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“Gene therapy can be summarized like
this: take an enemy and make it a friend.”  
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 Introduction 

1.1 Gene Therapy 
Gene therapy can be used to replace defective or missing genes in monoge-
netic diseases, such as severe combined immunodeficiency (SCID)1, Leber 
congenital amaurosis (LCA)-22 and cystic fibrosis3. SCID diseases are main-
ly caused by mutations in the �c cytokine receptor (SCID-X1) or adenosine 
deaminase (ADA). LCA2 and cystic fibrosis are caused by mutations in 
RPE65 and in a membrane chloride channel, respectively. The approach of 
corrective gene therapy is to deliver a functional gene that can compensate 
for the non-functional or missing one. This can be achieved by using a viral 
vector as a gene delivery vehicle. In the year 2000, the first successful clini-
cal trial of gene therapy was performed for the treatment of SCID-Xl pa-
tients, who were cured from disease4. Up until mid 2007, 17 of 20 enrolled 
SCID-Xl patients have been successfully treated in clinical trials5. However, 
three individuals developed T cell leukemia as a consequence of insertional 
mutagenesis. The retroviral vector used in the trial integrated close to the 
promoter of the proto-oncogene LMO2, leading to its upregulation and con-
sequently development of T cell leukemia. The safety of integrating vectors 
is expected to improve by site-specific integration or homologous recombi-
nation5,6.  

SCID patients with ADA deficiency have successfully been treated with a 
retroviral vector containing the ADA gene7. LCA2 is a recessive blinding 
disease that has been treated with an adeno-associated vector containing the 
correct RPE65 gene. Subretinal administration of the vector is safe and the 
visual function is improved in treated patients8. An adeno-associated vector 
was also used to cure red-green color blindness in adult non-human primates 
by delivery of the human L-opsin gene to the photoreceptors in the eyes9, an 
event that was a valuable step forward in the gene therapy field of genetic 
disorders.  

Gene therapy is also a promising tool for treatment of cancer, but the ap-
proach differs from that of monogenetic diseases. Instead of replacing a de-
fective gene, a “therapeutic gene” is delivered and its product (protein or 
siRNA) directly or indirectly kills the cancer cell. There are two main strate-
gies to achieve this10: the first is to control and direct replication of oncolytic 
viruses to tumor cells or to use replication-defective viral vectors containing 
a therapeutic gene such as a suicide gene that directly kills the infected cell. 



 14 

The second system involves vaccination that activates the immune system 
leading to an indirect killing of tumor cells. An example of the latter strategy 
is therapy of metastatic melanoma using autologous lymphocytes that are 
engineered by a retrovirus encoding a specific melanoma antigen-directed T 
cell receptor11. Another example is the use of an adenoviral vector express-
ing CD40 ligand (CD40L) that stimulates both innate and adaptive immunity 
against tumors12. Most vectors for gene therapy of cancer are today oncolytic 
viruses and this type of gene therapy is sometimes referred to as virotherapy. 

There are many ongoing clinical studies with adenoviruses for treatment 
of cancer in China, two of which use adenoviral vectors that are commercial-
ly available13. One of these two vectors expresses the tumor suppressor gene 
p53 (Gendicine®)14 and the other is an oncolytic virus with deletion of E1B-
55K (Oncorine®)15, thus preferentially replicating in tumor cells. The func-
tion of E1B-55K will be described below.  

1.2 Adenoviral Gene Therapy 

1.2.1 Adenovirus 
Adenoviruses can cause infections in the respiratory and gastrointestinal 
tracts as well as the eye. More than 80% of the human population gets in-
fected by adenoviruses early in life16. After the primary infection, the virus 
can establish an asymptomatic persistent infection16. Today, there are about 
50 identified serotypes of human adenoviruses, which are divided into six 
subgroups, A to F17. One of the most common and also the most well charac-
terized serotype among humans is serotype 5 (Ad5) (Figure 1). The genome 
of Ad5 is 36 kb of linear double-stranded DNA that at the ends has inverted 
terminal repeats (ITRs). The genome is surrounded by an icosahedral protein 
capsid that consists of hexons, penton bases and knobbed fibers17. There are 
four minor proteins (IIIa, VI, VIII and IX) that are associated with the capsid 
and six core proteins, (V, VII, Mu, Terminal protein (pTP) and IVa2) that 
are associated with the double-stranded DNA17. 
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Figure 1. The Ad5 virus. A Structure of the particle. B Genome organization. 

The Ad5 cycle starts with binding of the fiber knob to the coxsackie adeno-
virus receptor (CAR) on the cell surface, followed by binding of an RGD 
motif in the penton base to cellular ��-integrins (Figure 2). Endocytosis is 
facilitated by a number of pathways that are induced by interaction of the 
virus with the cell membrane, which promotes actin polymerization18. The 
virus is released from the endosome partly due to toxicity of the pentons. 
Virus-encoded proteases assist in the disruption of the virus and then, with 
help of cellular microtubules, the partly degraded virus is transported to the 
nuclear membrane. The genome is transferred through the nuclear pore and 
into the nucleus where the DNA associates with histones, and transcription is 
initiated (Figure 2). 

Adenoviral transcription is divided in two phases: an early phase, which 
refers to transcription prior to DNA replication and a late phase, which refers 
to transcription after DNA replication19. The early genes, E1 to E4, express 
mainly regulatory proteins. The first gene to be expressed is E1A, which is 
controlled by a constitutively active promoter. It encodes two mRNAs and 
the main functions of these are to activate expression of the other adenoviral 
genes and to induce infected cells to enter S-phase by binding to retinoblas-
toma (Rb) protein, thereby releasing E2F transcription factors that force the 
host cell to enter the cell cycle. E1A is because of its functions a potent in-
ducer of apoptosis, which is inhibited by the E1B proteins to ensure viable 
cells for virus production. E1B-19K is a homologue to the cellular BCL-2 
and functions hence as an inhibitor of apoptosis20. E1B-55K blocks p53-
dependent apoptosis and is involved in RNA transport21. The E2 transcrip-
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tional unit encodes proteins involved in viral replication; a DNA binding 
protein (DBP) from the E2A region and from the E2B region, the DNA po-
lymerase and pTP22. The main function of the E3 proteins is to block host 
immune responses23. E3-gp 19K reduces killing by cytotoxic T cells by di-
minishing the MHC class I presentation. The E3-RID complex blocks apop-
tosis induced by death receptors, including TNF, FAS and TRAIL. E3-RID 
also blocks NF-�B activation. The E3-6.7K protein functions as a repressor 
of apoptosis by maintaining cytosolic calcium homeostasis. The adenovirus 
death protein (ADP) gene is located in the E3 region, but is primarily ex-
pressed by the major late promoter (MLP) in the late phase of infection to 
facilitate cell lysis24. There are several open reading frames (ORFs) in the E4 
region. These proteins are regulators of DNA replication, RNA splicing and 
processing, late protein synthesis and cellular signaling25. The late genes, L1 
to L5, encode capsid proteins and proteins involved in the assembly of prog-
eny viral particles. 

 
 

Figure 2. The life cycle of Ad5. 

 
1.2.2 Adenoviral vectors for gene therapy 
Adenovirus serotype 5 (Ad5) is the most commonly used virus in cancer 
gene therapy. Advantages with adenoviruses are that they infect both divid-
ing and non-dividing cells; they efficiently deliver their genetic material to 
the nucleus; the genome is well characterized; it is easy to produce high viral 
titers; and they have relatively low toxicity.  
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Adenoviruses have the ability to encapsulate 105% of the length of the 
wild type (wt) genome26. In the first generation of adenoviral vectors, the E1 
and E3 regions were deleted and the vectors thereby became replication de-
ficient. Such virus can be produced in the 293 cell line that provides E1 gene 
products in trans. Deletion of the E1 and E3 regions makes it possible to 
introduce up to 7.5 kb of foreign DNA. Later generations of vectors have 
also the E2 and/or E4 genes deleted, or all adenoviral genes removed except 
for the ITRs and the packaging signals to obtain space for as much foreign 
material as possible. The latter vectors are called gutted vectors and can ac-
commodate up to 36 kb of foreign DNA. To be produced, they need helper 
virus that provides the missing functions in trans. The gutted vectors are less 
immunogenic since most of the adenoviral genes are removed and give 
therefore a more persistent transgene expression in vivo27.  

1.2.2.1 Oncolytic adenoviral vectors 
Oncolytic, replication-competent adenoviruses for treatment of cancer have 
the ability to lyse cells and then spread and infect adjacent tumor cells. Such 
viruses need to contain E1A, E2, E4 and all of the late genes. Ideally, onco-
lytic adenoviruses for cancer therapy are conditionally replication-competent 
adenoviruses (CRAds) that replicate selectively in tumor cells. There are 
several ways to restrict virus replication to tumor cells. ONYX-015 (Onco-
rine® in China) is a CRAd that is deleted in E1B-55K and was initially 
thought to replicate selectively in cells that have a deficiency in the p53 
pathway28. E1B-55K inactivates p53; consequently, cells with normal p53 
function will not be affected, whereas replication will occur in cancer cells 
with a mutation in p53. However, it has been shown that the tumor-selective 
replication of ONYX-015 is not restricted by p53 but rather dependent on 
tumor cells ability to carry out late viral RNA export29. The E1B-55K pro-
tein is together with E4-ORF6 necessary for late viral RNA export30,31, a 
function that is not provided in primary cells but a common feature in cancer 
cells29.     

