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PANCREATIC CANCER

Pancreatic cancer is the fourth leading cause of cancer death in the United States 
of America. From 1990 to 2003 the incidence declined slightly from 10.9 to 10.6 
per 100,000 individuals and the mortality rate equals incidence. The fast majority 
of pancreatic cancers (>90%) are of the ductal type and arise from the exocrine 
system. More than 70% of tumors localize to the pancreatic head and have a better 
prognosis compared to those present in body and tail. Median survival generally 
is no longer than 4-6 months. The overall 5-year survival rate is around 5% (1). 
This poor prognosis results from late presentation due to nonspecific complaints 
including abdominal discomfort, vomiting, and general malaise. Earlier detection 
of PC may improve outcome. For instance, follow up of 77 patients with PC in 
whom the removed tumor was smaller than 1 cm had a 5-year cumulative survival 
rate of 100% (2). However, due to lack of early signs and detection methods, 
in the majority of patients, these tumors are detected at a much later stage. In 
addition to late detection, the low rate of curative surgical interventions adds to 
the poor prognosis of this cancer.

Risk factors
The most important risk factor for pancreatic cancer is age with a mean age of 65 
years. Hereditary factors play a role only in a minority of the patients since less 
than 10% of patients have first-degree relatives with PC. The risk of developing 
this form of cancer, which is commonly denominated as hereditary PC, is 18-fold 
higher in relatives. Smoking and to a lesser extend occupational behavior, obesity 
and dietary intake, increase the risk of PC. Another factor that pre-disposes to PC 
is chronic pancreatitis. Patient suffering from this disease have a 15-fold increased 
risk of developing PC. Finally, intraductal papillary mucinous tumors (IPMT) are 
pre-malignant lesions but do have a risk of 25-50% to develop into malignant 
disease. All these  high-risk patients should be screened regularly by CT imaging 
or endoscopic ultrasound to allow early detection of cancer formation (3).  

Diagnosis
The diagnosis of pancreatic cancer relies on imaging and histology. Spiral CT 
imaging, endoscopic ultrasound (EUS), and MRI are useful for diagnosis of PC 
with sensitivity >90% (4;5), although the former two are most regularly used for 
staging. Sensitivity is 100% in case of tumors larger than 1.5 cm. The traditional 
approach to pre-operative diagnosis consists of contrast-enhanced helical CT scan 
with evaluation of vascular structures and metastatic implants. Tumors appear as 
a hypodense mass on CT images but may be indistinguishable from pancreatic 
tissue. Local signs of irresectability on CT imaging, such as encased superior 
mesenteric artery or a tumor >3 cm, do predict a poor survival after resection (6). To 
differentiate between cancer and pancreatitis EUS-guided fine needle aspiration 
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(FNA) or a brush procedure via endoscopic retrograde cholangiopancreatography 
(ERCP) can be used to detect the presence of malignant cells. Postoperative 
histological examination of the resected specimen can be used to determine 
tumor differentiation and to detect presence of cancer cells at the resection 
margins. In this respect mesothelin that is  present on the surface of tumor cells 
but not on that of normal pancreas cells is emerging as a useful marker (7), also  
for the examination of fine-needle aspiration biopsy specimens (8). 

Serum tumor markers are of limited value for diagnosing pancreatic cancer 
but may be useful to differentiate between PC and pancreatitis. Serum cancer 
associated antigen 19-9 (CA 19-9) has a sensitivity and specificity of 80 to 90 
percent, respectively (9;10). Higher serum levels correlate with a larger tumor 
mass and inferior prognosis (11). Other diseases such as cancer of the biliary tree, 
liver, stomach, ovarium, lung, and breast, or benign disease including cholangitis, 
cirrhosis and cholestasis, also associate with increased serum levels of CA 19-9 
(12), which represents a drawback to the interpretation of CA 19-9 activity. 
Therefore, for differential diagnosis determination of biomarkers in pancreatic 
juice such as matrix metalloproteinase 7 is emerging (13).

Surgery
The majority of patients (90%) present with locally advanced or metastatic disease 
as a result from aggressive pancreatic tumor behavior and the late presentation. 
As a consequence, tumor resection by partial or total pancreaticoduodenectomy 
seems possible only in a minority of patients (10-25%) (14;15). However, microscopic 
positive margins are seen in 20-51% of patients after  a macroscopically complete 
resection (16;17). This may in part explain the local recurrences of tumor tissue 
after surgical intervention seen in 33-80% of patients with relapsing disease 
(18). Hence, although the risk of dying of the challenging surgical procedure 
has declined to 0-3.5% in high-volume hospitals, this has not yet resulted in a 
significant improvement of prognosis (19). A surgical bypass procedure to relieve 
tumor-associated pain, obstructive jaundice and gastric outlet obstruction can be 
offered to patients not eligible for resection. Median survival after resection and 
bypass is 17 and 7.5 months, and 5-year survival is 8-20% and 0%, respectively. 
Tumor-positive lymph nodes, non-radical surgery, poor tumor differentiation and 
tumor size are independent prognostic factors for survival (20;21). Hence, surgery 
alone offers a low chance of survival. 

Chemotherapy and radiation therapy
The benefit of adjuvant chemotherapy in combination with radiation therapy 
is subject to debate. Several multi-modality treatments have been tested with 
disappointing results. The combination of radiation therapy with 5-fluorouracil 
(5-FU) results in a median survival of 7-16 months (22;23). Long-term follow up 
following first time curative resection shows that 12% of patients are still alive 
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after 10 years, but there is no beneficial effect for radiation therapy with 5-FU as 
standard adjuvant treatment after curative resection (24). Radiation therapy for 
pancreatic cancer primarily offers palliation in terms of pain relief. 

Currently, the agent gemcitabine is standard therapy for advanced and 
metastatic PC since it slightly improves overall survival, increases quality of life, 
and delays the development of recurrent disease after complete resection. Overall 
response rates, however, do remain low. Median survival is 5.7 months and the 
6-month survival rate is 46% (25-27). Gemcitabine-based combination treatments 
showed modest efficacy in phase III trails (28;29). A recent meta-analysis suggests 
that adjuvant chemotherapy (5-FU/folinic acid or gemcitabine) does increase 
median survival but not the 5-year survival rate (30). Thus, the clinical benefit of 
chemotherapy at best seems modest.  

Targeted molecular therapies
Analysis of gene and protein expression has resulted in the identification of many 
relevant differences on the molecular level between cancer and normal cells 
(Figure 1). Treatments that target these differences are expected to provide more 
specific therapies. One of the potential novel therapeutic targets is the epidermal 
growth factor receptor (EGFR). EGFR is a transmembrane tyrosine kinase protein 
that has a central role in growth and differentiation of cells. Upon binding of 
epidermal growth factor, EGFR dimerizes and is phosphorylated, which leads to 
downstream activation of signalling pathways (31). Several neoplasms including 
PC do over express EGFR (32). This increased EGFR expression correlates with 
larger tumors and poor prognosis (33). Treatment aiming at abrogation of EGFR 
signalling therefore is expected to impair the proliferative state of cancer cells. 
Two reversible small-molecule inhibitors of EGFR, gefinitib and erlotibin, indeed 
showed anti tumor activity in preclinical models (34;35). In patients, however, 
the combination of gefitinib with docetaxel had no positive effect for advanced 
pancreatic cancer after failure of gemcitabine-based chemotherapy (36). Erlotinib 
did show a modest improvement in overall survival in advanced pancreatic cancer 
when combined with gemcitabine compared to standard gemcitabine treatment. 
However, there was no relation between EGFR status and clinical outcome (37). 
Another option to impair EGF signaling is to use inhibitory antibodies such as 
cetuximab, a monoclonal antibody against the EGF receptor. In combination with 
gemcitabine, cetuximab resulted in disease control (38). In another trial, however, 
combining cetuximab with gemcitabine and cisplatin did not show additional clinical 
benefit for patients with advanced pancreatic cancer compared to gemcitabine 
and cisplatin alone (39). Antibodies have also been used to target HER2/neu, 
which serves as a co-receptor for EGFR family members to stimulate downstream 
pathways. The humanized monoclonal antibody trastuzumab (Herceptin) blocks 
HER2/neu and is effective in patients with metastatic breast cancer (40). Patients 
with HER2/neu positive PC tumors, however, had no additional clinical benefit 
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from combination treatment of Herceptin with gemcitabine (41). Finally, signaling 
pathways downstream of EGFR can also be targets for therapeutic intervention 
with small molecule inhibitors such as CI-1040. This compound is an inhibitor of 
mitogen-activated extracellular signal regulated kinase kinase (MEK), a key enzyme 
in the Ras-Raf-MEK- extracellular signal regulated kinase (ERK) kinase pathway. 
The single agent Cl-1040, indeed showed anti tumor activity in a phase II study 

including advanced PC patients, but efficacy appeared insufficient to proceed 
with this treatment (42). In conclusion, the presently available therapies using 
small molecules or monoclonal antibodies targeting the EGFR pathway alone or 
in combination with chemotherapy have little if any activity in PC.   

Figure 1 Schematic representation of genetic aberrations in PanIN in the current progression 
model for pancreatic cancer. Progression of normal ductal epithelium through PanIN to invasive 
cancer from left to right. Black bars denote temporal occurrence of aberrations in PanIN lesions 
from published data. K-ras, activating mutations; HER2/neu, overexpression; p21, p21WAF1/
CIP1 overexpression; Id-1/Id-2, overexpression; p53, protein accumulation or mutation; loss 
of p16INK4A expression; cyclin D1, overexpression; DPC4/Smad4, loss of expression; BRCA2, 
inactivation; LOH, loss of heterozygosity; PanIN, pancreatic intraepithelial neoplasia. Adapted 
from reference (45). 
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Immunotherapy vaccination directed towards mutant proteins.
Many cancers do express mutated proteins that are potential targets for the 
immune system. In PC, the expression of a mutated K-ras protein does occur in 
more than 90% of all patients (43;44). The K-ras oncogen is part of the ras family 
that includes H-ras, K-rasA, K-rasB, and N-ras and mutation of K-ras is one of the 
first genetic abnormalities in pancreatic carcinogenesis.  The mutant p21ras form 
remains bound to GTP, rendering it unsusceptible for GTPase activity and leads 
to a constitutively active ras protein. This constitutive activity induces downstream 
MAP kinase activity, increases cyclin D1 levels, promotes cell cycle progression 
and cellular proliferation signals, and enhances susceptibility to malignant 
transformation (45). Vaccination of PC patients with mutant ras peptides can be 
used to induce a cytotoxic T-cell-mediated immune response directed specifically 
against PC cells over expressing this mutated K-RAS. Gjertsen et al (46) intradermally 
administered mutant ras peptides in combination with granulocyte-macrophage 
colony-stimulating factor to boost the immune response. In this phase I/II trial 
a CTL response against the tumor was induced in 58% of the patients. Patients 
with advanced cancer who responded to treatment showed prolonged survival 
compared to non-responders (median survival 148 days vs. 61 days). A somewhat 
different approach using a vaccine containing mutant p53- and K-ras-peptides 
but no granulocyte-macrophage colony-stimulating factor failed to induce an anti 
tumor response (47). Vaccination with three different dose levels of telomerase 
peptide GV1001 in combination with granulocyte–macrophage colony-stimulating 
factor, also induced dose related cellular immune responses that correlated with 
prolonged survival for treatment naïve non-resectable pancreatic cancer patients 
(48). These data suggest that besides selection of mutant peptides, additional 
stimulation of the immune system seems crucial for eliciting an effective immune 
response. 

