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Abstract 
 

Human adenoviruses (Ads) as vectors have been studied for cancer gene therapy for several 

decades due to their ability to shut down host cell replication and lyse tumour cells. Ad5 of 

species C is commonly used as a replication-defective or a replication-competent vector. 

However, many tumour cells are relatively refractory to infection by Ad5 since the cells lack 

the viral receptor CAR. Thus, species B Ads are becoming more important as alternative 

vectors since they use CD46 as primary receptor, the expression of which is up-regulated on 

many tumour cell surfaces, and they also have low seroprevalence in humans. Although Ad3, 

Ad7, Ad11 and Ad35 have been altered to become replication-defective vectors, 

investigations based on replicating adenovirus vectors are still warranted.    

The major aim of this thesis has been to characterize the transduction efficacy and oncolytic 

effect of the replication-competent adenovirus 11pGFP vector (RCAd11pGFP) in human 

solid tumour cell lines. Evaluation of the vector would ultimately help us to understand 

whether the tumour cells affect virus replication and whether the vector replicates differently 

in tumour cells and in untransformed diploid cells, and would eventually lead to development 

of more potent oncolytic adenoviruses for treatment of human cancers.  

The Ad11-based vector RCAd11pGFP consists of the entire Ad11p genome with a green 

fluorescence protein (GFP) expression cassette inserted. RCAd11pGFP shows all the 

characteristics of the wild-type virus and expresses GFP in cells four hours p.i. Antisera raised 

against Ad11p virions and hexons were able to neutralize RCAd11pGFP infection but 

antiserum raised against the Ad11p fibre knob could not. The infection is reduced by 90% but 

the fibre knob antiserum cannot completely block virus infection. Initial screening of the 

infection capacity of five wild-type adenoviruses in four colon cancer cell lines revealed that 

Ad11p, Ad11a and Ad35 of species B, showed similar replication kinetics but Ad5 showed 

delayed onset of virus replication in comparison to species B Ads. These data support the use 

of Ad11p as an alternative vector for treatment of colon cancer.  

The transduction efficiency of RCAd11pGFP in colon cancer and prostate cancer cell lines 

was studied using flow cytometry assay (FACS), and this showed that the cytolytic effect was 

not always in accordance with GFP expression. Toxicity assay and virus one-step replication 

assay showed that RCAd11pGFP replicates in highly tumorigenic cell lines (HT29, T84 and 

PC-3) to a greater extent than less tumorigenic cell lines (LS174T, HCT-8, DU145 and 

LNCaP cells), even though the latter showed relatively high GFP expression. This initial 

finding led to the subsequent discovery of CEACAM-family molecules, which were highly 

expressed in HT29 and T84 cells. Interestingly, the Ad5 wild-type virus did not manifest the 

same tumour-specific replication that RCAd11pGFP did in the cell lines studied. 

Furthermore, we investigated the influence of tumour markers for RCAd11pGFP replication 

in colon cancer cells. A double-staining FACS assay for detecting members of CEACAM-

family molecules was established and we found that the levels of CEACAM6 were up-

regulated in the cells infected by RCAd11pGFP or Ad11pwt relative to uninfected cells. 

However, this virus replication could not be suppressed by CEACEA6 siRNA. Our results 

indicate that several tumour markers or factors might be involved in promoting propagation of 

the virus.  
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In vivo experiments showed significant growth inhibition of T84 and HT-29 tumours in 

xenograft mice treated with either RCAd11pGFP or Ad11pwt, compared to untreated 

controls. Furthermore, the role of the anti-tumour effect of RCAd11pGFP was also confirmed 

in PC3 prostate tumours in BALB/c mice.  

In conclusion, the novel RCAd11pGFP vector was shown to have an anti-tumour effect in 

vitro and in vivo. This tumour-killing effect could be enhanced in highly tumorogenic cells 

through virus replication. Consequently, RCAd11p may lead to development of a more potent 

and useful vector for human cancer therapy.    
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Sammanfattning på svenska  
 

Adenovirus (Ad) är ett dubbelsträngat höljelöst DNA virus med en diameter på ca 70-90 nm. 

Man har upptäckt 54 st. olika serotyper av adenovirus hos människa och dessa är indelade i 7 

olika species, A-G med en vidare indelning av species B i B:1 och B:2. Species B:1, C, D och 

E orsakar respiratoriska infektioner eller ögoninfektioner, Species F och till viss del A orsakar 

infektioner i mage/tarm. De flesta medlemmarna av species B:2 ger upphov till infektion i 

urinvägarna. De olika tropismer som uppvisas av olika species är med största sannolikhet 

beroende på hur och till vilka proteiner på cellytan viruset binder.  

Adenovirus 11p inom species B:2 använder CD46 och Desmoglein-2 som sina primära 

receptorer. Sialinsyra har visat sig vara en receptor för vissa virus ur species D, t.ex. (Ad8, 

Ad19 och Ad37) medan många av de övriga använder CAR (coxsackie-adenovirus receptor). 

CD46 är ett ytprotein närvarande apikalt på ytan av alla kärnbärande celler medan CAR 

befinner sig i tight junctions mellan cellerna i epitelet.  

Adenovirus är väl anpassade för användning som vektorer för genöverföring in i cellkärnan. 

Ad5 species C är det mest använda adenovirus inom genterapiforskningen. Ad11 species B:2 

har visat sig binda till och infektera många cancerceller mer effektivt än Ad5 då CAR ofta 

nedregleras i carcinom medan CD46 och desmoglein-2 ofta uppregleras. Seroprevalensen är 

även lägre för Ad11 (ca 10%) än för Ad5 (ca 70%) vilket gör Ad11 till en bättre 

vektorkandidat än Ad5. 

En viktig fördel med replikerande virus för cancerterapi är dess förmåga att både kunna döda 

tumörceller och samtidigt sprida sig och infektera nya cancerceller. För att kunna använda 

replikerande virus måste dess replikation regleras så att virusreplikationen i normala celler 

minimeras. Genom att viruset replikerar i tumören så kan även en lägre dos användas för att 

uppnå önskat resultat.  

 

Vi har tillverkat en replikations kompetent adenovirus11p vektor med ett grönt fluorescerande 

protein (GFP) instoppat i genomet och studerat dess förmåga att replikera och lysera celler i 

olika typer av cancer cellinjer. Fyra timmar efter infektion började cellerna lysa grönt i UV-

ljus. Erhållna resultat visade att den konstruerade replikationskompetenta vektorn 

Ad11pE1GFP infekterar fyra coloncancer cellinjer och A549 celler lika bra som Ad11p 

vildtyp samt Ad11a och Ad35, något bättre än Ad5 första dygnet. Slutsats: Alla cellinjer blev 

effektivt infekterade av vår vektor som även uttrycker GFP i samtliga testade cellinjer.  

En studie över 12 dagar visade även att replikation av GFP vektorn och vildtyps viruset var 

lika effektiv men att replikationstakten skiljer sig mellan olika cellinjer. Det krävdes 1 till 10 

virioner per cell för att samtliga celler skulle vara döda eller infekterade efter 12 dagar. 

Mängden Carcinoembryonic antigen (CEA) som är en indikator på tumörens aggressivitet 

verkade ha en viss inverkan på replikations förmåga, spriding och avdödning av coloncancer 

cellerna. Ju mer CEA desto snabbare replikation. Detta samband sågs inte vid 

infektionsstudierna.  
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Neutralisationstest visade på att det finns en infektionsväg för Ad11 som är oberoende av 

fiberknoppen då antikroppar mot fibern inte kunde neutralisera mer än 90 % av infektionen.  

Totalt har vi testat RCAd11pGFP vektorn på tre prostatacancer cellinjer och sju olika 

coloncancer cellinjer. Alla cellinjer blev infekterade och vektorn replikerade sig i cellerna, om 

än olika bra. I en studie där vi mätte hur många nya viruspartiklar som tillverkades varje dag 

såg man skillnader både mellan olika cellinjer och mellan Ad11 och Ad5. Det visade sig 

också att det inte verkade finnas någon relation mellan hur lätt en cellinje blir infekterad och 

vilken som producerade mest virus. 

En annan forskargrupp har tidigare visat att högt uttryck av CEACAM6 i en cell minskar 

Ad5´s förmåga att infektera. Vid ytterligare försök testades om detta även gällde för Ad11p 

genom att två cellinjer (HT-29 och T84), vilka normalt uttrycker höga nivåer av CEACAM6, 

behandlades med short interference RNA (siRNA), vilket förhindrar uttrycket av proteinet. I 

försöket minskade uttrycket av CEACAM6 med ca 90 % men detta påverkade inte märkbart 

Ad5´s förmåga att infektera. Infektion med vektorn i celler behandlande med siRNA gick ned 

något, vilket var oväntat och ett mycket lovande resultat eftersom många typer av cancer 

uttrycker mer CEACAM6 ju aggressivare de är. Resultaten visade att Ad11pGFP vektorn 

troligen kan infektera aggressiva cancerceller. 

Infektionsförsök i mus visade att virusvektorn kunde infektera och avdöda tumörceller från 

två coloncancerlinjer: HT-29 och T84 (från metastas i lunga) samt en prostatacancer cellinje: 

PC3. Försöken ser mycket lovande ut med en klar minskning av celltillväxt i vektorinjicerade 

tumörer i jämförelse med de injicerade med PBS. Vid inspektion av tumörerna kunde man 

även se områden med kraftig nekros.  

Sammanfattningsvis visar den replikationskompetenta adenovirus 11p-vektor som har 

utvecklats på starkt oncolytisk effekt både in vitro och in vivo. 
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Abbreviations 
 

Ad = Adenovirus 

APC = Adenomatous polyposis coli 

ARD = Acute respiratory disease 

BGP = Biliary glycoprotein (CEACAM subgroup) 

C3 and C4 = Complement component 3 and 4 (a and b are cleavage products) 

CAR = Coxsackie and adenovirus receptor 

CEA = CEACAM5, Carcinoembryonic antigen 

CEACAM =  Carcinoembryonic antigen-related cell adhesion  molecule 

CHD1 = Chromodomain-helicase-DNA-binding protein 1 

CMV = Cytomegalovirus 

CR = Conditionally replicating 

CRAd = Conditionally replicating adenovirus 

FACS = Flow cytometry 

FAP = Familial adenomatous polyposis 

GCV = Ganciclovir (anti-viral medication used to treat or prevent CMV infections) 

HIRA = histone cell cycle regulation defective homolog A  

HLf = Human lactoferrin 

HNPCC = Hereditary non-polyposis colon cancer 

HSG = Heparan sulphate glycosaminoglycans 

HSV = Herpes simplex virus 

HSV-TK = Herpes simplex virus type 1 thymidine kinase 

IP-10 = Interferon γ-inducible protein 10 

MIP-2 = Macrophage inflammatory protein 2  

MK = Midkine 

NCA = Non-specific cross-reacting antigen (CEACAM subgroup) 

NSAID = Non-steroid anti-inflammatory drugs 

NSCLC = Non-small cell lung cancers  

p.i. = post infection 

PEG = Polymer polyethylene glycol 

PFU = Plaque forming units 

PSA = Prostate-specific antigen 

PSG = Pregnancy-specific glycoprotein 

PSMA = Prostate-specific membrane antigen  

RC = Replication competent 

RGD = (Arg-Gly-Asp): a αv-integrin recognizing motif 

SP-A = Surfactant protein A  

SP-B = Surfactant protein B 

SV40 = Simian virus 40 

TAF-III = promoter specificity factor for most genes transcribed by RNA polymerase III 

TK = Thymidine kinase 

TNF-α = Tumour necrosis factor α 

TRAIL = Tumour necrosis factor-related apoptosis inducing ligand 

XTT = Tetrazolium dye, a salt used for detection of mitochondrial activity 

http://en.wikipedia.org/wiki/Antiviral
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Introduction 
 

Oncolytic vectors are designed to specifically infect and kill malignant cells. In most cases, 

the vector is designed to infect most cells but only to replicate in cells expressing a specific 

gene that is typical of the cancer of interest. The reason for using replicating vectors is that 

they can replicate and infect new cancer cells, and thereby have a larger effect on the tumour. 

Hopefully the vector replicates until the tumour is eradicated. In principle, the vector could 

also be injected into the blood, and spread out in the body and kill metastatic cells. RB and 

p53 are strong regulators of DNA replication and they are involved in the control of cell 

cycle. If adenoviruses are unable to produce proteins that bind to and inhibit RB and p53 

function, the viruses cannot replicate. Many tumours lack expression of p53 and/or RB, and 

thereby lack the capacity to replicate in normal tissue. 

ONYX-015 is an Ad5-based vector that is designed to replicate only in cells that lack the cell-

cycle regulator p53. This is done by deletion of the E1B-55k protein, which binds to p53. This 

construct has been found to be very efficient in cell culture but has insufficient clinical effect 

(203). Later, this vector has been used as a backbone that can be ―loaded‖ with a therapeutic 

gene under the control of a cancer-specific promoter. These more advanced vectors have 

increased the oncolytic effect in studies using many different E1B-55k deleted constructs 

based on this idea. Binding to p53 and RB involves the same amino acid residues in 

adenovirus and in human papilloma virus (HPV). This convergent evolution is an example of 

the importance of regulating these proteins in order to replicate. There are some shortcomings 

in using Ad5-based vector systems. Firstly, there is a high prevalence of neutralizing 

antibodies in the population, which makes it difficult to achieve efficient treatment. Secondly, 

many cancer cells down-regulate the Ad5 receptor CAR, thus making the infectivity of Ad5-

based vectors less efficient during treatment of these cancers.  

To avoid the problems mentioned above, one can use a vector based on Ad11p (which has a 

seroprevalence of less than 10% and which uses two major receptors for binding, CD46 and 

desmoglein-2). Expression of these two receptors is up-regulated in many carcinomas and in 

most colon cancers. CD46 is a major constituent of the complement regulation system and 

desmoglein-2 is present in tight junctions. The probability that a carcinoma would lack both 

of these Ad11p receptors is low. Our vector, RCAd11pGFP, is replication-competent and is 

able to spread from infected cells and target a larger mass of the tumour than the commonly 

used replication-incompetent vectors, which only affect the cell that is initially infected.  

The use of viruses as vectors has advantages. They have evolved to invade cells, and in the 

case of adenovirus the viral DNA is transported into the nucleus. Inside the nucleus, the 

viruses produce proteins that direct the cellular machinery to express viral DNA. Another 

advantage of virus-derived vectors is that they are designed to infect and replicate in specific 

types of cells. Viral tropism and tissue specificity are mainly decided by the distribution of the 

receptor that a virus binds to, but also by the accessibility of the receptor.  In vitro, adenovirus 

can infect many cell types originating from organs that the virus does not infect in vivo.   

Other examples of vectors used for genetic manipulation and gene therapy are based on 

vaccinia, lentivirus (HIV), measles virus, respiratory syncytial (RS) virus, and adeno-

associated virus (AAV)  

http://www.google.se/url?sa=t&rct=j&q=rs%20virus&source=web&cd=3&sqi=2&ved=0CDsQFjAC&url=http%3A%2F%2Fwww.smittskyddsinstitutet.se%2Fsjukdomar%2Frespiratory-syncytial-virus%2F&ei=BqPPTuiFGOjm4QTr8MRa&usg=AFQjCNGOjf3JL5iuRsQpqVvkekL-i1h5gg
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Adenovirus: General 

Human adenoviruses are non-enveloped DNA viruses. They have 54 serotypes, which are 

divided into six species (A-F). The linear double-stranded virus DNA is protected by a 

terminal protein at each 5´-end (201), and is around 35 K base pairs in length. The Ad capsid 

is composed of several minor and three major capsid proteins, with the hexon protein being 

the most abundant structural component. At each of the 12 corners of the capsid, there are the 

five subunits of penton protein; these form the penton base to anchor the 12 fibres that 

protrude from the capsid. At the distal tip of the fibre, there is a globular knob domain that 

serves as the major viral attachment site for cellular receptors. The hexon is the structural 

protein that forms the viral capsid, while the penton base and the fibre (with its knob) are 

responsible for virion-cell interactions that dictate Ad tropism (254). 

Adenovirus infection occurs through binding of the fibre knob to cellular receptors. The 

penton base then interacts with αv-integrins on the cell membrane (254). Most adenoviruses 

enter the cell via clathrin-coated pits and are transported to endosomes. The virus 

disassembles in the endosome and is then transported via microtubules to the nucleus (165). 

Macropinocytosis has been discovered to be the main entry route for adenovirus 3 and 35 of 

species B:1 and B:2 respectively (12, 118). Whether or not macropinocytosis is used for the 

internalization of other species B Ads is still unknown. 

All adenovirus species except B have been suggested to use CAR (coxsackievirus and 

adenovirus receptor) as a receptor for binding to the cell (205). Later studies have shown that 

CAR may not be the primary receptor for many adenovirus in vivo—but rather sialic acid, 

blood factors and/or other molecules (10, 15). Fibre protein is the major determinant of liver 

tropism in vivo (269). Replacement of heparan sulphate binding in the fibre shaft reduced 

viral gene expression in mouse liver by 90% (240). Species B is divided into species B:1, 

which uses desmoglein-2 as the primary receptor, and species B:2, which uses CD46. Ad11p 

(a subspecies B:2 adenovirus) uses both of these receptors for binding (259).  

Adenovirus and disease 

For normal healthy individuals adenovirus infection, with the exception of acute respiratory 

disease (ARD; described later in this section) mainly manifests itself as a mild and self-

limiting disease in restricted parts of the body. (For the different adenoviral tropisms, see 

Table 1). However, for children and immuno-compromised patients, an adenovirus infection 

can be dangerous. There have been several reports of diseases in different organs but only a 

few will be mentioned here. In 1975, a renal transplant patient was reported to have died as a 

consequence of adenovirus infection (177). In patients with chronic obstructive lung disease, 

a direct link between latent adenovirus infection and increased lung inflammation has been 

reported, which is reviewed in (96). In AIDS patients, severe adenovirus infections have been 

reported in bone marrow transplant patients and solid organ transplant recipients, as well as in 

cancer patients treated with chemotherapy. The highest incidence of adenovirus infection is 

reported to be in allogeneic hematopoietic stem cell transplant recipients (19, 136). In a study 

of children receiving heart transplants, 6% were PCR-positive for adenovirus. In these 

children, 5-year survival decreased from 96% to 62% (151, 232). 
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Figure. 1: Structure of adenovirus. A schematic depiction of the structure based on cryo-electron microscopy and 

crystallography. The locations of the capsid and minor components are reasonably well defined and are not to 

scale. The disposition of the core proteins and the virus DNA is largely conjectural. The symbols for proteins 

IIIa and VIII are based on the structures defined by (211). Reproduced with permission from the authors and 

publisher (210). 

 

 



 

15 

 

 

Acute respiratory disease (ARD) is associated with headache, high fever, conjunctivitis, 

shortness of breath, lymphadenopathy, pleuritic chest pain, vomiting and painful urination. In 

some cases, the disease can be serious and require hospitalization (2). Some rare cases of 

adenovirus-associated mortality have also been reported (4). The normal serotypes that cause 

this disease are Ad4 and Ad7, but outbreaks from species B Ads other than Ad7 are also seen 

(2, 167). Before the 1970s, adenovirus-associated outbreaks of ARD were common in military 

trainees in the USA. Routine vaccination with oral vaccines against Ad4 and Ad7 was then 

introduced (78). These vaccines are very effective, but for financial reasons their use has been 

discontinued (104). In 1999, the vaccinations stopped and as expected this resulted in an 

increase in the number of reported cases. Around 15,000 cases of adenovirus-associated ARD 

are reported from the American military each year (167, 209). Calculated as recruit weeks, the 

average is 0.92 in a hundred recruit weeks. There have been large differences between 

different training centers, with average annual rates of between 0.34 and 1.35 cases per 100 

recruit weeks (209). By far the most common ARD disease-causing serotype among 

American recruits is Ad4, at around 95% of the cases. Species B Ads are also becoming a 

more common cause of disease, Ad14 being the most common; but Ad3, Ad7, Ad21 and 

Ad11 infections are also seen in association with disease. The reason for these outbreaks is 

believed to be that the seroprevalence of these serotypes is declining (167). There have also 

been reports of a recombinant strain of Ad14—Ad14p1—that is reported to have spread 

though 15 states of the USA in the last five-ten years (117). In the civilian sector, outbreaks of 

ARD in adults are rare (215). However, Ad11 caused an outbreak of ARD among students at 

a job training facility in South Dakota in 1997 (2) and Ad35 caused an outbreak of pneumonia 

in a chronic care psychiatric facility (215). These outbreaks show that adenoviruses can cause 

outbreaks of ARD in military recruits, young adults and people living in crowded conditions 

(2). 

The adenovirus genome 

The human adenovirus genome consists of a linear double-stranded DNA that is between 34 

and 36 kbp in length, depending on the serotype (56). A terminal protein is covalently 

attached to the
 
5´-termini of the DNA (201). The terminus consists of an inverted repeat that 

has an embedded origin of replication. The DNA is divided into early and late transcription 

units depending of the kinetics of expression. Most of the genes are transcribed by the host 

RNA polymerase II complex. The exception is the small virus-associated (VA) I and II 

RNAs, which are transcribed by polymerase III. The six early transcription units are E1A, 

E1B, E2A, E2B, E3, and E4. These genes are responsible for re-directing the cell to produce 

viral genes and to maximize viral replication. The early regions code for multiple mRNAs due 

to alternative start codons and areas of differential splicing (85). The E1A proteins are the 

first to be transcribed shortly after infection, followed by activation of the other early genes 

during the next five to six hours (72). The late genes have a common replication start point 

that is activated shortly before replication of the viral DNA at approximately eight hours p.i. 

(163, 226). 
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Table 1: the different adenovirus species, serotypes, tropisms and receptor specificity  

Species  Serotype  Tropism Receptors 

A  12, 18, 31 Intestine CAR 

B:1 

B:2  

3, 7, 16, 21,50 

11, 14, 34, 35 

Respiratory tract, eye 

Respiratory tract, 

urinary tract, eye 

Desmoglein-2, CD80, 

CD86 

CD46, Desmoglein-2 

C  1, 2, 5, 6 Respiratory tract CAR, 

Heparan sulphate, 

VCAM-1 

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

22-30, 32, 33, 36-39, 

42-49, 51,53,54 

Eye, intestine CAR, 

Sialic acid, 

CD46, GD1a 

E  4 Respiratory tract, eye CAR 

F  40, 41 Intestine CAR 

G 52 Intestine CAR 

 

Species C (Ad5) 

Ad 5 is the most investigated adenovirus, and has been shown to use CAR for binding in cell 

culture (205). This receptor is located between the cells in the tight junctions in epithelia, 

making the receptor inaccessible to the virus if there is no tissue damage in the area. 

Expression of this receptor is often down-regulated in carcinoma cells, making Ad5 difficult 

to use as a vector for many types of cancer therapy (237, 280). In addition to CAR, other 

means of Ad5 interacting with the host cell have been found, especially in vivo. These could 

be VCAM-1, heparan sulphate and bridging using lactoferrin, factor IX and X, or complement 

component C4-binding protein. More information about binding and receptors can be found in 

the section Adenovirus receptors. Another problem is that the seroprevalence of Ad5 is high: 

more than 50% of adults in the USA are immune. The seroprevalence has been shown to be 

high in other countries: 90% in sub-Saharan Africa, almost 100% in UK, and 65% Japan (5, 

144, 243). The antibody response to adenoviruses is mostly serotype-specific (103, 144, 162). 

Most of the virus is taken up by the liver after intravenous distribution, which can lead to liver 

toxicity if a high dose is administered (150).  
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Figure. 2: Genome organization of Ad11. The linear double-stranded genome is depicted as a double line in the 

centre, with the inverted terminal repeats (ITRs) at each end. Transcription units are shown as arrows, relative to 

their position and orientation in the Ad11 genome. These include early genes (E1A, E1B, E2A, E2B, E3 and 

E4), genes expressed at intermediate times of infection (IX and IVa2) and late genes (L1–L6). All of the late 

genes are expressed from the major late promoter (MLP) and contain the tripartite leader (TPL) at their 5'-ends. 

A triangle represents the virus-associated (VA) RNA. One map unit (m.u.) is equivalent to 347,94 bp. 

Reproduced with permission of the authors and publisher (163). 

Species B 

Vectors based on Ad11 and Ad35 (species B:2) have advantages over the commonly used 

Ad5 species C: lower seroprevalence (< 10%) and more efficient binding to and infection of a 

number of human cell types, particularly human carcinoma-derived cells (162, 288). The B:2 

virus Ad11p use two primary receptors, CD46 and desmoglein-2 (259) (222, 223, 259). 

Epithelial tumour cells use their defence mechanism by up-regulating CD46. Species B:1 

adenoviruses use desmoglein-2 as a receptor(259). Ad11a has been shown to have a 

substitution in the CD46 binding motif, which impairs its ability to bind to CD46. Whether or 

not desmoglein-2 is the main receptor for this virus has not yet been established, but this is 

very likely (90, 164). A new classification of the species B Ads based on receptor usage has 

been suggested; group I: Ad16, Ad21, Ad35 and Ad50 which bind to CD46; group II: Ad3, 

Ad7 and Ad14 which bind to desmoglein-2; and Group III: Ad11p which uses both CD46 and 

desmoglein-2 for infection (250). The species B:2 viruses have the ability to assemble as 

dodecons. A dodecahedral particle consists of penton protein and 12 fibres. The significance 

of the dodecons is debatable, but the general view is that they may interfere with tight 

junctions and thereby allow faster spread of infection. 

