
 

Mechanisms involved in 

adenovirus binding to and 

infection of host cells 

Cecilia Nyberg 

 

 

 

 

 

 

Department of Clinical Microbiology, Virology 

Umeå University, Sweden, 2009 



 
 

 

Copyright©Cecilia Nyberg 

ISBN: 978-91-7264-876-0 

ISSN: 0346-6612-1301 

Front cover: Sonja Nordström, Print & Media, Aquarelle by Molly Ekman 

Printed by: Print & Media, Umeå University 

Umeå, Sweden 2009 



 

 

                                                                                                     To my family! 

 

 

 

  



 
 

 



Contents 

Abstract 7 

Summary in Swedish – Populärvetenskaplig sammanfattning på svenska 8 

List of papers 9 

Abbreviations 10 

Aim of the thesis 11 

Introduction 12 

History 12 

Taxonomy and classification 13 

Clinical and pathological aspects 16 

Biology 18 

Structure of the virion 18 

Major structural proteins 18 

Hexon 19 

Penton base 21 

Fiber 22 

Minor structural proteins 23 

Protein IIIa 24 

Protein VI 24 

Protein VIII 25 

Protein IX 25 

The adenovirus core 26 

Non-structural proteins 27 

Adenovirus life cycle 27 

Receptors 28 

CAR 29 

CD46 29 

Sialic acid 30 

Integrins 31 

Other suggested receptors 32 



 

 
 

Internalization 32 

Adenovirus genome 34 

DNA replication 36 

Virion assembly and escape 37 

Body fluid components that mediate indirect Ad binding 38 

Lactoferrin 38 

Lactoferricin 42 

Coagulation factors 43 

Results and Discussion 44 

Paper I 44 

Paper II 47 

Paper III 48 

Paper IV 52 

Concluding remarks 55 

Acknowledgements 57 

References 60 

 

 



ABSTRACT 

7 
 

Abstract 

The adenovirus (Ad) family consists of 52 different human types, which are 

divided into seven species (A-G). Human Ads cause disease in the 

respiratory tract, lymphoid tissue, intestine, urinary tract, and/or in the eye. 

Most, but not all Ads have been demonstrated to use the coxsackie-

adenovirus receptor (CAR) as an efficient receptor in vitro, but CAR has been 

questioned as an in vivo-receptor for various reasons. Thus, there are reasons 

to believe that Ads use other mechanisms for binding to target cells. In an 

attempt to investigate the impact of tear fluid during in vitro infection of 

ocular Ads (i.e. Ad37), using corneal cells, we found that human tear fluid 

promoted infection of an Ad with pronounced respiratory tropism (i.e. Ad5) 

used here as a control, but surprisingly not of Ad37. Furthermore using a 

virus overlay protein blotting assay we found that Ad5 bound to several tear 

fluid proteins. One of these, human lactoferrin (hLf) which is a component 

that belongs to the innate immune system in various body fluids, was alone 

able to promote both binding and infection of all species C Ads (Ad1, Ad2, 

Ad5, Ad6) in epithelial cells. hLf was also found to promote gene delivery 

(GFP) from an Ad5-based vector. Further we have identified lactoferricin 

(Lfcin), the N-terminal part of hLf, as to be responsible for this effect. We 

also show that plasma, saliva, and tear fluid promote infection of Ad5 in 

respiratory and ocular epithelial cells, and that plasma promotes infection of 

Ad31. The component in plasma that is responsible for this effect is likely to 

be coagulation factor IX (FIX) and X (FX), since both these factors were able 

to promote binding and infection of Ad5 and/or Ad31 in epithelial cells. 

Finally, we show that the excess of fiber production from initial Ad infection 

and the release of fibers before the particle itself is released caused masking 

of the tropism-specific receptors in both infected and non-infected 

surrounding cells. This means that the overproduction of fibers affects the 

ability of Ad to spread within tissues. 

We conclude that soluble components in body fluids, such as hLf, FIX, and 

FX have the ability to mediate binding and infection of selected human Ads 

(species C and Ad31) in epithelial cells that represent the tropism of these 

Ads.  We suggest that these components may serve as bridges between the 

virion and the cell surface. This is contributes to the knowledge about Ad 

lifecycle, and might help to improve the de-/retargeting of gene therapy 

based on Ad vectors. 
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Summary in Swedish – Populärvetenskaplig 

sammanfattning på svenska 

Adenovirus är en av de vanligaste orsakerna till infektion hos människan. 

Oftast är det luftvägar, ögon och mage/tarm som drabbas, men även 

infektioner i tonsiller och urinvägar förekommer. De 52 olika typer av 

adenovirus som finns delas upp i 7 grupper beroende på flera olika 

egenskaper, t.ex. vilket organ som infekteras. Barn drabbas oftare än vuxna 

och viruset står för runt en tiondel av de akuta luftvägsinfektionerna hos 

barn och är en vanlig orsak till diarré. Än finns det inget antiviralt medel 

mot adenovirus infektioner. Det finns ett vaccin som hjälper mot vissa typer, 

men det är inte tillgängligt i Sverige.  

För att infektera en cell och påbörja sin livscykel behöver adenovirus binda 

till en receptormolekyl på cellens yta. Det huvudsakliga målet med den här 

avhandlingen har varit att undersöka vilka mekanismer som är inblandade i 

det här första skedet. Vi ville identifiera komponenter som finns dels på 

adenovirus dels på celler, men även i kroppsvätskor och som bidrar till virus 

bindning till specifika celler. Vi har således valt att även studera vilken 

effekt olika komponenter i kroppsvätskor, som tårvätska, blodplasma och 

saliv, har under de tidiga stegen i adenovirus livscykel.  

Vi fann först att tårvätska, eller snarare ett protein i tårvätska som heter 

lactoferrin, kan främja infektion av luftvägsviruset adenovirus typ 5. 

Lactoferrin fungerar som en del av immunförsvaret i kroppsvätskor och har 

tidigare mest beskrivits som ett antiviralt protein. Här visar vi att lactoferrin 

istället kan utnyttjas av flera olika adenovirus, för vi tror att lactoferrin kan 

fungera som en brygga mellan viruset och värdcellen. Även blodplasma och 

saliv visade sig främja infektion av adenovirus typ 5, och saliv bidrog även 

till ökad infektion av tarmviruset adenovirus typ 31. Komponenten i plasma 

visade sig vara koagulationsfaktorer. Slutligen visar vi att det överskott som 

produceras av virusets ”armar”, vilka medierar virus bindning till en cell, 

kan gömma receptorer på närliggande celler så att de ”armar” som faktiskt 

sitter fast på en viruspartikel inte kan binda dit. Alltså påverkas adenovirus 

förmåga att spridas i vävnader av detta fenomen. Sammantaget bidrar detta 

till ökad kunskap om adenovirus livscykel i människokroppen. 
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Abbreviations 

aa Amino acid 

Ad Adenovirus                                     

AD Adenoid-degenerating agent  

Adpol Ad DNA polymerase 

ARD Acute respiratory disease  

C4BP Complement component C4 binding protein 

CAR Coxsackie and adenovirus receptor 

CRAD Conditionally replicating adenovirus 

DBP DNA binding protein 

DNA Deoxyribonucleic acid 

EM Electron microscopy 

EKC  Epidemic kerato-conjunctivitis 

f Fiber 

FACS Fluorescence-activated cell sorting 

fk Fiber knob 

FIX Coagulation factor IX 

FX Coagulation factor X 

GAG Glykosaminoglycan 

GFP Green fluorescent protein 

GON  Group of nine 

HS Heparan sulfate 

HSPG Heparan sulfate proteoglycans  
bLf Bovine lactoferrin 

hLf Human lactoferrin  

IFN Interferon 

IL Interleukin 

kDa Kilodalton 

LfcinB  Bovine lactoferricin 

LfcinH Human lactoferricin 

LPR Low-density lipoprotein receptor related protein 

MCP Membrane cofactor protein 

MLP Major late promoter 

mRNA Messenger RNA 

NLS Nuclear localization signal 

NPC Nuclear pore complex 

Pb Penton base 

pI Isoelectric point 

PI3K Phosphatidylinositol-3-OH kinase 

PKR Protein kinase 

RGD motif Arg-Gly-Asp motif 

RNA Ribonucleic acid 

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

TNF-α Tumor necrosis factor α 

TP Terminal protein 

VA-RNA Virus associated RNA 
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Aim of the thesis 

Overall aim:  

The overall aim of this thesis was to investigate the mechanisms involved in 

the life cycle of different Ads, with focus on viral entry into host cells. We 

wanted to identify key components in the virus and in the host, as well as 

their functions.  

 

Specific aim:  

The more specific aim of this project was to study the effects of components 

in body fluids such as tear fluid and saliva on Ad life cycle. 
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Introduction 

History 

Wallace Rowe and his colleagues isolated the first Ad in 1953. They were 

trying to isolate “the common cold virus” using surgically removed human 

adenoids. They noted that the cells growing from the explants underwent 

cytopathic changes, the rounding and clustering of affected cells were 

thought to be caused by an unknown microbe/agent, at that time called the 

adenoid-degenerating (AD) agent (Rowe et al., 1953). Almost 

simultaneously, Hilleman and Werner isolated an unknown virus from 

human tracheal cells while they were studying an epidemic of influenza-like 

illness in army recruits (Hilleman and Werner, 1954). These new agents 

isolated by Rowe, Hillman and Werner soon showed to be related to each 

other, and also identical to the virus causing epidemics of acute respiratory 

disease (ARD) of recruits during World War II (Ginsberg, 1984; Ginsberg et 

al., 1955). Since then, over 50 distinct antigenic adenovirus (Ad) types have 

been identified and associated with respiratory, ocular, gastrointestinal, and 

urinary diseases.  