Antiangiogenesis therapy
Like all other tissues, tumors are dependent on blood vessels to supply oxygen 
and nutrients. Obtaining blood supply is needed for a preneoplastic lesion 
to grow out into a tumor. For this tumors need to acquire a pro-angiogenic 
phenotype that changes the balance between pro- and anti-angiogenic factors, 
which favours angiogenesis. Many tumors start secreting angiogenic factors such 
as vascular endothelial cell growth factor (VEGF) and basic fibroblast growth factor 
(bFGF). Presence of these growth factors stimulates new vessels to grow in from 
surrounding host vessels and vascularize the tumor. Proteolytic enzymes such as 
matrix metalloproteinases (MMPs) not only facilitate growth of tumor cells into 
the extracellular matrix but also allow ingrowth of capillaries. This vascularisation 
also helps tumor cells to metastasize to distant organs where these metastases 
undergo secondary angiogenesis for their growth. 
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Anti-angiogenesic agents primarily aim to correct the imbalance between pro- 
and anti-angiogenic factors. A shift toward an anti-angiogenic phenotype will 
impair further growth of the tumors. For the growth of PC, vascular endothelial 
growth factor (VEGF) has an important role (49). Its receptors VEGFR-1 and KDR 
(VEGFR-2) are overexpressed on PC tumor cells and endothelium. Therefore, 
both VEGF and its receptors are prime targets for intervention. Inhibitors of 
VEGF receptor and antibodies against VEGF inhibit PC growth and angiogenesis 
in mouse models (50-52). In patients, the recombinant humanized monoclonal 
antibody to VEGF-A bevacizumab in combination with gemcitabine increased 
median survival in a phase II trial for advanced PC. The clinical efficacy of this 
treatment  is currently tested in a phase III trial (53). Hence, therapies that inhibit 
angiogenesis seem to have some clinical efficacy. An important advantage of 
these therapies may be that these not only target cancer cells but also normal 
endothelial cells. Targeting these normal cells could be more effective because 
they do respond to pro-apoptotic signals and are less heterogeneous compared 
to cancer cells; this renders selection and clonal out-growth of cells resistant to a 
treatment less likely. 

In conclusion, although some novel strategies do seem to provide minor 
increases in survival, none of them seems effective enough to halt tumor 
progression. Therefore development of novel therapies such as gene therapy is 
warranted to improve the poor prognosis of pancreatic cancer. 

GENE THERAPY

Gene therapy is defined by the introduction of new genetic material in cells 
for therapeutic intent. The most straightforward application of gene therapy 
is the correction of monogenetic inherited diseases. Recently, several trials 
demonstrated that gene therapy can be used successfully to correct disorders such 
as severe combined immuno deficiencies (54;55). The use of gene therapy to treat 
acquired diseases such as cancer is more complex. Theoretically, downregulation 
of activated oncogenes or restoration of inhibited tumor-suppressor genes should 
reverse the malignant phenotype of cancer cells. However, for clinical efficacy of 
such an approach the tumor suppressor genes must be re-introduced in all cancer 
cells. This does not seem feasible. In fact, for most gene therapy applications 
transduction efficacy is one of the major limitations. Therefore other gene therapy 
strategies, such as oncolytic viral vectors or targeting of the immune system, seem 
more feasible.

Several techniques are available to introduce genetic material into mammalian 
cells. The method of choice depends on the transgene, the target organ and the 
desired period of expression. Broadly, methods of gene transfer can be divided in 
the use of nonviral methods and the use of viral methods. 
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Non-viral vectors
The most straightforward method for gene transfer is direct injection of plasmid 
DNA into a target tissue. Although the transfection efficacy of naked DNA 
in general is low, its advantage is that it can be applied in all cell types. This 
technique does induce some inflammation, due to a response to un-methylated 
cytosine-phosphate-guanosine (CpG) present in DNA of bacterial origin (56).  To 
improve the low efficiency a so called “gene gun” has been used that increases 
gene transfer by shooting DNA coated gold particles to the place of delivery (57). 
Another method of transfection is electroporation. In the first human trial utilizing 
in vivo DNA electroporation, metastatic melanoma lesions were injected with a 
plasmid carrying the interleukin-12 gene. Aim of this approach was to stimulate 
an immunological response by expression of IL-12. 10% of treated patients 
showed complete regression of all metastases including the non-electroporated 
distant ones, and 42% showed disease stabilization or partial response, while 
in all the systemic toxicity was minimal (58). Alternatively, DNA can be covered 
within liposomes resulting in a lipoplex that, due to its specific composition, fuses 
with the host cell membrane. Such DNA-liposome complexes are able to deliver 
DNA to melanoma cells in humans (59). Last, encapsulation of plasmid DNA 
within polyethylene glycol (PEG) improves in vivo gene transfer by shielding the 
negative charges of DNA. Pegylated plasmid DNA was able to cross the blood-
brain barrier in monkeys (60). In conclusion, although presently available non-viral 
gene transfer methods do allow gene transfer to many tisues, their efficacy is still 
too low to transduce a high percentage of cells in tissues or tumors. 

Viral vectors
The life cycle of viruses depends on transfer of their genomic material into host 
cells. As a result of evolutionary pressure, the mechanisms developed by viruses 
to transfer their genetic material into host cells have become highly efficient.  
Researchers have used this capacity of viruses to improve the efficacy of their 
vectors. Removal of genes essential for virus replication, not only allows the 
insertion of expression cassettes required for the production of therapeutic 
proteins but also ensures safety of this approach. Several viruses have been used 
to develop a viral vector. The vector choice depends both on the target tissue 
and on the required period of expression; sustained expression is required for 
inherited disorders whereas transient expression is required to treat an aquired 
disease such as cancer. 

Inherited disorders affecting continuously dividing tissues, such as cells from 
the hemopoeitic system can only be treated with vectors that integrate into the 
host genome. Recently, retroviral gene therapy vectors that efficiently integrate 
into the host genome have been used to cure two forms of Severe Combined 
Immunodeficiency (SCID): adenosine deaminase deficiency (ADA) and X-linked 
severe combined immune deficiency (SCID) (61). ADA is an autosomal recessive 
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genetic disorder that leads to toxic accumulation of adenosine and deoxyadenosine 
in both T and B cells. Lymphocyte dysfunction leads to life threatening infections 
in the first months of life. X-linked SCID results from mutations in the gene 
encoding the cytokine receptor subunit gamma-c causing deficiency in receptors 
for interleukins-2, -4, -7, -9, -15, and 21. Because interleukin signaling is crucial for 
development and differentiation of T and B cells this leads to failure in development 
and function of the immune system. In both disorders the absence of a functional 
immune system results in recurrent infections and is lethal without efficient 
treatment. Both disorders have been treated with ex-vivo gene therapy using 
retroviral vectors (54;55;62-67). Although in both trials the immune system was 
restored at least partially, the treatment caused a T-lymphoproliferative syndrome 
in a significant number of the patients (68-70). This severe adverse effect was 
caused by oncogene activation due to retroviral insertion. Recently two patients 
with X-Linked Adrenoleukodystrophy were treated using lentiviral vectors, which 
are superior to gamma-retroviral vectors in terms of transduction. Following gene 
transfer of the adenosine triphosphate-binding cassette transporter (ABCD1) 
gene in CD34+ cells, in combination with myeloablative treatment, polyclonal 
reconstitution and clinical efficacy was obtained (71). Long term follow up will 
have to reveal whether the safety profile of lentiviral vectors is better than that of 
the previously used retroviral vectors. 

Non integrating vectors can be used for sustained correction of inherited 
disorders in quiescent tissues and for treatments that only require transient 
expression. For instance, hemophilia B, an inherited metabolic liver disease, 
was recently treated using  Adeno Associated Virus (72). This vector persists in 
episomal form and thus the risk of insertional oncogen activation is less. Although 
initially successful, long-term expression was lost due to acute rejection of the 
corrected hepatocytes, caused by a CTL memory response against the human 
AAV vector used in this trial. This trial clearly demonstrated that the host immune 
system seems to impose a relevant hurdle for corrective gene therapy. Such 
responses even carry a risk for severe adverse events. A clear example of this 
is the death of a young man upon systemic application of an Adenoviral vector 
to treat ornithine transcarbamylase (OTC) (73). Eighteen hours after Adenoviral 
vector injection the clinical status of this man deteriorated with altered mental 
status, diffuse intravascular coagulation, liver failure, multiorgan failure, acute 
respiratory distress syndrome, resulting in death at 98 hours. Post mortem analysis 
showed that the systemic activation of innate immunity led to a fatal inflammation 
reaction. These reactions were not anticipated, given the profound lower immune 
reactions that were noted in non-humane primates and in a patient from the same 
cohort group. This major difference in innate immune response to adenoviral 
vectors underlines a major limitation of systemic administration of a high dose of 
adenovirus (Ad) vectors.  
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Gene therapy for Pancreatic Cancer
As mentioned, presently available non viral methods lack efficiency needed to 
establish expression of a therapeutic gene such as a tumor suppressor gene in 
a sufficient number of cancer cells. These non-viral methods however do seem 
suitable for silencing activated oncogenes using anti-sense oligo-nucleotides 
or siRNA (74). RNA interference is a naturally occurring mechanism to silence 
gene expression. The intracellular process consists of cleavage of long double-
stranded RNA into short nucleotide fragments by the enzyme Dycer. A strand of 
each fragment then incorporates into the RNA-induced silencing complex (RISC) 
followed by hybridization of the now activated complex (RISC*) to its target 
mRNA, which is then degraded. Introduction of designed short siRNAs, that 
bind specifically the targeted mRNA, activate this mechanism which efficiently 
degrades the messenger and prevents expression of the protein. 

Both viral and non-viral methods are available for introduction of siRNA 
molecules into cells. For in vivo delivery, more complex sytems are required such 
as pressure-mediated injection of several millilitres (in mice) of siRNA solution, in 
situ perfusions of a wide variety of organs, or the use of polymer and conjugated 
siRNA-based strategies. These procedures allow interference with genes that 
play a key role in several diseases (75;76). Early trials focussed on targeting the 
VEGF pathway in the wet form of age-related macular degeneration resulted in 
stabilization or even improvement of vision (76). Furthermore, the intranasal siRNA 
preparation ALN-RSV01 is under examination to silence Respiratory syncytial virus 
(RSV) in neonates and immunocompromised hosts (77). 

Gene silencing can also be effective in downregulation of oncogene expression 
in PC. A plasmid expressing an antisense Ki-ras gene fragment specifically 
decreases p21 protein production and growth of PC cells with a ki-ras mutation 
(78).  Systemic administration of an oligonucleotide antisense (ISIS-2503) directed 
against the human H-ras mRNA prevents its translation. The reduced expression 
of H-ras resulted in a decreased growth of pancreatic cancer in nude mice models 
(79). Subsequent intravenous administration combined with gemcitabine in 
patients with advanced pancreatic cancer patients proved to be safe and resulted 
in a modest improvement of survival. Median survival of patients with metastatic 
disease was 6.6 months and the response rate was 10.4% (one complete response, 

four partial responses) (80), compared to 5.7 months and a 5% response rate for 
gemcitabine alone (25). Although the magnitude of H-ras suppression could not 
be assessed for technical reasons, this modest improvement may lead to further 
clinical tests for better understanding of the relevancy of ras inhibition. 

Non-viral methods for DNA vaccination
In comparison with the production and purification of mutated peptides, DNA 
vaccination is more rapid and flexible. Since modification of DNA sequences 
is rapid and straightforward, this technique allows patient tailored vaccination. 