Genome differences 

There are some differences between Ad5 and Ad11 at the genome level. The Ad11p genome 

is 34,794 bp in length, which is 1,141 bp shorter than that of Ad5. The E3 region of Ad11 

could not easily be divided into E3A and E3B as in the Ad5 genome, and the E3 11.6K cell 

death protein is absent in Ad11. Note that Ad11 has a shorter L5 transcription region and an 

additional late region, the L6, which is lacking in Ad5 (Fig. 2). The Ad11 genome has a G+C 
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content of 48.9% and that of Ad5 is 55.2%. The most conserved regions between Ad11 and 

Ad5 are the E2B, Iva2, and the late regions except L5.  Regarding the protein products, E1, 

E2A, E3, E4, protein IX and the L5 fibre-encoding protein of Ad11 and Ad5 have low amino 

acid similarity (163) 

Table 2: Comparison between RCAd11pGFP vector and an Ad5GFP vector 

Phenotype RCAd11pGFP Ad5GFP 

Seroprevalence Low High 

Primary receptor   CD46, Desmoglein 2, CAR 

Receptor on tumour 

cells  

Up-regulated Down-regulated  

Replication Competent Defective 

Genome Complete Partially deleted in E1 

or/and E3 region 

Size of genome > 36,523 bp Varies between 30 kbp 

and 38 kbp  

Packaging cells Many tumour cells  Engineered cell lines  

Appearance of GFP 

expression  

4–5 h p.i.  16 h p.i. or later  

Dissemination of virus Yes, in the tumour                        No dissemination to 

the neighbouring cells   

Oncolytic effect in mice Same efficiency as 

wild type 

Less efficient than wild 

type 

Adenovirus vectors  

Insertion of foreign genes into the adenovirus genome by homologous recombination in E. 

coli has been successfully performed. These recombinant viral DNAs have been shown to be 

fully infectious after transfection of susceptible cells, and able to express the inserted protein 

in the correct way (44, 97). Adenoviruses can induce production of large amounts of 

recombinant virus, which efficiently infects differentiated non-dividing cells and also dividing 

cells. This makes the virus attractive as a vector. Gene therapy based on adenovirus vectors 

may be an alternative to cancer treatment and vaccination (271).  

There is a high level of immunity to adenovirus type 5; consequently, a high dose of vector 

would be required to obtain effective treatment (47). Different strategies to circumvent these 

limitations have involved the use of other serotypes or non-human adenoviruses. 

Promoters/enhancers that are selective for tumour tissue may be required in order to control 
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replication of the adenovirus in desired target cells (274). The different strategies to create 

functional vectors will be summarized in the following section.  

An important advantage of replicating viruses for cancer therapy is the ability to 

simultaneously destroy tumour cells by replication and to release progeny virions to infect and 

destroy new cancer cells. This strategy demands regulation of the virus life cycle to obtain 

tumour-specific replication and to minimize replication in normal cells. 

Tissue-specific promoter systems 

The early vectors had inserts of therapeutic genes driven by promoters derived from CMV or 

Rous sarcoma virus (RSV) (34). They expressed the desired gene in all infected tissues and 

thereby created undesirable toxic side effects. To avoid these problems, vectors have been 

constructed that use promoters/enhancers that are tissue-/cancer-specific.  

Prostate-specific antigen (PSA) is a glycoprotein that is a member of the peptidase family. 

PSA is secreted by the epithelial cells of the prostate gland (137). The PSA promoter has been 

used in adenovirus vectors to create tissue specificity. Ahn et al. (2009) constructed a vector 

that combined enhancers from PSA and prostate-specific membrane antigen (PSMA) that 

were tissue-specific, and together with ganciclovir had a clear in vivo effect on tumour growth 

in nude mice (9). Jiménez et al. (2010) used a similar vector with an insert of tumour necrosis 

factor-related apoptosis-inducing ligand (TRAIL). This vector had a cytolytic activity equal to 

that of a CMV promoter in PSA-/PSMA-positive cells and no activity in PSA/PSMA-negative 

cells. In vivo studies showed that there was almost no tumour growth in nude mice (113). 

Surfactant protein A (SP-A) and surfactant protein B (SP-B) have been used to target lung 

cancer. SP-A is a marker of respiratory epithelial differentiation and Smith et al. (1994) 

showed that the majority of non-small cell lung cancers (NSCLCs) express the SP-A gene. 

They constructed two Ad5 vectors with the HSV-TK coding sequences under the control of 

the SP-A or SV40 promoter. They showed that the H441 SP-A-expressing cell line was 

significantly affected whereas the non-SPA-expressing A549 cells were unaffected. The 

SV40-expressing vector was more cytolytic in the A549 cells than in the H441 cells (238). 

Surfactant protein B (SP-B) is only expressed in type-II alveolar cells and bronchial epithelial 

cells, and interacts with TTF-1 and HNF-3, which are lung-specific and involved in gene 

transcription (33). Doronin et al. (2001) have made two vectors that over-express the 

adenovirus death protein (ADP). The vectors also have small deletions in E1A that abolish the 

ability of the virus to bind to RB protein, thereby de-regulating the cell cycle, which makes 

the virus replicate poorly in primary cell lines but with high efficiency in many cancer cell 

lines. The E3 region is also deleted. In that study, they replaced the E4 promoter with the SP-

B promoter and showed that this construct replicated well in the lung cancer cell line H441 

but not in Hep3B cells. In vivo studies on nude mice showed that this vector construct 

suppressed the growth of H441-derived  tumours but not Hep3B-derived tumours (63). 

MUC1 is a glycoprotein that is expressed in most glandular epithelial cells. The expression is 

increased in many malignancies including breast, ovary, lung, gastrointestinal and 

pancreatic cancers (36, 125). Many vectors use this to selectively kill tumour cells. Wei et al. 

(2009) used an E1B-55k deleted vector with the E1A expression under the control of MUC1 

promoter, with promising results (265). A similar vector with an additional TNF-α therapeutic 

gene has also been constructed (89). 
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Cancer-specific promoter systems 

There are cancer-specific promoter systems that are highly expressed in cancer tissue, for 

example carcinoembryonic antigen (CEA), midkine (MK), α-fetoprotein (AFP), telomerase 

and survivin. 

CEA is also known as CEACAM 5 and is a surface protein that is expressed all over the cell 

membrane in many different cancer tissues. It can act as a marker for tumours of epithelial 

cell origin, e.g. colon, stomach, pancreas, lung, ovary and breast (40). The CEA promoter is 

considered to be a candidate for gene therapy as it is up-regulated in many tumour metastases 

(92). Sagawa et al. (2004) used an attenuated E1B-55k deleted Ad5 vector under replicational 

control of a CEA promoter to treat liver metastases of colon cancer in mice. One injection of 

1 × 10
8
 PFU of virus into subcutaneous colon cancer tumours induced a complete regression 

of the tumour. Systemic administration through the tail vein effectively suppressed liver 

metastatic growth and prolonged survival of the mice (212). CEA will be considered further 

later in this thesis.  

Midkine (MK) is a heparin-binding growth factor that is up-regulated in many malignant 

tumours, both at the mRNA and the protein level. MK has anti-apoptotic, mitogenic and 

angiogenic activity. Wesseling et al. (2001) investigated the activity of a MK promoter in 

human pancreatic cancer. The luciferase gene was placed under the control of the MK 

promoter in an Ad5 vector. The vector expressed 30–70% of the luciferase activity of the 

control vector driven by a CMV promoter. The MK activity in the control cell line LS174T 

showed less than 1% of the expression gained from a CMV promoter. This would make MK a 

candidate for gene therapy of pancreatic cancers (266).  

α-fetoprotein (AFP) is expressed in most hepatocellular carcinomas (HCCs), the most 

common type of liver cancer. AFP levels are highly elevated in the blood of 80% of HCC 

cancer patients, and can serve as a prognostic marker (22). Immunization against AFP has 

little effect on tumours in mice. To enhance the immune response affecting the tumour, two 

adenoviral vectors that expressed the cytokine interleukin-12 and interferon-inducible protein-

10 were used to induce an inflammatory response in the liver. The tumour cells were strongly 

affected. The general survival was prolonged, and in 25% of the mice the tumours were no 

longer detectable (204). Cao et al. (2011) constructed two E1B-55k deleted adenoviral vectors 

using the AFP promoter to control expression of interleukin-24 (IL-24) and suppressor of 

cytokine signalling 3 (SOCS3). A combination treatment using these vectors was highly 

efficient in reducing tumour progression in nude mice with subcutaneous tumours. The vector 

was injected intratumorally each day for three days. There was almost no increase in tumour 

size 60 days after injection, and no liver toxicity was seen in these mice (41). 

Telomerase is a DNA polymerase that synthesizes telomeric DNA. It is RNA-dependent and 

consists of an RNA component (hTR), one telomerase-associated protein (TEP1) and one 

catalytic protein subunit: human telomerase reverse transcriptase (hTERT). A telomerase-

specific replication-selective adenovirus called OBP-401 has been constructed. The E1A and 

E1B genes are under the control of an hTERT promoter and the GFP has been placed in the 

deleted E3 region and activated by a CMV promoter. The vector only replicates in 

telomerase-expressing cells, so the translation in telomerase-positive infected cells is easy to 

detect. This method was used to detect tumour infection in mice with HT-29 and SW640 cells 

implanted in the rectum and subcutaneously. The GFP was clearly visible in tumours 5 days 
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p.i. (131). This vector has also been used to track metastatic circulating tumour cells in breast 

cancer with some promising results (128).  

Survivin is a protein in the inhibitor of apoptosis (IAP) family. This protein family can inhibit 

terminal effector caspases. This leads to prevention of apoptosis (213). It is only expressed at 

embryonic stages and is undetectable in normal adult tissue. There is a clear connection 

between high survivin levels and short survival times in glioblastoma multiforme (43). 

Suvivin can also be detectable in breast, pancreatic, oesophageal and ovarian cancers (257). A 

conditionally replicating vector was constructed in which the survivin promoter directed the 

expression of Ad5 E1. This vector expressed well in both primary and cell line gliomas 

whereas the expression in normal brain tissue and astrocytes was low. In a comparative study 

with Cox-2 and Midkine promoters, the survivin promoter had a 3–4 times higher expression 

than the other two. In comparison to a vector using a CMV promoter, the survivin promoter 

had 11–20% of the expression level of the CMV promoter (257). Shen et al. (2009) 

constructed an E1B-55k deleted vector that expressed survivin shRNA, which efficiently 

repressed survivin levels in colon cancer cell lines and significantly increased apoptosis of 

these cells compared to a non-survivin shRNA-expressing vector of the same construct. In 

vivo experiments in nude mice revealed an almost complete remission of tumour growth 60 

days p.i. after tail-vein injection for three days (5 × 10
8
 PFU) (231).  

Oncolytic virotherapy 

Transductional targeting involves modification of the specificity of viral coat protein, thus 

increasing entry into target cells while reducing entry into non-target cells. Care is taken not 

to affect the original transfer efficiency of the virus. Two approaches have been used to obtain 

transductionally targeting therapeutic adenovirus vectors: adapter molecule-based targeting 

and structural manipulation of the adenovirus capsid by genetic means (82).  

Adapter molecule-based approaches make use of the concept of a ―molecular bridge‖ between 

the Ad vector and the recipient cell. The vector is cross-linked to an alternative cell-surface 

receptor, which abolishes the native virus tropism. This is done to direct the vector to 

malignant cells, but equally important, it can re-direct the virus from unwanted binding to 

non-target cells (65). This bridge could be an antibody or an antibody fragment (Fab) directed 

against the knob, with a conjugated cell-selective ligand at the other end. These ligands could 

be directed at folate receptors, fibroblast growth factor, pan-carcinoma antigen, epidermal 

growth factor or CD-40, to name just a few. These adapter molecule systems reduce hepatic 

toxicity and have shown some promising results both in vitro and in vivo (65, 84, 98, 202, 

245). Single recombinant fusion molecules formed by a truncated, soluble form of CAR fused 

to ligands have also been created (192). These molecule/virus constructs have been shown to 

be more stable than earlier constructs, and with a trimeric adapter molecule the infection 

capacity increased considerably (110, 127). 

Conditionally replicating adenovirus (CRAd) has been created with the intention of 

selectively killing cancer cells. This approach involves changing the genome of the virus so 

that it can only replicate in the cancer cells. This can be done either by transcriptional 

targeting, or by attenuation.  

Transcriptional targeting places an essential viral gene under the control of a tumour-specific 

promoter. In general, the cis-acting cellular promoter, enhancer and/or silencer of a 
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transcriptionally up-regulated gene is inserted downstream, or in place of, the normal 

promoter for an essential viral gene such as E1a, E1b or E4 (132). A suitable promoter should 

be active in the tumour but inactive in normal tissue, particularly the liver, which is the organ 

that is most exposed to blood-borne viruses. Many such promoters have been identified for 

the treatment of a large range of cancers (85, 132), for example, those for cyclooxygenase-2, 

PSA and survivin (156, 230, 257, 266). 

Attenuation involves introducing deletions into the viral genome that eliminate functions that 

are dispensable in cancer cells, but not in normal cells. One way to accomplish this is by 

deleting the 55 kDa E1B gene of the adenovirus, which normally works like a p53 suppressor, 

thereby rendering the virus only capable of replication in p53-mutated cells (30, 88). This idea 

has not really worked as expected, since these vectors have been shown to replicate in cells 

with an intact p53, probably due to unknown redundancies (203). It has also been shown that 

the E1B-19k protein has to be deleted in addition to the 55 kDa protein in order to induce an 

effective apoptosis (42). This deletion of the E1B-19k protein has been shown to alone 

increase the apoptotic capacity of adenovirus in metastatic tissue, both in vitro and in vivo 

(143). One additional explanation could be that late viral RNA export may be the determinant 

of tumour selectivity for this vector instead of p53 inactivation (185). Other approaches have 

aimed at mutating the E1ACR2 region, thereby targeting defects in the RB pathway 

commonly found in cancer cells, with promising results in animal models (27). Deletion of 

the E1A genes makes the adenovirus susceptible to the anti-viral mechanisms of 

retinoblastoma (RB) protein by blocking the G1-to-S transition (75, 99). The RB pathway is, 

among other things, involved in regulation of the cell cycle, in DNA replication and in 

activation of the apoptotic pathway (75). Cherubini et al (2011) deleted both E1ACR2 and 

E1B-19k proteins and came up with a vector that were highly tumour selective and more 

apoptotic than the wt Ad5, without losing any efficacy in tumour cells. Together with the drug 

gemcitabine the vector had high effect in vivo with no increase in tumour size for the first 80 

days of experiment (46). 

The most evaluated vector so far is the E1B-55k deficient model vector ONYX-015 that has 

been used in numerous studies, reviewed in (8, 293). One vector based on ONYX-015 has 

been approved for oncolytic virus therapy in China (77). However, it has now been 

abandoned due to low effect.  

Replication-incompetent virus vectors 

The different types of replication-incompetent vectors are divided into three generation of 

vectors. In these vectors, the early region 1 (E1) gene has been deleted from the virus genome. 

These vectors are limited by their inability to spread and infect neighbouring tumour cells. 

Today, they are used almost exclusively for immunization or gene correction. 

First-generation vectors  

These vectors have a deletion in the E1 region. Region E3 is often also deleted, giving a total 

insertion capacity of 6–8.5 kb. These vectors are easily produced in an E1-complementary cell 

line, generating high titers (157), but the titers are lower than for the corresponding wild-type 

virus. There are definite problems using these types of vectors for gene therapy. They express 

the gene as desired, but some virus genes are also expressed and viral gene products ―leak‖ 
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from the cells. This triggers a virus-specific cellular immune response that leads to destruction 

of the transfected cells within five months (147). In most of the experiments, the transfected 

cells have been destroyed within three months (147, 282). However, the vectors are effective 

delivery systems for transient expression. There are numerous promising results regarding the 

use of these vectors for killing of cancer cells, and in vaccination studies. In these 

applications, the expression of viral genes can be advantageous (108). In vivo studies of 

intravenous administration using such vectors based on Ad5 have shown a discouraging 

affinity for the liver, making high-dose delivery of the vector toxic or sometimes even lethal 

(198). 

Second-generation vectors  

The second-generation vectors have additional genes deleted to increase the insertion 

capacity. This could be the E2, the E3 or the E4 gene (108). These vectors have shown 

reduced expression of viral proteins, and thereby a lower immune response. Deletion of the 

E2 gene prolonged the gene expression in transfected cells to at least six months, although the 

cellular immune response is still a factor to be considered when long-term expression in 

transfected cells is failing (62). Removal of the E4 gene (which is responsible for late gene 

expression) reduces virus antigen expression considerably (285). The results using these 

vectors have varied. Some studies have shown an immune response equal to that of E1-

deleted vectors and some revealed hampered gene expression (14, 158). Armentano et al. 

(1999) showed that open reading frame 3 (ORF 3) of E4 was required for long-term 

expression of the transfected gene (13). Deletion of the E3 region results in a reduction in the 

cytolytic capacity of these vectors (6). 

Third-generation vectors 

These are rather advanced vectors. They are also known as gutless and correspond to 

adenoviruses with all the viral genes deleted except the ITRs (inverted terminal repeats) and 

the viral packaging signal. These vectors have the capacity to package at least 28 kb of DNA 

(134). These vector types have been shown to sustain stable gene expression for long times 

and they are less toxic and less immunogenic than earlier-generation vectors (189, 217). The 

downside of these vectors is that they are difficult to produce, and the yield is low in 

comparison to earlier-generation vectors (171). 

Major challenges 

Structural manipulation is to a high degree focused on remodelling of the whole adenovirus 

fibre or just the fibre knob domain. The exchange of Ad5 fibre for fibres from other species 

with different cellular tropism was first performed in 1996 by Krasnykh et al. (138), and is 

now regularly performed in many laboratories. These vectors show a CAR-independent 

tropism similar to that of the serotypes donating the fibre (95). Chimeric adenovirus-like 

Ad5/3, which is an Ad5 virus with a fibre derived from Ad3, has been produced to alter the 

tropism without the need for a change of vector system (120, 252). Immune responses limit 

vector transduction in many cases (94, 195). The high amounts of neutralizing antibodies in 

the general population are still a problem when using these Ad5 vectors, since these 

antibodies are mainly directed against the hexon protein (243). Another way is to direct ligand 

incorporation into the C-terminus and HI-loop of the Ad5 fibre, which broadens the viral 
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tropism without removing the native CAR tropism. This enhances infectivity in many cell 

types, especially if they have limited expression of CAR (181, 278)  

Alteration of the epitopes to avoid the immune defence 

De-targeting of the virus is aimed at avoiding the natural binding sites and/or neutralizing 

antibodies of the host, and thereby creating a safer and more successful virus vector for 

treatment. De-targeting can be done by coating the adenovirus particle with different 

polymers or by altering known binding sites on the surface of the fibre, or of the virus capsid.  

Coating of virus particles with different polymers is an efficient way to avoid immune 

defence recognition and to remove unwanted binding to non-target tissue. By incorporation of 

targeting ligands such as endothelial growth factor into the coating, the virus tropism can be 

altered without affecting uptake of the virus into the cell. Whether the targeting ligands will 

affect incorporation must be tested for each individual ligand (70). PEGylated adenovirus that 

maintains the CAR tropism has been shown to be protected from antibody neutralization to 

some extent (57, 184).   

By removing the capacity of Ad5 fibre to bind to the blood factors complement component 

C4-binding protein and coagulation factor IX, both infection of liver cells and liver toxicity 

were reduced significantly in vivo (227). Blood coagulation factor X (FX) was found to bind 

to the top of the viral hexon trimer. By making a large insertion in the hexon protein of a 

vector, the vector failed to express a red fluorescent protein in hepatocytes in vivo. This 

indicated that coagulation factor X mediated the transduction of the liver cells by the Ad5 

vector (119).  

Kuhn et al. (2008) used directed evolution to enhance infectivity. They pooled an array of 

different adenoviruses (Ad3, Ad4, Ad5, Ad9, Ad11p, Ad16 and Ad40) together and infected 

colon cancer cells in an attempt to select for new variants. After 20 passages, maintaining the 

most potent virus, an Ad11/3 chimeric virus, named ColoAd1 was selected. Most of the 

genome was Ad11p with the E3 region almost completely deleted, a small deletion in the E4 

region and finally a chimeric Ad11/3 E2B region. Then, GFP was inserted into the ColoAd1 

genome by random incorporation and plaque purification. The best clone had a clear GFP 

signal and viral potency equivalent to that of ColoAd1. This virus was evaluated against Ad5, 

Ad11p and Ad3 in colon cancer cell lines and it had higher cytolytic effect than Ad5 and the 

parental viruses. In ex vivo studies on fresh patient samples, the ColoAd1 had a higher 

replication capacity in malignant tissue and lower replication in normal tissue than Ad5 (140).  

Immunosuppressive agents have been used to enhance transgene expression: 

cyclophosphamide, etoposide, FK506 and anti-CD4 (91, 107, 284). 

Adenovirus vectors based on other types than Ad5 has been developed. For example: Ad3, 

Ad7, Ad35, Ad11, Ad16 and Ad49 (7, 103, 144, 234-236, 276). Most of these are replication-

defective, and are used for vaccination purposes. There are also studies made using non 

human Advs. These are advantageous because there is no pre existing immunity that can 

hamper the effect of the vector (canine (83, 141), chimp (133, 236, 290, 291). 
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Adenovirus receptors 

CAR  

This cell-surface immunoglobulin was first cloned, isolated and described in 1997 (24, 247). 

The coxsackie and adenovirus receptor (CAR) has historically been believed to be the main 

receptor for all adenovirus species except species B (205). This has now been shown not to be 

the case, at least not in vivo (Fig 4). Other receptors and mediators of binding that have been 

found so far are mentioned later in this section.  

CAR is a 46-kDa transmembrane protein belonging to the immunoglobulin superfamily. The 

receptor has two immunoglobulin (Ig-) loops and one unique additional disulphide link in the 

ectodomain part. The gene is located on human chromosome 21q11.2, and there are two 

expressed splice variants for the intracellular C-terminus. The CAR open reading frame 

encodes 365 amino acids. The parts consist of a short 19-residue leader sequence, an 

ectodomain of about 216 residues, the transmembrane part of about 26 amino acids and the 

cytoplasmic tail of 107 or 94 residues, depending on the splicing. The predicted molecular 

mass of the native protein is about 38 kDa. Due to the presence of two N-linked glycans, the 

molecular weight determined on SDS gels is about 46 kDa (35, 256).  

The homology between CAR proteins of humans, rats, mice, pigs and dogs is about 90%. 

Human adenoviruses and coxsackieviruses can also bind to these animal types of CAR (25, 

68, 247). Binding of Ad5, Ad12 and Ad2 has been mapped to the CAR IG1 domain. Three 

IG1 domains can bind to each of the fibre knobs in a region called the AB loop in the side 

valley of the knob. As there are so many adenoviruses with tropisms for CAR that cause 

different patterns of disease, it is likely that the fibre-knob interactions are not the sole 

determinants of viral tropism (206, 246). The transmembrane region and the cytoplasmic tail 

are not necessary for virus binding and infection; instead, secondary receptors such as αv 

integrins are important for virus uptake into the cell (261).  

CAR is confined to tight junctions between polarized epithelial cells such as tracheobronchial 

airway cells. In some cells, CAR can also be found at the apex of the basolateral membrane. 

Polarized cells can only be infected with CAR-binding Ads if the tight junctions are disrupted 

with EDTA. CAR has also been found to promote cell adhesion and to restrict movement of 

ions and solutes between transfected cells. It is therefore likely that CAR is involved in 

upholding the barrier function of tight junctions (53, 199). Variable levels of CAR mRNA 

expression have been found in lung, liver, kidney, pancreas, brain, colon, small intestine, 

prostate, testis and heart but no mRNA expression was found in spleen, thymus, ovary, 

placenta and skeletal muscle (68, 247). Haematopoietic cells such as B- and T-cells are more 

or less refractory to infection with CAR-binding Ads since they lack CAR expression or have 

low levels of expression; monocytes are partially susceptible to infection (105, 197). 

Expression of CAR in cells derived from various tumours varies from very high to 

undetectable. The levels of CAR have been found to be inversely correlated with 

tumorigenicity in prostate and bladder cancer cell lines. These findings suggest that CAR may 

have a function as a tumour suppressor (149, 186).  

There are differences between humans and mice in the expression patterns of CAR, which are 

important to consider when interpreting binding results from mouse studies (25, 68, 247). 
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CD46  

Membrane co-factor protein CD46 is a member of the complement regulation system. It is 

expressed on all nucleated human cells, i.e. all cells except erythrocytes. It was initially 

discovered as a complement component 3b (C3b) and complement component ab (C4b) 

binding protein and was shown to be a co-factor in C3b and C4b degradation (20). There are 

four subtypes of this cell-surface molecule. All four subtypes have four complement control 

protein repeats named CCP1–4. Two of the subtypes, MPC-BC1 and MPC-BC2, have two O-

glycosylation regions close to the membrane. MPC-C1 and MPC-C2 have a single O-

glycosylation region. The designations 1 and 2 refer to the different splice types of the 

cytoplasmatic tail (152). The half life of CD46 on the cell surface is 8–12 hours. The 

molecule is normally internalized via clathrin-coated pits and recycled to the cell surface. 

Ligand binding of pathogens to CD46 induces internalization by macropinocytosis and leads 

to intracellular degradation, which in turn leads to down-regulation of surface-bound CD46 

(55). Infection with the CD46-binding adenovirus Ad35 clearly down-regulates expression of 

CD46 (214).   

The crystallographic structure of Ad11p binding to CD46 showed that upon binding, there 

was a conformational shift that elongated the bent receptor to a rod-like structure. The Ad11p 

fibre knob has the ability to bind three CD46 molecules. The binding is with high affinity (2 

nM) and the fibre binds to SCR1 and SCR2 simultaneously, forcing the CD46 molecule to 

become elongated (193). The fibre knob of Ad35 has been shown to promote binding of three 

separate CD46 molecules (260) 

CD46 was first described as an adenovirus receptor in 2003 by Segerman et al. (223) and only 

months later by Gaggar et al. (76). CD46 was found to bind to Ad11, Ad14, Ad16, Ad21, 

Ad35 and Ad50 but not to Ad3 and Ad5, while Ad7 did bind to some extent (76, 223). Pre-

treatment of the cells with trypsin enhanced binding of Ad11p but inhibited binding of Ad7. 

Competition with Ad7 knobs did not inhibit Ad11 binding to CD46-positive cells. 

Furthermore, the Ad7 CD46 binding was dependent on divalent cations (e.g. Mn
2+

 and Ca
2+

) 

and Ad7 was found to be unable to infect CHO cells and CHO cells expressing CD46. Thus, 

even though Ad7 could bind to CD46 with low affinity, it could not use CD46 for 

internalization (223). 