Ad5-�24 is another CRAd deleted in the constant region 2 of E1A 
(E1ACR2), which makes the expressed protein unable to bind Rb and hence, 
S-phase is not induced32. Many tumor cells are defective in the Rb pathway 
and the Ad5-�24 virus can therefore replicate in these cells since the interac-
tion of the E1A protein and Rb is not necessary. Recently, a double-deleted 
Ad5 vector (Ad��) with deletions in E1ACR2 (similar to Ad5-�24) and 
E1B-19K was developed33. The Ad�� vector replicates well in tumor cells 
and due to the deletions in E1B-19K, the attenuation in normal cells is im-
proved compared to Ad5-�24. 

Another strategy to target replication to specific cells is to put E1A under 
control of a tumor- or tissue-specific promoter. Since E1A activates the ex-
pression of the other adenoviral genes, replication will occur only in cells 
where the promoter is active. Common mutations and phenotype changes 
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identified in tumors have been utilized for targeting of adenoviral replica-
tion, to spare damage in normal cells. The carcinoembryonic antigen (CEA) 
and the Tcf4 transcription factor are over-expressed in colon and colorectal 
cancer respectively. Therefore, enhancer and promoter elements from CEA34 
and Tcf435 have been used to control E1A with high specificity for the re-
spective cancer type. In 70-80% of patients with hepatocellular carcinoma, 
the �-fetoprotein (AFP) is highly expressed and thus the APF promoter has 
been used for restriction of adenoviral replication36. Survivin, which is an 
inhibitor of apoptosis, and human telomerase reverse transcriptase (hTERT) 
are proteins that are not expressed in primary somatic cells but are upregu-
lated in cancer cells of diverse origin. Viruses controlled by the survivin37 or 
hTERT38 promoters have high cytopathic efficacy in a broad spectrum of 
cancer cells. Prostate-specific promoters will be discussed in more detail in 
section 1.5.4.  

1.2.2.2 DNA insulators 
A problem with heterologous promoters is that when they are inserted in a 
viral vector to restrict the expression of a transgene, the specificity and activ-
ity are sometimes altered. In adenoviral vectors, the interference is thought 
to come from the left ITR where binding sites for transcription factors are 
located and from the E1A enhancer, which overlaps with the packaging sig-
nal39,40. Since these elements are involved in viral replication and assembly 
of viral particles, they cannot be removed. However, the integrity of promo-
ters can be restored by using insulating DNA elements. 

Insulators are DNA sequences with regulatory functions and they act 
mainly by two mechanisms41,42. There are insulators that have the ability to 
block signals from enhancers if the insulator is positioned between the en-
hancer and the promoter. Insulators can also prevent silencing from con-
densed chromatin by acting as barriers. The enhancer blocking activity is 
mediated by the CCCTC binding factor (CTCF)43 that prevents spreading of 
histone acetylation and RNA polymerase II movement from the enhancer to 
the promoter44. The action of the enhancer on the promoter is thereby 
blocked. How insulators achieve a barrier in condensed chromatin is not 
fully understood, but it is likely that insulators provide a region of acetyla-
tion by recruiting histone acetyltransferases. Acetylated regions inhibit pro-
tein complexes that condense chromatin42.        

The HS4 insulator is located in the chicken �-globin locus45. It has both 
enhancer blocking and barrier functions46 and has been used in adenoviral 
vectors to shield a hepatocellular carcinoma-specific promoter47. The HS4 
insulator is also able to shield a metal-inducible promoter in an adenoviral 
vector, when the insulator flanks both sides of the expression cassette48.  

The H19 insulator is involved in genetic imprinting of the insulin-like 
growth factor (IGF)-2 and H19 genes by its enhancer blocking activity49. 
The binding of CTCF is dependent on methylation status50. The CTCF bind-
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ing sites are methylated on the paternal allele, which leads to prevention of 
CTCF interaction with the insulator. The insulator is hence inactive and ex-
pression of IGF2 is feasible. The maternal H19 insulator is unmethylated, 
thus allowing CTCF binding and action of enhancer elements on the IGF2 
promoter is thereby prevented. The H19 insulator has been used to shield the 
prostate-specific PPT promoter51,52, which will be discussed in section 1.5.4.        

1.3 Immune Responses against Adenoviral Vectors 
1.3.1 Innate and adaptive immunity 
There are several advantages with Ad5 as gene transfer vectors; however, a 
major drawback is their immunogenicity, which could lead to clearance of 
the vector before therapeutic effects are achieved. Both innate and adaptive 
immune responses are important in the defense against adenoviruses53,54.  
Since Ad5 is a common respiratory tract virus, a high proportion of the pop-
ulation has been infected with the virus and has consequently an immunolog-
ical memory against it16. The prevalence of neutralizing anti-Ad5 antibodies 
is about 60% in the Western world55. The majority of the neutralizing anti-
bodies are directed against the hexons, which are the major component of the 
adenoviral capsid, whereas smaller amounts of neutralizing antibodies are 
directed against the fiber protein56.  

The complement system consists of plasma proteins that are important in 
the defense against pathogens. The main functions of the complement com-
ponents are: lysis of pathogens; opsonization, which promotes phagocytosis; 
activation of inflammatory response; and clearance of immune complexes57. 
There are three different activation pathways that all result in the formation 
of C3 and C5 convertases, which are the central components for the function 
of the complement system:  the classical pathway that is initiated by binding 
of C1 to immune complexes; the alternative pathway that is initiated by 
binding of C3b to antigen surfaces; and the lectin pathway that is initiated by 
binding of mannose binding protein to antigen surfaces. In human serum, 
adenoviruses activate the complement system through both the classical 
pathway (in the presence of anti-adenovirus antibodies) and the alternative 
pathway (in the absence of anti-adenovirus antibodies)58. However, the in 
vivo activation of complement in mice differs from what has been observed 
in mouse plasma in vitro. Instead of direct recognition of adenovirus by the 
complement system as observed in vitro, Tian et al suggest virus-induced 
cell damage as the strongest stimulus for complement activation in the in 
vivo situation59.  

Besides complement activation, another early defense against pathogens 
is the recognition of conserved microbial structures known as pathogen-
associated molecular patterns (PAMPs). The members of the toll-like recep-
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tor (TLR) family are transmembrane proteins that recognize PAMPs60. Ade-
noviral DNA is sensed by TLR9 and through the adaptor protein MyD88, a 
signaling cascade is initiated, whereupon production of type I interferons 
(IFNs) in plasmacytoid dendritic cells (pDC) is induced61. Type I IFNs (IFN-
� and IFN-�) as well as the pro-inflammatory cytokines IL-6, IL-12 and 
tumor necrosis factor (TNF)-� are also secreted by other antigen presenting 
cells (APCs) such as myeloid DCs (mDCs), macrophages and Kupffer cells. 
These cells recognize adenoviral DNA through a TLR-independent pathway 
that is not fully characterized62. One proposed pathway is the induction of 
interferon regulatory factor 3 (IRF3) by double stranded viral DNA that 
leads to transcription of type I IFNs63. The IFNs activate a positive feedback 
loop, which result in maturation of the APCs64. TNF-� is another important 
cytokine for maturation of DCs. It is believed that DCs are activated by 
binding of the RGD motif on the adenoviral penton base to �V� integrins on 
DCs, which leads to TNF-� secretion and maturation by autocrine TNF-� 
stimulation65.  

The type I IFNs are essential for mediation of potent antiviral responses. 
First of all, they promote innate immune responses by the activation of 
NF�B that will induce production of pro-inflammatory cytokines and che-
mokines. Effector cells like neutrophils, natural killer (NK) cells and mono-
cytes will hence be recruited to the site of infection66. Type I IFNs also in-
duce adaptive immunity by promoting T and B cell responses. How the 
adaptive immunity is regulated by type I IFNs is not completely known but 
they do induce production of IL-15, which stimulates NK and T cell prolife-
ration67. In addition, type I IFNs upregulate IFN-� production in NK cells, 
which induces T helper 1 response that will activate cytotoxic T lympho-
cytes (CTLs) against virus-infected cells62. B-cell activation is characterized 
by IL-10, which peaks 72-96 hours after infusion of adenovirus68. In a clini-
cal study, all patients who received Ad5 systemically were positive for anti-
Ad5 antibodies after the first viral dose, which will complicates re-
administration69.      