20 CHAPTER I

Because of this, DNA vaccination has rapidly become a favoured strategy for 
inducing immunity not just against viruses but also against cancer (81). No trials 
were performed with pancreatic cancer patients. For prostate cancer,  prostate-
specific antigen (PSA) DNA vaccination in a phase I clinical trial demonstrated a 
PSA-specific immune response (82). Immunization with plasmid DNA encoding 
the MART-1 melanocyte differentiation antigen in melanoma patients (83) and 
the 65-kDa heat-shock protein of Mycobacterium leprae in head and neck cancer 
patients (84) resulted in low immunological responses with no signs of clinical 
improvement. It remains to be seen whether vaccination with DNA encoding for 
the p53 and K-ras peptides are potential candidates for this approach.  

Integrating vectors
The CTL response against cancer can be specifically enhanced by transfer of T-cell 
receptor genes into autologous lymphocytes. Autologous or donor-derived T-cell 
populations are genetically modified with a retrovirus ex vivo to express a T-cell 
receptor specific for a certain antigen in order to evoke a T-cell-mediated immune 
response against defined antigens (85). Treatment of melanoma patients with 
ex vivo expanded tumor-infiltrating lymphocytes induced regression including 
complete responses (86;87). The success of this approach may be hampered by 
heterogeneity of tumors and their ability to loose expression of antigens (88). 

Non-integrating viral vectors
Most cancer gene therapy trials have been performed with non integrating 
vectors that provide transient expression especially adenoviral vectors (Ad) and 
to a lesser extent herpes simplex viral vectors (HSV). Main advantage of both is 
their efficient production. Adenoviral stocks can be grown to high titers. Another 
advantage is their lytic life cycle that allows efficient eradication of cancer cells by 
viral replication. Both viruses have a large double stranded DNA of approximately 
40 Kb. HSV has a natural tropism for nerve cells. The tropism of Ad tropism 
depends on the serotype. Group C (serotypes 1, 2, and 5) relate to respiratory 
tract infections; group B (serotypes 11, 16, 34, 35, and 50) cause hemorrhagic 
cystitis; group D (serotypes 8, 19, and 37) cause epidemic keratoconjunctivitis.  
As mentioned before, Adenoviral vectors have been tested in a large number of 
clinical trials aiming to cure various kinds of solid tumors. In general these studies 
showed that the approach was safe but lacked efficacy. Aim of this thesis was to 
develop an improved adenoviral vector to treat PC. Therefore the remaining part 
of this introduction will mainly focus on the use of various Adenoviral vectors to 
treat cancer. Furthermore I will describe several possibilities to improve these 
vectors and generate an effective vector to treat PC.
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ADENOVIRUS BIOLOGY

Adenovirus Capsid Structure
Ad belongs to the family of Adenoviridae. In man 51 different serotypes have 
been identified and have been classified into 6 sub-groups A to F. Ad virions are 
non-enveloped icosahedral particles with a diameter of 70 to 90 nm consisting 
of 252 capsomers subdivided into 240 hexons and 12 pentameric penton bases 
(Figure  2). The hexon is the major structural protein. It consists of a trimer of 
polypeptide II with a central pore (89;90) and is important for stabilization 
and assembly of the virus particle. The penton base consists of pentameric 
polypeptide III to which the fiber binds. Alignment of penton base sequences 
of all Ad serotypes revealed a highly conserved region among sub-groups A, B, 
C and E. In all these serotypes an Arg-Gly-Asp (RGD) motif is present in a highly 
mobile surface loop around the central fiber. Several studies showed that this 
RGD motif binds to integrins on host cells and as such plays an important role in 
cell entry (91-93). 

All human serotypes have 12 fibers protruding from the penton base. These 
fibers appear as a thin shaft region with a globular head (94). Based on structure 
and function three segments can be recognized in the fiber: the N-terminal tail, a 
central shaft and the C-terminal domain which forms the fiber knob. The first 40 
residues of the tail bind to the penton base. The central shaft consists of 15 to 

Figure 2 Schematic representation of Ad. The linear double-stranded DNA (approximately 38 kb) 
is encapsulated by the non-enveloped capsid, of which the hexons are the structural proteins. 
Ad binds host cells via the fiber knob that is attached to the capsid via penton base. Figure 
reproduced with permission from (98).
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20 beta-repeats each encoding two anti-parallel beta-strands connected by short 
proline or glycine linkers. This provides a rigid and stable structure to the shaft. The 
globular fiber knob is a trimeric molecule consisting of several beta-strands, named 
A to J, that connect to each other by loops. For instance the HI loop that is exposed 
outside the knob connects the H- and I- β-strands (Figure 3 and Figure 11). 

The protruding fiber knob plays an important role in the binding of Ad to 
target cells. For most serotypes the knob binds the cellular Coxsackie and 
Adenovirus receptor (CAR) with high affinity. In addition to the knob, fiber length 
and flexibility also play a role in binding of the virion to this cellular receptor 
(95;96). Examination of the crystal structure of Ad12 revealed that the AB loop, 
that connects the first two strands A and B, plays a crucial role in CAR binding 
(97). Figure 4 represents a schematic representation of the CAR-knob complex. 

Figure 3 The Ad fiber protein. (A) 
Fiber trimers (green) protrude from 
each penton complex (yellow) of the 
icosahedral capsid of Ad. The fiber 
trimer comprises N-terminal tails (thin 
tubes), a central shaft, and a globular 
knob (ovals). The third ß-repeat of the 
shaft is indicated by a red arrow. Critical 
features of the fiber are shown in the 
crystal structure of Ad 2 fiber. ß-strands 
of the fiber knob are lettered from A to 
J, according to the nomenclature of Xia 
et al (99). The CAR binding site, which is 
made up mostly by the AB loop (ball and 
stick), lies along the side of the fiber knob 
trimer. Locations of some mutations that 
abolish CAR binding are indicated by 
arrows. The HI loop is shown in magenta. 
The final four ß-repeats of the fiber shaft 
are shown with Roman numerals. This 
image was made using Molscript. Figure 
reproduced with permission from (100).
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In addition to this AB loop other regions of the fiber knob are involved in CAR 
binding (see next section). 

Cell entry
Cell adhesion is the first critical step of the Adenoviral life cycle and also of 
adenoviral vector transduction (Figure 5). Most knowledge from its interactions 
with host cells is derived from studies with Ad serotypes 2 and 5. These two 

Figure 4 The Ad12 knob-CAR D1 complex and the importance of the AB loop. (A) Ribbon 
diagram of the Ad12 knob-CAR D1 complex viewed down the viral fiber. The core of each knob 
monomer comprises an eight-stranded antiparallel  β  sandwich, although about 65% of the 
residues are found in ordered surface exposed loops and turns. The V sheet is colored purple and 
the R sheet and HI loop are colored magenta. The AB loop is highlighted in yellow, and all other 
regions are gray. About 2050 Å2 of primarily hydrophobic surface per monomer is buried upon 
trimerization of the knob domains. In Ad12 knob, the interfacial residues are D415, P417, P418, 
I426 (AB loop), V450, K451 (CD loop), and Q487, Q494, S497, and V498 (E and F strands) from 
one monomer, and P517, P519, N520, and E523 (FG loop) from the other. (B) Ribbon diagram 
of the CAR D1 domain from the complex colored in a rainbow from blue to red. Strands in the 
foreground are D, E, B, and A, and strands in the background are C”, C’, C, F, and G from left 
to right, respectively. In CAR D1, the interfacial residues are P33, E37, L39, V48, D49, V51, L54, 
S56, Y61, D62, E63, Y64 (strands C, C’, and C”), K102, K104, A106, and P107 (later half of F). This 
figure was generated in MOLSCRIPT. (C) Amino acid sequence alignment of residues in the AB 
loop for all knob subgroups. Ad subgroups A, C, D, E, and the long fiber of F bind CAR, whereas 
subgroup B and short fiber knobs of F do not. Residues conserved in CAR-binding serotypes 
are colored blue, those with 1 amino acid different are colored in red, and all other residues are 
colored in black. Figure reproduced with permission from (97).
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serotypes utilize the 46-KDa receptor CAR for attachment to the host cell (101-
103). Because of its trimeric structure each adenoviral knob contains 3 CAR binding 
sites (104) that are exposed along the side of the knob. The cellular expression of 
CAR correlates with Adenoviral vector transduction efficiency. For instance, cells 
deficient of CAR such as fibroblasts and hematopoietic cells (lymphocytes) are less 
permissive for Ad entry compared to tissues that do express CAR such as heart, 
pancreas, nervous tissue, prostate, lung, and intestine (105-107). The extended 
loop domains of the fiber knob bind to the extracellular domain of CAR with high 
affinity (Kd ~1 nM) and tethers the particle to the membrane. This process requires 
flexibility of the fiber shaft. A shorter shaft length or more rigid shaft both have a 
negative impact on Ad entry (108). The loops between individual fiber monomers 
represent the CAR binding sites. As mentioned before, the AB loop is crucial 
for binding to CAR. Roelvink et al. (109) identified a conserved cluster of amino 
acids on the side of the fiber trimer and mutagenized the majority of the amino 
acids present in the exposed loops and beta sheets. Transduction studies in CAR 
positive cells identified several amino-acid changes that all affect CAR binding: 
S408E or G, P409A, K417G or L (AB loop), K420A (B-sheet), Y477A or T (DE 
loop), and Y491A (FG loop). Deletion of TAYT (residues 489–492 in the FG loop) 
or replacement of EGTAY (FG loop) with glycine residues also abolished CAR 
binding (Figure 3). Although all these mutants affect CAR binding in vitro their 
effect on biodistribution especially their effect on liver detargeting varies. Of a 
number of mutants no effect on liver transduction was seen indicating that besides 
CAR binding other factors determine the in vivo tropism of adenoviral vectors 
(Table 1). In part this may be due to binding of Ad to other cellular receptors.  For 
instance Ad seems to attach with high affinity to heparan sulphate proteoglycans 
(HSPG) (110;111). For this binding the adenoviral knob is not involved but instead 
a KKTK motif located in the fiber shaft seems crucial. 

For all adenoviral vectors except those of subgroup B, CAR binding plays a 
role in cell entry. All serotypes from sub-group B lack the conserved CAR binding 
residues in their knob and primarily utilize CD46 molecules as a receptor (112). 
Since some Ad classified as belonging to group B, do use another still unknown 
receptor, Lieber recently proposed to divide this group in two subgroups based 
on their receptor use (113;114). Group 1 B Ads (Ad16, 21, 35, 50) utilize the CD46, 
while group 2 B Ads (Ad3, 7, 14-deWit (115)) utilize the non-identified receptor 
(receptor X), as a cellular receptor for infection; Group 3 B Ad (Ad11p) primarily 
binds CD46, but also receptor X. The lack of binding to CAR of these serotypes 
can be used to generate adenoviral vectors that do not depend on CAR expression 
for cell entry. For instance, replacing the fiber of Ad 5 by that of serotype 3 or 7, 
results in a novel vector with a tropism comparable to that of subgroup B viruses 
(116-118). Incorporation of the Ad 3 fiber on Ad 5 capsid facilitates transduction 
of CAR negative cells that are refractory to Ad 5 transduction such as fibroblasts 
and head and neck cancer cells. This socalled serotype switching creates new 
receptor specificity that can be used for targeted gene delivery. 
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After the initial attachment to the cellular receptor, the adenoviral particle 
binds to integrins which is followed by internalisation via clathrin coated pits.  
Binding to CAR most probably tethers the virion to the membrane for correct 
presentation of the RGD motif present in the penton base to interact with the 
aVb3 and aVb5 integrins needed for internalization (119-122). Each virus particle 
contains as many as 60 integrin binding sites. Binding of the pentameric RGD motif 
to integrins activates several signalling molecules including phosphatidylinositol-
3-OH kinase and Rho GTPases that trigger virus internalization and endosomal 
encapsulation (123;124). Ad vectors that lack the RGD motif are still able to enter 
host cells but with delayed kinetics indicating that although integrin binding is 
not essential it does improve transduction (125;126). It is likely that in addition to 
integrins other co-receptors such as vascular cell adhesion molecule-1 (127) and 
scavenger receptor A (128) can also facilitate virus entry . 

