997). pIX also 
contributes to the Ad-induced reorganization of the host-cell nuclear ultrastructure and 
mediates sequestering of the PML protein into nuclear inclusions, thereby probably promoting 
viral proliferation (Rosa-Calatrava et al., 2003).   

Protein IVa2 
      Protein IVa2 is known to have transactivating properties toward the MLP, both as a 
heteromer (DEF-A) with yet unidentified partner(s) and as a homodimer (DEF-B) (Tribouley et 
al., 1994). The L1 52/55-kDa protein and pIVa2 have been found in complex in Ad-infected 
cells and possibly the 52/55-kDa protein constitutes the unidentified component of the DEF-A 
complex (Gustin, Lutz, and Imperiale, 1996).  
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    pIVa2 also seems to be required to initiate assembly, since no virions or empty capsids could 
be isolated from cells infected  with a pIVa2 null mutant virus (although late proteins were 
expressed) (Zhang and Imperiale, 2003). PIVa2 has been shown to directly bind to specific 
sequence motifs in the packaging signal (also present in the MLP) and has been implicated in 
the encapsidation of viral genomes (Zhang and Imperiale, 2000). Experiments with mosaic Ads 
indicate that the interaction between the packaging signal of the genome and pIVa2 may be 
species-specific and may have to match for packaging to occur (Ostapchuk and Hearing, 2001; 
Zhang et al., 2001). In line with its role in assembly and encapsidation, pIVa2 has been found 
in association with cores and empty capsids, but also in mature virions (Goding and Russell, 
1983; Gustin and Imperiale, 1998; Winter and D'Halluin, 1991). It has been suggested that 
pIVa2 may play a role in the initial transactivation of E1A, since the packaging sequence, to 
which pIVa2 binds, overlaps the E1A enhancer.  

2:5:3 The late transcription region and its transcriptional regulation 
    The adenovirus MLTU, controlled by the MLP, occupies about 40% of the Ad genome and 
encodes all but one (pIX) of the structural polypeptides of the virion, and in addition 4 “helper” 
proteins (52/55K, 23K, 100K and 33K) important for correct assembly, encapsidation and 
maturation of virions. Processing of the large MLTU transcript at 5 (or 6) different 
polyadenylation sites, in combination with differential splicing, creates 5 (6) families of 
mRNAs (L1-L5 [L6 (Mei et al., 2003)]) (Young, 2003). Induction of full MLTU expression 
(L1(IIIa) -L5 (L6)), the early to late transcriptional switch is a complex process which is 
temporally linked to DNA replication and in a permissive cell system takes place ~14 hr p.i. 
(Binger and Flint, 1984). The coordination of DNA replication and expression of structural 
polypeptides seems reasonable in order to make assembly maximally productive and efficient. 
Exactly how this is accomplished is not known, but both cis- and trans- acting factors appear to 
be required for induction of late transcription (recently reviewed by (Young, 2003)).  
 
   It has been shown in studies involving superinfections with distinguishable serotypes in 
combination with inhibitors of DNA synthesis, that superinfecting genomes cannot undergo 
late transcription unless they had previously been replicated (Thomas and Mathews, 1980). 
However, ongoing replication was not required for continuation of late transcription (Carter 
and Ginsberg, 1976). Furthermore, high-level expression of pIVa2 and pIX, both of which are 
known to be transactivators of the MLP, seems to require previous DNA replication (Binger 
and Flint, 1984). Interestingly, a cellular inhibitor (IVa(2)-RF) (Chen, Vinnakota, and Flint, 
1994) appears to control transcription from the pIVa2 promoter (Huang et al., 2003), but as the 
number of DNA templates increases (after the onset of DNA replication) it can be assumed that 
its repressing effect will diminish (Lin and Flint, 2000). The mechanism regulating pIX 
expression remains to be elucidated.  
 
   The DNA replication process thus seems to elicit both necessary cis-acting structural changes 
in the DNA template and the expression of the MLP transactivators, pIVa2 and pIX, making up 
an attractive model for how Ads might synchronise genome replication with MLP-driven 
transcription (Young, 2003). Additional trans-acting factors also seem to be involved in the 
early to late transcriptional switch, however, and a recent publication has indicated a role for 
the 33K protein and an as yet unidentified L4 protein in this process (Farley, Brown, and 
Leppard, 2004).  
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Late transcription units L1-L5 (L6) 
     The L1 region encodes the L1 52/55K protein and precursor pIIIa, and at early times of 
infection, pIIIa expression is actively repressed through alternative splicing (Molin et al., 2002) 
so that only the 52/55K protein is expressed. The L1 52/55K protein has been shown to interact 
with pIVa2 (Gustin, Lutz, and Imperiale, 1996). Studies with a 52/55K null-mutant virus have 
revealed that the 52/55K protein is required for encapsidation of viral DNA (Gustin and 
Imperiale, 1998) and augments viral DNA replication and late gene expression.  
 
    Four proteins, pIII (the penton base), precursor pVII, pV and precursor pX (or µ) are 
encoded within the L2 region and the L3 region encodes the precursor protein of pVI, pII (the 
hexon) and the 23K protease. The 23K cysteine protease mediates specific cleavage of several 
viral structural proteins, synthesized as precursors (pTP, pIIIa, pVI, pVII, pVIII, pX). It has 
been shown to be required for the assembly of mature and infectious virions, but also to 
disassemble incoming virions and enable uncoating of the virus genome at the nuclear 
membrane (Greber, 1998; Greber et al., 1996). It has also been demonstrated that p23K 
possesses deubiquitinating activity both in vitro and in vivo (Balakirev et al., 2002). 
 
    The L4 region encodes the 100K, the 33K and the precursor pVIII proteins. The 100K 
protein acts as a scaffolding factor during hexon trimerization and is required for correct 
folding of hexons (Oosterom-Dragon and Ginsberg, 1981). The 33K protein appears to take 
part in viral assembly and shutoff of host cell translation (Fessler and Young, 1999). There are 
also data indicating that the 33K and 100K proteins exert feed-forward activation of MLTU 
expression (Farley, Brown, and Leppard, 2004).  
 
    The fiber (pIV) is the only protein encoded within the L5 region. All species B genomes 
sequenced so far, Ad7, Ad11 and Ad35, have been found to contain an additional putative ORF 
located downstream of the fiber gene (L6) which might encode a protein of 169R, designated 
the agnoprotein (Mei et al., 2003). It is highly conserved, with 97% and 99% identities between 
Ad11 and Ad7, and between Ad 11 and Ad35, respectively. This ORF has not been identified 
in any other Ad genome sequenced (although species F Ads also have a 6:th ORF, the second 
fiber gene (Kidd et al., 1993)) and may be a gene unique to species B Ads.  

Ad virion assembly  
    Assembly of new adenovirus particles, from preformed hexon and penton capsomers, 
appears to occur in viral inclusion bodies in the nucleus and is tightly connected to the 
expression of structural proteins. It is generally believed that the formation of Ad virions 
occurs through assembly of empty capsids into which the Ad DNA molecule is inserted, since 
pulse-chase experiments combined with EM studies of particles of different buoyant densities 
have established a precursor-product scheme. This starts with accumulation of light particles 
devoid of DNA which appears to turn into light or heavy intermediate particles containing parts 
of the genome, or the full-length genome, respectively. Finally, somewhat lighter particles   
corresponding to mature virions are formed through cleavage of structural precursor proteins 
by the encapsidated 23K protease (Ostapchuk and Hearing, 2003b). Light intermediate 
particles were discovered to contain (preferentially) the left-end of the Ad genome 
(Hammarskjold and Winberg, 1980) and later on, seven functionally redundant cis-acting 
sequence elements, termed A repeats, were found to be essential for DNA packaging (Grable 
and Hearing, 1990). It has also been shown that these A repeats (constituting the packaging 
signal) must be located in close proximity to the ends of the genome in order to mediate DNA 
encapsidation (Hearing et al., 1987). However, DNA encapsidation does not seem to be 
dependent on ITR sequences, indicating that insertion of the Ad packaging domain into 
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heterologous DNA sequences should suffice for encapsidation (Ostapchuk and Hearing, 
2003a). The encapsidation process also requires several trans-acting factors of both viral and 
cellular origin, such as L1 52/55K (Gustin and Imperiale, 1998), pIVa2 (Zhang et al., 2001) 
and the (cellular) P complex (binding to the A repeats) (Schmid and Hearing, 1998). This has 
been reviewed recently by (Ostapchuk and Hearing, 2003b). 

3: Ad species B epidemiology and Ad persistent infections  

3:1 Tropism and patterns of disease in species B1 and species B2 
Ads  
    Most species B1 Ads as well as Ad14 and Ad11a (Table1) are mainly associated with 
respiratory disease in children of pre-school age. Ad7 also causes outbreaks of respiratory 
disease among military recruits (Wadell, 2000). Ad3 and Ad7 are the most frequently isolated 
B1 serotypes and both definitely belong to the more abundant Ad serotypes. In a WHO report 
published in 1980, they accounted for 13% and 19.7%, of all typed and reported Ad isolates, 
respectively. These serotypes typically occur in outbreaks with 4–5 year intervals (Wadell, 
1984) and severe, even fatal, lower respiratory tract infections in healthy children are especially 
associated with Ad7, but also with Ad3 and Ad21 (Hong et al., 2001 ; Kajon et al., 1996; Kajon 
et al., 1990; Lang et al., 1969). Ad3 and Ad7 are (like Ad4 and species F Ads) mostly isolated 
from hosts with clinical illness (Allard, Albinsson, and Wadell, 1992) and their epidemic 
appearance (Wadell, 1984) also indicates that they do not establish asymptomatic persistent 
infections, although especially Ad3 strains isolated during epidemics show great diversity (Kim 
et al., 2003; Li and Wadell, 1986; Li and Wadell, 1988). Highly virulent strains like Ad7 (and 
Ad3), which obviously spread to new hosts most efficiently, can be assumed to replicate to 
high titers during the infection, providing a large amount of progeny virions from which 
subsequent selection of substrains can occur in the next host and this diversity is probably also 
required for efficient circulation of these strains in the population.  
     
    The species B2 Ad serotypes 11, 34 and 35 cause persistent infections of the kidney and 
possibly the urinary tract, and silent shedding for 6 months in a healthy pregnant woman has 
been observed (Wadell, 2000). Ad11 has also been associated with acute hemorrhagic cystitis, 
predominantly affecting 6–12 year old boys, but otherwise these serotypes seldom cause 
disease in immunocompetent hosts and are thus rarely isolated (Wadell, 1984; Wadell, 2000). 
The seroprevalence in a typical western population is around 5–10% for these serotypes 
(Vogels et al., 2003). Not surprisingly, however, regarding the persistent nature of these 
serotypes, Ad11, Ad34 and Ad35 are frequently isolated from certain categories of 
immunocompromised patients (Hierholzer, 1992; Kojaoghlanian, Flomenberg, and Horwitz, 
2003): renal transplant patients (Hierholzer, 1992), BMT patients (Flomenberg et al., 1994; 
Hierholzer, 1992; Shields et al., 1985) and AIDS patients (de Jong et al., 1983; Hierholzer, 
1992; Hierholzer et al., 1988), but seldom from liver transplant patients (Hierholzer, 1992). In 
renal transplant patients, they are the most common causes of Ad-related disease and in BMT 
or AIDS patients, depending on the study, they are as common causes or second only to either 
species C or species D Ads, in each respective category of patients (Flomenberg et al., 1994; 
Hierholzer, 1992; Hierholzer et al., 1988; Shields et al., 1985). In these patients, species B2 
Ads cause both localized disease, hemorrhagic cystitis or (infrequently) nephritis, and 
sometimes fatal disseminated disease (Hierholzer, 1992; Kojaoghlanian, Flomenberg, and 
Horwitz, 2003). The route of transmission in transplant patients, as gleaned from serological 
data, appears to be both via kidney grafts (Harnett et al., 1982; Hierholzer, Atuk, and 
Gwaltney, 1975; Shindo et al., 1986; Stalder, Hierholzer, and Oxman, 1977) and allogeneic 
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stem cell grafts (Runde et al., 2001), but patients also appear to reactivate endogenous 
infections upon immunosuppression (Shields et al., 1985).  
 
3:2 Ad persistent infections.  
    The ability of species C Ads to establish persistent infections in lymphatic tissue (tonsils and 
adenoids) was noted early on, and roughly half of all species C respiratory infections are 
followed by viral persistence (Fox et al., 1969; Fox, Hall, and Cooney, 1977). Also Ads of 
several other species can be shed, with or without symptoms, either in the stool (species A, D 
and C) (Allard, Albinsson, and Wadell, 1992) or in urine (species B2) (de Jong et al., 1983) for 
many months (Adrian et al., 1988; de Jong et al., 1983; Fox et al., 1969; Fox, Hall, and 
Cooney, 1977; Wadell, 2000). As the number of immunocompromised patients have increased 
(as a consequence of organ transplantations and the HIV epidemic) the clinical importance of 
persistent Ads has likewise increased (Kojaoghlanian, Flomenberg, and Horwitz, 2003; 
Suparno et al., 2004; Walls, Shankar, and Shingadia, 2003). Among stem cell transplant 
patients (who received T-cell depleted or mismatched allografts) recent prospective studies 
report an incidence of Ad infections that varies between 20-30 % (Suparno et al., 2004). 
 
    It has been suggested that Ads shed in stools originate from infected Peyers patches (Wadell, 
1984). Unencapsulated lymphatic tissue (lymphatic nodules or follicles) as well as stationary 
phagocytic cells (mesangial cells) can also be found in association with the urinary tract. But 
from which location or type of cell(s) persistent Ads are shed into faeces or urine has not been 
determined. In vivo, species C Ad DNA has been demonstrated to be present in tonsillar T-cells 
and a non-lymphoid tonsillar cell type (Garnett et al., 2002), as demonstrated by separating 
cells derived from tonsils or adenoids, but Ads have hardly ever been detected in PBMCs of 
healthy individuals (although the PCR primers used for detection have not recognized species 
B Ads very well) (Flomenberg et al., 1997).  
 
    Regarding species C Ads, the establishment of persistently infected cell lines of various 
hematopoietic lineages has been observed several times (Andiman and Miller, 1982; Chu et al., 
1992; Silver and Anderson, 1988). In vivo, these Ads have also been reported to spontaneously 
infect primary B-cell lymphoma cells which, when propagated in cell culture, showed 
characteristics that were similar to the other descriptions of persistent infections (Flomenberg et 
al., 1996). Persistent replication is distinguished by a low but prolonged production of 
infectious virions in cells, which despite being virally infected, appear to proliferate 
continuously, indicating that the cellular protein synthesis is not negatively affected and that 
persistent infections are non-cytolytic. This markedly different virus-cell relationship indicates 
divergences in viral regulatory gene expression during persistent replication (as has been 
suggested in recent publications (Mahr, Boss, and Gooding, 2003; McNees et al., 2004)) as 
compared to lytic replication. These divergences are probably directed by the cellular 
environment (since persistent replication seems to be restricted to lymphatic tissues) (Mahr, 
Boss, and Gooding, 2003; McNees et al., 2004). The mechanisms by which Ads achieve 
persistence in cells of hematopoietic origin, or whether or not other cell types also support 
persistent Ad infections, is currently not known.  
 
    Species C Ad DNA has also been detected in tonsillar T-cells in the absence of infectious 
particles, indicating that species C Ads not only persistently infect but may also establish 
latency in T-cells (Garnett et al., 2002). There are similar reports regarding findings of species 
C Ad DNA in lymphatic tissue (Neumann, Genersch, and Eggers, 1987; van der Veen and 
Lambriex, 1973). The significance of these findings remains to be proven. Can the silent DNA 
be reactivated to produce infectious virions? The intermittent way in which Ads are shed 
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during persistent infections (Fox, Hall, and Cooney, 1977) indicates that the Ad genome can 
switch between a latent state and low-grade replication. In keeping with this, isolation and 
analysis of shed virus strains, up to 4 years after the initial infection, did not suggest reinfection 
(Adrian et al., 1988).  

4: Adenoviruses and gene transfer 
    Adenoviral vectors, mostly developed from Ad2 or Ad5, have been widely used in different 
gene-therapy settings (for recent reviews, see (Dobbelstein, 2004; Imperiale and Kochanek, 
2004)). In contrast to retroviral vectors, they are easily grown to high titers, transduce a wide 
range of dividing and non-dividing cells and can transfer relatively large (up to 37 kB) gene-
expression cassettes (Kochanek et al., 1996). Adenoviruses do not integrate their genomes into 
the genome of the host, which not only increases safety but also implies that transferred genes 
will probably not be transferred to progeny cells. The major drawbacks with Ad vectors have 
been acute toxicity/inflammatory reactions (sometimes after delivery of very high doses of 
vector) which in one young patient induced fatal pulmonary failure (Lehrman, 1999; 
Stephenson, 2001). 
 
4:1 Current Ad vector types and examples of applications 
    Ad vectors can be either replication competent or replication incompetent. Replication 
competent Ads have been used as oncolytic agents in cancer therapy (virotherapy) (Kirn, 
2000), based on the observation that viruses in general grow much better in transformed cells 
than in normal cells (Dobbelstein, 2004; Koch et al., 2001). With the aim of developing Ads 
that efficiently and selectively cause lytic infections (conditionally replicating Ads) in tumor 
tissue, wt Ads have been modified by deletions in the E1B region (Bischoff et al., 1996; Duque 
et al., 1999) or mutations of the E1A gene (Doronin et al., 2000; Fueyo et al., 2000; Heise et 
al., 2000; Howe et al., 2000) to abolish pRB binding (Doronin et al., 2000; Fueyo et al., 2000). 
Replacement of the E1A promoter with tissue-specific promoters has also been reported 
(Rodriguez et al., 1997) (FIG.5). To promote intratumor spread and/or lytic activity of 
conditionally replicating Ads, overexpression of ADP (Doronin et al., 2000) or expression of 
toxic gene products (Rogulski et al., 2000) has been used. Most of the currently available 
clinical data involves the use of an E1B-55K deleted virus (dl1520/ONYX015) in Phase I and 
II trials in patients with head and neck cancer (Kirn, 2001). Virotherapy combined with 
chemotherapy gave an advantageous response in 66% of the patients (all patients had been 
unsuccessfully treated with conventional therapies before entering the study) (Lamont et al., 
2000). As compared to other recombinant Ad-based therapies, the replication competent Ads 
have so far shown the most promising results in cancer patients (Dobbelstein, 2004). The 
interplay of oncolytic agents with the immune system and the importance of the latter for 
efficient tumor lysis needs to be investigated further, and the recent achievement of an 
immunocompetent murine tumor model may offer a system for such studies (Hallden et al., 
2003).   
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Figure 5: Common Ad vector types 
 
    The most commonly used replication incompetent vectors in gene transfer studies are the 
first-generation vectors, in which the E1 region has been substituted with a transgene and 
several systems for construction and production of these vectors exists (Danthinne and 
Imperiale, 2000) (FIG.5). Although E1-deleted viruses are gravely growth defective, the 
expression of viral genes and viral replication are not completely blocked (Imperiale and 
Nevins, 1984; Kovesdi, Reichel, and Nevins, 1986; Reichel, Kovesdi, and Nevins, 1988) 
which, in vivo, results in short-term transgene expression because of cellular immunity 
mediated deletion of the transduced cells (Thomas et al., 2001). On the other hand, because of 
their high immunogenicity, E1-deleted viruses may be efficient tools in protocols where an 
immune response is desirable, as in cancer gene therapy or in vaccination protocols (Gahery-
Segard et al., 1997; Molinier-Frenkel et al., 2002; Olive et al., 2002; Rea et al., 2001). E1- 
deleted vectors are also often E3 deleted, to increase possible expression cassette sizes, which 
probably makes them even more immunogenic. For production of first-generation vectors, the 
species C E1-transformed 293 cells (Graham et al., 1977) are most commonly used; but cell 
lines, PER.C6 or PER.C6/55K, containing smaller E1 insertions with no vector-overlapping 
sequences (which might give rise to replication competent adenoviruses (RCA)) have recently 
been created (Fallaux et al., 1998; Schiedner, Hertel, and Kochanek, 2000; Vogels et al., 2003). 
The PER.C6/55K cells were developed from PER.C6 cells in order to produce a cell line that 
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also transcomplements species B Ads, thus enabling the production of species B-based vectors 
(Vogels et al., 2003).  
 
    Generation of Ad vectors with additional deletions in the E2 or the E4 regions resulted in 
reduced viral replication and late gene expression, concomitant decreases in the immune 
response, and in many cases also in prolonged transgene expression (Amalfitano et al., 1998; 
Wang et al., 1997). To reduce immunogenicity further and to increase vector capacity, Ad 
vectors only containing the ITRs and the packaging signal, so-called high-capacity (HC) 
vectors or gutted or gutless vectors, have been developed (Kochanek et al., 1996) and long-
term, HC vector-mediated, gene expression has been observed in several tissues in animal 
models (Clemens et al., 1996; Schiedner et al., 1998; Thomas et al., 2001) (FIG.5). High-
capacity vectors are mainly produced through co-transfection of the vector with a helper virus 
that is made devoid of a functional packaging signal through loxP- (Hardy et al., 1997) or FLP- 
(Umana et al., 2001) directed recombination in the complementing cell line. Currently, helper 
virus contaminanation and difficulties in large-scale production of HC vectors have prevented 
clinical use. In time, when these problems have been solved, the HC vectors – which despite 
their viral origin are safe – may turn out to be very useful for long-term gene expression since 
they have an enormous capacity which also permits insertion of regulatory elements.   
 
    To achieve specificity in transgene expression, two main strategies have been adopted: (1) 
capsid modifications (mostly affecting the fiber) to promote specificity at the entrance step 
(receptor re-targeting) (Wickham, 2000), or (2) usage of tissue-specific promoters 
(transcriptional targeting), controlling transgene expression or viral replication (Dobbelstein, 
2004; Imperiale and Kochanek, 2004).  

5: Hematopoietic cells  

5:1 Hematopoiesis 
    The formation of red and white blood cells, hematopoiesis, in adults takes place in the bone 
marrow and all hematopoietic cells have a common ancestor, the hematopoietic stem cell 
(HSC) (FIG.6). The terminally differentiated cells, although at some point circulating in blood 
or lymph, serve very different purposes and differ greatly in life-span, size, location and 
abilities. The main function of red cells is oxygen supply to the tissues, whereas white cells 
(leukocytes) serve various functions in the immune defense system. In order for one cell to give 
rise to such a variety of cells, the differentiation scheme involves several pluripotent progenitor 
cells that in a step-wise process become more and more committed to following a certain 
lineage of differentiation (Kuby, 1997) (FIG.6). The first fork divides cells into the lymphoid 
and myeloid lineages, the lymphoid lineage giving rise to B-cells, T-cells and NK-cells and the 
myeloid lineage to various granulocytes, monocytes, megakaryocytes and erythrocytes (red 
blood cells) (Dexter and Spooncer, 1987) (FIG.6). The commitment of a cell to a given lineage 
of differentiation is associated with the cell-surface expression of specific cytokine receptors 
(driving the differentiation), as well as other lineage-specific proteins or clusters of 
differentiation antigens (CD) which are often used to identify or isolate cells of hematopoietic 
origin. Steady-state regulation of hematopoiesis is accomplished through cytokine production 
by bone-marrow stromal cells (Dorshkind, 1990). In response to hemorrhage or infection, the 
hematopoietic system is capable of rapid expansion of certain lineages of cells (Dexter, 1987) 
and such inducible activity is regulated by activated T-helper cells (TH-cells) and activated 
macrophages (FIG.6). Proliferation and differentiation of hematopoietic cells are tightly 
regulated and to maintain steady-state levels of different lineages, the cells have pre-
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programmed life-spans and undergo apoptosis unless they are stimulated to enter a new stage 
of differentiation. If individual cells are deregulated, leukemia may develop (Kuby, 1997).   
 
 

 
 
Figure 6: Schematic illustration of hematopoiesis (from the fourth edition of the textbook 
“Immunology” by Janis Kuby) 
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5:2 Functional properties of leukocytes  
    Leukocytes are the soldiers of the immune defense. Depending on their specific role in the 
continuous battle against various microbes, they have various life-spans. The first-line defense 
cells, the phagocytic neutrofil granulocytes, which make up 50–70% of the leukocytes, either 
die in battle or go into apoptosis after only 1 day in the peripheral circulation. Monocytes and 
macrophages are mononuclear phagocytic cells which arrive at inflammatory sites a few hours 
after granulocytes (and before lymphocytes). They have less potential to kill phagocytosed 
microbes, but function as antigen-presenting cells (APCs) and are important activators of 
memory TH-cells of the specific defense. Monocytes circulate in blood for about 8 h and then 
migrate into the tissues and become either stationary tissue-specific macrophages (Kupffer 
cells, mesangial cells, microglial cells, histiocytes and alveolar macrophages) which are 
probably long-lived or motile/wandering macrophages (Kuby, 1997).  
 