1.3.2 Cell association and clearance 
In addition to immune responses described above, association of adenovirus 
to cells in the blood stream contributes to clearance of the virus. Human 
erythrocytes were recently shown to express CAR70 on their surface in addi-
tion to the previously known complement receptor 1 (CR1)71. Ad5 is inacti-
vated through direct binding to CAR (in the absence of anti-Ad5 antibodies 
that otherwise will block CAR binding) and indirect binding to CR1 via 
immune complexes. As a consequence of erythrocyte binding, more than 
90% of Ad5 in human blood is associated with blood cells72. Mouse erythro-
cytes lack both CAR and CR1, which explains the low cell association in 
murine blood, which is less than 0.1%. The significance of cell association 



 21

with regards to infectivity of Ad5 has been demonstrated by in vitro experi-
ments where pre-incubation of Ad5 with human blood cells dramatically 
decreases infectivity of the virus, whereas murine blood cells do not72. 
Therefore, the challenge to avoid binding to blood cells and instead direct 
the virus to target cells after systemic administration is probably greater in 
humans than in mice. 

The binding to erythrocytes will also affect clearance of the virus. In 
1983, Cornacoff and colleagues showed that immune complexes injected in 
non-human primates rapidly bind erythrocytes, but are removed already after 
a few minutes as the cells traverse through the liver and spleen73 (Figure 3). 
The same has been observed in humans where it was shown that CR1 on 
erythrocytes is important for clearance of immune complexes74. The Kupffer 
cells in the liver are the most important cells for elimination of foreign ma-
terial in the blood. Since Kupffer cells have CR1 and Fc� receptors (FcR�) 
that bind the Fc part of IgG, they are able to recognize and bind opsonized 
antigens and immune complexes. In the blood, CR1 is located primarily on 
erythrocytes in primates while platelets are the main harbor of CR1 in non-
primates75. Erythrocytes are hence of great importance for capturing and 
delivery of foreign material to Kupffer cells in primates. In mice, on the 
other hand, which are the most used model systems for studying adenoviral 
host interactions, clearance seems to be mediated mainly through non-
cellular mechanisms. Instead, scavenger receptors, which recognize nega-
tively charged material, natural antibodies and complement, are more impor-
tant for sequestering of adenovirus in mouse Kupffer cells76.    

The majority of systemically administered adenoviral vectors are seques-
tered in the liver. Besides uptake in Kupffer cells, they are infecting hepato-
cytes. Hepatocyte transduction is not dependent on CAR interactions but on 
blood factor-mediated attachment of the virus. Coagulation factors (F) IX 
and X and complement protein C4BP bind to adenovirus and form a bridge 
to hepatocytes via heparin sulfate proteoglycans (HSPGs) and low-density 
lipoprotein receptor-related protein77,78. Recently, it was shown that FX inte-
racts with the hyper variable region of the hexon protein on the adenoviral 
capsid and with the HSPGs on hepatocytes, thereby mediating transduction 
independently of conventional receptors for adenoviral infection79. Liver 
toxicity is notable upon systemic administration of adenovirus in mice. In 
humans however, no clinically significant vector-related liver toxicity has 
been reported80. The differences in liver toxicity between humans and mice 
can be due to several reasons. In humans, CAR may be inaccessible for inte-
ractions with components in the blood flow, since the receptor is localized at 
the junctions between hepatocytes80. Mouse hepatocytes have relatively 
higher CAR expression than human hepatocytes and they are also more ac-
cessible to the blood81. Another reason is that in humans, the main part of 
systemically administered adenovirus is trapped by blood cells and delivered 
to Kupffer cells whereas in mice, the viral particles are free for rapid infec-
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tion of hepatocytes. Mouse models are therefore not optimal for studies of 
systemically administered adenoviruses intended for use in humans. To cir-
cumvent this problem, transgenic mouse models that aim to imitate the hu-
man situation in a more relevant manner have been generated. The erythro-
cytes of these mice express either CAR82 or human CR183. In the CAR  
 

 
 
Figure 3. Clearance of Ad5 by erythrocytes in blood and by Kupffer cells and neu-
trophils in the liver. 

 
transgenic mice, Ad5 infection of hepatocytes is inhibited most likely be-
cause of strong binding of virus to CAR on erythrocytes. However, this 
model excludes the effects of anti-Ad5 antibodies, which are probably 
present in the human situation. In fact, CAR transgenic mouse erythrocytes 
exposed to human plasma do not bind as much Ad5 as they do in mouse 
plasma70. Less hepatic transduction of Ad5 was observed also in the CR1 
model. The CR1 binding of Ad5 to erythrocytes is probably mediated by low 
affinity IgM present in mouse plasma. However, in human plasma that con-
tains anti-Ad5 antibodies due to previous infections, more Ad5 is associated 
with the CR1 transgenic erythrocytes70.  

Thrombocytopenia is a common observation upon treatment with adeno-
viral vectors in both animals and humans84,85. In mice, platelets seem to be 
involved in liver uptake of Ad5. How adenoviruses interact with and activate 



 23

platelets is not completely known. Several mechanisms have been suggested, 
for example binding through integrins86, CAR87 and complement receptors, 
but the opinions are divergent.   

Another important blood cell involved in clearance of adenoviruses is the 
neutrophil. Neutrophils are effector cells of the innate immune system that 
migrate to the site of infection, where they engulf opsonized pathogens and 
damaged host cells88 (Figure 3). Following intravenous delivery of Ad vec-
tors in mice, neutrophils are rapidly recruited to the liver where they 
represent approximately 70% of all leukocytes89. The interactions between 
neutrophils and Ad vectors are mediated through CR1 and Fc� receptors and 
are hence complement and antibody dependent89.    

1.4 Adenovirus Modification  
1.4.1 PEGylation of Ad5 
To overcome the problem with clearance of adenoviral vectors by the im-
mune system, different strategies have been tested such as co-administration 
of immunosuppressive agents and coating of the virus with non-
immunogenic molecules. One coating-approach to slow down the destruc-
tion of adenoviruses, is to covalently bind polyethylene glycol (PEG) to the 
capsid (Figure 4). PEG is an uncharged, hydrophilic, non-immunogenic mo-
lecule with low toxicity90. PEG is approved by the Food and Drug Adminis-
tration (FDA) for use in cosmetics, foods and drugs. PEG modification (PE-
Gylation) is a well-established technique to protect therapeutic peptides and 
proteins. Examples of PEGylated drugs used in the clinic are ADA, IL-2 and 
IFN-�91.  

O’Riordan et al92 and Croyle et al93 were the first to perform successful 
modifications with covalently bound PEG molecules to the adenoviral cap-
sid. Since then, many animal studies have been performed showing that PE-
Gylation of adenovirus results in protection from neutralizing antibodies and 
prolonged transgene expression in tumors92,94-96. PEGylation of adenovirus 
reduces platelet activation and thrombocytopenia by shielding the vectors 
from interactions with endogenous proteins97. PEGylation of Ad5 vectors 
reduces complement activation59 and inflammatory cytokine release96. In 
addition, uptake in Kupffer cells is decreased when Ad5 is PEGylated. The 
effect of PEGylation seems to be dependent on the molecular weight of the 
PEG molecule. Based on in vitro experiments, it is believed that high mole-
cular weight PEG molecules achieve more effective detargeting of Ad5 than 
low molecular weight PEG molecules98,99. In mice, Ad5 vectors coated with 
20-35 kilo Dalton (kDa) PEG molecules mediate liver transduction to a 
much lower extent than vectors coated with 2-5 kDa PEG molecules99-101. As 
proposed by Wisse et al, a possible explanation could be that the physical 
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size of the particle rather than other properties of the PEG molecules is the 
determinant of infection102. Adenoviruses coated with high molecular weight 
PEG molecules are probably larger than the liver sinusoidal fenestrae and 
would therefore be detargeted102.    

The effects of PEGylation of adenovirus in human blood are not fully 
known. Uncoated adenoviruses bind to and activate both human and mouse 
platelets, but this can be reduced by PEGylation of the vector97. In the same 
study, it was demonstrated that hemagglutination can also be prevented by 
PEGylation. In studies with human blood cell interactions, the cell types of 
interest are often purified and evaluated individually with the virus. By 
doing so, other components present in whole blood that have important roles 
in cell association and activation are neglected. Because of the differences 
between human and mouse immune response activation and blood cell asso-
ciation with Ad5, there is a need for techniques that can elucidate the effects 
of adenoviral PEGylation in whole human blood. 

 
 

Figure 4. PEGylation of Ad5 prevents binding of antibodies. 

1.4.2 HPMA-polymer coating 
In addition to PEG, another synthetic polymer, N-(2-hydroxypropyl) metha-
crylamide (HPMA) has been shown to effectively shield and detarget adeno-
viral vectors. HPMA is a hydrophilic, non-immunogenic polymer that has 
been developed as a drug carrier103. The first clinical study using HPMA 
coated drugs was conducted in 1999, when an athracycline antitumor agent 
was conjugated to HPMA104. This study revealed that cytotoxic agents can 
be conjugated with polymer carriers to decrease non-specific organ toxicity 
while maintaining antitumor activity. Accumulation of macromolecules in 
tumors is probably a consequence of the enhanced permeability and reten-
tion (EPR) effect often seen in tumors105.  

