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11GENERAL INTRODUCTION

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. 
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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 



37GENERAL INTRODUCTION

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 
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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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ABSTRACT

AIM: To culture human pancreatic tissue obtained from small resection specimens 
as a pre-clinical model to examine virus-host interactions. 
MATERIAL AND METHODS: Human pancreatic tissue (malignant and normal) 
was obtained from surgical specimens and processed immediately to tissue slices. 
Tissue slices were cultured ex vivo for 1 up to 6 days in an incubator using 95% O2. 
Slices were subsequently analyzed for viability and morphology. In addition the 
slices were incubated with different viral vectors expressing the reporter genes 
GFP or DsRed. Expression of these reporter genes was measured at 72 hours 
after infection.
RESULTS: With the Krumdieck tissue slicer uniform slices could be generated 
from pancreatic tissue but only upon embedding the tissue in 3% low melting 
agarose. Immune histological examination showed the presence of all pancreatic 
cell types. Pancreatic normal and cancer tissue slices could be cultured up to 6 
days while retaining viability and a moderate to good morphology. Reporter gene 
expression indicated that the slices could be infected and transduced efficiently by 
Adenoviral vectors and by Adeno Associated Viral vectors whereas transduction 
with Lentiviral vectors was limited. For the adenoviral vector, the transduction 
seemed limited to the peripheral layers of the explants. 
CONCLUSION: The presented system allows reproducible processing of minimal 
amounts of pancreatic tissue into slices uniform in size  suitable for pre-clinical 
evaluation of gene therapy vectors.

Michael A. van Geer, Koert F.D Kuhlmann, Conny T. Bakker, Fibo JW ten Kate, 
Ronald P.J. Oude Elferink, Piter J. Bosma

World Journal of Gastroenterology, 2009
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INTRODUCTION

Pancreatic cancer is a devastating disease. The mortality rate of this cancer almost 
equals its incidence rate. Genetic alterations in pancreatic cancer as reviewed 
in (1), result in an aggressive cancer that is resistant to medical intervention. 
Surgical resection of pancreatic adenocarcinoma remains the cornerstone of 
treatment but is only available for a small minority of the patients. Even after 
surgical intervention prognosis remains poor since median and 5-year survival 
after resection are 7.5 months and 8%, respectively (2). A recent meta-analysis 
suggests that gemcitabine-based chemotherapy seems to improve overall survival 
of patients with advanced and metastatic disease to some extend (3). However, 
even with this treatment the prognosis continues to be poor. New therapies such 
as viral vector mediated gene therapy are needed to improve the survival of 
patients with pancreatic cancer. 

Adenoviral vectors (Ad) are used most frequently in gene therapy strategies 
aimed to treat solid cancers. Important advantages of this vector are its capability 
to infect and transduce dividing and non-dividing cells and that it can be 
propagated to high titers. Initially non-replicating adenoviral vectors were used to 
introduce expression of a cyto-toxic or a pro-drug activating gene in cancer cells. 
This so-called suicide gene therapy approach did show efficacy in pre-clinical 
cancer models. However, in the subsequent phase 1 clinical trials no therapeutic 
effect was observed due to limited spread of the viral vector in the tumors. To 
improve the efficacy and the spread, adenoviral vectors were developed that 
were able to replicate in cancer cells but not in normal cells.  These Conditional 
Replicating Adenoviral vectors (CRAds) replicate specifically in tumor cells and 
kill them as result of their lytic cycle. Upon replication a large amount of virus 
progeny will be generated in a tumor and infect other cancer cells. In pre-clinical 
models these CRAds were more efficient than the non-replicating vectors. At 
least six different CRAds have subsequently been evaluated in clinical trials but 
only a minority of these studies suggested that these vectors could be effective 
(4). The first engineered onco-lytic adenovirus that was implemented in a clinical 
setting was Onyx-015 that replicates specifically in p53-deficient tumor cells. 
Preclinical studies had shown that Onyx-015 efficiently kills human cancer cells in 
subcutaneous tumors in nude mice (5;6). Subsequent clinical studies showed that 
ONYX lacked efficacy as a single anti-tumor agent (7). Also in phase 1/II trials for 
pancreatic cancer intra-tumoral injection of Onyx-015 lacked efficacy (8;9). Further 
studies showed that also for these replicating adenoviral vectors, the transduction 
of cancer cells patients in vivo appeared the limiting factor. 