    Lymphocytes constitute the specific immune defense and the immunological memory, and 
thus are potentially long-lived cells (20-30 years). They constitute 20–40% of all leukocytes 
and T-cells outnumber B-cells by approximately 15:1. Recombination and mutational events 
during the formation of the lymphocyte antigen-recognizing receptor, the antibody or the T-cell 
receptor (TCR), result in receptors of unique compositions which specifically recognize and 
react to non-self (foreign) antigens (Alt et al., 1992). B-cells produce antibodies that 
bind/recognize certain sites (epitopes) on foreign molecules, typically of protein, whereas the 
TCR only interacts with degraded antigens, presented as small peptides in association with the 
major histocompatibility complex (MHC) I or II self-antigens (Ehrich et al., 1993). MHC I 
molecules are in principle expressed on all nucleated cells and a random sample of peptides, 
typically originating from newly synthesized (cytoplasmic) proteins, associates with MHC I 
molecules (Harding and Geuze, 1993; Howard, 1995). MHC II molecules are primarily 
expressed on specialized APCs such as dendritic cells, macrophages and to some extent B-
cells, and peptides of endocytosed/phagocytosed antigens are presented to TH-cells together 
with MHC II molecules (Harding, 1993; Julius, Maroun, and Haughn, 1993). Antibodies 
neutralize extracellular pathogens and are crucial in the defense against most bacteria. Viruses 
are produced in cells and are only extracellular during transmission between hosts. Thus, CD8+ 
T-cells/cytotoxic T-cells (CTLs) interacting with MHC I molecules (Julius, Maroun, and 
Haughn, 1993) are crucial in the defense against virus infections. But while CTLs eradicate 
infected cells, neutralizing antibodies can prevent viral entry into and thus infection of host 
cells, and in most cases both a CTL and an antibody response is needed to efficiently clear viral 
infections and obtain immunity against viral agents. TH-cells and APCs regulate the immune 
response through cytokine production and direct interactions with B-cells and CD8+ T-cells, 
respectively. TH (CD4+ T-cells) can be divided into TH1 and TH2 cells and while TH1 cells 
mainly promote CTL-proliferation, TH2 cells direct the immune response against antibody 
production (Kuby, 1997).   
 
    Lymphocytes that have not yet been in contact with their antigen, naive cells, and most 
memory cells reside in the G0 phase of the cell cycle. They are small, 6-µm diameter, quiescent 
cells with a minimal cytoplasm that forms a barely discernable rim around the nucleus. To 
ensure an appropriate immune response, lymphocyte proliferation (clonal expansion) and 
differentiation into effector cells such as CTLs or plasma cells, and also the formation of 
memory cells, depend on contact with the antigen or “activation” (DeFranco, 1995). 
Lymphocytes also require specific co-stimulatory signals in order to be activated and B-cells 
need co-stimulation through CD40 (Hodgkin and Basten, 1995) and by interleukins (IL) 2, 4 or 
5 (supplied by TH-cells) whereas T-cells need co-stimulation through interaction of CD28 with 
B7 (expressed on APCs) (Allison, 1994) and IL-2. Memory cells have less stringent 
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requirements for co-stimulation than naive lymphocytes, and can be activated by both 
macrophages and dendritic cells, whereas naive cells require stimulation by dendritic cells. In 
response to activation signals, lymphocytes transit from G0 via G1 into S-phase and mitosis. 
Stimulated T-cells divide 2-3 times per day for 4–5 days before they differentiate into effector 
cells. Effector cells are short-lived cells with life-spans ranging from a few days to a few 
weeks. Naive cells in general appear to survive 5–7 weeks in the absence of antigen 
stimulation, whereas memory cells are generally thought to be long-lived. Naive T-cells and 
CTLs continuously recirculate the tissues through lymph and blood whereas memory T-cells 
appears to have more specific tissue recirculation. B-cells mostly reside in secondary lymphoid 
organs such as the spleen and lymph nodes, and are only found in small quantities in peripheral 
blood (Kuby, 1997).   
 

    Gene therapy applications in hematopoietic cells have been aimed at the correction of single 
gene disorders (SCID, ADA deficiency, Gaucher´s disease etc.), suppression of HIV 
replication (antisense RNA, catalytic ribozymes etc.), immunotherapy (DNA/RNA vaccines, 
cytokine enhancement of lymphocyte effector function, chimeric T-cell receptors) and 
improvements of transplantation and cancer therapies (suicide genes, chemotherapy resistance 
genes etc.). The cells that have been targeted in these applications are HSCs, T-cells, APCs 
(dendritic cells)/lymphocytes and tumor/leukemic cells/HSCs, respectively (Biagi et al., 2003; 
Miller et al., 2002; Rea et al., 2001; Rea et al., 1999; Van Tendeloo, Van Broeckhoven, and 
Berneman, 2001).   
 
 
 
 
 
 
 
 
 
 

6: AIMS:  
• To identify adenovirus serotypes with tropism for hematopoietic cells 

 
• To investigate the interaction (binding and infection) of species B Ads with 

hematopoitic stem cells and differentiated cells of hematopoietic origin, such as 
PBMCs and leukemic cell lines 

 
• To identify and characterize the adenovirus species B receptors 
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RESULTS AND DISCUSSION 

7: Among human Ads, species B serotypes appear most 
efficient in binding and infecting hematopoietic cells.  
    To identify Ad serotypes with a natural tropism for hematopoietic cells, we first examined 
the attachment efficiencies (FACS-assay based on biotinylated Ads) and infection efficiencies 
(immunofluorescent staining against structural proteins) of various Ad serotype representatives 
from species A-F in relation to CD34+ hematopoietic stem cells (HSCs) (paper V). The species 
B2 serotype Ad11p, followed by Ad35 (B2), Ad3p (B1) and Ad7p (B1), showed the highest 
binding and infectious capacity for HSCs, but Ad37 (species D) also bound to and infected 
these cells, although Ad37 appeared to preferentially address a certain population of CD34+ 
cells (paper V, Fig. 4). However, Ad serotypes from species A, C, E and F (CAR binding Ads) 
neither attached nor infected HSCs. Thus, Ad11p and Ad35 (species B2) seemed to be the best 
choice when aiming at transduction/infection of hematopoietic cells.  
 
     To further elucidate the interaction of Ad11p and Ad35 with hematopoietic cells, using a 
similar experimental approach we then studied their efficiency in attaching to and infecting 5 
different hematopoietic cell lines representing various lineages (paper I). Ad11p and Ad35 also 
attached efficiently to committed cells, especially the two cell lines of lymphoid origin (paper I, 
Fig. 1-2). However, the permissiveness of the cell lines to Ad productive infection varied 
greatly, apparently without any correlation to Ad receptor expression. However, Ad11p and 
Ad35, in line with their efficient attachment, infected the highest proportions of cells for all cell 
lines as compared to Ad4 (species E) and Ad5 (paper I, Fig. 4). We did not address whether the 
non-permissive cell lines failed to support Ad entry or Ad gene expression, but recent results 
with T-cell lines (McNees et al., 2004) and vector-studies (Nilsson et al., 2004) indicate the 
latter. 
 
    In paper IV, binding, uptake and infection of Ads 3p (B1), 7p (B1), 11p (B2), 35 (B2) and 5p 
(C) in primary PBMCs, both unstimulated and stimulated (cultured with mitogens and 
cytokines), were evaluated using 35S-labeled Ad virions, FISH in combination with confocal 
laser scanning microscopy (CLSM), real-time PCR, and immunofluorescence (IF). The B2 
serotypes, in contrast to the B1 serotypes and Ad5, efficiently bound to and also appeared to be 
internalized and targeted to the nuclei of PBMCs (paper IV, Fig. 2-5). In unstimulated PBLs, 
no viral genome replication or late gene-expression could be domonstrated, but many 
stimulated T-cells and some stimulated monocytes supported Ad hexon expression (paper IV, 
Fig.7). 
 
    Taken together, the results indicate that species B Ads, and the species B2 Ads especially, 
appear to be most suited for targeting of various hematopoietic cells compared to serotypes 
from other Ad species, as has also been indicated by other studies (Havenga et al., 2002; Rea et 
al., 2001; Shayakhmetov et al., 2000; Short et al., 2004; Stevenson et al., 1997; Von Seggern et 
al., 2000). There are differences in receptor usage between species B Ads and whereas Ad11p 
and Ad35 appear to efficiently bind and enter hematopoietic cells of all kinds (papers I, IV and 
V) (Havenga et al., 2002; Rea et al., 2001; Shayakhmetov et al., 2000)Nilsson, 2004 #1441} 
Ad3 and Ad7 seemed to be restricted to certain cell types (papers IV and V).  
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8: Differences in attachment receptor interactions between 
Ad3 and Ad7 (species B1) and Ad11p and Ad35 (species B2) 

8:1 There are two species B Ad receptors: sBAR and sB2AR.   
    The Ad attachment studies in PBMCs revealed that there are pronounced differences in 
receptor usage among species B Ads, as also indicated in cross-competition experiments by us 
(paper II, Fig. 1) and others (Shayakhmetov et al., 2000). Receptor characterization studies 
(paper II) showed that the species B1 serotypes Ad3p and Ad7p and the species B2 serotypes 
Ad11p and Ad35 had different requirements for attachment (Table 2), and thus indicated that 
there are at least two different species B receptors (paper II). Ad11p and Ad35 appeared to 
attach to cells (A549 and J82) through binding to both receptor structures, whereas Ad3p and 
Ad7p only used one of these receptors. The apparently common species B receptor was 
trypsin-sensitive and required divalent cations (Ca2+or Mn2+) to mediate virus attachment 
(paper II, Fig. 2, 4-5). We designated this receptor the species B adenovirus receptor, sBAR. 
Divalent cation dependency of Ad3, in the attachment receptor interaction, has also been 
observed by others (Di Guilmi et al., 1995), and these authors suggested an apparent size of 
130 kDa for the Ad3 attachment receptor. The second receptor was resistant to trypsin or 
EDTA treatment and appeared to be exclusively addressed by the species B2 serotypes, Ad11p 
and Ad35, and was therefore designated sB2AR, i.e. species B2 adenovirus receptor (paper II). 
Amongst the two other members of species B2, Ad14 and Ad34, Ad34 displays the same 
tropism as Ad11p and Ad35 (and has an almost identical fiber sequence to that of Ad11p (Mei 
and Wadell, 1995)), but neither Ad14 nor Ad34 have been well-studied and when writing 
“species B2”, I refer to the two serotypes we have studied (Ad11p and Ad35). The receptor 
usage profiles of the other species B serotypes, Ad14, Ad16, Ad21, Ad34 and Ad50 have not 
been determined, although there are some indications that sB2AR may be used by several of 
these mostly B1 serotypes (Gaggar, Shayakhmetov, and Lieber, 2003) and thus sB2AR is 
perhaps not an appropriate designation. I hope the identity of both receptors will soon be 
elucidated and provide more appropriate designations. Both sBAR and sB2AR appear to be 
proteins in character. The estimated number of species B Ad receptors expressed on cells and 
the affinity in the receptor interaction, as determined by others, are also in accordance with the 
assumption that these receptors are proteins (Bewley et al., 1999; Burmeister et al., 2004; Defer 
et al., 1990; Shayakhmetov and Lieber, 2000; Sirena et al., 2004).  
 
 

TABLE 2: Properties and distribution of the species B attachment 
receptors sBAR and sB2AR 

Distribution  Bound 
by 
Ads: 

Divalent 
cation 
depen-
dent con-
formation  
(Ca2+or 
Mn2+) 

Protein 
charac-
ter 

Trypsin- 
sensitive 

Epi-
thelial 
cell  
lines 

CHO HSCs PBMCs

sBAR   3p, 7p  
11p, 35 

Probable Yes Yes Yes Probable Yes Improb-
able 

sB2AR 11p, 35 Improb-
able 

Yes No Yes Improb-
able 

Yes Yes 



 44

8:2 CD46 as an Ad species B receptor 
    Using different experimental designs, CD46 has been identified as an attachment receptor 
for Ad3 (Sirena et al., 2004), Ad11p (paper III), Ad35 (Gaggar, Shayakhmetov, and Lieber, 
2003) and Ad37 (Wu et al., 2004).  
 
    Adenoviruses and picornaviruses have several receptors in common (i.g. CAR, sialic acid, 
and αv-integrins) (Alexander and Dimock, 2002; Arnberg et al., 2000b; Bergelson et al., 1997; 
Triantafilou et al., 2000; Wickham et al., 1993) and since several picornaviruses have been 
shown to use DAF/CD55 (which is a close relative of CD46) as a cellular receptor (Bergelson 
et al., 1994; Shieh and Bergelson, 2002), we wanted to evaluate whether either CD55 or CD46 
might serve as a receptor for species B Ads. In order to do so, we investigated the binding of 
35S-labeled Ad5p, Ad7p, Ad11p and Ad37 to various CHO cell lines: CHO control cells, CHO-
CAR, CHO-DAF, CHO-CD46-BC1 and CHO-CD46-BC2 cells and found that Ad7p and 
Ad11p attach to CHO-CD46, but not to CHO-CAR or CHO-DAF cells, with higher efficiency 
than CHO control cells. The binding efficiency of Ad7p and Ad11p also correlated with CD46 
expression on the two CHO-CD46 cell lines (paper III, Fig.1-2) and attachment of Ad7p and 
Ad11p to CHO-CD46-BC1 cells could be inhibited with antibodies directed against CD46 
(paper III, Fig.3). However, only the attachment of Ad11p (but not that of Ad7p) was partially 
affected (~30% lower) after pre-incubation of human A549 cells with CD46 antibodies (paper 
III, Fig.3). In addition, Ad11p infected CHO-CD46-BC1 cells selectively whereas Ad7p 
neither infected CHO-CD46-BC1 nor CHO control cells (paper III, Fig.4). By analogy with 
previous results (paper II), binding of Ad7p to CHO-CD46-BC1 cells was abolished after 
pretrypsination of cells (paper III, Fig. 6) or in the presence of EDTA, and could be 
reconstituted with divalent cations (Mn2+ or Ca2+) (paper III, Fig. 5). On the other hand, Ad11p 
attached to cells partially independently of cations (paper III, Fig. 5) and after pretrypsination 
of CHO-CD46-BC1 cells, the Ad11p binding increased (paper III, Fig. 6). Thus, CHO-CD46-
BC1 cells also appeared to express two different species B receptors with properties resembling 
those of sBAR and sB2AR (Table 2). In addition, Ad7 fibers failed to block with Ad11 binding 
to CHO-CD46-BC1 cells, which gives further support to this conclusion (paper III, Fig. 7). 
Furthermore, binding of Ad7 to both CHO control cells and CHO-CD46-BC1 cells reached 
similar (very high) levels after addition of Mn2+ (paper III, Fig. 5), and thus Ad7 appeared to 
attach to both the CHO control cells and CHO-CD46-BC1 cells through interaction with an 
endogenously expressed divalent cation-dependent hamster receptor protein. Addition of Mn2+ 
induced 4–5-fold (for Ad7) and 2-fold (for Ad11p) higher binding to CHO-CD46-BC1 cells, 
indicating that this endogenously expressed receptor is “activated” or at least structurally 
changed upon exposure to Mn2+ (paper III, Fig. 5). The endogenous CHO cell receptor did not 
seem to support Ad7 infection, although the possible effects of Mn2+ in this case were not 
evaluated (paper III, Fig. 4). Taken together, these results indicate that CD46 appears to 
function as a receptor for Ad11p but not for Ad7p. This is in agreement with the findings of 
Gaggar et al. (see below). 
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SUMMARY: 

•  CD46 expression on CHO cells increases Ad7p and Ad11p binding. 

•  Binding of Ad7p and Ad11p to CHO-CD46 can be inhibited by CD46 
antibodies. 

•  Ad7p and Ad11p do not bind to the same receptor on CHO-CD46. The Ad7p 
receptor is trypsin-sensitive and the Ad11 receptor is not. 

•  Ad7p binding is dependent on divalent cations. Ad11p binding is not. 

•  There is a potent divalent cation-dependent receptor (of hamster origin) on 
CHO cells.  

Thus, an explanatory model would be that Ad11p binds to CD46 and Ad7p binds to a hamster 
receptor in close proximity to CD46, possibly influenced by CD46.  

 

    In the study by Gaggar et al. (Gaggar, Shayakhmetov, and Lieber, 2003), CD46 was isolated 
from HeLa cell membrane preparations using recombinant Ad35 fiber knobs as the bait. 
Subsequent infection studies using nonpermissive CHO cells indicated that expression of all of 
the commonly expressed human CD46 isoforms specifically, rendered these previously 
nonpermissive cells permissive to Ad5/fk35 infection. In addition, human CD46 transgenic 
mice showed gene expression in various additional tissues as compared to control mice. CD46 
also appeared to be an important mediator of Ad5/fk35 infection of diverse kinds of human 
cells since soluble CD46 or siRNA-mediated downregulation of CD46 resulted in a 50–70% 
reduction of Ad5/fk35-mediated GFP expression. In addition, the species B serotypes Ad14, 
Ad16, Ad21 and Ad50, but not Ad3, were shown to attach to CD46-transduced CHO cells with 
higher efficiency than they attached to CHO-control cells. However, attachment receptor usage 
profiles in terms of usage of sBAR and sB2AR (as with the dependency for divalent cations) 
were not determined for these serotypes. 

    In contrast to the results presented by Gaggar et al., the study by Sirena et al. (Sirena et al., 
2004), based on screening of a cDNA library derived from K562 cells expressed in 
nonpermissive baby hamster kidney (BHK) cells, identified CD46 as an attachment receptor 
for Ad3. CD46 seemed to specifically mediate Ad3 binding to transduced BHK cells, since 
attachment of Ad3 to these cells was efficiently inhibited by a diverse set of anti-CD46 
antibodies. Soluble CD46 decreased the binding of Ad3 to CD46-transduced BHK (BHK-
CD46) cells by approximately 50% and increased the binding of Ad3 to K562 cells by 100%. 
Ad3 was also shown to attach to BHK-CD46 cells and HeLa cells with similar (high) affinities 
and pull-down experiments suggested that the Ad3 fiber knob interacted directly with CD46. 
However, anti-CD46 antibodies had a much lower inhibitory effect on Ad3 binding to human 
K562 cells (20–40%), indicating that these cells express additional Ad3 attachment receptors 
that are more important than CD46 for Ad3 binding, at least to K562 cells. Ad5/fk3 vectors 
(but not Ad5 vectors) were also shown to infect BHK-CD46 cells exclusively and Ad3 was 
found to partly co-localize with CD46 in BHK cells, and to a lesser extent in HeLa cells.  
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    The approach used by Sirena et al. is attractive and should be valid, given that there are no 
endogenous receptors (that might be influenced by CD46) expressed on the cell line used to 
screen for binding, in this case BHK cells. Earlier studies concluded that species B receptors 
are not conserved between primates and rodents, since these cells were nonpermissive to gene-
expression by Ad vectors pseudotyped with Ad species B fibers (Havenga et al., 2001; 
Havenga et al., 2002; Shayakhmetov et al., 2002). Thus, either Chinese hamster ovary (CHO) 
cells or baby hamster kidney cells (BHK) cells were used to demonstrate that CD46 
specifically renders these nonpermissive cells permissive to Ad species B infection. However, 
some of our results have indicated that CHO cells indeed express receptors for both species B1 
and B2 Ads (paper III, Fig.5) – although in line with earlier results (Havenga et al., 2001; 
Havenga et al., 2002; Shayakhmetov et al., 2002), these receptors did not seem to mediate 
infection of CHO cells (paper III, Fig. 4). The presence of endogenous (hamster) receptors on 
CHO cells might imply that BHK cells also express such receptors and this restricts the 
interpretations that can be made at present regarding CD46 as a receptor for species B1 and/or 
species B2 Ads. Since our results uniformly indicated similar receptor usage profiles for Ad3 
and Ad7 (papers II and IV), and the results of Gaggar et al. indicated that Ad3 did not bind to 
CHO-CD46 (better than control cells), the effect of possible endogenously expressed (hamster) 
receptors on Ad3 binding to BHK-cells should be revaluated before it can be ascertained that 
Ad3 preferentially binds to CD46 on BHK cells (see section 8:3). However, Ad3 (like Ad11p 
and Ad35, but in contrast to Ad7) productively infected BHK-CD46 cells (but not control 
cells). The comparative design of our binding studies regarding species B Ads (papers II and 
IV) do not exclude binding of individual serotypes to specific receptor candidates such as 
CD46, and although Ad7 did not seem to bind to CD46, this protein might still be used as a 
receptor by Ad3 (to some extent). In line with our results, Sirena et al. also concluded that 
human cells express additional, as yet undefined, species B receptors.  

    Taken together, the studies presented above strongly suggest that CD46 is a functional 
receptor for species B Ads. Firstly, the approach of isolating species B receptors taken by 
Gaggar et al. strongly indicates a direct interaction of the Ad35 knob with CD46, and Sirena et 
al. also presented data indicating direct interaction between the Ad3 knob and CD46. Secondly, 
the attachment of Ad3 and Ad11p to human cells could be partially but specifically competed 
with anti-CD46 antibodies. Thirdly, CD46 expression in CHO cells or BHK cells, or transgenic 
mice, specifically seemed to render cells or tissues susceptible to Ad species B 
infection.(Gaggar, Shayakhmetov, and Lieber, 2003; Sirena et al., 2004) (paper III, Fig. 4). 
Finally, to confirm the role of CD46 as a functional receptor for individual species B Ads, it 
would be valuable if a (nonpermissive) cell line free from endogenously expressed species B 
receptors could be found. Complementation of cell binding and infection data with detailed 
studies of the direct interaction between different species B knobs and purified CD46 protein 
might also be useful to confirm a specific interaction (e.g. crystallization). 

    In addition, CD46 has also been implicated as a receptor for Ad37 (Wu et al., 2004). 
However, our own virus cell binding assays showed that Ad37 bound to CD46, CAR or DAF 
transfected CHO cells with similar efficiencies as to CHO control cells, indicating that CD46 is 
not a receptor for Ad37 (paper III, Fig.1). Furthermore, alignment of knob sequences of 
representative serotypes from species A-D Ads reveals that Ad37 is least related to species B 
Ads and only shares 28–29% amino acid identity with Ad3 and Ad11p, respectively 
(Burmeister et al., 2004).  
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8:3 Does CD46 correspond to sBAR or sB2AR? 
    Ad7p binding (by analogy with Ad3, Ad11p and Ad35 binding) to CD46-transfected 
hamster cells was increased (as compared to control cells), correlated with CD46 expression on 
CHO cells (paper III, Fig. 2) and also (for CHO-BC1 cells) could be efficiently competed by 
anti-CD46 antibodies. Even so, Ad7p did not seem to attach to cells through direct interaction 
with CD46, but rather through binding to an endogenously expressed (hamster) receptor which 
– regarding properties – may be a homolog of sBAR. The correlation between Ad7 binding and 
CD46 expression thus suggests that the endogenous hamster receptor/receptor activity is 
upregulated as a consequence of CD46 transfection of CHO cells. CD46 antibodies had an 
inhibitory effect on both the Mn2+-dependent binding of Ad7 (and Ad11p), and also the cation-
independent binding of Ad11p to CHO-CD46-BC1 cells, suggesting that the endogenous 
species B receptor on CHO-CD46-BC1 cells appeared in close proximity to CD46. On A549 
cells, however, the Ad7 receptor, sBAR and CD46 seemed to be arranged differently in relation 
to each other since CD46 antibodies had no significant effect on Ad7 binding to A549 cells. 
Taken together, our data strongly suggest that CD46 does not correspond to the divalent cation-
dependent receptor sBAR (which appears to be the major Ad3 and Ad7 attachment receptor), 
since Ad7p attached both CHO control and CHO-CD46-BC1 cells in a cation-dependent 
manner (paper III, Fig. 5). Furthermore, CD46 antibodies did not affect Ad7p binding to human 
cells, again strongly indicating that Ad7 did not interact with CD46 (paper III, Fig. 3). The fact 
that neither Ad3 nor Ad7 (efficiently) attached to CD46 expressing cells such as PBMCs, also 
supports this conclusion (paper IV, Fig. 1). 
 
   sBAR has the features of an integrin receptor and it has been shown that CD46 can be found 
in association with different tetraspans and β1-integrins on HeLa cells (Lozahic et al., 2000), 
and that human tetraspans associate with β1-integrins on CHO cells (Cook et al., 2002). The 
binding of Ad7 (paper III) to α2-, α2β1-, α3-, α5- or  αv -integrin transfected CHO cells (which 
might serve as partners for β1-integrins) was also investigated, but was found to be unaffected. 
The identity of the endogenously expressed receptor as well as that of sBAR thus remains 
obscure. 
 
    Finally, does CD46 correspond to sB2AR? Binding of Ad11p to CHO-CD46-BC1 cells and 
A549 cells showed the same features, thus suggesting that CD46 and sB2AR are equivalent. 
However, it remains to be confirmed that CD46 resists trypsin and EDTA treatment. In 
addition, Ad11p and Ad35 showed high binding efficiency to CD46-expressing cells (PBMCs) 
in the absence of (functional) sBAR (paper IV, Fig. 1). Although unlikely, it is possible that 
both sBAR and sB2AR are represented by several receptor proteins (present on A549 cells) and 
that CD46 only corresponds to one of the receptors among an sB2AR group of receptors.  