John Trentin and his colleagues showed in 1962 that human Ad type 12 

causes cancer in a laboratory setting of baby hamsters. This was the first 

demonstration of oncogenic activity by a human virus (Trentin et al., 1962).  

This resulted in a new interest in Ads as tumor viruses, but there is no 

convincing evidence of association with human malignancies (Mackey et al., 

1976; Mende et al., 2004).  

Experiments involving Ads, which are easy to culture and work with, have 

made important contributions to eukaryotic molecular biology. Ads have 
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helped scientists understand viral and cellular gene expression and 

regulation, DNA replication, cell cycle control, and cellular growth 

regulation. Perhaps the most recognized contribution of the Ad system to 

modern biology was the discovery of messenger RNA (mRNA) splicing. In 

1993, Sharp and Roberts were awarded the Nobel Prize in 

physiology/medicine for that discovery. Today Ads are used extensively for 

vector development in gene therapy. 

 

Taxonomy and classification 

Ads belong to the family Adenoviridae and have so far only been isolated 

from vertebrates, from fish to humans. Bioinformatics analysis of genome 

sequences has defined four genera and a fifth suggested genus within the 

family, according to the International Committee on Taxonomy of Viruses 

(ICTV) (Figure 1). Mastadenovirus, isolated from mammals including all 

human Ads; Atadenovirus isolated from reptiles, birds, a marsupial, and 

mammals, Aviadenovirus isolated from birds; Siadenovirus isolated from a 

reptile and a bird; and a new proposed genus isolated from fish. Within 

Mastadenovirus, Ads are grouped into species depending on their ability to 

agglutinate red blood cells, oncogenic potential in rodents, DNA homology 

and tropism/symptoms (Wadell et al., 1980). There are currently 52 types of 

human Ads, which are classified into seven species (A-G) (Table 1) (Jones et 

al., 2007). The different types have been distinguished on the basis of their 

resistance to neutralization by antisera to other known human Ads 

(Hierholzer et al., 1991). There are also hypervariable regions on the hexon 

that make type-specific loops on the protein surface (Rux and Burnett, 2000). 
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Figure 1. Distance tree summarizing the phylogeny of Ad hexon genes. Members of 

the various genera are shown in different colours, and viruses that belong to the 

same species are grouped by light-green ovals. Abbreviations of virus names are 

indicated at the ends of the branches, with species names listed to the right: B, 

bovine; C, canine; D, duck; E, equine; F, fowl; Fr, frog; H, human; M, murine; O, 

ovine; P, porcine; Po, possum; Sn, snake; T, turkey; and TS, tree shrew. Adapted from 

(Davison et al., 2003) with permission. 

Lack of cross neutralization with previously known types, together with a 

calculated phylogenetic distance (based on the distance matrix analysis of 

the protease, pVIII, hexon, and DNA pol aa sequence comparisons) of more 
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than 10% separates two types into different species. If the distance is less 

than 5% any additional common grouping criteria may classify the different 

types within the same species (Benkö et al., 2005).  

Table 1. Classification of human adenovirus 

Species: Type: Tropism: 

A 12,18,31 enteric, respiratory 

B:1 3,7,16,21,50 respiratory, ocular 

B:2 14,11,34,35 renal, respiratory, ocular 

C 1,2,5,6 respiratory, ocular, lymphoid 

D 8-10, 13, 15, 17, 19, 20, 22-

30, 32, 33, 36-39, 42-49, 51  

ocular, enteric 

E 4 ocular, respiratory 

F 41 enteric 

G 52 enteric 

 

  



INTRODUCTION 

16 
 

Clinical and pathological aspects 

Ad particles infect human hosts either by the mouth, nasopharynx, or the 

ocular conjunctiva. The species C Ads are ubiquitous, especially in young 

children, and can be shed for months, particularly in stool, which explains 

the endemic spread by fecal-oral route to new susceptible children (Fox et 

al., 1969). Other routes of infections are airborne inoculation, contaminated 

swimming pools and spread of keratoconjunctivitis-causing Ads via 

ophthalmological instruments (Dudding et al., 1972; Foy et al., 1968; 

Jernigan et al., 1993). An Ad infection varies from sporadic to epidemic, it 

depends a lot on the viral type and if the susceptible population is children 

or adults. The major initial sites for replication of species C Ads are the 

tonsils, adenoids, and the surrounding epithelial cells. Most of the 

manifestations of an Ad infection are locally in the eyes and pharynx, but  

sometimes it also reaches the lungs (Wold and Horwitz, 2007). One 

mechanism facilitating the escape of Ad from the respiratory epithelia is the 

fiber protein, which is produced in great excess and after cell lysis bind to 

CAR in the tight junctions. Thereby the paracellular permeability is 

increased, and Ads are allowed to escape onto the apical surface of the 

respiratory epithelium to infect new areas (Walters et al., 2002). Most Ad 

replicate in the intestine without causing gastroenteritis, but Ad40 and Ad41 

do. Infections of Ad in the urinary bladder (mainly by species B Ad) in 

immunocompetent hosts, suggests that in order to reach this organ the virus 

has to be viremic at some time (Wold and Horwitz, 2007). How the liver is 

infected, especially in immunosuppressed liver transplant recipients, is not 

yet entirely known, but they might be infected from latent Ads present in 

lymphocytes (Wold and Horwitz, 2007). The virus has to use various 

mechanisms, and be able to avoid both arms of the immune system (the 
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innate and adaptive) in order to infect cells (Russell, 2009). For instance, 

species D Ad initially has to avoid being captured by sialic acid in the 

respiratory mucus (Johansson et al., 2005), and the virus must be able to 

survive defensins of the host, small cationic peptides that have been 

suggested to inhibit replication of some Ad types in vitro (Harvey et al., 

2005; Nazir and Metcalf, 2005). Alveolar macrophages and Kupffer cells play 

an important role in elimination of Ad vectors from liver and lung in murine 

models (Liu and Muruve, 2003; Nazir and Metcalf, 2005). These cells take up 

the vector rapidly and secrete inflammatory cytokines (e.g. TNF-α, IL-6, and 

IL-8). A robust inflammatory response characterized by early cytokines (IL-

1β, IL-6, IFN-γ, IL-12, and TNF-α), chemokine release, neutrophilic and 

monocytic infiltration have been described in murine models (Ginsberg et 

al., 1991; Kajon et al., 2003). High levels of IL-6, IL-8, and TNF-α have also 

been detected in children infected with Ad (Mistchenko et al., 1994). 

Induction of type I IFNs (α, and β) is part of the innate response to Ad 

infection. However, Ads have at least two mechanisms to come around this; 

i) the E1A proteins can block the assembly of IFN-induced transcription 

factors, and ii) the VA-RNA can bind to the protein kinase  named PKR and 

thereby preventing its activation by dsRNA. This will stop the cell from 

shutting down the protein synthesis (Wold and Horwitz, 2007).  The hexon 

protein is responsible for establishing the adaptive immune response - both 

humoral and cellular. After infection, most patients develop both species- 

and type-specific antibodies to the infecting Ad strain. Relatively little is 

known about the T-cell response to Ad infection, but there have been reports 

both for cytotoxic CD8+ T cells and for memory CD4+ T cells (Leen et al., 

2008; Olive et al., 2002).   
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Biology 

Structure of the virion 

The Ad particle is approximately 90 nm in diameter. The particles have a 

mass of approximately 150×106 Da consisting of DNA (13% of the mass), 

proteins (87% of mass) and trace amounts of carbohydrates. A combination 

of electron microscopy (EM) and X-ray crystallography techniques have 

been used to determine the architecture of the Ad virion. EM provides a 

view of the whole virion and crystallography provides the structural details. 

Ads are non-enveloped, icosahedrally shaped virions, composed of a protein 

shell, or capsid, surrounding a DNA-protein core complex (Ginsberg et al., 

1966).  The capsid is built up by 240 trimeric hexons with fibers projecting 

from the vertices of the icosahedron (Figure 2). There are 11 structural 

proteins, first identified by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis. The proteins are designated II-XII, in 

order of their decreasing molecular mass (Table 2) (Rux and Burnett, 2004). 

 

Major structural proteins 

The major structural proteins are named hexon, penton base and fiber. Each 

of the 20 triangular facets of the capsid is formed by twelve copies of the 

hexon trimer (polypeptide II). The pentameric penton base (polypeptide III) 

and trimeric fiber (polypeptide IV) form complexes called pentons at each 

vertice. As suggested by their name, hexons are surrounded by six and 

pentons by five neighbouring subunits. A cryo-EM reconstruction showed  
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Figure 2. Structure of Ad virion. A: Computer reconstruction of cryo-microscopic 

image of Ad2 virion. B: Model of the Ad5 hexon trimer. C: Locations of polypeptides 

in one facet of the icosahedron. D: Penton base viewed from the side (left) and the 

top (right). E: Model of the Ad2 fiber shaft and knob. F: Schematic of the Ad virion. 

Adapted from (Berk, 2007) with permission. 

that the facets are not planar, they are rounded to bring the sides of hexons 

from adjacent facets into close contact at the edge (Stewart et al., 1991). 