After the discovery of CD46 as a receptor for adenovirus species B, there have been a lot of 

controversies about which adenovirus types actually use CD46 as a functional receptor. The 

controversy is mainly concerned with whether Ad3, Ad7 and Ad14 use CD46 as a functional 

receptor.  

CD46 is the major binding receptor for all species B adenoviruses except Ad3 and Ad7 (159). 

Ad7 has a mutation in the CD46-binding domain, which prevents binding to CD46 (90). 

Ad11a shares the same mutation with Ad7 and is therefore unlikely to be able to bind to 

CD46 (164). CD46 is not a high-affinity receptor for Ad3, Ad7 or Ad14 (250). There are 

similar binding sites on CD46 for Ad3, Ad7, Ad11p and Ad35 (71) Ad3 binds to CD46 and 

internalizes through macropinocytosis (12).   

CD46 is also a receptor for species D adenoviruses, since Ad37 and Ad49 have been found to 

bind to CD46 and use it for internalization (144, 277).  
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sBAR and/or receptor X/desmoglein 2 (DSG-2) 

Desmosomes are important elements of intercellular junctions. They are made up of 

transmembral cadherins named desmoglein 1–4 and desmocollin 1–3. DSG-2 is found to be 

cleaved in stimulus-induced apoptosis (180). 

Desmoglein-2 is proposed to be the primary receptor for Ad3, 7 and 14 and to be one of the 

two primary receptors for Ad11p (259). It is a transmembrane glycoprotein belonging to the 

cadherin protein family (48). It is likely that DSG-2 is the molecule previously described as 

sBAR and receptor X; see below.  

Following adenovirus or dodecon binding to DSG-2, a transient opening of the intercellular 

junctions occurs, which facilitates access to other previously inaccessible receptors such as 

CD46 and CAR (258).  

sBAR (species B:1 adenovirus receptor) is an unknown trypsin-sensitive and Ca
2+

-dependent 

cell-surface protein or glycoprotein. This is a receptor used by Ad3 and Ad7 (of subspecies 

B:1), by Ad11p (of subspecies B:2) and to a lesser extent by Ad35 (also of subspecies B:2). 

Members of subspecies B:2 have a tropism for both CD46 and sBAR, and Ad11p could 

therefore block the binding of all other species B Ads tested (222). Ablation of CD46 binding 

gave Ad11p the same phenotype as Ad7, indicating that Ad7 uses only sBAR as its primary 

receptor (90). 

Receptor X was found to be a trypsin-sensitive and Ca
2+

-dependent glycoprotein. It has been 

found to be a receptor used by Ad3 and Ad7 (of subspecies B:1) and by Ad14 and Ad11p (of 

subspecies B:2). However, no binding by Ad35 or any other species B adenoviruses was 

found. The binding to this receptor was of relatively low affinity, and was confirmed to be 

mediated by the fibre knob. Although receptor X is Ca
2+

-dependent, it cannot be an integrin 

because pre-treatment of the cells using a number of different integrin-specific antibodies as 

well as knock-down siRNA did not affect binding of Ad3 to receptor X. Ad11a was the only 

species B subtype not investigated in this study (250). 

CD80 and CD86  

These cell-surface glycoproteins are co-stimulatory molecules found on B-lymphocytes and 

mature dendritic cells. They are involved in the stimulation of T-lymphocyte activation. Ad3 

of subspecies B:1 has been shown to use CD80 and CD86 as cellular attachment receptors in 

HeLa cells as well as in CHO-CD80 and CHO-CD86 cells. There was no binding of Ad3 to 

CHO cells in the absence of CD80 and CD86 (233). CD80 and CD86 have also been found on 

malignant glioma cells, and infection of these cells using a chimeric Ad5 virus with an Ad3 

fibre protein was inhibited by ~90% in vitro by pre-treatment of the cells with antibodies 

directed against CD80 or CD86 (251). 

Sialic acid  

The sialic acids are a large and diverse family of negatively charged sugars that share a 

common core structure of a nine-carbon polyhydroxylated α-keto acid. The hydroxyl groups 

can be linked to sulphates, acetates, phosphates and methyl ethers in a number of different 

constellations. They are often found as terminal residues on cell-surface glycoconjugates (38). 

In humans, the sialic acid is linked to galactose in two major forms. The α2-3 linked form is 

found in the conjunctiva, in cells at the junction between the respiratory bronchiole and the 
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alveolus, and in the cells lining the alveolar wall. Small amounts of α2-3 linked sialic acid 

have also been found in the nasal mucosa. The α2-6 linked sialic acid is found in the 

respiratory tract including the nasal mucosa, the pharynx, the trachea and the bronchi.  

Ad37 has been shown to use 2-3 linked sialic acid as the major cellular receptor (15), as have 

Ad8 and Ad19a. These three adenoviruses are all known to cause epidemic 

keratoconjunctivitis (16, 37)  

GD1a glycan 

The ganglioside GD1a has been shown to be a functional receptor for Ad37. The virus knob 

binds to the disialylated glycan in the GD1a motif. The receptor is built up of one or more 

glycoproteins that contain the GD1a glycan motif. Two sialic acids bind with two of the three 

sialic acid binding sites that are present on the Ad37 fibre knob, with high affinity (182).  

  Heparan sulphate 

This sulphated polysaccharide is found as part of proteoglycans on the surface of most cells. It 

is also seen in the extracellular matrix of cells. The heparan sulphate mediates interactions 

between a number of different pathogens and proteins. Heparan sulphate glycosaminoglycans 

(HSG) are long carbohydrate chains that are polyanionic and consist of repeating 

disaccharides containing sulphate residues (26). 

Many adenoviruses have an HSG-binding motif (KKTK) in the third repeat of the fibre shaft, 

which has been claimed to be important for Ad5 infection of liver cells (21). Ad2 and Ad5  

have been found to bind to heparan sulphate glycosaminoglycans (HSGs) and to use the 

surface molecule for a functional infection (60). Ad2 can bind and infect CAR-negative, 

heparan sulphate-positive CHO cells. Heparin is often used as a heparan sulphate analogue 

experimentally, and by pre-incubation of Ad5 virus together with heparin before adding to 

A549 cells, binding and infection was found to be inhibited by more than 50%. CHO cells 

lacking both CAR and HSG are refractory to infection by Ad2 and Ad5 (59). However, in a 

recent report pre-incubation of Ad5 with heparin did not inhibit infectivity, and replacement 

of the Ad5 KKTK fibre with a fibre lacking the KKTK binding motif did not inhibit the 

ability of the virus to enter liver cells in vivo. It is possible that heparan sulphate binding is not 

a major mechanism used by adenoviruses for infection of the liver (61). 
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Figure. 3: a. Schematic representation of CAR-dependent and blood factor-dependent pathways of Ad infection 

and action of competitors (lactoferrin, heparin and heparinase). b. Model of adenovirus hi-jacking HLf for 

infection of cells in the absence and presence of apical CAR. In the presence of CAR, mimicking of the in vitro 

situation with non-polarized epithelial cells, species C adenoviruses can bind to and infect cells either via CAR 

or via the HLf-mediated pathway. In the absence of CAR, mimicking of the in vivo situation with polarized 

epithelial cells, species C adenoviruses can bind to and infect cells via the HLf-mediated pathway alone. 

Reproduced with permission from the authors and publisher (114, 227). 

*The FIX binds to the hexon, not the fibre knob as shown in the picture.  

a 

b 

* 
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VCAM-1  

Like CAR, vascular cell adhesion molecule-1 (VCAM-1) belongs to the immunoglobulin 

family, and they share some homology. VCAM-1 is expressed on the surface of endothelium 

in atherosclerotic vessels and the endothelial cells of the liver (49). VCAM-1 expression is 

up-regulated in the liver in response to Ad5 infection. The up-regulation was found to be only 

marginal when using an Ad5 vector with RGD deleted from the penton base (154). Ad5 has 

been shown to increase trangene expression in VCAM-1 positive NIH 3T3 cells by 5–10 fold 

relative to that in VCAM-1 negative cells. The viral binding is increased by approximately 3 

times in these VCAM-1 positive cells. This could partly explain adenovirus-mediated gene 

transfer to atherosclerotic cells. Direct binding of Ad5 to VCAM-1could not be shown, and 

the binding affinities are therefore probably substantially lower than for CAR (49). 

Bridge principle  

It has been shown that molecules in the blood can bind to the adenovirus capsid and then to 

the cell, and thereby act as a molecular bridge between the virus and cells. In this way, some 

cells that are non-permissive in vitro can be infected in vivo. Coagulation factor IX and 

complement component C4- binding protein can bind to the fibre knob domain of Ad5 and 

Ad35. Through interactions with heparan sulphate proteoglycans and low-lipoprotein 

receptor-related protein, this virus-protein complex binds to hepatocytes (Fig. 3a) (227). The 

non-CAR-binding vector Ad5/35 (Ad5 with an Ad35 fibre) was found to be capable of 

transducing hepatocytes efficiently in vivo but could not bind to them or transduce them in 

vitro, suggesting binding through a molecular bridge in vivo (227). Human lactoferrin (HLf) 

has been shown to increase both binding and infection in all species C adenoviruses (Fig. 3b). 

No such increase was found in any of the other species tested: A (Ad31), B1 (Ad7), B2 

(Ad11), D (Ad37), E (Ad4) and F (Ad41). The increase was dose-dependent, with a peak at 

0.1 mg/ml HLf and a drop below zero at 10 mg/ml HLf, which indicates that binding is 

specific and that one HLf particle must bind to both virus and cell to create the bridge. With 

high concentrations of HLf, this double binding will be competed out because each HLf will 

only bind to either a cell or a virus (114). This competition of space can be an explanation for 

earlier reported inhibitory effects of lactoferrin (227). Also, the vitamin K-dependent factors 

FX, protein C and FVII were able to enhance hepatocyte transduction in vivo. By 

administering the vitamin K down-regulating drug warfarin, the liver uptake of an Ad5 vector 

lacking CAR-binding decreased significantly. Re-administration of FX fully rescued the liver-

binding tropism of this vector (190). Binding of FX to Ad5 was mapped to the hexon protein, 

The high-affinity binding was 40 times higher than binding of CAR to the fibre knob of Ad5. 

Ad2 also bound with high affinity, although 100 times less than Ad5. Ad16 and Ad21 (of 

subspecies B:1) could bind with 10 and 2,000 times lower affinity, respectively. Ad41 (of 

species F) had an affinity that was one third of that of Ad21 whereas Ad4 (species E), Ad3 

(subspecies B:1), Ad35 and Ad50 (subspecies B:2), and Ad9 and Ad50 (species D) were 

refractory to binding. Binding of FX to virions appears to be serotype-specific rather than 

species-specific (119). 
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Internalization  

Integrins 

In addition to binding of the primary receptor, the adenoviruses need interaction with a 

secondary receptor in order to internalize and translocate to the nucleus. For most 

adenoviruses, the αv integrins αvβ3 and αvβ5 serve this purpose (194, 267).  

This family consists of over 20 relatively large heterodimeric transmembrane proteins. They 

are composed of the two subunits α and β. Many of them recognize the RGD (Arg-Gly-Asp) 

sequence found on fibronectin, vitronectin, and tenacin. Interaction of integrins with these 

ligands is important for many host cell functions such as cell attachment, differentiation, 

migration and cell growth (106).  

Most adenoviruses have an RGD motif on the penton base that is recognized by αv-integrins. 

The αvβ5 and αvβ3 integrins have been shown to interact with and support the internalization 

of most adenoviruses. These two appear to be the most preferred integrins used for 

internalization, although other integrins may also be used (160, 161, 267). Ad40 and Ad41 

(species F) lack this motif and are thereby unable to use integrins for internalization (11). On 

the other hand, Ad9 and Ad19p are dependent on αv integrin heterodimers not only for 

internalization but also for binding to target cells (16). Introduction of the RGD motif into the 

HI-loop of the Ad5 fiber knob resulted in increased binding to hepatocytes, especially when 

the CAR-binding motif was removed (21) Mutation of the RGD motif in the Ad35 penton 

base reduced transduction efficiency of the virus, but did not alter its binding capacity. This 

indicates that αv-integrin is important for internalization but not for binding of Ad35 (175). 

Endocytosis or macropinocytosis 

Endocytosis through clathrin-coated vesicles is the main route of entry into the cell for most 

adenoviruses (165). Recently, macropinocytosis has been discovered to be the main entry 

route for Ad3 (species B:1) and Ad35 (species B:2) (Fig. 4) (12, 118)  

The small GTPase called Rab5 is a key regulator of clathrin-mediated endocytosis. Over-

expression of rabankyrin-5—which is a Rab5 effector—increases the number of non-clathrin-

mediated macropinosomes, indicating that it has a regulatory role in endocytocis. 

Macropinocytosis is a dynamin-independent cellular uptake mechanism that engulfs large 

domains of plasma membrane into spherical endosomes (219). The uptake is often induced by 

Scr tyrosine kinase, different growth factors or reticular activating system (RAS). It is used by 

the cell for removal of apoptotic bodies and clearing of bacterial infection, and is important 

for innate immunity and cell migration (279). 

Ligand binding of CD46 determines whether the internalization route will happen by way of 

clathrin-coated pits or macropinocytosis. Normally, CD46 is internalized into clathrin-coated 

pits and recycled to the cell surface. Binding of CD46 to multivalent antibodies or measles 

virus induces pseudopodia—which are a process similar to macropinocytosis. This leads to 

down-regulation by internalization and degradation of cell-surface CD46 on the infected cell 

(55). 
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Figure. 4: Macropinocytosis is a major infectious uptake pathway of Ad3 in epithelial cells. Ad3 binds the 

membrane co-factor CD46 and is endocytosed into macropinocytic vesicles depending on  v 3 or v 5 

integrin co-receptors, F-actin, the Rac1 GTPase, which activates PAK1, and CtBP1 (C-terminal binding protein 

1), a target of PAK1. Protein kinase C (PKC) and the sodium-proton exchanger 1 (sensitive to EIPA) are also 

required for the formation of Ad3-carrying macropinosomes. Ad3-bearing macropinosomes contain CD46 and 

v 5 integrins. Low pH and additional triggers probably lead to virus release from macropinosomes and non-

infectious virions are degraded in late endosomes and lysosomes. Apart from the major macropinocytic pathway, 

there is a minor clathrin- and dynamin-dependent pathway, which is cell type-dependent and which is not found 

in K562 haematopoietic cells, for example. This pathway remains to be characterized. Reproduced with 

permission from the authors and publisher (12). 

Ad3 macropinocytosis is dependent on the C-terminal binding protein of E1A (CtBP1) and 

viral activation of p21-aktivated kinase 1 (PAK1). Macropinocytosis due to infection also 

requires the binding of Ad3 to CD46 and αv integrins. The CtBP1-dependent 

macropinocytosis may be a defence reaction against pathogens that Ad3 has evolved to use as 

its main entry route for infection (Fig. 4) (12).  

Binding of Ad2 to endothelial cells triggers the formation of macropinosomes. The primary 

route of infection for this virus is still clathrin-coated vesicles. Blocking of macropinocytosis 

using the macropinocytosis inhibitor EIPA had no affect on viral uptake but inhibited exit to 

the cytosol. Formation of macropinosomes may be involved in viral escape to the cytosol or 

just a natural part of the cellular defence against the Ad2 virus (165).  
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Transport to the nucleus 

After the viruses have entered the cell, they are inside an endosome that becomes more and 

more acidic. In the case of most adenoviruses, this is a clatrin-coated vesicle (165). The virus 

is resistant to this acidity and actually needs it for escape from the endosome. The species C 

adenovirus rapidly lyse the cell membrane and escape to the cytosol within 3–15 min (Greber 

1993. The serotype B adenoviruses wait until the late endosome or lysosome stage before the 

pH is right for lysis of the membrane and escape to the cytosol. This difference is most likely 

due to differences in fibre protein composition (172, 228). Low pH causes destabilization of 

the capsid and the fibres are released together with protein VI. Protein VI has a hydrophobic 

N-terminus that binds to and destabilizes the endosomal membrane, thereby releasing the viral 

capsid into the cytosol (268). Involvement of the penton base has also been suggested to play 

a part in escape from the endosome (224).  

As the cytosol is a crowded place, diffusion is not possible so the adenovirus capsid has to be 

actively transported to the nucleus. After escape from the endosome, the virus uses 

microtubules for active transport to the nucleus. This transport is made possible by 

cytoplasmic dynein-mediated binding of the capsid. Dynein is a molecular motor that rapidly 

drives the viral capsid along the microtubule towards the microtubule organizing centre, the 

centrosomes that reside adjacent to the nucleus (124). Species B adenovirus stay for a longer 

time in the endosomes, and may use them for transport toward the nucleus (228). How the 

capsid is uncoupled from the microtubule and associates with the nucleus is not really known, 

but there is evidence to suggest that nuclear factors are required for dissociation from 

microtubules (17). Inhibition of the nuclear export factor CRM1 arrested adenovirus at the 

microtubule organizing centre, implicating CRM1 as a factor or part of a complex required for 

adenovirus infection (242). 

Several interactions occur between the nucleus and the adenovirus capsid, and the binding of 

the capsid to the nucleus is relatively stable and can survive fractioning of the nuclei from 

infected cells (273). The import of DNA into the nucleus is done through a nuclear pore 

complex. The binding of nuclear pore complex (NPC) protein CAN/Nup214 is crucial for 

adenoviral disassembly and import of DNA into the nucleus. The nuclear histone H1 has been 

found to bind to the NPC-bound virions and assists in the disassembly of the particles along 

with cytoplasmic disassembly factors such as chaperone protein HSC70 and the recruitment 

of H1 nuclear import factors importin β and importin 7 (216, 249). The DNA wrapped in 

protein VII is then imported to the nucleus, leaving most of the capsid and virus proteins 

outside (45, 87). 

Replication and release 

The replication of DNA and assembly of new daughter virions takes place in the nucleus. The 

entire life cycle takes 24–36 h to complete. A single cell can produce up to 10
4
 progeny  

virions (Paper IV) and (176). The DNA is inserted with a terminal 55k protein attached to 

each 5´end of the DNA. Genes are transcribed from both DNA strands and in both directions 

but at different times during the replication (176). The adenovirus core protein VII is 

important for protection of the DNA at the early stages of replication in the nucleus. As 

protein VII also hampers DNA replication, it is uncertain how long this association remains 

(121). 
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Figure 5 Adenovirus DNA chromatin structure throughout infection. In black—elements that we know. In blue 

and italics—speculation/areas of future research. DNA in the adenovirus capsid is highly condensed and 

associated with core protein VII, along with protein V and m (not shown). The protein VII-DNA complex moves 

to the nucleus, and undergoes remodelling to decondense the core before transcription of early genes can begin. 

Remodeling may involve loss of at least some VII. At the time when viral gene expression is first detected, 

histones can be found bound to the viral DNA along with VII. Histone variant H3.3 is preferentially deposited on 

the viral DNA, through the action of HIRA and CHD1. Onset of viral DNA replication may be accompanied by 

a shift to deposition of H3.1 by the Chromatin assembly factor 1 (CAF1) complex on the DNA. As the histone 

pool is depleted and the intracellular levels of newly synthesized pre-protein VII increase, there is a transition of 

Ad DNA association from nucleosomes to pre-protein VII, possibly mediated by TAF-III. The viral DNA 

condensed with pre-protein VII is packaged into the Ad capsid. Reproduced with permission from the author and 

the publicher (79). 

 

Genes with similar functions are gathered in clusters within the Adenoviral genome. Due to 

alternative splicing several mRNA can be transcribed from the same promoter and share the 

initial sequence. The E1 gene is spliced into three different mRNA that are necessary for 

activating gene transcription. The transactivator protein is essential for activating transcription 

of early proteins (176). E1ACR2 binds to retinoblastoma protein p105RB and is thereby 

blocking the G1 to S transition. The RB pathway is, among other things, involved in the cell 

cycle regulation, DNA replication and activation of the apoptotic pathway (75). The 55kDa 

E1B gene binds to and works like a p53 suppressor (30, 88). The early 72kd DNA binding 

protein (DBP) silences most of the cells and adenoviral promoters except the E2 promoter that 

stays active. Other E1A and E1B genes inhibit interferon response from the cell and blocks 

additional apoptotic pathways (255). DNA replication is mediated by the adenoviral E2 

transcribed DNA polymerase. Another E2 protein, the 55k terminal protein is used as a primer 

for replication in both DNA strands and stays attached to the ssDNA as replication continues 

(176).  
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When 72 kb DBP levels increase most of the early genes are silenced. At the same time an E4 

protein becomes active and allows replication of the late genes by inhibition of a splicing site 

that stopped transcription at the L1gene. The L1 is actually transcribed early in infection 

(255). Late genes are transcribed after the DNA replication has started and most of the genes 

are transcribed into one large RNA of around 2400 bases that is spliced into several mRNA 

encoding the individual gene products (176). Five mRNA families that will produce the 

structural proteins are transported out to the cytoplasm with the help of E4 proteins (255). The 

structural capsid proteins (hexon, fiber, penton base and knob) are produced in the cytoplasm 

and the transported into the nucleus for assembly. The assembly process is quite insufficient 

and a lot of non infectious particles are produced. Only one in 11 to 2300 particles are 

infectous. The finished virus particles remain in the cell until the cell degenerates and lyses 

(176). 

Mechanisms of killing cells 

Three different mechanisms for induction of cell death have been identified: apoptosis (type 

I), autophagy (type II) and necrosis (type III). The differences between the three categories of 

mechanisms of cell death are not always clear-cut. Sometimes apoptosis can begin with 

autophagy, an autophagic cell can undergo apoptosis, or necrosis can start from an apoptotic 

cell. Here, I will try to separate the different terms and briefly explain their cellular functions 

(155). Blockage of protein and mRNA synthesis, i.e. self starvation, is a way of delaying or 

preventing cell death of all kinds, even at the advanced stages (178).  

Apoptosis  

The activation of caspases is closely linked to the induction of apoptosis, and can to a large 

extent explain the behaviour of the apoptotic cell. The characteristics of an apoptotic cell are 

shrinkage and blebbing, followed by rounding and blebbing of the nuclei, DNA degradation, 

condensation and margination of chromatin. Apoptosis does not lead to an inflammatory 

response (155). Redistribution of phosphatidyl serine (PS) to the external surface of the 

apoptotic cell membrane is probably the best characterized event leading to recognition and 

engulfment from phagocytes (279). 

Accumulation of intracellular p53 is known to induce apoptosis (58). The adenoviral E1A 

region can induce apoptosis while the E1B region inhibits the process. The Ad5 E1B-55k 

protein is known to block p53 tumour suppressor gene functions (58). A functional 55 kDa 

protein was previously believed to be important to protect infected cells from apoptosis. 

However, normal cells infected with adenovirus lacking E1B-55k did not undergo apoptosis 

even though the levels of p53 were high. Rather, the replication of viral DNA was impaired 

both at the early phase and the late phase (42). To induce apoptosis by viral infection, it is 

likely that both the E1B-55k and E1B-19k proteins must be inactivated (58).  

Autophagy/Lysosomal cell death 

A large number of intracellular and extracellular stimuli can induce autophagy, including 

invasion of microorganisms and amino acid starvation. Autophagy might act as a defence 

against invasion by virus and bacteria. The autophagic route does not have to lead to cell 

death. It also plays a role in protein and organelle degradation, but here I will only mention 

the properties for cell death (283). Autophagy is characterized by invagination of cellular 
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contents into the lysosome—either by invagination directly to the lysosome (microautophagy) 

or by a C-shaped double membrane structure that forms in the cytoplasm, closes into an 

endosome and then fuses with the lysosome (macroautophagy). This process is mostly 

unselective and part of the cytoplasm is randomly sequestered into the lysosome. Cell death 

by autophagy usually gives no or very little inflammatory response (253, 286).  

Cell death through a non-apoptotic mechanism has been reported. It did not induce any of the 

apoptotic pathways tested, but induced caspase activity late during the infection. The 

mechanism resembled necrosis-like programmed cell death (6). In a study using similar 

CRAds on malignant glioma cells, the cells were shown to undergo cell death by the 

autophagic route (109). 

Necrosis 

This is the term for any cell death that is not apoptosis or autophagy. Typically, when a cell 

enters necrosis the membrane integrity is lost. The cells lose control of their ionic balance, 

take up water, and lyse. Often in strange new surroundings followed by high concentrations of 

calcium and acid or other pH changes due to influx of, for example, lysosome contents, 

intracellular proteins precipitate. The intracellular contents released after lysis attract mast 

cells and provoke an inflammatory response in the area (155). In tissue culture, cells always 

ultimately undergo necrosis. Thus, because there are no phagocytes around to consume the 

cell, it will ultimately lyse. The difference between apoptosis and necrosis could in some 

cases be a question of how many apoptotic cells there are to consume in the area i.e. the 

severity of insult in that area. If there are too many apoptotic cells, the phagocytes would not 

have time to deal with all of them and the tissue would become necrotic (287).   

Innate and adaptive immunity 

The immune system uses the non-specific innate immune system as an immediate response to 

adenoviral infection. It is predominantly mediated by natural killer cells, neutrophils and 

macrophages. These cells limit the infection by direct killing of infected cells or by secreting 

anti-inflammatory cytokines, tumour necrosis factor α (TNF-α) and chemokines (81). The 

innate immune system also recruits and activates antigen presenting cells that will 

administrate the development of a functional adaptive immune response (153). Adaptive 

immunity is developed by virus-specific B- and T-cell responses. An anti-hexon monoclonal 

antibody can enter a cell and arrest the microtubule-dependent transport of the virus after 

entry (263). Most of the time, people develop serotype-specific antibodies which, by 

definition, have very limited effect on other serotypes of adenovirus, even within the species 

(54, 162).   

The cellular immune response to adenovirus infection consists of cytotoxic CD8
+
 T-cells and 

CD4
+
 memory T-cells. Together with natural killer (NK) cells, CD8

+
 cells—also known as T 

killer cells—can induce death of infected cells. They recognize a class of five highly 

conserved epitopes that have been mapped to the distal termini of the hexon protein (142).  