After endocytosis via clathrin coated pits the Adenoviral particles enter 
endosomes (129). Upon acidification of the endosomes the fibers detach form 
the particle and insert into the endosomal membrane which allows escape of 
the virus into the cytosol (130-132). Most likely endosomal aVb5 integrins play a 
role in this process (133). After escape into the cytoplasm microtubules transport 

Figure 5 Adeno virus cell entry and replication. Ad virions bind to CAR on the cellular membrane, 
internalize via integrins and are taken up in endosomes via clathrin-coated pits. Particles 
disassemble in the endosome causing endosomal lysis. The viral capsid travels to the nucleus 
through a microtubule-mediated process. Ad DNA enters the nucleus to reside in an episomal 
form followed by viral replication. Reproduced with permission from (137).
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the capsid to the nuclear pores in a dynein-dependent manner (134). One to 
two hours post-infection the Ad genome arrives in the nucleus and expression of 
adenoviral genes can start (135). 

Following assembly of new Ad particles they must escape to the extracellular 
milieu in order to infect new host cells. A study performed with airway epithelial 
cells revealed that Ad travels to the basolateral membrane where it binds CAR, 
which is sequestered beneath the tight junctions as a intercellular adherent 
protein. Binding of the fiber to CAR increases paracellular permeability by 
reducing the cell-cell adhesion function of CAR, followed by basolateral escape 
and emergence at the apical cell side. Thus, Ad utilizes CAR for cell entry and 
escape over the epithelium (136).  

The role of Ad receptors in cancer cell transduction
Expression levels of CAR and integrins are major determinants of host cell 
susceptibility to Ad. In vitro experiments revealed that non-malignant cells 
lacking CAR are quite refractory to infection. This is also true for several cancers. 
Many cell types from primary tumors lack sufficient CAR expression rendering 
them refractory to Ad infection (138-142). Interestingly, poorly differentiated 
cancers show the least expression of CAR (143). Oncolytic efficacy of replicating 
Ad depends on CAR expression in vitro and in solid tumors in vivo. Of note, CAR 
positive tumors allow efficacious lateral spread of Ad through the tumor (144). 
In addition, induction of CAR and integrin expression augments Ad-mediated 
transgene expression (101;145).

Pearson et al (146) were the first to examine this issue in the context of PC. 
They examined Ad-mediated transgene expression and the expression of CAR 
and integrins in four human PC cell lines. Correlation of receptor expression 
to transgene expression revealed a positive association between levels of ß3 
integrin and Ad entry. However, receptor blocking experiments suggested that all 
examined receptors are crucial for host cell transduction. Our group also studied 
CAR and integrin expression on pancreatic cancer cell lines (147). Four pancreatic 
carcinoma cell lines (BxPC-3, Capan-1, Hs766-T or MIA PaCa-2) and two primary 
pancreatic carcinoma cells (p6.3 and p10.5) all had very low levels CAR expressed 
on the membrane. Expression of v3 integrin varied among cell lines. Integrin v5 
was present on all pancreatic cancer cells. Using a sensitive luciferase assay we 
showed that all PC cells were susceptible to Ad transduction in vitro. In some of 
these cell lines, a recombinant fiber knob that blocks CAR binding decreased 
transduction, indicating involvement of CAR in transduction. These two studies 
do not directly reveal that CAR down regulation is a major hurdle for efficient Ad 
gene therapy for PC. However, several observations suggest that data from such 
in vitro experiments should be interpreted with care. First, CAR expression on 
cultured cells in vitro depends on confluence of the monolayer in several cell types 
(148). This may also be true for PC cells. Second, several studies demonstrated 
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that a low transduction efficiency of PC limits Ad gene therapy in vivo, and that 
the efficacy is increased by utilizing alternative receptors (149;150). Third, immuno 
histochemical staining of PC specimens from patients shows that CAR expression 
is lost in adenocarcinoma of the pancreas, especially in poorly differentiated 
cancers (151). On the basis of all these data and the overwhelming amount of 
evidence that loss of CAR expression complicates Ad infection of other cancers in 
vivo, it can be concluded that Ad transduction efficiency will be far from optimal 
due to downregulated expression of CAR in PC. This underscores the need of 
developing CAR-independent Adenoviral vectors to optimize Ad gene therapy. 
By doing so, transduction of most normal tissues that abundantly express CAR 
(101;138) will be reduced. This is important because due to their higher affinity 
for Ad viral vectors these normal tissues would act as a “sink” that soaks up the 
therapeutic vectors thereby lowering virion dose for tumor cells. Furthermore, 
transduction of healthy tissue will induce toxicity and unwanted side effects. Thus, 
by reducing CAR dependency the therapeutic window of virus concentration in 
vivo will be increased since higher doses of Ad can be used without toxicity to 
healthy tissue (152;153). Hence, redirection of Ad to tumor cells enhances efficacy 
and specificity of gene therapy. 

Ad biodistribution in vivo
The biodistribution of Ad upon systemic injection does not correlate entirely 
with the expression of CAR in the different tissues (154). This indicates that 
other factors such as host anatomical barriers, density and availability of other 
cellular receptors, binding to blood components such as coagulation factors and 
erythrocytes, also are relevant for virus biodistribution. The vast majority of Ad 
vectors rapidly end up in the liver with a half-life of less than 3 minutes following 
intravenous administration in rodents and non-human primates (155;156). 
Liver macrophages (Kupffer cells) are responsible for capturing most of the 
circulating virus. Kupffer cells inactivate and degrade Ad following interaction 
with the fiber knob (157). In addition, they evoke an innate immune response 
by secretion of inflammatory cytokines such as IL-6 and TNF-alpha (158). Higher 
doses of Ad vectors (1.0 x 1011 particles) saturate the Kupffer cell compartment, 
resulting in augmented hepatocyte transduction and toxicity (159). The liver 
tropism complicates delivery of adenoviral vectors to other organs and tissues. 
To improve targeting to extrahepatic tissues mutations have been introduced in 
receptor-binding domains of Ad. Mutation of the AB (P409E + K417A / S408E 
+ P409A), DE and FG loops and the RGD motif in the penton base potently 
abrogate transduction of CAR positive cells including liver cells in vitro, but not 
in vivo (160;161). However, other studies do show reduced liver transduction with 
mutants defective in binding CAR and/or integrins. Alternative mutations in the 
AB loop (R412S, A415G, E416G, and K417G) in combination with deletion of the 
RGD motif lead to 700-fold reduction in liver transduction (162). The transduction 
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of other tissues by these mutants is also clearly reduced. Deletion of the TAYT 
motif (residues 489–492 of the FG loop) leads to 270-fold lower liver transduction 
(163). This is irrespective of the presence of the RGD motif most probably 
ruling out a role for integrins in Ad uptake in the hepatocyte. The difference 
in transduction among these deletion mutants suggests that all these mutations 
affect the Ad biodistribution. Also other mutations such as removal of the heparin 
sulphate binding KKTK- sequence from the fiber shaft in combination with CAR-
binding ablation decreases liver transduction a 1000-fold (Table 1). However, all 
these mutations do not prevent rapid clearance of Ad from the circulation and 
subsequent degradation by macrophages. An option to reduce liver transduction 
is intraperitoneal administration of ablated vector (164) but this also redirects the 
vector from parenchymal to non-parenchymal liver cells were it is degraded (165). 

Binding to blood components recently emerged as another major factor 
affecting Ad biodistribution. For instance upon intravenous injection, serum 
coagulation factor IX, factor X and complement factor C4BP mediate Ad binding 
to heparin sulphates on hepatocytes, indicating that serum factors play a pivotal 
role during Ad liver sequestration (95;166). Recently two groups independently 
showed that Ad serotype 5 hexon mediates blood factor-dependent liver 

Table 1 Effect of binding site ablations on liver transduction in vivo. Mutations in the AB or FG 
loop disrupt Ad binding to CAR. Removal or modification of the RGD motif hampers integrin-
mediated internalization of Ad. Removal or modification of the KKTK motif disrupts binding to 
HSPGs. The combination of these mutations has distinct effects on biodistribution in animal 
models. Reproduced with permission from (170).
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transduction. Kalyuzhniy et al (167) reported that the hexon protein binds human 
coagulation factor X (FX) with an affinity that is 40-fold stronger (229 pM) than the 
affinity of Ad5 fiber for CAR. Incorporation of a large insertion in the hexon protein 
near the factor X binding site sterically hindered receptor interaction and led to 
a great reduction in mouse liver transduction (168). Subsequently, the effect of 
ablation of this liver binding site was endeavoured in the setting of a replication-
competent virus Ad-GL-HB (169). This conditionally replicating adenoviral vector 
bearing a peptide in hexon, showed liver detargeting in vivo with a 7,000-fold 
increased tumor:liver infection ratio. At higher vector doses liver transduction was 
still detectable indicating that the virus may still bind to low affinity transporters 
such as heparan sulphate proteoglycans. These recent studies finally clarify CAR-
independent liver targeting of Ad upon intravascular administration. In addition 
this finding may explain the observation that intraperitoneal administration 
detargets Ad from the liver. Upon intraperitoneal entry virus particles may escape 
binding to blood factors in a yet unidentified mechanism, leading to diminished 
liver tropism.

In conclusion, the new generation liver-detargeted vector may partly fulfil the 
need for a vector that surpasses the liver, thereby decreasing liver toxicity and 
rendering more virus particles available for tumor transduction. However, these 
vectors will have to harbour more mutations to abrogate their natural tropism 
completely. Moreover, it remains to be seen to what extent these mouse data can 
be extrapolated to humans.  

Adenovirus mediated gene therapy for PC
Although the exact cause of PC is unknown, a cascade of genetic disturbances 
adds to the progression from benign epithelium through a series of lesions named 
pancreatic intra-epithelial neoplasia (PanIN) to invasive carcinoma (Figure 1). 
Ongoing activation of oncogenes, such as K-ras, LSM1, AKT2 and MYB, and in-
activation of tumor suppressor genes, suchs as ARPC5, P53, SMAD-4, BRCA2STK11, 
seem to drive this progression (171). Adenoviral vectors may be used to restore 
tumorsuppressor gene function or to silence oncogenes to cure PC. 