8:4 Receptor usage preferences for Ads 3p, 7p, 11p and 35. 
Cross-competition in combination with binding data might be used to create a suggestive 
pattern regarding the receptor preferences of the individual serotypes Ad3, Ad7, Ad11 and 
Ad35. In paper II, it was shown that Ad11p efficiently competed out the binding of all the other 
species B types studied (paper II, Fig. 1) and thus Ad11p appears to bind efficiently to both 
sBAR and sB2AR. It has also been observed that Ad35 and Ad3 showed low cross-competition 
in binding to K562 cells (Shayakhmetov et al., 2000) and that Ad35 is not as efficient as Ad11p 
in cross-competition between these strains (Mei, Lindman, and Wadell, 2002), indicating that 
Ad35 binds to sBAR with lower efficiency than at least Ad3 and Ad11p. In the binding to 
HSCs, Ad3 was almost as efficient as Ad35, and Ad11p was clearly more efficient than Ad35 
(paper V, Fig. 3) indicating that HSCs express higher amounts of sBAR than sB2AR (as 
compared to A549 cells). On the other hand, Ad35 appeared to bind to PBMCs (which only 
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appeared to express sB2AR) with higher efficiency than Ad11p (paper IV, Fig. 1) and in 
addition, the binding of Ad35 in comparison with Ad11p increased more after removal of 
sBAR from A549 and J82 cells (by pretrypsination) (paper II, Fig. 2) – indicating that Ad35 
binds to sB2AR with higher affinity than Ad11p.  

8:5 Distribution of sBAR, sB2AR and CD46. 
    The most commonly used epithelial cell lines all express attachment receptors for Ad3 and 
Ad7, which probably correspond to sBAR (paper II). Immature hematopoietic cell types, such 
as HSCs (paper V) and the multipotential myeloid cell line K562 (Gaggar, Shayakhmetov, and 
Lieber, 2003; Shayakhmetov et al., 2000; Sirena et al., 2004) appear to express sBAR, since 
either Ad3 or Ad7 (or both) has been shown to efficiently attach to these cells. CD46 
antibodies had a low inhibitory effect on Ad3 binding to K562 cells, suggesting that K562 cells 
express sBAR in addition to CD46 (Sirena et al., 2004). Other studies have reported varying 
efficiencies of an Ad5/fk3 vector in transduction of the monocytic cell line THP-1 (Stevenson 
et al., 1997; Von Seggern et al., 2000). We never evaluated the binding of Ad3 and Ad7 to the 
various leukemic cell lines used in paper I. However, (differentiated) PBMCs did not appear to 
express sBAR. The finding that Mn2+ greatly increased the binding of species B Ads to CHO 
cells requires further investigation, but it might suggest that sBAR is Mn2+-activatible (as are 
several integrins, some of which are expressed on leukocytes (Xiong et al., 2003a)). Thus, 
sBAR is perhaps present also on PBMCs but in our binding assays had adopted an inactive 
state. Integrins present on hematopoietic cells can be activated by mitogens such as PMA and 
cytokines (Parkes and Hart, 2000); however, stimulation of PBMCs just slightly increased the 
binding of Ad3 and Ad7. In summary, the tissue distribution of sBAR does not fit very well 
with the occurrence of any of the proposed Ad3 receptors: CD46, CD80 or CD86 (Barclay et 
al., 1997).  
 
    As for sBAR, the tissue distribution of sB2AR can mostly be predicted just by indirect 
indications. Amongst the only thoroughly investigated cell lines, A549 (lung carcinoma) and 
J82 (urinary bladder carcinoma) cells, J82 cells appear to express higher levels of sB2AR than 
A549 cells (paper II, Fig. 2, 4 (and 5)). However, both Ad11p and Ad35 (the latter appearing to 
interact preferentially with sB2AR) show high binding efficiency to all human cells so far 
investigated (except for human erythrocytes) (papers I, II, IV and V; (Havenga et al., 2002; 
Hierholzer, 1973; Skog et al., 2004; Skog, Mei, and Wadell, 2002; Zhang, Mei, and Wadell, 
2003) indicating that sB2AR, like CD46, corresponds to a ubiquitously expressed protein. 
CD46 is present on all nucleated cells, except for erythrocytes, and is especially highly 
expressed on the epithelial linings of e.g.the urinary tract (Johnstone, Loveland, and McKenzie, 
1993). The assumed tissue distribution of sB2AR thus correlates well with the expression of 
CD46.  

9: Entry of species B (and C) Ads into A549 cells, CD34+ 
HSCs and PBMCs 

9:1 Entry of Ad3p, Ad7p, Ad11p, Ad35 and Ad5p into A549 cells and 
CD34+ HSCs  
    Entry into A549 cells, as measured by accumulation of protease-resistant 35S-labeled Ads 
(paper IV, Fig. 2), for all Ads (Ad3p, Ad5p, Ad7p, Ad11p and Ad35) increased over the two 
first hours after infection, initially at a much higher rate for the species B2 Ads, as compared to 
the species B1 Ads and to Ad5. This might reflect different kinetics in attachment receptor 
interaction and, as a consequence, in co-receptor interaction. The similarity in uptake rates 
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(between 30 and 120 min p.i.) among species B Ads may suggest usage of the same entry route 
in A549 cells (paper IV, Fig. 2). Transduction of HeLa cells with an Ad5/fk35 vector has been 
reported to result in lower levels of transgene expression because of substantial recycling of 
retargeted vectors to the cell surface (Shayakhmetov et al., 2003). In epithelial but not in 
lymphoid cells, CD46 has been reported to be constitutively internalized and recycled to the 
cell surface (Crimeen-Irwin et al., 2003) and thus, the recycling of Ad5/fk35 vectors may be a 
CD46-mediated event. Furthermore, Ad7, which does not seem to bind CD46, appears to be as 
efficient as Ad5 in nuclear targeting of viral genomes (Miyazawa et al., 1999). If Ad11p and 
Ad35, like the Ad5/fk35 vector, are recycled back to the cell surface in A549 cells, this did not 
seem to result in lower net amounts of internalized Ad11p or Ad35 virions, within our assay-
time of 2 h. Admittedly, this may have been too short a time span to allow detection of the 
effects of this phenomenon. In line with earlier studies (Miyazawa, Crystal, and Leopold, 2001; 
Shayakhmetov et al., 2003), a somewhat higher amount of the species B1 Ads and a much 
higher amount of the species B2 Ads, as compared to Ad5, were internalized in A549 cells.  
 
    Efficient entry of Ad3 (species B1) into epithelial cells appears to depend on interaction with 
classical Ad integrin co-receptors (Mathias et al., 1994). However, it has never been 
determined whether the infectious entry route of Ad11p and Ad35 into epithelial cells is αv-
integrin dependent, although it seems likely that Ad11p and Ad35 (both B2) also enter A549 
cells at least partly through integrin co-receptor interaction. Ad35 has been reported to enter 
CD34+ HSCs efficiently, independently of αv-integrins (Shayakhmetov and Lieber, 2000). It 
remains to be determined whether entry through this αv-integrin-independent route requires 
interaction with any of the species B attachment receptors, sBAR, sB2AR or CD46, and thus 
whether this route can also be used by Ad3 and Ad7 (species B1) or other Ads that attach to 
HSCs, such as Ad37 (species D). Ad3, Ad7 and Ad37, as well as Ad11p and Ad35, apparently 
enter HSCs (paper V, Fig. 7), although it is not certain that they entered the same population of 
cells since Ad37 efficiently bound only to a separate population of cells (paper V, Fig.4). In 
addition, it would be interesting to know whether this viral entry route is specific to HSCs (or 
hematopoietic cells) or rather to species B2 (or species B) Ads. Entry of Ad2 into monocytic 
cells has been reported to be αv-integrin dependent (Huang et al., 1996). 

9:2 Entry and intracellular trafficking of species B2 Ads in PBMCs 
    Only the species B2 Ads were internalized in PBMCs at detectable levels (paper IV, Fig. 2-
3). However, although similar amounts of virions attached to stimulated T-cells and A549 cells 
(paper IV, Fig. 1), 4–5-fold lower amounts of virions appeared to have been internalized in T-
cells at 2 h p.i. (paper IV, Fig. 2). Internalization of Ads seemed to be even more restricted in 
B-cells, which is in accordance with a recent report regarding species C Ads (Colin et al., 
2004). In T-cells and monocytes the internalization seemed to abate after about 30 min of 
incubation, suggesting downregulation of either attachment receptors or co-receptors (or both) 
(paper IV, Fig.2). Although it has not been confirmed that the species B2 Ads attach to PBMCs 
in a CD46-dependent manner, it can be suspected that CD46 at least partially mediated the 
species B2 interactions with these cells since PBMCs do not seem to express sBAR. It has been 
shown recently that multivalent ligand binding to CD46, using crosslinked antibodies or MV 
hemagglutinin, elicits macropinocytosis which also results in degradation of CD46 (Crimeen-
Irwin et al., 2003). Ads are multivalent ligands and the plateau-kinetics indicated in the uptake 
assay might suggest that species B Ads also induce macropinocytosis leading to CD46 
downregulation. Conceivable roles of possible (CD46-induced) macropinocytosis in species B 
entry would be to serve as an infectious entry pathway or perhaps, in analogy with species C 
Ads, as an enhancer of virus release into the cytoplasm (Meier et al., 2002). The specific route 
of entry into PBMCs remains to be determined but taken together, the species B2 Ads, as also 
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indicated by CLSM of FISH-probed virus infected cells, albeit with lower efficiency, appears 
to be able to enter PBMCs (paper IV, Fig. 2-3). Ad co-receptors reported to be present on 
PBMCs include for example the α5β1-integrins (which however seem to require functional 
activation to mediate Ad infection efficiently (Davison et al., 1997)), but αv-integrins are 
present in low amounts on many (especially resting) hematopoietic cells (Colin et al., 2004; 
Huang, Endo, and Nemerow, 1995).  
 
    Our kinetic studies of intracellular trafficking (paper IV, Fig. 4-5 and Table 1) indicate that 
nuclear targeting of the species B2 Ad DNA resembled the data reported for Ad7 (and 
Ad5/fk35) rather than that for Ad5 (Miyazawa et al., 1999; Shayakhmetov et al., 2003). At one 
hour p.i., around 50% of the viral DNA was associated with the nuclear cell fraction, as 
compared to 80% for Ad5 and 40% for Ad7 viral DNA (Miyazawa, Crystal, and Leopold, 
2001; Miyazawa et al., 1999), using a real-time-PCR based assay similar to ours. However, the 
intracellular trafficking process seemed to be faster for the species B2 Ads and mostly appeared 
to be concluded within 3 h after infection (as compared to 8 h for Ad7 (Miyazawa, Crystal, and 
Leopold, 2001)) when approximately 70–80% of the Ad11p and 50–80% of the Ad35 
(intracellular) DNA was nuclear-associated (paper IV, Fig.4-5). Our study was, however, 
performed on PBMCs, which are very small cells (as compared to epithelial cells) and this 
might result in faster transport of virions through the cytoplasm. In summary, for Ad11p, the 
intracellular trafficking of the species B2 Ads in PBMCs indicated similar efficiencies in the 
nuclear targeting of internalized viral DNA to available data regarding species B trafficking in 
epithelial cells (Miyazawa, Crystal, and Leopold, 2001; Miyazawa et al., 1999). CLSM of 
(FISH-probed) infected cells also suggested import of Ad species B2 DNA into the nuclei of 
most kinds of PBMCs (paper IV, Fig. 3). Thus, the semipermissiveness of PBMCs to Ad 
infection should thus not be due to either deficient nuclear targeting or to deficient nuclear 
import of incoming virus particles or DNA. 
 
    Whether species B2 Ads are recycled to the cell surface in PBMCs was not specifically 
addressed in paper IV. The FISH staining indicated that virus particles resided to a great extent 
at the periphery of the cells or on the cell surface at 3 h p.i., especially in stimulated 
lymphocytes, which may suggest such export of Ads. The total amount of intracellular viral 
DNA seemed to be more or less constant in unstimulated lymphocytes and stimulated B-cells 
(paper IV, Fig. 4 and 6), but in stimulated monocytes and T-cells our data indicated decreasing 
levels of viral DNA between 1 h and 3 h p.i. (paper IV, Fig.4). In the case of stimulated T-cells, 
high amounts of Ads associated with the periphery could also be detected at 3 h p.i. Since 
uptake of Ads appeared to be restricted in PBMCs, the peripheral Ad particles might also 
reflect particles that had not been internalized. We also observed a gross discordance in levels 
of internalized Ad particles as compared to levels of Ad DNA at 1 h post infection in 
stimulated cells (paper IV, Table 2), but this might reflect degradation rather than export of 
virus particles. Taken together, our data indicate that no significant export of Ads occurred in 
unstimulated lymhocytes, but they might suggest export of Ads in stimulated T-cells. The 
situation in monocytes and stimulated B-cells is unclear. In all PBMCs, further investigations 
are required to confirm whether export of virus particles can occur. 
 

10: Permissiveness of various hematopoietic cells to Ad 
infection. 
    Nonpermissiveness or semipermissiveness of hematopoietic cells to Ad species C infection 
has been well established (Flomenberg et al., 1996; Horvath and Weber, 1988; Lavery et al., 
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1987; McNees et al., 2004; Silver and Anderson, 1988). Our results indicate that this also 
applies to species B Ads (papers I, IV and V) and species E Ads (paper I); thus, hematopoietic 
cells are generally (although to varying extents) restrictive to Ad growth for reasons not 
primarily related to virus attachment and entry. The general impression is that permissiveness 
of primary PBMCs to productive Ad infections varies with cell type and level of activation 
(paper IV), and established hematopoietic cell lines – even within the same lineage (McNees et 
al., 2004) – may differ greatly in their permissiveness (paper I) (Lavery et al., 1987).  
 
    Some cultivated HSCs seemed to be highly permissive to Ad late gene expression and the 
species B2 Ads appeared to replicate to cytolytic levels in these cells (Paper V, Fig.7). (The 
levels of viral DNA replication or infectious particles produced were not determined in HCSs). 
Ad5/fk35 vectors have been shown to transduce the majority of CD34+ HSCs efficiently 
(Shayakhmetov et al., 2000), and even very immature cells types (Nilsson, Karlsson, and Fan, 
2004); thus, the primary restriction to productive Ad infections in HSCs seems to be deficient 
expression of adenovirus genes.  
 
    Despite indicated entry into all types of primary PBMCs (differentiated cells), Ad11p and 
Ad35 productive infections were only clearly detected in stimulated T-cells and monocytes. 
(Unstimulated monocytes also appeared to produce low levels of late proteins). Also, Ad5p 
late-gene expression could be detected in the same cell types. Both species B2 and C Ads 
productively infected stimulated T-cells in much higher frequencies (paper IV, Fig. 7) than 
stimulated monocytes, even though the staining for late genes was more intense in stimulated 
monocytes than in T-cells (paper IV, Fig. 7). Stimulated monocytes represented the only cell 
type for which a low but significant increase in Ad DNA copy numbers could be detected at 48 
h p.i (paper IV, fig. 6), although our results imply that viral genome replication also occurred in 
stimulated T-cells. (Stimulated T-cells were prone to cell death). This suggests that T-cells are 
highly permissive to Ad entry/infection but support Ad replication to a lesser degree whereas 
monocytes/macrophages are more resistant to Ad entry/infection but less restrictive to Ad 
replication. The production of infectious particles in stimulated T-cells and monocytes remains 
to be investigated, but production of Ad2 particles has been reported to be low in stimulated 
lymphocytes (Horvath and Weber, 1988). At least in T-cells, viral DNA replication was 
severely restricted or greatly delayed (paper IV, Fig. 6), suggesting that deficient genome 
replication might limit Ad replication in stimulated T-cells. In unstimulated lymphocytes, no 
signs of Ad genome replication or late gene expression could be detected and B-cells also 
seemed to be nonpermissive to Ad genome replication and late gene expression after 
stimulation with mitogens (paper IV, Fig. 6 and 7). The mostly quiescent nature of primary 
unstimulated PBLs is probably the main reason for why they fail to support Ad gene 
expression, since PBLs have been reported to be nonpermissive also to (Ad5/fk35 vector-
mediated) CMV-driven gene expression (Havenga et al., 2002). However, B-cells formed 
colonies in response to cultivation with mitogens (paper IV) and thus appear to be 
nonpermissive for other reasons. In a study by Garnett et al., species C DNA isolated from 
persistently infected tonsils was found to be associated with T-cells and some cell of 
undetermined, non-lymphoid character, but not with B-cells (Garnett et al., 2002) – which is in 
line with our findings. In summary, among PBMCs; monocytes, stimulated 
monocytes/macrophages and stimulated T-cells are imaginable sites for persistent replication of 
species B2 (and C) Ads. In T-cells, the replication of the Ads that were studied, depended on T-
cell activation (which agrees with earlier results for Ad2 (Horvath and Weber, 1988). This 
suggests that T-cells may support Ad latency, as has recently proposed for species C Ads 
(Garnett et al., 2002).  
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    In the committed hematopoietic cell lines, we detected high levels of Ad11p late gene 
expression in Jurkat and K562 cells which were in the range of what was produced in A549 
cells. Jurkat and K562 cells produced at least 103 fold lower amounts of infectious viral 
particles than permissive A549 cells, however, (paper I, Fig 5-7), which is in line with recent 
findings regarding species C Ads (McNees et al., 2004). The levels of genome replication in 
Jurkat and K562 cells were not determined by us, but the study by McNees et al. indicated that 
large amounts of (species C) viral DNA were present from the start (T0) in Jurkat and some 
other T-cell lines, and although viral genome replication seemed to occur with low efficiency, 
the total amounts of viral DNA produced exceeded the production in A549 cells (McNees et 
al., 2004). (Much lower amounts of viral DNA were thus found in association with primary 
PBMCs (paper IV) than transformed T-cell lines (McNees et al., 2004)).This might suggest that 
assembly defects are the main reason for low production of infectious virions in highly 
permissive hematopoietic cell lines. In addition, we observed high expression of a protein of 
apparent size 78-79 kDa in Ad11p-infected Jurkat and K562 cells), which we suspected to 
represent an unprocessed precursor of pIIIa (paper I, Fig. 5). This was, however, never 
confirmed. Similar observations regarding Ad5 have been reported previously (Faucon, Ogier, 
and Chardonnet, 1982).  
 
    What factors determine the great variation in permissiveness to Ad productive infections of 
various cell lines has scarcely been studied, but they do not seem to be correlated mainly with 
lineage (Lavery et al., 1987). Also, some B-cell myelomas (Lavery et al., 1987) and Epstein-
Barr virus (EBV) transformed B-cell lymphomas (Flomenberg et al., 1996) manifest 
(relatively) high permissiveness to productive Ad infections. A very recent publication has 
indicated that differential permissiveness of various T-cell lines to Ad gene expression is 
mainly due to variations in E1A promoter activity (McNees et al., 2004). Suppression of E1A 
expression has also been observed previously in B-cell myeloma cell lines (Lavery et al., 
1987). The permissiveness of lymphoid cell lines has also been found to correlate well with the 
number of mitotic cells (Silver and Anderson, 1988). We also observed that it was among the 
fastest dividing cell lines (Jurkat, DG-75 and K562) that the most permissive cells were to be 
found. However, DG-75 cells (which are B-cell lymphoma cells that are not EBV-transformed) 
were almost as nonpermissive to Ad late gene exression as the slow-growing U937 and HL-60 
cells. In summary, no hematopoietic cell lines (or primary cells) so far investigated appear to 
be fully permissive to Ad lytic infections and the block(s) to Ad replication in primary and 
transformed hematopoietic cells (as well as between different transformed cell lines) appear(s) 
to differ, suggesting that restrictions may be present at several levels in primary hematopoietic 
cells.  
 
    How differences in permissiveness are related to the establishment of persistent Ad 
infections in cells of hematopoietic origin remains to be determined. In all cells, the species B2 
Ad replication cycle displayed some of the hallmarks of persistent replication; in Jurkat and 
K562 cells the synthesis of cellular proteins seemed unperturbed in spite of an efficient 
synthesis of late viral proteins (paper I, Fig. 5), whereas low amounts of infectious virions were 
produced. In primary T-cells, genome replication was restricted. These restrictions imply 
differential expression of regulatory viral genes and might suggest deficient expression from 
the E4 and/or the E2 regions during viral replication in hematopoietic cells, in line with recent 
and previous results regarding E1A-expression in these cells (Lavery et al., 1987; McNees et 
al., 2004). The presence of putative binding sites for transcription factors important in T-cell 
stimulation in the Ad genome might suggest that Ads have evolved to take advantage of the 
natural restrictions to viral replication present in hematopoietic cells – to use these cells as 
reservoirs for persistent and/or latent replication – which in turn suggests that at least some Ads 
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can enter into a certain persistent replication cycle in hematopoietic cells that is distinct from 
lytic replication in epithelial cells.  
 

10:1 T-cells; a conditionally replicative system… also for Ads? 
    The prerequisites for successful viral latency are (1) the ability of the viral genome to stay 
quiescent in cells for prolonged times and, (2) in response to certain cellular signals, to start 
viral replication. Lymphocytes which are potentially long-lived cells might seem ideal for 
hosting latent viruses, since they naturally vary periods of activation and differentiation with 
periods of quiescence. Our data suggest that the Ad genome is eclipsed in unstimulated T-cells, 
but that late gene expression and a low grade of DNA replication appear to occur in stimulated 
T-cells; thus, replication of Ad5p, Ad11p and Ad35 seemed to depend on the level of activation 
of the T-cell (paper IV). Whether species B2 Ads can remain latent in T-cells for prolonged 
periods and are able to start their replication cycle in response to T-cell activation signals 
remains to be determined. In theory, a model for specific entry of species B2 Ads into a 
persistent replication mode in stimulated T-cells can be imagined.  
     Species B and C Ads have 1 and 2 NF-κB binding sites, respectively, in their E3 promoters 
(Basler, Droguett, and Horwitz, 1996; Mei et al., 2003). Furthermore, a putative CD28 
responsive element (CD28RE) and, nearby, a putative NF-κB binding site have been identified 
in Ad11p and Ad35 upstream of the E3 promoter, not far from the E2 promoter (Basler, 
Droguett, and Horwitz, 1996). (The Ad7 sequence has an amino acid substitution in the middle 
of the putative CD28 RE (Gene bank-AC AY495969)). The significance of these putative 
elements has not been determined, but NF-κB-driven transcription from the E3 promoter has 
been shown to occur in response to stimulation of T-cells, at least for species C Ads (Mahr, 
Boss, and Gooding, 2003). In species C Ads, NF-κB-mediated expression from the E3 
promoter resulted in 20-fold higher expression levels than E1A-mediated expression (Mahr, 
Boss, and Gooding, 2003) and overexpression of E1A in stimulated T-cells inhibited NF-κB-
induced E3 promoter activity (resulting in lowered E3 expression). In addition, E3 products 
have been shown to suppress E1A expression (Zhang et al., 1994). Thus, E1A or NF-κB-driven 
transcription from the E3 promoter appear to be mutually exclusive events (resulting in lower 
or higher E3 expression), that might function as a switch mechanism which – depending on the 
cellular environment – will direct the virus into lytic or persistent replication. 
 
    A regulatory loop can be conceived as follows. In permissive epithelial cells, E1A 
expression suppresses NF-κB-mediated transcription (Shao et al., 1999) and thus controls E3 
expression, which probably remains at a lower level. T-cell stimulation signals induce high 
amounts of NF-κB (Ruland and Mak, 2003) which would in turn induce high expression of E3 
proteins and possibly suppress (or silence) E1A. In line with this, a recent publication indicated 
that the Ad E1A promoter (in contrast to the CMV promoter) failed to drive Ad vector (E1A-
deleted) mediated reporter gene expression in certain T-cell lines (McNees et al., 2004). Low 
E1A gene expression most probably results in low expression from the E2 and E4 regions, in 
turn restricting viral growth and avoiding the cytopathic effects coupled to lytic replication. 
Several E4 gene products have cytotoxic effects (Tauber and Dobner, 2001) and both E1A and 
E4 proteins sensitize the cell to apoptosis (Brockmann and Esche, 2003; Tauber and Dobner, 
2001). As a consequence, their expression is probably not compatible with cell survival and 
viral persistence. Thus, NF-κB-mediated high-level E3 expression would probably not only 
promote viral persistence in itself, but in addition might be a deliberate viral strategy to 
suppress E1A expression and enable entry into a persistent replication cycle. However, in order 
to replicate, E2 expression is mandatory (de Jong, van der Vliet, and Brenkman, 2003) and in 
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the case of the species B2 Ads, this expression may be induced via the putative CD28RE. The 
transforming activities of the E1A and E4 gene products are probably dispensable, since 
stimulated T-cells are amongst the most rapidly dividing human cells. Thus, species B2 Ads 
harbor two different elements, designed to respond to T-cell activation signals, just in front of 
regions encoding some of the most crucial functions for in vivo replication, strongly indicating 
that infection of T-cells is an important part of the species B2 adenovirus life cycle. In 
summary, species B2 Ads appear to have evolved to respond to natural variations in T-cell 
activity. In view of our results, this suggests that Ad infections of T-cells occurring in vivo are 
of latent nature, and from time to time the virus enters persistent replication. Epidemiological 
reports of intermittent shedding of the same virus strain (Adrian et al., 1988) and clinical 
indications of Ad reactivations (Shields et al., 1985) also support this hypothesis.  
 