The CD8
+
 response to infection is very strong upon infection by adenovirus, mainly because 

of the large amount of antigen that is found in lymphoid tissue (281). CD4
+
 cells do not 

actively kill infected cells. They are the activators of B-cell antibody production as well as the 

direct cell killers, CD8
+
 cells, phagocytes and macrophages. Most of the CD4

+
 cells recognize 
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three human leukocyte antigen (HLA) class II epitopes in the same conserved region of the 

hexon as CD8
+
 cells. No responses against adenovirus fibre protein were seen (188). 

Natural killer cells are part of both the innate and the adaptive immune defence. NK cells 

express natural cytotoxicity receptors. They target cells without any MHC class-1 molecules 

and lyse them (173). Ad2 and Ad5 infection of cells down-regulates the levels of MHC class-

1 molecules but leaves a subclass unchanged. This is sufficient to avoid detection by NK cells 

and is therefore not the route NK cells use for finding the Ad-infected cells. Integrins 

facilitate adhesion of NK cells to target cells (31) Two major mechanisms are used by NK 

cells to eliminate their targets: by calcium-dependent exocytosis of cytotoxic granules or by 

the death receptor pathways such as TNF-α, FasL-Fas and TNF-related apoptosis-inducing 

ligand (TRAIL) systems (221). Expression of the E1A proteins from Ad2 or Ad5 sensitizes 

many cell types to TNF-α mediated cytolysis and TRAIL (208). The E3 gene products and 

E1B-19k inhibit the E1A-induced sensitization to TRAIL. Thus, Ad5-infected cells are quite 

resistant to lysis by the TRAIL system, but not by TNF-α (208). 

The complement system is a group of protective proteins that recognize and clear foreign 

virus and microbes from the circulation, often followed by a massive inflammatory response. 

Binding of antibody to adenovirus activates the classical complement system and induces 

activation of several interferon pathways and cytokines/chemokines in a complement 

component 4 (C4) binding-dependent way (51). In the absence of antibodies, C3 but not C4 

binds to adenovirus and activates the alternative complement pathway (112, 126). 

Administration of Ad5 induces capsid-dependent liver inflammation 6 h post infection and 

transcription-dependent liver inflammation approximately 5 days later. In mice, liver 

macrophage inflammatory protein 2 (MIP-2), TNF-α and interferon γ-inducible protein 10 

(IP-10) mRNAs were up-regulated with peaks at 6 h and five days p.i. RGD-deleted vectors 

induce less early liver inflammation, which is probably due to lower transduction and 

activation in endothelial cells (154). Ad5 TNF-α mRNA levels were higher than when using 

chimeric vectors expressing fibres of types Ad7 or Ad41; the levels of IP-10 and MIP-2 were 

also 10–20 fold higher after infection with the CAR-binding virus Ad5 than after infection 

with the non-CAR-binding chimaeric Ad5. Although there were large differences in vector 

localization and activation of innate immunity, the adaptive immunity cleared the vectors with 

the same kinetics as with the Ad5 virus and the levels of neutralizing antibodies were similar 

(220). Infections by adenovirus species C are common in lungs of patients with chronic 

obstructive pulmonary disease. Adenovirus E1A expression activated nuclear factor-κB (NF-

κB) and increased expression of interleukin-8 (IL-8) and intercellular adhesion molecule-I 

(ICAM-1) as a response to inflammation. Other inflammatory mediators were not elevated. 

NF-κB binds to the promoters of IL-8 and ICAM-1. The copy number of E1A DNA found in 

lung increased with the severity of disease (96, 122, 123). 
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Cancer incidence 

In 2008, there was an estimation of 12.7 million new diagnoses of cancer and 7.6 million 

deaths from cancer in the world (69). These numbers were based on cancer diagnoses and 

deaths for 27 different cancer types. There are differences in the cancer statistics reported 

depending on whether incidence or mortality is emphasized in various parts of the world. 

Lung cancer is the most common cancer form today, both in terms of number of cases (1.61 

million; 12.7% of the total) and mortality (1.38 million; 18.2% of all cases) per year. Breast 

cancer is the second most common form of cancer, with 1.38 million cases. Stomach cancer is 

the second most common cause of death, with 738 000 deaths annually (69).  

In Sweden, there are some differences from the rest of the industrialized world. The number 

of lung cancer diagnoses is lower due to extensive smoking-prevention campaigns. The 

number of diagnosed lung cancer cases was 3,376 in Sweden in 2008, and there were 3,555 

deaths from lung cancer (1).  

Prostate cancer 

Cancer of the prostate is the most prevalent cancer in Sweden. The number of cases is 

expected to increase even further, partly because of a refined PSA screening but mostly 

because of a large increase in the number of men older than 67 years (1). With 930,000 new 

cases globally in 2008, this is the second most frequently diagnosed cancer in men. The 

mortality is around 258,000 annually. Three out of four men are older than 65 when 

diagnosed. The incidence rate is highest in the western world, even when the longer lifespan 

is adjusted for. There are two main reasons for this. Firstly, screening of asymptomatic 

individuals is standard in some countries such as the US. This test reveals numerous prostatic 

cancers in men who would die for other reasons. Secondly, the living conditions differ 

between countries, and have a huge impact on incidence rates. Immigrants moving from low-

risk to high-risk countries show a rapid increase in incidence rates, possibly due to changes in 

diet (69, 191).  

A big issue in the treatment of prostate cancer is the indicators that should be used to identify 

patients who should be treated more aggressively. Localized prostate cancer is sometimes 

treated with radical prostatectomy (where the entire prostate gland and some surrounding 

tissue is removed), and sometimes radiation therapy. An operation often renders the patient 

impotent (among other side effects) and many tumours develop so slowly that it will not 

constitute any threat to the patient during his lifetime (169). In one Scandinavian study on 

early prostate cancer during a median follow-up time of 10.8 years, 32.7% of the patients who 

had been subjected to radical prostatectomy died and 39.8% died in the group assigned to 

watchful waiting. The cause of death due to prostate cancer and not other reasons was 13.5% 

and 19.5%, respectively. The difference in cumulative incidence of recurrence and/or 

progression of disease was 21.7% and 45.6%, respectively (28).  

Growth of prostate cancers is to a high degree dependent on circulating androgens, 

particularly testosterone. The normal treatment of metastatic prostate cancer is by androgen 

deprivation therapy (ADT). Treatment is performed either by medical castration with 

lutenising hormone releasing antagonists or by surgical castration, often in combination with 
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an anti-androgen (229). ADT is effective in suppressing tumour growth, thus controlling 

symptoms, and survival is prolonged. However, the side effects from treatment are substantial 

with loss of muscle mass, impaired concentration, weight gain, reduced libido, hot flushes and 

impotence (225). Many patients also experience that rapid bone loss can be debilitating, and 

they can lead to osteoporotic fractures (139). Bone loss could also be a symptom of disease, 

as more than one third of prostate cancer patients develop osteopenia or osteoporosis (239). 

The rate of bone loss can be slowed down by exercise, diet changes and by treatment with a 

bisphosphonate. The bisphosphonate called zoledronic acid has been shown to reduce bone 

loss and prevent fractures and skeletal damage in men with skeletal metastases (169). 

Androgen ablation normally works for a while, but many advanced metastatic cancers become 

androgen-independent and are thereby not treatable by the conventional methods mentioned 

above. In patients with advanced prostate cancer, the majority gradually become refractory to 

treatment, and after 5 years less than 50% may still be alive (229)  

Colon (and rectal) cancer 

Together, colon and rectal cancers are the second most prevalent in women after breast cancer 

and the third most common in men, at around 10% of all cancers in both sexes worldwide. 

This is the fourth most common fatal malignancy in both sexes, after lung, stomach and liver 

cancer in the world. In 2008, there were around 1.322 million new cases worldwide with 

608,000 deaths annually. This accounts for 8% of all cancer-related deaths. The ratio between 

men and women is 1.4:1 in the world (69, 191). This disease has a rather late onset, with 

around 20% of cases occurring before the age of 50 (248). 

The highest incidence rates are found in North America, Western Europe, Australia, Japan 

and New Zealand, while the lowest numbers of reported cases are encountered in Asia and 

Africa (191). In Sweden, there were 5,886 cases of colorectal cancer and 2,626 deaths in 

2008. Numbers of colon cancer cases have been increasing by 1.5% per year for the last ten 

years. In Sweden, 2,853 women and 3,359 men were diagnosed with colorectal cancer in 

2009, making it the second most common malignancy in both sexes (1). The numbers of cases 

are similar between the sexes in Sweden, but men have an earlier onset and a shorter lifespan. 

Calculated in an age-standardized curve, the incidence ratio between men and women in 

Sweden is similar to that for the entire world. The five-year survival in Sweden is around 60% 

(207).  

The average five-year survival in the world is about 50%. Survival is directly related to how 

early the cancer is diagnosed. The cancers are divided into four different stages: I–IV. In stage 

I, the cancer is confined to the mucosa and submucosa, and the five-year survival is > 90%. 

Stage-IV patients have distant metastases and a five–year survival of 5–8% (100, 168).  

Today, surgery is still the most effective treatment (248). Eighty per cent of patients have no 

macroscopic evidence of residual tumour after primary surgery. Half of them, however, 

develop recurrence of the disease. This is a result of viable tumour cells having metastasized 

before surgery, which are undetectable by current radiological techniques (170).  
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Cytomegalovirus (CMV) infections have been found in 80–90% of colon cancer tissue but not 

in surrounding tissue. CMV is a virus that sustains inflammation and that can induce 

important oncogenic pathways in colon cancer cells (93). A CMV infection activates cellular 

proto-oncogenes, cyclins and kinases that are involved in cell mitogenic pathways and cell 

survival pathways. CMV virus infection also induces the NF-κB transcription factor (115, 

116). The early CMV protein IE84 has been shown to interact with and bind to the tumour 

suppressor gene p53, this binding inhibits p53 in its role as a transcription factor (52, 241). 

Mutations in the adenomatous polyposis coli (APC) tumour suppressor gene on chromosome 

5q are found in more than 80% of sporadic colorectal cancers (183). There is one early-onset 

genetic disorder: the autosomal dominant disorder familial adenomatous polyposis (FAP). 

Germ line mutations in the APC gene are responsible for this disorder. Most families have a 

unique mutation of the gene, often a truncation. Onset is usually between 20–30 years of age 

and almost 100% are affected by the age of 40. Together with another genetic disorder, the 

hereditary non-polyposis colon cancer (HNPCC), FAP is responsible for around 5% of colon 

cancer cases. HNPCC is a autosomal dominant disorder with a penetrance of around 80% 

(170) and a mean age at diagnosis of 45 years (264) The incidence of colon cancer is 3–6 

times higher in immunosuppressed individuals than in people with normal immune defence 

(29). 

5-Fluorouracil has remained the cornerstone chemotherapy for colorectal cancer for over 40 

years. It is a prodrug that is converted intracellularly to various metabolites that bind to the 

enzyme thymidylate synthase, inhibiting synthesis of thymidine, DNA and RNA (168). 

Fluorouracil treatment after surgery in stage-III cancer increases disease-free five-year 

survival from 42% to 58% and overall survival from 51% to 61% (80). 5-Fluorouracil is 

usually administered together with the fluorouracil-stabilizing reduced folate Leucovorin 

(289). Other therapeutic substances that are used include Irinotecan (topoisomerase 1 

inhibitor) and Oxaliplatin (a platinum-based drug) as well as the targeted growth factor 

(EGRF) antagonist Cetuximab and the angiogenesis inhibitor Bevacizumab (168). 

Chemotherapy prolongs survival and considerably improves the quality of life of metastatic 

patients. One-year survival increases from 34-50% and median survival by 3.7 months (3). 

Gene therapy of colon and prostate cancer 

Gene therapy represents a new treatment approach for colon and prostate cancer. It is still at 

the development stage, and preclinical studies are only just being translated into clinical trials. 

Two gene therapy strategies are currently used: gene correction and enzyme-prodrug systems 

(50). A number of studies have been performed that may offer advantages over the use of 

chemotherapeutic agents for treatment of localized disease. 

Below, a few suggested approaches for gene therapy are discussed. 

Vaccinia virus with a deleted thymidine kinase (TK) gene that expressed the fusion suicide 

gene FCU1 was used together with 5-fluorocytosine against human colon cancer tumours, 

Injected subcutaneously and as orthopic liver metastasis in nude mice. A deleted thymidine 

kinase will restrict virus replication to actively dividing cells. The virus was administered 

intravenously, and after addition of the prodrug the growth of the tumour was clearly affected 

(73). 
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In this colon cancer study, an Ad5TK, E1B-55k deleted conditionally replicating adenovirus 

vector was used that expressed the herpes simplex virus type 1 thymidine kinase gene (HSV-

TK), given in combination with ganciclovir (GCV). TK/GCV treatment induces accumulation 

of p53 and increases cell-surface expression of CD95 and tumour necrosis factor receptor. 

Ad5TK alone was as effective as a traditional Ad5TK vector in combination with GCV. The 

addition of GCV significantly enhanced the anti-tumour effect of Ad5TK. The survival of 

HT-29 human colon cancer xenografted mice was prolonged. The additional effect of direct 

viral oncolysis on the HSV-TK/GCV suicide gene system resulted in a striking improvement 

in treatment efficacy (270). 

To increase the ability of the host immune system to recognize and eliminate colon cancer 

cells, different replication-incompetent adenovirus vectors have been used in combination. 

One vector (AdRSV-F) encoded respiratory syncytical virus fusion (RSV-F) protein and the 

other encoded different cytokines, i.e. interleukin IL-2, IL-12, IL-18, IL-21 and granulocyte 

macrophage colony-stimulating factor (GM-CSF). The AdRSV-F alone significantly reduced 

tumour growth by ~67% after two injections into subcutaneous colon cancer tumours in mice. 

All other vectors used showed reduced tumour growth, but to a lesser extent: ~10–47%. 

Combination treatment using AdRSV-F and one of the cytokine vectors reduced growth by 

~92–98% depending on the vector used. Interestingly when only the tumours on the right side 

of the mice were treated, the tumours on the left side also showed a reduction in growth with 

all vector combinations except the treatment using AdIL-2 alone. In mice treated by AdRSV-

F in combination with adenoviruses expressing interleukins, the growth rate of untreated 

tumours was reduced by ~88% for all vector combinations (102). 

A prostate-specific conditionally replicating Ad5 under the control of a prostate-specific 

chimaeric enhancer sequence called PSES has been constructed. The enhancer is a 

combination of the prostate-specific antigen (PSA) and the prostate-specific membrane 

antigen (PSMA). This enhancer showed high prostate-specific activity regardless of androgen 

activity. The adenovirus vector was armed with HSV-TK and the E1, E4 and HSV-TK genes 

under control of the PSES enhancer. Administration of this construct together with GCV 

caused a reduction in tumour growth both in vivo and in vitro. The PSA/PSMA-negative cell 

line DU145 was not inhibited by treatment (9). 

The efficacy of a prostate-restricted replication-competent Ad5 (PRRA) with an insertion of 

the endostatin and angiostatin fusion gene was evaluated in an androgen-independent tumour 

model. Tumour regression was seen in nine out of ten tumours, and after 15 weeks the nine 

tumours were completely eliminated. The progression of the remaining tumour was clearly 

inhibited, with almost no growth during the 26 weeks that the nude mice were studied. The 

skin covering the tumours became dark blue 2–3 weeks p.i., indicating necrosis inside the 

tumours. Five of the tumours showed skin ulceration and bleeding. None of the control 

tumours showed any colouration and all of them developed to a size that was harmful to the 

mice, which had to be sacrificed (148). 
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Carcinoembryonic antigen (CEA-) family molecules 

Carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) 5 and 6 have 

elevated expression in 90% of colon cancers (32, 50). CEACAM5 (formerly known as CEA 

or CD66e) is a monomeric 150-kDa cell-surface glycoprotein, and a member of the 

immunoglobulin superfamily. It functions as a cell adhesion molecule. Many CEACAMs are 

believed to have a role in architectural integrity and secretory mechanisms of glandular 

epithelia, as well as in embryogenesis and perhaps also during tumour development (23, 66, 

166).  

The CEA family consists of 29 genes, 18 of which are expressed and 11 of which are 

pseudogenes. Of these 18 expressed genes, 7 belong to the CEACAM subgroup and 11 to the 

pregnancy-specific subgroup (PSG) (187). The gene family is clustered within 1.8 mb on 

chromosome 19q13,2 (292). All CEACAM subgroup members are membrane-associated 

whereas the PSGs are secreted molecules. CEACAM5, CEACAM1 (formerly known as BGP 

or CD66a) and CEACAM6 (formerly known as NCA or CD66c) in particular are expressed to 

high levels in many human tumours. CEACAM5 is expressed all over the cell membrane in 

cancer tissue whereas it is only expressed apically in normal tissue (92). CEACAM5 can act 

as a marker for tumours of epithelial origin, e.g. colon, stomach, pancreas, lung, ovary and 

breast (40). Combinations of antibodies specific for CEACAM5 and CEACAM7 (formerly 

known as CGM2) can detect a larger proportion of colon carcinoma patients than if only 

CEACAM5 is used: 80% of stage III–IV and 44% of stage I–II. In the colon, 63% of patients 

expressed at least one of the markers while 38% were positive for both (64) despite the fact 

that expression of CEACAM7 can be down-regulated in many colorectal carcinomas. The 

expression pattern on carcinoma cells is different from that on normal cells. CEACAM7 

levels in blood can be higher despite down-regulation of its expression on the cells (92, 244).  

CEACAM1 has the broadest distribution of the CEACAM-family molecules and is expressed 

on a number of different normal epithelia such as in the colon, prostate, liver, stomach, 

pancreas, kidney, cervix, urinary bladder and gall bladder, and also the sweat and sebaceous 

glands. CEACAM1 is also expressed on lymphocytes and granulocytes, and possibly also on 

endothelial cells of some organs (74, 92, 196). CEACAM6 is expressed on epithelia of many 

organs as well as on granulocytes and monocytes (92, 135, 166). CEACAM3 is expressed on 

granulocytes (218). CEACAM5 is expressed on normal tissue such as the apical surface of 

epithelial cells and the goblet cells of normal colon, mucus neck cells and pyloric mucous 

cells in the stomach, and squamous epithelial cells of the tongue, esophagus and cervix. 

CEACAM5 is also expressed on secretory epithelia and duct cells of sweat glands and on the 

epithelial cells of the prostate. The expression usually begins early during the foetal period 

(weeks 9–14) and persists throughout life (179). CEACAM7 has a similar expression pattern 

to that of CEACAM5 but it is down-regulated in many carcinoma cells (92, 129). 

The expression level of the CEACAM-family molecules appears to be related to the level of 

differentiation or maturation of the cells. A comparison between CEACAM5 production in 

normal colonic mucosa and cancerous tissues revealed that approximately the same amount is 

produced (130, 135), with the difference that in normal tissue the CEACAM5 is released into 

the gut from the apical surface at the top of the microvillus, while in colonic cancers large 

amounts are also released into the bloodstream (92). 
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CEACAM should be considered to be a normal component of adult tissue with retained 

expression in tumours. The extent of expression depends on the origin of the cell and the state 

of differentiation of the normal or cancerous cell. Highly differentiated tumour cells express 

the highest levels—mostly CEACAM1 and CEACAM6. CEACAM5-positive tumour 

metastatic tissue appears to express the antigen at the same or higher level as the original 

tumour regardless of the new surroundings (92). CEA levels in blood can often be used as an 

indicator of the severity of disease. The higher the CEACAM5 levels the more aggressive is 

the carcinoma (86). CEACAM5 blood levels are also often used as a monitoring tool to find 

recurrence in operated patients, especially to find the liver metastases that are responsible for 

around one third of metastatic colorectal cancers (18, 66). It is possible that CEACAM5 is 

involved in the innate immune system by binding pathogens at the top of microvilli, thus 

preventing them from reaching and infecting epithelial cells. The CEACAM is then released 

together with mucins when the goblet and epithelial cells are replaced. Escherichia coli and 

Salmonella have been shown to bind to many members of the CEACAM family (145, 146), as 

well as Neisseria meningitidis, Neisseria gonorrhoeae and Moraxella catarrhalis (39, 101, 

174, 272). 

CEACAM3 is involved in the recognition of and binding to human pathogens, and promotes 

phagocytosis of them by stimulation of the Rac GTPase (218). Upon treatment of colon 

carcinoma cells with interferon-γ, the levels of CEACAM1, CEACAM5 and CEACAM6 (but 

not of CEACAM7) were up-regulated. None of the CEACAMs tested reacted to stimulation 

by interleukin-1β, lipopolysaccaride or live E. coli (67). 
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Aims 
 

Most commonly used adenoviral vectors are based on Ad5. The infectivity and propagation of 

this virus is very effective in cell lines, but the problems are many. The seroprevalence is high 

in most populations, which makes the vector ineffective 

. CAR, the major receptor, is trapped in tight junctions and its expression is down-regulated in 

many types of cancer. Ad5 also has a preference for infecting the liver, which causes 

hepatoxicity if injected intravenously. In contrast, Ad11p has a low seroprevalence, it uses 

two receptors that are highly expressed in most cancer types, and the genome of Ad11p is 

1,141 base pairs shorter than that of Ad5 (163). 

The aims of this study were  

 To determine whether this shorter genome of Ad11p would allow insertion of a GFP-

expressing gene into the genome without disturbing the integrity of the virus capsid 

and viral function. 

 

 To compare the infection efficacy of Ad11p with that of other adenoviral serotypes 

in colon cancer and to find out if there is any difference between Ad11 and Ad5 

regarding cytotoxicity in CEA-positive cells. 

 

 To compare the cytolytic effects in cell culture and the oncolytic effects in nude mice 

of a complete replicating Ad11p vector and the wild-type Ad11 virus in cells derived 

from prostate cancer and colon cancer. 
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Results and Discussion 
 

Construction of the RCAd11pGFP vector 

This vector is the first one to be constructed with a quite large insert that does not appear to 

interfere with virus replication. The vector was made by homologous recombination in E.coli. 

Briefly, a 1,729-bp fragment containing the GFP gene, a CMV promoter and a SV40 poly-A 

sequence were placed in trans into position (Ad11p) 451 bp of a pUC19 plasmid containing 

the left and right terminal sequences of Ad11p. The insertion is between the packaging 

enhancer and the E1A promoter. By homologous recombination between Ad11p DNA and 

this plasmid in E.coli strain BJ5183, a 39-kb plasmid was produced (Paper I Fig. 1). This 

plasmid was used to transfect A549 cells using lipofectamine, and produced the 

RCAd11pGFP vector. 

According to the published genome sequence of Ad11p, the Ad11p genome is 1,141 bp 

shorter than Ad5 genome (163). This made it possible for the enlarged genome to fit into the 

virus capsid. This kind of insertion has so far not been achieved in the commonly used Ad5 

vector. It may even be impossible, due to the size of the capsid. The virus titres of 

RCAd11pE1GFP are comparable to those of the wild-type Ad11p virus, as is the MOI. The 

only detectable difference between virus infection using the wild-type virus and the vector 

appears to be that the infected cells shine green.  

The RCAd11pE3GFP was constructed with deletions of the E3 20.3K and 20.6 K ORFs 

(Paper 1 Fig. 1B). The GFP gene with CMV promoter was inserted in place of the deleted 

genes, and in the same orientation as the E3 promoter. Three cleavage sites and one Cre-lox 

site were incorporated into the vector to allow future modifications of the vector. 

GFP expression of the vector 

The ability of RCAd11pE1GFP to express GFP was seen in many cell lines. The GFP gave a 

strong signal in all the cell lines tested that wild-type Ad11p normally infects (Paper I Fig. 2 

and Paper II Fig. 2). 

It was important to assess how early the transfected GFP gene was expressed in the 

RCAd11pE1GFP- and RCAd11pE3GFP-infected cells. By measuring GFP expression every 

2 h p.i., we found that we could detect faint expression as early as 4 h p.i. and that the 

Ad11pE1vector induced fluorescence that was double that of the Ad11pE3 vector at each time 

point up to 24 h p.i. The GFP expression by Ad11pE1GFP was easy to see in a fluorescent 

microscope 5 h p.i. (Paper 1 Fig. 2E). 

In an additional experiment, it was shown that expression of GFP by RCAd11pE1GFP was 

stable for at least 7 days in cells blocked in 2% paraformaldehyde (PFA). The geometric mean 

fluorescence decreased approximately 10% during the 7 days. The number of positive cells 

shifting from positive to negative was under 1% (data not shown).  
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Expression of surface molecules 

A549 cells expressed a lower amount of CD46 than the colon-derived cell lines but showed 

the highest RCAd11p-mediated GFP expression. There was apparently an excess of CD46 

molecules in the colon cancer cells studied (Paper II Fig. 1B). In the prostate cell lines, 

however, the level of CD46 was lower and appears to have had an impact on the 

permissiveness to Ad11p infectivity and propagation. The level of CD46 expression in the 

prostate cell lines corresponded well with the level of GFP expression in the infected cells. In 

colon-derived cells, no correlation between CD46 levels and transduction efficiency was 

found. 

The capacity of the virus to infect and replicate did not appear to be affected by the cellular 

p53 status of the prostate cells tested (Paper III Table 1). The virus uptake was αv integrin-

dependent since anti αv integrin antibody inhibited virus uptake by all cell lines tested (Paper 

III Fig. 3E). The LNCaP cells expressed very low levels of integrins αvβ3 and αvβ5, and they 

were also the cells that showed the lowest degree of permissiveness to infection by the Ad11p 

vector. This study was not performed on colon cancer cells, but there was no correlation 

between αv integrin levels and transduction efficiency. All colon and prostate cells, together 

with A549, had an equal amount of CAR expression—except for PC-3 which had low 

expression. A polyclonal antibody directed at CD46 was able to block infection of prostate 

cells by approximately 20% in all cell lines. This was an expected result, albeit a little low as 

the Ad11p is known to use desmiglein-2 in addition to CD46 (222). Ad3 has been shown to 

use CD80 and CD86 as attachment receptors (233). None of these surface molecules were 

found on any of the cells. 