Hexon 

Hexon is the most abundant structural protein. There are 240 copies of the 

trimeric molecule in the capsid, accounting for 63% of the total protein mass  
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Table 2. The structural proteins of human adenovirus 

Polypeptide Molecular Mass 

of Monomer (Da) 

Number of 

Residues in 

Monomer 

Biochemical 

Copy Number 

of Monomer 

Copy Number 

Protein in 

Current Model 

II (hexon) 109,077 967 720± 7 240  Trimers 

III (penton base) 63,296 571 56± 1 12 Pentamers 

IIIa 63,535 570 68± 2 60 Monomers 

IV (fiber) 61,960 582 35± 1 12 Trimers 

V (core) 41,631 368 157± 1 - 

Terminal (core)  ~55,000 ~500 2 - 

VI 22,118 206 342± 4 60 Hexamers 

VII (core) 19,412 174 833± 19 - 

VIII 15,390 140 127± 3 - 

IX 14,339 139 247± 2 80 Trimers 

µ (core) ~4,000 ~36 ~104 - 

Adapted from (Rux and Burnett, 2004) with permission. 
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(van Oostrum and Burnett, 1985). The Ad2 hexon polypeptide is the longest 

known hexon, 967 aa, with a molecular mass of 109,077 Da (Table 2). The 

shape seen in electron micrographs of isolated hexons is created by the 3-

fold repetition of two similar β-barrel domains, V1 and V2, in the base of 

each subunit. Loop structures arise from the β-barrels. Three of these loops 

(DE1, FG1, and FG2), each arising from a different subunit, form the three 

tower domains at the top of the molecule. These hypervariable loops 

generate type-specific epitopes. The valleys between the towers are visible in 

EM. The N-terminus of each hexon subunit constitutes the base of the 

molecule, and contacts each of the three subunits. The extensive 

intermolecular contacts within the hexon trimer give extraordinary stability, 

and explain why the hexon is highly resistant to proteolysis (Berk, 2007; 

Stewart et al., 1993; van Oostrum and Burnett, 1985).  

Penton base  

Penton base (Pb) (a pentamer of polypeptide III) and fiber (a trimer of 

polypeptide IV) form together the penton complex. The fiber is responsible 

for attachment to host cells in vitro, and the Pb for internalization. Membrane 

permeabilization and virus internalization is triggered by interaction of Pb 

and host cell surface αv integrins (Wickham et al., 1994; Wickham et al., 

1993). This interaction is mediated by a conserved Arg-Gly-Asp (RGD) 

sequence (for species A-E, G) with a variable region (Bai et al., 1993; Belin 

and Boulanger, 1993; Stewart et al., 1997). The Ad Pb protein is also 

implicated in the release of the virus from endosomes (Seth, 1994). EM 

studies has shown that the Pb has a polygonal cross-section with a central 

hole that would be filled by the fiber (Stewart et al., 1991). Pentons can 

assemble without other virion components to form dodecahedral particles 
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that are able to enter cells by endocytosis and accumulate at the nuclear 

membrane (Fender et al., 1997). The topology of the monomeric Pb reminds 

of that seen in hexon, with a β-barrel domain at the base and two loop 

extensions forming the top. By co-crystallizing Pb with a peptide 

corresponding to the N-terminal part of the Ad2 fiber, five fiber binding 

sites have been identified in the Pb, and a conserved fiber sequence motif 

(FNPVYPY) in the fiber has been identified to bind adjacent penton 

monomers (Zubieta et al., 2005). It seems likely that steric hindrance 

precludes binding of more than three fibers to each Pb.  

Fiber 

Most human Ads encode one type of fiber, but Ad40, Ad41, and Ad52 

encodes two fiber proteins (Jones et al., 2007; Kidd et al., 1993; Pieniazek et 

al., 1990). Both polypeptides are incorporated into the virions, but each 

penton contains only one fiber. This might extent the cell types to which 

these viruses can bind. The fiber is composed of three domains, an N-

terminal domain that binds to the Pb, a central shaft, and a C-terminal knob 

that binds to the primary receptor on host cells. The shaft is composed of 

repeats of an approximately 15-residue motif, named a triple β-spiral. The 

length of the shaft varies between types, from six repeating units in Ad3, to 

22 in Ad2 and Ad5 (Green et al., 1983). The shaft repeat has a novel topology 

described as a triple β-spiral fold. This is a unique helical packaging of β-

strands and explains the characteristic pattern of glycine, proline, and 

hydrophobic residues in the sequence of this repetitive element. The 

symmetry mismatch between the pentameric Pb and trimeric fiber caused 

much early controversy, since it was thought unlikely. As with the hexon 

and Pb, the fiber knob structure contains eight-stranded β-barrels, but the 
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topology differs. The fiber knob has a central depression and symmetry-

related valleys that was initially thought to be binding sites for the 

coxsackie-adenovirus receptor (CAR) (Bergelson et al., 1997). But the CAR-

binding site is instead composed by surface loops at the subunit interface. 

The knob structure of Ad3 fiber (Durmort et al., 2001), a non-CAR-binding 

Ad, is similar to the knob of Ad5 (Xia et al., 1995), except that the CAR-

binding Ad5 fiber knob has serine, threonine, or proline at position 140, 

where the Ad3 fiber knob has glutamate. This causes a charge difference, 

and may prevent Ad3 from binding to the cluster of negatively charged 

residues on CAR (Rux and Burnett, 2004). The fiber may also be important 

after Ad infection and replication, when the virus is about to escape from the 

site of infection. When the excess of fibers are secreted, they bind to CAR, 

which is localized at the basolateral side of the membrane where it 

maintains tight junction integrity, this junctional integrity is disrupted, 

allowing virus escape across epithelial barriers (Walters et al., 2002). 

 

Minor structural proteins 

Far less is known about the structure and function of the minor capsid 

component polypeptides (IIIa, VI, VIII, and IX) than the major ones. These 

proteins are thought to play a dual role by stabilizing the virion, while 

allowing the flexibility necessary for its disassembly during infection 

(Burnett, 1985). However, the specific role of each minor coat protein in 

capsid assembly is not known. The dissociation pattern of the virion has 

revealed information about the capsid architecture. Initially the virion loses 

the vertex pentons, then the adjacent peripentonal hexons, and finally the 

planar groups-of-nine hexons (GONs) from the facets to leave the viral core 
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(Smith et al., 1965). It is thought that the minor proteins act as capsid 

“cement” binding the virion together. pIIIa, pVI, and pVIII are all 

synthesized as larger precursor proteins that are processed proteolytically 

(Stewart et al., 1993; Vellinga et al., 2005). 

Protein IIIa 

Protein IIIa (pIIIa) is conserved in all Ads and is required for correct viral 

assembly (San Martín et al., 2008). pIIIa is located on the edges between 

facets, where each protein contacts four hexons, acting as a “rivet” to 

stabilize the interface between two capsid facets. However, there is 

conflicting evidence about whether pIIIa is located on the inner or outer 

capsid surface.  

Protein VI 

Protein VI (pVI) is located in the interior of the capsid, where it anchors the 

five peripentonal hexons and connects the capsid with the core (Stewart et 

al., 1993). The molecule which has three lobes, binds between the bases of its 

two adjacent peripentonal hexons. The N-terminus is basic and interacts 

with the internal nucleic acid (Stewart et al., 1991). pVI plays a cementing 

role in virion assembly, and helps the virion particle to escape from the 

endosome, by inducing a pH-dependent disruption of the membrane 

(Wiethoff et al., 2005). Another important function of pVI is to facilitate 

nuclear import of hexon proteins.  The precursor of pVI acts as a shuttle, and 

facilitates the hexon transfer into the nucleus. The precursor protein contains 

two nuclear-localization sequences (NLS) and two nuclear export sequences 

which are removed by proteolysis during maturation (Wodrich, Guan et al. 

2003).  
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Protein VIII 

Protein VIII (pVIII) is the least studied one of the minor capsid proteins. It is 

a dimer, located at the inner surface of the facets. It interacts with hexons of 

adjacent facets. The precursor of pVIII is present in empty capsids, but 

undetectable in complete particles. pVIII is also involved in the structural 

stabilization of the virion (Liu et al., 1985). 

Protein IX 

Protein IX (pIX) is the smallest of the minor capsid proteins, but the best 

characterized. It is only present in Mastadenovirus, unlike the other minor 

capsid proteins that exist in all Ad genera. There are twelve molecules of pIX 

at each of the 20 facets of the icosahedral capsid. pIX forms the stable 

assemblies that are called GONs, by acting as capsid cement and binding 

together the central nine hexons in each facet. It is localized on the exterior 

surface of the capsid, in the cavities between the hexon tops, and has been 

described to acts as capsid cement (Furcinitti et al., 1989). Stoichiometric 

analysis led to the proposal that GON hexons are held together by four 

trimers of pIX (van Oostrum and Burnett, 1985). The pIX molecule consists 

of three symmetric lobes that radiate from a central point.  Each lobe lies in 

the interface of two hexons, just above the hexon base. Besides stabilizing 

the capsid, pIX also promotes the efficiency of virus proliferation, by 

binding to TATA-containing promoters acting as a transcriptional activator 

of Ad major late genes (Lutz et al., 1997). The N-terminal region is conserved 

between types, and this region is essential for attaching pIX to the capsid. In 

addition, pIX affects the DNA-packaging capacity of human Ads. Virions 

that have pIX in their capsids can accommodate 1.5-2.0 kb DNA in excess of 
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the normal genome length (i.e. 105% of the normal length) (Sargent et al., 

2004). 

 

The adenovirus core 

One-third of the total protein content is constituted by core proteins; the rest 

is in the capsid (Hosokawa and Sung, 1976). The core contains a linear 

double stranded DNA molecule of about 36 kb and five known proteins. 