The HPMA polymers are covalently bound to reactive amines on the viral 
capsid. Since HPMA is a multivalent polymer with several reactive groups, 
the coverage of the viral particle is very dense and lower concentrations of 
HPMA are needed compared to PEG106. 
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Fisher et al coated Ad5 with HPMA allowing evasion from neutralizing 
antibodies and increased blood circulation time in mice107. A recent study 
revealed that adenoviruses coated with an improved version of the HPMA 
polymer are protected from complement protein and blood factor binding108. 
Binding to washed human erythrocytes was reduced from ~99% for un-
coated Ad5 to around 25% for HPMA-coated Ad5. Therefore, HPMA is a 
promising polymer for coating of adenoviral vectors.   

1.4.3 Retargeting of detargeted vectors 
Both PEGylated and HPMA-coated vectors lose their natural infection path-
ways due to shielding of the molecules needed for viral infection. Detargeted 
vectors infect cells by non-specific interactions. Due to the EPR effect of 
tumors, vectors detargeted with macromolecules are accumulating at higher 
degrees in tumors than in normal cells. They can however, be targeted 
against tumors or certain tissues to further ensure specificity and higher effi-
cacy.  

PEGylated adenoviral vectors have been retargeted by covalent coupling 
of peptides to the tip of the PEG molecule. Eto et al showed that conjugation 
of a peptide containing RGD to PEGylated Ad5 restored integrin interac-
tions109. The virus was hence protected against immune attacks but still able 
to infect cells by the regular pathway. The fibroblast growth factor (FGF) 
receptor is upregulated in many tumor cells, and has therefore been utilized 
for retargeting. By conjugation of the FGF ligand to PEG, the virus is di-
rected to cells expressing the FGF receptor110. The FGF ligand has also suc-
cessfully been used to direct infection of Ad5 to skeletal muscle cells in a 
mouse model for gene therapy of Duchenne muscular dystrophy, where the 
correct dystrophin gene was delivered111. Other attractive receptors that have 
been used for retargeting are proteins in the epidermal growth factor (EGF) 
receptor family. Among these are the EGF and HER2/neu receptors that are 
activated in tumor cells of epithelial origin and in non-small cell lung can-
cer112. Upregulation of the EGF receptor results in phenotypes often ob-
served in tumor cells like cell growth, increased sensitivity for radiation and 
ligand-independent activation113. EGF has been conjugated to PEGylated 
Ad5 for retargeting to cells that express the EGF receptor114. The retargeted 
vector infects cells that over-express the EGF receptor by receptor-mediated 
endocytosis, while cells negative for the receptor are not transduced. Hercep-
tin, a recombinant anti-HER2/neu monoclonal antibody, binds specifically to 
the membrane region of HER2/neu that is over-expressed in many breast 
tumors115. Herceptin is approved by FDA as a therapeutic agent for treatment 
of breast cancer. When conjugated to PEGylated Ad5, it increases transgene 
expression in HER2/neu positive tumor cells compared to non-retargeted 
viruses116.  
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HPMA-coated Ad5 has successfully been retargeted to EGF receptor pos-
itive cells by conjugation of the anti-EGF receptor antibody cetuximab117. As 
for PEGylated vectors, HPMA coated adenoviruses have been retargeted 
with EGF118 and FGF119 to EGF- and FGF receptor positive cancer cells 
respectively. 

1.5 Prostate Cancer 
1.5.1 Epidemiology 
The prostate is an exocrine organ of the male reproductive system. It is lo-
cated below the urinary bladder and surrounds the urethra. The main func-
tion of the prostate is to store and secrete part of the seminal fluid.  

Cancer of the prostate is the third most common cancer in the world and 
the most common cancer among men in Western Europe and in the US. It is 
the second leading cause of cancer-related death among men in the Western 
world120,121. The incidence of prostate cancer varies between ethnic popula-
tions. The highest rates are in Scandinavia and in the US, particularly among 
African Americans, whereas the lowest rates are found in Asia120,122. Risk 
factors for prostate cancer are ethnic origin, genetics, chronic inflammation 
of the prostate, high insulin growth factor (IGF)-I levels and environmental 
factors121,123. The presence of the gammaretrovirus XMRV in prostate cancer 
tissue was first reported in 2006 and was at that time linked to mutations in 
RNASEL, which is important for innate viral defense124. Recently, it was 
found that XMRV infection is associated with high-grade prostate cancer 
independently of RNASEL mutations125. The highest known risk factor for 
prostate cancer is however age126. The disease is rare among men younger 
than 60 years, but after which the incidence increases every year.  

1.5.2 Carcinogenesis and molecular pathogenesis 
Prostate cancer develops almost always in the peripheral zone of the gland; 
fewer tumors occur in the transition zone; and almost none arise in the cen-
tral zone127.  

One model of the transition from normal epithelium to carcinoma starts 
with proliferative inflammatory atrophy (PIA), which can depend on germ-
line mutations and oxidative stress caused by dietary factors and radicals 
released from phagocytic inflammatory cells (Figure 5). Germ-line muta-
tions that are commonly seen in prostate cancer are located in RNASEL, the 
macrophage-scavenger receptor 1 (MSR1) gene, the cytochrome P-450c17 
(CYP17) gene and 5� reductase type II (SRD5A2)121. Short polymorphic  
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Figure 5. Prostate carcinogenesis and common mutations. 

 
polyglutamine repeats in the androgen receptor (AR) are associated with 
increased transcriptional activity and increased risk of prostate cancer. Sev-
eral single-nucleotide polymorphisms (SNPs) that have been identified in 
Swedish and Icelandic populations have been associated with prostate cancer 
susceptibility128,129. 

Somatic gene defects are needed for the development from PIA to prostat-
ic intraepithelial neoplasia (PIN)130 (Figure 5). For example, inactivation of 
GSTP1 that encodes the �-class glutathione S-transferase (GSTP) increases 
the risk of accumulation of genomic instability121. The regulatory region of 
GSTP1 is hypermethylated in 70% of PIN. Other common genetic features 
in PIN are loss of 8p21 where the NKX3.1 gene is located and mutations in 
CDKN1B. NKX3.1 encodes a transcription factor that represses expression 
of PSA. CDKN1B encodes the cyclin-dependent kinase inhibitor p27. So-
matic alterations in the phosphatase and tensin homologue (PTEN) gene, 
which is a tumor suppressor gene, are common in localized prostate cancer. 
Fusions of the transmembrane protease serine 2 (TMPRSS2) and E twenty-
six (ETS) transcription factor genes have been identified in prostate cancer, 
of which the TMPRSS2:ERG fusion is the most common131. 
TMPRSS2:ERG transcripts have been reported in benign prostate cells but 
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over-expression has only been observed in cancer tissues. ETS fusions are 
associated with cell migration and invasion and are therefore probably in-
volved in the transition to invasive cancer. In metastatic prostate cancer, 
mutations in the tumor suppressor gene p53 and amplifications and muta-
tions of the androgen receptor (AR) are frequent121,130. 

Androgens are important in the development of normal prostate cells and 
also during the progression of cancer. Testosterone is primarily produced by 
the testes and secreted into the blood. In prostate cells, testosterone is con-
verted by SRD5A type I and II to the more potent dihydrotestosterone 
(DHT), which binds AR. The binding of DHT to AR induces conformational 
changes that facilitate homodimerization and receptor phosphorylation. The 
activated AR homodimer enters the nucleus where it binds androgen respon-
sive elements (AREs) in promoters and enhancers132. At late stages of pros-
tate cancer, amplification and mutations of AR enable cell growth indepen-
dently of androgens. 

1.5.3 Detection and treatment 
There are usually no symptoms of early prostate cancer. In later stages of 
disease, difficulties to urinate, more frequent need to urinate, blood in the 
urine and pain with urination are experienced. Prostate tumors metastasize to 
lymph nodes and bones, which can cause pain in the hips, spine and ribs.  

Measurement of prostate-specific antigen (PSA) in blood samples can be 
used as an indicator of prostate cancer. However, the test is unreliable since 
20-30% of men with prostate cancer have levels within the normal range. 
False positives are also a problem since elevated PSA levels can be a conse-
quence of benign prostatic hypertrophy or prostatitis. Despite these weak-
nesses, PSA is the best clinical marker available for detection of prostate 
cancer133. A positive PSA test is followed by rectal palpation and/or transrec-
tal ultrasound. However, needle biopsies are still needed to confirm patho-
logic prostate cancer. Following diagnosis, PSA is a good marker for detec-
tion of relapses after surgery and PSA doubling time is useful for treatment 
follow-up134. Recently, Zheng et al found five prostate cancer-associated 
single-nucleotide polymorphisms (SNPs) that were independent of PSA 
levels128. The SNPs could potentially be used as markers to assess the risk of 
prostate cancer in individual men.  

The treatment of prostate cancer depends on the stage of the disease. 
Slowly growing cancers may be left under careful observation, rather than 
immediate treatment. Cancer localized to the prostate gland is treated for 
curative intensions with surgery, external beam radiation or brachythera-
py120,135. Advanced disease, with lymph node and/or bone metastases, cannot 
be cured but is initially treated with anti-androgens to achieve hormone 
withdrawal, which causes massive apoptosis of prostate cancer cells, which 
provides palliation120. Progression to hormone refractory disease typically 
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occurs within the order of 14-20 months when chemotherapy may be imple-
mented120,136. Chemotherapy has limited success in prolonging survival. 
Therefore, there is a need for improved therapies. 