11: Species B1/B2 genome composition and receptor usage; 
possible links to tropism and epidemiology 
    It has been a more or less general assumption that the fiber attachment receptor determines 
virus tropism. However, most Ad receptors that have been identified have turned out to be 
ubiquitously expressed proteins, and in addition many Ads with different tropisms appear to 
bind to the same attachment receptor (albeit with large variations in affinity (Howitt et al., 
2003; Kirby et al., 2001)). Clearly, the initial fiber-receptor interaction is not sufficient to 
explain differences in virus tropism. However, several reports have illustrated in different ways 
that the fiber-mediated attachment to host cells is required for efficient infection of host cells 
(Havenga et al., 2002; Legrand et al., 1999; Leon et al., 1998; Rea et al., 2001; Shayakhmetov 
et al., 2000; Von Seggern et al., 1999) Given the wide differences in disease patterns that 
individual Ads are capable of causing in healthy vis-à-vis  immunocomprimised individuals 
(Carrigan, 1997; Kojaoghlanian, Flomenberg, and Horwitz, 2003), it must be concluded that 
diverse forms of host defense (e.g. anatomical barriers, neutralizing activities present in body 
fluids and innate responses to viral entry and replication) are most restrictive to replication and 
spread of Ads in healthy hosts. As follows, Ad tropism perhaps rather illustrates different 
strategies of circumventing these obstacles than viral capacity to enter and replicate (to lytic 
titers) in a certain cell type. In line with this reasoning, the largest variations among Ads are 
found in the immunomodulatory regions of the genome (E3 and VA-RNA genes). 
 
    Although belonging to the same species, the B1 Ad serotypes Ad3 and Ad7 and the B2 
adenoviruses Ad11 and Ad35 exhibit very different “lifestyles”. Ad3 and Ad7 are epidemic, 
highly virulent Ads that seem to have specialized in causing acute lytic infections (Hong et al., 
2001; Kajon et al., 1996; Kajon and Suarez, 1990), whereas Ad11p and Ad35 are rarely 
isolated types (Wadell, 1984; Wadell, 2000). The epidemiology of these Ads suggests that 
asymptomatic, persistent (or latent) infections represent the principal way in which species B2 
Ads interact with hosts and spread in the population (Wadell, 1984; Wadell, 2000). 
Comparison of the Ad7 and the Ad11/Ad35 genomes revealed that species B2 Ads only have 
one VA-RNA gene (Kidd, Garwicz, and Oberg, 1995) and also lack the toxic ADP protein 
(Flomenberg, Chen, and Horwitz, 1988; Mei and Wadell, 1992) (which can enhance viral 
spread through induction of cell lysis late in infection). In contrast, species B1 Ads have 2 VA-
RNA genes (Kidd, Garwicz, and Oberg, 1995) and an E3-9K protein (Signas, Akusjarvi, and 
Pettersson, 1986) which might be analogous to the E3-11.6K/ADP protein (Windheim, 
Hilgendorf, and Burgert, 2004). The loss of two potentially important virulence genes from the 
species B2 Ad genome most probably contributes to the observed differences in epidemiology 
among species B serotypes. It is easy to imagine that the loss of ADP restricts viral spread and 
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thus decreases the ability to cause epidemics (although it has not been confirmed that species 
B1 Ads have a protein equivalent to ADP). On the other hand, the loss of ADP might be an 
advantage in nonlytic persistent replication which decreases inflammatory responses and 
lowers the amount of exposed viral antigens. ADP is mainly expressed at late times of (lytic) 
infection (Tollefson et al., 1996b) and it would be interesting to know whether expression of 
ADP (in species C Ads) is inhibited during persistent replication.  
 
    Although Ad11p and Ad35 replicate efficiently in cell culture with only one VA RNA gene, 
this might restrict in vivo replication. With few exceptions, Ad34 and Ad35 have been isolated 
from immunocompromised hosts (Klinger et al., 1998), suggesting that high infectious doses 
are required to cause disease or acute lytic infections in immunocompetent hosts. Since Ad11 
and Ad35 appear to enter most cells efficiently and may replicate to some of the highest titers 
among Ads in vitro (personal observations), this restriction in vivo probably relates to viral-host 
immune defense interactions during the replicative cycle rather than to inefficient entry 
mechanisms. The functions of the two additional E3 ORFs (Flomenberg, Chen, and Horwitz, 
1988; Mei and Wadell, 1992) of species B Ads, as well as the potential L6 agnoprotein (Mei et 
al., 2003) and their possible contributions to species B epidemiology, are unknown.  
 
    Interestingly, alignment of fiber knob sequences from Ad3p (Signas, Akusjarvi, and 
Pettersson, 1985), Ad7p (Hong, Mullis, and Engler, 1988), Ad11p (Mei and Wadell, 1993) and 
Ad35 (Basler, Droguett, and Horwitz, 1996) reveal that Ad11p and Ad35, despite similar 
attachment receptor usage phenotypes, have very heterogeneous knob sequences (Mei and 
Wadell, 1995) and are, respectively, more related to Ad7 and Ad3 (FIG. 7). Fiber 
recombinations are relatively common events within the same species (de Jong et al., 1983; 
Flomenberg et al., 1987; Hatch and Siem, 1966; Kajon and Wadell, 1996; Matumoto, Uchida, 
and Hoshika, 1958) and obviously the ability to attach to sB2AR must have been selected for 
(at least) twice, indicating in turn that binding to sB2AR is a key feature of Ad11p and Ad35, 
and is probably related to their unique tropism.  
  

    So why is binding to sB2AR so important to species B2 Ads? Firstly, binding to sB2AR 
seems to ensure efficient entry into various hematopoietic cells including T-cells, where the 
virus might establish persistent (or latent) infections. Thus, binding to sB2AR may be the key 
to their “lifestyle”. Secondly, based on the assumption that sB2AR corresponds to CD46, the 
inhibitory effects on T-cell proliferation and activation that might follow upon interaction with 
CD46 (Kemper et al., 2003; Marie et al., 2001) may favor viral persistence. In addition, CD46 
perhaps, as it appears in the case of Neisseria meningitides (Eugene et al., 2002; Johansson et 
al., 2003), mediates Ad transition through epithelial linings. Recent results have indicated that 
CD46 (in epithelial cells) is constitutively recycled (Crimeen-Irwin et al., 2003) and 
intracellular trafficking of retargeted Ad5/fk35 vectors also seems to result in substantial 
redistribution of vectors to the cell surface (Shayakhmetov et al., 2003). The Ad11 genome 
type Ad11a differs in tropism from the closely related Ad11p and is associated with respiratory 
disease (Hierholzer et al., 1974). In addition, the Ad11a knob, in contrast to the Ad11p knob, 
does not agglutinate monkey erythrocytes (Mei and Wadell, 1993; Mei and Wadell, 1996) and 
thus seems unable to bind CD46 (since monkey erythrocytes, in contrast to human 
erythrocytes, express CD46 (Hsu et al., 1997)). This suggests that binding, or absence of 
binding, to CD46 is decisive in determining the different tropisms (for the kidney and urinary 
tract or the respiratory tract) displayed by these closely related Ad strains, Ad11p and Ad11a. 
Highly virulent Ads such as Ad4 (species E), Ad3 and Ad7, and also species F Ads have not 
been found to be shed for long periods (Allard, Albinsson, and Wadell, 1992; Wadell, 2000), 
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and probably their virulence is incompatible with persistence. Binding to CD46 might also be a 
disadvantage to efficient lytic replication since CD46 signaling appears to induce the interferon 
response (Katayama, Hirano, and Wong, 2000) and binding to CD46 perhaps also results in 
less efficient entry into epithelial cells (Shayakhmetov et al., 2003). 
 

CLUSTAL W (1.81) multiple sequence alignment 

               A          AB             B     BC     C           
              EEE                    EEEEEEEEEE  EEEEEEEEEE    HH 
      11p       WTGVNPTEANCQIMNSSESNDCKLILTLVKTGALVTAFVYVIGVSNNFN  183 
       7p       WTGVNPTTANCQIMASSESNDCKLILTLVKTGGLVTAFVYVIGVSNDFN  183 
       3p       WTGPKP-EANCIIEYGKQNPDSKLTLILVKNGGIVNGYVTLMGASDYVN  181 
       35       WTGINP-PPNCQIVENTNTNDGKLTLVLVKNGGLVNGYVSLVGVSDTVN  182 
                 
    
                CD        D              DE      E       
                HHHH  EEEEEEEEEE                 EE 
      11p       MLTTHRNINFTAELFFDSTGNLLTRLSSLKTPLNHKSGQNMATGAITNA  232 
       7p       MLTTHKNINFTAELFFDSTGNLLTSLSSLKTPLNHKSGQNMATGALTNA  232 
       3p       TLFKNKNVSINVELYFDATGHILPDSSSLKTDLELKYKQTADF----SA  230 
       35       QMFTQKTANIQLRLYFDSSGNLLTEESDLKIPLKNKS-STATSETVASS  230 
              
                        EG                 G       GH     H 
                HHH                    EEEEEEEEE      EEEEEEEEEE    
      11p       KGFMPSTTAYPFND-NS-REKENYIYGTCYYTAS-DRTAFPIDISVMLN  278 
       7p       KGFMPSTTAYPFNV-NS-REKENYIYGTCYYTAS-DHTAFPIDISVMLN  278 
       3p       RGFMPSTTAYPFVLPNAGTHNENYIFGQCYYKAS-DGALFPLEVTVMLN  274 
       35       KAFMPSTTAYPFNT--TTRDSENYIHGICYYMTSYDRSLFPLNISIMLN  277 
              
                 HI          I            IJ           J 
                         EEEEEEEEEE                  EEEEEE  
      11p       RRAINDETSYCIRITWSWNTGDAPEVQTSATTLVTSPFTFYYIREDD- 325 
       7p       QRALNNETSYCIRVTWSWNTGVAPEVQTSATTLVTSPFTFYYIREDD- 325 
       3p       KRLPDSRTSYVMTFLWSLNAGLAPE--TTQATLITSPFTFSYIREDD- 319 
       35       SRMISSNVAYAIQFEWNLNASESPE--SNIATLTTSPFFFSYITEDDN 323 

 

Figure 7: Alignment of fiber knob sequences of species B adenoviruses. Strands and loops 
are labeled according to (Durmort et al., 2001; van Raaij et al., 1999)  
  
 
    Very little is known about the epidemiology and biological properties of the other species B 
members, Ad14, Ad16, Ad21, Ad34 and Ad50 and no full genome sequences are available for 
these Ads. Ad34 belongs to the same genomic cluster as Ad11 and Ad35, and shows the same 
disease patterns (Li, Hambraeus, and Wadell, 1991) (and low antibody prevalence (Vogels et 
al., 2003)) as these Ads. The prevalences of neutralizing antibodies against Ad14, Ad16 and 
Ad21 are similar and appear to be intermediate in comparison to the common species B 
adenoviruses Ad3 and Ad7 and the rarely isolated Ad11, Ad34, Ad35 and Ad50 (Vogels et al., 
2003). Ad21 has been associated with both acute respiratory disease (Lang et al., 1969) and 
hemorrhagic cystitis (Mufson and Belshe, 1976) and data by Gaggar et al. have indicated that 
Ad16, Ad21 and Ad50 attach efficiently to CHO-CD46 transduced cells (Gaggar, 
Shayakhmetov, and Lieber, 2003). Thus, these strains seem to be intermediate both in tropism 
and prevalence, and are perhaps capable of adopting both “lifestyles”.  
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12: Vector applications for species B1 and B2 Ads and 
specific safety issues 
    There are two obvious advantages of species B-based Ad vectors in comparison with the 
traditional species C vectors: (1) the low seroprevalence (5–10% for Ad11 and Ad35 and ~30% 
for Ad7 as compared to 80 % for Ad2/Ad5) (Vogels et al., 2003), and (2) the ability to attach to 
cells that do not express CAR, such as hematopoietic cells (papers I, IV and V) (Havenga et al., 
2002; Nilsson, Karlsson, and Fan, 2004; Rea et al., 2001; Shayakhmetov et al., 2000; 
Stevenson et al., 1997; Von Seggern et al., 2000). The findings of our group and others 
strongly indicate that species B adenoviruses, and more especially species B2 Ads, would 
constitute most efficient vectors for various types of hematopoietic cells (papers I, IV and V) 
(Havenga et al., 2002; Nilsson, Karlsson, and Fan, 2004; Nilsson et al., 2004; Rea et al., 2001; 
Shayakhmetov et al., 2000; Stevenson et al., 1997; Von Seggern et al., 2000). There appear to 
be pronounced differences in the distribution of the two species B receptors on hematopoietic 
cells (papers IV and V), which must be taken into consideration regarding choice of vector and 
which might turn out to be useful. For selective targeting of HSCs, an Ad3 or Ad7-based vector 
would probably be useful (paper V). However, if both HSCs and various committed 
hematopoietic lineages, or only the latter cell types, have to be targeted, an Ad11p or Ad35-
based vector would be preferable (paper IV).  
 
    Ad infections can be life-threatening in immunocompromised hosts (Carrigan, 1997; 
Flomenberg et al., 1994; Kojaoghlanian, Flomenberg, and Horwitz, 2003) and many Ad vector 
gene therapy applications, targeting hematopoietic cells, not seldom concern BMT patients 
(with leukemia or cancer) (Van Tendeloo, Van Broeckhoven, and Berneman, 2001). At the 
same time, this is one of the patient groups most frequently subjected to serious Ad species B2 
infections (Flomenberg et al., 1994; Hierholzer, 1992; Kojaoghlanian, Flomenberg, and 
Horwitz, 2003; Suparno et al., 2004) because of the persistent nature of these Ads. Both in vivo 
data (Flomenberg et al., 1996; Garnett et al., 2002; van der Veen and Lambriex, 1973)} and in 
vitro data (Andiman and Miller, 1982; Chu et al., 1992; Faucon, Ogier, and Chardonnet, 1982; 
Silver and Anderson, 1988) strongly suggest that hematopoietic cells might harbor long-lasting 
Ad infections; and most certainly it is not a coincidence that species B2 Ads, being the most 
efficient in binding and infecting cells of hematopoietic origin, at the same time mostly cause 
persistent infections. Thus, use of species B vectors for targeting of hematopoietic cells may be 
a two-edged sword and the safety issues must be considered carefully (since eventual vector 
recombinations with persistent wt Ads might result in replication competent vectors, equipped 
with multi-drug resistance or toxic genes). On the other hand, infection with the persistent 
species B2 Ads appear to be rather uncommon (Wadell, 2000; Vogels et al., 2003) and in the 
case of gut-less vectors (Kochanek et al., 1996) or pseudopackaged DNA (Ostapchuk and 
Hearing, 2003a) they should probably be considered safe. In order to correctly judge the risk of 
eventual vector recombinations, in individual patients subjected to Ad gene therapy protocols, 
our knowledge regarding which specific cell types harbor persistent or latent Ads (for 
establishment of reliable detection/isolation) must be improved. Antivirals targeting Ad 
replication would of course also be highly valuable to increase safety, and can probably be 
designed since Ad replication specifically depends on the protein-primed Adpol.  
 
    In principle, I think that Ads can become useful in all sorts of protocols aiming at 
vaccination (Molinier-Frenkel et al., 2002; Rea et al., 2001; Rea et al., 1999). Conditionally 
replicative oncolytic Ad vectors have shown some promising results (also in the clinic) (Kirn, 
2001; Lamont et al., 2000). A new HC system that permits conditional replication and 
segregation of replicated genomes to daughter cells, has recently been developed and will 
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perhaps – in the future – enable the use of Ad vectors also for long-term gene expression in 
dividing cells such as HSCs (and their progeny) (Kreppel and Kochanek, 2004).    
 
    Since human Ads replicate poorly in most animal cells, in vivo models (for human Ads) to 
study the impact of single genes on tropism, virulence or persistence have not been available. 
Apart from revealing the in vivo biology of different Ads; such animal models would be very 
useful in the development of oncolytic Ads and recently, an immunocompetent murine tumor 
model (that support Ad replication) has been developed (Hallden et al., 2003). To study Ad 
vector gene delivery in vivo, transgenic mice expressing human CAR (Tallone et al., 2001) or 
CD46 (Kemper et al., 2001) are currently available.    
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13: CONCLUSIONS:  
 

• There are at least two different Ad species B attachment receptors: 
-sBAR: used by Ad3p, Ad7p and Ad11p 
-sB2AR: used by Ad11p and Ad35.  

• sBAR appears to be trypsin-sensitive and to have a divalent cation-dependent 
conformation (in its function as an Ad receptor). 

• sB2AR appears to be insensitive to trypsin, EDTA or cations (in its function as an Ad 
receptor). 

• Both receptors appear to be proteins or glycoproteins. 
• The differences in receptor usage between the species B1 serotypes Ad3p and Ad7p and 

the species B2 serotypes Ad11p and Ad35 can be correlated to differences in tropism. 
• CD46 is a functional receptor for Ad11p but not for Ad7p. 
• The species B adenoviruses Ad3p, Ad7p, Ad11p and Ad35 as well as Ad37 (species D) 

all attach to HSCs, but Ad4p (species E), Ad5p (species C), Ad31 (species A) and Ad41 
(species F) do not. 

• Ad11p shows the highest binding efficiency to HSCs, followed by Ad35, Ad3p, Ad11a, 
Ad7p and Ad37. 

• Ads with affinity for HSCs productively infected HSCs, whereas the non-binding Ads 
did not. 

• In contrast to the species B1 serotypes 3p and 7p, the species B2 serotypes Ad11p and 
Ad35 bound efficiently to differentiated PBMCs. 

• Ad11p, Ad35 and Ad5p productively infected stimulated T-cells and monocytes, but 
did not replicate their DNA or express late genes in unstimulated lymphocytes.  

• Primary B-cells appear to be nonpermissive to Ad5p, Ad11p and Ad35 regarding viral 
genome replication and late viral gene expression.  

• Ad11p and Ad35 efficiently attach to the following committed hematopoietic cell lines 
(listed in the order of descending affinity): Jurkat, DG-75, K562, U937-2 and HL-60, 
representing T-cells, B-cells, myeloblasts, monocytes and granulocytes, respectively. 

• Jurkat and K562 cells display high permissiveness whereas DG-75, U937-2 and HL-60 
cells show low permissiveness regarding infection by Ad4p, Ad5p, Ad11p and Ad35. 

• The production of infectious Ad11p particles was (at least) 103-fold lower in Jurkat and 
K562 cells (as compared to A549 cells) despite high production of Ad structural 
proteins.  

• The species B2 serotypes Ad11p and Ad35 showed the highest binding efficiency for 
all hematopoietic cells investigated (of all Ad serotypes investigated). 

• There was a correlation between binding and infection efficiencies and Ad11p and 
Ad35 in addition, infected the highest proportion of cells in all hematopoietic cells 
investigated. 

• Given the persistent nature of the species B2 Ads, the high efficiency of these Ads in 
binding and infecting hematopoietic cells, and the similarities between species B2 
replication in hematopoietic cells and persistent replication (described earlier for Ad5), 
species B2 Ads may have a natural tropism for these cells. 

 



 60

REFERENCES 
Adrian, T., Schafer, G., Cooney, M. K., Fox, J. P., and Wigand, R. (1988). Persistent enteral infections with 

adenovirus types 1 and 2 in infants: no evidence of reinfection. Epidemiol Infect 101(3), 503-9. 
Adrian, T., Wadell, G., Hierholzer, J. C., and Wigand, R. (1986). DNA restriction analysis of adenovirus 

prototypes 1 to 41. Arch Virol 91(3-4), 277-90. 
Albinsson, B., and Kidd, A. H. (1999). Adenovirus type 41 lacks an RGD alpha(v)-integrin binding motif on the 

penton base and undergoes delayed uptake in A549 cells. Virus Res 64(2), 125-36. 
Alexander, D. A., and Dimock, K. (2002). Sialic acid functions in enterovirus 70 binding and infection. J Virol 

76(22), 11265-72. 
Allard, A., Albinsson, B., and Wadell, G. (1992). Detection of adenoviruses in stools from healthy persons and 

patients with diarrhea by two-step polymerase chain reaction. J Med Virol 37(2), 149-57. 
Allison, J. P. (1994). CD28-B7 interactions in T-cell activation. Curr Opin Immunol 6(3), 414-9. 
Alt, F. W., Oltz, E. M., Young, F., Gorman, J., Taccioli, G., and Chen, J. (1992). VDJ recombination. Immunol 

Today 13(8), 306-14. 
Amalfitano, A., Hauser, M. A., Hu, H., Serra, D., Begy, C. R., and Chamberlain, J. S. (1998). Production and 

characterization of improved adenovirus vectors with the E1, E2b, and E3 genes deleted. J Virol 72(2), 
926-33. 

Ambriovic-Ristov, A., Mercier, S., and Eloit, M. (2003). Shortening adenovirus type 5 fiber shaft decreases the 
efficiency of postbinding steps in CAR-expressing and nonexpressing cells. Virology 312(2), 425-33. 

Amyere, M., Payrastre, B., Krause, U., Van Der Smissen, P., Veithen, A., and Courtoy, P. J. (2000). Constitutive 
macropinocytosis in oncogene-transformed fibroblasts depends on sequential permanent activation of 
phosphoinositide 3-kinase and phospholipase C. Mol Biol Cell 11(10), 3453-67. 

Anderson, B. D., Nakamura, T., Russell, S. J., and Peng, K. W. (2004). High CD46 receptor density determines 
preferential killing of tumor cells by oncolytic measles virus. Cancer Res 64(14), 4919-26. 

Andiman, W. A., and Miller, G. (1982). Persistent infection with adenovirus types 5 and 6 in lymphoid cells from 
humans and woolly monkeys. J Infect Dis 145(1), 83-8. 

Araki, N., Johnson, M. T., and Swanson, J. A. (1996). A role for phosphoinositide 3-kinase in the completion of 
macropinocytosis and phagocytosis by macrophages. J Cell Biol 135(5), 1249-60. 

Arnberg, N., Edlund, K., Kidd, A. H., and Wadell, G. (2000a). Adenovirus type 37 uses sialic acid as a cellular 
receptor. J Virol 74(1), 42-8. 

Arnberg, N., Kidd, A. H., Edlund, K., Nilsson, J., Pring-Akerblom, P., and Wadell, G. (2002). Adenovirus type 37 
binds to cell surface sialic acid through a charge-dependent interaction. Virology 302(1), 33-43. 

Arnberg, N., Kidd, A. H., Edlund, K., Olfat, F., and Wadell, G. (2000b). Initial interactions of subgenus D 
adenoviruses with A549 cellular receptors: sialic acid versus alpha(v) integrins. J Virol 74(16), 7691-3. 

Arnberg, N., Mei, Y., and Wadell, G. (1997). Fiber genes of adenoviruses with tropism for the eye and the genital 
tract. Virology 227(1), 239-44. 

Arnberg, N., Pring-Akerblom, P., and Wadell, G. (2002). Adenovirus type 37 uses sialic Acid as a cellular 
receptor on chang C cells. J Virol 76(17), 8834-41. 

Asaoka, K., Tada, M., Sawamura, Y., Ikeda, J., and Abe, H. (2000). Dependence of efficient adenoviral gene 
delivery in malignant glioma cells on the expression levels of the Coxsackievirus and adenovirus 
receptor. J Neurosurg 92(6), 1002-8. 

Astier, A., Trescol-Biemont, M. C., Azocar, O., Lamouille, B., and Rabourdin-Combe, C. (2000). Cutting edge: 
CD46, a new costimulatory molecule for T cells, that induces p120CBL and LAT phosphorylation. J 
Immunol 164(12), 6091-5. 

Athappilly, F. K., Murali, R., Rux, J. J., Cai, Z., and Burnett, R. M. (1994). The refined crystal structure of hexon, 
the major coat protein of adenovirus type 2, at 2.9 A resolution. J Mol Biol 242(4), 430-55. 

Balakirev, M. Y., Jaquinod, M., Haas, A. L., and Chroboczek, J. (2002). Deubiquitinating function of adenovirus 
proteinase. J Virol 76(12), 6323-31. 

Balakireva, L., Schoehn, G., Thouvenin, E., and Chroboczek, J. (2003). Binding of adenovirus capsid to 
dipalmitoyl phosphatidylcholine provides a novel pathway for virus entry. J Virol 77(8), 4858-66. 

Barclay, A. N., Brown, M. H., Law, S. K. A., McKnight, A. J., Tomlinson, M. G., and van der Merwe, P. A. 
(1997). "The Leukocyte Antigen facts book." Second ed. (F. Series, Ed.) Academic Press, Harcourt Brace 
and Company, Publishers. 

Barilla-LaBarca, M. L., Liszewski, M. K., Lambris, J. D., Hourcade, D., and Atkinson, J. P. (2002). Role of 
membrane cofactor protein (CD46) in regulation of C4b and C3b deposited on cells. J Immunol 168(12), 
6298-304. 

Basler, C. F., Droguett, G., and Horwitz, M. S. (1996). Sequence of the immunoregulatory early region 3 and 
flanking sequences of adenovirus type 35. Gene 170(2), 249-54. 



 61

Benedict, C. A., Norris, P. S., Prigozy, T. I., Bodmer, J. L., Mahr, J. A., Garnett, C. T., Martinon, F., Tschopp, J., 
Gooding, L. R., and Ware, C. F. (2001). Three adenovirus E3 proteins cooperate to evade apoptosis by 
tumor necrosis factor-related apoptosis-inducing ligand receptor-1 and -2. J Biol Chem 276(5), 3270-8. 

Benko, M., and Harrach, B. (2003). Molecular evolution of adenoviruses. Curr Top Microbiol Immunol 272, 3-35. 
Benson, S. D., Bamford, J. K., Bamford, D. H., and Burnett, R. M. (1999). Viral evolution revealed by 

bacteriophage PRD1 and human adenovirus coat protein structures. Cell 98(6), 825-33. 
Bergelson, J. M., Chan, M., Solomon, K. R., St John, N. F., Lin, H., and Finberg, R. W. (1994). Decay-

accelerating factor (CD55), a glycosylphosphatidylinositol-anchored complement regulatory protein, is a 
receptor for several echoviruses. Proc Natl Acad Sci U S A 91(13), 6245-8. 