Since inactivation of the p53 tumor suppressor gene plays a prominent role 
in cancers including PC, we will focus on adenoviral gene therapy strategies that 
target this molecular difference between cancer and normal cells. More than 50 
to 60 percent of human pancreatic cancers bear a mutation in the p53 gene, 
which may relate to a higher grade of malignancy (172). p53 mutational status 
seems to be a prognostic factor for poor outcome in patients with pancreatic 
ductal adenocarcinoma (173;174), but this issue is subject to debate (175). 
The tumor suppressor gene p53 plays a central role as a checkpoint in the cell 
cycle to maintain genomic stability. Upon activation after DNA damage caused 
by stress such as chemicals, radiation or hypoxia, p53 will induce cellular arrest 
to allow DNA repair and when the damage is too severe it induces apoptosis. 
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Deficiency of active p53 leads to disturbed cycle control resulting in uncontrolled 
proliferation and reduced genomic stability. As a consequence DNA damage will 
accumulate in cancer cells that will be severe enough to induce apoptosis upon 
re-introduction of wildtype p53. Ad-p53 has been be used to introduce wildtype 
p53 in cancer cells. Transduction of p53 deficient  pancreatic cancer cell lines 
by Ad-p53 caused decreased cell proliferation and induced apoptosis (176). In 
contrast, p53 transduction of cells that have endogenous wildtype p53 had no 
effect indicating that this approach is tumor specific. Re-introducing p53 using 
Ad also impaired human cancer cell growth in a xenograft mouse model (177). 
Because p53 plays an important role in the induction of apoptosis upon stress 
signals it was expected that upon its re-introduction cancer cells will respond 
better to chemotherapy. Indeed, transduction by Ad-p53 increased cytotoxicity 
induced by gemcitabine chemotherapy in vivo. The effect however was limited 
(178), most likely due to poor transduction of the tumor, since in a similar study 
it was shown that less than 15% of all cancer cells were transduced by Ad (149). 
Given the fact that the cell line used is most susceptible to Ad transduction in 
vitro, is seems likely that in vivo the majority of PC cells will not be transduced and 
thus escape from apoptosis. The main problem with the concept of re-introducing 
tumor suppressor genes in cancer is that the effect is limited to the transduced 
cells. Thus, expression must be obtained in all cancer cells and this is not possible 
with presently available vectors. In fact most studies show that even upon intra 
tumoral injection, the majority of cancer cells in a tumor are not transduced. 
Because of its limited efficacy in this cancer, Ad-p53 never entered clinical trials 
including PC patients. It has been tested in patients suffering from other tumors 
mostly showing limited efficacy (179-181). Only upon intratumoral injection, in 
combination with chemotherapy, a partial response in all patients suffering from 
breast cancer was seen. The elevated intratumoral p53 mRNA levels for up to 21 
days after Ad injection indicated proper gene transfer (182).

Suicide gene therapy
As mentioned above, gene therapy aimed at re-introducing tumor suppressor 
gene expression can only be effective if all cells are transduced.  All in vivo studies 
in animals and in patients demonstrate that 100% transduction is not feasible. 
Therefore, gene therapy strategies should aim at efficient cell killing with lower 
transduction percentages. Introduction of a suicide-gene seems a possible 
option. Suicide gene therapy strategies involve tumor specific expression of an 
enzyme that catalyses the conversion of a non-toxic compound, the pro-drug, 
into a highly toxic compound. Upon systemic administration of the pro-drug the 
toxic compound will only be generated in the tumor cells that express the newly 
introduced suicide gene. Depending on the compound it can spread from the 
transduced cells to non-transduced cells via gap-junctions or, upon killing of the 
transduced cells, via diffusion. Because of this so-called bystander effect not all 
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tumor cells need to be transduced to obtain efficient eradication of a tumor. Two 
examples of suicide genes are the Herpes simplex virus thymidine kinase (HSV-
TK), that converts ganciclovir (GCV) to GCV mono-and diphosphates that inhibit 
DNA synthesis, and cytosine deaminase (CD), that converts 5-fluorocytosine to 
5-fluorouracil that inhibit RNA synthesis. 

Several studies reported that HSV-TK/GCV suicide gene therapy was effective 
for treating PC in vitro (183) and in vivo (184;185). However, many other studies 
questioned the positive effects of this application for PC. HSV-TK did not lead 
to cell death after GCV treatment, possibly due to the inability of some PC cell 
lines to generate toxic GCV (186). Furthermore, only in a subset of PC cell lines 
a bystander effect was observed, in the other PC cells the spread of the toxic 
compound seemed hampered by lack of gap-junction between PC cells (187;188).  
Conflicting results have also been reported for the CD/5-FU system (189;190), 
although this application seems more potent than the HSV-tk system (191). In 
contrast to GCV, 5-FU also inhibits mRNA synthesis and can easily diffuse between 
cells also in absence of Gap-junctions between cells. Anyhow, aforementioned 
studies point out the notion that both suicide gene approaches lack the efficacy 
needed to wipe out the entire tumor. Again this seems due to low transduction 
levels since in most studies only in the proximity of the injection sites, the so 
called “needle track”, cells were transduced. 

Apparently we are very well protected against viral infections. Entry of 
pathogens such as Ad is prevented by innate immunity for instance by peptides 
such as surfactants that bind and inactivate them. Surfactant protein A is a 
member of host defence molecules expressed in the epithelial cells of the lung 
that enhances viral clearance and inhibits inflammation after pulmonary adenoviral 
infection (192). Even upon entry into the cell, several cellular stress signals 
including cytokine secretion (TNFalpha, interleukins, IFN) elicit a proinflammatory 
and chemoattractive defence reaction (193) that also impair transduction (194). 
The cytokine-mediated innate defence reaction activates autophagocytosis by 
macrophages. For instance upon injection of Ad in to the blood stream in mice, 
90% of all viral particles are taken up and degraded by liver Kupffer cells. 

Despite all these defence mechanisms wildtype viruses are still very well 
capable of disease causing infections. The main difference between viral vectors 
used for suicide gene therapy or for re-introducing tumor suppressor genes and 
wildtype virus is that our vectors lack the capacity to replicate. The rapid and 
efficient replication of most wt viruses enables them to break through the first line 
of defence. Upon infection of a small number of cells, viral replication will result 
in a 1000 to 10000 fold amplification of infectious virus particles for each initially 
infected cell.  Application of conditional replicating viral vectors therefore seems 
a good option to enhance the effectivity of gene therapy. 
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Oncolytic virotherapy 
The antitumor effects of several viruses have already been reported in the 1950s 
(195). Spontaneous systemic infection with varicella (196) or measles (197) did 
result in remission of  leukemias and lymphoma (198). Also vaccination for 
smallpox or measles resulted in impressive regressions of chronic lymphocytic 
leukemia (199) or Hodgkin’s lymphoma (200). These observations led to the 
hypothesis that viremia due to infection or vaccination gives rise to regression of 
non-solid cancer. Subsequent clinical trials with replicating virus indeed revealed 
transient antitumor activity that reduced the size of the tumor. The effects however 
were limited to the site of injection and did not result in a longer survival (201-
203). Because of this lack of effect on survival the use of virotherapy was almost 
completely abandoned for several decades. 

The revolutionary advances in the field of recombinant DNA technology and 
increased knowledge of virus biology and carcinogenesis resulted in the re-
entering of oncolytic viruses as a possible treatment for cancer in the 1990s (204). 
Reovirus, Newcastle disease virus (NDV), measles and mumps belong to the class 
of oncotropic viruses seemed to show some efficacy in clinical trials. 

Ad also has a lytic life cycle and therefore seems a good candidate for this 
approach. Ad has several advantages for cancer gene therapy such as its broad 
tropism transducing both dividing and (non) dividing cells and an extensively 
characterized genome. The latter has been used to develop cloning systems not 
only to introduce novel genes but also to generate conditional replicating viral 
vectors (CRAds) that specifically replicate in cancer cells. Finally, several packaging 
cell lines have been generated that are suitable for the production of high titred 
clinical grade adenoviral stocks. 

Adenovirus replication
The adenoviral genome (Figure 6) consists of transcriptional units that are 
activated in a highly regulated fashion at different time points during the 
reproductive cycle (205;206). The genes are named immediate early (E1A), early 
(E1B, E2, E3, E4), intermediate (IX and IVa2), and the late genes L1-L5. The early 
genes are responsible for expression of regulatory proteins that upon expression 
result in S-phase entry of the infected cell. This allows viral DNA synthesis and 
replication. In addition these early proteins block defensive host cell mechanisms, 
such as those driving the cell towards apoptosis, and shut off of host cell protein 
synthesis to allow high production of viral proteins. Replication of the Ad genome 
depends on early proteins and starts at the 5’ end of the Ad genome that acts 
as a primer for replication. In the late phase of replication structural Ad proteins 
are expressed to allow assembly of new virions. Upon sufficient production of Ad, 
the host cells lyse and the released viral progeny can re-infect neighbouring cells

The E1 genes E1A and E1B are the “master switch” for induction of Ad replication 
(Figure 7). In normal cells these early proteins are crucial for induction of the host 
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Figure 6 Schematic representation of the Ad genome. Ad replication starts at the first 50 bp 
of the inverted terminal repeats (ITR). Terminal proteins are attached to the 5’ termini of the 
genome. The Ad genome consists of one immediate-early region (E1A), four early transcription 
units (E1B, E2, E3, and E4), two “delayed” early units (IX and IVa2), and one late unit (major 
late) that produces five families of mRNAs (L1 to L5). Cellular RNA polymerase II carries out 
transcription off all transcription units. Ψ, packaging sequence; MJL, major late promoter. Figure 
adapted from (207).

cell cycle shift from G1 to S phase that allows DNA synthesis. Adenoprotein E1A 
binds the tumor suppressor protein pRb that is bound to transcription factor E2F. 
The resulting release of E2F results in cell entry into S phase. The E1B-55kd (but 
also E1B-19kd) interferes with function of the tumor suppressor protein p53 and 
as such prevents p53-mediated apoptosis that would have occurred following Ad 
infection. Once both defensive pathways have been neutralized Adenoviral DNA 
and protein synthesis will start. This shift is not needed in cancer cells since most 
of them are already permissive to DNA synthesis. Tumor cells frequently harbour 
defects in the retinoblastoma protein (pRb) and/or p53 pathways; for instance more 
than 90% of pancreatic cancers have a disturbed retinoblastoma pathway. In the 
majority of adenocarcinomas the CDKN2A/p16(INK4) tumor suppressor function 
is lost. This deficiency allows phosphorylation of pRb and thus in the release 
of transcription factor E2F resulting in the progression to S phase allowing cell 
proliferation. In addition, more than 50% of pancreatic cancers have mutated p53 
function. In cells lacking functional p53 and pRb, Ad E1A and E1B are not essential 
for Ad replication and this has allowed development of Ad mutants that replicate 
efficiently in malignant cells while their replication is impaired in normal cells. 

Conditionally Replicating Adenovirus (CRAd)
Combining the knowledge on the interplay between adenoviral and cellular 
proteins in adenoviral replication with that of carcinogenesis has been used to 
design several of so-called conditionally replicating Ad (CRAd) vectors. These 
CRAds replicate specifically in tumor cells and kill them while leaving normal cells 
unharmed. This replication will largely increase the efficacy of these CRAds since 
upon infection of a tumor cell the amount of virus will be amplified by a factor 
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100 to 1000 (Figure 8).  Upon lysis of the infected cells, the virus progeny can 
re-infect neighbouring tumor cells. Therefore, these CRAds should continue to 
replicate until all tumor cells have been lysed, which has indeed been seen for 
several CRAds in vitro. 

In vivo, release of viral progeny and re-infection of neighbouring cells in a 
tumor should also continue until all cancer cells have been lysed. In addition, the 
large number of viral particles could lead to massive tumor necrosis. In theory 
this should result in disappearance of the tumor when the production of virus 
particles and subsequent cell killing is faster than the doubling time of tumor 
cells. However, in phase 1 trials none of these first generation of CRAds did meet 
this requirement. Several factors, such as virus uptake, innate immune responses, 
inhibition of virus spread by extracellular matrix, and lowered oncolytic potency 
of Ad mutants, did impede effective infection and lysis of all tumor cells (209). 