Infection studies 

The GFP was expressed as an early protein while expression of the late hexon protein was 

used as an indicator of expression in the wild-type adenovirus. Thus, GFP expression by the 

vector is not really comparable to the anti-hexon FITC conjugated antibody that measure 

hexon expression from wild-type virus.  

The ability of five different wild-type adenoviruses from species B, C and F to infect four 

different colon carcinoma cells and A549 was evaluated by FACS assay (Paper II Fig. 1A). 

At 24 or 48 h p.i., the species B adenoviruses Ad11p, Ad11a and Ad 35 infected the human 

colorectal carcinoma cells with similar efficacy. The proportion of virus-infected cells 

reached a high level within 24 h of infection, and then only increased to a limited extent 

between 24 and 48 h. The CAR-binding adenovirus Ad5 (of species C) had a different 

infection pattern. The extent of hexon expression in the species B viruses was higher than in 

Ad5 24 h p.i., but a similar level was reached after 48 h; thus, the Ad5 had a delayed onset of 

viral hexon production in comparison to species B adenoviruses. Ad41 (species F), which 

normally infects the small intestine was, as expected, poorly expressed in all the cell lines 

tested. Ad41 lacks the RGD integrin-binding domain in the penton base and has shown poor 

internalization and replication in previous studies (11). Ad41 is shed in faeces, so it is 

normally in contact with the colon and we wanted to determine whether Ad41 has any affinity 

for colon carcinomas. This was not the case. 
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The potential of RCAD11pGFP as a therapeutic vector for four types of metastatic prostate 

cancer was assessed using cell lines. Earlier studies with the aim of treating these malignances 

using CAR-binding vectors were not successful, due to down-regulation of CAR in advanced 

prostate malignancies (200). The RCAd11p vector infected all the prostate cell lines tested 

and replicated well in them. The level of GFP expression did not change significantly between 

24 and 48 h in HEK293, PC-3 and DU145 cells. The expression of GFP was higher in PC-3 

and DU145 than in the androgen-dependent LNCaP cells (Paper III Fig. 2). 

There was a large difference in the proportion of GFP-expressing cells between the six colon 

cell lines infected with RCAd11pGFP. Cell lines SW480 and RKO had the highest numbers 

of infected cells at all concentrations of vector; the HCT-8, LS 174T and HT-29 lines were 

intermediate; and the T84 line had a low proportion of infected cells. Even at high 

concentrations of vector, the proportion of infected cells never exceeded 50%. The control 

A549 cell line had the highest expression of all (Paper II Fig. 3B)  

Replication 

The correlation between infection and replication appears to be week  

The amount of cells infected in a primary infection is a poor measure of how fast the infection 

will spread and kill all the cells in vitro.We have seen here that the replication capacity of a 

cell line is at best weekly correlated with replication and secondary infection in that cell line. 

Thus, we have T84, which has a low primary infection percentage but a high level of 

replication, and HCT-8 and RKO, which are easily infected but produce fairly low amounts of 

progeny virus. These findings were confirmed in three different sets of experiments. 

In the 12-day cytolytic efficacy study, HT29 and T84 cells—which showed the lowest 

proportion of infected cells 24 and 48 h p.i.—revealed a strong cytolytic effect over time. HT-

29 and T84 cells were more susceptible to Ad11p and RCAd11pGFP than LS 174T and HCT-

8 cells. These results were confirmed in a cell proliferation kit (XTT) experiment over 8 days 

(Paper II Fig. 3A, B). The XTT results showed that the viability of HCT-8 and LS 174T cells 

was almost unaffected at vector concentrations under 0.1 pg/cell (MOI of 5), probably 

because the uninfected cells divide and take up the space after the infected cells have lysed.  

One-step replication was used to more exactly compare Ad5 to Ad11p and the vector 

RCAd11pGFP in colon cells. The cells were infected with 80 ng of virus per well in a 24-well 

plate. The medium together with cells was harvested daily and after freeze thawing (and serial 

dilution) used to re-infect A549 cells. Interestingly, the level of infection using Ad5 differed 

from that with Ad11p. The level of replication infecting with Ad5 was similar in the HT-29, 

T84 and HCT-8 cells, and SW480 had the highest level and RKO the lowest. Both of the 

latter two cell lines express low levels of CEACAM6. Replication of Ad5 was lower than 

replication of Ad11p in HT-29 and RKO cells, equivalent in T84 and SW480 cells and higher 

in HCT-8 cells. In general, the levels of replication were more even in the different cell lines 

using Ad5 than using Ad11p and RCAd11pGFP (Paper IV Fig.1 and Table 1).  
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A similar study was done using prostate-derived cells, with different results. The virus DNA 

content was measured in cells 24, 48 and 72 h p.i. RCAd11p replication was equally efficient 

in A549 and PC-3 cells and reached a high level. DU145 and LNCaP cells showed a moderate 

level of virus DNA replication whereas LNCaP cells supported only limited replication of 

RCAd11p DNA 48 and 72 h p.i. (Paper III Fig. 2, 4) These results indicated that there were 

clear differences in the ability of the virus to induce replication in different cell lines. Some 

cell lines produced large quantities of virus particles whereas others were more refractory to 

production of virus. The cytolytic effect induced in the different cell lines was measured at 6 

days p.i. and was in accordance with the transduction of cells at 48 h p.i. and the levels of 

virus DNA produced in the cells. 

These results demonstrated that the RCAd11pGFP vector can infect carcinoma cells and 

induce rapid replication and secondary infection.  

 

Figure 6. Neutralization test using the RCAd11pE1GFP vector and five antisera from hyper-immunized rabbits 

and one human serum. Different dilutions of antiserum to different adenovirus components and virions were 

mixed for 1 h at 37
o
C and added to the cell medium. One hour p.i., the cells were washed and new medium was 

added. After 24 h, the cells were detached with trypsin and fixed in 2% PFA.  

Neutralization  

Pre-existing neutralizing antibodies in a patient may affect the outcome of in vivo therapy; 

thus, an antibody evaluation is necessary before starting treatment using an adenovirus vector 

(5). Due to the possibility of blocking antibody, the amounts of type-specific neutralizing 

antibodies in the serum of a patient must be assessed (275). A commonly used neutralization 

array is time-consuming and laborious. The aim of this study was to determine whether the 

RCAd11pE1GFP vector would be neutralized in the same way as the wild-type Ad11p virus, 

and to assess whether the RCAd11pE1GFP vector could be used to perform a quick and more 

inexpensive neutralization test. The results obtained showed, as expected, that neutralizing 

antibodies to Ad11p bound to the RCAd11pE1GFP vector with high affinity. The test was 

easy to perform since no antibodies or dye was needed for assessment of the result.  
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One goal was to use the vector for infection studies, and the infection properties of the virus 

were therefore of interest. Vector propagation was challenged in the presence of five different 

antisera from hyper-immunized rabbits and one Ad11p-positive human serum in A549 and 

293 cells. The results of the neutralization test in 293 cells were similar to that in A549 cells 

(Paper I Fig. 2E and Fig. 6).  

Antibodies to the Ad11p fibre knob inhibited adenovirus infection effectively but could not 

entirely eliminate it. The number of infected cells was stable at around ten per cent between 

1:50 and 1:3200 dilutions of antibody. This is an indication that the Ad11p virus has a non 

fiber knob dependent binding site to A549 and 293 cells in vitro. Inhibition of infectivity 

using rabbit antibodies to Ad7 dodecons was consistent with the results of earlier studies that 

tried to block Ad11p infection using Ad3 virions (222). The human serum only inhibited 

infection by 25% at a dilution of 1:200. Rabbit antisera to Ad11p hexon and dodecon were 

both able to block infection totally, but at a lower dilution of antibody than with the antibody 

to wild-type Ad11p virus. This, together with the idea that anti-fibre knob could not block 

infection totally, would indicate that the Ad11p virus has a low-affinity binding site on the 

penton base or the fibre in addition to the normal CD46 or desmoglein-2 binding, accounting 

for the 10% infection seen in neutralization tests with anti-fibre knob. 

CEACAM 

Patients with metastatic colorectal cancer have frequently been found to have elevated 

CEACAM levels in serum (18, 66). In a preliminary study, we used a polyclonal rabbit 

antibody directed against the whole CEACAM family. HT29 and T84 cell surfaces expressed 

the highest amounts of CEACAM molecules and had the lowest proportions of infected cells 

24 and 48 h p.i. On the other hand, LS 174T and HCT-8 cells had lower levels of CEACAM 

and a higher proportion of infected cells. When it came to replication and cytolytic effect, 

however, the results were reversed (Paper II Table 1). Levels of CEACAM-family molecules 

as such are most likely unrelated to infectivity of RCAd11pE1GFP or wild-type Ad11p. High 

levels of CEACAM surface expression may inhibit infection by steric hindrance. However, 

the high levels of CEACAM-family members on the surface of colon carcinoma cells suggest 

that there is a high level of secondary spread and a high cytolytic effect in vitro.  

Based on these results, three monoclonal antibodies to CEACAM1, CEACAM5 and 

CEACAM6 were obtained for further investigation. Investigations of CEACAM1 and 

CEACAM5 were abandoned because of very low levels of expression using the antibodies. 

Whether these antibodies were dysfunctional or whether there were no CEACAM1 or 

CEACAM5 molecules on the cells is not known. 
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Replication of Ad5 has previously been shown to be inhibited by the presence of CEACAM6 

in the cells. This is partly due to down-regulation of the cytoskeleton proteins and therefore 

blocking of adenovirus transport to the nucleus (262). High levels of CEACAM6 have been 

shown to be a prognostic factor of poor outcome in colorectal cancer (111) Antibodies to 

CEACAM6 have been shown to reduce the level of cell migration and cell invasion in vitro 

(32). 

We performed a screen with six cell lines to find out which expressed the highest amount of 

CEACAM6. T84 and HT-29 stood out with high expression, whereas HCT-8 and SW480 had 

low amounts and LS174T and RKO had almost no CEACAM6 at all. There is a clear up-

regulation of the levels of CEACAM6 in cells infected with Ad11p and RCAd11pGFP in 

comparison to uninfected cells. This difference it not seen in Ad5-infected cells, where the 

levels of CEACAM6 are the same in infected and uninfected cells.  

Summary CEACAM6

Infection

• High

RKO, SW480

• Intermediate

Caco2, HT-29, HCT-8, LS174T

• Low

T84

Replication

• High

SW480, HT-29

• Intermediate

RKO, T84

• Low

HCT-8, LS174T

High levels

T84, HT-29, Caco2

Low levels

SW480, RKO, HCT-8, LS174T

 

Figure. 7: Summary of the findings on CEACAM6. The infection and replication results are 

based on infection with RCAd11pGFP. 

The replication levels using Ad11p do not appear to differ between cell lines expressing high 

and low levels of CEACAM6. The differences found seemed to be individual and not related 

to CEACAM6 levels. The highest replication was seen in HT-29 cells with high CEACAM6 

expression, and in LS174T with low CEACAM6 expression. And the lowest replication was 

seen in HCT-8 cells with a low level of CEACAM6 expression (Paper IV Fig. 1).  

To determine whether lower amounts of CEACAM6 would increase infection, cells were 

treated with siRNA against CEACAM6. The infection and replication did not appear to be 

affected by inhibition of CEACAM6 expression by 80–90%. If anything, a small but not 

statistically significant decrease in infection was seen in the siRNA-treated cells with 

infection using Ad11pE1GFP vector. Whether an increase in infection and replication would 

occur with no CEACAM6 in the cells is not known. 
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The level of CEACAM6 is increased in infected cells 

Even in cells that have low levels of CEACAM6, there is a clear increase in CEACAM6 

expression upon infection using Ad11p or the RCAd11pGFP vector. This up-regulation was 

also seen in cells after siRNA treatment. Interestingly, such up-regulation is not seen upon 

infection with Ad5. What effect this up-regulation has on the virus infection capacity and 

replication is not clear. We could see a weak, not statistically significant decrease in infection 

in cells treated with siRNA and infected with RCAd11pGFP, but as there was no difference in 

replication capacity. We can concur that this up-regulation of CEACAM6 upon infection 

using Ad11p or RCAd11pGFP does not affect infection capacity in a negative way, and 

probably not replication either.  

As high levels of CEACAM6 can be used as a marker of disease level, our concern was that 

more advanced stages of cancer would be more difficult to treat using adenoviral vectors than 

stage I-II cancers . This appears to be incorrect, as infection and replication in different cell 

lines does not correlate with the amount of CEACAM6 found on the cell surface. 

Animal experiments 

Tissue-specific replicative Ad5 vectors with E1A insertion have been shown to be more 

efficient vectors in xenograft nude mouse models than defective Ad5 vectors (212). In this 

work, we assessed the oncolytic capacity of RCAd11pGFP in vivo with tumours formed from 

colonic and prostatic cancer cells. Nude mice were injected with HT-29, T84 or PC-3 cells 

subcutaneously in a xenograft model. We evaluated the transduction efficiency and oncolytic 

effect of the vector in vivo (Paper II Fig. 5 and Paper III Fig. 6).  

The growth of the tumours was clearly inhibited after injecting the virus. There were no 

obvious differences between the RCAd11pE1GFP and the wild-type Ad11p virus in their 

ability to inhibit tumour growth. The tumours were inhibited most effectively in the first 3–4 

weeks. Although some of the virus-injected tumours were still growing after virus injection, 

the conformation of the tumour changed. Some areas where shrinking while others developed 

rapidly. This could mean that the virus actually killed the cells available in the infected area of 

the tumour while the uninfected areas were developing like the control tumours. Based on 

this, a second injection 2–3 weeks after the first injection and into the areas of the tumour that 

are growing would be interesting to perform.  
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Figure. 8: Neutralization test on mouse blood taken 6 weeks after inoculation of the xenograft mice using 

RCAd11pGFP. The graphs show results of the neutralization test using mouse serum in different dilutions. The 

filled blue lines represent the uninfected control mice and the black lines represent RCAd11pE1GFP-injected 

mice. The percentage of positive cells was evaluated by FACS analysis and the result is presented as the mean of 

two independent experiments.  

Another reason for reduced inhibition of tumour growth could be that the immune defence 

found in the mice would neutralize most of the released virions and inhibit further infection of 

tumour cells (Fig. 8). Sera from intra-tumorally injected mice 6 weeks p.i. neutralized 

RCAd11pGFP infection of A549 cells in vitro at a titre of 50 or above. Whether this would be  

sufficient to stop the dissemination of replicating RCAd11pE1GFP and to hamper the 

capacity to limit the growth of the tumour cells is not known. 
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Conclusions 
 

The construction of a new replication-competent Ad11p vector is presented. The vector has an 

insert of 1,729 bp in the E1A region without any deletion of virus genes. No interference with 

the efficiency of replication was seen. 

This vector provides a novel approach for assessment of adenovirus neutralization antibodies. 

The protocol with GFP as a marker of infection is simple, quick and economic.  

The species B adenoviruses including RCAd11pE1GFP efficiently infect colorectal 

carcinoma cells whereas the cells are refractory to infection by Ad41 of species F. Expression 

of Ad5 (of species C; a CAR-binding virus) was delayed relative to that of the species B 

adenoviruses. 

This study showed that highly oncogenic colon and prostate cancer cell lines are effectively 

lysed by the RCAd11pGFP vector.  

Levels of CD46 expression were decisive for infection of metastatic prostate cancer cell lines 

but not for colon cancer cells due to the high levels of CD46 in all cell lines investigated.  

There was no direct correlation between transduction and cytolytic effect of  the 

RCAd11pGFP vector in the colorectal carcinoma cells. T84 and HT-29 had quite a low 

infection ability but had high replication capacity, whereas HCT-8 and LS174T were easy to 

infect but produced low amounts of progeny virions. 

The extent of expression of CEA on the colorectal tumour cells in cell culture was more 

correlated with the cytolytic effect of the adenovirus vector than that of other surface 

molecules investigated.  

Infection and replication do not appear to be affected by 80–90% inhibition of CEACAM6 

expression due to siRNA. If anything, a small but not statistically significant decrease in 

infection was seen in the siRNA-treated cells using the Ad11pE1GFP vector. The levels of 

CEACAM6 increased in Ad11pE1GFP infected cells but not in cells infected with Ad5. 

Injection of RCAd11pGFP or wild-type Ad11p into xenograft mice clearly inhibited tumour 

growth in two colon cancer-derived cell lines (HT-29 and T84), and in one prostate-derived 

cell line (PC-3). Highly necrotic areas were found upon resection of the virus injected 

tumours.  
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Future work 
 

We need to finish the work with CEACAM6 and complete the study on replication in siRNA-

treated cells. To test the vector in a cell with complete lack of expression of CEACAM6 

would answer the question of whether CEACAM6 has any effect on Ad11p intracellular 

trafficking, in the same manner as with Ad5 (262).  

We would like to determine whether a second injection of vector into the mouse model 2–3 

weeks after the first injection might give an even stronger inhibition of tumour growth. 

The next step is to exchange the viral E1A promoter to a cancer-specific promoter such as the 

human telomerase reverse transcriptase (hTert) or survivin promoter to create a specifically 

replicating virus that will not replicate in normal tissue but still be effective against the 

malignant target cells. Furthermore, the GFP expression cassette should be replaced with a 

cell toxic gene or an angiogenesis inhibitor to enhance the vector’s efficiency against rapidly 

replicating tumour cells.  

  



 

55 

 

 

Acknowledgements 
 

I would like to express my gratitude to the people that have contributed to this thesis. It would 

not have been possible without the help from a lot of people both at virology and at home. 

Thereby I want to thank the following persons. 

First of all I want to thank my supervisor Ya-Fang Mei. What can I say; it has been really fun 

working with you this time. And I have really learned a lot from you and also realized that 

science is hard work and without your drive and support many of my experiments would not 

have been performed or at least not performed correctly.  

Mina bihandledare: professor Göran Wadell för alla råd om intressanta nya försök och all 

hjälp med skrivningen av denna avhandling. Det har varit mycket lärorikt och jag skulle aldrig 

klarat det utan din hjälp. Tack också för att du hittade ett jobb åt mig under tiden mellan licen 

och när jag kunde antas som doktorand. Richard Palmqvist för stöd och hjälp med 

cancerdelen och övrig korrekturläsning samt ett allmänt trevligt och uppmuntrande sätt. Mari 

Norgren för att du styrde upp avhandlingsarbetet och de ändlösa timmar du lagt på att rätta 

mina texter.  

Jag vill speciellt tacka Kickan och Karin för all hjälp med metodbeskrivningar och olika 

virusfakta. Det är skönt att alltid ha någon att komma med konstiga frågor till och som alltid 

tar sig tid att svara.  

Katrine för att du har kunnat hålla ordning på allt administrativt under dessa år. Inte minst 

strulet för några år sedan med alla mina konstiga anställningar och tiden med licningen. Jag är 

verkligen imponerad! Sedan ber du om ursäkt för att du inte har tid att hjälpa till med att duka 

till festen för att det är så mycket administrativt när någon disputerat. Du har varit väldigt 

viktig för mig den här tiden. 

Bakthiar for being the best student a supervisor can have, almost too good sometimes. It was 

hard keeping you busy at times and you asked a little too much about stuff I did not know 

about. Congratulations to the position in Bangladesh! 

Priya and Praven, for the fun we had at the lab and during the trips we made. It was really 

fun hearing new and interesting stuff about India and the hundreds of strange gods there. 

Alla övriga kollegor jag haft nöjet att lära känna och arbeta tillsammans med. Ni är en stor del 

i att jag har trivts så bra på virologen under dessa år. Av vilka jag nämner några: Emma N, 

Jonas, David, Emma A, Cissi, Mari, Maria, Rickard, Carin, Fredrik, Niklas, Magnus, 

Annika, Anna, Lars, Jan, Maj, Iréne, Ingrid, Nahla, Annasara, Mårten, Dan, Lisa, 

Johanna, Julia och Urban. Och några disputerade ‖gamlingar‖ som lämnat oss för många år 

sedan nu Peter och Johan. Vissa disputerade som Marko och Nitesh, blir man däremot 

aldrig riktigt av med ;).  

Thanks for all the fun I have had spoiling time around the ―plump‖ table. You know who you 

are. It has been a great way of relaxing from hard work and it creates some new energy. At 



 

56 

 

 

some times it even fulfills some of my competitive needs. Not to the same extent as for Rolf 

of cause, but still. 

Personalen på landstinget för alla upptåg och den allmänt goda stämningen i lunchrummet och 

på fester. 

Thanks to all the summer students, exam workers and all the others people that have lightened 

up the atmosphere in the lab and made it an interesting place to be. 

The innebandy gang that kept me somewhat in shape the last couple of years, when I have 

been too lazy to exercise by myself. It has been hard work fitting it in to my schedule, but 

totally worth it. Except sometimes the next day when I have to go backwards to get down the 

stairs. 

Mina vänner Simon och Marie för fester, middagar och filmkvällar under de här åren. 

Samuel för att du aldrig upphör att förvåna med konstiga påhitt och lördagarna med folköl 

och Tv-spel. Och att du dyker upp med en ny trevlig tjej nästan varje gång vi träffas. 

Magnus med familj för de gånger ni bjudit oss på middag och för alla fisketurer. Det är skönt 

att få komma ifrån ibland. Henke för din humor och för bilden på fram och baksidan 

Min familj som stöttat mig dessa år och bjudit mig på middag och fester vid otaliga tillfällen. 

Mamma och pappa som åker på att hålla jul i år igen. Jag har ju så mycket att göra med 

avhandlingen, lix! Sofia och Ralf för att ni finns och för att jag har fått en systerdotter. 

Anna du är den jag stöttat mig mot de senaste 15 åren. Sjukt att det är så länge! Det är i alla 

fall du som fått ta all frustration och besvikelse jag känt. Inget hade fungerat utan ditt stöd. 

Även om stödet varit lite kontraproduktivt ibland. Det är helt enkelt roligare att vara med dig 

än att sitta och skriva ensam på kontoret. Jag älskar dig. 

  



 

57 

 

 

References 
 

1. 2011. Cancerfondsrapporten 2011, cancerfonden. 

2. 1998. Civilian outbreak of adenovirus acute respiratory disease--South Dakota, 1997. MMWR 

Morb Mortal Wkly Rep 47:567-70. 

3. 2000. Palliative chemotherapy for advanced or metastatic colorectal cancer. Colorectal Meta-

analysis Collaboration. Cochrane Database Syst Rev:CD001545. 

4. 2001. Two fatal cases of adenovirus-related illness in previously healthy young adults--

Illinois, 2000. MMWR Morb Mortal Wkly Rep 50:553-5. 

5. Abbink, P., A. A. Lemckert, B. A. Ewald, D. M. Lynch, M. Denholtz, S. Smits, L. 

Holterman, I. Damen, R. Vogels, A. R. Thorner, K. L. O'Brien, A. Carville, K. G. 

Mansfield, J. Goudsmit, M. J. Havenga, and D. H. Barouch. 2007. Comparative 

seroprevalence and immunogenicity of six rare serotype recombinant adenovirus vaccine 

vectors from subgroups B and D. J Virol 81:4654-63. 

6. Abou El Hassan, M. A., I. van der Meulen-Muileman, S. Abbas, and F. A. Kruyt. 2004. 

Conditionally replicating adenoviruses kill tumor cells via a basic apoptotic machinery-

independent mechanism that resembles necrosis-like programmed cell death. J Virol 

78:12243-51. 

7. Abrahamsen, K., H. L. Kong, A. Mastrangeli, D. Brough, A. Lizonova, R. G. Crystal, 

and E. Falck-Pedersen. 1997. Construction of an adenovirus type 7a E1A- vector. J Virol 

71:8946-51. 

8. Aghi, M., and R. L. Martuza. 2005. Oncolytic viral therapies - the clinical experience. 

Oncogene 24:7802-16. 

9. Ahn, M., S. J. Lee, X. Li, J. A. Jimenez, Y. P. Zhang, K. H. Bae, Y. Mohammadi, C. Kao, 

and T. A. Gardner. 2008. Enhanced combined tumor-specific oncolysis and suicide gene 

therapy for prostate cancer using M6 promoter. Cancer Gene Ther. 

10. Alba, R., A. C. Bradshaw, A. L. Parker, D. Bhella, S. N. Waddington, S. A. Nicklin, N. 

van Rooijen, J. Custers, J. Goudsmit, D. H. Barouch, J. H. McVey, and A. H. Baker. 
2009. Identification of coagulation factor (F)X binding sites on the adenovirus serotype 5 

hexon: effect of mutagenesis on FX interactions and gene transfer. Blood 114:965-71. 

11. Albinsson, B., and A. H. Kidd. 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 

64:125-36. 

12. Amstutz, B., M. Gastaldelli, S. Kalin, N. Imelli, K. Boucke, E. Wandeler, J. Mercer, S. 

Hemmi, and U. F. Greber. 2008. Subversion of CtBP1-controlled macropinocytosis by 

human adenovirus serotype 3. EMBO J 27:956-69. 

13. Armentano, D., M. P. Smith, C. C. Sookdeo, J. Zabner, M. A. Perricone, J. A. St George, 

S. C. Wadsworth, and R. J. Gregory. 1999. E4ORF3 requirement for achieving long-term 

transgene expression from the cytomegalovirus promoter in adenovirus vectors. J Virol 

73:7031-4. 

14. Armentano, D., J. Zabner, C. Sacks, C. C. Sookdeo, M. P. Smith, J. A. St George, S. C. 

Wadsworth, A. E. Smith, and R. J. Gregory. 1997. Effect of the E4 region on the 

persistence of transgene expression from adenovirus vectors. J Virol 71:2408-16. 

15. Arnberg, N., K. Edlund, A. H. Kidd, and G. Wadell. 2000. Adenovirus type 37 uses sialic 

acid as a cellular receptor. J Virol 74:42-8. 

16. Arnberg, N., A. H. Kidd, K. Edlund, F. Olfat, and G. Wadell. 2000. Initial interactions of 

subgenus D adenoviruses with A549 cellular receptors: sialic acid versus alpha(v) integrins. J 

Virol 74:7691-3. 