Bergelson, J. M., Cunningham, J. A., Droguett, G., Kurt-Jones, E. A., Krithivas, A., Hong, J. S., Horwitz, M. S., 
Crowell, R. L., and Finberg, R. W. (1997). Isolation of a common receptor for Coxsackie B viruses and 
adenoviruses 2 and 5. Science 275(5304), 1320-3. 

Berk, A. J., Lee, F., Harrison, T., Williams, J., and Sharp, P. A. (1979). Pre-early adenovirus 5 gene product 
regulates synthesis of early viral messenger RNAs. Cell 17(4), 935-44. 

Bewley, M. C., Springer, K., Zhang, Y. B., Freimuth, P., and Flanagan, J. M. (1999). Structural analysis of the 
mechanism of adenovirus binding to its human cellular receptor, CAR. Science 286(5444), 1579-83. 

Biagi, E., Yvon, E., Dotti, G., Amrolia, P. J., Takahashi, S., Popat, U., Marini, F., Andreeff, M., Brenner, M. K., 
and Rousseau, R. F. (2003). Bystander transfer of functional human CD40 ligand from gene-modified 
fibroblasts to B-chronic lymphocytic leukemia cells. Hum Gene Ther 14(6), 545-59. 

Bilbao, R., Srinivasan, S., Reay, D., Goldberg, L., Hughes, T., Roelvink, P. W., Einfeld, D. A., Wickham, T. J., 
and Clemens, P. R. (2003). Binding of adenoviral fiber knob to the coxsackievirus-adenovirus receptor is 
crucial for transduction of fetal muscle. Hum Gene Ther 14(7), 645-9. 

Binger, M. H., and Flint, S. J. (1984). Accumulation of early and intermediate mRNA species during subgroup C 
adenovirus productive infections. Virology 136(2), 387-403. 

Bischoff, J. R., Kirn, D. H., Williams, A., Heise, C., Horn, S., Muna, M., Ng, L., Nye, J. A., Sampson-Johannes, 
A., Fattaey, A., and McCormick, F. (1996). An adenovirus mutant that replicates selectively in p53-
deficient human tumor cells [see comments]. Science 274(5286), 373-6. 

Blusch, J. H., Deryckere, F., Windheim, M., Ruzsics, Z., Arnberg, N., Adrian, T., and Burgert, H. G. (2002). The 
novel early region 3 protein E3/49K is specifically expressed by adenoviruses of subgenus D: 
implications for epidemic keratoconjunctivitis and adenovirus evolution. Virology 296(1), 94-106. 

Bridge, E., and Ketner, G. (1989). Redundant control of adenovirus late gene expression by early region 4. J Virol 
63(2), 631-8. 

Brockmann, D., and Esche, H. (2003). The multifunctional role of E1A in the transcriptional regulation of 
CREB/CBP-dependent target genes. Curr Top Microbiol Immunol 272, 97-129. 

Burmeister, W. P., Guilligay, D., Cusack, S., Wadell, G., and Arnberg, N. (2004). Crystal structure of species D 
adenovirus fiber knobs and their sialic acid binding sites. J Virol 78(14), 7727-36. 

Cardoso, A. I., Beauverger, P., Gerlier, D., Wild, T. F., and Rabourdin-Combe, C. (1995). Formaldehyde 
inactivation of measles virus abolishes CD46-dependent presentation of nucleoprotein to murine class I-
restricted CTLs but not to class II-restricted helper T cells. Virology 212(1), 255-8. 

Carlisle, R. C. (2002). Use of adenovirus proteins to enhance the transfection activity of synthetic gene delivery 
systems. Curr Opin Mol Ther 4(4), 306-12. 

Carrigan, D. R. (1997). Adenovirus infections in immunocompromised patients [In Process Citation]. Am J Med 
102(3A), 71-4; discussion 75-6. 

Carter, T. H., and Ginsberg, H. S. (1976). Viral transcription in KB cells infected by temperature-sensitive "early" 
mutants of adenovirus type 5. J Virol 18(1), 156-66. 

Casasnovas, J. M., Larvie, M., and Stehle, T. (1999). Crystal structure of two CD46 domains reveals an extended 
measles virus-binding surface. Embo J 18(11), 2911-22. 

Cattaneo, R. (2004). Four viruses, two bacteria, and one receptor: membrane cofactor protein (CD46) as 
pathogens' magnet. J Virol 78(9), 4385-8. 

Chardonnet, Y., and Dales, S. (1970). Early events in the interaction of adenoviruses with HeLa cells. II. 
Comparative observations on the penetration of types 1, 5, 7, and 12. Virology 40(3), 478-85. 

Chen, H., Vinnakota, R., and Flint, S. J. (1994). Intragenic activating and repressing elements control transcription 
from the adenovirus IVa2 initiator. Mol Cell Biol 14(1), 676-85. 

Chen, Z., Ahonen, M., Hamalainen, H., Bergelson, J. M., Kahari, V. M., and Lahesmaa, R. (2002). High-
efficiency gene transfer to primary T lymphocytes by recombinant adenovirus vectors. J Immunol 
Methods 260(1-2), 79-89. 

Chillon, M., Bosch, A., Zabner, J., Law, L., Armentano, D., Welsh, M. J., and Davidson, B. L. (1999). Group D 
adenoviruses infect primary central nervous system cells more efficiently than those from group C. J 
Virol 73(3), 2537-40. 

Chiou, S. K., Rao, L., and White, E. (1994). Bcl-2 blocks p53-dependent apoptosis. Mol Cell Biol 14(4), 2556-63. 



 62

Chiou, S. K., Tseng, C. C., Rao, L., and White, E. (1994). Functional complementation of the adenovirus E1B 19-
kilodalton protein with Bcl-2 in the inhibition of apoptosis in infected cells. J Virol 68(10), 6553-66. 

Chiu, C. Y., Mathias, P., Nemerow, G. R., and Stewart, P. L. (1999). Structure of adenovirus complexed with its 
internalization receptor, alphavbeta5 integrin. J Virol 73(8), 6759-68. 

Chroboczek, J., Bieber, F., and Jacrot, B. (1992). The sequence of the genome of adenovirus type 5 and its 
comparison with the genome of adenovirus type 2. Virology 186(1), 280-5. 

Chroboczek, J., Gout, E., Favier, A. L., and Galinier, R. (2003). Novel partner proteins of adenovirus penton. Curr 
Top Microbiol Immunol 272, 37-55. 

Chu, Y., Heistad, D., Cybulsky, M. I., and Davidson, B. L. (2001). Vascular cell adhesion molecule-1 augments 
adenovirus-mediated gene transfer. Arterioscler Thromb Vasc Biol 21(2), 238-42. 

Chu, Y., Sperber, K., Mayer, L., and Hsu, M. T. (1992). Persistent infection of human adenovirus type 5 in human 
monocyte cell lines. Virology 188(2), 793-800. 

Clemens, P. R., Kochanek, S., Sunada, Y., Chan, S., Chen, H. H., Campbell, K. P., and Caskey, C. T. (1996). In 
vivo muscle gene transfer of full-length dystrophin with an adenoviral vector that lacks all viral genes. 
Gene Ther 3(11), 965-72. 

Cohen, C. J., Shieh, J. T., Pickles, R. J., Okegawa, T., Hsieh, J. T., and Bergelson, J. M. (2001). The 
coxsackievirus and adenovirus receptor is a transmembrane component of the tight junction. Proc Natl 
Acad Sci U S A 98(26), 15191-6. 

Colin, M., Renaut, L., Mailly, L., and D'Halluin, J. C. (2004). Factors involved in the sensitivity of different 
hematopoietic cell lines to infection by subgroup C adenovirus: implication for gene therapy of human 
lymphocytic malignancies. Virology 320(1), 23-39. 

Cook, G. A., Longhurst, C. M., Grgurevich, S., Cholera, S., Crossno, J. T., Jr., and Jennings, L. K. (2002). 
Identification of CD9 extracellular domains important in regulation of CHO cell adhesion to fibronectin 
and fibronectin pericellular matrix assembly. Blood 100(13), 4502-11. 

Crimeen-Irwin, B., Ellis, S., Christiansen, D., Ludford-Menting, M. J., Milland, J., Lanteri, M., Loveland, B. E., 
Gerlier, D., and Russell, S. M. (2003). Ligand binding determines whether CD46 is internalized by 
clathrin-coated pits or macropinocytosis. J Biol Chem 278(47), 46927-37. 

Crompton, J., Toogood, C. I., Wallis, N., and Hay, R. T. (1994). Expression of a foreign epitope on the surface of 
the adenovirus hexon. J Gen Virol 75(Pt 1), 133-9. 

Dales, S., and Chardonnet, Y. (1973). Early events in the interaction of adenoviruses with HeLa cells. IV. 
Association with microtubules and the nuclear pore complex during vectorial movement of the inoculum. 
Virology 56(2), 465-83. 

Danthinne, X., and Imperiale, M. J. (2000). Production of first generation adenovirus vectors: a review. Gene Ther 
7(20), 1707-14. 

Davison, A. J., Telford, E. A., Watson, M. S., McBride, K., and Mautner, V. (1993). The DNA sequence of 
adenovirus type 40. J Mol Biol 234(4), 1308-16. 

Davison, E., Diaz, R. M., Hart, I. R., Santis, G., and Marshall, J. F. (1997). Integrin alpha5beta1-mediated 
adenovirus infection is enhanced by the integrin-activating antibody TS2/16. J Virol 71(8), 6204-7. 

Davison, E., Kirby, I., Whitehouse, J., Hart, I., Marshall, J. F., and Santis, G. (2001). Adenovirus type 5 uptake by 
lung adenocarcinoma cells in culture correlates with Ad5 fibre binding is mediated by alpha(v)beta1 
integrin and can be modulated by changes in beta1 integrin function. J Gene Med 3(6), 550-9. 

De Jong, J. C., Wermenbol, A. G., Verweij-Uijterwaal, M. W., Slaterus, K. W., Wertheim-Van Dillen, P., Van 
Doornum, G. J., Khoo, S. H., and Hierholzer, J. C. (1999). Adenoviruses from human immunodeficiency 
virus-infected individuals, including two strains that represent new candidate serotypes Ad50 and Ad51 
of species B1 and D, respectively. J Clin Microbiol 37(12), 3940-5. 

de Jong, P. J., Valderrama, G., Spigland, I., and Horwitz, M. S. (1983). Adenovirus isolates from urine of patients 
with acquired immunodeficiency syndrome. Lancet 1(8337), 1293-6. 

de Jong, R. N., van der Vliet, P. C., and Brenkman, A. B. (2003). Adenovirus DNA replication: protein priming, 
jumping back and the role of the DNA binding protein DBP. Curr Top Microbiol Immunol 272, 187-211. 

de Vries, E., van Driel, W., Bergsma, W. G., Arnberg, A. C., and van der Vliet, P. C. (1989). HeLa nuclear protein 
recognizing DNA termini and translocating on DNA forming a regular DNA-multimeric protein 
complex. J Mol Biol 208(1), 65-78. 

Dechecchi, M. C., Melotti, P., Bonizzato, A., Santacatterina, M., Chilosi, M., and Cabrini, G. (2001). Heparan 
sulfate glycosaminoglycans are receptors sufficient to mediate the initial binding of adenovirus types 2 
and 5. J Virol 75(18), 8772-80. 

Dechecchi, M. C., Tamanini, A., Bonizzato, A., and Cabrini, G. (2000). Heparan sulfate glycosaminoglycans are 
involved in adenovirus type 5 and 2-host cell interactions. Virology 268(2), 382-90. 

Defer, C., Belin, M. T., Caillet-Boudin, M. L., and Boulanger, P. (1990). Human adenovirus-host cell interactions: 
comparative study with members of subgroups B and C. J Virol 64(8), 3661-73. 



 63

DeFranco, A. L. (1995). Transmembrane signaling by antigen receptors of B and T lymphocytes. Curr Opin Cell 
Biol 7(2), 163-75. 

Deryckere, F., and Burgert, H. G. (1996). Early region 3 of adenovirus type 19 (subgroup D) encodes an HLA-
binding protein distinct from that of subgroups B and C. J Virol 70(5), 2832-41. 

Dexter, T. M. (1987). Stem cells in normal growth and disease. Br Med J (Clin Res Ed) 295(6607), 1192-4. 
Dexter, T. M., and Spooncer, E. (1987). Growth and differentiation in the hemopoietic system. Annu Rev Cell Biol 

3, 423-41. 
Di Guilmi, A. M., Barge, A., Kitts, P., Gout, E., and Chroboczek, J. (1995). Human adenovirus serotype 3 (Ad3) 

and the Ad3 fiber protein bind to a 130-kDa membrane protein on HeLa cells. Virus Res 38(1), 71-81. 
Diamond, L. E., Quinn, C. M., Martin, M. J., Lawson, J., Platt, J. L., and Logan, J. S. (2001). A human CD46 

transgenic pig model system for the study of discordant xenotransplantation. Transplantation 71(1), 132-
42. 

Dobbelstein, M. (2004). Replicating adenoviruses in cancer therapy. Curr Top Microbiol Immunol 273, 291-334. 
Dorig, R. E., Marcil, A., Chopra, A., and Richardson, C. D. (1993). The human CD46 molecule is a receptor for 

measles virus (Edmonston strain). Cell 75(2), 295-305. 
Dormitzer, P. R., Sun, Z. Y., Wagner, G., and Harrison, S. C. (2002). The rhesus rotavirus VP4 sialic acid binding 

domain has a galectin fold with a novel carbohydrate binding site. Embo J 21(5), 885-97. 
Doronin, K., Toth, K., Kuppuswamy, M., Ward, P., Tollefson, A. E., and Wold, W. S. (2000). Tumor-specific, 

replication-competent adenovirus vectors overexpressing the adenovirus death protein [In Process 
Citation]. J Virol 74(13), 6147-55. 

Dorshkind, K. (1990). Regulation of hemopoiesis by bone marrow stromal cells and their products. Annu Rev 
Immunol 8, 111-37. 

Doucas, V., Ishov, A. M., Romo, A., Juguilon, H., Weitzman, M. D., Evans, R. M., and Maul, G. G. (1996). 
Adenovirus replication is coupled with the dynamic properties of the PML nuclear structure. Genes Dev 
10(2), 196-207. 

Duque, P. M., Alonso, C., Sanchez-Prieto, R., Lleonart, M., Martinez, C., de Buitrago, G. G., Cano, A., 
Quintanilla, M., and Ramon y Cajal, S. (1999). Adenovirus lacking the 19-kDa and 55-kDa E1B genes 
exerts a marked cytotoxic effect in human malignant cells. Cancer Gene Ther 6(6), 554-63. 

Durmort, C., Stehlin, C., Schoehn, G., Mitraki, A., Drouet, E., Cusack, S., and Burmeister, W. P. (2001). Structure 
of the fiber head of Ad3, a non-CAR-binding serotype of adenovirus. Virology 285(2), 302-12. 

Ehrich, E. W., Devaux, B., Rock, E. P., Jorgensen, J. L., Davis, M. M., and Chien, Y. H. (1993). T cell receptor 
interaction with peptide/major histocompatibility complex (MHC) and superantigen/MHC ligands is 
dominated by antigen. J Exp Med 178(2), 713-22. 

Eugene, E., Hoffmann, I., Pujol, C., Couraud, P. O., Bourdoulous, S., and Nassif, X. (2002). Microvilli-like 
structures are associated with the internalization of virulent capsulated Neisseria meningitidis into 
vascular endothelial cells. J Cell Sci 115(Pt 6), 1231-41. 

Evans, J. D., and Hearing, P. (2003). Distinct roles of the Adenovirus E4 ORF3 protein in viral DNA replication 
and inhibition of genome concatenation. J Virol 77(9), 5295-304. 

Fallaux, F. J., Bout, A., van der Velde, I., van den Wollenberg, D. J., Hehir, K. M., Keegan, J., Auger, C., Cramer, 
S. J., van Ormondt, H., van der Eb, A. J., Valerio, D., and Hoeben, R. C. (1998). New helper cells and 
matched early region 1-deleted adenovirus vectors prevent generation of replication-competent 
adenoviruses. Hum Gene Ther 9(13), 1909-17. 

Farley, D. C., Brown, J. L., and Leppard, K. N. (2004). Activation of the early-late switch in adenovirus type 5 
major late transcription unit expression by L4 gene products. J Virol 78(4), 1782-91. 

Faucon, N., Ogier, G., and Chardonnet, Y. (1982). Changes in human adenovirus 5 propagated in Burkitt's 
lymphoma cells. J Natl Cancer Inst 69(6), 1215-20. 

Fechner, H., Wang, X., Wang, H., Jansen, A., Pauschinger, M., Scherubl, H., Bergelson, J. M., Schultheiss, H. P., 
and Poller, W. (2000). Trans-complementation of vector replication versus Coxsackie-adenovirus-
receptor overexpression to improve transgene expression in poorly permissive cancer cells. Gene Ther 
7(22), 1954-68. 

Fessler, S. P., and Young, C. S. (1999). The role of the L4 33K gene in adenovirus infection. Virology 263(2), 
507-16. 

Field, J., Gronostajski, R. M., and Hurwitz, J. (1984). Properties of the adenovirus DNA polymerase. J Biol Chem 
259(15), 9487-95. 

Flint, S. J., and Gonzalez, R. A. (2003). Regulation of mRNA production by the adenoviral E1B 55-kDa and E4 
Orf6 proteins. Curr Top Microbiol Immunol 272, 287-330. 

Flomenberg, P., Babbitt, J., Drobyski, W. R., Ash, R. C., Carrigan, D. R., Sedmak, G. V., McAuliffe, T., Camitta, 
B., Horowitz, M. M., Bunin, N., and et al. (1994). Increasing incidence of adenovirus disease in bone 
marrow transplant recipients. J Infect Dis 169(4), 775-81. 



 64

Flomenberg, P., Gutierrez, E., Piaskowski, V., and Casper, J. T. (1997). Detection of adenovirus DNA in 
peripheral blood mononuclear cells by polymerase chain reaction assay. J Med Virol 51(3), 182-8. 

Flomenberg, P., Piaskowski, V., Harb, J., Segura, A., and Casper, J. T. (1996). Spontaneous, persistent infection 
of a B-cell lymphoma with adenovirus. J Med Virol 48(3), 267-72. 

Flomenberg, P. R., Chen, M., and Horwitz, M. S. (1988). Sequence and genetic organization of adenovirus type 35 
early region 3. J Virol 62(11), 4431-7. 

Flomenberg, P. R., Chen, M., Munk, G., and Horwitz, M. S. (1987). Molecular epidemiology of adenovirus type 
35 infections in immunocompromised hosts. J Infect Dis 155(6), 1127-34. 

Fox, J. P., Brandt, C. D., Wassermann, F. E., Hall, C. E., Spigland, I., Kogon, A., and Elveback, L. R. (1969). The 
virus watch program: a continuing surveillance of viral infections in metropolitan New York families. VI. 
Observations of adenovirus infections: virus excretion patterns, antibody response, efficiency of 
surveillance, patterns of infections, and relation to illness. Am J Epidemiol 89(1), 25-50. 

Fox, J. P., Hall, C. E., and Cooney, M. K. (1977). The Seattle Virus Watch. VII. Observations of adenovirus 
infections. Am J Epidemiol 105(4), 362-86. 

Fueyo, J., Gomez-Manzano, C., Alemany, R., Lee, P. S., McDonnell, T. J., Mitlianga, P., Shi, Y. X., Levin, V. A., 
Yung, W. K., and Kyritsis, A. P. (2000). A mutant oncolytic adenovirus targeting the Rb pathway 
produces anti-glioma effect in vivo. Oncogene 19(1), 2-12. 

Furcinitti, P. S., van Oostrum, J., and Burnett, R. M. (1989). Adenovirus polypeptide IX revealed as capsid cement 
by difference images from electron microscopy and crystallography. Embo J 8(12), 3563-70. 

Gaggar, A., Shayakhmetov, D. M., and Lieber, A. (2003). CD46 is a cellular receptor for group B adenoviruses. 
Nat Med 9(11), 1408-12. 

Gahery-Segard, H., Molinier-Frenkel, V., Le Boulaire, C., Saulnier, P., Opolon, P., Lengagne, R., Gautier, E., Le 
Cesne, A., Zitvogel, L., Venet, A., Schatz, C., Courtney, M., Le Chevalier, T., Tursz, T., Guillet, J. G., 
and Farace, F. (1997). Phase I trial of recombinant adenovirus gene transfer in lung cancer. Longitudinal 
study of the immune responses to transgene and viral products. J Clin Invest 100(9), 2218-26. 

Gao, W., Robbins, P. D., and Gambotto, A. (2003). Human adenovirus type 35: nucleotide sequence and vector 
development. Gene Ther 10(23), 1941-9. 

Garnett, C. T., Erdman, D., Xu, W., and Gooding, L. R. (2002). Prevalence and quantitation of species C 
adenovirus DNA in human mucosal lymphocytes. J Virol 76(21), 10608-16. 

Ghosh-Choudhury, G., Haj-Ahmad, Y., and Graham, F. L. (1987). Protein IX, a minor component of the human 
adenovirus capsid, is essential for the packaging of full length genomes. Embo J 6(6), 1733-9. 

Gill, D. B., Koomey, M., Cannon, J. G., and Atkinson, J. P. (2003). Down-regulation of CD46 by piliated 
Neisseria gonorrhoeae. J Exp Med 198(9), 1313-22. 

Goding, C. R., and Russell, W. C. (1983). Adenovirus cores can function as templates in in vitro DNA replication. 
Embo J 2(3), 339-44. 

Gooding, L. R., Aquino, L., Duerksen-Hughes, P. J., Day, D., Horton, T. M., Yei, S. P., and Wold, W. S. (1991). 
The E1B 19,000-molecular-weight protein of group C adenoviruses prevents tumor necrosis factor 
cytolysis of human cells but not of mouse cells. J Virol 65(6), 3083-94. 

Grable, M., and Hearing, P. (1990). Adenovirus type 5 packaging domain is composed of a repeated element that 
is functionally redundant. J Virol 64(5), 2047-56. 

Graham, F. L., Smiley, J., Russell, W. C., and Nairn, R. (1977). Characteristics of a human cell line transformed 
by DNA from human adenovirus type 5. J Gen Virol 36(1), 59-74. 

Greber, U. F. (1998). Virus assembly and disassembly: the adenovirus cysteine protease as a trigger factor. Rev 
Med Virol 8(4), 213-222. 

Greber, U. F. (2002). Signalling in viral entry. Cell Mol Life Sci 59(4), 608-26. 
Greber, U. F., Suomalainen, M., Stidwill, R. P., Boucke, K., Ebersold, M. W., and Helenius, A. (1997). The role 

of the nuclear pore complex in adenovirus DNA entry. Embo J 16(19), 5998-6007. 
Greber, U. F., Webster, P., Weber, J., and Helenius, A. (1996). The role of the adenovirus protease on virus entry 

into cells. Embo J 15(8), 1766-77. 
Greber, U. F., Willetts, M., Webster, P., and Helenius, A. (1993). Stepwise dismantling of adenovirus 2 during 

entry into cells. Cell 75(3), 477-86. 
Greenstone, H. L., Santoro, F., Lusso, P., and Berger, E. A. (2002). Human Herpesvirus 6 and Measles Virus 

Employ Distinct CD46 Domains for Receptor Function. J Biol Chem 277(42), 39112-8. 
Grubb, B. R., Pickles, R. J., Ye, H., Yankaskas, J. R., Vick, R. N., Engelhardt, J. F., Wilson, J. M., Johnson, L. G., 

and Boucher, R. C. (1994). Inefficient gene transfer by adenovirus vector to cystic fibrosis airway 
epithelia of mice and humans. Nature 371(6500), 802-6. 

Gustin, K. E., and Imperiale, M. J. (1998). Encapsidation of viral DNA requires the adenovirus L1 52/55-
kilodalton protein. J Virol 72(10), 7860-70. 

Gustin, K. E., Lutz, P., and Imperiale, M. J. (1996). Interaction of the adenovirus L1 52/55-kilodalton protein with 
the IVa2 gene product during infection. J Virol 70(9), 6463-7. 



 65

Hallden, G., Hill, R., Wang, Y., Anand, A., Liu, T. C., Lemoine, N. R., Francis, J., Hawkins, L., and Kirn, D. 
(2003). Novel immunocompetent murine tumor models for the assessment of replication-competent 
oncolytic adenovirus efficacy. Mol Ther 8(3), 412-24. 

Hammarskjold, M. L., and Winberg, G. (1980). Encapsidation of adenovirus 16 DNA is directed by a small DNA 
sequence at the left end of the genome. Cell 20(3), 787-95. 

Han, J., Sabbatini, P., Perez, D., Rao, L., Modha, D., and White, E. (1996). The E1B 19K protein blocks apoptosis 
by interacting with and inhibiting the p53-inducible and death-promoting Bax protein. Genes Dev 10(4), 
461-77. 

Han, J., Sabbatini, P., and White, E. (1996). Induction of apoptosis by human Nbk/Bik, a BH3-containing protein 
that interacts with E1B 19K. Mol Cell Biol 16(10), 5857-64. 