Figure 7 Ad transcription units and main functions related to cell cycle. Each unit is transcribed 
from a different promoter and yields a pre-mRNA that is processed by differential splicing to 
produce several proteins. Major late unit transcription is activated after the replication of the 
genome. The conventional map of Ad is divided in 100 map units rightwards (1 mu = 0.36 Kb). 
Below main virus proteins relevant to cell cycle control are shown. Further below the interaction 
with cellular proteins and their effect is shown. Ad inhibition of pRB and p53 leads to release of 
free E2F, induction of cell cycle and inhibition of apoptosis. Figure reproduced with permission 
from (208).
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E1B mutants
The most extensively tested CRAd in a clinical setting is Onyx-015, that lacks the 
E1B protein due to a 1520 bp deletion; this CRAd should only be able to replicate 
in cells lacking p53 function. Loss of p53 function in cancers may be caused by 
inactivating mutations, overexpression of p53-binding inhibitors (Mdm2) or loss 
of p53-inhibitory modulators (p14ARF) (211). As expected, cells with functional 

Figure 8 Control mechanisms of oncolytic Ad.  (a) Deletion-type conditionally replicative 
adenoviruses (CRAds): this type of CRAd has a mutation/deletion in a region crucial for viral 
replication. While cancer cells possess the cellular environment to compensate the function of 
the deleted viral gene, normal cells do not have that capability. For example, ONYX-015 (dl1520) 
and AdΔ24 were designed to replicate only in p53 and pRb mutated cells, respectively. (b) 
Selective promoter-based CRAds (i.e., RGDCRAdCOX2F, CN706, CV739): a tumor/tissue-specific 
promoter controls the expression of viral genes crucial for replication. As a result, the virus can 
replicate only in cells in which the promoter is active. By using a promoter with a tumor-ON/
normal cell-OFF profile, the replication can be limited to cancer cells. Figure reproduced with 
permission from (210).
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p53 signaling, such as epithelial and endothelial cells, were relatively resistant to 
ONYX-015 induced cytopathic effects (212). 

Onyx-015 has been first tested in patients with head and neck tumors 
accessible for intratumoral injections. Upon injection replication was  detected 
in the tumors while the virus was well tolerated since only mild flu-like symptoms 
such as fever, nausea and chills were observed (213). However, no antitumor 
efficacy could be demonstrated.  Intracavital administration of Onyx-015 to target 
peritoneal metastases of ovarian carcinoma induced more side effects such as 
abdominal pain and peritonitis. Again no objective antitumor responses were 
observed (214). ONYX was also administered systemically via the hepatic artery 
to target hepatic metastases of colorectal carcinoma. A dose escalation study, 
with 1013  viral particles as the highest dose, gave flu-like symptoms and some 
minor efficacy (215;216). The highest intravenous dose (accumulated dose of 
4.2 × 1013  viral particles) was given to patients with lung metastases. No dose 
limiting toxicity nor antitumor efficacy was seen (217). Biodistribution data from 
a clinical trial performed in patients with liver metastases obtained at 56 h post-
injection revealed most virus in spleen and hepatocytes (218). This indicated 
that upon systemic injection, Ad tissue distribution in man is comparable to 
that seen in mouse models. In conclusion, these studies indicated that using a 
replicating Ad virus is safe. The lack of anti tumor response with ONYX, however, 
is disappointing. 

In follow-up studies ONYX was applied in combination with chemotherapy 
and did show a clear antitumor response. Again intratumoral injection of Onyx-
015 into accessible head and neck tumors was performed in combination with 
systemic chemotherapy. The response rates were encouraging, with 8 out of 30 
complete responses. However, long-term overall survival did not improve. Tumor 
biopsies showed Onyx-015 replication was restricted to the area around the 
site of injection in tumor tissue (219;220). The effect of chemotherapy on ONYX 
efficacy indicated that the mechanisms underlying its tumor specific replication 
were oversimplified. This became even more apparent when replication of ONYX 
was seen in tumor cells with intact p53 function (221) and the observation that 
clinical responses did not always correlate with p53 status (219).  Additional 
investigations addressed this issue and revealed that the failure of Onyx-015 to 
replicate in normal cells was due to another role of the adenoviral E1B-55K protein 
in adenoviral replication. During the late phase E1B-55K forms a complex with 
E4orf6 that shuts off the host cells mRNA nuclear export and protein synthesis. 
The E1B-55K also facilitates the nuclear localization of transcription factor YB1 
that is needed to activate the Adeno E2 late promoter (222). In tumor cells this 
function of E1B-55K is complemented since tumor cells counteract the inhibition 
of protein synthesis and contain nuclear YB1, which is the major determinant of 
the oncolytic selectivity of Onyx-015 (223). Further analysis of cell lines refractory 
to and permissive for Onyx-015 revealed a crucial role for the intracellular 
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organization of tumor cells. In permissive tumor cells viral 100K mRNA export 
induces host protein shutoff and this event is normally regulated by E1B-55K. 
Onyx-015 resistant tumor cells fail to provide the RNA export functions necessary 
for Onyx-015 replication in the absence of E1B-55K. This resistance could be 
rescued by heat shock. Pharmacological inducers of a heat shock response 
also rescued viral replication in Onyx-015 resistant tumor cells (224). Hence, by 
activating a heat shock response chemotherapy may sensitize tumor cells for virus 
replication. 

The role of p53 in Ad replication has become clearer. For long it was recognized 
that p53 degradation is indispensable for Ad replication. However, p53 actually 
promotes adenoviral replication and increases late viral gene expression (225). 
This observation is in contradiction with the belief that degradation of p53 
facilitates Ad replication. It is now believed that Ad initially benefits from p53 in 
a timed period during replication, which is followed by its degradation to shut 
down its suppression functions. According to this theory Ad would ‘highjack’ p53 
for its own purposes and therefore the importance of p53 inactivation during Ad 
replication seems somewhat overestimated. Of note, since E1A and E1B also 
have other roles in Ad replication, deletion of these regions results in lowered 
replication efficacy of such mutants in comparison to wildtype Ad. The E1B 
protein for instance facilitates crucial late viral mRNA transport from the nucleus 
to the ribosomes (226). Taken together, introduction of E1B mutations provides 
tumor selective replication that can be overcome by intracellular compensatory 
mechanisms by host tumor cells. 

ONYX-015 has also been used to treat pancreatic cancer in a phase 1 dose 
escalation study in patients with unresectable cancer (227). The CRAd was 
administered intratumoral via CT-guided or intra-operative injections. A maximally 
tolerated dose was not reached since the highest dose was 2.0 x 1012 viral particles. 
No significant complications were observed. Six out of 23 patients had shrinkage 
of 35-45% (minor response) of the tumor. Ten patients had stable disease. The 
6-month survival rate was 67%. Post-treatment fine needle aspirations from the 
tumors were uniformly negative for viral replication. In comparison to all pre-
clinical studies in vitro and in animal models, in patients ONYX-015 appeared 
much less effective. Most likely, the spread of Ad in the tumor is hampered due 
to presence of extensive amounts of fibrotic matrix or by down regulation of the 
cellular receptors essential for adenoviral uptake, such as CAR. One option to 
improve adenoviral delivery to these tumors is the use of endoscopic ultrasound-
guided intratumoral injections. This approach was examined in a phase I/II clinical 
trial (227;228). Patients with locally advanced adenocarcinoma of the pancreas 
or with metastatic disease received eight EUS-guided injections with Onyx-
015 (up to 2.0 x 1011 viral particles per treatment) over 8 weeks. Study objects 
were a highly selected group based on the ability to undergo the weekly EUS 
procedure. The last four treatments were combined with gemcitabine. Although 
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some complications were seen due to the injection procedure, such as bacterial 
infections or duodenal perforations, this dose of Onyx-015 was well tolerated. As 
a single-agent Onyx-015 had no antitumor efficacy but partial regressions of >50% 
were seen in 10% of the patients treated in combination with chemotherapy. 38% 
had stable disease and 52% had progressive disease. The 6-month survival rate 
was 67%. Post treatment aspirates did not show virus replication, but this finding 
can be due to sampling errors or low sensitivity of the assay. Hence, the patients 
primarily suffered from the injection procedure while absence of virus-related 
complications warrants injection of higher doses of virus.

Although the American Food and Drug Administration rejected registration of 
Onyx-015, a comparable Ad vector is evaluated in China. This H101 vector not 
only lacks E1Bb-55K but also all E3 proteins including the Ad Death Protein (ADP). 
Since the E3 proteins have a role in immune evasion of Ad, the H101 vector may 
evoke a more intense immune response following host cell infection. The absence 
of ADP may render its cell killing abilities less potent which may skew the effect 
of this vector towards immunotherapy. Intra-tumoral injection of H101 in cancer 
of head and neck and of oesophagus has been performed. When combined with 
chemotherapy the effects of H101 were comparable to those seen with ONYX. Of 
the injected tumors 83% responded to chemotherapy while historical data report 
a 30-40% response rate to the chemotherapy regimens used (229;230).   

In conclusion, clinical effects with ONYX and H101 are only obtained following 
intratumoral injection and in combination with chemotherapy. The fact that 
intravenous injection up to the highest by dose did not result in major side-effects 
underlines the excellent safety record of mutant Ad. The lack of antitumor efficacy 
however, points out to the requirement to develop more potent CRAds.   

E1A mutants
The E1A mutant Ad dl 922-947 or AdΔ24, which has a 24 bp deletion in the E1A 
region, is such a more potent CRAd.  This in frame deletion abrogates the binding 
of the adenoviral E1A protein to the Rb protein. This results in an adenoviral 
vector that can only replicate efficiently in tumor cells with a defected Rb-pathway 
(156;231) and importantly, also in cycling normal cells (232). This Δ24 CRAd was 
more potent than Onyx-015 both in vitro and in vivo, possibly because CRAd 
Δ24 does have functional E1B protein that is important for functions such as viral 
mRNA transport (226). A novel deletion based CRAd, CB-1, harbours two in frame 
deletions, the 24 bp Rb-binding region in the E1A gene and a 903 bp in the E1B 
gene. Compared to the AdΔ24 the additional E1B deletion inhibits replication of 
this vector in dividing normal cells which will reduce toxicity in normal tissue. In 
vivo, CB-1 induced glioma regression with a similar efficiency compared to the 
E1A mutant (233). One of these E1A mutants has been tested for PC. In vitro PC 
cells were efficiently killed by the E1A mutant CR-2/dl922-947 (232) while non-
malignant fibroblasts were refractory to this CRAd. 
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Transcriptional targeting 
An alternative mechanism to generate a CRAd is to use tumor and/or tissue specific 
promoters to control expression of genes essential for Adenoviral replication. 
Tumor specific expression of the “master switch” for adenoviral replication, the 
E1A gene seems the best option. Alternatives are the tumor specific expression 
of other genes playing a role in adenoviral replication such as the E1B, E3 and/
or E4 genes. 

The CV706 vector is a clear example of this so called transcriptional targeting 
strategy. In this vector the expression of the adeno E1A gene is controlled by the 
enhancer and promoter elements of the prostate-specific antigen (PSA) gene. 
These regulatory elements are specifically activated in prostate cancer cells. As 
a result the CV706 vector replicates specifically in prostate cancer cells (234). 
Intratumoral injection of CV706 however only provided decreased PSA levels in 
a minority of the patients (235). CV787 is an improved version of CV706. In this 
novel vector the E1A and E1B genes are under control of the prostate-specific 
rat probasin promoter and a human PSA promoter-enhancer, respectively. The 
CV787 only replicates in PSA positive cells (236), which narrows its utilization to 
malignant prostate tissue. Insertion of regulatory regions that are activated in 
many tumors but not in normal tissues would allow development of a CRAd that 
replicates in several types of cancer. Some more general tumor specific promoters 
have been tested for tumor specific adenoviral replication such as that for human 
E2F (237), telomerase (238), and hypoxia inducible factor (HIF) (239). Tumor 
specificity can be increased further by combining the specific deletion with tumor 
specific promoters. An overview of the various combinations used in adenoviral 
backbones is presented in Figure 9. All these CRAds have their own characteristics 
in terms of stability, replication potency and tumor selectivity. Rigorous testing 
will therefore have to determine which vector is most appropriate for a specific 
tumor type. 