17. Bailey, C. J., R. G. Crystal, and P. L. Leopold. 2003. Association of adenovirus with the 

microtubule organizing center. J Virol 77:13275-87. 



 

58 

 

 

18. Bakalakos, E. A., W. E. Burak, Jr., D. C. Young, and E. W. Martin, Jr. 1999. Is carcino-

embryonic antigen useful in the follow-up management of patients with colorectal liver 

metastases? Am J Surg 177:2-6. 

19. Baldwin, A., H. Kingman, M. Darville, A. B. Foot, D. Grier, J. M. Cornish, N. Goulden, 

A. Oakhill, D. H. Pamphilon, C. G. Steward, and D. I. Marks. 2000. Outcome and clinical 

course of 100 patients with adenovirus infection following bone marrow transplantation. Bone 

Marrow Transplant 26:1333-8. 

20. Barilla-LaBarca, M. L., M. K. Liszewski, J. D. Lambris, D. Hourcade, and J. P. 

Atkinson. 2002. Role of membrane cofactor protein (CD46) in regulation of C4b and C3b 

deposited on cells. J Immunol 168:6298-304. 

21. Bayo-Puxan, N., M. Cascallo, A. Gros, M. Huch, C. Fillat, and R. Alemany. 2006. Role of 

the putative heparan sulfate glycosaminoglycan-binding site of the adenovirus type 5 fiber 

shaft on liver detargeting and knob-mediated retargeting. J Gen Virol 87:2487-95. 

22. Bellet, D. H., J. R. Wands, K. J. Isselbacher, and C. Bohuon. 1984. Serum alpha-

fetoprotein levels in human disease: perspective from a highly specific monoclonal 

radioimmunoassay. Proc Natl Acad Sci U S A 81:3869-73. 

23. Benchimol, S., A. Fuks, S. Jothy, N. Beauchemin, K. Shirota, and C. P. Stanners. 1989. 

Carcinoembryonic antigen, a human tumor marker, functions as an intercellular adhesion 

molecule. Cell 57:327-34. 

24. Bergelson, J. M., J. A. Cunningham, G. Droguett, E. A. Kurt-Jones, A. Krithivas, J. S. 

Hong, M. S. Horwitz, R. L. Crowell, and R. W. Finberg. 1997. Isolation of a common 

receptor for Coxsackie B viruses and adenoviruses 2 and 5. Science 275:1320-3. 

25. Bergelson, J. M., A. Krithivas, L. Celi, G. Droguett, M. S. Horwitz, T. Wickham, R. L. 

Crowell, and R. W. Finberg. 1998. The murine CAR homolog is a receptor for coxsackie B 

viruses and adenoviruses. J Virol 72:415-9. 

26. Bernfield, M., M. Gotte, P. W. Park, O. Reizes, M. L. Fitzgerald, J. Lincecum, and M. 

Zako. 1999. Functions of cell surface heparan sulfate proteoglycans. Annu Rev Biochem 

68:729-77. 

27. Bhattacharyya, M., J. Francis, A. Eddouadi, N. R. Lemoine, and G. Hallden. An 

oncolytic adenovirus defective in pRb-binding (dl922-947) can efficiently eliminate pancreatic 

cancer cells and tumors in vivo in combination with 5-FU or gemcitabine. Cancer Gene Ther 

18:734-43. 

28. Bill-Axelson, A., L. Holmberg, F. Filen, M. Ruutu, H. Garmo, C. Busch, S. Nordling, M. 

Haggman, S. O. Andersson, S. Bratell, A. Spangberg, J. Palmgren, H. O. Adami, and J. 

E. Johansson. 2008. Radical prostatectomy versus watchful waiting in localized prostate 

cancer: the Scandinavian prostate cancer group-4 randomized trial. J Natl Cancer Inst 

100:1144-54. 

29. Birkeland, S. A., H. H. Storm, L. U. Lamm, L. Barlow, I. Blohme, B. Forsberg, B. 

Eklund, O. Fjeldborg, M. Friedberg, L. Frodin, and et al. 1995. Cancer risk after renal 

transplantation in the Nordic countries, 1964-1986. Int J Cancer 60:183-9. 

30. Bischoff, J. R., D. H. Kirn, A. Williams, C. Heise, S. Horn, M. Muna, L. Ng, J. A. Nye, A. 

Sampson-Johannes, A. Fattaey, and F. McCormick. 1996. An adenovirus mutant that 

replicates selectively in p53-deficient human tumor cells. Science 274:373-6. 

31. Blair, G. E., and M. E. Blair-Zajdel. 2004. Evasion of the immune system by adenoviruses. 

Curr Top Microbiol Immunol 273:3-28. 

32. Blumenthal, R. D., H. J. Hansen, and D. M. Goldenberg. 2005. Inhibition of adhesion, 

invasion, and metastasis by antibodies targeting CEACAM6 (NCA-90) and CEACAM5 

(Carcinoembryonic Antigen). Cancer Res 65:8809-17. 

33. Bohinski, R. J., R. Di Lauro, and J. A. Whitsett. 1994. The lung-specific surfactant protein 

B gene promoter is a target for thyroid transcription factor 1 and hepatocyte nuclear factor 3, 

indicating common factors for organ-specific gene expression along the foregut axis. Mol Cell 

Biol 14:5671-81. 



 

59 

 

 

34. Boulos, S., B. P. Meloni, P. G. Arthur, C. Bojarski, and N. W. Knuckey. 2006. Assessment 

of CMV, RSV and SYN1 promoters and the woodchuck post-transcriptional regulatory 

element in adenovirus vectors for transgene expression in cortical neuronal cultures. Brain Res 

1102:27-38. 

35. Bowles, K. R., J. Gibson, J. Wu, L. G. Shaffer, J. A. Towbin, and N. E. Bowles. 1999. 

Genomic organization and chromosomal localization of the human Coxsackievirus B-

adenovirus receptor gene. Hum Genet 105:354-9. 

36. Burdick, M. D., A. Harris, C. J. Reid, T. Iwamura, and M. A. Hollingsworth. 1997. 

Oligosaccharides expressed on MUC1 produced by pancreatic and colon tumor cell lines. J 

Biol Chem 272:24198-202. 

37. Burmeister, W. P., D. Guilligay, S. Cusack, G. Wadell, and N. Arnberg. 2004. Crystal 

structure of species D adenovirus fiber knobs and their sialic acid binding sites. J Virol 

78:7727-36. 

38. Buschiazzo, A., and P. M. Alzari. 2008. Structural insights into sialic acid enzymology. Curr 

Opin Chem Biol. 

39. Callaghan, M. J., K. Rockett, C. Banner, E. Haralambous, H. Betts, S. Faust, M. C. 

Maiden, J. S. Kroll, M. Levin, D. P. Kwiatkowski, and A. J. Pollard. 2008. Haplotypic 

diversity in human CEACAM genes: effects on susceptibility to meningococcal disease. 

Genes Immun 9:30-7. 

40. Camacho-Leal, P., and C. P. Stanners. 2008. The human carcinoembryonic antigen (CEA) 

GPI anchor mediates anoikis inhibition by inactivation of the intrinsic death pathway. 

Oncogene 27:1545-53. 

41. Cao, X., R. Wei, X. Liu, Y. Zeng, H. Huang, M. Ding, K. Zhang, and X. Y. Liu. Cancer 

targeting gene-viro-therapy specific for liver cancer by alpha-fetoprotein-controlled oncolytic 

adenovirus expression of SOCS3 and IL-24. Acta Biochim Biophys Sin (Shanghai) 43:813-

21. 

42. Cardoso, F. M., S. E. Kato, W. Huang, S. J. Flint, and R. A. Gonzalez. 2008. An early 

function of the adenoviral E1B 55 kDa protein is required for the nuclear relocalization of the 

cellular p53 protein in adenovirus-infected normal human cells. Virology. 

43. Chakravarti, A., E. Noll, P. M. Black, D. F. Finkelstein, D. M. Finkelstein, N. J. Dyson, 

and J. S. Loeffler. 2002. Quantitatively determined survivin expression levels are of 

prognostic value in human gliomas. J Clin Oncol 20:1063-8. 

44. Chartier, C., E. Degryse, M. Gantzer, A. Dieterle, A. Pavirani, and M. Mehtali. 1996. 

Efficient generation of recombinant adenovirus vectors by homologous recombination in 

Escherichia coli. J Virol 70:4805-10. 

45. Chatterjee, P. K., M. E. Vayda, and S. J. Flint. 1986. Identification of proteins and protein 

domains that contact DNA within adenovirus nucleoprotein cores by ultraviolet light 

crosslinking of oligonucleotides 32P-labelled in vivo. J Mol Biol 188:23-37. 

46. Cherubini, G., C. Kallin, A. Mozetic, K. Hammaren-Busch, H. Muller, N. R. Lemoine, 

and G. Hallden. The oncolytic adenovirus AdDeltaDelta enhances selective cancer cell 

killing in combination with DNA-damaging drugs in pancreatic cancer models. Gene Ther. 

47. Chirmule, N., K. Propert, S. Magosin, Y. Qian, R. Qian, and J. Wilson. 1999. Immune 

responses to adenovirus and adeno-associated virus in humans. Gene Ther 6:1574-83. 

48. Chitaev, N. A., and S. M. Troyanovsky. 1997. Direct Ca2+-dependent heterophilic 

interaction between desmosomal cadherins, desmoglein and desmocollin, contributes to cell-

cell adhesion. J Cell Biol 138:193-201. 

49. Chu, Y., D. Heistad, M. I. Cybulsky, and B. L. Davidson. 2001. Vascular cell adhesion 

molecule-1 augments adenovirus-mediated gene transfer. Arterioscler Thromb Vasc Biol 

21:238-42. 

50. Chung-Faye, G. A., and D. J. Kerr. 2000. ABC of colorectal cancer: Innovative treatment 

for colon cancer. BMJ 321:1397-9. 



 

60 

 

 

51. Cichon, G., S. Boeckh-Herwig, H. H. Schmidt, E. Wehnes, T. Muller, P. Pring-

Akerblom, and R. Burger. 2001. Complement activation by recombinant adenoviruses. Gene 

Ther 8:1794-800. 

52. Cinatl, J., M. Scholz, R. Kotchetkov, J. U. Vogel, and H. W. Doerr. 2004. Molecular 

mechanisms of the modulatory effects of HCMV infection in tumor cell biology. Trends Mol 

Med 10:19-23. 

53. Cohen, C. J., J. T. Shieh, R. J. Pickles, T. Okegawa, J. T. Hsieh, and J. M. Bergelson. 

2001. The coxsackievirus and adenovirus receptor is a transmembrane component of the tight 

junction. Proc Natl Acad Sci U S A 98:15191-6. 

54. Crawford-Miksza, L., and D. P. Schnurr. 1996. Analysis of 15 adenovirus hexon proteins 

reveals the location and structure of seven hypervariable regions containing serotype-specific 

residues. J Virol 70:1836-44. 

55. Crimeen-Irwin, B., S. Ellis, D. Christiansen, M. J. Ludford-Menting, J. Milland, M. 

Lanteri, B. E. Loveland, D. Gerlier, and S. M. Russell. 2003. Ligand binding determines 

whether CD46 is internalized by clathrin-coated pits or macropinocytosis. J Biol Chem 

278:46927-37. 

56. Davison, A. J., M. Benko, and B. Harrach. 2003. Genetic content and evolution of 

adenoviruses. J Gen Virol 84:2895-908. 

57. De Geest, B., J. Snoeys, S. Van Linthout, J. Lievens, and D. Collen. 2005. Elimination of 

innate immune responses and liver inflammation by PEGylation of adenoviral vectors and 

methylprednisolone. Hum Gene Ther 16:1439-51. 

58. Debbas, M., and E. White. 1993. Wild-type p53 mediates apoptosis by E1A, which is 

inhibited by E1B. Genes Dev 7:546-54. 

59. Dechecchi, M. C., P. Melotti, A. Bonizzato, M. Santacatterina, M. Chilosi, and G. 

Cabrini. 2001. Heparan sulfate glycosaminoglycans are receptors sufficient to mediate the 

initial binding of adenovirus types 2 and 5. J Virol 75:8772-80. 

60. Dechecchi, M. C., A. Tamanini, A. Bonizzato, and G. Cabrini. 2000. Heparan sulfate 

glycosaminoglycans are involved in adenovirus type 5 and 2-host cell interactions. Virology 

268:382-90. 

61. Di Paolo, N. C., O. Kalyuzhniy, and D. M. Shayakhmetov. 2007. Fiber shaft-chimeric 

adenovirus vectors lacking the KKTK motif efficiently infect liver cells in vivo. J Virol 

81:12249-59. 

62. Ding, E. Y., B. L. Hodges, H. Hu, A. J. McVie-Wylie, D. Serra, F. K. Migone, D. Pressley, 

Y. T. Chen, and A. Amalfitano. 2001. Long-term efficacy after [E1-, polymerase-] 

adenovirus-mediated transfer of human acid-alpha-glucosidase gene into glycogen storage 

disease type II knockout mice. Hum Gene Ther 12:955-65. 

63. Doronin, K., M. Kuppuswamy, K. Toth, A. E. Tollefson, P. Krajcsi, V. Krougliak, and 

W. S. Wold. 2001. Tissue-specific, tumor-selective, replication-competent adenovirus vector 

for cancer gene therapy. J Virol 75:3314-24. 

64. Douard, R., S. Moutereau, V. Serru, J. P. Sales, P. Wind, P. H. Cugnenc, M. 

Vaubourdolle, and S. Loric. 2005. Immunobead multiplex RT-PCR detection of 

carcinoembryonic genes expressing cells in the blood of colorectal cancer patients. Clin Chem 

Lab Med 43:127-32. 

65. Douglas, J. T., B. E. Rogers, M. E. Rosenfeld, S. I. Michael, M. Feng, and D. T. Curiel. 

1996. Targeted gene delivery by tropism-modified adenoviral vectors. Nat Biotechnol 

14:1574-8. 

66. Duffy, M. J. 2001. Carcinoembryonic antigen as a marker for colorectal cancer: is it clinically 

useful? Clin Chem 47:624-30. 

67. Fahlgren, A., V. Baranov, L. Frangsmyr, F. Zoubir, M. L. Hammarstrom, and S. 

Hammarstrom. 2003. Interferon-gamma tempers the expression of carcinoembryonic antigen 

family molecules in human colon cells: a possible role in innate mucosal defence. Scand J 

Immunol 58:628-41. 



 

61 

 

 

68. Fechner, H., A. Haack, H. Wang, X. Wang, K. Eizema, M. Pauschinger, R. Schoemaker, 

R. Veghel, A. Houtsmuller, H. P. Schultheiss, J. Lamers, and W. Poller. 1999. Expression 

of coxsackie adenovirus receptor and alphav-integrin does not correlate with adenovector 

targeting in vivo indicating anatomical vector barriers. Gene Ther 6:1520-35. 

69. Ferlay, J., H. R. Shin, F. Bray, D. Forman, C. Mathers, and D. M. Parkin. Estimates of 

worldwide burden of cancer in 2008: GLOBOCAN 2008. Int J Cancer 127:2893-917. 

70. Fisher, K. D., Y. Stallwood, N. K. Green, K. Ulbrich, V. Mautner, and L. W. Seymour. 

2001. Polymer-coated adenovirus permits efficient retargeting and evades neutralising 

antibodies. Gene Ther 8:341-8. 

71. Fleischli, C., D. Sirena, G. Lesage, M. J. Havenga, R. Cattaneo, U. F. Greber, and S. 

Hemmi. 2007. Species B adenovirus serotypes 3, 7, 11 and 35 share similar binding sites on 

the membrane cofactor protein CD46 receptor. J Gen Virol 88:2925-34. 

72. Flint, J., and T. Shenk. 1989. Adenovirus E1A protein paradigm viral transactivator. Annu 

Rev Genet 23:141-61. 

73. Foloppe, J., J. Kintz, N. Futin, A. Findeli, P. Cordier, Y. Schlesinger, C. Hoffmann, C. 

Tosch, J. M. Balloul, and P. Erbs. 2008. Targeted delivery of a suicide gene to human 

colorectal tumors by a conditionally replicating vaccinia virus. Gene Ther. 

74. Frangsmyr, L., V. Baranov, F. Prall, M. M. Yeung, C. Wagener, and S. Hammarstrom. 

1995. Cell- and region-specific expression of biliary glycoprotein and its messenger RNA in 

normal human colonic mucosa. Cancer Res 55:2963-7. 

75. Fueyo, J., C. Gomez-Manzano, R. Alemany, P. S. Lee, T. J. McDonnell, P. Mitlianga, Y. 

X. Shi, V. A. Levin, W. K. Yung, and A. P. Kyritsis. 2000. A mutant oncolytic adenovirus 

targeting the Rb pathway produces anti-glioma effect in vivo. Oncogene 19:2-12. 

76. Gaggar, A., D. M. Shayakhmetov, and A. Lieber. 2003. CD46 is a cellular receptor for 

group B adenoviruses. Nat Med 9:1408-12. 

77. Garber, K. 2006. China approves world's first oncolytic virus therapy for cancer treatment. J 

Natl Cancer Inst 98:298-300. 

78. Gaydos, C. A., and J. C. Gaydos. 1995. Adenovirus vaccines in the U.S. military. Mil Med 

160:300-4. 

79. Giberson, A. N., A. R. Davidson, and R. J. Parks. Chromatin structure of adenovirus DNA 

throughout infection. Nucleic Acids Res. 

80. Gill, S., C. L. Loprinzi, D. J. Sargent, S. D. Thome, S. R. Alberts, D. G. Haller, J. 

Benedetti, G. Francini, L. E. Shepherd, J. Francois Seitz, R. Labianca, W. Chen, S. S. 

Cha, M. P. Heldebrant, and R. M. Goldberg. 2004. Pooled analysis of fluorouracil-based 

adjuvant therapy for stage II and III colon cancer: who benefits and by how much? J Clin 

Oncol 22:1797-806. 

81. Ginsberg, H. S., L. L. Moldawer, P. B. Sehgal, M. Redington, P. L. Kilian, R. M. 

Chanock, and G. A. Prince. 1991. A mouse model for investigating the molecular 

pathogenesis of adenovirus pneumonia. Proc Natl Acad Sci U S A 88:1651-5. 

82. Glasgow, J. N., M. Everts, and D. T. Curiel. 2006. Transductional targeting of adenovirus 

vectors for gene therapy. Cancer Gene Ther 13:830-44. 

83. Glasgow, J. N., E. J. Kremer, A. Hemminki, G. P. Siegal, J. T. Douglas, and D. T. Curiel. 

2004. An adenovirus vector with a chimeric fiber derived from canine adenovirus type 2 

displays novel tropism. Virology 324:103-16. 

84. Goldman, C. K., B. E. Rogers, J. T. Douglas, B. A. Sosnowski, W. Ying, G. P. Siegal, A. 

Baird, J. A. Campain, and D. T. Curiel. 1997. Targeted gene delivery to Kaposi's sarcoma 

cells via the fibroblast growth factor receptor. Cancer Res 57:1447-51. 

85. Goncalves, M. A., and A. A. de Vries. 2006. Adenovirus: from foe to friend. Rev Med Virol 

16:167-86. 

86. Graham, R. A., S. Wang, P. J. Catalano, and D. G. Haller. 1998. Postsurgical surveillance 

of colon cancer: preliminary cost analysis of physician examination, carcinoembryonic antigen 

testing, chest x-ray, and colonoscopy. Ann Surg 228:59-63. 



 

62 

 

 

87. Greber, U. F., M. Willetts, P. Webster, and A. Helenius. 1993. Stepwise dismantling of 

adenovirus 2 during entry into cells. Cell 75:477-86. 

88. Guo, Z. S., S. H. Thorne, and D. L. Bartlett. 2008. Oncolytic virotherapy: molecular targets 

in tumor-selective replication and carrier cell-mediated delivery of oncolytic viruses. Biochim 

Biophys Acta 1785:217-31. 

89. Gupta, V. K., J. O. Park, T. Kurihara, A. Koons, H. J. Mauceri, N. T. Jaskowiak, D. W. 

Kufe, R. R. Weichselbaum, and M. C. Posner. 2003. Selective gene expression using a 

DF3/MUC1 promoter in a human esophageal adenocarcinoma model. Gene Ther 10:206-12. 

90. Gustafsson, D. J., A. Segerman, K. Lindman, Y. F. Mei, and G. Wadell. 2006. The 

Arg279Gln [corrected] substitution in the adenovirus type 11p (Ad11p) fiber knob abolishes 

EDTA-resistant binding to A549 and CHO-CD46 cells, converting the phenotype to that of 

Ad7p. J Virol 80:1897-905. 

91. Hamada, K., M. Sakaue, A. Sarkar, S. Buchl, W. Satterfield, M. Keeling, J. Sastry, J. A. 

Roth, and M. Follen. 2005. Immune responses to repetitive adenovirus-mediated gene 

transfer and restoration of gene expression by cyclophosphamide or etoposide. Gynecol Oncol 

99:S177-86. 

92. Hammarstrom, S. 1999. The carcinoembryonic antigen (CEA) family: structures, suggested 

functions and expression in normal and malignant tissues. Semin Cancer Biol 9:67-81. 

93. Harkins, L., A. L. Volk, M. Samanta, I. Mikolaenko, W. J. Britt, K. I. Bland, and C. S. 

Cobbs. 2002. Specific localisation of human cytomegalovirus nucleic acids and proteins in 

human colorectal cancer. Lancet 360:1557-63. 

94. Hartman, Z. C., D. M. Appledorn, and A. Amalfitano. 2008. Adenovirus vector induced 

innate immune responses: impact upon efficacy and toxicity in gene therapy and vaccine 

applications. Virus Res 132:1-14. 

95. Havenga, M. J., A. A. Lemckert, O. J. Ophorst, M. van Meijer, W. T. Germeraad, J. 

Grimbergen, M. A. van Den Doel, R. Vogels, J. van Deutekom, A. A. Janson, J. D. de 

Bruijn, F. Uytdehaag, P. H. Quax, T. Logtenberg, M. Mehtali, and A. Bout. 2002. 

Exploiting the natural diversity in adenovirus tropism for therapy and prevention of disease. J 

Virol 76:4612-20. 

96. Hayashi, S., and J. C. Hogg. 2007. Adenovirus infections and lung disease. Curr Opin 

Pharmacol 7:237-43. 

97. He, T. C., S. Zhou, L. T. da Costa, J. Yu, K. W. Kinzler, and B. Vogelstein. 1998. A 

simplified system for generating recombinant adenoviruses. Proc Natl Acad Sci U S A 

95:2509-14. 

98. Heideman, D. A., P. J. Snijders, M. E. Craanen, E. Bloemena, C. J. Meijer, S. G. 

Meuwissen, V. W. van Beusechem, H. M. Pinedo, D. T. Curiel, H. J. Haisma, and W. R. 

Gerritsen. 2001. Selective gene delivery toward gastric and esophageal adenocarcinoma cells 

via EpCAM-targeted adenoviral vectors. Cancer Gene Ther 8:342-51. 

99. Heise, C., T. Hermiston, L. Johnson, G. Brooks, A. Sampson-Johannes, A. Williams, L. 

Hawkins, and D. Kirn. 2000. An adenovirus E1A mutant that demonstrates potent and 

selective systemic anti-tumoral efficacy. Nat Med 6:1134-9. 

100. Hendon, S. E., and J. A. DiPalma. 2005. U.S. practices for colon cancer screening. Keio J 

Med 54:179-83. 

101. Hill, D. J., and M. Virji. 2003. A novel cell-binding mechanism of Moraxella catarrhalis 

ubiquitous surface protein UspA: specific targeting of the N-domain of carcinoembryonic 

antigen-related cell adhesion molecules by UspA1. Mol Microbiol 48:117-29. 

102. Hoffmann, D., W. Bayer, T. Grunwald, and O. Wildner. 2007. Intratumoral expression of 

respiratory syncytial virus fusion protein in combination with cytokines encoded by adenoviral 

vectors as in situ tumor vaccine for colorectal cancer. Mol Cancer Ther 6:1942-50. 

103. Holterman, L., R. Vogels, R. van der Vlugt, M. Sieuwerts, J. Grimbergen, J. Kaspers, E. 

Geelen, E. van der Helm, A. Lemckert, G. Gillissen, S. Verhaagh, J. Custers, D. 

Zuijdgeest, B. Berkhout, M. Bakker, P. Quax, J. Goudsmit, and M. Havenga. 2004. 



 

63 

 

 

Novel replication-incompetent vector derived from adenovirus type 11 (Ad11) for vaccination 

and gene therapy: low seroprevalence and non-cross-reactivity with Ad5. J Virol 78:13207-15. 

104. Howell, M. R., R. N. Nang, C. A. Gaydos, and J. C. Gaydos. 1998. Prevention of 

adenoviral acute respiratory disease in Army recruits: cost-effectiveness of a military 

vaccination policy. Am J Prev Med 14:168-75. 

105. Huang, M. R., M. Olsson, A. Kallin, U. Pettersson, and T. H. Totterman. 1997. Efficient 

adenovirus-mediated gene transduction of normal and leukemic hematopoietic cells. Gene 

Ther 4:1093-9. 

106. Hynes, R. O. 1992. Integrins: versatility, modulation, and signaling in cell adhesion. Cell 

69:11-25. 

107. Ilan, Y., V. K. Jona, K. Sengupta, A. Davidson, M. S. Horwitz, N. Roy-Chowdhury, and 

J. Roy-Chowdhury. 1997. Transient immunosuppression with FK506 permits long-term 

expression of therapeutic genes introduced into the liver using recombinant adenoviruses in 

the rat. Hepatology 26:949-56. 

108. Imperiale, M. J., and S. Kochanek. 2004. Adenovirus vectors: biology, design, and 

production. Curr Top Microbiol Immunol 273:335-57. 

109. Ito, H., H. Aoki, F. Kuhnel, Y. Kondo, S. Kubicka, T. Wirth, E. Iwado, A. Iwamaru, K. 

Fujiwara, K. R. Hess, F. F. Lang, R. Sawaya, and S. Kondo. 2006. Autophagic cell death 

of malignant glioma cells induced by a conditionally replicating adenovirus. J Natl Cancer Inst 

98:625-36. 