Hara, T., Suzuki, Y., Semba, T., Hatanaka, M., Matsumoto, M., and Seya, T. (1995). High expression of 
membrane cofactor protein of complement (CD46) in human leukaemia cell lines: implication of an 
alternatively spliced form containing the STA domain in CD46 up-regulation. Scand J Immunol 42(6), 
581-90. 

Harada, J. N., Shevchenko, A., Pallas, D. C., and Berk, A. J. (2002). Analysis of the adenovirus E1B-55K-
anchored proteome reveals its link to ubiquitination machinery. J Virol 76(18), 9194-206. 

Harding, C. V. (1993). Cellular and molecular aspects of antigen processing and the function of class II MHC 
molecules. Am J Respir Cell Mol Biol 8(5), 461-7. 

Harding, C. V., and Geuze, H. J. (1993). Antigen processing and intracellular traffic of antigens and MHC 
molecules. Curr Opin Cell Biol 5(4), 596-605. 

Hardy, S., Kitamura, M., Harris-Stansil, T., Dai, Y., and Phipps, M. L. (1997). Construction of adenovirus vectors 
through Cre-lox recombination. J Virol 71(3), 1842-9. 

Harnett, G. B., Bucens, M. R., Clay, S. J., and Saker, B. M. (1982). Acute haemorrhagic cystitis caused by 
adenovirus type 11 in a recipient of a transplanted kidney. Med J Aust 1(13), 565-7. 

Hashimoto, S., Ishii, A., and Yonehara, S. (1991). The E1b oncogene of adenovirus confers cellular resistance to 
cytotoxicity of tumor necrosis factor and monoclonal anti-Fas antibody. Int Immunol 3(4), 343-51. 

Hatch, M. H., and Siem, R. A. (1966). Viruses isolated from children with infectious hepatitis. Am J Epidemiol 
84(3), 495-509. 

Havenga, M. J., Lemckert, A. A., Grimbergen, J. M., Vogels, R., Huisman, L. G., Valerio, D., Bout, A., and Quax, 
P. H. (2001). Improved adenovirus vectors for infection of cardiovascular tissues. J Virol 75(7), 3335-42. 

Havenga, M. J., Lemckert, A. A., Ophorst, O. J., van Meijer, M., Germeraad, W. T., Grimbergen, J., van Den 
Doel, M. A., Vogels, R., van Deutekom, J., Janson, A. A., de Bruijn, J. D., Uytdehaag, F., Quax, P. H., 
Logtenberg, T., Mehtali, M., and Bout, A. (2002). Exploiting the natural diversity in adenovirus tropism 
for therapy and prevention of disease. J Virol 76(9), 4612-20. 

Hearing, P., Samulski, R. J., Wishart, W. L., and Shenk, T. (1987). Identification of a repeated sequence element 
required for efficient encapsidation of the adenovirus type 5 chromosome. J Virol 61(8), 2555-8. 

Heise, C., Hermiston, T., Johnson, L., Brooks, G., Sampson-Johannes, A., Williams, A., Hawkins, L., and Kirn, D. 
(2000). An adenovirus E1A mutant that demonstrates potent and selective systemic anti-tumoral efficacy. 
Nat Med 6(10), 1134-9. 

Hemmi, S., Geertsen, R., Mezzacasa, A., Peter, I., and Dummer, R. (1998). The presence of human coxsackievirus 
and adenovirus receptor is associated with efficient adenovirus-mediated transgene expression in human 
melanoma cell cultures. Hum Gene Ther 9(16), 2363-73. 

Hiebert, S. W., Blake, M., Azizkhan, J., and Nevins, J. R. (1991). Role of E2F transcription factor in E1A-
mediated trans activation of cellular genes. J Virol 65(7), 3547-52. 

Hierholzer, J. C. (1973). Further subgrouping of the human adenoviruses by differential hemagglutination. J Infect 
Dis 128(4), 541-50. 

Hierholzer, J. C. (1992). Adenoviruses in the immunocompromised host. Clin Microbiol Rev 5(3), 262-74. 
Hierholzer, J. C., Atuk, N. O., and Gwaltney, J. M., Jr. (1975). New human adenovirus isolated from a renal 

transplant recipient: description and characterization of candiate adenovirus type 34. J Clin Microbiol 
1(4), 366-76. 

Hierholzer, J. C., Pumarola, A., Rodriguez-Torres, A., and Beltran, M. (1974). Occurrence of respiratory illness 
due to an atypical strain of adenovirus type 11 during a large outbreak in Spanish military recruits. Am J 
Epidemiol 99(6), 434-42. 

Hierholzer, J. C., Wigand, R., Anderson, L. J., Adrian, T., and Gold, J. W. (1988). Adenoviruses from patients 
with AIDS: a plethora of serotypes and a description of five new serotypes of subgenus D (types 43-47). 
J Infect Dis 158(4), 804-13. 

Hilleman, M. R., and Werner, J. H. (1954). Recovery of new agent from patients with acute respiratory illness. 
Proc Soc Exp Biol Med 85(1), 183-8. 

Hirano, A., Kurita-Taniguchi, M., Katayama, Y., Matsumoto, M., Wong, T. C., and Seya, T. (2002). Ligation of 
human CD46 with purified complement C3b or F(ab')(2) of monoclonal antibodies enhances isoform-



 66

specific interferon gamma-dependent nitric oxide production in macrophages. J Biochem (Tokyo) 132(1), 
83-91. 

Hirano, A., Yang, Z., Katayama, Y., Korte-Sarfaty, J., and Wong, T. C. (1999). Human CD46 enhances nitric 
oxide production in mouse macrophages in response to measles virus infection in the presence of gamma 
interferon: dependence on the CD46 cytoplasmic domains. J Virol 73(6), 4776-85. 

Hodgkin, P. D., and Basten, A. (1995). B cell activation, tolerance and antigen-presenting function. Curr Opin 
Immunol 7(1), 121-9. 

Hong, J. S., Mullis, K. G., and Engler, J. A. (1988). Characterization of the early region 3 and fiber genes of Ad7. 
Virology 167(2), 545-53. 

Hong, J. Y., Lee, H. J., Piedra, P. A., Choi, E. H., Park, K. H., Koh, Y. Y., and Kim, W. S. (2001). Lower 
respiratory tract infections due to adenovirus in hospitalized Korean children: epidemiology, clinical 
features, and prognosis. Clin Infect Dis 32(10), 1423-9. 

Horvath, J., and Weber, J. M. (1988). Nonpermissivity of human peripheral blood lymphocytes to adenovirus type 
2 infection. J Virol 62(1), 341-5. 

Horwitz, M. S. (1990). Adenoviridae and their replication. In: Fields, B.N.; Howley, P., Knipe, D.M.(eds) 
Virology. Raven Press, New York, 1679-1721. 

Horwitz, M. S. (2001). Adenovirus immunoregulatory genes and their cellular targets. Virology 279(1), 1-8. 
Howard, J. C. (1995). Supply and transport of peptides presented by class I MHC molecules. Curr Opin Immunol 

7(1), 69-76. 
Howe, J. A., Demers, G. W., Johnson, D. E., Neugebauer, S. E., Perry, S. T., Vaillancourt, M. T., and Faha, B. 

(2000). Evaluation of E1-mutant adenoviruses as conditionally replicating agents for cancer therapy. Mol 
Ther 2(5), 485-95. 

Howitt, J., Anderson, C. W., and Freimuth, P. (2003). Adenovirus interaction with its cellular receptor CAR. Curr 
Top Microbiol Immunol 272, 331-64. 

Howitt, J., Bewley, M. C., Graziano, V., Flanagan, J. M., and Freimuth, P. (2003). Structural basis for variation in 
adenovirus affinity for the cellular coxsackievirus and adenovirus receptor. J Biol Chem 278(28), 26208-
15. 

Hsu, E. C., Dorig, R. E., Sarangi, F., Marcil, A., Iorio, C., and Richardson, C. D. (1997). Artificial mutations and 
natural variations in the CD46 molecules from human and monkey cells define regions important for 
measles virus binding. J Virol 71(8), 6144-54. 

Huang, M. M., and Hearing, P. (1989). Adenovirus early region 4 encodes two gene products with redundant 
effects in lytic infection. J Virol 63(6), 2605-15. 

Huang, M. R., Olsson, M., Kallin, A., Pettersson, U., and Totterman, T. H. (1997). Efficient adenovirus-mediated 
gene transduction of normal and leukemic hematopoietic cells. Gene Ther 4(10), 1093-9. 

Huang, S., Endo, R. I., and Nemerow, G. R. (1995). Upregulation of integrins alpha v beta 3 and alpha v beta 5 on 
human monocytes and T lymphocytes facilitates adenovirus-mediated gene delivery. J Virol 69(4), 2257-
63. 

Huang, S., Kamata, T., Takada, Y., Ruggeri, Z. M., and Nemerow, G. R. (1996). Adenovirus interaction with 
distinct integrins mediates separate events in cell entry and gene delivery to hematopoietic cells. J Virol 
70(7), 4502-8. 

Huang, S., Reddy, V., Dasgupta, N., and Nemerow, G. R. (1999). A single amino acid in the adenovirus type 37 
fiber confers binding to human conjunctival cells. J Virol 73(4), 2798-802. 

Huang, W., Kiefer, J., Whalen, D., and Flint, S. J. (2003). DNA synthesis-dependent relief of repression of 
transcription from the adenovirus type 2 IVa(2) promoter by a cellular protein. Virology 314(1), 394-402. 

Hutchin, M. E., Pickles, R. J., and Yarbrough, W. G. (2000). Efficiency of adenovirus-mediated gene transfer to 
oropharyngeal epithelial cells correlates with cellular differentiation and human coxsackie and adenovirus 
receptor expression. Hum Gene Ther 11(17), 2365-75. 

Hynes, R. O. (2002). Integrins: bidirectional, allosteric signaling machines. Cell 110(6), 673-87. 
Ikeda, J. E., Enomoto, T., and Hurwitz, J. (1981). Replication of adenovirus DNA-protein complex with purified 

proteins. Proc Natl Acad Sci U S A 78(2), 884-8. 
Imelli, N., Meier, O., Boucke, K., Hemmi, S., and Greber, U. F. (2004). Cholesterol is required for endocytosis 

and endosomal escape of adenovirus type 2. J Virol 78(6), 3089-98. 
Imperiale, M. J., and Kochanek, S. (2004). Adenovirus vectors: biology, design, and production. Curr Top 

Microbiol Immunol 273, 335-57. 
Imperiale, M. J., and Nevins, J. R. (1984). Adenovirus 5 E2 transcription unit: an E1A-inducible promoter with an 

essential element that functions independently of position or orientation. Mol Cell Biol 4(5), 875-82. 
Johansson, L., Rytkonen, A., Bergman, P., Albiger, B., Kallstrom, H., Hokfelt, T., Agerberth, B., Cattaneo, R., 

and Jonsson, A. B. (2003). CD46 in meningococcal disease. Science 301(5631), 373-5. 
Johnstone, R. W., Loveland, B. E., and McKenzie, I. F. (1993). Identification and quantification of complement 

regulator CD46 on normal human tissues. Immunology 79(3), 341-7. 



 67

Johnstone, R. W., Russell, S. M., Loveland, B. E., and McKenzie, I. F. (1993). Polymorphic expression of CD46 
protein isoforms due to tissue-specific RNA splicing. Mol Immunol 30(14), 1231-41. 

Jones, N., and Shenk, T. (1979). An adenovirus type 5 early gene function regulates expression of other early viral 
genes. Proc Natl Acad Sci U S A 76(8), 3665-9. 

Julius, M., Maroun, C. R., and Haughn, L. (1993). Distinct roles for CD4 and CD8 as co-receptors in antigen 
receptor signalling. Immunol Today 14(4), 177-83. 

Kajon, A. E., Mistchenko, A. S., Videla, C., Hortal, M., Wadell, G., and Avendano, L. F. (1996). Molecular 
epidemiology of adenovirus acute lower respiratory infections of children in the south cone of South 
America (1991-1994). J Med Virol 48(2), 151-6. 

Kajon, A. E., Murtagh, P., Garcia Franco, S., Freire, M. C., Weissenbacher, M. C., and Zorzopulos, J. (1990). A 
new genome type of adenovirus 3 associated with severe lower acute respiratory infection in children. J 
Med Virol 30(1), 73-6. 

Kajon, A. E., and Suarez, M. V. (1990). Molecular epidemiology of adenoviruses isolated from hospitalized 
children with severe lower acute respiratory infection in Santiago, Chile. J Med Virol 30(4), 294-7. 

Kajon, A. E., and Wadell, G. (1996). Sequence analysis of the E3 region and fiber gene of human adenovirus 
genome type 7h. Virology 215(2), 190-6. 

Kallstrom, H., Blackmer Gill, D., Albiger, B., Liszewski, M. K., Atkinson, J. P., and Jonsson, A. B. (2001). 
Attachment of Neisseria gonorrhoeae to the cellular pilus receptor CD46: identification of domains 
important for bacterial adherence. Cell Microbiol 3(3), 133-43. 

Kallstrom, H., Liszewski, M. K., Atkinson, J. P., and Jonsson, A. B. (1997). Membrane cofactor protein (MCP or 
CD46) is a cellular pilus receptor for pathogenic Neisseria. Mol Microbiol 25(4), 639-47. 

Katayama, Y., Hirano, A., and Wong, T. C. (2000). Human receptor for measles virus (CD46) enhances nitric 
oxide production and restricts virus replication in mouse macrophages by modulating production of 
alpha/beta interferon. J Virol 74(3), 1252-7. 

Katze, M. G., DeCorato, D., Safer, B., Galabru, J., and Hovanessian, A. G. (1987). Adenovirus VAI RNA 
complexes with the 68 000 Mr protein kinase to regulate its autophosphorylation and activity. Embo J 
6(3), 689-97. 

Kemper, C., Chan, A. C., Green, J. M., Brett, K. A., Murphy, K. M., and Atkinson, J. P. (2003). Activation of 
human CD4+ cells with CD3 and CD46 induces a T-regulatory cell 1 phenotype. Nature 421(6921), 388-
92. 

Kemper, C., Leung, M., Stephensen, C. B., Pinkert, C. A., Liszewski, M. K., Cattaneo, R., and Atkinson, J. P. 
(2001). Membrane cofactor protein (MCP; CD46) expression in transgenic mice. Clin Exp Immunol 
124(2), 180-9. 

Kidd, A. H., Chroboczek, J., Cusack, S., and Ruigrok, R. W. (1993). Adenovirus type 40 virions contain two 
distinct fibers. Virology 192(1), 73-84. 

Kidd, A. H., Garwicz, D., and Oberg, M. (1995). Human and simian adenoviruses: phylogenetic inferences from 
analysis of VA RNA genes. Virology 207(1), 32-45. 

Kim, Y. J., Hong, J. Y., Lee, H. J., Shin, S. H., Kim, Y. K., Inada, T., Hashido, M., and Piedra, P. A. (2003). 
Genome type analysis of adenovirus types 3 and 7 isolated during successive outbreaks of lower 
respiratory tract infections in children. J Clin Microbiol 41(10), 4594-9. 

Kinugasa, N., Higashi, T., Nouso, K., Nakatsukasa, H., Kobayashi, Y., Ishizaki, M., Toshikuni, N., Yoshida, K., 
Uematsu, S., and Tsuji, T. (1999). Expression of membrane cofactor protein (MCP, CD46) in human 
liver diseases. Br J Cancer 80(11), 1820-5. 

Kirby, I., Davison, E., Beavil, A. J., Soh, C. P., Wickham, T. J., Roelvink, P. W., Kovesdi, I., Sutton, B. J., and 
Santis, G. (2000). Identification of contact residues and definition of the CAR-binding site of adenovirus 
type 5 fiber protein. J Virol 74(6), 2804-13. 

Kirby, I., Lord, R., Davison, E., Wickham, T. J., Roelvink, P. W., Kovesdi, I., Sutton, B. J., and Santis, G. (2001). 
Adenovirus type 9 fiber knob binds to the coxsackie B virus-adenovirus receptor (CAR) with lower 
affinity than fiber knobs of other CAR-binding adenovirus serotypes. J Virol 75(15), 7210-4. 

Kirch, H. C., Putzer, B., Schwabe, G., Gnauck, H. K., and Schulte Holthausen, H. (1993). Regulation of 
adenovirus 12 E1A transcription: E2F and ATF motifs in the E1A promoter bind nuclear protein 
complexes including E2F1, DP-1, cyclin A and/or RB and mediate transcriptional (auto)activation. Cell 
Mol Biol Res 39(8), 705-16. 

Kirn, D. (2000). Replication-selective oncolytic adenoviruses: virotherapy aimed at genetic targets in cancer. 
Oncogene 19(56), 6660-9. 

Kirn, D. (2001). Clinical research results with dl1520 (Onyx-015), a replication-selective adenovirus for the 
treatment of cancer: what have we learned? Gene Ther 8(2), 89-98. 

Kitajewski, J., Schneider, R. J., Safer, B., Munemitsu, S. M., Samuel, C. E., Thimmappaya, B., and Shenk, T. 
(1986). Adenovirus VAI RNA antagonizes the antiviral action of interferon by preventing activation of 
the interferon-induced eIF-2 alpha kinase. Cell 45(2), 195-200. 



 68

Kleinberger, T. (2000). Induction of apoptosis by adenovirus E4orf4 protein. Apoptosis 5(3), 211-5. 
Kleinberger, T., and Shenk, T. (1993). Adenovirus E4orf4 protein binds to protein phosphatase 2A, and the 

complex down regulates E1A-enhanced junB transcription. J Virol 67(12), 7556-60. 
Klinger, J. R., Sanchez, M. P., Curtin, L. A., Durkin, M., and Matyas, B. (1998). Multiple cases of life-threatening 

adenovirus pneumonia in a mental health care center. Am J Respir Crit Care Med 157(2), 645-9. 
Koch, P., Gatfield, J., Lober, C., Hobom, U., Lenz-Stoppler, C., Roth, J., and Dobbelstein, M. (2001). Efficient 

replication of adenovirus despite the overexpression of active and nondegradable p53. Cancer Res 
61(15), 5941-7. 

Kochanek, S., Clemens, P. R., Mitani, K., Chen, H. H., Chan, S., and Caskey, C. T. (1996). A new adenoviral 
vector: Replacement of all viral coding sequences with 28 kb of DNA independently expressing both full-
length dystrophin and beta-galactosidase. Proc Natl Acad Sci U S A 93(12), 5731-6. 

Kojaoghlanian, T., Flomenberg, P., and Horwitz, M. S. (2003). The impact of adenovirus infection on the 
immunocompromised host. Rev Med Virol 13(3), 155-71. 

Komoriya, A., Green, L. J., Mervic, M., Yamada, S. S., Yamada, K. M., and Humphries, M. J. (1991). The 
minimal essential sequence for a major cell type-specific adhesion site (CS1) within the alternatively 
spliced type III connecting segment domain of fibronectin is leucine-aspartic acid-valine. J Biol Chem 
266(23), 15075-9. 

Kovesdi, I., Reichel, R., and Nevins, J. R. (1986). Identification of a cellular transcription factor involved in E1A 
trans-activation. Cell 45(2), 219-28. 

Kovesdi, I., Reichel, R., and Nevins, J. R. (1987). Role of an adenovirus E2 promoter binding factor in E1A-
mediated coordinate gene control. Proc Natl Acad Sci U S A 84(8), 2180-4. 

Kreppel, F., and Kochanek, S. (2004). Long-term transgene expression in proliferating cells mediated by 
episomally maintained high-capacity adenovirus vectors. J Virol 78(1), 9-22. 

Kuby, J. (1997). Immunology. 
Lamont, J. P., Nemunaitis, J., Kuhn, J. A., Landers, S. A., and McCarty, T. M. (2000). A prospective phase II trial 

of ONYX-015 adenovirus and chemotherapy in recurrent squamous cell carcinoma of the head and neck 
(the Baylor experience). Ann Surg Oncol 7(8), 588-92. 

Lang, W. R., Howden, C. W., Laws, J., and Burton, J. F. (1969). Bronchopneumonia with serious sequelae in 
children with evidence of adenovirus type 21 infection. Br Med J 1(636), 73-9. 

Lavery, D., Fu, S. M., Lufkin, T., and Chen-Kiang, S. (1987). Productive infection of cultured human lymphoid 
cells by adenovirus. J Virol 61(5), 1466-72. 

Legrand, V., Spehner, D., Schlesinger, Y., Settelen, N., Pavirani, A., and Mehtali, M. (1999). Fiberless 
recombinant adenoviruses: virus maturation and infectivity in the absence of fiber. J Virol 73(2), 907-19. 

Lehrman, S. (1999). Virus treatment questioned after gene therapy death. Nature 401(6753), 517-8. 
Leon, R. P., Hedlund, T., Meech, S. J., Li, S., Schaack, J., Hunger, S. P., Duke, R. C., and DeGregori, J. (1998). 

Adenoviral-mediated gene transfer in lymphocytes. Proc Natl Acad Sci U S A 95(22), 13159-64. 
Leppard, K. N., and Everett, R. D. (1999). The adenovirus type 5 E1b 55K and E4 Orf3 proteins associate in 

infected cells and affect ND10 components. J Gen Virol 80(Pt 4), 997-1008. 
Li, E., Brown, S. L., Stupack, D. G., Puente, X. S., Cheresh, D. A., and Nemerow, G. R. (2001). Integrin 

alpha(v)beta1 is an adenovirus coreceptor. J Virol 75(11), 5405-9. 
Li, E., Stupack, D., Bokoch, G. M., and Nemerow, G. R. (1998a). Adenovirus endocytosis requires actin 

cytoskeleton reorganization mediated by Rho family GTPases. J Virol 72(11), 8806-12. 
Li, E., Stupack, D., Klemke, R., Cheresh, D. A., and Nemerow, G. R. (1998b). Adenovirus endocytosis via 

alpha(v) integrins requires phosphoinositide-3-OH kinase. J Virol 72(3), 2055-61. 
Li, Q. G., Hambraeus, J., and Wadell, G. (1991). Genetic relationship between thirteen genome types of 

adenovirus 11, 34, and 35 with different tropisms. Intervirology 32(6), 338-50. 
Li, Q. G., and Wadell, G. (1986). Analysis of 15 different genome types of adenovirus type 7 isolated on five 

continents. J Virol 60(1), 331-5. 
Li, Q. G., and Wadell, G. (1988). Comparison of 17 genome types of adenovirus type 3 identified among strains 

recovered from six continents. J Clin Microbiol 26(5), 1009-15. 
Lichtenstein, D. L., Toth, K., Doronin, K., Tollefson, A. E., and Wold, W. S. (2004). Functions and Mechanisms 

of Action of the Adenovirus E3 Proteins. Int Rev Immunol 23(1-2), 75-111. 
Liddington, R. C., and Ginsberg, M. H. (2002). Integrin activation takes shape. J Cell Biol 158(5), 833-9. 
Lin, H. J., and Flint, S. J. (2000). Identification of a cellular repressor of transcription of the adenoviral late IVa(2) 

gene that is unaltered in activity in infected cells. Virology 277(2), 397-410. 
Liszewski, M. K., and Atkinson, J. P. (1992). Membrane cofactor protein. Curr Top Microbiol Immunol 178, 45-

60. 
Liszewski, M. K., and Atkinson, J. P. (1996). Membrane cofactor protein (MCP; CD46). Isoforms differ in 

protection against the classical pathway of complement. J Immunol 156(11), 4415-21. 



 69

Liszewski, M. K., Leung, M., Cui, W., Subramanian, V. B., Parkinson, J., Barlow, P. N., Manchester, M., and 
Atkinson, J. P. (2000). Dissecting sites important for complement regulatory activity in membrane 
cofactor protein (MCP; CD46). J Biol Chem 275(48), 37692-701. 

Liu, H., Naismith, J. H., and Hay, R. T. (2003). Adenovirus DNA replication. Curr Top Microbiol Immunol 272, 
131-64. 

Lonberg-Holm, K., Crowell, R. L., and Philipson, L. (1976). Unrelated animal viruses share receptors. Nature 
259(5545), 679-81. 

Lozahic, S., Christiansen, D., Manie, S., Gerlier, D., Billard, M., Boucheix, C., and Rubinstein, E. (2000). CD46 
(membrane cofactor protein) associates with multiple beta1 integrins and tetraspans. Eur J Immunol 
30(3), 900-7. 

Lutz, P., Rosa-Calatrava, M., and Kedinger, C. (1997). The product of the adenovirus intermediate gene IX is a 
transcriptional activator. J Virol 71(7), 5102-9. 

Mahr, J. A., Boss, J. M., and Gooding, L. R. (2003). The adenovirus e3 promoter is sensitive to activation signals 
in human T cells. J Virol 77(2), 1112-9. 

Mahr, J. A., and Gooding, L. R. (1999). Immune evasion by adenoviruses. Immunol Rev 168, 121-30. 
Maisner, A., Zimmer, G., Liszewski, M. K., Lublin, D. M., Atkinson, J. P., and Herrler, G. (1997). Membrane 

cofactor protein (CD46) is a basolateral protein that is not endocytosed. Importance of the tetrapeptide 
FTSL at the carboxyl terminus. J Biol Chem 272(33), 20793-9. 

Mannervik, M., Fan, S., Strom, A. C., Helin, K., and Akusjarvi, G. (1999). Adenovirus E4 open reading frame 4-
induced dephosphorylation inhibits E1A activation of the E2 promoter and E2F-1-mediated 
transactivation independently of the retinoblastoma tumor suppressor protein. Virology 256(2), 313-21. 