These five polypeptides are pV, pVII, µ, pIVa2, and the terminal protein 

(TP). pVII is derived from cleavage of a precursor protein, whereas pV is the 

direct translational product of its specific mRNA. pV, pVII, and µ all contact 

the viral DNA and likely condense it within the core. They are all basic and 

arginine-rich proteins (Hosokawa and Sung, 1976). pVII is the major core 

protein with more than 800 copies per virion, with the viral DNA wrapped 

around each protein and organized in adenosomes. pV, only present in 

Mastadenoviruses, can bind to Pb and pVI, suggesting that it may link the 

core to the capsid (Shenk, 2001). There are around 160 pV molecules per 

virion core (San Martin and Burnett, 2003). pIVa2 has shown to be a 

transcriptional activator of the major late promoter (MLP), and also 

responsible for the serotype specific packaging of the DNA into the capsid 

(Zhang et al., 2001). The TP is attached covalently to each 5´ends of the viral 

genome and is also involved in the initiation of replication (Rekosh et al., 

1977). 
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Non-structural proteins 

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

(Benkö et al., 2005; Ginsberg, 1984). All of these proteins have probably 

catalytic and regulatory functions in the virus life cycle, but for many of 

these, the precise role is not known. They are difficult to study since they 

generally are produced in small quantities (San Martin and Burnett, 2003). 

Two viral protein structures have been solved at atomic resolution though: 

The DNA binding protein (DBP) encoded by the E2 region; and the viral 

cysteine protease. The ~50 kDa DBP binds to single stranded DNA, 

protecting it against nuclease digestion (Van der Vliet et al., 1978), and 

destabilizing the double helix during the elongation phase of DNA 

replication (Zijderveld and van der Vliet, 1994). Between 10 and 30 

molecules of the protease (25 kDa in Ad2) are packaged in each virion 

(Chatterjee and Flint, 1987). The protease is important for assembly of 

mature virions as well as uncoating of the particle when entering cells 

(Greber et al., 1996). After protease cleavage of polypeptide VI, the 11 

residue peptide product binds to the protease and increasing its activity by a 

factor of 300 (Mangel et al., 1993).   

 

Adenovirus life cycle 

Studies of the human Ad replication cycle have focused primarily on the 

closely related Ad2 and Ad5 viruses. This is because i) they are easily 

propagated in cell culture, and ii) there is an extensive collection of Ad2 and 

Ad5 mutant viruses. The replication cycle is divided into two phases. The 

early phase includes attachment, internalization, endosomal release 
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movement of partially uncoated virus particles to a nuclear pore complex 

(NPC), transport of viral DNA through the NPC, and expression of the early 

genes. The late phase of the cycle begins with expression of late viral genes 

and assembly of progeny virions. The whole cycle takes approximately 24-36 

hours. About 104 progeny virus particles per cell are produced in vitro from 

one infectious particle (Green and Daesch, 1961).  

 

Receptors 

Ads use cellular receptors in vitro for attachment and internalization. With 

few exceptions initial attachment of Ad2 to cells is mediated by its fiber 

protein (Philipson et al., 1968). Next, the viral Pb protein binds to cellular αv-

integrins through the RGD loop (a tripeptide motif that protrudes out of the 

tertiary peptide structure of the Pb), resulting in rapid internalization of the 

virus particle (Belin and Boulanger, 1993; Wickham et al., 1993). The distal, 

carboxy-terminal knob domain of the trimeric fiber protein binds to a 

plasma membrane receptor, which one depends on the Ad species. The first 

identified receptor, the coxsackie and adenovirus receptor (CAR) (Bergelson 

et al., 1997) is used by species A, C, D, E and F, but not by species B Ads 

(Roelvink et al., 1998). Species B Ads have instead shown to use the CD46 

molecule (also known as membrane cofactor protein; MCP) as a receptor 

(Gaggar et al., 2003; Segerman et al., 2003). Ad8, Ad19, and Ad37, all types 

from species D have been shown to utilize sialic acid as a receptor (Arnberg 

et al., 2000). The receptor for Ad52 (species G) has not yet been identified.  
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CAR 

CAR is a 46 kDa transmembrane protein belonging to the immunoglobulin 

super family. It has a typical transmembrane region, a long cytoplasmic 

domain, and an extracellular region composed of two Ig-like domains 

(Bergelson et al., 1997; Tomko et al., 1997). CAR is a component of epithelial 

cell tight junctions (Cohen et al., 2001; Walters et al., 2002), and is expressed 

in heart, pancreas, the central and peripheral nervous system, prostate, 

testis, lung, liver, and intestine. There is little or no CAR expressed on 

lymphocytes or adult muscle (Meier and Greber, 2004). The finding that 

CAR is localized laterally and basolaterally but not apically on the cell 

surface of respiratory epithelial cells raises the question how du Ads (and 

coxsackieviruses) initially infect these cells if they enter from the luminal 

side? One suggestion is that lesions in the epithelium is required to expose 

lateral and basolateral surfaces (Meier and Greber, 2004). Another confusing 

fact is that hematopoietic cells in tonsils and adenoids are frequently 

infected by Ad2 and Ad5 in vivo but exhibit no or low levels of CAR. Thus, 

in vivo Ad2 and Ad5 are likely to utilize additional entry pathways besides 

the CAR-dependent in vitro mechanism. 

CD46 

CD46, also called membrane cofactor protein (MCP) is the receptor for many 

(but not all) species B Ads (Gaggar et al., 2003; Marttila et al., 2005; 

Segerman et al., 2003). CD46 is a much debated molecule and have been 

suggested to be the receptor also for Ad3 (Sirena et al., 2004), and Ad37 (Wu 

et al., 2004). CD46 is also a receptor for human herpesvirus 6 and measles 

virus (Dorig et al., 1993; Santoro et al., 1999). This plasma membrane protein 
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is a ubiquitously expressed complement regulatory protein with multiple 

isoforms (Seya et al., 1999). Its major function is to protect healthy cells from 

degradation by complement factors. After Ad infection, CD46 is rapidly 

down-regulated from the surface, which triggers complement-mediated 

cellular degradation (Sakurai et al., 2007). The extracellular region of CD46 

contains four ~60 amino acid units known as short consensus repeats (SCR1-

SCR4). CD46 binds to the Ad fiber knob at a completely different site than 

CAR (Stehle and Casasnovas, 2009). The Ad12 fiber knob binds to CAR 

mainly via the AB-loop, while CD46 engages a long and narrow surface 

formed by the DG-loop, HI-loop, and IJ-loop in the Ad11 fiber knob (Persson 

et al., 2007). The CAR-binding AB-loop is located on a different face of the 

knob, almost exactly opposite from the site of CD46 attachment (Stehle and 

Casasnovas, 2009). CD46 is exposed apically on polarized epithelial 

respiratory cells (Blau and Compans, 1995; Sinn et al., 2002), and is therefore 

more likely to be an Ad receptor in vivo than CAR. 

Sialic acid 

Sialic acid is the receptor for Ad8, Ad19, and Ad37 – the three main 

causative agents for epidemic keratoconjunctivitis (EKC) (Arnberg et al., 

2000). These three types have an unusual positive surface charge in the fiber 

knobs (9.0-9.1) (Arnberg et al., 1997), and bind the negatively charged 

surface molecule sialic acid through a charge-dependent mechanism 

(Arnberg et al., 2002). Sialic acid is the common name for a large family of 

saccharides, all sharing the nine-carbon backbone called neuraminic acid, 

and these saccharides function in a large number of biological processes 

(Angata and Varki, 2002). The crystal structure of the Ad37 and Ad19 

prototype virus (Ad19p, not associated with EKC) knobs in complex with 



INTRODUCTION 

31 
 

sialyl lactose has been solved. The receptor interaction seems to be located 

on the top surface of the knob, and the two key residues are Tyr 312 and Lys 

345 (Burmeister et al., 2004). Ad37 and Ad19p differ at two positions in the 

knob sequence, Lys240Glu and Asn340Asp, which for Ad19p results in 

partial loss of positive surface charge. Moreover, Lys 240 has shown to be 

important for mediating Ad37 binding to conjunctival Chang C cells (Huang 

et al., 1999), and Ad37 but not Ad19p causes EKC (Wadell, 2000). 

Surprisingly however, both knobs appears to interact with sialyl lactose with 

similar affinities (Burmeister et al., 2004). The differences in tropism among 

species D Ads can thus not be explained by differences in interaction with 

sialic acid alone.   

Integrins  

Integrins consists of an α and a β subunit and function mainly in cellular 

adhesion, in intracellular signalling, and as receptors for different pathogens 

(Hynes, 2002; Luo et al., 2007).  Integrins are required for subsequent 

internalization of Ads, and interacts with the exposed RGD (Arg-Gly-Asp) 

motif on the Pb protein after receptor attachment to the host cell (Bai et al., 

1993; Belin and Boulanger, 1993). The RGD motif is conserved in almost all 

Ads, except Ad40 and Ad41 (Albinsson and Kidd, 1999), suggesting that this 

secondary step is functioning independently of the initial receptor pathway. 