Low expression of the Coxsackie- and Adenovirus receptor (CAR) via which 
adenovirus normally enters cells was subsequently shown to cause the poor 
transduction of pancreatic cancer in vivo (10). To overcome this problem several 
strategies emerged to increase pancreatic cancer transduction by circumventing 
CAR mediated entry (11). Insertion of the Arg-Gly-Asp (RGD) peptide motif in 



68 CHAPTER II

the fiber knob of adenovirus, for instance, enhances infectivity of pancreatic 
tumors in a mouse model (12). All such studies however rely on the use of human 
pancreatic cancer cells growing subcutaneously in a nude mouse model. However, 
the discrepancies in efficacy of novel treatments seen in this pre-clinical and in 
subsequent clinical trial demonstrates this is not an ideal model. For instance, 
these mouse models do not asses the cellular heterogeneity of solid tumors such 
as pancreatic cancers. In addition, they do not accumulate extra cellular matrix that 
does occur in human tumors. Finally, due to the lack normal human pancreas cells 
these models are not suitable for demonstrating increased tumor specificity of 
the retargeted adenoviral vector. The discrepancy in efficacy of adenoviral vectors 
seen in these preclinical models and in subsequent clinical trials underscores these 
problems. Therefore new models are needed that more closely resemble the in 
vivo situation in patients. Tissue explants seem a good alternative in this respect. 
In these explants the interaction between heterogeneous cell types comprising 
normal and tumor tissue are retained. In addition, these explants do contain 
extra cellular matrix. Therefore, tissue explants seem a suitable model to study 
transduction efficiency in a setting more representative of the in vivo situation. 

Several culture systems are available that allow to preserve live pancreas 
tissue directly from patient specimens. Hoem et al. (13) cultured normal 
exocrine pancreatic cells, derived from pancreaticoduodenectomy specimens, as 
spheroids for at least 6 weeks. A similar method was used for culturing pancreatic 
adenocarcinomas (14). Both groups manually dissected tumor specimens to small 
fragments or cubes. Manual dissection of fresh tissue however causes physical 
stress and generates fragments of variable size and shape. This will influence 
the transduction by viral vectors because it affects the viability of the tissue and 
surface/volume ratio. To generate tissue slices with a more consistent size and 
shape we decided to use an automatic tissue slicer. Theses slicers are widely used 
to generate precision-cut organ slices for biotransformation research. Slices can 
be prepared from several organs including liver, lung, kidney, colon and intestine. 
They closely resemble the architecture of the original organ, which makes it a 
powerful instrument to perform toxicity and drug-metabolizing studies (15). 
Recently, the ultra thin-slices also proved to be a representative model for ex vivo 
evaluation of the transduction efficiency of adenoviral vectors (16;17). 

Precision-cut slicing of human pancreatic tissue was never reported. Aim of 
this study was to evaluate the use of slices to test adenoviral vector mediated 
gene therapy for pancreatic cancer. We performed tissue slicing and subsequent 
culture of human pancreatic tissue slices and examined viability and morphology 
in time of normal and malignant pancreatic explants. Since we show that patient 
explants derived from minimal amounts of tissue are viable for up to 6 days with 
preservation of morphology, they appear to be a good model to study viral vector 
mediated gene therapy and also seem suitable for pre-clinical testing of novel 
drugs to treat pancreatic disease.
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MATERIALS AND METHODS

Materials
MD4000 Krumdieck tissue slicer was from Alabama Research & Development, 
Munford, Alabama; L-glutamine, penicillin, streptomycin, amphotericin were from 
Cambrex Bio Science, Walkersville; insulin, transferrin and selenium solution, MEM 
vitamins and MEM amino acids were from Invitrogen; The Innova 4300 incubator 
was from New Brunswick Scientific Co, Edison, New Jersey; The NOVOstar 
fluorometer was from BMG Lab technologies, Offenburg/Germany; WST-1 assay 
(Roche, Almere, Netherlands); Mouse anti-GFP JL-8 was from Clontech, Palo Alto, 
CA. The Powervision system was from ImmunoLogic, Duiven, the Netherlands; 
the biotinylated rabbit anti-mouse immunoglobulins and streptavidin–horseradish 
peroxidase conjugate from DAKO.