Marie, J. C., Astier, A. L., Rivailler, P., Rabourdin-Combe, C., Wild, T. F., and Horvat, B. (2002). Linking innate 
and acquired immunity: divergent role of CD46 cytoplasmic domains in T cell induced inflammation. Nat 
Immunol 3(7), 659-66. 

Marie, J. C., Kehren, J., Trescol-Biemont, M. C., Evlashev, A., Valentin, H., Walzer, T., Tedone, R., Loveland, 
B., Nicolas, J. F., Rabourdin-Combe, C., and Horvat, B. (2001). Mechanism of measles virus-induced 
suppression of inflammatory immune responses. Immunity 14(1), 69-79. 

Mathias, P., Galleno, M., and Nemerow, G. R. (1998). Interactions of soluble recombinant integrin alphav beta5 
with human adenoviruses. J Virol 72(11), 8669-75. 

Mathias, P., Wickham, T., Moore, M., and Nemerow, G. (1994). Multiple adenovirus serotypes use alpha v 
integrins for infection. J Virol 68(10), 6811-4. 

Matthews, D. A., and Russell, W. C. (1995). Adenovirus protein-protein interactions: molecular parameters 
governing the binding of protein VI to hexon and the activation of the adenovirus 23K protease. J Gen 
Virol 76(Pt 8), 1959-69. 

Matumoto, M., Uchida, S., and Hoshika, T. (1958). Isolation of an intermediate type of adenovirus from a fatal 
case of infantile pneumonia. Jpn J Exp Med 28(4), 305-15. 

Maurer, K., Krey, T., Moennig, V., Thiel, H. J., and Rumenapf, T. (2004). CD46 is a cellular receptor for bovine 
viral diarrhea virus. J Virol 78(4), 1792-9. 

McNees, A. L., Mahr, J. A., Ornelles, D., and Gooding, L. R. (2004). Postinternalization inhibition of adenovirus 
gene expression and infectious virus production in human T-cell lines. J Virol 78(13), 6955-66. 

Mei, Y. F., Lindman, K., and Wadell, G. (2002). Human adenoviruses of subgenera B, C, and E with various 
tropisms differ in both binding to and replication in the epithelial A549 and 293 cells. Virology 295(1), 
30-43. 

Mei, Y. F., Skog, J., Lindman, K., and Wadell, G. (2003). 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. J Gen Virol 84(Pt 8), 2061-71. 

Mei, Y. F., and Wadell, G. (1992). The nucleotide sequence of adenovirus type 11 early 3 region: comparison of 
genome type Ad11p and Ad11a. Virology 191(1), 125-33. 

Mei, Y. F., and Wadell, G. (1993). Hemagglutination properties and nucleotide sequence analysis of the fiber gene 
of adenovirus genome types 11p and 11a. Virology 194(2), 453-62. 

Mei, Y. F., and Wadell, G. (1995). Highly heterogeneous fiber genes in the two closely related adenovirus genome 
types Ad35p and Ad34a. Virology 206(1), 686-9. 

Mei, Y. F., and Wadell, G. (1996). Epitopes and hemagglutination binding domain on subgenus B:2 adenovirus 
fibers. J Virol 70(6), 3688-97. 

Meier, O., Boucke, K., Hammer, S. V., Keller, S., Stidwill, R. P., Hemmi, S., and Greber, U. F. (2002). 
Adenovirus triggers macropinocytosis and endosomal leakage together with its clathrin-mediated uptake. 
J Cell Biol 158(6), 1119-31. 

Meier, O., and Greber, U. F. (2003). Adenovirus endocytosis. J Gene Med 5(6), 451-62. 
Mentel, R., Dopping, G., Wegner, U., Seidel, W., Liebermann, H., and Dohner, L. (1997). Adenovirus-receptor 

interaction with human lymphocytes. J Med Virol 51(3), 252-7. 



 70

Miller, G., Lahrs, S., Pillarisetty, V. G., Shah, A. B., and DeMatteo, R. P. (2002). Adenovirus infection enhances 
dendritic cell immunostimulatory properties and induces natural killer and T-cell-mediated tumor 
protection. Cancer Res 62(18), 5260-6. 

Miyazawa, N., Crystal, R. G., and Leopold, P. L. (2001). Adenovirus serotype 7 retention in a late endosomal 
compartment prior to cytosol escape is modulated by fiber protein. J Virol 75(3), 1387-400. 

Miyazawa, N., Leopold, P. L., Hackett, N. R., Ferris, B., Worgall, S., Falck-Pedersen, E., and Crystal, R. G. 
(1999). Fiber swap between adenovirus subgroups B and C alters intracellular trafficking of adenovirus 
gene transfer vectors. J Virol 73(7), 6056-65. 

Molin, M., Bouakaz, L., Berenjian, S., and Akusjarvi, G. (2002). Unscheduled expression of capsid protein IIIa 
results in defects in adenovirus major late mRNA and protein expression. Virus Res 83(1-2), 197-206. 

Molinier-Frenkel, V., Lengagne, R., Gaden, F., Hong, S. S., Choppin, J., Gahery-Segard, H., Boulanger, P., and 
Guillet, J. G. (2002). Adenovirus hexon protein is a potent adjuvant for activation of a cellular immune 
response. J Virol 76(1), 127-35. 

Moller, A., and Schmitz, M. L. (2003). Viruses as hijackers of PML nuclear bodies. Arch Immunol Ther Exp 
(Warsz) 51(5), 295-300. 

Mufson, M. A., and Belshe, R. B. (1976). A review of adenoviruses in the etiology of acute hemorrhagic cystitis. J 
Urol 115(2), 191-4. 

Nakano, M. Y., Boucke, K., Suomalainen, M., Stidwill, R. P., and Greber, U. F. (2000). The first step of 
adenovirus type 2 disassembly occurs at the cell surface, independently of endocytosis and escape to the 
cytosol. J Virol 74(15), 7085-95. 

Negorev, D., and Maul, G. G. (2001). Cellular proteins localized at and interacting within ND10/PML nuclear 
bodies/PODs suggest functions of a nuclear depot. Oncogene 20(49), 7234-42. 

Neumann, R., Genersch, E., and Eggers, H. J. (1987). Detection of adenovirus nucleic acid sequences in human 
tonsils in the absence of infectious virus. Virus Res 7(1), 93-7. 

Nicolas, A. L., Munz, P. L., Falck-Pedersen, E., and Young, C. S. (2000). Creation and repair of specific DNA 
double-strand breaks in vivo following infection with adenovirus vectors expressing Saccharomyces 
cerevisiae HO endonuclease. Virology 266(1), 211-24. 

Nilsson, M., Karlsson, S., and Fan, X. (2004). Functionally distinct subpopulations of cord blood CD34+ cells are 
transduced by adenoviral vectors with serotype 5 or 35 tropism. Mol Ther 9(3), 377-88. 

Nilsson, M., Ljungberg, J., Richter, J., Kiefer, T., Magnusson, M., Lieber, A., Widegren, B., Karlsson, S., and Fan, 
X. (2004). Development of an adenoviral vector system with adenovirus serotype 35 tropism; efficient 
transient gene transfer into primary malignant hematopoietic cells. J Gene Med 6(6), 631-41. 

Nomura, M., Kitamura, M., Matsumiya, K., Tsujimura, A., Okuyama, A., Matsumoto, M., Toyoshima, K., and 
Seya, T. (2001). Genomic analysis of idiopathic infertile patients with sperm-specific depletion of CD46. 
Exp Clin Immunogenet 18(1), 42-50. 

O'Connor, R. J., and Hearing, P. (2000). The E4-6/7 protein functionally compensates for the loss of E1A 
expression in adenovirus infection. J Virol 74(13), 5819-24. 

Okada, N., Liszewski, M. K., Atkinson, J. P., and Caparon, M. (1995). Membrane cofactor protein (CD46) is a 
keratinocyte receptor for the M protein of the group A streptococcus. Proc Natl Acad Sci U S A 92(7), 
2489-93. 

Olive, M., Eisenlohr, L., Flomenberg, N., Hsu, S., and Flomenberg, P. (2002). The Adenovirus Capsid Protein 
Hexon Contains a Highly Conserved Human CD4+ T-Cell Epitope. Hum Gene Ther 13(10), 1167-78. 

Ooboshi, H., Rios, C. D., Chu, Y., Christenson, S. D., Faraci, F. M., Davidson, B. L., and Heistad, D. D. (1997). 
Augmented adenovirus-mediated gene transfer to atherosclerotic vessels. Arterioscler Thromb Vasc Biol 
17(9), 1786-92. 

Oosterom-Dragon, E. A., and Ginsberg, H. S. (1981). Characterization of two temperature-sensitive mutants of 
type 5 adenovirus with mutations in the 100,000-dalton protein gene. J Virol 40(2), 491-500. 

Ostapchuk, P., and Hearing, P. (2001). Pseudopackaging of adenovirus type 5 genomes into capsids containing the 
hexon proteins of adenovirus serotypes B, D, or E. J Virol 75(1), 45-51. 

Ostapchuk, P., and Hearing, P. (2003a). Minimal cis-acting elements required for adenovirus genome packaging. J 
Virol 77(9), 5127-35. 

Ostapchuk, P., and Hearing, P. (2003b). Regulation of adenovirus packaging. Curr Top Microbiol Immunol 272, 
165-85. 

Parkes, R. J., and Hart, S. L. (2000). Adhesion molecules and gene transfer. Adv Drug Deliv Rev 44(2-3), 135-52. 
Persson, H., Jornvall, H., and Zabielski, J. (1980). Multiple mRNA species for the precursor to an adenovirus-

encoded glycoprotein: identification and structure of the signal sequence. Proc Natl Acad Sci U S A 
77(11), 6349-53. 

Persson, H., Oberg, B., and Philipson, L. (1978). Purification and characterization of an early protein (E14K) from 
adenovirus type 2-infected cells. J Virol 28(1), 119-39. 



 71

Philipson, L., Lonberg-Holm, K., and Pettersson, U. (1968). Virus-receptor interaction in an adenovirus system. J 
Virol 2(10), 1064-75. 

Philipson, L., and Pettersson, R. F. (2004). The coxsackie-adenovirus receptor--a new receptor in the 
immunoglobulin family involved in cell adhesion. Curr Top Microbiol Immunol 273, 87-111. 

Pickles, R. J., Fahrner, J. A., Petrella, J. M., Boucher, R. C., and Bergelson, J. M. (2000). Retargeting the 
coxsackievirus and adenovirus receptor to the apical surface of polarized epithelial cells reveals the 
glycocalyx as a barrier to adenovirus-mediated gene transfer. J Virol 74(13), 6050-7. 

Pickles, R. J., McCarty, D., Matsui, H., Hart, P. J., Randell, S. H., and Boucher, R. C. (1998). Limited entry of 
adenovirus vectors into well-differentiated airway epithelium is responsible for inefficient gene transfer. J 
Virol 72(7), 6014-23. 

Prchla, E., Plank, C., Wagner, E., Blaas, D., and Fuchs, R. (1995). Virus-mediated release of endosomal content in 
vitro: different behavior of adenovirus and rhinovirus serotype 2. J Cell Biol 131(1), 111-23. 

Punga, T., and Akusjarvi, G. (2003). Adenovirus 2 E1B-55K protein relieves p53-mediated transcriptional 
repression of the survivin and MAP4 promoters. FEBS Lett 552(2-3), 214-8. 

Rea, D., Havenga, M. J., van Den Assem, M., Sutmuller, R. P., Lemckert, A., Hoeben, R. C., Bout, A., Melief, C. 
J., and Offringa, R. (2001). Highly efficient transduction of human monocyte-derived dendritic cells with 
subgroup B fiber-modified adenovirus vectors enhances transgene-encoded antigen presentation to 
cytotoxic T cells. J Immunol 166(8), 5236-44. 

Rea, D., Schagen, F. H., Hoeben, R. C., Mehtali, M., Havenga, M. J., Toes, R. E., Melief, C. J., and Offringa, R. 
(1999). Adenoviruses activate human dendritic cells without polarization toward a T-helper type 1-
inducing subset. J Virol 73(12), 10245-53. 

Rebel, V. I., Hartnett, S., Denham, J., Chan, M., Finberg, R., and Sieff, C. A. (2000). Maturation and lineage-
specific expression of the coxsackie and adenovirus receptor in hematopoietic cells. Stem Cells 18(3), 
176-82. 

Reichel, R., Kovesdi, I., and Nevins, J. R. (1988). Activation of a preexisting cellular factor as a basis for 
adenovirus E1A-mediated transcription control. Proc Natl Acad Sci U S A 85(2), 387-90. 

Rivailler, P., Trescol-Biemont, M. C., Gimenez, C., Rabourdin-Combe, C., and Horvat, B. (1998). Enhanced 
MHC class II-restricted presentation of measles virus (MV) hemagglutinin in transgenic mice expressing 
human MV receptor CD46. Eur J Immunol 28(4), 1301-14. 

Roberts, R. J., Akusjaervi,G., Alestroem,P., Gelinas,R.E., Gingeras,T.R., Sciaky,D. and Pettersson,U. (1986). A 
consensus sequence for the adenovirus-2 genome. (in) Doerfler,W. (Ed.);ADENOVIRUS DNA: 1-51; 
Martinus Nijhoff Publishing, Boston (1986). 

Rodriguez, R., Schuur, E. R., Lim, H. Y., Henderson, G. A., Simons, J. W., and Henderson, D. R. (1997). Prostate 
attenuated replication competent adenovirus (ARCA) CN706: a selective cytotoxic for prostate-specific 
antigen-positive prostate cancer cells. Cancer Res 57(13), 2559-63. 

Roelvink, P. W., Lizonova, A., Lee, J. G., Li, Y., Bergelson, J. M., Finberg, R. W., Brough, D. E., Kovesdi, I., and 
Wickham, T. J. (1998). The coxsackievirus-adenovirus receptor protein can function as a cellular 
attachment protein for adenovirus serotypes from subgroups A, C, D, E, and F. J Virol 72(10), 7909-15. 

Roelvink, P. W., Mi Lee, G., Einfeld, D. A., Kovesdi, I., and Wickham, T. J. (1999). Identification of a conserved 
receptor-binding site on the fiber proteins of CAR-recognizing adenoviridae. Science 286(5444), 1568-
71. 

Rogulski, K. R., Wing, M. S., Paielli, D. L., Gilbert, J. D., Kim, J. H., and Freytag, S. O. (2000). Double suicide 
gene therapy augments the antitumor activity of a replication-competent lytic adenovirus through 
enhanced cytotoxicity and radiosensitization. Hum Gene Ther 11(1), 67-76. 

Roovers, D. J., van der Lee, F. M., van der Wees, J., and Sussenbach, J. S. (1993). Analysis of the adenovirus type 
5 terminal protein precursor and DNA polymerase by linker insertion mutagenesis. J Virol 67(1), 265-76. 

Rosa-Calatrava, M., Puvion-Dutilleul, F., Lutz, P., Dreyer, D., de The, H., Chatton, B., and Kedinger, C. (2003). 
Adenovirus protein IX sequesters host-cell promyelocytic leukaemia protein and contributes to efficient 
viral proliferation. EMBO Rep 4(10), 969-75. 

Roth, J., and Dobbelstein, M. (2003). Interaction of p53 with the adenovirus E1B-55 kDa protein. Methods Mol 
Biol 234, 135-49. 

Roth, J., Konig, C., Wienzek, S., Weigel, S., Ristea, S., and Dobbelstein, M. (1998). Inactivation of p53 but not 
p73 by adenovirus type 5 E1B 55-kilodalton and E4 34-kilodalton oncoproteins. J Virol 72(11), 8510-6. 

Rowe, W. P., Huebner, R. J., Gilmore, L. K., Parrott, R. H., and Ward, T. G. (1953). Isolation of a cytopathogenic 
agent from human adenoids undergoing spontaneous degeneration in tissue culture. Proc Soc Exp Biol 
Med 84(3), 570-3. 

Ruland, J., and Mak, T. W. (2003). From antigen to activation: specific signal transduction pathways linking 
antigen receptors to NF-kappaB. Semin Immunol 15(3), 177-83. 

Runde, V., Ross, S., Trenschel, R., Lagemann, E., Basu, O., Renzing-Kohler, K., Schaefer, U. W., Roggendorf, 
M., and Holler, E. (2001). Adenoviral infection after allogeneic stem cell transplantation (SCT): report on 



 72

130 patients from a single SCT unit involved in a prospective multi center surveillance study. Bone 
Marrow Transplant 28(1), 51-7. 

Ruoslahti, E., and Pierschbacher, M. D. (1987). New perspectives in cell adhesion: RGD and integrins. Science 
238(4826), 491-7. 

Russell, S. (2004). CD46: A complement regulator and pathogen receptor that mediates links between innate and 
acquired immune function. Tissue Antigens 64(2), 111-118. 

Russell, S. M., Sparrow, R. L., McKenzie, I. F., and Purcell, D. F. (1992). Tissue-specific and allelic expression of 
the complement regulator CD46 is controlled by alternative splicing. Eur J Immunol 22(6), 1513-8. 

Rux, J. J., and Burnett, R. M. (2000). Type-specific epitope locations revealed by X-ray crystallographic study of 
adenovirus type 5 hexon. Mol Ther 1(1), 18-30. 

Rux, J. J., Kuser, P. R., and Burnett, R. M. (2003). Structural and phylogenetic analysis of adenovirus hexons by 
use of high-resolution x-ray crystallographic, molecular modeling, and sequence-based methods. J Virol 
77(17), 9553-66. 

San Martin, C., and Burnett, R. M. (2003). Structural studies on adenoviruses. Curr Top Microbiol Immunol 272, 
57-94. 

Santoro, F., Kennedy, P. E., Locatelli, G., Malnati, M. S., Berger, E. A., and Lusso, P. (1999). CD46 is a cellular 
receptor for human herpesvirus 6. Cell 99(7), 817-27. 

Saphire, A. C., Guan, T., Schirmer, E. C., Nemerow, G. R., and Gerace, L. (2000). Nuclear import of adenovirus 
DNA in vitro involves the nuclear protein import pathway and hsc70. J Biol Chem 275(6), 4298-304. 

Sauter, N. K., Bednarski, M. D., Wurzburg, B. A., Hanson, J. E., Whitesides, G. M., Skehel, J. J., and Wiley, D. C. 
(1989). Hemagglutinins from two influenza virus variants bind to sialic acid derivatives with millimolar 
dissociation constants: a 500-MHz proton nuclear magnetic resonance study. Biochemistry 28(21), 8388-
96. 

Schaack, J., Ho, W. Y., Freimuth, P., and Shenk, T. (1990). Adenovirus terminal protein mediates both nuclear 
matrix association and efficient transcription of adenovirus DNA. Genes Dev 4(7), 1197-208. 

Schiedner, G., Hertel, S., and Kochanek, S. (2000). Efficient transformation of primary human amniocytes by E1 
functions of Ad5: generation of new cell lines for adenoviral vector production. Hum Gene Ther 11(15), 
2105-16. 

Schiedner, G., Morral, N., Parks, R. J., Wu, Y., Koopmans, S. C., Langston, C., Graham, F. L., Beaudet, A. L., 
and Kochanek, S. (1998). Genomic DNA transfer with a high-capacity adenovirus vector results in 
improved in vivo gene expression and decreased toxicity [published erratum appears in Nat Genet 1998 
Mar;18(3):298]. Nat Genet 18(2), 180-3. 

Schmid, S. I., and Hearing, P. (1998). Cellular components interact with adenovirus type 5 minimal DNA 
packaging domains. J Virol 72(8), 6339-47. 

Segerman, A., Arnberg, N., Erikson, A., Lindman, K., and Wadell, G. (2003a). There are two different species B 
adenovirus receptors: sBAR, common to species B1 and B2 adenoviruses, and sB2AR, exclusively used 
by species B2 adenoviruses. J Virol 77(2), 1157-62. 

Segerman, A., Atkinson, J. P., Marttila, M., Dennerquist, V., Wadell, G., and Arnberg, N. (2003b). Adenovirus 
type 11 uses CD46 as a cellular receptor. J Virol 77(17), 9183-91. 

Segerman, A., Mei, Y. F., and Wadell, G. (2000). Adenovirus types 11p and 35p show high binding efficiencies 
for committed hematopoietic cell lines and are infective to these cell lines. J Virol 74(3), 1457-67. 

Seki, T., Dmitriev, I., Kashentseva, E., Takayama, K., Rots, M., Suzuki, K., and Curiel, D. T. (2002). Artificial 
extension of the adenovirus fiber shaft inhibits infectivity in coxsackievirus and adenovirus receptor-
positive cell lines. J Virol 76(3), 1100-8. 

Seth, P. (1994). Adenovirus-dependent release of choline from plasma membrane vesicles at an acidic pH is 
mediated by the penton base protein. J Virol 68(2), 1204-6. 

Seya, T., Hirano, A., Matsumoto, M., Nomura, M., and Ueda, S. (1999). Human membrane cofactor protein 
(MCP, CD46): multiple isoforms and functions. Int J Biochem Cell Biol 31(11), 1255-60. 

Shao, R., Hu, M. C., Zhou, B. P., Lin, S. Y., Chiao, P. J., von Lindern, R. H., Spohn, B., and Hung, M. C. (1999). 
E1A sensitizes cells to tumor necrosis factor-induced apoptosis through inhibition of IkappaB kinases and 
nuclear factor kappaB activities. J Biol Chem 274(31), 21495-8. 

Shayakhmetov, D. M., Li, Z. Y., Ni, S., and Lieber, A. (2002). Targeting of adenovirus vectors to tumor cells does 
not enable efficient transduction of breast cancer metastases. Cancer Res 62(4), 1063-8. 

Shayakhmetov, D. M., Li, Z. Y., Ternovoi, V., Gaggar, A., Gharwan, H., and Lieber, A. (2003). The interaction 
between the fiber knob domain and the cellular attachment receptor determines the intracellular 
trafficking route of adenoviruses. J Virol 77(6), 3712-23. 

Shayakhmetov, D. M., and Lieber, A. (2000). Dependence of adenovirus infectivity on length of the fiber shaft 
domain. J Virol 74(22), 10274-86. 

Shayakhmetov, D. M., Papayannopoulou, T., Stamatoyannopoulos, G., and Lieber, A. (2000). Efficient gene 
transfer into human CD34(+) cells by a retargeted adenovirus vector. J Virol 74(6), 2567-83. 



 73

Shieh, J. T., and Bergelson, J. M. (2002). Interaction with decay-accelerating factor facilitates coxsackievirus B 
infection of polarized epithelial cells. J Virol 76(18), 9474-80. 

Shields, A. F., Hackman, R. C., Fife, K. H., Corey, L., and Meyers, J. D. (1985). Adenovirus infections in patients 
undergoing bone-marrow transplantation. N Engl J Med 312(9), 529-33. 

Shindo, K., Kitayama, T., Ura, T., Matsuya, F., Kusaba, Y., Kanetake, H., and Saito, Y. (1986). Acute 
hemorrhagic cystitis caused by adenovirus type 11 after renal transplantation. Urol Int 41(2), 152-5. 

Short, J. J., Pereboev, A. V., Kawakami, Y., Vasu, C., Holterman, M. J., and Curiel, D. T. (2004). Adenovirus 
serotype 3 utilizes CD80 (B7.1) and CD86 (B7.2) as cellular attachment receptors. Virology 322(2), 349-
59. 

Sidle, A., Palaty, C., Dirks, P., Wiggan, O., Kiess, M., Gill, R. M., Wong, A. K., and Hamel, P. A. (1996). 
Activity of the retinoblastoma family proteins, pRB, p107, and p130, during cellular proliferation and 
differentiation. Crit Rev Biochem Mol Biol 31(3), 237-71. 

Signas, C., Akusjarvi, G., and Pettersson, U. (1985). Adenovirus 3 fiber polypeptide gene: implications for the 
structure of the fiber protein. J Virol 53(2), 672-8. 

Signas, C., Akusjarvi, G., and Pettersson, U. (1986). Region E3 of human adenoviruses; differences between the 
oncogenic adenovirus-3 and the non-oncogenic adenovirus-2. Gene 50(1-3), 173-84. 

Silver, L., and Anderson, C. W. (1988). Interaction of human adenovirus serotype 2 with human lymphoid cells. 
Virology 165(2), 377-87. 

Sirena, D., Lilienfeld, B., Eisenhut, M., Kalin, S., Boucke, K., Beerli, R. R., Vogt, L., Ruedl, C., Bachmann, M. F., 
Greber, U. F., and Hemmi, S. (2004). The Human Membrane Cofactor CD46 Is a Receptor for Species B 
Adenovirus Serotype 3. J Virol 78(9), 4454-62. 

Skog, J., Edlund, K., Widegren, B., Salford, L. G., Wadell, G., and Mei, Y. F. (2004). Efficient internalization into 
low-passage glioma cell lines using adenoviruses other than type 5: an approach for improvement of gene 
delivery to brain tumours. J Gen Virol 85(Pt 9), 2627-38. 

Skog, J., Mei, Y. F., and Wadell, G. (2002). Human adenovirus serotypes 4p and 11p are efficiently expressed in 
cell lines of neural tumour origin. J Gen Virol 83(Pt 6), 1299-309. 

Smith, A., Santoro, F., Di Lullo, G., Dagna, L., Verani, A., and Lusso, P. (2003). Selective suppression of IL-12 
production by human herpesvirus 6. Blood 102(8), 2877-84. 