Ad2 binds to αvβ3 - and αvβ5 integrins, which are expressed on most 

epithelial cells (Wickham et al., 1993). The RGD sequence is present in a 

flexible loop at the surface of each of the five pIII molecules building up the 

Pb (Stewart et al., 1997; Zubieta et al., 2005). Integrins has also been 

suggested to be the primary attachment receptor for species C Ad on 

hematopoietic cells (Huang et al., 1996). 
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Other suggested receptors 

Dipalmitoyl phosphatidylcholine (DPPC), a substance present in the surfactant 

of the lung and critical for lung function, has been shown to promote Ad 

gene delivery both in rat and rabbit lungs (Jobe et al., 1996; Katkin et al., 

1997) and A549 cells (Balakireva et al., 2003). Heparan sulfate proteoglycans 

(HSPG) are ubiquitously expressed glycosaminoglycans linked to the cell 

surface of human cells (Sasisekharan et al., 2006). HSPG have also been 

suggested to support the binding of Ads to epithelial cells (Dechecchi et al., 

2001). Vascular cell adhesion molecule 1 (VCAM-1) belongs to the 

immunoglobulin super family (like CAR), and functions as an endothelial 

receptor for leukocytes (Chu et al., 2001; Elices et al., 1990). How or even if 

VCAM-1 interacts with Ad in vivo is not clear.  MHC-I α2 is also a receptor 

candidate. The α2 domain of the antigen presenting MHC-I molecule 

mediate Ad binding to and infection of cells otherwise non-permissive to Ad 

infection (Hong et al., 1997).    

 

Internalization 

When the Pb interacts with an integrin, clustering of integrins are induced, 

resulting in activation of phosphatidylinositol-3-OH kinase (PI3K)(Li et al., 

1998b). This will in turn lead to rearrangements of the local actin cytoskeletal 

network and promote endocytosis of the virion (Li et al., 1998a) into 

clathrin-coated vesicles (Greber et al., 1993). The Pb-integrin interaction also 

leads to detachment of the fibers, this is the first step in the uncoating 

program of Ads (Nakano et al., 2000). The clathrin-coated vesicles mature  
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Figure 3. Adenoviral in vitro replication cycle. Initially most Ads bind to CAR, this is 

followed by interaction with cellular integrins which results in internalization of the 

virus via receptor-mediated endocytosis. The viral genome is released from the 

capsid and DNA is transported into the nucleus for replication. Assembly of the new 

structural proteins and DNA into new particles follows by cell lysis and release of 

newly synthesized virions. Adapted from (Hakkarainen and Hemminki, 2005) with 

permission. 

into endosomes, and around 15 minutes after binding to the cell membrane 

fiber-less virions are released into the cytosol (Greber et al., 1996). The 

release from endosomes is poorly understood, but as the endosome becomes 

acidified, the low pH causes release of the Pb and the facet-stabilizing pIX. 

The Pb is believed to mediate lysis of the endosomal membrane, and thereby 

releasing the remainder of the virus into the cytoplasm (Flint et al., 2004). A 

correctly matured virion as well as an acidic environment are criteria 

required for release from the endosomes (Cotten and Weber, 1995). Thus, 

pIIIa and fiber dissociate first, and this will free the Pb. pVIII will start to 

dissociate as soon as the penton capsomers are lost. Exposure to the 

intracellular environment leads to activation of the viral protease and 
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cleavage of pVI which releases the viral capsid from the core. After this, final 

disassembly of the particles is possible at the NPC and DNA can be 

imported into the nucleus (Greber et al., 1996). So, the very stable virion is 

broken down, once it gets into the cell, by an ordered elimination of 

structural proteins so that its DNA can be delivered to the nucleus.  

 

Adenovirus genome  

The viral DNA is a linear double-stranded structure connected with a TP 

covalently attached at each 5´ end. The size of the viral genome varies 

between types, and the molecular weights of the human Ad DNAs range 

from 19-22×106 Da for the highly oncogenic types Ad12, Ad18, and Ad31 to 

23-24×106 Da for the non-oncogenic types Ad1, Ad2, and Ad5 (Green et al., 

1967; Murray et al., 1998; Wold and Horwitz, 2007). Using nucleotide 

sequence data it has been shown that the genome of Ad2 and Ad5 is about 

36,000 nucleotide pairs and that Ad12 DNA is 34,300 nucleotide pairs long 

divided into 100 map units (Chroboczek et al., 1992). The genes are 

transcribed from both DNA strands and in both directions at different times 

during the replication cycle. The genome contains five early transcription 

units (E1A, E1B, E2, E3, and E4), three delayed early transcription units (IX, 

IVa2, and E2 late), and one late transcription unit (major late) that is 

processed to generate five families of late mRNA (L1-L5). All are transcribed 

by the cellular RNA polymerase II. The genome also encodes one or two 

small virus associated RNAs (VA RNA I and II) (Figure 4.). The ends are 

transcribed first (E1 and E4), which will lead to an opening followed by 

transcription of the central core of the genome structure (Kidd et al., 1995). 

The E1A unit encodes two proteins that activate transcription and induce the 
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Figure 4. Schematic diagram of the Ad5 genome. The direction of transcription is 

indicated by arrows. MLP stands for major late promoter. Adapted from (Russell, 

2000) with permission. 

host cell to enter S phase of the cell cycle; E1B encodes two proteins that 

block apoptosis; E2 encodes three proteins that function directly in DNA 

replication; E3 encodes products that modulate the immune response of the 

host; and the E4 products mediate transcriptional and translational 

regulation and mRNA nuclear export, they also modulate the DNA 

replication and apoptosis, these products have an apparent different set of 

functions than the others. The late genes take care of the production and 

assembly of capsid components (Murray et al., 1998; Wold and Horwitz, 

2007). 
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DNA replication 

After transcriptional activation of the E2 early promoter and binding of E2F 

transcription factor, the E2 gene products accumulates and the stage is set 

for viral DNA replication (Bagchi, Raychaudhuri et al. 1990; Cress and 

Nevins 1994). Viral DNA replication takes place in the nucleus by an Ad 

DNA polymerase (Adpol) from both DNA strands but at different time 

points. The Adpol uses a 55,000 Da viral protein (TP) and cytosine 

monophosphate as primers. The replication begins 5-8 hours after infection 

and it continues until the host cell dies. There are inverted terminal repeats 

in the viral chromosome which serves as replication origins. In vivo studies 

show that Ad DNA replication takes place in two steps (Lechner and Kelly, 

1977). Synthesis is initiated at either terminus of the DNA and proceeds 

continuously to the other end of the genome. Initially only one of the DNA 

strands is used as template, so the product consists of a duplex of a daughter 

and parental strand plus the other displaced unused parental strand. In the 

second stage a complement to the displaced strand is synthesized as well. 

This is done after circularization of the template by annealing its self-

complementary termini. It all looks like a circle with a “panhandle” (Figure 

5.). The “panhandle” has the same structure as the termini of the viral DNA, 

and is therefore recognized by the same initiation machinery that is active 

during the first step of replication. After the termination of the 

complementary strand synthesis the second duplex consisting of one 

parental and one daughter strand is completed (Wold and Horwitz, 2007). 
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Figure 5. DNA replication. DNA replication takes place in two steps. Adapted from 

(Lechner and Kelly, 1977) with permission.  

Virion assembly and escape 

After the DNA replication the late gene transcription starts. Capsid proteins 

are produced in the cytoplasm and then transported to the nucleus for viral 

assembly (Franqueville et al., 2008). First, monomeric hexon capsomers 

assemble rapidly into trimers. Pentameric Pbs and trimeric fibers assemble 

individually more slowly than hexons and join each other, forming complete 

penton capsomers (Horwitz et al., 1969). Preformed hexon and penton 

capsomers are later imported into the nucleus and assembly of empty 

capsids occurs. The hexons are imported by binding to protein VI, a protein 

that stabilizes the capsid and shuttles between the cytoplasm and nucleus. 
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Later the DNA and core proteins fill the capsid through an opening at one of 

the vertices. Finally, a viral protease cleaves the precursors of protein VI, VII, 

VIII, µ, and terminal protein, and this completes the assembly of infectious 

virions. The particle mature into a stable and infectious virion after cleavage 

of several capsid proteins and the DNA attached TP. This process is quite 

ineffective and a lot of mistakes are done, so DNA, proteins, and a number 

of defective particles accumulate in nuclear inclusion bodies (Franqueville et 

al., 2008). The viruses are released from the cell first after lysis (Murray et al., 

1998). There are at least three viral systems that appear to make the cell more 

susceptible to lysis (Chen et al., 1993; Tollefson et al., 1996; Walters et al., 

2002).  

 

Body fluid components that mediate indirect Ad binding    

Lactoferrin 

The iron binding glycoprotein lactoferrin (Lf) has a molecular mass of 80 

kDa. It is involved in many biological activities, all depending on the ability 

to bind other molecules or ions. Iron was the first ion to be recognised, and 

Lf is now a member of the transferrin family of ion-binding proteins (Baker 

et al., 1998). Lf is also involved in the innate immune defence, and acts 

usually as an antiviral, antibacterial or antifungal component by using a 

number of different mechanisms, including sequestering the iron bacteria 

needs for replication, direct lysis of bacteria, or blocking virus binding to 

target cells (van der Strate et al., 2001). The Lf backbone consists of 690 

residues, and the aa sequence has 55% homology with transferrin. The 

carbohydrate content is also similar to transferrin (around 6% of the 
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molecular weight) (Baker et al., 1998). Lf is found in secretions, such as 

saliva, tears, semen, and mucosa, or neutrophils of mammals (Baggiolini et 

al., 1970). Current sequence databases contain Lf sequences from nine 

species: human, mouse, cow, horse, pig, goat, sheep, buffalo and camel. 