An example of a sophisticated transcriptionally targeted vector to treat PC has 
been reported recently by Bortolanza et al (240). In addition to the Δ24 deletion, 
the transcription of the E1A and E4 genes were driven by a hypoxia-responsive 
promoter and an E2F-1 promoter, respectively. Thus, replication was dependent 
on hypoxia-inducible factor (HIF) activity and alterations of the pRB pathway in 
cancer cells. In addition, a deletion in the E3 region allowed the incorporation 
of the gene encoding for the immunostimulatory cytokine IL-12 (241). In a new 
immunocompetent Syrian hamster model of pancreatic cancer this selectively 
replicating vector induced potent anti tumor activity in vivo. It would be of 
interest to test this new generation vector in PC patients. Another transcriptional 
targeted CRAd applied in PC is that using the Cox-2 promoter to drive E1A 
expression (150). This CRAd showed cytocidal effect in all PC cell lines but was 
less efficient than wildtype Ad. Subsequent in vivo studies using this CRAd in 
a human PC subcutaneous xenograft model also showed that it had antitumor 
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activity but is less potent than wildtype. Subsequent enhancement of tumor cell 
transduction efficiency by incorporation of the RGD motif in the fiber knob did 
significantly improve anti tumor activity. In follow up studies the Cox-2 driven 
CRAd was combined with gemcitabine and 5-FU chemotherapy, which showed 
synergistic effects (242). In the US two infectivity-enhanced (RGDCOX2CRAdF 
and 5/3COX2CRAdF), Cox-2 promoter-driven Ad vectors are now moving toward 
clinical trials with PC patients with support of the National Cancer Institute/Rapid 
Access to Intervention Development (NCI/RAID) program at the University of 
Minnesota. 

The significant improvement of vector activity by insertion of the RGD indicates 
that increasing the transduction of PC is needed for efficacious virus spreading 
in patients. Most likely, CAR downregulation and/or the presence of extracellular 
fibrotic matrix prevents efficient spread and subsequent re-infection of replicating 
adenoviral vectors. 

Several studies indicate that efficient transduction and specific targeting to 
the solid tumors in vivo both represent a major hurdle for effective treatment 
with adenoviral vectors. Aim of our research was to modify adenoviral vectors 
to enhance their transduction efficiency in PC and to improve tumor targeting in 

Figure 9 Insertions and deletions that can be used to construct an oncolytic Ad. Critical 
modifications for clinical efficacy by systemic administration are indicated in bold. Insertion of 
a tumor or tissue specific promoter upstream of E1A or E1B leads to conditional replication 
in tumor cells.  Mutants with a deletion in E1A or E1B replicate specifically in retinoblastoma 
or p53-defected tumor cells, respectively. Modification of the fiber knob region (ablation of 
receptor binding sites and/or expression of a peptide in the fiber knob) leads to altered Ad 
tropism. Reproduced with permission from (208).
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vivo. The extensive knowledge about the structural components that determine 
the tropism of Ad in vivo allows rational design to accomplish this.

Transductional targeting
Car-independent Ad vector delivery to tumor cells requires utilization of 
alternative cellular receptors. Selection of potential targets should take several 
requirements into account to obtain efficacious and safe tumor targeting. First, 
expression of this cellular receptor should be enhanced in tumor cells compared 
to normal tissue for specificity. Second, the target must be accessible on the 
host cell membrane for proper interaction with Ad. Third, the receptor of choice 
will need to allow entry of Ad for uptake in the endosome. Alternatively, the 
target should be able to present the capsid to integrins for internalization. Several 
strategies are available to realize a physical link between Ad and the cellular 

Figure 10 Selective retargeting of adenoviral vectors. Adenoviral particles are transductionally 
retargeted to tumor cells, using heterologous targeting ligands that are bispecific in binding to 
the fiber knob domain and to a tumor-associated antigen. Adenoviral particles are retargeted 
to tumor cells by genetic incorporation of targeting ligands into capsid proteins. In addition, 
adenoviral particles are retargeted to tumor cells by genetic incorporation of fiber/knob chimeras 
in which the Ad fiber knob is replaced by that of another Ad serotype, or in which the entire fiber 
is replaced with an artificial fiber and knob structure. pIX, Ad polypeptide IX; sCAR, soluble CAR; 
Fab, antigen binding domain (variable region) of an antibody. Reproduced with permission from 
(243).
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receptor chosen to target a tumor: genetic targeting, conjugate-based targeting, 
and serotype switching (Figure 10). None of these approaches has been applied 
in the clinical setting to date. 

Genetic targeting is modifying the Ad genome in such a way that it expresses 
a ligand that binds to the tumor target on the viral capsid. Short peptides 
sequences identified by for instance phage display biopanning technique have 
been inserted and showed retargeting to the target cells. Especially the Ad 
fiber knob allows incorporation of such heterologous peptides although some 
attempts failed because the peptide interfered with fiber trimerization which is 
essential for production of functional Ad virions. A drawback of genetic targeting 
is that these peptides do not shield natural sites. Therefore, without ablation of 
these binding sites, incorporation of a ligand in the knob region only provides 
additional tropism.  

Conjugate-based targeting uses fusions of antibodies directed against the 
Ad virus and against the receptor. Of these so-called receptor components 
(“bispecific antibody” or “diabody”) one part of the fusion complex binds the 
fiber knob and the other binds the target. Ad vectors have to be incubated in 
vitro with such complexes prior to injection. Several attempts have been made to 
incorporate the gene coding for such complexes into the adenoviral genome to 
allow retargeting of a CRAd. Binding of a conjugate to the fiber knob generally 
blocks natural cellular binding sites in the Ad capsid such as the CAR binding site, 
resulting in both retargeting to the chosen target and detargeting of normal Ad 
cell entry sites.    

Serotype switching is replacing the fiber shaft or fiber knob by that from 
another serotype or xenotype. Since Ad serotypes have different tropisms, this 
approach can be used to increase the affinity towards a certain tissue, cell type, 
including cancer. In this respect, the lower liver tropism of some serotypes seems 
useful.  

Genetic targeting
The extensive knowledge of the Ad allows relatively easy modification in vitro 
using plasmids that contain large parts of the Ad genome.  Since the fiber knob 
region has a central role in the initial binding of Ad to the cellular receptor, this 
region seems the best choice for incorporation of targeting ligands. The N-terminal 
region of the fiber knob connects to the capsid while the C-terminal region 
is exposed outwards. Therefore Wickham et al chose to incorporate a stretch 
of lysine residues in the C-terminus to increase binding to heparin-containing 
cellular receptors (244). This vector was able to infect Ad-refractory cells including 
fibroblasts and smooth muscle cells. The same group (245) expanded this 
approach by incorporation of polypeptide K7 (seven lysine residues), to target 
heparin sulphates, or the RGD peptide to target alpha(v) integrins. However, 
incorporation of longer peptides interfered with proper trimerization of the fiber 
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knob, which resulted in non-viable virions (246), indicating that modification of 
the C-terminus has its limits. 

The three-dimensional model of the Ad fiber knob revealed other sites that 
based on their characteristics were expected to allow incorporation of ligands 
with out a major impact on Ad biology (247). Especially the loops that connect 
the ß-sheets gained interest (Figure 3). These are localized on the outer side of 
the knob and are easily accessible for receptor targets. Furthermore, they are 
not involved in intramolecular interactions important for the quaternary structure 
and thus seem to allow insertion of protein sequences without affecting fiber 
trimerization. Of these the HI loop has been used most extensively. This loop 
mainly consists of hydrophilic amino acid residues and exposes outside the knob 
(Figure 11). It seems to have a high degree of flexibility rendering it very useful for 
ligand incorporation. Krasnykh et al obtained proof of concept by incorporating an 
octapeptide in the HI loop (248). This did not affect virus viability, fiber trimerization 

B
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Figure 11 Three dimensional model 
of the Ad5 fiber knob. (A) The fiber 
trimer appears like a propeller-like 
structure when viewed from above. 
The HI loop exposes outwards and 
connects the β-strands H and I that 
are involved in the formation of the 
cell-binding site. Figure reproduced 
with permission from (257). (B) Three 
dimensional model of the fiber knob 
with a peptide incorporated in the 
HI loop. Figure was generated by 
using SWISS-MODEL software (http://
expasy.org).
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or interaction with CAR. Next, an RGD targeting peptide was incorporated in the 
HI loop because this motif is used by Ad for binding to integrins (249). Since 
tumors cells widely express integrins these seem a potential tumor specific target. 
Ad-RGD proved to target integrin-expressing cells and was able to overcome 
CAR deficiency of host cells, thereby providing additional tropism to Ad. Several 
studies thereafter indeed showed Ad containing this RGD peptide target in vitro 
and in vivo a wide panel of cancers including ovarian carcinoma, rhabdosarcoma, 
meningeoma, and glioma (reviewed in (250;251). The flexibility of the HI loop in 
fact allowed incorporation of up to 83 amino acids without deleterious effects 
on virus replication (252). Other groups expanded the targeting approach by 
simultaneously incorporating the RGD peptide in the HI loop and the pK7 motif 
in the C-terminus (253;254). However, incorporation of several other peptides 
did result in non-viable virions. This urged researchers for looking for alternative 
capsid sites that allow insertion of targeting ligands. One potential site is Ad 
capsid protein IX that serves to stabilize hexon protein stability and also has a 
C-terminus that faces outwards. Vellinga et al (255) successfully fused the RGD 
peptide and the c-myc epitope to pIX and demonstrated enhanced gene transfer 
in endothelioma cells. This site was also used to express fluorescent protein that 
allowed non-invase monitoring of replicating Ad (256). 

Our group successfully employed Ad-RGD to target oesophageal cancer 
(258) and pancreatic cancer (147). In the latter study, luciferase expression in the 
AdlucRGD-infected primary PC cells, which over expressed integrins, was 1 to 
5-logs higher compared to AdCMVLuc. This enhancement in transduction was 
independent of CAR. As mentioned earlier, Yamamoto et al (150) have used the 
RGD motif to target a Cox-2 CRAd to PC cells. These RGD-modified vectors 
displayed a statistically significant increase in transduction, 2.2- to 13.6-fold, of 
all PC cell lines tested, and showed a more cytocidal effect compared to the non-
fiber modified CRAd in vitro. The oncolytic potential of RGD-modified COX-2 
CRAds was confirmed in an in vivo study in which the non-modified vectors 
showed no significant antitumor efficacy. Taken together, the incorporation of the 
RGD peptide in the HI loop does not interfere with virus viability, overcomes CAR 
deficiency, and targets non-replicating and replicating Ad to tumor cells including 
pancreatic cancer. 

Expression of a peptide in the fiber knob can broaden Ad tropism but does 
not necessarily increase tumor specificity since the tropism modified vector will 
be able to bind its native receptors. The broad tropism of Ad implicates gene 
transfer in non-target tissues thereby reducing the amount of particles available 
for the targeted tumor. Obtaining true selectivity for a tumor or antigen therefore 
also requires the removal of all binding sites that mediate natural tropism. Such an 
ideally targeted vector should surpass major organs, such as the liver, lungs, heart 
and intestine, and find its way to a primary tumor and metastases. 