110. Itoh, A., T. Okada, H. Mizuguchi, T. Hayakawa, H. Mizukami, A. Kume, M. Takatoku, 

N. Komatsu, Y. Hanazono, and K. Ozawa. 2003. A soluble CAR-SCF fusion protein 

improves adenoviral vector-mediated gene transfer to c-Kit-positive hematopoietic cells. J 

Gene Med 5:929-40. 

111. Jantscheff, P., L. Terracciano, A. Lowy, K. Glatz-Krieger, F. Grunert, B. Micheel, J. 

Brummer, U. Laffer, U. Metzger, R. Herrmann, and C. Rochlitz. 2003. Expression of 

CEACAM6 in resectable colorectal cancer: a factor of independent prognostic significance. J 

Clin Oncol 21:3638-46. 

112. Jiang, H., Z. Wang, D. Serra, M. M. Frank, and A. Amalfitano. 2004. Recombinant 

adenovirus vectors activate the alternative complement pathway, leading to the binding of 

human complement protein C3 independent of anti-ad antibodies. Mol Ther 10:1140-2. 

113. Jimenez, J. A., X. Li, Y. P. Zhang, K. H. Bae, Y. Mohammadi, P. Pandya, C. Kao, and T. 

A. Gardner. Antitumor activity of Ad-IU2, a prostate-specific replication-competent 

adenovirus encoding the apoptosis inducer, TRAIL. Cancer Gene Ther 17:180-91. 

114. Johansson, C., M. Jonsson, M. Marttila, D. Persson, X. L. Fan, J. Skog, L. Frangsmyr, 

G. Wadell, and N. Arnberg. 2007. Adenoviruses use lactoferrin as a bridge for CAR-

independent binding to and infection of epithelial cells. J Virol 81:954-63. 

115. Johnson, R. A., S. M. Huong, and E. S. Huang. 2000. Activation of the mitogen-activated 

protein kinase p38 by human cytomegalovirus infection through two distinct pathways: a 

novel mechanism for activation of p38. J Virol 74:1158-67. 

116. Johnson, R. A., X. Wang, X. L. Ma, S. M. Huong, and E. S. Huang. 2001. Human 

cytomegalovirus up-regulates the phosphatidylinositol 3-kinase (PI3-K) pathway: inhibition of 

PI3-K activity inhibits viral replication and virus-induced signaling. J Virol 75:6022-32. 

117. Kajon, A. E., X. Lu, D. D. Erdman, J. Louie, D. Schnurr, K. S. George, M. P. Koopmans, 

T. Allibhai, and D. Metzgar. Molecular epidemiology and brief history of emerging 

adenovirus 14-associated respiratory disease in the United States. J Infect Dis 202:93-103. 

118. Kalin, S., B. Amstutz, M. Gastaldelli, N. Wolfrum, K. Boucke, M. Havenga, F. 

DiGennaro, N. Liska, S. Hemmi, and U. F. Greber. Macropinocytotic uptake and infection 

of human epithelial cells with species B2 adenovirus type 35. J Virol 84:5336-50. 

119. Kalyuzhniy, O., N. C. Di Paolo, M. Silvestry, S. E. Hofherr, M. A. Barry, P. L. Stewart, 

and D. M. Shayakhmetov. 2008. Adenovirus serotype 5 hexon is critical for virus infection 

of hepatocytes in vivo. Proc Natl Acad Sci U S A 105:5483-8. 



 

64 

 

 

120. Kanerva, A., G. V. Mikheeva, V. Krasnykh, C. J. Coolidge, J. T. Lam, P. J. Mahasreshti, 

S. D. Barker, M. Straughn, M. N. Barnes, R. D. Alvarez, A. Hemminki, and D. T. Curiel. 
2002. Targeting adenovirus to the serotype 3 receptor increases gene transfer efficiency to 

ovarian cancer cells. Clin Cancer Res 8:275-80. 

121. Karen, K. A., and P. Hearing. Adenovirus core protein VII protects the viral genome from a 

DNA damage response at early times after infection. J Virol 85:4135-42. 

122. Keicho, N., W. M. Elliott, J. C. Hogg, and S. Hayashi. 1997. Adenovirus E1A upregulates 

interleukin-8 expression induced by endotoxin in pulmonary epithelial cells. Am J Physiol 

272:L1046-52. 

123. Keicho, N., Y. Higashimoto, G. P. Bondy, W. M. Elliott, J. C. Hogg, and S. Hayashi. 

1999. Endotoxin-specific NF-kappaB activation in pulmonary epithelial cells harboring 

adenovirus E1A. Am J Physiol 277:L523-32. 

124. Kelkar, S. A., K. K. Pfister, R. G. Crystal, and P. L. Leopold. 2004. Cytoplasmic dynein 

mediates adenovirus binding to microtubules. J Virol 78:10122-32. 

125. Khodarev, N. N., S. P. Pitroda, M. A. Beckett, D. M. MacDermed, L. Huang, D. W. Kufe, 

and R. R. Weichselbaum. 2009. MUC1-induced transcriptional programs associated with 

tumorigenesis predict outcome in breast and lung cancer. Cancer Res 69:2833-7. 

126. Kiang, A., Z. C. Hartman, R. S. Everett, D. Serra, H. Jiang, M. M. Frank, and A. 

Amalfitano. 2006. Multiple innate inflammatory responses induced after systemic adenovirus 

vector delivery depend on a functional complement system. Mol Ther 14:588-98. 

127. Kim, J., T. Smith, N. Idamakanti, K. Mulgrew, M. Kaloss, H. Kylefjord, P. C. Ryan, M. 

Kaleko, and S. C. Stevenson. 2002. Targeting adenoviral vectors by using the extracellular 

domain of the coxsackie-adenovirus receptor: improved potency via trimerization. J Virol 

76:1892-903. 

128. Kim, S. J., A. Masago, Y. Tamaki, K. Akazawa, F. Tsukamoto, J. Sato, T. Ozawa, Y. 

Tsujino, and S. Noguchi. A novel approach using telomerase-specific replication-selective 

adenovirus for detection of circulating tumor cells in breast cancer patients. Breast Cancer Res 

Treat 128:765-73. 

129. Kinugasa, T., M. Kuroki, H. Takeo, Y. Matsuo, K. Ohshima, Y. Yamashita, T. 

Shirakusa, and Y. Matsuoka. 1998. Expression of four CEA family antigens (CEA, NCA, 

BGP and CGM2) in normal and cancerous gastric epithelial cells: up-regulation of BGP and 

CGM2 in carcinomas. Int J Cancer 76:148-53. 

130. Kinugasa, T., M. Kuroki, T. Yamanaka, Y. Matsuo, S. Oikawa, H. Nakazato, and Y. 

Matsuoka. 1994. Non-proteolytic release of carcinoembryonic antigen from normal human 

colonic epithelial cells cultured in collagen gel. Int J Cancer 58:102-7. 

131. Kishimoto, H., T. Kojima, Y. Watanabe, S. Kagawa, T. Fujiwara, F. Uno, F. Teraishi, S. 

Kyo, H. Mizuguchi, Y. Hashimoto, Y. Urata, and N. Tanaka. 2006. In vivo imaging of 

lymph node metastasis with telomerase-specific replication-selective adenovirus. Nat Med 

12:1213-9. 

132. Ko, D., L. Hawkins, and D. C. Yu. 2005. Development of transcriptionally regulated 

oncolytic adenoviruses. Oncogene 24:7763-74. 

133. Kobinger, G. P., H. Feldmann, Y. Zhi, G. Schumer, G. Gao, F. Feldmann, S. Jones, and 

J. M. Wilson. 2006. Chimpanzee adenovirus vaccine protects against Zaire Ebola virus. 

Virology 346:394-401. 

134. Kochanek, S., P. R. Clemens, K. Mitani, H. H. Chen, S. Chan, and C. T. Caskey. 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 93:5731-6. 

135. Kodera, Y., K. Isobe, M. Yamauchi, T. Satta, T. Hasegawa, S. Oikawa, K. Kondoh, S. 

Akiyama, K. Itoh, I. Nakashima, and et al. 1993. Expression of carcinoembryonic antigen 

(CEA) and nonspecific crossreacting antigen (NCA) in gastrointestinal cancer; the correlation 

with degree of differentiation. Br J Cancer 68:130-6. 



 

65 

 

 

136. Kojaoghlanian, T., P. Flomenberg, and M. S. Horwitz. 2003. The impact of adenovirus 

infection on the immunocompromised host. Rev Med Virol 13:155-71. 

137. Kote-Jarai, Z., A. Amin Al Olama, D. Leongamornlert, M. Tymrakiewicz, E. Saunders, 

M. Guy, G. G. Giles, G. Severi, M. Southey, J. L. Hopper, K. C. Sit, J. M. Harris, J. 

Batra, A. B. Spurdle, J. A. Clements, F. Hamdy, D. Neal, J. Donovan, K. Muir, P. D. 

Pharoah, S. J. Chanock, N. Brown, S. Benlloch, E. Castro, N. Mahmud, L. O'Brien, A. 

Hall, E. Sawyer, R. Wilkinson, D. F. Easton, and R. A. Eeles. Identification of a novel 

prostate cancer susceptibility variant in the KLK3 gene transcript. Hum Genet 129:687-94. 

138. Krasnykh, V. N., G. V. Mikheeva, J. T. Douglas, and D. T. Curiel. 1996. Generation of 

recombinant adenovirus vectors with modified fibers for altering viral tropism. J Virol 

70:6839-46. 

139. Krupski, T. L., M. R. Smith, W. C. Lee, C. L. Pashos, J. Brandman, Q. Wang, M. 

Botteman, and M. S. Litwin. 2004. Natural history of bone complications in men with 

prostate carcinoma initiating androgen deprivation therapy. Cancer 101:541-9. 

140. Kuhn, I., P. Harden, M. Bauzon, C. Chartier, J. Nye, S. Thorne, T. Reid, S. Ni, A. 

Lieber, K. Fisher, L. Seymour, G. M. Rubanyi, R. N. Harkins, and T. W. Hermiston. 
2008. Directed evolution generates a novel oncolytic virus for the treatment of colon cancer. 

PLoS One 3:e2409. 

141. Lau, A. A., J. J. Hopwood, E. J. Kremer, and K. M. Hemsley. SGSH gene transfer in 

mucopolysaccharidosis type IIIA mice using canine adenovirus vectors. Mol Genet Metab 

100:168-75. 

142. Leen, A. M., U. Sili, E. F. Vanin, A. M. Jewell, W. Xie, D. Vignali, P. A. Piedra, M. K. 

Brenner, and C. M. Rooney. 2004. Conserved CTL epitopes on the adenovirus hexon protein 

expand subgroup cross-reactive and subgroup-specific CD8+ T cells. Blood 104:2432-40. 

143. Leitner, S., K. Sweeney, D. Oberg, D. Davies, E. Miranda, N. R. Lemoine, and G. 

Hallden. 2009. Oncolytic adenoviral mutants with E1B19K gene deletions enhance 

gemcitabine-induced apoptosis in pancreatic carcinoma cells and anti-tumor efficacy in vivo. 

Clin Cancer Res 15:1730-40. 

144. Lemckert, A. A., J. Grimbergen, S. Smits, E. Hartkoorn, L. Holterman, B. Berkhout, D. 

H. Barouch, R. Vogels, P. Quax, J. Goudsmit, and M. J. Havenga. 2006. Generation of a 

novel replication-incompetent adenoviral vector derived from human adenovirus type 49: 

manufacture on PER.C6 cells, tropism and immunogenicity. J Gen Virol 87:2891-9. 

145. Leusch, H. G., Z. Drzeniek, Z. Markos-Pusztai, and C. Wagener. 1991. Binding of 

Escherichia coli and Salmonella strains to members of the carcinoembryonic antigen family: 

differential binding inhibition by aromatic alpha-glycosides of mannose. Infect Immun 

59:2051-7. 

146. Leusch, H. G., S. A. Hefta, Z. Drzeniek, K. Hummel, Z. Markos-Pusztai, and C. 

Wagener. 1990. Escherichia coli of human origin binds to carcinoembryonic antigen (CEA) 

and non-specific crossreacting antigen (NCA). FEBS Lett 261:405-9. 

147. Li, J. Z., D. Holman, H. Li, A. H. Liu, B. Beres, G. R. Hankins, and G. A. Helm. 2005. 

Long-term tracing of adenoviral expression in rat and rabbit using luciferase imaging. J Gene 

Med 7:792-802. 

148. Li, X., Y. H. Liu, S. J. Lee, T. A. Gardner, M. H. Jeng, and C. Kao. 2008. Prostate-

restricted replicative adenovirus expressing human endostatin-angiostatin fusion gene 

exhibiting dramatic antitumor efficacy. Clin Cancer Res 14:291-9. 

149. Li, Y., R. C. Pong, J. M. Bergelson, M. C. Hall, A. I. Sagalowsky, C. P. Tseng, Z. Wang, 

and J. T. Hsieh. 1999. Loss of adenoviral receptor expression in human bladder cancer cells: 

a potential impact on the efficacy of gene therapy. Cancer Res 59:325-30. 

150. Lieber, A., C. Y. He, L. Meuse, D. Schowalter, I. Kirillova, B. Winther, and M. A. Kay. 

1997. The role of Kupffer cell activation and viral gene expression in early liver toxicity after 

infusion of recombinant adenovirus vectors. J Virol 71:8798-807. 



 

66 

 

 

151. Lion, T., K. Kosulin, C. Landlinger, M. Rauch, S. Preuner, D. Jugovic, U. Potschger, A. 

Lawitschka, C. Peters, G. Fritsch, and S. Matthes-Martin. Monitoring of adenovirus load 

in stool by real-time PCR permits early detection of impending invasive infection in patients 

after allogeneic stem cell transplantation. Leukemia 24:706-14. 

152. Liszewski, M. K., C. Kemper, J. D. Price, and J. P. Atkinson. 2005. Emerging roles and 

new functions of CD46. Springer Semin Immunopathol 27:345-58. 

153. Liu, Q., and D. A. Muruve. 2003. Molecular basis of the inflammatory response to 

adenovirus vectors. Gene Ther 10:935-40. 

154. Liu, Q., A. K. Zaiss, P. Colarusso, K. Patel, G. Haljan, T. J. Wickham, and D. A. 

Muruve. 2003. The role of capsid-endothelial interactions in the innate immune response to 

adenovirus vectors. Hum Gene Ther 14:627-43. 

155. Lockshin, R. A., and Z. Zakeri. 2004. Apoptosis, autophagy, and more. Int J Biochem Cell 

Biol 36:2405-19. 

156. Lubaroff, D. M., B. R. Konety, B. Link, J. Gerstbrein, T. Madsen, M. Shannon, J. 

Howard, J. Paisley, D. Boeglin, T. L. Ratliff, and R. D. Williams. 2009. Phase I clinical 

trial of an adenovirus/prostate-specific antigen vaccine for prostate cancer: safety and 

immunologic results. Clin Cancer Res 15:7375-80. 

157. Lundstrom, K. 2003. Latest development in viral vectors for gene therapy. Trends Biotechnol 

21:117-22. 

158. Lusky, M., M. Christ, K. Rittner, A. Dieterle, D. Dreyer, B. Mourot, H. Schultz, F. 

Stoeckel, A. Pavirani, and M. Mehtali. 1998. In vitro and in vivo biology of recombinant 

adenovirus vectors with E1, E1/E2A, or E1/E4 deleted. J Virol 72:2022-32. 

159. Marttila, M., D. Persson, D. Gustafsson, M. K. Liszewski, J. P. Atkinson, G. Wadell, and 

N. Arnberg. 2005. CD46 is a cellular receptor for all species B adenoviruses except types 3 

and 7. J Virol 79:14429-36. 

160. Mathias, P., M. Galleno, and G. R. Nemerow. 1998. Interactions of soluble recombinant 

integrin alphav beta5 with human adenoviruses. J Virol 72:8669-75. 

161. Mathias, P., T. Wickham, M. Moore, and G. Nemerow. 1994. Multiple adenovirus 

serotypes use alpha v integrins for infection. J Virol 68:6811-4. 

162. Mei, Y. F., K. Lindman, and G. Wadell. 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 295:30-43. 

163. Mei, Y. F., J. Skog, K. Lindman, and G. Wadell. 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 84:2061-71. 

164. Mei, Y. F., and G. Wadell. 1993. Hemagglutination properties and nucleotide sequence 

analysis of the fiber gene of adenovirus genome types 11p and 11a. Virology 194:453-62. 

165. Meier, O., K. Boucke, S. V. Hammer, S. Keller, R. P. Stidwill, S. Hemmi, and U. F. 

Greber. 2002. Adenovirus triggers macropinocytosis and endosomal leakage together with its 

clathrin-mediated uptake. J Cell Biol 158:1119-31. 

166. Metze, D., R. Bhardwaj, U. Amann, A. M. Eades-Perner, M. Neumaier, C. Wagener, P. 

Jantscheff, F. Grunert, and T. A. Luger. 1996. Glycoproteins of the carcinoembryonic 

antigen (CEA) family are expressed in sweat and sebaceous glands of human fetal and adult 

skin. J Invest Dermatol 106:64-9. 

167. Metzgar, D., M. Osuna, A. E. Kajon, A. W. Hawksworth, M. Irvine, and K. L. Russell. 

2007. Abrupt emergence of diverse species B adenoviruses at US military recruit training 

centers. J Infect Dis 196:1465-73. 

168. Meyerhardt, J. A., and R. J. Mayer. 2005. Systemic therapy for colorectal cancer. N Engl J 

Med 352:476-87. 

169. Michaelson, M. D., S. E. Cotter, P. C. Gargollo, A. L. Zietman, D. M. Dahl, and M. R. 

Smith. 2008. Management of complications of prostate cancer treatment. CA Cancer J Clin 

58:196-213. 



 

67 

 

 

170. Midgley, R., and D. Kerr. 1999. Colorectal cancer. Lancet 353:391-9. 

171. Mitani, K., F. L. Graham, C. T. Caskey, and S. Kochanek. 1995. Rescue, propagation, and 

partial purification of a helper virus-dependent adenovirus vector. Proc Natl Acad Sci U S A 

92:3854-8. 

172. Miyazawa, N., R. G. Crystal, and P. L. Leopold. 2001. Adenovirus serotype 7 retention in a 

late endosomal compartment prior to cytosol escape is modulated by fiber protein. J Virol 

75:1387-400. 

173. Moretta, A., C. Bottino, M. Vitale, D. Pende, C. Cantoni, M. C. Mingari, R. Biassoni, and 

L. Moretta. 2001. Activating receptors and coreceptors involved in human natural killer cell-

mediated cytolysis. Annu Rev Immunol 19:197-223. 

174. Muenzner, P., C. Dehio, T. Fujiwara, M. Achtman, T. F. Meyer, and S. D. Gray-Owen. 

2000. Carcinoembryonic antigen family receptor specificity of Neisseria meningitidis Opa 

variants influences adherence to and invasion of proinflammatory cytokine-activated 

endothelial cells. Infect Immun 68:3601-7. 

175. Murakami, S., F. Sakurai, K. Kawabata, N. Okada, T. Fujita, A. Yamamoto, T. 

Hayakawa, and H. Mizuguchi. 2007. Interaction of penton base Arg-Gly-Asp motifs with 

integrins is crucial for adenovirus serotype 35 vector transduction in human hematopoietic 

cells. Gene Ther 14:1525-33. 

176. Murray, R., Rosenthal, K., Pfaller, M. 2009. Medical Microbiology, vol. Sixth edition. 

177. Myerowitz, R. L., H. Stalder, M. N. Oxman, M. J. Levin, M. Moore, J. D. Leith, N. M. 

Gantz, and J. C. Hierholzer. 1975. Fatal disseminated adenovirus infection in a renal 

transplant recipient. Am J Med 59:591-8. 

178. Myohara, M. 2004. Real-time observation of autophagic programmed cell death of 

Drosophila salivary glands in vitro. Dev Genes Evol 214:99-104. 

179. Nap, M., K. Mollgard, P. Burtin, and G. J. Fleuren. 1988. Immunohistochemistry of 

carcino-embryonic antigen in the embryo, fetus and adult. Tumour Biol 9:145-53. 

180. Nava, P., M. G. Laukoetter, A. M. Hopkins, O. Laur, K. Gerner-Smidt, K. J. Green, C. 

A. Parkos, and A. Nusrat. 2007. Desmoglein-2: a novel regulator of apoptosis in the 

intestinal epithelium. Mol Biol Cell 18:4565-78. 

181. Nicklin, S. A., K. L. Dishart, H. Buening, P. N. Reynolds, M. Hallek, G. R. Nemerow, D. 

J. Von Seggern, and A. H. Baker. 2003. Transductional and transcriptional targeting of 

cancer cells using genetically engineered viral vectors. Cancer Lett 201:165-73. 

182. Nilsson, E. C., R. J. Storm, J. Bauer, S. M. Johansson, A. Lookene, J. Angstrom, M. 

Hedenstrom, T. L. Eriksson, L. Frangsmyr, S. Rinaldi, H. J. Willison, F. Pedrosa 

Domellof, T. Stehle, and N. Arnberg. The GD1a glycan is a cellular receptor for 

adenoviruses causing epidemic keratoconjunctivitis. Nat Med 17:105-9. 

183. Nollau, P., H. Scheller, M. Kona-Horstmann, S. Rohde, F. Hagenmuller, C. Wagener, 

and M. Neumaier. 1997. Expression of CD66a (human C-CAM) and other members of the 

carcinoembryonic antigen gene family of adhesion molecules in human colorectal adenomas. 

Cancer Res 57:2354-7. 

184. O'Riordan, C. R., A. Lachapelle, C. Delgado, V. Parkes, S. C. Wadsworth, A. E. Smith, 

and G. E. Francis. 1999. PEGylation of adenovirus with retention of infectivity and 

protection from neutralizing antibody in vitro and in vivo. Hum Gene Ther 10:1349-58. 

185. O'Shea, C. C., L. Johnson, B. Bagus, S. Choi, C. Nicholas, A. Shen, L. Boyle, K. Pandey, 

C. Soria, J. Kunich, Y. Shen, G. Habets, D. Ginzinger, and F. McCormick. 2004. Late 

viral RNA export, rather than p53 inactivation, determines ONYX-015 tumor selectivity. 

Cancer Cell 6:611-23. 

186. Okegawa, T., Y. Li, R. C. Pong, J. M. Bergelson, J. Zhou, and J. T. Hsieh. 2000. The dual 

impact of coxsackie and adenovirus receptor expression on human prostate cancer gene 

therapy. Cancer Res 60:5031-6. 

187. Olsen, A., S. Teglund, D. Nelson, L. Gordon, A. Copeland, A. Georgescu, A. Carrano, 

and S. Hammarstrom. 1994. Gene organization of the pregnancy-specific glycoprotein 



 

68 

 

 

region on human chromosome 19: assembly and analysis of a 700-kb cosmid contig spanning 

the region. Genomics 23:659-68. 

188. Onion, D., L. J. Crompton, D. W. Milligan, P. A. Moss, S. P. Lee, and V. Mautner. 2007. 

The CD4+ T-cell response to adenovirus is focused against conserved residues within the 

hexon protein. J Gen Virol 88:2417-25. 

189. Palmer, D. J., and P. Ng. 2005. Helper-dependent adenoviral vectors for gene therapy. Hum 

Gene Ther 16:1-16. 

190. Parker, A. L., S. N. Waddington, C. G. Nicol, D. M. Shayakhmetov, S. M. Buckley, L. 

Denby, G. Kemball-Cook, S. Ni, A. Lieber, J. H. McVey, S. A. Nicklin, and A. H. Baker. 
2006. Multiple vitamin K-dependent coagulation zymogens promote adenovirus-mediated 

gene delivery to hepatocytes. Blood 108:2554-61. 

191. Parkin, D. M., F. Bray, J. Ferlay, and P. Pisani. 2005. Global cancer statistics, 2002. CA 

Cancer J Clin 55:74-108. 

192. Pereboev, A. V., C. K. Asiedu, Y. Kawakami, S. S. Dong, J. L. Blackwell, E. A. 

Kashentseva, P. L. Triozzi, W. A. Aldrich, D. T. Curiel, J. M. Thomas, and I. P. 

Dmitriev. 2002. Coxsackievirus-adenovirus receptor genetically fused to anti-human CD40 

scFv enhances adenoviral transduction of dendritic cells. Gene Ther 9:1189-93. 

193. Persson, B. D., D. M. Reiter, M. Marttila, Y. F. Mei, J. M. Casasnovas, N. Arnberg, and 

T. Stehle. 2007. Adenovirus type 11 binding alters the conformation of its receptor CD46. Nat 

Struct Mol Biol 14:164-6. 

194. Philipson, L., and R. F. Pettersson. 2004. The coxsackie-adenovirus receptor--a new 

receptor in the immunoglobulin family involved in cell adhesion. Curr Top Microbiol 

Immunol 273:87-111. 

195. Pichla-Gollon, S. L., S. W. Lin, S. E. Hensley, M. O. Lasaro, L. Herkenhoff-Haut, M. 

Drinker, N. Tatsis, G. P. Gao, J. M. Wilson, H. C. Ertl, and J. M. Bergelson. 2009. Effect 

of preexisting immunity on an adenovirus vaccine vector: in vitro neutralization assays fail to 

predict inhibition by antiviral antibody in vivo. J Virol 83:5567-73. 

196. Prall, F., P. Nollau, M. Neumaier, H. D. Haubeck, Z. Drzeniek, U. Helmchen, T. Loning, 

and C. Wagener. 1996. CD66a (BGP), an adhesion molecule of the carcinoembryonic 

antigen family, is expressed in epithelium, endothelium, and myeloid cells in a wide range of 

normal human tissues. J Histochem Cytochem 44:35-41. 

197. Qian, W., J. Liu, Y. Tong, S. Yan, C. Yang, M. Yang, and X. Liu. 2008. Enhanced 

antitumor activity by a selective conditionally replicating adenovirus combining with MDA-

7/interleukin-24 for B-lymphoblastic leukemia via induction of apoptosis. Leukemia 22:361-

9. 