1.5.4 Gene therapy of prostate cancer 
The prostate is a suitable target for viral gene therapy in several aspects. 
First of all, since the prognosis of locally relapsed and metastatic prostate 
cancer is poor with currently available treatments, there is a need for alterna-
tive therapies. Secondly, the prostate is a non-essential organ and therefore, 
not only the cancer cells but the entire prostate can be targeted. In addition, 
there are a number of genes that are expressed under tight control of pros-
tate-specific promoters, which can be used to target viral replication to the 
prostate137,138. Examples of human prostate-specific proteins are: PSA, pros-
tate-specific membrane antigen (PSMA) and the T cell receptor �-chain al-
ternate reading frame protein (TARP). 

A number of research groups have utilized prostate-specific promoters to 
restrict adenoviral replication to prostate epithelial and cancer cells. This is 
often achieved by driving the E1A gene by prostate-specific promoter or 
enhancer elements. Since E1A is essential for viral transcription and replica-
tion, these CRAds will not be able to propagate in other cells than cells of 
prostate origin. CRAds with prostate-specific regulatory sequences have 
been evaluated in vitro and in vivo regarding specificity and efficacy. La-
tham et al have shown in vitro that promoter sequences from PSA and the 
homologous kallikrein gene hKLK2 are prostate-specific139. Another study 
shows that a combination of the PSA enhancer and the PSA proximal pro-
moter gives high transgene expression in the prostate and in grafted tumors 
in mice140. The rat probasin promoter has also been shown to be prostate-
specific in vitro and in mice141. The PSA, hKLK2 and probasin promoters 
are thus prostate-specific and could therefore be relevant regulatory elements 
in adenoviral vectors. However, all these elements are responsive to andro-
gens, and would not be active enough in patients with advanced disease that 
receive hormone withdrawal therapy, or have androgen-insensitive tumors. 
The PSMA enhancer, on the other hand, is upregulated in androgen-depleted 
cells142. A chimeric promoter of the PSA and PSMA enhancers has been 
shown to be a good combination to restrict adenoviral replication to prostate 
cells, both in the presence and absence of androgens143. Further development 
regarding the regulatory sequence is the construction of the PPT promoter by 
Cheng et al51,52, which consists of the PSA enhancer, the PSMA enhancer 
and the TARP promoter144. 

Clinical studies involving CRAds with prostate-specific promoters have 
been performed. The adenoviral vector CG7060 (previously CG706), where 
E1A is controlled by a PSA promoter-enhancer element, has been evaluated 
in a phase I trial where it was shown that the virus was well tolerated upon 
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intraprostatic injections145. The adverse events observed were fever, flulike 
symptoms and local pain at the injection site. Decreased blood levels of PSA 
were observed in some patients that got high vector doses. The CG7870 
vector is another CRAd that expresses E1A under control of the rat probasin 
promoter and E1B under control of a PSA promoter-enhancer146. In a phase I 
trial, CG7870 was administered by a single intravenous injection in patients 
with hormone-refractory, metastatic prostate cancer. The most common ad-
verse events were flulike symptoms as for intraprostatic injection and at high 
doses (more than 1012 viral particles) asymptomatic transaminatis elevations. 
Reduction of PSA levels in five of 23 patients revealed that there were some 
effects of a single virus dose.  

There are other strategies of gene therapy for prostate cancer treatment 
that do not involve tissue-specific promoters. Adenovirus-mediated suicide 
gene therapy has been evaluated in phase I studies. The Ad5-CD/TKrep vec-
tor has the cytosine deaminase (CD)/herpes simplex virus-1thymidine kinase 
(HSV-TK) fusion gene in the site of the E1B-55K gene147. The virus repli-
cates due to an intact E1A gene and has thereby antitumor effect, but can be 
further enhanced by administration of 5-fluorocytosine and ganciclovir that 
are converted to toxic agents by CD and HSV-TK respectively. The results 
showed that the therapy is safe in humans and in several patients, the PSA 
level decreased as a sign of clinical effect. The decrease in PSA levels was 
however, transient. Nevertheless, a 5-year follow-up of the trials revealed 
that the gene therapy had a significant impact on PSA doubling time148. This 
suicide gene therapy has also been combined with radiation. Since CD and 
HSV-TK systems inhibit DNA repair, transduced cells will be sensitized to 
radiation. In clinical trials, the combination of oncolytic adenovirus-
mediated suicide gene therapy and radiation has shown encouraging signs of 
efficacy149,150. 

1.6 DNA Regulation 
DNA regulation is a complex machinery involving regulatory nucleotide 
sequences (as insulators, described earlier) and epigenetic modifications of 
both DNA and DNA binding proteins151. In eukaryotic cells, DNA is pack-
aged around histone proteins that form the nucleosome152. Each nucleosome 
consists of 147 bp of DNA wrapped around a histone octamer. Chromatin is 
organized in relatively uncondensed regions (euchromatin) and highly con-
densed regions (heterochromatin). Euchromatin is relatively nucleosome-
dense but accessible to DNA binding proteins that can remodel and displace 
the nucleosomes and thereby enable transcription, replication and DNA re-
pair153.  

DNA methylation is associated with silencing and occurs by covalent at-
tachment of a methyl group on the fifth carbon in the cytosine base154. In 



 31

vertebrates, most of these modifications are present at CpG dinucleotides 
and are generally stable in somatic cells. DNA methylation is involved in 
transcriptional activation, imprinting of genes and X chromosomal inactiva-
tion in females. In cancer development, abnormalities in DNA methylation 
are observed. Hypermethylation of regulatory regions of tumor suppressor 
genes and hypomethylation of oncogenes are common phenotypes in tumor 
cells155,156.  

The protruding histone tails in the nucleosomes are subject to epigenetic 
modifications like methylation, acetylation, ubiquitination and phosphoryla-
tion, which will affect the condensation status of the chromatin structure157. 
Among these modifications, acetylation is exclusively associated with active 
chromatin whereas the other modifications are involved in both euchromatin 
and heterochromatin structures depending on which amino acid that is sub-
jected to the modification. Acetylation and methylation of lysines appear to 
be the determinants for regulation of transcription151.  

Lysine and arginine methylation are performed by methyltransferases 
with high specificity and can result in either transcriptional activation or 
repression. Methylation of histones is a rather stable modification, but re-
cently, demethylases have been identified that have the ability to revert spe-
cific methyl groups157. Several mutations and rearrangements of methyltrans-
ferases have been identified in human cancers, showing the importance of 
methylation status for normal cellular function158. 

Acetylation and deacetylation are dynamic modifications of the chromatin 
structure (Figure 6). The acetylation of lysines in promoter regions by his-
tone acetyltransferases (HATs) is associated with transcriptional activation 
and elongation159. HATs are also involved in DNA synthesis and repair but 
do not have the specificity of methyltransferases. In addition to histone pro-
teins, HATs also acetylate other protein targets. Sequence-specific DNA 
binding of the well-known tumor suppressor protein p53 is activated by ace-
tylation performed by p300/CBP160. Deacetylation of histones is performed 
by a family of enzymes called histone deacetylases (HDACs) and is asso-
ciated with transcriptional repression and silencing. In recent studies, highly 
specific functions of HDACs in development and disease have been re-
vealed161. Deregulations of both HATs and HDACs have been identified in 
several human cancers, which is not surprising since they are involved in 
regulating the expression of many genes including cell cycle regulators and 
inflammatory responders162-164.   

1.6.1 Histone deacetylase inhibitors in gene therapy  
Inhibition of HDACs by histone deacetylase inhibitors (HDACi) causes ac-
cumulation of acetylated histones, which will affect the transcription of 
many genes in the cell (Figure 6). FK228, also known as depsipeptide or 
romidepsin, is an HDACi with the ability to arrest cell growth, promote 
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apoptosis and inhibit angiogenesis and has therefore been used as an anti-
cancer agent165. FK228 is a bicyclic tetrapeptide isolated from Chromobacte-
rium violaceum166-168. Due to its hydrophobic properties, FK228 enters cells 
by fusion with the cell membrane165. The cytotoxicity of FK228 is believed 
to be a consequence of potent HDAC inhibition and is more prominent in 
malignant cells than in normal tissues, which partly can be explained by 
depletion of mutant p53 and induction of p53-like functions169. FK228 trig-
gers both mitochondrial-dependent170 and mitochondrial-independent171 
apoptosis. In addition, upregulation of FAS ligand and TRAIL has been ob-
served, leading to death receptor-induced apoptosis172,173. Cell cycle arrest is 
caused by increased expression of the cyclin-dependent kinase inhibitors p21 
and p27 by preventing deacetylation of histones174. Furthermore, HDACi 
impair DNA repair functions and sensitize therefore cells for radiation175. 
FK228 as well as other HDACi have been and are currently being evaluated 
in clinical phase I and II studies for treatment of hematological malignan-
cies176,177. Intravenous doses of HDACi that increase histone acetylation by 
at least 100% were well tolerated and anti-tumor activities were observed. 
FK228 in combination with docetaxel enhances the antitumor effect in vitro 
and in prostate cancer xenograft tumors in mice178,179. FK228 failed however 
to achieve antitumor effect in patients with metastatic castration-resistant 
prostate cancer when it was administered alone180. 
 