The most straightforward manner to ablate Ad tropism is to remove the fiber 
knob and express a ligand in return. Several groups utilized knobless fibers 
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followed by expression of ligands such as Myc-epitope and 6His-tag (259), fibritin-
6His chimera (260), and the RGD sequence (261). Although this method allows 
incorporation of complex proteins it requires additional genetic engineering to 
compensate for the loss of the trimerization signal of the fiber protein located 
in the knob. Alternatively, modification of the various sites identified in the Ad 
genome can be performed to generate single (CAR-binding deficient) (262), 
double (CAR and integrin-binding deficient) (164) or triple (CAR, integrin 
and HSPG-binding deficient) (263), ablated vectors. In combination with the 
incorporation of a targeting ligand these ablated vectors should show increased 
selectivity in vivo. However, because of minimal reduction of liver transduction 
seen with these ablated vectors and the lack of entirely tumor-specific peptides 
that can be expressed in a proper way in the fiber knob, the first truly targeted 
vector yet has to be developed.  

Conjugate-based targeting
This two-component approach makes use of bispecific conjugates to redirect Ad 
to a certain target. By doing so, antibodies become useful for targeting strategies, 
since the fiber knob does not allow direct incorporation of complex protein 
structures. Blocking of the CAR binding site thus provides a so-called truly targeted 
vector, although the RGD motif in the capsid is still able to interact with integrins.  

Several groups fused antibody fragments to natural ligands for targeting 
purposes using chemical conjugation. The heterologous population of molecules 
produced by this method are a major drawback with regards to obtaining approval 
for clinical trials. Douglas et al (264) fused the neutralizing Fab fragment of an 
anti-fiber monoclonal antibody to folate, the natural ligand for the folate receptor. 
Upon incubation of this complex Ad vectors were redirected to cells expressing the 
folate receptor with high efficacy and increased cell killing following expression of 
the encoded HSV-TK. Kaposi’s sarcoma cell lines were targeted using a fusion of an 
anti-knob fragment to basic fibroblast growth factor 2 (FGF-2) (265). Intravenous 
administration of such an FGF-2 targeted vector encoding HSV-TK showed lower 
liver transduction and toxicity when compared to a non-targeted vector. Others 
showed that pulmonary endothelium can be targeted via angiotensin-converting 
enzyme (266).

In contrast to chemical methods, fusion of single chain antibodies is an 
alternative mechanism that does result in the production of a homogenous 
preparation of recombinant fusion proteins. The sequences coding for the chosen 
bi-specific protein are cloned in an expression plasmid and produced in eukaryotic 
cells using transfection. Watkins et al (267) generated a fusion protein called 
“diabody” that consists of EGF and a single chain antibody directed against the 
Ad5 fiber knob (S11). This complex targeted EGFR on target cells. Fusion of S11 
with a single chain antibody antigen also allowed targeting of the pan-carcinoma 
antigen EpCAM (268) and EGFR (269). 
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These two-component targeting approaches have a major limitation for 
targeting of CRAds because their efficacy depends on release of virus progeny 
and subsequent infection of other cancer cells. Targeted virus progeny needed for 
effective re-infection therefore requires incubation with fusion protein in vivo. The 
first-generation systems do not allow this, since the binding between targeting 
moiety and vector is lost upon intracellular uptake. A CRAd will therefore have to 
encode such a bispecific antibody to ensure its production during virus replication 
to generate targeted progeny upon cell lysis. Such a CRAd has been constructed 
using an ablated Ad that encodes for a bispecific adapter molecule targeting the 
virus to EGFR (270). This virus showed efficacious cell killing of EGFR positive 
osteosarcoma cells. However, a replicating virus encoding for soluble CAR fused 
to EGF had impaired oncolytic potency in vitro and in vivo. This suggests that 
production of targeting tools in the cytosol may not be efficient or may inhibit 
viral replication by interfering with virion assembly. Taken together, the S11-
based bispecific antibody system allows relatively easy and rapid production of 
conjugates raised against a wide array of tissue or tumor specific antigens. Maybe 
additional modifications such as timing of expression or expression levels seem 
needed to render these systems applicable for oncolytic CRAds. 

PC cells have also been targeted with the conjugate-based approach. Our 
group genetically fused a recombinant soluble form of truncated CAR (sCAR) 
with human EGF (sCAR-EGF) to target Ad to EGFR positive PC cells (147).  In 
vitro experiments showed a sCAR-EGF-mediated enhancement of transduction 
efficacy of several-fold only in EGFR-positive PC cells. We obtained similar 
results by using the S11-based bispecific antibody approach (van Geer et al, 
unpublished). Of note, human fibroblasts were potently targeted by these EGF 
bispecific antibodies, indicating a non-specific expression of EGFR on these cells. 
Kleeff et al (188) used a FGF2–Fab conjugate to target FGF2 receptor on PC 
cells and showed a 2- to 34- fold increases in transduction in the presence of 
conjugate. This increased transduction efficacy rendered several cell lines, that 
did not respond to non-targeted Ad, sensitive to Ad-HSV-TK-mediated cell killing. 

In conclusion, the use of bispecific adapter molecules expands the repertoire 
of tumor antigens that can be targeted. Their binding not only accomplishes 
retargeting but by shielding endogenous binding sites results in detargeting 
of normal cellular receptors. In vivo studies are however needed to prove its 
potential use in the clinic.    

Serotype switching
The different Ad serotypes also differ in their tropism. This tissue specificity is 
due to the binding to different cellular receptors by these serotypes. Replacing 
of the fiber knob and a part of the shaft by those from another serotype will alter 
host cell tropism of the generated “chimera”. An advantage of this approach 
is that the cell binding sites regions retain their natural conformation and will 



47GENERAL INTRODUCTION

not compromise endogenous trimerization function or receptor binding. Many 
groups showed that it is relatively simple to swap the fibers between serotypes 
to generate chimeras. For a rational use of this approach, knowledge on the 
similarities and differences of the fibers between different serotypes is essential 
(Table 2). Based on their homology human Ad serotypes are divided in 6 sub-
groups. Although the first 45 amino acid residues of the fiber are highly conserved 
among all serotypes, important differences in fiber structure exist. The length of 
the fibers which determines the distance between Ad and cell surface receptor 
differs between sub-groups. In addition, the fibers also differ in their ability 
to bend. Serotypes from subgroup D have a rigid fiber that requires a flexible 
cellular receptor for proper interaction. Furthermore, the amino acid sequences 
found in the fiber knob differ largely in their isoelectric points (pI). This will affect 
electrostatic potential and charge distributions at the surface of the knob, where 
the cellular receptor binding sites are localized. Therefore these electrostatic 
differences will have a major impact on interaction of the knob and the virus with 
the receptor. Genetic alterations in this region may therefore have large effects 
on vector tropism. 

Ad serotype 5 belonging to sub-group C, has been used in almost all gene 
therapy studies. As mentioned before, this virus has a tropism for the liver and 
efficiently transduces hepatocytes when injected in the systemic circulation. 
When comparing the biodistribution of Ad 5 to that of Ad35 (subgroup B), 
the lower transduction of all organs including the liver by Ad 35 is striking. In 
addition, compared to Ad5, the tropism of Ad35 is shifted from hepatocytes to 
nonparenchymal cells (280;281). Replacing the fiber of Ad5 (fiber5) by that of 

Table 2 General features of human Ad fiber proteins from available sequence and electron 
microscopy data. The Ad serotypes have natural tropism for the respiratory tract (B/C/E), 
gastrointestinal tract (A/F), urinary tract (B), and eye (D/E). Ad serotypes from subgroups A, C, D, 
E, and F can utilize CAR for cell binding (102). Subgroup B Ads bind to CD46 (112;271;272) and 
possibly CD80 (273). Instead of binding CAR, subgroup D viruses utilize an alternative receptor 
than CAR (274;275) and then internalize via alpha-theta integrins (276;277). Ad37 was shown to 
bind sialic acid (278). Table reproduced with permission from (170).
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Ad35 provides a chimera with enhanced transduction of CD34-positive stem 
cells (282), Ad5-refractory malignant myeloid and B lymphoid cell lines (283), and 
dendritic cells (284). Intravenous and intraperitoneal injection of an oncolytic-
based Ad5/35 results in a stronger reduction of tumor burden compared to a 
control virus (285). It is still a matter of debate whether tissue CD46 expression 
or involvement of the shaft determines biodistribution of subgroup B viruses. 
Havenga et al (286) determined the sensitivity of PC cells for fiber-chimeric vectors 
to establish which serotype can be utilized for targeting PC. The best vectors 
for targeting several human pancreatic cell lines, MIA PaCa-2, HS766T, BxPC3, 
CAPAN-1, were Ad5.Fib35, Ad5.Fib16, Ad5.Fib50, Ad5.Fib16, respectively. Thus 
it seems that subgroup B carrying vectors have the highest efficacy for PC. This 
suggest that these vectors may indeed use CD46 for cell entry, since PC cells 
overexpress this antigen (287;288). Hence, subgroup B Ads are attractive vectors 
to target PC. 

AIM OF THIS THESIS

The aim of this thesis is to overcome the low transduction efficiency of pancreatic 
cancer that imposes a major hurdle for the development gene therapy to treat 
this devastating disease. Development of infectivity enhanced Ad vectors and 
subsequent pre-clinical evaluation should allow selection of a better vector for 
application in the clinical setting. 

OUTLINE OF THE THESIS

All in vitro model systems that are used to test gene therapy vectors, such as 
monolayer cell cultures, do predict a higher efficacy than observed in subsequent 
use of these vectors in patients. Also most animal models overestimate the 
potency of viral vectors including CRAds. Apparently these models lack the 
interactions between vector and host cells that determine efficacy in patients. 
In chapter 2 therefore set out to develop a model more representative for the 
in vivo situation. We describe the development of an ex vivo model to culture 
fresh human pancreatic cancer and non-malignant resection specimens for gene 
transfer experiments. 

As mentioned earlier, the oncolytic potential of CRAds in patients with 
pancreatic tumors is marginal because of poor transduction of cancer cells. In 
part this is due to the absence of the primary cellular receptor (CAR) for Ad on 
pancreatic cancer cells. This prevents efficient uptake and spread of the CRAd 
throughout the tumor. Indeed infectivity enhancement is feasible by circumventing 
CAR mediated entry. Incorporation of the RGD peptide into the HI loop of fiber 
knob for instance indeed enhanced antitumor activity of CRAd. However, this 
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RGD motif binds to integrins that are not a tumor specific target and this may lead 
to loss of this vector to normal cells. Therefore we decided to select peptides that 
should enhance the specificity of this vector for pancreatic cancer cells. In search 
of a PC specific vector in chapter 3, we constructed Adenoviral vectors expressing 
heterologous peptides known to bind receptors over-expressed on pancreatic 
cancer cells in the HI-loop of the knob. The effect of these targeting moieties on 
transduction efficacy was determined using human pancreatic cancer cells in vitro 
and in addition on resection specimens cultured ex-vivo. In addition, we examine 
the expression of CAR and several receptors on pancreatic cancer to correlate 
gene transfer efficacy and receptor expression. 

Based on the observed transduction efficiency and specificity we selected a 
tumor selective Ad virus. In chapter 4 we increased the specificity of this vector 
for cancer cells by removing the site responsible for binding to native cellular 
receptors, CAR and integrins. The resulting infectivity enhanced doubly ablated 
Ad vector should target pancreatic cancer in vivo upon systemic administration. 

In addition to these peptide-retargeted vectors we also chose to study the 
potency of fiber-chimeric Adenoviral vectors for targeting PC. In chapter 5 we 
evaluated the gene transfer efficiency of several fiber-chimeric adenoviruses using 
pancreatic cancer cells and pancreatic (cancer) tissue slices cultured ex vivo. 
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