Characteristic for all Lfs is that they are highly basic, all having a pI greater 

than 9 (Baker and Baker, 2005; Naidu et al., 1992). This strongly cationic 

nature must be a major factor in Lfs ability to bind to many different cell 

types and anionic molecules, and thus be of importance for many of its 

biological activities (Baker and Baker, 2005).  

The structure of the Lf molecule has been described in detail (Anderson et 

al., 1989) and the functions have been reviewed (Baker and Baker, 2005; 

Baker and Baker, 2004). The polypeptide chain is folded into two globular 

lobes 1-333 (N-terminal) and 345-691 (C-terminal), which are bound together 

by a peptide of 10-15 residues shaped as a 3-turn α-helix.  Each lobe consists 

of two domains, referred to as N1 and N2, or C1 and C2. The iron binding 

site is located in a deep cleft within each lobe (Baker and Baker, 2009). Each 

Lf is able to bind two Fe3+, and two CO32-, but also to cells and anionic 

molecules like heparin, other glycosaminoglycans, lipopolysaccharides and 

DNA (Baker et al., 1994). All this implies that there are specific binding 

motifs and/or receptor binding sites, as well as less specific binding regions 

which may be more dependent on surface charge. Lf has been recognized as 

a potent inhibitor of human herpetic viruses, such as herpes simplex virus 

type 1 (HSV-1) and 2 (HSV-2) (Marchetti et al., 1996). In particular, bovine Lf 

(bLf) has been found to prevent viral infection by binding to HS or other 

GAGs that in turn can act as cell receptors for human herpetic viruses 

(Marchetti et al., 2004). Antiviral activity of Lf against human 

cytomegalovirus (HCMV), hepatitis C virus (HCV), poliovirus, enterovirus 
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71 (EV71), BK polyomavirus, HIV and HPV has also been reported 

(Andersen et al., 2001; Drobni et al., 2004; Harmsen et al., 1995; Ikeda et al., 

1998; Lin et al., 2002; Longhi et al., 2006; Marchetti et al., 1999). 

Over 60 years ago Lf was first discovered as a ”red protein” in milk, because 

of its intense red colour when binding Fe3+  (Baker and Baker, 2009). The two 

domains of each lobe surround the bound Fe3+ ion. Four protein ligands (two 

Tyr, one Asp, one His), and the synergistically bound CO32- anion, are 

covalently bound to the metal ion and explains the high stability of this 

structure and the difficulty of removing the bound metal. Any change in 

these four ligands, due to mutagenesis, or in the structures that helps bind 

the CO32- anion (helix N-terminus and Arg side chain) will delete the iron 

binding (Anderson et al., 1989). The iron-free (apo) structure of Lf is less 

stable and less compact than the iron-bound (holo) form. Release of iron 

happens after one domain swings away from the other to open up the 

binding cleft. This is made possible by a hinge behind each iron binding site 

(Gerstein et al., 1993).  All Lfs that have been characterised are glycosylated, 

but the number of glycosylation sites varies. Most of the glycosylation sites 

are highly exposed on the protein surface. The protein structure seems not to 

be affected by differences in glycosylation or ligand binding. Bovine and 

human Lf (bLf and hLf, respectively) is 69% identical comparing the aa 

sequences. There are four glycosylation sites in bLf (Asn233, Asn368, Asn476 

and Asn545) while hLf only have three (Asn137, Asn478, Asn623), but only 

two sites are usually glycosylated in hLf (Asn137 and Asn 478). bLf also 

have an additional disulphide bride 160-183 (Baker and Baker, 2009).  
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Figure 6. hLf and LfcinH structures. A. Crystal structure of hLf. Blue represents β-

sheets, red and orange represents the α-helices. The LfcinH region is shown in green. 

B. Solution structures of LfcinH. The secondary structure on the left, with the 

disulfide bonds highlighted in yellow. On the right is the charge distributions 

illustrated, coloured blue, red and white for positive, negative and neutral charges, 

respectively (Gifford et al., 2005) with permission. 
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Lactoferricin 

The N-terminal part of hLf is highly basic and can be released through acidic 

pepsin hydrolysis (Figure 6.). This peptide is called lactoferricin (Lfcin), and 

shares many of the functions of the parent protein, including the broad host 

defence properties, but in a more moderate way (Bellamy et al., 1992; 

Gifford et al., 2005). Most studies done on Lfcins are on human and bovine 

proteins (LfcinH and LfcinB, respectively). Both are highly positively 

charged, but there is a difference in the aa sequence and the length of the 

peptides. While LfcinB is only 25 aa long (residues 17-41 of bLf) with an 

intramolecular disulfide bond, the LfcinH consists of 49 aa (residues 1-49 of 

hLf) with two disulfide bonds (Bellamy et al., 1992). The differences in aa 

also extend to the three-dimensional structure. NMR studies have shown 

that free LfcinB refold from an α-structure into a β-sheet hairpin structure in 

low-salt solution, whereas LfcinH retains the conformation seen in intact hLf 

and the α-helix is preserved (Hunter et al., 2005; Hwang et al., 1998). Lfcin 

does not have the same antiviral activity as intact Lf, suggesting either the 

size, or specific regions is of importance (Andersen et al., 2001). Lf prevents 

viral entry to cells by binding to carbohydrates like heparan sulfate (HS) or 

other glycosaminoglycans (GAGs) (Andersen et al., 2001). Since the binding 

site for these carbohydrates is located on Lfcin it is possible that this peptide 

blocks viral entry in the same way (Andersen et al., 2004; Biase et al., 2003), 

but it has also been suggested that Lf and Lfcin acts through different 

mechanisms (Jenssen et al., 2004). Anyhow, the high positive charge, a 

stabilized secondary structure, and the position of the cationic residues seem 

to be of importance for the antiviral activity (Jenssen et al., 2004).  
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Coagulation factors 

The Ad5 virion has shown to bind to blood coagulation factor IX (FIX) and 

complement component C4 binding protein (C4BP), and through those 

molecules also to heparan sulfate proteoglycans (HSPG) or low-density 

lipoprotein receptor related protein (LPR) on the cell surface of hepatocytes 

(Shayakhmetov et al., 2005). A big problem concerning the development of 

adenoviral vectors using gene therapy is how to avoid that all vectors end 

up in the liver. Human species C Ad5 is the most commonly used viral 

vector in clinical studies, so this characterization of the corresponding 

molecular interactions is of importance for understanding how to detarget 

the Ad vectors from the liver. It has been shown that other vitamin K-

dependent zymogens, including coagulation factors VII and X (FVII and X), 

and protein C also can promote Ad–mediated  gene delivery to hepatocytes 

(Parker et al., 2006). The Gla domain of FX appears to be responsible for 

mediating binding to Ad5, or more specifically with high affinity to the 

depression of the Ad5 hexon, and thereby making transduction possible via 

HS (Kalyuzhniy et al., 2008; Waddington et al., 2008).  This effect is 

applicable to a number of different human types of Ads, and hopefully this 

will have implications for a safe Ad vector development (Waddington et al., 

2008). 
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Results and Discussion 

Paper I 

Adenoviruses use lactoferrin as a bridge for CAR-independent binding to 

and infection of epithelial cells 

Cecilia Johansson, Mari Jonsson, Marko Marttila, David Persson, Xiao-Long 

Fan, Johan Skog, Lars Frängsmyr, Göran Wadell, Niklas Arnberg.  

Journal of Virology. Jan. 2007, p. 954–963. 

In this study, we initially set out to investigate the role of tear fluid in ocular 

Ad infections. The effect we found of tear fluid was much unexpected but so 

interesting that we chose to investigate this effect further. Tear fluid did not 

affect the infectivity of Ad37 (an ocular Ad), but promoted Ad5 infection of 

HCE cells efficiently. Ad5 causes mainly tonsillitis and upper respiratory 

tract infections in young children, but also ocular infections (Gordon et al., 

1996). Experiments showed that tear fluid seems to promote infection at an 

early step in the lifecycle of Ad5: a 1:10 dilution of tear fluid promoted 

binding of Ad5 to HCE cells 13-fold. To investigate whether there was a 

specific component in tear fluid that was responsible for this effect through a 

direct interaction with the virion we performed a virus overlay protein 

blotting assay (VOPBA), and found that Ad5 interacted with at least three 

different tear fluid proteins. One of these, human lactoferrin (hLf) was alone 

able to mimic the effect of tear fluid and caused an increase in Ad5 binding 

and infection of target cells. Since Ad5 cause infections in the respiratory 

tract more frequently than ocular infections, we included epithelial cell lines 

derived from the lung (A549 cells) and from larynx (Hep2 cells) in the study, 

both cell lines representing the normal tropism of this virus. As we 

hypothesized, hLf also promoted binding and infection of A549-, and Hep2 

cells. We could also determine that this effect is dose-dependent, with the 
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best promotion of binding at concentrations between 0.1-1.0 mg/ml. One 

explanation for this might be that at higher concentrations than 1.0 mg/ml 

hLf proteins have the possibility to bind to either virions or cells, thereby 

preventing the bridge formation that is required for linkage of virions to 

cells.  To investigate the role of CAR during hLf-mediated Ad5 infection we 

blocked cell surface CAR using two monoclonal antibodies. Neither one of 

the antibodies inhibited the hLf-mediated infectivity of Ad5; instead the 

relative infectivity was enhanced. The total infectivity of Ad5 was decreased 

somewhat, but the hLf-mediated infectivity was enhanced. Binding 

experiments on CAR-negative T-cells also showed that hLf efficiently can 

promote binding of Ad5 in absence of CAR. Altogether, this indicated that 

CAR was not involved. To test whether the fiber is involved in the hLf-

mediated interaction between the Ad capsid and cells, we performed 

infection experiments using two different GFP expressing vectors 

(Ad5CMVeGFP and Ad5F35GFP). Both were based on Ad5, but the latter 

one had the fiber shaft and knob from Ad35 instead of Ad5. Wt Ad35 virions 

is a CD46-binding Ad, and was included here as a control together with wt 

Ad5 virions. We could determine a 5-fold increase in GFP expressing cells 

upon preincubation of the Ad5CMVeGFP vector with hLf before infecting 

cells, compared to no hLf present. Preincubation of the Ad5F35GFP vector 

with hLf only resulted in 1.5-fold more GFP expressing cells. The Ad5 

virions behaved similarly as the Ad5CMVeGFP vector in presence of hLf, 

and the Ad35 virions behaved as the Ad5F35GFP vector. All this suggests 

that the fiber protein plays an important role in hLf-mediated virus binding 

to cells. Since hLf did not promote Ad35 (species B) infection we were 

interested in investigating whether the infectivity of other species can be 

enhanced by hLf. We chose at least one type from each species, and found 
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that hLf promoted infection by all species C Ads but not by representative 

Ads from other species. 