 

 
 
Figure 6. Regulation of histone acetylation. Acetylation and deacetylation of his-
tones are performed by the HAT and HDAC enzymes. HDAC activity can be inhi-
bited by HDAC inhibitors, which results in acetylated, transcriptionally active 
chromatin.   
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In addition to the anti-cancer activity, FK228 also has the ability to enhance 
the effect of adenoviral-mediated therapy181,182. Adenoviruses utilize the 
cellular machinery for expression of their genes and replication of the viral 
DNA. Viruses have evolved functions to alter the host cell to make the sur-
rounding suitable for viral replication. Adenoviruses express proteins that 
makes the cell enter S-phase and thereby making factors needed for DNA 
replication accessible. In case there is low efficiency of gene therapy vectors, 
agents that enhance transduction or alter DNA regulation might be needed.  

Increased transgene expression and cytotoxicity of adenovirus have been 
observed when cells are pre-incubated with FK228. Upregulation of CAR, 
the primary receptor for adenovirus infection, has been suggested by several 
groups as a possible mechanism for this enhancement183-187. FK228 could 
preferentially be used together with adenoviral gene therapy of cancer, since 
CAR is down-regulated in many tumor cells. Treatment of FK228 followed 
by transduction of an adenoviral vector expressing p53, resulted in a syner-
gistic apoptosis induction in human cancer cells181. Effects of the combina-
tion of FK228 and a p53-expressing adenoviral vector have also been eva-
luated in patients with esophageal squamous cell carcinoma. According to 
the results obtained in that study, FK228 upregulated CAR expression and 
improved the infectivity of the virus. Acetylation of p53 was increased in a 
dose-dependent manner188. 

Valproic acid (VPA) is another HDACi that has been used in combination 
with adenoviral therapy. VPA increases adenoviral-mediated luciferase ex-
pression in vitro and in mice when the Ad5 vector is delivered intramuscu-
larly189. An interesting finding by Rodriguez and colleagues goes against 
studies that imply positive effects of VPA on Ad5 gene therapy. They found, 
as other groups, that VPA enhances transgene expression but in contrary, 
inhibits adenoviral replication and suggest therefore VPA as an antagonist of 
viral oncolytic therapy190. The proposed mechanism for the observed anta-
gonism is upregulation of p21 that mediates growth arrest and in that way 
prevents efficient replication190. However, in a recent study by Kothari et al, 
VPA enhanced killing of cells and xenografts by a therapeutic Ad5 vector 
expressing HSV-TK, again showing beneficial effects of VPA on transgene 
expression191.  

So far it seems likely that HDACi improve adenoviral gene therapy by 
enhancing transgene expression. The usefulness of HDACi together with 
replicating vectors needs though to be elucidated in more detail.   

  





 35

2 Aims of the Study 

The overall aim of this thesis was to further develop adenoviral gene therapy 
vectors for treatment of cancer with the focus on improved efficacy and im-
mune escape.  

 

Specific aims 
 
• To increase the cloning capacity of the prostate-specific Ad[I/PPT-

E1A] virus to be able to reintroduce the adenoviral E3 region for im-
proved persistence in vivo. 

 
 
• To investigate how the histone deacetylase inhibitor FK228 improves 

adenoviral-mediated gene therapy.  
 
 

• To evaluate immune responses and cell association of PEGylated and 
uncoated Ad5 vectors in human blood using an ex vivo blood loop 
model. 
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3 Methods 

Material and standard methods used in the papers are described in the “Ma-
terial and methods” sections within each paper. Methods of certain interest 
are described and illustrated in more detail in the present chapter. 

3.1 Luciferase-Expressing Tumor Cells for in vivo 
Imaging 
In Paper I, a newly constructed oncolytic Ad5 vector expressing E1A under 
control of the prostate-specific PPT promoter was studied. The adenoviral 
E3 region was reintroduced in the vector after reduction of the insulator size. 
The efficacy of Ad[i/PPT-E1A, E3] was evaluated both in cell cultures and 
in a mouse model with xenografted tumors of the human prostate cancer cell 
line LNCaP.  

 

Figure 7. Features of LUC and GFP-expressing LNCaP cells. A Normal LNCaP 
cells. B LNCaP(LUC/GFP). C GFP expression of LNCaP(LUC/GFP). D LUC ex-
pression of LNCaP(LUC/GFP) tumors in nude mice. 
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To be able to follow tumor growth in mice by in vivo imaging, LNCaP 
cells were transduced with a retroviral vector containing an expression cas-
sette with luciferase (LUC) and enhanced green fluorescent protein (GFP). 
Detailed information about the retroviral vector is available in the “Material 
and Methods” section in Paper I. GFP expression was used to identify retro-
viral-transduced cells in the sorting process and also to determine the percen-
tage of positive cells before tumor implantation. After two rounds of sorting 
95% of the cells were GFP positive (Figure 7C). The LNCaP(LUC/GFP) 
cells grew faster than regular LNCaP cells after the sorting processes and the 
morphology was changed slightly (Figure 7A and B). However, the PPT 
promoter had similar activity in LNCaP(LUC/GFP) as in LNCaP.  

LUC expression of LNCaP(LUC/GFP) cells in mice was detected by 
IVISImaging system (Xenogen, Alameda, CA). In Figure 7D, a biolumines-
cence image of mice with implanted LNCaP(LUC/GFP) tumors is shown. 
An advantage of imaging is that only viable cells are analyzed, whereas 
when caliper measurements are applied, necrotic cells in treated or fast 
growing tumors contribute to the tumor volume.     

3.2 Blood Loop Model 
The ex vivo blood loop model was developed by Bo Nilsson at Clinical Im-
munology in collaboration with Corline (Uppsala, Sweden) to study xeno-
graft rejection processes192. The important feature with this model is that 
reactions occurring in whole blood can be studied without the need of anti-
coagulants. This is accomplished by incubation of blood in heparinized PVC 
tubing that rotates on a wheel (Figure 8). Since the tubing has a heparinized 
surface that prevents coagulation by contact activation, the need of soluble 
anticoagulant is omitted for most studies.   

In Paper III, the blood loop model was used for investigation of immune 
responses like cytokine release and complement activation upon addition of 
uncoated and PEGylated Ad5 vectors. This model has a distinct advantage 
when it comes to virus interactions with cells in whole human blood, which 
otherwise can be difficult to study. Adenovirus interactions with human 
blood cells have in the past often been studied by mixing virus with purified 
cell populations or whole blood with anticoagulant, which can inhibit impor-
tant pathways that affect cell association and complement activation.  

In our model, blood is drawn into a heparinized tube in an open system 
and then added to the heparinized tubing (Figure 8). Virus is added and the 
tubing is closed by metal connectors, which also are heparinized, to form a 
circular loop. The loops are rotated in an incubator at 37°C. Samples are 
taken at different time points and depending on which analysis to be per-
formed, plasma or whole blood samples are obtained. A sample taken just 
before addition of the blood to the tubing serves as reference.  
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Figure 8. The blood loop model. 

3.2.1 Neutralizing assay in whole blood 
The conventional way to determine the presence of neutralizing antibodies 
(Nabs) against a virus in blood is to make serial dilutions of heat inactivated 
plasma or serum, incubate with virus and then infect cells with the samples. 
In that way the amount of Nabs can be estimated. However, the neutralizing 
ability of whole blood is not necessarily the same as that in plasma or serum. 
The presence of complement and blood cells together with Nabs affect the 
infectivity of a virus.  

In Paper III, the blood loop model was used to measure the neutralizing 
ability in whole human blood. Blood samples were taken from the loops with 
uncoated GFP-expressing Ad5 after 15 minutes and 6 hours of incubation, 
diluted in medium and added to 911 cells. After 2 hours incubation, the cells 
were washed and incubated for an additional 24 hours. The amount of infec-
tious Ad5 was analyzed by measuring GFP expression by flow cytometry. 
The infectious titers obtained after incubation in blood were related to the 
titer of uncoated Ad5 in PBS, which was defined as 100% infectivity.  

  





 41

4 Summary of Papers 

4.1 Paper I 
In this work, the efficacy of a prostate-specific, conditionally replication 
competent adenoviral serotype 5 virus, Ad[I/PPT-E1A] was further im-
proved. The expression of the essential adenoviral E1A gene is controlled by 
the prostate-specific PPT promoter and replication of the virus is thereby 
restricted to normal and neoplastic prostate epithelial cells. The transcrip-
tional integrity of PPT is maintained by the mouse H19 DNA insulator (I).  