Sprengel, J., Schmitz, B., Heuss-Neitzel, D., Zock, C., and Doerfler, W. (1994). Nucleotide sequence of human 
adenovirus type 12 DNA: comparative functional analysis. J Virol 68(1), 379-89. 

Stalder, H., Hierholzer, J. C., and Oxman, M. N. (1977). New human adenovirus (candidate adenovirus type 35) 
causing fatal disseminated infection in a renal transplant recipient. J Clin Microbiol 6(3), 257-65. 

Stehle, T., and Harrison, S. C. (1997). High-resolution structure of a polyomavirus VP1-oligosaccharide complex: 
implications for assembly and receptor binding. Embo J 16(16), 5139-48. 

Stephenson, J. (2001). Studies illuminate cause of fatal reaction in gene-therapy trial. Jama 285(20), 2570. 
Stewart, P. L., Chiu, C. Y., Huang, S., Muir, T., Zhao, Y., Chait, B., Mathias, P., and Nemerow, G. R. (1997). 

Cryo-EM visualization of an exposed RGD epitope on adenovirus that escapes antibody neutralization. 
Embo J 16(6), 1189-98. 

Stewart, P. L., Fuller, S. D., and Burnett, R. M. (1993). Difference imaging of adenovirus: bridging the resolution 
gap between X-ray crystallography and electron microscopy. Embo J 12(7), 2589-99. 

Stevenson, S. C., Rollence, M., Marshall-Neff, J., and McClelland, A. (1997). Selective targeting of human cells 
by a chimeric adenovirus vector containing a modified fiber protein. J Virol 71(6), 4782-90. 

Stone, D., Furthmann, A., Sandig, V., and Lieber, A. (2003). The complete nucleotide sequence, genome 
organization, and origin of human adenovirus type 11. Virology 309(1), 152-65. 

Sundararajan, R., Cuconati, A., Nelson, D., and White, E. (2001). Tumor necrosis factor-alpha induces Bax-Bak 
interaction and apoptosis, which is inhibited by adenovirus E1B 19K. J Biol Chem 276(48), 45120-7. 

Suomalainen, M., Nakano, M. Y., Boucke, K., Keller, S., and Greber, U. F. (2001). Adenovirus-activated PKA 
and p38/MAPK pathways boost microtubule-mediated nuclear targeting of virus. Embo J 20(6), 1310-9. 

Suomalainen, M., Nakano, M. Y., Keller, S., Boucke, K., Stidwill, R. P., and Greber, U. F. (1999). Microtubule-
dependent plus- and minus end-directed motilities are competing processes for nuclear targeting of 
adenovirus. J Cell Biol 144(4), 657-72. 

Suparno, C., Milligan, D. W., Moss, P. A., and Mautner, V. (2004). Adenovirus infections in stem cell transplant 
recipients: recent developments in understanding of pathogenesis, diagnosis and management. Leuk 
Lymphoma 45(5), 873-85. 

Svensson, U. (1985). Role of vesicles during adenovirus 2 internalization into HeLa cells. J Virol 55(2), 442-9. 
Tallone, T., Malin, S., Samuelsson, A., Wilbertz, J., Miyahara, M., Okamoto, K., Poellinger, L., Philipson, L., and 

Pettersson, S. (2001). A mouse model for adenovirus gene delivery. Proc Natl Acad Sci U S A 98(14), 
7910-5. 

Tauber, B., and Dobner, T. (2001). Molecular regulation and biological function of adenovirus early genes: the E4 
ORFs. Gene 278(1-2), 1-23. 



 74

Teuchert, M., Maisner, A., and Herrler, G. (1999). Importance of the carboxyl-terminal FTSL motif of membrane 
cofactor protein for basolateral sorting and endocytosis. Positive and negative modulation by signals 
inside and outside the cytoplasmic tail. J Biol Chem 274(28), 19979-84. 

Thimmappaya, B., Weinberger, C., Schneider, R. J., and Shenk, T. (1982). Adenovirus VAI RNA is required for 
efficient translation of viral mRNAs at late times after infection. Cell 31(3 Pt 2), 543-51. 

Thomas, C. E., Schiedner, G., Kochanek, S., Castro, M. G., and Lowenstein, P. R. (2001). Preexisting 
antiadenoviral immunity is not a barrier to efficient and stable transduction of the brain, mediated by 
novel high-capacity adenovirus vectors. Hum Gene Ther 12(7), 839-46. 

Thomas, G. P., and Mathews, M. B. (1980). DNA replication and the early to late transition in adenovirus 
infection. Cell 22(2 Pt 2), 523-33. 

Tollefson, A. E., Krajcsi, P., Pursley, M. H., Gooding, L. R., and Wold, W. S. (1990a). A 14,500 MW protein is 
coded by region E3 of group C human adenoviruses. Virology 175(1), 19-29. 

Tollefson, A. E., Krajcsi, P., Yei, S. P., Carlin, C. R., and Wold, W. S. (1990b). A 10,400-molecular-weight 
membrane protein is coded by region E3 of adenovirus. J Virol 64(2), 794-801. 

Tollefson, A. E., Ryerse, J. S., Scaria, A., Hermiston, T. W., and Wold, W. S. (1996a). The E3-11.6-kDa 
adenovirus death protein (ADP) is required for efficient cell death: characterization of cells infected with 
adp mutants. Virology 220(1), 152-62. 

Tollefson, A. E., Scaria, A., Hermiston, T. W., Ryerse, J. S., Wold, L. J., and Wold, W. S. (1996b). The 
adenovirus death protein (E3-11.6K) is required at very late stages of infection for efficient cell lysis and 
release of adenovirus from infected cells. J Virol 70(4), 2296-306. 

Tollefson, A. E., Scaria, A., Saha, S. K., and Wold, W. S. (1992). The 11,600-MW protein encoded by region E3 
of adenovirus is expressed early but is greatly amplified at late stages of infection. J Virol 66(6), 3633-42. 

Tollefson, A. E., and Wold, W. S. (1988). Identification and gene mapping of a 14,700-molecular-weight protein 
encoded by region E3 of group C adenoviruses. J Virol 62(1), 33-9. 

Tomko, R. P., Xu, R., and Philipson, L. (1997). HCAR and MCAR: the human and mouse cellular receptors for 
subgroup C adenoviruses and group B coxsackieviruses. Proc Natl Acad Sci U S A 94(7), 3352-6. 

Triantafilou, M., Triantafilou, K., Wilson, K. M., Takada, Y., and Fernandez, N. (2000). High affinity interactions 
of Coxsackievirus A9 with integrin alphavbeta3 (CD51/61) require the CYDMKTTC sequence of beta3, 
but do not require the RGD sequence of the CAV-9 VP1 protein. Hum Immunol 61(5), 453-9. 

Tribouley, C., Lutz, P., Staub, A., and Kedinger, C. (1994). The product of the adenovirus intermediate gene IVa2 
is a transcriptional activator of the major late promoter. J Virol 68(7), 4450-7. 

Trotman, L. C., Achermann, D. P., Keller, S., Straub, M., and Greber, U. F. (2003). Non-classical export of an 
adenovirus structural protein. Traffic 4(6), 390-402. 

Trotman, L. C., Mosberger, N., Fornerod, M., Stidwill, R. P., and Greber, U. F. (2001). Import of adenovirus DNA 
involves the nuclear pore complex receptor CAN/Nup214 and histone H1. Nat Cell Biol 3(12), 1092-100. 

Umana, P., Gerdes, C. A., Stone, D., Davis, J. R., Ward, D., Castro, M. G., and Lowenstein, P. R. (2001). Efficient 
FLPe recombinase enables scalable production of helper-dependent adenoviral vectors with negligible 
helper-virus contamination. Nat Biotechnol 19(6), 582-5. 

Wadell, G. (1984). Molecular epidemiology of human adenoviruses. Curr Top Microbiol Immunol 110, 191-220. 
Wadell, G. (2000). Adenoviruses. fourth ed, pp. 307-327. Wiley, Principles and Practice of Clinical Virology. 
Wadell, G., Hammarskjold, M. L., Winberg, G., Varsanyi, T. M., and Sundell, G. (1980). Genetic variability of 

adenoviruses. Ann N Y Acad Sci 354, 16-42. 
Walls, T., Shankar, A. G., and Shingadia, D. (2003). Adenovirus: an increasingly important pathogen in paediatric 

bone marrow transplant patients. Lancet Infect Dis 3(2), 79-86. 
Walters, R. W., Freimuth, P., Moninger, T. O., Ganske, I., Zabner, J., and Welsh, M. J. (2002). Adenovirus fiber 

disrupts CAR-mediated intercellular adhesion allowing virus escape. Cell 110(6), 789-99. 
Walters, R. W., Grunst, T., Bergelson, J. M., Finberg, R. W., Welsh, M. J., and Zabner, J. (1999). Basolateral 

localization of fiber receptors limits adenovirus infection from the apical surface of airway epithelia. J 
Biol Chem 274(15), 10219-26. 

Walters, R. W., van't Hof, W., Yi, S. M., Schroth, M. K., Zabner, J., Crystal, R. G., and Welsh, M. J. (2001). 
Apical localization of the coxsackie-adenovirus receptor by glycosyl-phosphatidylinositol modification is 
sufficient for adenovirus-mediated gene transfer through the apical surface of human airway epithelia. J 
Virol 75(16), 7703-11. 

van der Veen, J., and Lambriex, M. (1973). Relationship of adenovirus to lymphocytes in naturally infected 
human tonsils and adenoids. Infect Immun 7(4), 604-9. 

van Oostrum, J., and Burnett, R. M. (1985). Molecular composition of the adenovirus type 2 virion. J Virol 56(2), 
439-48. 

van Raaij, M. J., Louis, N., Chroboczek, J., and Cusack, S. (1999). Structure of the human adenovirus serotype 2 
fiber head domain at 1.5 A resolution. Virology 262(2), 333-43. 



 75

Van Tendeloo, V. F., Van Broeckhoven, C., and Berneman, Z. N. (2001). Gene therapy: principles and 
applications to hematopoietic cells. Leukemia 15(4), 523-44. 

Wang, E. W., Scott, M. O., and Ricciardi, R. P. (1988). An adenovirus mRNA which encodes a 14,700-Mr protein 
that maps to the last open reading frame of region E3 is expressed during infection. J Virol 62(4), 1456-9. 

Wang, K., Guan, T., Cheresh, D. A., and Nemerow, G. R. (2000). Regulation of adenovirus membrane penetration 
by the cytoplasmic tail of integrin beta5. J Virol 74(6), 2731-9. 

Wang, K., Huang, S., Kapoor-Munshi, A., and Nemerow, G. (1998). Adenovirus internalization and infection 
require dynamin. J Virol 72(4), 3455-8. 

Wang, Q., Greenburg, G., Bunch, D., Farson, D., and Finer, M. H. (1997). Persistent transgene expression in 
mouse liver following in vivo gene transfer with a delta E1/delta E4 adenovirus vector. Gene Ther 4(5), 
393-400. 

Wang, X., and Bergelson, J. M. (1999). Coxsackievirus and adenovirus receptor cytoplasmic and transmembrane 
domains are not essential for coxsackievirus and adenovirus infection. J Virol 73(3), 2559-62. 

Webster, A., Leith, I. R., and Hay, R. T. (1994). Activation of adenovirus-coded protease and processing of 
preterminal protein. J Virol 68(11), 7292-300. 

Weiden, M. D., and Ginsberg, H. S. (1994). Deletion of the E4 region of the genome produces adenovirus DNA 
concatemers. Proc Natl Acad Sci U S A 91(1), 153-7. 

White, E., Chiou, S. K., Rao, L., Sabbatini, P., and Lin, H. J. (1994). Control of p53-dependent apoptosis by E1B, 
Bcl-2, and Ha-ras proteins. Cold Spring Harb Symp Quant Biol 59, 395-402. 

Wickham, T. J. (2000). Targeting adenovirus. Gene Ther 7(2), 110-4. 
Wickham, T. J., Mathias, P., Cheresh, D. A., and Nemerow, G. R. (1993). Integrins alpha v beta 3 and alpha v beta 

5 promote adenovirus internalization but not virus attachment. Cell 73(2), 309-19. 
Vigne, E., Mahfouz, I., Dedieu, J. F., Brie, A., Perricaudet, M., and Yeh, P. (1999). RGD inclusion in the hexon 

monomer provides adenovirus type 5-based vectors with a fiber knob-independent pathway for infection. 
J Virol 73(6), 5156-61. 

Wilson-Rawls, J., Saha, S. K., Krajcsi, P., Tollefson, A. E., Gooding, L. R., and Wold, W. S. (1990). A 6700 MW 
membrane protein is encoded by region E3 of adenovirus type 2. Virology 178(1), 204-12. 

Windheim, M., Hilgendorf, A., and Burgert, H. G. (2004). Immune evasion by adenovirus E3 proteins: 
exploitation of intracellular trafficking pathways. Curr Top Microbiol Immunol 273, 29-85. 

Winter, N., and D'Halluin, J. C. (1991). Regulation of the biosynthesis of subgroup C adenovirus protein IVa2. J 
Virol 65(10), 5250-9. 

Wisnivesky, J. P., Leopold, P. L., and Crystal, R. G. (1999). Specific binding of the adenovirus capsid to the 
nuclear envelope. Hum Gene Ther 10(13), 2187-95. 

Vogels, R., Zuijdgeest, D., van Rijnsoever, R., Hartkoorn, E., Damen, I., de Bethune, M. P., Kostense, S., Penders, 
G., Helmus, N., Koudstaal, W., Cecchini, M., Wetterwald, A., Sprangers, M., Lemckert, A., Ophorst, O., 
Koel, B., van Meerendonk, M., Quax, P., Panitti, L., Grimbergen, J., Bout, A., Goudsmit, J., and 
Havenga, M. (2003). Replication-deficient human adenovirus type 35 vectors for gene transfer and 
vaccination: efficient human cell infection and bypass of preexisting adenovirus immunity. J Virol 
77(15), 8263-71. 

Wold, W. S., Doronin, K., Toth, K., Kuppuswamy, M., Lichtenstein, D. L., and Tollefson, A. E. (1999). Immune 
responses to adenoviruses: viral evasion mechanisms and their implications for the clinic. Curr Opin 
Immunol 11(4), 380-6. 

Von Seggern, D. J., Chiu, C. Y., Fleck, S. K., Stewart, P. L., and Nemerow, G. R. (1999). A helper-independent 
adenovirus vector with E1, E3, and fiber deleted: structure and infectivity of fiberless particles. J Virol 
73(2), 1601-8. 

Von Seggern, D. J., Huang, S., Fleck, S. K., Stevenson, S. C., and Nemerow, G. R. (2000). Adenovirus vector 
pseudotyping in fiber-expressing cell lines: improved transduction of Epstein-Barr virus-transformed B 
cells. J Virol 74(1), 354-62. 

Wu, E., Trauger, S. A., Pache, L., Mullen, T. M., von Seggern, D. J., Siuzdak, G., and Nemerow, G. R. (2004). 
Membrane cofactor protein is a receptor for adenoviruses associated with epidemic keratoconjunctivitis. J 
Virol 78(8), 3897-905. 

Xia, D., Henry, L. J., Gerard, R. D., and Deisenhofer, J. (1994). Crystal structure of the receptor-binding domain 
of adenovirus type 5 fiber protein at 1.7 A resolution. Structure 2(12), 1259-70. 

Xiong, J. P., Stehle, T., Goodman, S. L., and Arnaout, M. A. (2003a). Integrins, cations and ligands: making the 
connection. J Thromb Haemost 1(7), 1642-54. 

Xiong, J. P., Stehle, T., Goodman, S. L., and Arnaout, M. A. (2003b). New insights into the structural basis of 
integrin activation. Blood 102(4), 1155-9. 

Yoshida, K., Narita, M., and Fujinaga, K. (1989). Binding sites of HeLa cell nuclear proteins on the upstream 
region of adenovirus type 5 E1A gene. Nucleic Acids Res 17(23), 10015-34. 



 76

Young, C. S. (2003). The structure and function of the adenovirus major late promoter. Curr Top Microbiol 
Immunol 272, 213-49. 

Zabner, J., Freimuth, P., Puga, A., Fabrega, A., and Welsh, M. J. (1997). Lack of high affinity fiber receptor 
activity explains the resistance of ciliated airway epithelia to adenovirus infection. J Clin Invest 100(5), 
1144-9. 

Zhang, L. Q., Mei, Y. F., and Wadell, G. (2003). Human adenovirus serotypes 4 and 11 show higher binding 
affinity and infectivity for endothelial and carcinoma cell lines than serotype 5. J Gen Virol 84(Pt 3), 687-
95. 

Zhang, W., and Imperiale, M. J. (2000). Interaction of the adenovirus IVa2 protein with viral packaging 
sequences. J Virol 74(6), 2687-93. 

Zhang, W., and Imperiale, M. J. (2003). Requirement of the adenovirus IVa2 protein for virus assembly. J Virol 
77(6), 3586-94. 

Zhang, W., Low, J. A., Christensen, J. B., and Imperiale, M. J. (2001). Role for the adenovirus IVa2 protein in 
packaging of viral DNA. J Virol 75(21), 10446-54. 

Zhang, X., Bellett, A. J., Hla, R. T., Voss, T., Mullbacher, A., and Braithwaite, A. W. (1994). Down-regulation of 
human adenovirus E1a by E3 gene products: evidence for translational control of E1a by E3 14.5K and/or 
E3 10.4K products. J Gen Virol 75(Pt 8), 1943-51. 

Zhao, H., Granberg, F., Elfineh, L., Pettersson, U., and Svensson, C. (2003). Strategic attack on host cell gene 
expression during adenovirus infection. J Virol 77(20), 11006-15. 

Zhao, L. Y., and Liao, D. (2003). Sequestration of p53 in the cytoplasm by adenovirus type 12 E1B 55-kilodalton 
oncoprotein is required for inhibition of p53-mediated apoptosis. J Virol 77(24), 13171-81. 

 
 
 
 
 
 



 77

 

ACKNOWLEDGEMENTS 
Since no man or woman is an island, this is a truly important section….(and the only section I usually 
read…). 
     
    First of all I would like to acknowledge my supervisor Göran Wadell who with his genuine 
commitment and (never?) ending enthusiasm for biology (and adenovirus biology in particular); 
introduced me to a scientific way of approaching question marks. To me, it has been a really important 
period of me life. A truly  “exciting” journey that has opened up my mind to new worlds or equipped 
me with a new understanding (of at least a small piece) of this world. ((Honestly, you brought me back 
to life when medical school bored me like hell!)) ….Looking back from this point of my PhD-student 
period (through the ups and downs), I think you have been really understanding, left me a lot of freedom 
(and money) to test also my high-risk project ideas and in time (smoothly) provided me with some safer 
projects (when it didn’t quite work out..). Although, I never felt that you failed to believe in me. 
THANK YOU!! You have been an excellent guide/guardian or supervisor. 
 
    Next I would like to thank Ya-Fang Mei, my co-supervisor, who provided the base for most of the 
experimental approaches that has been used during this project (and taught me some). This book could 
not have existed with out you (I know). I would also like to thank you for being a great room-mate (to 
“gossip” and laugh with) during travels. I sincerely hope we haven’t shared room for the last time… 
 
    “Kickan”, you took care of me the first day I entered the lab, (to do a 10p-project…) and instantly 
made me feel much safer. You have taught me all the basics… but I especially want to thank you for 
your enormous efforts and contribution (working many late evenings) during the last years when we 
have worked together on the (never ending) PBMC story… Thank you is hardly enough…!!! 
 
    Katrine, you are always kind and helpful (to everybody). You have solved all “paper problems” 
through the years (I think its called administration…) and in addition been supportive in all kinds of 
ways during this “thesis making procedure”. (The massage-machine was wonderful for my back and 
shoulders the last days before printing.) THANKS, for all!! 
 
    The adenovirus gang, Niklas, Johan, Karin, Kickan, Ya-Fang, (Annika and Katrine) and newer 
members Cissi, Marko, Dan, Emma, Emma, Linda and David as well as non-adenovirus Virology 
members Magnus, Peter, “Nitte”, Irene and Yvonne for contributing to a nice atmosphere, for nice chats 
and to some of you for introducing me to a higher level of “Plump”-playing. (Arriving at this point I 
would just like to confirm an issue brought up by Niklas in his thesis; Yes, I agree“You are a just as bad 
loser as I am”). In addition I would like to thank you for fruitful co-operation. The Göran Wadell group: 
Thanks for all the cheerful, wild (seldom focused) discussions during our group-meetings (for example 
dealing with the lipid composition of salmon cell membranes) and for contributing with tips/ideas. 
Kickan and Karin, your laboratory experience is a gold-mine. Annika (and Yvonne) big THANKS, for 
help with PCR in several rounds. Karin and Annika but also Johan (who (just as me) belongs to the 
(long-) stayers at Virology-parties) for some late night discussions (that I honestly don´t remember the 
contents of … if there was any…). Peter you´ve been a nice room-mate, daily providing me with some 
wonderful ”dalmål”. “Nitte” you are a really nice guy and I appreciated when you reintroduced Friday-
beer time. To you who has not finished your “book”. GOOD LUCK! 
 
    To all the people making up “Viruslab” (and Dept. of Virology) I just wanna say that this is a very 
nice place (full of kind, social, funny, interesting, (what more can I say…) laid-back/relaxed (meant as a 
compliment) people) where I think most “joiners” will feel welcome and thrive. In the big “fikarum” 
where everybody meet I have apart from plump-playing enjoyed: various “important” discussions, 
“fredagsfika”, “julfest”, been introduced to Annika´s traditional “glögg” and Per Juto´s “snaps” (not at 
all bad stuff…(regarding both)). The various (and multiple) arrangements (the SPA-trip and Go-Cart 
was excellent), for example, at important occasions such as birthdays is a very nice tradition! (Thank 
you all for the nice candle holder hanging on my wall, at home!) I will miss this place (and all of you-if 
I don´t come back)!  
 



 78

    I also need to thank the Martin Gullberg-lab and groupmembers (Pelle, Sonja and Kristoffer) which 
through Bosse has become my friends too and the lab has been somekind of “handy-man station” for 
me; where I have learnt how to construct my own gradient-gel mixer, alternative usage of bridal veils, 
iodination of proteins and from time to time taken advantage of the giant SDS-PAGE equipment present 
in that lab. I would like to thank Pelle, Sonja and Kristoffer for (introducing) the cheerful wine-tasting 
(and drinking) dinners which have become a nice tradition/(habit). I would also like to thank Pelle (who 
must be the most good-tempered guy in this world), for having spent some valuable time with me at the 
CLSM.  
 
    To some of my closest friends (and PhD-fellow students) Lotta, Linda and Marina: First of all, thank 
you for being the best of friends (having shared frustration and tears as well as some of my best laughs)! 
Some examples will follow:  
- for bringing me to IKSU (from time to time) for some moderate (Lotta) or real hard (Marina) exercise 
always combined with a “big” nice chat (taking place) in the jacuzzi, steem-sauna …as well as in the 
“ordinary” sauna….. 
- for sharing my interest for shopping (clothes and stuff…) 
- for joyful parties/dinners and “fika-stunder” as well as the “playing games evenings” 
- for introducing me to frisbee-golf, “Rock-side” (Lotta) and Harry Potter (Linda) "… when I (we) 
needed some change of environment 
- Linda, for still calling me (although I seldom call back). Umeå went much emptier after you left, for 
KI (at least for me). But fortunately at least you know have to use a “fellytone”. I´m working on it…  
-Marina for the comic (present on page 3 in this book) !  
GOOD LUCK with finishing your “books”.!!! (I will join the party(ies)!) 
 
    I also want to thank my “old” friends, Annika and Caroline (who left town). Thanks for joyful parties, 
get-togethers and regarding the last years, for all the funny e-mail stuff, for keeping the contact and for 
not forgetting about me! I still miss you… and you know it is never too late to return to Umeå. 
 
    In addition I want to thank my newer friends (who all (like us) have wonderful kids): 
- Ingrid and Valle. Dining on your peaceful veranda with a wonderful view (in May) was one of the 
most relaxing evenings I experienced this summer…. and mid-summer was fun…!  
-as well as Marie, Anneli and Ola, Mia and Tomas and Jesper and Anna-Karin. Thanks to you, Umeå 
has become an even nicer place to us “Segermans”. I really hope we will see more of each other when 
this is all over… 
 
    I would also like to thank my mum and dad for always encouraging my studies. But most 
importantly, for providing me and my family (as well as my brothers and sister) with a nice and safe 
spot in this world (your home) to which we can always return, no matter what (and be served a well-
tasting meal next to the fire-place). That feels very good!  
 
    To my brothers and sister, Karl, Erik and Karin I would like to say (I didn´t mean to slap you that 
hard…). I really admire and love you, for what you are and what you have become and I hope we can 
see more of each other in the future. I´m so happy that you are moving to Umeå, Karin! 
 
    To me “other”, newer family, Kajsa, Lasse, Helena and Melvin. Although we don´t meet very often I 
appreciate when we do! And thanks Kajsa for your help with looking after our boys during this summer.   
 
    Last and most of all I want to thank “min smått maka-lösa make”, BOSSE (who spent most of the 
summer alone with the kids and made most of the illustrations in this book) for love, care and endless 
support on both the motivational/emotional level and the theoretical/practical level. Your´re simply the 
best (at least for me)! …..  

…in other words… I LOVE YOU!  
To my sons, Anton and Frits: “You are my bright spots and the happiness of my life” and being your 
mother is a true privilege.  
 
 