We speculate that Ad usage of hLf as a bridge may be an important 

mechanism, which might explain that species C Ads can cause persistent 

infections of T-cells in tonsils, since primary T-cells do not express any CAR. 

Species C Ads are one of the most widely used viral vectors in human gene 

therapy, but there have been some problems applying the in vitro work to 

the in vivo situation. There are many reasons for this, but one problem seems 

to be the absence, or at least very low amounts of CAR present on the apical 

side on polarized epithelial cells, and other cells as mentioned previously. 

We suggest that it might be possible to include hLf in gene therapy protocols 

and thereby improve the efficiency of Ad5 vectors. We speculate that either 

CAR or hLf alone might be enough for efficient binding and infection of Ad5 

to non-polarized cells. In CAR-negative cells, the interaction with hLf may 

be crucial for species C Ad binding and infection. Interestingly, hLf also 

functions as an antiviral protein preventing a number of other viruses from 

binding target cells, either by binding to the virion or by blocking the 

receptor (van der Strate et al., 2001). Ads on the other hand let hLf bind both 

virus and receptor functioning as a proviral protein. This “hijacking-

principle” seems like a smart binding mechanism for the virus. Trying to 

escape the innate immune defence by hiding behind one of its components, 

or at least something endogenous, is a clever way to infect cells. We also 

think that the amount of CAR and hLf receptors expressed on the cell 

surface, as well as the different concentrations of hLf in different body 

fluids, may to some extent explain the tropism of Ads.  
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Paper II 

LactoferricinH promotes transduction of adenovirus type 5 in respiratory 

epithelial cells                                                                             

Cecilia Nyberg, Annasara Lenman, Håvard Jenssen, Xiaolong Fan, and 

Niklas Arnberg. 

Manuscript. 

This study is the continuation of the first paper. We wished to further 

investigate which part of the hLf molecule that mediates the binding to the 

virion. hLf is cleaved by the low-pH dependent protease pepsin, so that the 

highly positively charged N-terminal region is released and a small peptide 

called human lactoferricin (LfcinH) is formed. We compared the effect of hLf 

on Ad5 transduction of respiratory epithelial cells, with the effect of 

different human and bovine Lfcins and rhLf, a non-glycosylated 

recombinant form of hLf.  

We found that none of the bovine variants, LfcinB17-31, and LfcinB17-42, or 

the shorter human variant LfcinH18-42, have any effect on the binding of 

35S-labelled Ad5 virions to cells representing the natural tropism of Ad5. 

However, the full length human variant LfcinH1-49, cause a 3.1-4.2 fold 

increase in binding of 35S-labelled Ad5 depending on cell type. This was 

almost as high as the 4.2-5.6 fold increase that was mediated by native hLf. 

rhLf did not enhance the binding capacity of 35S-labelled Ad5 at all, 

suggesting the glycosylation is of importance. Further we performed 

infection studies, where Ad5 was preincubated Ad5 with the same peptides 

as in the binding study. Lfcin1-49 caused a 1.5-6.8 fold increase in the 

number of infected cells depending on the cell type, which is similar to hLf´s 

2.8-8.0, whereas none of LfcinB17-31, LfcinB17-42, or LfcinH18-42 had any 

effect on the number of infected cells. rhLf had no effect on the number of 
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infected cells. By using a GFP-expressing Ad5 vector we also investigated 

whether Lfcins were able to enhance Ad5 gene delivery in the same 

respiratory cell lines used in previous experiments. Preincubation of the 

Ad5CMVeGFP vector with LfcinH1-49 generated 1.5-3.2 fold increase in the 

number of GFP-expressing cells, compared to control. This correlates well 

with the 2.5-5.7 fold increase in GFP-expressing cells in presence of hLf. 

None of the other Lfcin peptides had any effect, and as expected, rhLf 

caused no difference in number of transducted cells.  

In conclusion, we detected a substantial difference in the promoting effect of 

hLf and rhLf. It seems clear that the carbohydrates on hLf have to be present 

in order for a proper “bridge-formation” to occur. The reason for this needs 

further research. We suggest that during infection of respiratory epithelial 

cells, Ad5 may use either hLf as a bridge for binding to target cells, probably 

through an interaction with the N-terminal domain, or, use LfcinH1-49, the 

soluble, N-terminal domain itself as a bridge, for binding to target cells. 

 

Paper III 

Coagulation factors IX and X enhance binding and infection of adenovirus 

types 5 and 31 in human epithelial cells  

Mari I. Jonsson, Annasara E. Lenman, Lars Frängsmyr, Cecilia Nyberg, 

Mohamed Abdullahi, and Niklas Arnberg. 

Journal of Virology. Apr. 2009, p. 3816–3825. 

Specific components in tear fluid (hLf), blood (coagulation factors), and 

respiratory mucosa (DPPC) have been shown to promote infection of species 

C Ads in target cells, mainly by serving as a bridge (Balakireva et al., 2003; 

Johansson et al., 2007; Shayakhmetov et al., 2005). These findings led us to 
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investigate the impact of different body fluids and how they affect the 

infectivity of Ad in vitro. We included one type from each species in this 

study, and did infection experiments on cells representing the respiratory 

(A549) and ocular (HCE) tropism of many Ads, in presence of tear fluid, 

plasma, breast milk, or saliva. Tear fluid and plasma promoted infection of 

Ad5 in both cell types, and saliva promoted infection of Ad5 as well, in A549 

cells but not HCE cells. Different coagulation factors and complement 

components have been suggested to be involved in Ad5 transduction of 

hepatocytes. To investigate if these were responsible also for infection of 

respiratory and ocular cells, we found that preincubation of Ad5 with 

several complement components did not affect the Ad5 infection of A549 or 

HCE cells. On the other hand coagulation factor IX (FIX) and X (FX), 

separately promoted infection of Ad5 in A549 and HCE cells, in a dose-

dependent manner.  We could also demonstrate that divalent cat ions are of 

importance, since including divalent ion-chelating EDTA reduced the 

promoting effect efficiently. FIX and FX promoted transduction of green 

fluorescent protein (GFP)-expressing, Ad5-based vectors in A549 and HCE 

cells, showing that physiological concentrations of FIX and only 1% (no 

additional increase in binding was observed at higher concentrations) of the 

physiological concentrations of FX was enough to mediate an enhancement 

in both Ad5-binding and gene delivery. All this suggests that FIX or FX is 

the factors behind the plasma-mediated binding and infection of Ad5 in 

respiratory or ocular epithelial cells. Cell surface heparan sulfate has been 

suggested to be involved in FIX- and FX-dependent binding of Ad5 to target 

cells (Shayakhmetov et al., 2005). We investigated if heparan sulfate also is 

required for FIX- and/or FX-dependent binding of Ad5 to epithelial cells, 

and found that soluble heparin (analog of heparan sulfate) outcompeted 

both FIX- and FX-dependent binding and infection of Ad5 in A549 and HCE 
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cells. Treating the cells with heparinase I, resulting in cleavage of heparan 

sulfate from the cell surface, also blocked FIX- and FX-dependent binding 

and infection of Ad5 to both A549 and HCE cells. All this confirms that cell 

surface heparan sulfate is involved in FIX- and FX-dependent binding of 

Ad5 to epithelial cells. The only other type of Ad, besides Ad5, that showed 

to infect A549 and HCE cells more efficiently in presence of plasma was 

Ad31, but the other body fluids tested had no effect on Ad31 infection. In 

order to find the promoting agent, selected coagulation factors and 

complement components were tested. As with Ad5, no complement 

component had any effect on Ad31 infection. Surprisingly, in the case of 

coagulation factors only FIX - not FX (unlike Ad5) promoted Ad31 binding 

and infection of both A549 and HCE cells. As for Ad5, the promoting effect 

seems to be depending on divalent cations, since addition of EDTA inhibited 

the enhancing effect of FIX on Ad31 binding, and preincubation with 

heparin resulted in a complete block of the FIX-mediated binding and 

infection of Ad31 in both A549 and HCE cells. However, pretreatment of the 

cells with heparinase I had little or no effect. Since Ad31 cause 

gastrointestinal infections we were interested in whether coagulation factors 

affect the infection of Ad31 in the intestinal cell line; FHs74Int. FIX did 

promote Ad31 binding and infection of FHs74Int cells compared to the 

control, but FVII or FX had no effect. EDTA coincubation, and heparin 

pretreatment both separately abolished the promoting effect of FIX, 

indicating a role of divalent cations and heparan sulfate. However 

heparinase I treatment of FHs74Int cells did not have any inhibitory effect. 