To be able to reintroduce the adenoviral E3 region that contains genes 
important for immune escape and viral release, the cloning capacity had to 
be increased since a recombinant adenovirus should not exceed 105% of the 
wt genome. To achieve more cloning space, shorter insulators were investi-
gated and it was found that the core sequence of the H19 insulator (i) was 
enough and even better than the entire H19 insulator at maintaining promoter 
specificity and activity. 

Introduction of the E3 region in the adenoviral vector with the core H19 
insulator, Ad[i/PPT-E1A, E3] increased the cytotoxic effects in prostate 
cancer cells compared to vectors without the E3 sequence. The cytotoxicity 
in non-prostate cells was not altered when transduced with Ad[i/PPT-E1A, 
E3]. Furthermore, replication of virus containing the E3 region was higher in 
prostate cancer cells compared to viruses lacking E3. The reason why intro-
duction of the E3 region is more effective than the other vectors in vitro is 
probably because the ADP gene, which is important for proper virus release, 
is expressed at its accurate time point when the entire E3 region is used 
while ADP is expressed too early if it is introduced alone. 

The effects of vectors with or without the E3 region and the core H19 in-
sulator were also evaluated in mice with aggressively growing, subcutaneous 
prostate tumors. The Ad[i/PPT-E1A, E3] vector was able to delay tumor 
growth in comparison to PBS-treated mice. 

Based on the findings in this paper we conclude that the changing of insu-
lator and reintroduction of the E3 region improve the therapeutic efficacy of 
the prostate-specific PPT-driven Ad5 vector with regard to cytotoxicity and 
replication. 
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4.2 Paper II 
Another way to improve the therapeutic effect of viral vectors is the use of 
histone deacetylase inhibitors (HDACi). HDACi generally activate transcrip-
tion by causing accumulation of acetylated histones by inhibiting histone 
deacetylases. Pre-treatment of the HDACi FK228 has been shown to en-
hance the effect of adenoviral-mediated therapy, possibly by upregulation of 
CAR, the primary receptor for adenoviral infection. 

In Paper II, we investigated the effect of FK228 on adenoviral transduc-
tion and transgene expression in cancer cells. We found that FK228 en-
hances transgene expression driven by the CMV promoter when adminis-
tered after viral transduction, suggesting a transduction-independent me-
chanism for this upregulation. In addition, upregulation of surface receptors 
was not observed in the evaluated cell lines. Therefore, upregulation of CAR 
is most likely not the main explanation for increased transgene expression.     

FK228 administration together with the prostate-specific PPT vector eva-
luated in Paper I was also studied. Interestingly, transgene expression driven 
by PPT decreased when the prostate cancer LNCaP cells were incubated 
with FK228 as well as with valproic acid (VPA), another HDACi. A possi-
ble explanation for this observation could be that some HDACi have been 
shown to promote neuroendocrine-like differentiation in LNCaP. The pros-
tate adenocarcinoma phenotype in LNCaP could therefore be reduced, lead-
ing to decreased activity of the PPT promoter. However, since replication of 
PPT-based viruses was not affected by HDACi treatment, enough E1A is 
probably expressed to ensure efficient virus production. 

Based on the findings in Paper II, it is likely that a transduction-
independent mechanism is involved in the enhancement of Ad5 gene therapy 
by FK228. We therefore suggest simultaneous administration of adenoviral 
vector and FK228 instead of pre-treatment with FK228. Furthermore, since 
HDACi affect many cellular processes, including the phenotype of cells, we 
propose careful investigation of HDACi effects on target cells, primarily 
when tissue-specific promoters are used. 

4.3 Paper III 
A potential drawback with adenoviral gene therapy is clearance of the virus 
before therapeutic effects are achieved. This is primarily a problem with 
intravenously administered viruses. An approach to prolong the circulation 
time for adenovirus is to coat the virus with non-immunogenic polymers. 
Polyethylene glycol (PEG) is a polymer that has been used to reduce immu-
nogenicity and increase circulation time of intravenously administered ade-
noviruses in mouse models.  
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In Paper III, we have studied the effects of PEG-coated (PEGylated) ade-
novirus in an ex vivo model with human blood. Two PEG molecules of dif-
ferent weights were evaluated; 2 kDa (2K) and 20 kDa (20K) PEGs. Blood 
from healthy individuals was collected and transferred to heparinized PVC 
tubing. Since coagulation induced by contact activation is prevented by the 
heparinized surface, only 0.5 U/ml of soluble heparin was added to the 
blood. Virus was added to the tubing followed by incubation at 37°C while 
rotating. At different time points, the blood loops were opened and samples 
were taken. Complement activation and cytokine release were measured in 
plasma, while whole blood was used for cell association and neutralization 
studies. 

PEGylation reduced production of the complement components C3a and 
C5a. 20K-PEGylation reduced secretion of some of the investigated inflam-
matory cytokines (IL-8, MCP-1 and RANTES) for donors with both low and 
high neutralizing ability. 20K-PEGylation appeared to have an effect on all 
cytokines studied here (TNF, IL-6, IL-8, IP-10, RANTES and MCP-1) in 
low neutralizing ability donors. Clotting and cell association were reduced 
by PEGylation in blood with low ability to neutralize adenovirus. An inter-
esting finding was that the neutralizing ability in whole blood did not always 
correlate with the presence of neutralizing antibodies in plasma, implying 
that whole blood gives a more correct picture of what would happen in vivo.  

Effects of PEGylation were observed in this study even though they were 
not as convincing as those observed in mouse models. This can be a conse-
quence of the diversity in cell interactions with Ad5 in human and mouse 
blood. One of the main differences is that mouse erythrocytes lack CAR and 
CR1, which results in free viral particles in the plasma in contradiction to the 
human situation, where most of the viruses are bound to erythrocytes. The 
association of virus to blood cells can also explain the observation that 
whole blood can be neutralizing in the absence of neutralizing antibodies in 
plasma. Because of the differences between human and mouse blood and the 
results obtained in the present study, we suggest that viral vectors should be 
evaluated, particularly regarding cell association and neutralizing ability, in 
whole blood systems before administration to patients.  
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5 Future Perspectives 

In the first paper, a prostate-specific PPT-driven oncolytic Ad5 virus was 
further improved by reducing the insulator size to be able to reinsert the E3 
region. The new virus, Ad[i/PPT-E1A, E3], had higher cytotoxic effects both 
in cell cultures and in tumor xenografts compared to the former Ad[I/PPT-
E1A] vector. In addition, the PPT promoter has satisfied the criteria for pros-
tate cell specificity. To improve the efficacy of the vector even more, rein-
troduction of the E1B-55K to enhance viral RNA export could be a possible 
solution. Insertion of another therapeutic gene, such as a toxic or immune 
stimulatory agent in addition to E1A is also an attractive strategy to boost the 
toxic effects. Again, to be able to introduce more material in the vector, 
some parts have to be deleted. One way could be to find a shorter insulator. 
Reduction of the PSA sequence in the PPT promoter is another possibility. 
The AR responsive element in the PSA enhancer is only 15 bp long and 200-
300 bp flanking that region should probably be enough. 

A clinical batch of the first PPT-driven oncolytic adenoviral vector 
Ad[I/PPT-E1A] has been produced and is currently being tested for toxicity 
in mice. The vector will be injected intratumorally in prostate cancer patients 
with locally confined adenocarcinoma three weeks before radical prostatect-
omy. Safety, toxicity and distribution of Ad[I/PPT-E1A] will be evaluated. 

In addition to genome modification, the efficacy of adenoviral gene ther-
apy can be improved by the use of HDACi. These compounds have been 
used together with adenoviral vectors by several groups to enhance trans-
gene expression. Still, the mechanisms for how the viral life cycle is affected 
by HDACi are unknown. Upregulation of CAR has been proposed to in-
crease viral transduction. In paper II, we showed that the HDACi FK228 
enhances GFP expression when administered after viral transduction, indi-
cating a post-transductional mechanism for the increased protein level. Si-
multaneous administration of FK228 and virus would therefore be interest-
ing to evaluate in vivo. Another interesting finding in Paper II, was that the 
activity of the PPT promoter is negatively affected by FK228. It is known 
that HDACi can alter many properties of cells, among them the phenotype of 
LNCaP cells that were used in Paper II. Further investigation in the field of 
HDACi and how they affect cells and viral life cycles is needed.   

Adenoviral vectors have a potential drawback as gene transfer vectors 
since they are highly recognized by the immune system. To avoid recogni-
tion and destruction, attempts have been made to coat vectors with polymers. 
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In paper III, immune responses and cell association were evaluated in a loop 
system with human whole blood. PEGylation of Ad5 has been beneficial in 
mouse models, but in the loop model, only limited improvements were ob-
served with the PEGylated vectors. The effect of PEGylation was highly 
dependent on the neutralizing ability of the blood. More research about how 
to hide therapeutic viruses, primarily when administered systemically is 
needed. Different polymer-coating strategies might influence the stealth of 
therapeutic vectors. Genetic introduction of reactive groups at defined posi-
tions on the viral capsid can be used for site-specific PEGylation and has the 
potential to be more effective than the non-specific PEGylation used in Pa-
per III. Specific PEGylation as well as the promising HPMA-coating have 
not been tested in human whole blood yet. After detargeting, molecules that 
can be used for retargeting of the vector to the prostate (or other target or-
gans) are needed.  