198. Raper, S. E., N. Chirmule, F. S. Lee, N. A. Wivel, A. Bagg, G. P. Gao, J. M. Wilson, and 

M. L. Batshaw. 2003. Fatal systemic inflammatory response syndrome in a ornithine 

transcarbamylase deficient patient following adenoviral gene transfer. Mol Genet Metab 

80:148-58. 

199. Raschperger, E., J. Thyberg, S. Pettersson, L. Philipson, J. Fuxe, and R. F. Pettersson. 

2006. The coxsackie- and adenovirus receptor (CAR) is an in vivo marker for epithelial tight 

junctions, with a potential role in regulating permeability and tissue homeostasis. Exp Cell 

Res 312:1566-80. 

200. Rauen, K. A., D. Sudilovsky, J. L. Le, K. L. Chew, B. Hann, V. Weinberg, L. D. Schmitt, 

and F. McCormick. 2002. Expression of the coxsackie adenovirus receptor in normal 

prostate and in primary and metastatic prostate carcinoma: potential relevance to gene therapy. 

Cancer Res 62:3812-8. 

201. Rekosh, D. M., W. C. Russell, A. J. Bellet, and A. J. Robinson. 1977. Identification of a 

protein linked to the ends of adenovirus DNA. Cell 11:283-95. 

202. Reynolds, P. N., K. R. Zinn, V. D. Gavrilyuk, I. V. Balyasnikova, B. E. Rogers, D. J. 

Buchsbaum, M. H. Wang, D. J. Miletich, W. E. Grizzle, J. T. Douglas, S. M. Danilov, and 



 

69 

 

 

D. T. Curiel. 2000. A targetable, injectable adenoviral vector for selective gene delivery to 

pulmonary endothelium in vivo. Mol Ther 2:562-78. 

203. Ries, S. J., C. H. Brandts, A. S. Chung, C. H. Biederer, B. C. Hann, E. M. Lipner, F. 

McCormick, and W. M. Korn. 2000. Loss of p14ARF in tumor cells facilitates replication of 

the adenovirus mutant dl1520 (ONYX-015). Nat Med 6:1128-33. 

204. Rodriguez, M. M., S. M. Ryu, C. Qian, M. Geissler, C. Grimm, J. Prieto, H. E. Blum, 

and L. Mohr. 2008. Immunotherapy of murine hepatocellular carcinoma by alpha-fetoprotein 

DNA vaccination combined with adenovirus-mediated chemokine and cytokine expression. 

Hum Gene Ther 19:753-9. 

205. Roelvink, P. W., A. Lizonova, J. G. Lee, Y. Li, J. M. Bergelson, R. W. Finberg, D. E. 

Brough, I. Kovesdi, and T. J. Wickham. 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 72:7909-15. 

206. Roelvink, P. W., G. Mi Lee, D. A. Einfeld, I. Kovesdi, and T. J. Wickham. 1999. 

Identification of a conserved receptor-binding site on the fiber proteins of CAR-recognizing 

adenoviridae. Science 286:1568-71. 

207. Rosén, K. A. M. 2006. Cancer Incidence in Sweden 2004 Statistics 1401-0224. 

208. Routes, J. M., S. Ryan, A. Clase, T. Miura, A. Kuhl, T. A. Potter, and J. L. Cook. 2000. 

Adenovirus E1A oncogene expression in tumor cells enhances killing by TNF-related 

apoptosis-inducing ligand (TRAIL). J Immunol 165:4522-7. 

209. Russell, K. L., A. W. Hawksworth, M. A. Ryan, J. Strickler, M. Irvine, C. J. Hansen, G. 

C. Gray, and J. C. Gaydos. 2006. Vaccine-preventable adenoviral respiratory illness in US 

military recruits, 1999-2004. Vaccine 24:2835-42. 

210. Russell, W. C. 2009. Adenoviruses: update on structure and function. J Gen Virol 90:1-20. 

211. Saban, S. D., M. Silvestry, G. R. Nemerow, and P. L. Stewart. 2006. Visualization of 

alpha-helices in a 6-angstrom resolution cryoelectron microscopy structure of adenovirus 

allows refinement of capsid protein assignments. J Virol 80:12049-59. 

212. Sagawa, T., M. Takahashi, T. Sato, Y. Sato, Y. Lu, T. Sumiyoshi, Y. Yamada, S. Iyama, 

J. Fukaura, K. Sasaki, H. Hamada, K. Miyanishi, T. Takayama, J. Kato, and Y. Niitsu. 
2004. Prolonged survival of mice with multiple liver metastases of human colon cancer by 

intravenous administration of replicable E1B-55K-deleted adenovirus with E1A expressed by 

CEA promoter. Mol Ther 10:1043-50. 

213. Sah, N. K., Z. Khan, G. J. Khan, and P. S. Bisen. 2006. Structural, functional and 

therapeutic biology of survivin. Cancer Lett 244:164-71. 

214. Sakurai, F., K. Akitomo, K. Kawabata, T. Hayakawa, and H. Mizuguchi. 2007. 

Downregulation of human CD46 by adenovirus serotype 35 vectors. Gene Ther 14:912-9. 

215. Sanchez, M. P., D. D. Erdman, T. J. Torok, C. J. Freeman, and B. T. Matyas. 1997. 

Outbreak of adenovirus 35 pneumonia among adult residents and staff of a chronic care 

psychiatric facility. J Infect Dis 176:760-3. 

216. Saphire, A. C., T. Guan, E. C. Schirmer, G. R. Nemerow, and L. Gerace. 2000. Nuclear 

import of adenovirus DNA in vitro involves the nuclear protein import pathway and hsc70. J 

Biol Chem 275:4298-304. 

217. Schiedner, G., N. Morral, R. J. Parks, Y. Wu, S. C. Koopmans, C. Langston, F. L. 

Graham, A. L. Beaudet, and S. Kochanek. 1998. Genomic DNA transfer with a high-

capacity adenovirus vector results in improved in vivo gene expression and decreased toxicity. 

Nat Genet 18:180-3. 

218. Schmitter, T., S. Pils, V. Sakk, R. Frank, K. D. Fischer, and C. R. Hauck. 2007. The 

granulocyte receptor carcinoembryonic antigen-related cell adhesion molecule 3 (CEACAM3) 

directly associates with Vav to promote phagocytosis of human pathogens. J Immunol 

178:3797-805. 



 

70 

 

 

219. Schnatwinkel, C., S. Christoforidis, M. R. Lindsay, S. Uttenweiler-Joseph, M. Wilm, R. 

G. Parton, and M. Zerial. 2004. The Rab5 effector Rabankyrin-5 regulates and coordinates 

different endocytic mechanisms. PLoS Biol 2:E261. 

220. Schoggins, J. W., M. Nociari, N. Philpott, and E. Falck-Pedersen. 2005. Influence of fiber 

detargeting on adenovirus-mediated innate and adaptive immune activation. J Virol 79:11627-

37. 

221. Screpanti, V., R. P. Wallin, H. G. Ljunggren, and A. Grandien. 2001. A central role for 

death receptor-mediated apoptosis in the rejection of tumors by NK cells. J Immunol 

167:2068-73. 

222. Segerman, A., N. Arnberg, A. Erikson, K. Lindman, and G. Wadell. 2003. 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 77:1157-62. 

223. Segerman, A., J. P. Atkinson, M. Marttila, V. Dennerquist, G. Wadell, and N. Arnberg. 

2003. Adenovirus type 11 uses CD46 as a cellular receptor. J Virol 77:9183-91. 

224. Seth, P. 1994. Mechanism of adenovirus-mediated endosome lysis: role of the intact 

adenovirus capsid structure. Biochem Biophys Res Commun 205:1318-24. 

225. Sharifi, N., J. L. Gulley, and W. L. Dahut. 2005. Androgen deprivation therapy for prostate 

cancer. JAMA 294:238-44. 

226. Shaw, A. R., and E. B. Ziff. 1980. Transcripts from the adenovirus-2 major late promoter 

yield a single early family of 3' coterminal mRNAs and five late families. Cell 22:905-16. 

227. Shayakhmetov, D. M., A. Gaggar, S. Ni, Z. Y. Li, and A. Lieber. 2005. Adenovirus 

binding to blood factors results in liver cell infection and hepatotoxicity. J Virol 79:7478-91. 

228. Shayakhmetov, D. M., Z. Y. Li, V. Ternovoi, A. Gaggar, H. Gharwan, and A. Lieber. 

2003. The interaction between the fiber knob domain and the cellular attachment receptor 

determines the intracellular trafficking route of adenoviruses. J Virol 77:3712-23. 

229. Shelley, M., C. Harrison, B. Coles, J. Staffurth, T. J. Wilt, and M. D. Mason. 2008. 

Chemotherapy for hormone-refractory prostate cancer. The Cochrane Library:1-54. 

230. Shen, W., J. K. Tu, X. H. Wang, and Z. X. Fu. Oncolytic adenovirus mediated Survivin 

RNA interference and 5-fluorouracil synergistically suppress the lymphatic metastasis of 

colorectal cancer. Oncol Rep 24:1285-90. 

231. Shen, W., C. Y. Wang, X. H. Wang, and Z. X. Fu. 2009. Oncolytic adenovirus mediated 

Survivin knockdown by RNA interference suppresses human colorectal carcinoma growth in 

vitro and in vivo. J Exp Clin Cancer Res 28:81. 

232. Shirali, G. S., J. Ni, R. E. Chinnock, J. K. Johnston, G. L. Rosenthal, N. E. Bowles, and J. 

A. Towbin. 2001. Association of viral genome with graft loss in children after cardiac 

transplantation. N Engl J Med 344:1498-503. 

233. Short, J. J., A. V. Pereboev, Y. Kawakami, C. Vasu, M. J. Holterman, and D. T. Curiel. 

2004. Adenovirus serotype 3 utilizes CD80 (B7.1) and CD86 (B7.2) as cellular attachment 

receptors. Virology 322:349-59. 

234. Silver, J., and Y. F. Mei. 2011. Transduction and oncolytic profile of a potent replication-

competent adenovirus 11p vector (RCAd11pGFP) in colon carcinoma cells. PLoS One 

6:e17532. 

235. Sirena, D., Z. Ruzsics, W. Schaffner, U. F. Greber, and S. Hemmi. 2005. The nucleotide 

sequence and a first generation gene transfer vector of species B human adenovirus serotype 3. 

Virology 343:283-98. 

236. Skog, J., K. Edlund, A. T. Bergenheim, and G. Wadell. 2007. Adenoviruses 16 and CV23 

efficiently transduce human low-passage brain tumor and cancer stem cells. Mol Ther 

15:2140-5. 

237. Skog, J., Y. F. Mei, and G. Wadell. 2002. Human adenovirus serotypes 4p and 11p are 

efficiently expressed in cell lines of neural tumour origin. J Gen Virol 83:1299-309. 



 

71 

 

 

238. Smith, M. J., M. D. Rousculp, K. T. Goldsmith, D. T. Curiel, and R. I. Garver, Jr. 1994. 

Surfactant protein A-directed toxin gene kills lung cancer cells in vitro. Hum Gene Ther 5:29-

35. 

239. Smith, M. R., F. J. McGovern, M. A. Fallon, D. Schoenfeld, P. W. Kantoff, and J. S. 

Finkelstein. 2001. Low bone mineral density in hormone-naive men with prostate carcinoma. 

Cancer 91:2238-45. 

240. Smith, T. A., N. Idamakanti, M. L. Rollence, J. Marshall-Neff, J. Kim, K. Mulgrew, G. 

R. Nemerow, M. Kaleko, and S. C. Stevenson. 2003. Adenovirus serotype 5 fiber shaft 

influences in vivo gene transfer in mice. Hum Gene Ther 14:777-87. 

241. Speir, E., R. Modali, E. S. Huang, M. B. Leon, F. Shawl, T. Finkel, and S. E. Epstein. 

1994. Potential role of human cytomegalovirus and p53 interaction in coronary restenosis. 

Science 265:391-4. 

242. Strunze, S., L. C. Trotman, K. Boucke, and U. F. Greber. 2005. Nuclear targeting of 

adenovirus type 2 requires CRM1-mediated nuclear export. Mol Biol Cell 16:2999-3009. 

243. Sumida, S. M., D. M. Truitt, A. A. Lemckert, R. Vogels, J. H. Custers, M. M. Addo, S. 

Lockman, T. Peter, F. W. Peyerl, M. G. Kishko, S. S. Jackson, D. A. Gorgone, M. A. 

Lifton, M. Essex, B. D. Walker, J. Goudsmit, M. J. Havenga, and D. H. Barouch. 2005. 

Neutralizing antibodies to adenovirus serotype 5 vaccine vectors are directed primarily against 

the adenovirus hexon protein. J Immunol 174:7179-85. 

244. Thompson, J., W. Zimmermann, P. Nollau, M. Neumaier, J. Weber-Arden, H. Schrewe, 

I. Craig, and T. Willcocks. 1994. CGM2, a member of the carcinoembryonic antigen gene 

family is down-regulated in colorectal carcinomas. J Biol Chem 269:32924-31. 

245. Tillman, B. W., T. D. de Gruijl, S. A. Luykx-de Bakker, R. J. Scheper, H. M. Pinedo, T. 

J. Curiel, W. R. Gerritsen, and D. T. Curiel. 1999. Maturation of dendritic cells 

accompanies high-efficiency gene transfer by a CD40-targeted adenoviral vector. J Immunol 

162:6378-83. 

246. Tomko, R. P., C. B. Johansson, M. Totrov, R. Abagyan, J. Frisen, and L. Philipson. 2000. 

Expression of the adenovirus receptor and its interaction with the fiber knob. Exp Cell Res 

255:47-55. 

247. Tomko, R. P., R. Xu, and L. Philipson. 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 94:3352-6. 

248. Tomlinson, I., M. Ilyas, and M. Novelli. 1997. Molecular genetics of colon cancer. Cancer 

Metastasis Rev 16:67-79. 

249. Trotman, L. C., N. Mosberger, M. Fornerod, R. P. Stidwill, and U. F. Greber. 2001. 

Import of adenovirus DNA involves the nuclear pore complex receptor CAN/Nup214 and 

histone H1. Nat Cell Biol 3:1092-100. 

250. Tuve, S., H. Wang, C. Ware, Y. Liu, A. Gaggar, K. Bernt, D. Shayakhmetov, Z. Li, R. 

Strauss, D. Stone, and A. Lieber. 2006. A new group B adenovirus receptor is expressed at 

high levels on human stem and tumor cells. J Virol 80:12109-20. 

251. Ulasov, I. V., A. A. Rivera, Y. Han, D. T. Curiel, Z. B. Zhu, and M. S. Lesniak. 2007. 

Targeting adenovirus to CD80 and CD86 receptors increases gene transfer efficiency to 

malignant glioma cells. J Neurosurg 107:617-27. 

252. Ulasov, I. V., M. A. Tyler, S. Zheng, Y. Han, and M. S. Lesniak. 2006. CD46 represents a 

target for adenoviral gene therapy of malignant glioma. Hum Gene Ther 17:556-64. 

253. Uttenweiler, A., H. Schwarz, H. Neumann, and A. Mayer. 2007. The vacuolar transporter 

chaperone (VTC) complex is required for microautophagy. Mol Biol Cell 18:166-75. 

254. Wadell, G. 2000. Adenoviruses. Principles and Practice of Clinical Virology Fourth 

Edition:307-36. 

255. Wagner, E., Hewlett, M. 2004. Basic Virology, vol. Second Edition. 

256. van't Hof, W., and R. G. Crystal. 2002. Fatty acid modification of the coxsackievirus and 

adenovirus receptor. J Virol 76:6382-6. 



 

72 

 

 

257. Van Houdt, W. J., Y. S. Haviv, B. Lu, M. Wang, A. A. Rivera, I. V. Ulasov, M. L. 

Lamfers, D. Rein, M. S. Lesniak, G. P. Siegal, C. M. Dirven, D. T. Curiel, and Z. B. Zhu. 
2006. The human survivin promoter: a novel transcriptional targeting strategy for treatment of 

glioma. J Neurosurg 104:583-92. 

258. Wang, H., Z. Li, R. Yumul, S. Lara, A. Hemminki, P. Fender, and A. Lieber. 2011. 

Multimerization of adenovirus serotype 3 fiber knob domains is required for efficient binding 

of virus to desmoglein 2 and subsequent opening of epithelial junctions. J Virol 85:6390-402. 

259. Wang, H., Z. Y. Li, Y. Liu, J. Persson, I. Beyer, T. Moller, D. Koyuncu, M. R. Drescher, 

R. Strauss, X. B. Zhang, J. K. Wahl, 3rd, N. Urban, C. Drescher, A. Hemminki, P. 

Fender, and A. Lieber. 2010. Desmoglein 2 is a receptor for adenovirus serotypes 3, 7, 11 

and 14. Nat Med 17:96-104. 

260. Wang, H., Y. C. Liaw, D. Stone, O. Kalyuzhniy, I. Amiraslanov, S. Tuve, C. L. Verlinde, 

D. Shayakhmetov, T. Stehle, S. Roffler, and A. Lieber. 2007. Identification of CD46 

binding sites within the adenovirus serotype 35 fiber knob. J Virol 81:12785-92. 

261. Wang, X., and J. M. Bergelson. 1999. Coxsackievirus and adenovirus receptor cytoplasmic 

and transmembrane domains are not essential for coxsackievirus and adenovirus infection. J 

Virol 73:2559-62. 

262. Wang, Y., R. Gangeswaran, X. Zhao, P. Wang, J. Tysome, V. Bhakta, M. Yuan, C. P. 

Chikkanna-Gowda, G. Jiang, D. Gao, F. Cao, J. Francis, J. Yu, K. Liu, H. Yang, Y. 

Zhang, W. Zang, C. Chelala, Z. Dong, and N. Lemoine. 2009. CEACAM6 attenuates 

adenovirus infection by antagonizing viral trafficking in cancer cells. J Clin Invest 119:1604-

15. 

263. Varghese, R., Y. Mikyas, P. L. Stewart, and R. Ralston. 2004. Postentry neutralization of 

adenovirus type 5 by an antihexon antibody. J Virol 78:12320-32. 

264. Vasen, H. F., P. Watson, J. P. Mecklin, and H. T. Lynch. 1999. New clinical criteria for 

hereditary nonpolyposis colorectal cancer (HNPCC, Lynch syndrome) proposed by the 

International Collaborative group on HNPCC. Gastroenterology 116:1453-6. 

265. Wei, N., J. K. Fan, J. F. Gu, L. F. He, W. H. Tang, X. Cao, and X. Y. Liu. 2009. A double-

regulated oncolytic adenovirus with improved safety for adenocarcinoma therapy. Biochem 

Biophys Res Commun 388:234-9. 

266. Wesseling, J. G., M. Yamamoto, Y. Adachi, P. J. Bosma, M. van Wijland, J. L. 

Blackwell, H. Li, P. N. Reynolds, I. Dmitriev, S. M. Vickers, K. Huibregtse, and D. T. 

Curiel. 2001. Midkine and cyclooxygenase-2 promoters are promising for adenoviral vector 

gene delivery of pancreatic carcinoma. Cancer Gene Ther 8:990-6. 

267. Wickham, T. J., P. Mathias, D. A. Cheresh, and G. R. Nemerow. 1993. Integrins alpha v 

beta 3 and alpha v beta 5 promote adenovirus internalization but not virus attachment. Cell 

73:309-19. 

268. Wiethoff, C. M., H. Wodrich, L. Gerace, and G. R. Nemerow. 2005. Adenovirus protein 

VI mediates membrane disruption following capsid disassembly. J Virol 79:1992-2000. 

269. Vigne, E., J. F. Dedieu, A. Brie, A. Gillardeaux, D. Briot, K. Benihoud, M. Latta-Mahieu, 

P. Saulnier, M. Perricaudet, and P. Yeh. 2003. Genetic manipulations of adenovirus type 5 

fiber resulting in liver tropism attenuation. Gene Ther 10:153-62. 

270. Wildner, O., R. M. Blaese, and J. C. Morris. 1999. Therapy of colon cancer with oncolytic 

adenovirus is enhanced by the addition of herpes simplex virus-thymidine kinase. Cancer Res 

59:410-3. 

271. Wilson, J. M. 1996. Adenoviruses as gene-delivery vehicles. N Engl J Med 334:1185-7. 

272. Virji, M., D. Evans, A. Hadfield, F. Grunert, A. M. Teixeira, and S. M. Watt. 1999. 

Critical determinants of host receptor targeting by Neisseria meningitidis and Neisseria 

gonorrhoeae: identification of Opa adhesiotopes on the N-domain of CD66 molecules. Mol 

Microbiol 34:538-51. 

273. Wisnivesky, J. P., P. L. Leopold, and R. G. Crystal. 1999. Specific binding of the 

adenovirus capsid to the nuclear envelope. Hum Gene Ther 10:2187-95. 



 

73 

 

 

274. Vogels, R., D. Zuijdgeest, R. van Rijnsoever, E. Hartkoorn, I. Damen, M. P. de Bethune, 

S. Kostense, G. Penders, N. Helmus, W. Koudstaal, M. Cecchini, A. Wetterwald, M. 

Sprangers, A. Lemckert, O. Ophorst, B. Koel, M. van Meerendonk, P. Quax, L. Panitti, 

J. Grimbergen, A. Bout, J. Goudsmit, and M. Havenga. 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 77:8263-71. 

275. Wohlfart, C. 1988. Neutralization of adenoviruses: kinetics, stoichiometry, and mechanisms. 

J Virol 62:2321-8. 

276. Wu, C., X. Lei, J. Wang, and T. Hung. Generation of a replication-deficient recombinant 

human adenovirus type 35 vector using bacteria-mediated homologous recombination. J Virol 

Methods 177:55-63. 

277. Wu, E., S. A. Trauger, L. Pache, T. M. Mullen, D. J. von Seggern, G. Siuzdak, and G. R. 

Nemerow. 2004. Membrane cofactor protein is a receptor for adenoviruses associated with 

epidemic keratoconjunctivitis. J Virol 78:3897-905. 

278. Wu, H., T. Seki, I. Dmitriev, T. Uil, E. Kashentseva, T. Han, and D. T. Curiel. 2002. 

Double modification of adenovirus fiber with RGD and polylysine motifs improves 

coxsackievirus-adenovirus receptor-independent gene transfer efficiency. Hum Gene Ther 

13:1647-53. 

279. Wu, Y., N. Tibrewal, and R. B. Birge. 2006. Phosphatidylserine recognition by phagocytes: 

a view to a kill. Trends Cell Biol 16:189-97. 

280. Xiang, D. B., Z. T. Chen, D. Wang, M. X. Li, J. Y. Xie, Y. S. Zhang, Y. Qing, Z. P. Li, 

and J. Xie. 2008. Chimeric adenoviral vector Ad5/F35-mediated APE1 siRNA enhances 

sensitivity of human colorectal cancer cells to radiotherapy in vitro and in vivo. Cancer Gene 

Ther 15:625-35. 

281. Yang, T. C., K. Dayball, Y. H. Wan, and J. Bramson. 2003. Detailed analysis of the CD8+ 

T-cell response following adenovirus vaccination. J Virol 77:13407-11. 

282. Yang, Y., F. A. Nunes, K. Berencsi, E. E. Furth, E. Gonczol, and J. M. Wilson. 1994. 

Cellular immunity to viral antigens limits E1-deleted adenoviruses for gene therapy. Proc Natl 

Acad Sci U S A 91:4407-11. 

283. Yang, Y. P., Z. Q. Liang, Z. L. Gu, and Z. H. Qin. 2005. Molecular mechanism and 

regulation of autophagy. Acta Pharmacol Sin 26:1421-34. 

284. Ye, X., M. B. Robinson, C. Pabin, M. L. Batshaw, and J. M. Wilson. 2000. Transient 

depletion of CD4 lymphocyte improves efficacy of repeated administration of recombinant 

adenovirus in the ornithine transcarbamylase deficient sparse fur mouse. Gene Ther 7:1761-7. 

285. Yew, N. S., J. Marshall, M. Przybylska, D. M. Wysokenski, R. J. Ziegler, P. W. Rafter, 

C. Li, D. Armentano, and S. H. Cheng. 1999. Increased duration of transgene expression in 

the lung with plasmid DNA vectors harboring adenovirus E4 open reading frame 3. Hum 

Gene Ther 10:1833-43. 

286. Yoshimori, T. 2004. Autophagy: a regulated bulk degradation process inside cells. Biochem 

Biophys Res Commun 313:453-8. 

287. Yuan, J., M. Lipinski, and A. Degterev. 2003. Diversity in the mechanisms of neuronal cell 

death. Neuron 40:401-13. 

288. Zhang, L. Q., Y. F. Mei, and G. Wadell. 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 84:687-95. 

289. Zhang, Z. G., A. Harstrick, and Y. M. Rustum. 1992. Modulation of fluoropyrimidines: 

role of dose and schedule of leucovorin administration. Semin Oncol 19:10-5. 

290. Zhou, D., A. Cun, Y. Li, Z. Xiang, and H. C. Ertl. 2006. A chimpanzee-origin adenovirus 

vector expressing the rabies virus glycoprotein as an oral vaccine against inhalation infection 

with rabies virus. Mol Ther 14:662-72. 



 

74 

 

 

291. Zhou, D., X. Zhou, A. Bian, H. Li, H. Chen, J. C. Small, Y. Li, W. Giles-Davis, Z. Xiang, 

and H. C. Ertl. An efficient method of directly cloning chimpanzee adenovirus as a vaccine 

vector. Nat Protoc 5:1775-85. 

292. Zimmermann, W., B. Weber, B. Ortlieb, F. Rudert, W. Schempp, H. H. Fiebig, J. E. 

Shively, S. von Kleist, and J. A. Thompson. 1988. Chromosomal localization of the 

carcinoembryonic antigen gene family and differential expression in various tumors. Cancer 

Res 48:2550-4. 

293. Zurakowski, R., and D. Wodarz. 2007. Model-driven approaches for in vitro combination 

therapy using ONYX-015 replicating oncolytic adenovirus. J Theor Biol 245:1-8. 

 

 

 

 

 

 