These results correlate to the results with A549 and HCE cells. Taken 

together, this suggests that Ad31 binding and infection of human epithelial 

cells is promoted efficiently by FIX, but not by FX, but the role of heparan 

sulfate is unclear.  
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Ad5 has apparently evolved to interact with FX via the hexon protein 

(Kalyuzhniy et al., 2008; Waddington et al., 2008), resulting in efficient 

transduction of Ad5-based vectors in hepatocytes. There is a high affinity 

between the Ad5 virion and FX (Waddington et al., 2008), suggesting that 

this interaction may have other functions in vivo besides mediating liver 

tropism, which in uncommon (or at least not frequently symptomatic) in 

otherwise healthy individuals. How much coagulation factors there are in 

body fluids other than blood is not known, but our results suggests that FIX 

and FX may promote Ad infections even at very low concentrations  in 

tissues other than the liver, like the respiratory tract, the eyes, or in the 

intestine. The difference between Ad5 and Ad31 in our experiments was that 

heparinase I treatment blocked both FIX- and FX-mediated binding of Ad5, 

but not FIX-mediated binding of Ad31. Since heparin inhibited FIX-

mediated Ad31 binding we found this quite perplex. We suggest that the 

heparin binding site on FIX in some way is involved in FIX-mediated 

binding of Ad31 to epithelial cells, but cell surface heparan sulfate is not. 

Another theory is that the glycosaminoglycan used for FIX-mediated 

binding of Ad31 is different from the one used for FIX- and FX-mediated 

Ad5-binding and that this glycosaminoglycan is not sensitive to the 

heparinases used here. Heparan sulfate is expressed apically on polarized 

epithelial cells (Mertens et al., 1996), unlike CAR, and this suggests that 

virus binding via coagulation factors to heparan sulfate expressed on the cell 

surface on polarized epithelial cells is likely to occur in vivo.  
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Paper IV 

Fiber mediated receptor masking in non-infected bystander cells restricts 

adenovirus cell killing effect but promotes adenovirus host co-existence 
Johan Rebetz, Manli Na, Changqing Su, Bo Holmqvist, Anna Edqvist, 

Cecilia Nyberg, Bengt Widegren, Leif G. Salford, Hans Olov Sjögren, Niklas 

Arnberg, Qijun Qian and Xiaolong Fan. 
Submitted manuscript (in revision in PLoS One).  

Ad5-based conditionally replicating Ads (CRADs) have been developed as 

oncolytic agents, since acute Ad infection results in cell lysis in vitro (Heise 

and Kirn, 2000). Two systems that allow replication only in tumor cells (and 

not healthy cells) have been developed i) the CRADs control E1A expression 

by certain cancer cell specific promoters, or ii) gene functions that are 

essential for Ad replication in normal cells are deleted. (Heise and Kirn, 

2000). One of the problems utilizing CRADs as cancer therapy agents seems 

to be their inefficient capacity to spread and infect a majority of cells 

(Sauthoff et al., 2003). One reason is that most people have neutralizing 

antibodies against Ad5, but also in absence of immune response Ads fail to 

eradicate xenograft tumors (Harrison et al., 2001; Sauthoff et al., 2003). 

During the Ad life cycle, a great excess of fiber protein is produced, 

substantial more than needed for Ad particle assembly. The function of all 

these extra fibers is unclear. One explanation is that it might be needed to 

make the assembly of virion particles as efficient as possible (Franqueville et 

al., 2008). Another is that the fibers are secreted, filtered and disrupts the 

CAR-mediated cell-cell adhesion between epithelial cells, and thereby 

facilitates Ad escape from the site of infection (Walters et al., 2002).  

We set out to investigate whether CRADs have an exponential propagation 

capacity, and are able to kill any permissive cancer cell culture, even when 
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the infection is initiated in a single cell. For this purpose we used two 

CRADs, Ad5-hTERT-E1A-GFP and Ad5F35-hTERT-E1A. The expression of 

E1A is controlled by the human telomerase reverse transcriptase (hTERT) 

promoter in these two CRADs, which is active in most tumor cells. When 

adenocarcinoma lung cancer A549 cells were infected with these two 

CRADs at low MOI, a significant reduction in cell numbers was observed. 

Infection of the lung cancer cell line HT1080, and colon cancer cell lines 

LoVo, and SW480 resulted in similar observations, suggesting that these 

CRADs do propagate but the kinetics of cell killing is very slow. Using flow 

cytometry analysis we could determine a reduction of CAR in A549 cells 

infected with low MOI of the CAR binding CRAD Ad5-hTERT-E1A-GFP, 

but no decrease of CD46 intensity. Conversely, a decrease in CD46 intensity 

but no effect on CAR intensity was observed after infection with the CD46-

binding Ad5F35-hTERT-E1A vector. This suggests that the decrease in 

receptor intensity is tropism-specific, and also that CRAD infection of a 

small population of cancer cells results in reduced receptor intensity in both 

infected and non-infected bystander cells. Further we investigated whether 

the initial round of CRAD infection in few cancer cells produce fiber 

molecules in excess that bind, and thereby mask receptors in both infected 

and non-infected cells. We infected A549 cells with Ad5-hTERT-E1A-GFP 

and studied the effect of fiber production on receptor intensity. An increase 

of fiber binding was observed in both infected and non-infected cells. 

Similar trends of increased fiber binding and decreased receptor intensity 

could be detected even in additional cell lines. To investigate whether this 

fiber-mediated receptor masking is a general mechanism during Ad 

infection we included Ad types from different species. The results obtained 

suggested that fiber-mediated receptor masking is a common feature for 

CAR- or CD46-binding Ad types. Next, we studied the effect of fiber-
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mediated receptor-masking on the efficiency of CRAD infection in two 

different ways. The results revealed that A549 cells, initially infected with 

Ad5-hTERT-E1A-GFP, after super-infection with the replication-defective 

Ad5-PGK-GFP shows up to 50% reduction in number of GFP-expressing 

cells, compared to the control culture without initial infection and only 

infected with Ad5-PGK-GFP. This shows that CRAD-binding to and 

infection of receptor-masked cancer cells can be significantly decreased.  

We also investigated the role of fiber overproduction by multiple rounds of 

CRAD or wild type Ad infection, and found that fiber overproduction 

results in receptor-masking of the non-infected neighbouring cells, and 

thereby limiting the infection efficiency of CRADs. We observed this process 

during infection of both CAR- and CD46-binding Ads, and found that the 

fiber overproduction and the tropism-specific receptor-masking reduce Ad 

spread within cell culture. These findings provide a framework for 

understanding the basic mechanisms involved in the natural course of Ad 

propagation. Maybe, at least species C Ads have developed overproduction 

of fibers, which will be secreted and disrupting the cell-cell contacts in the 

epithelium. This allows Ad to bury deeper into the epithelium and also 

reach T-cells that are a natural target cell for species C Ads. Once there, these 

Ads may use hLf or FIX/FX for infection of T-cells. These findings contribute 

to the understanding of the Ad lifecycle, and may have fundamental 

implications for development of oncolytic vectors. 
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Concluding remarks 

Ads have been demonstrated to use CAR as an efficient receptor in vitro, but 

for various reasons CAR has been questioned as an in vivo-receptor. Thus, 

there are reasons to believe that Ads use other mechanisms for binding to 

target cells. Our research has provided another, alternative mechanism of 

attachment to target cells, which seems to be specific for species C Ads. 

We have found that soluble components in body fluids may act as bridges 

between the virion and the cell surface. hLf, FIX, and FX all have the ability 

to mediate binding and infection of all species C Ads in epithelial cells, 

which represent the natural tropism of these Ads. Further we have 

identified the N-terminal part of hLf, as the structure mediating the binding 

of Ad5 to target cells, either when bound to the N-lobe on hLf, or as the 

soluble peptide that is denoted Lfcin. FIX was also able to promote binding 

and infection of Ad31 in epithelial cells. Remarkably, species C Ads are the 

only Ads that have the ability to use hLf, or Lfcin for enhanced cellular 

binding in vitro, and these Ads are the only Ads that cause tonsillitis in vivo. 

Thus, in this case there is a strong link between the in vitro binding 

mechanism and the in vivo tropism of these Ads. 

We also show that the overproduction of fibers after initial Ad infection, and 

the release of fibers before the progeny particles are released, affects the 

ability of Ads to spread within in vitro cultured, transformed tissues, since 

the secreted fibers are masking the receptors in both infected and non-

infected surrounding cells. This might be an important, or at least a 

contributing factor to why Ad-based oncolytic vectors spread poorly within 

tumor tissues. Although in some contradiction with this model, another 

effect of this mechanism may be that in tissues infected by wildtype virus, 
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secreted fibers may block receptors on surrounding epithelial cells and 

thereby facilitate more efficient transport of subsequently released virions 

between epithelial cells. Species C Ads for example, would theoretically 

benefit from such a mechanism in order to reach secondary target T-cells in 

tonsils and adenoids, and perhaps with help from hLf, infect these (CAR-

negative) cells. This latter mechanism however has not been supported by 

experimental evidence. 

Taken together, these findings contribute to the knowledge about Ad 

tropism in general, and may contribute to improve the de-/retargeting of 

gene therapy vectors that are bases on species C Ads. 
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Du är min bästa vän och du ger mig lycka och lugn. Ni är mitt allt och jag 

älskar er så mycket. –Ja, mer än förut!  
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