Another way to escape antibody and FX-mediated recognition is to modi-
fy the hypervariable regions (HVR) of the hexons. Ad5 vectors with the 
HVR from serotype 48 have escaped pre-existing immunity in mice and 
rhesus monkeys193. Such a vector has recently been constructed at our lab 
and will be tested in the blood loop system. The hiding of viral vectors inside 
immune cells is also a promising strategy to avoid recognition and promote 
targeting to tumor cells that already are immunogenic194.  

The history of our present day knowledge of adenoviral vectors for gene 
therapy of cancer started several years ago. In the beginning, great hope was 
placed on what could be achieved with gene therapy. In the years that fol-
lowed, the difficulty in realizing what from the start had been a beautiful 
idea became obvious. Concern about toxicity was replaced by the lack of 
therapeutic effect, when reasonably effective vectors were constructed the 
focus became systemic delivery and so on. Despite these struggles, gene 
therapy of cancer has journeyed far on its way to the clinic with optimism 
coming and going with time. Currently, there is renewed optimism coming 
from the positive use of gene therapy to cure color blind primates last fall, a 
finding highlighted in Time Magazine’s “Top 10 Scientific Discoveries of 
2009”. The history of gene therapy is actually quite short, and the idea be-
hind it still has time to show its true beauty. 
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6 Svensk Sammanfattning 

Genterapi är som det låter en form av behandlingsterapi som involverar ge-
ner. Svår kombinerad immunbrist (SCID-X1) är en genetisk sjukdom som 
orsakas av en mutaion i en specifik gen som gör att T-celler inte utvecklas 
korrekt. Eftersom B-celler behöver hjälp av så kallade T-hjälparceller saknar 
dessa patienter dessutom antikroppar. Sjukdomen medför svåra problem för 
patienten att bekämpa infektioner och är dödlig om den inte behandlas med 
benmärgstransplantation. Svårigheter med den behandlingen är att hitta en 
lämplig givare. Med genterapi kan man istället för att transplantera benmärg 
från en givare, leverera den korrekta genen till patientens egna celler. Tillvä-
gagångssättet är att infektera stamceller till de celler som producerar genpro-
dukten med en virusvektor som innehåller genen. Cellerna återförs sedan till 
patienten och hittils har 17 av 20 behandlade patienter återfått ett funktionellt 
immunförsvar. Genterapi har varit en framgångsrik behandlingsmetod även 
för andra genetiska sjukdomar. 

Anledningen till att virus används för att leverera gener till celler är att vi-
rus genom evolutionen utvecklat effektiva sätt att ta sig in i celler och där 
producera sitt genetiska material. Det finns ännu inga icke-virala vektorer 
som är lika effektiva som virus på att leverera och uttrycka DNA. 

Genterapi kan även användas för behandling av cancer. Cancer är en av 
de ledande dödsorsakerna i västvärlden till följd av att effektiva behand-
lingsmetoder i många fall saknas, speciellt vid metastaserad cancer. De be-
handlingsmetoder som finns att tillgå är kirurgi, strålning, cellgifter, trans-
plantation samt molekylära mediciner som antikroppar och tyrosinkina-
shämmare. Genterapi vid cancerbehandling skiljer sig från den som används 
för behandling av genetiska sjukdomar. I cancerceller är många gener mute-
rade och korrigerande genterapi är därför inte lämplig. Istället använder man 
virus för att döda cancercellerna antingen genom att leverera en toxisk sub-
stans eller genom att använda sig av virus som replikerar och lyserar cellen.  

I den här avhandlingen (första delarbetet) har ett adenovirus, som är ett 
vanligt förkylningsvirus, modifierats för att kunna användas i behandling av 
prostatacancer. Virusets replikation styrs av en promotor bestående av pro-
stataspecifika regulatoriska sekvenser. Vidare har en viktig region (E3-
regionen) som tidigare var borttagen på grund av platsbrist återinförts. E3-
regionen innehåller gener som är viktiga för att viruset ska kunna undgå 
värdens immunförsvar en längre tid, samt en gen vars protein förbättrar lyse-
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ringen av celler. I delarbete I framgår att det modifierade adenoviruset effek-
tivt dödar prostatacancerceller i odling medan andra celltyper inte påverkas 
av viruset. Viruset kunde även fördröja tumörtillväxten i en musmodell med 
humana prostatatumörer. Adenoviruset med E3-regionen replikerar effektivt 
och med hög specificitet för prostataceller. 

I delarbete II undersöktes en substans tillhörande en grupp molekyler som 
kallas histondeacetylas-inhibitorer (HDACi). HDACi hämmar ett enzym i 
celler som negativt påverkar uttrycket av gener. Användning av HDACi ökar 
alltså möjligheten för cellen att uttrycka fler gener. En kombination av 
HDACi och adenovirus har visat sig ge bättre effekt av genterapin. HDACi 
administreras vanligtvis till celler före viruset, eftersom den allmänna upp-
fattningen är att HDACi ökar uttrycket av den receptor som används av viru-
set för att infektera celler. I delarbete II gjordes en intessant upptäckt då det 
visade sig att HDACi kan administreras till cellerna två timmar efter adeno-
viruset. Den observationen tyder på att receptorer för virusinfektion inte är 
den primära orsaken till att HDACi ökar effekten av genterapin. Vi upptäck-
te även att HDACi minskar aktiviteten av den prostataspecifika promotorn 
som användes i delarbete I. Anledningen till den minskade aktiviteten kan 
vara att HDACi har förmågan att ändra vävnadsspecifika egenskaper hos 
celler, däribland prostataceller. Eftersom promotorn är specifik för just pro-
stataceller är det troligt att förändringar kan påverkar aktiviteten hos promo-
torn. Hur HDACi påverka celler och virusinfektioner är fortfarande inte klar-
lagt.  

Ett av de största problemen med adenovirusterapi är att de flesta männi-
skor har varit infekterade med viruset och har därför ett immunologiskt min-
ne av det. Det innebär att immunförsvaret snabbt känner igen viruset och 
startar processer för att förstöra det. Antagligen kommer en terapeutisk ef-
fekt inte uppnås innan viruset eliminerats från cirkulationen. I delarbete III 
har virusets yta täckts med en polymer (PEGylering) för att därigenom mas-
keras för immunceller och andra komponenter i blodet som medverkar till 
virusets inaktivering. Tidigare observationer i musstudier har indikerat stora 
fördelar med PEGylering av adenovirus. Eftersom immunförsvaret och blod-
cellinteraktioner skiljer sig mellan mus och människa, är det viktigt att även 
undersöka vad som händer med PEGylerat virus i humant blod. Blodloop-
modellen som användes i delarbete III är den första modellen där adenoviru-
sinteraktioner studerats i humant helblod. Ofta använder man sig av renade 
cellpopulationer när man studerar interaktioner mellan celler och virus. Ef-
tersom det finns många proteinsystem i blod som påverkar bindning och 
immunaktivering ger dessa modeller inte en komplett bild av vad som sker 
med viruset. I loopsystemet observerades ett visst skydd av PEGylering när 
det gäller interaktioner med blodceller. PEGylering av adenoviruset hade 
större effekt i blod från givare med låg neutraliserande förmåga. Med neutra-
liserande förmåga menas hur bra blodet är på att förstöra infektiviteten hos 
viruset. Den här typen av PEGylering skyddar alltså inte viruset i humant 
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blod i lika stor utsträckning som i musblod. Standardmetoden för att mäta 
neutraliserande förmåga är att mäta mängden antikroppar riktade mot viruset 
i plasmafraktionen. Eftersom även bindning till celler påverkar infektiviteten 
hos viruset, jämfördes neutraliserande antikroppar i plasma med den neutra-
liserande förmågan i helblod i delarbete III. Intressant nog fanns individer 
utan detekterbara mängder neutraliserande antikroppar i plasma som ändå 
hade hög neutraliserande förmåga i helblod. Detta talar starkt för att studier 
gällande adenovirusinteraktioner med celler och neutraliserande förmåga bör 
utföras i helblod. Blodloppsmodellen som använts i ovansående studie läm-
par sig för detta ändamål.  

Flera kliniska försök med adenovirus för cancerbehandling har genom-
förts och kommer att genomföras. En klinisk studie i Uppsala och Rotter-
dam, med föregångaren till det prostataspecifika viruset beskrivet i delarbete 
I, kommer att inledas inom en snar framtid. I Kina finns redan två kommer-
siellt godkända adenovirus för cancerbehandling. Det som denna avhandling 
framför allt har belyst är vikten av relevanta modellsystem för studier av 
adenovirus och dess interaktioner med blodceller. Förslagsvis kan blod-
loopmodellen beskriven i delarbete III i fortsättningen användas för interak-
tions- och neutraliseringsstudier av virus avsedda för genterapi.    
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