Methods
Virus generation and propagation
Plasmids encoding for E1-, E3-deleted adenovirus vectors were modified by using 
pAdHM15 (18). pAdHM15 was digested with PI-Sce and Ceu-I to insert the reporter 
genes enhanced green fluorescent protein (GFP) and DsRed under control of the 
CMV promoter (10). Recombinant Ad vectors were generated by transfection of 
HEK 293 cells with PacI-linearized Ad-GFP and Ad-dsRED. Virus was purified and 
concentrated by performing two cesium chloride gradients according to standard 
protocols. Virus preparations were dialyzed two times against 1 liter of PBS. After 
the second dialysis glycerol was added to a final concentration of 10% (v/v) and 
virus preps were aliquoted, and stored at -80°C. The number of genomic copies 
was determined by quantitative real-time polymerase chain reaction by using the 
primers against hexon DNA (19).  

Lentivirus-CMV-GFP was constructed as described before by transfection of 
293T cells using a calcium phosphate method, concentrated by ultracentrifugation, 
and titrated on HeLa cells (20). AAV2-CMV-GFP was constructed and titers were 
determined as described previously (21).

Primary tissue slices
Fresh human pancreatic specimens were obtained from patients undergoing a 
pancreaticoduodenectomy for pancreatic head tumors (pancreatic cancer slices) 
and carcinomas of the bile duct or ampulla of Vater (normal pancreas slices). Tumor 
specimens were embedded in 3% low melting point agarose/PBS before cutting 
in the MD4000 Krumdieck tissue slicer to slices with a thickness of approximately 
250 μm (estimated 2.5 x 105 cells) while submerged in oxygenated ice-cold Krebs. 
Slices were incubated in 1 ml DMEM including L-glutamine (2mM), penicillin 
(100U/ml), streptomycin (100ug/ml) and amphotericin (Fungizone 2.5ug/ml) with 
or w/o insulin, transferrin and selenium (ITS), and 20mM Hepes pH7.4. After 
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1 hour, medium was replaced and slices were infected with 1 x 108 or 5 x 108 
genomic copies Ad-GFP and/or Ad-DsRED, or with 1.0 x 106 transducing units 
of lentivirus-CMV- GFP or with 1.2 x 1010 genomic copies AAV-2-CMV GFP. All 
experiments were performed in triplicate and were repeated at least three times. 

Tissue culture plates were placed in an Innova 4300 incubator that was 
humidified and gassed with 95% O2 and continuously shaken back and forth (90 
times/min) at 37oC. Virus was removed and medium was refreshed after 36 hours. 
Slices were harvested at several time points and lysed overnight at 4oC in 60 
μl RIPA buffer (25 mM Tris HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium 
deoxycholate, 0.1% SDS). After 1 round of freeze thawing cellular debris was 
removed by centrifugation. Total fluorescence of GFP and dsRED in supernatant 
was measured with a NOVOstar fluorometer. The filter settings were as follows: 
GFP excitation at 485 nm, GFP emission at 520 nm, DsRed excitation at 550 nm, 
DsRed emission at 580 nm. Several slices were fixed in 4% para-formaldehyde.  

WST-1 and amylase secretion assay 
Viability of tissue explants was determined with the WST-1 assay according 
to the protocol of Roche. Amylase activity in culture medium was determined 
using an enzyme-based colorimetric assay on a P800 Modular Roche Diagnostics 
apparatus. 

Histology and immune histology.
Tissue slices were fixed in 4% para-formaldehyde, embedded in paraplast and 7 μm 
sections were made. Haematoxylin and eosin staining was performed according 
to standard protocols. Sections were assessed for viability and morphological 
characteristics. Paraffin-embedded sections were used for immune histological 
detection of GFP as reported earlier (21). 

RESULTS

Slicing procedure and culture conditions
Several studies underline the relevance of tissue slice technology for experiments 
involving organ culture. Solid organs such as liver can be sliced directly with a 
tissue slicer. For human pancreas this was not possible because it is too soft. We 
show that this problem can be solved by embedding small (~5 mm) pancreatic 
fragments in cylinders of 3% low melting agarose. The resulting core was solid 
enough for processing in a tissue slicer. Various slicing systems are available 
commercially. Initially we used the Brendel/Vitron tissue slicer. However, we found 
the pancreatic slices to vary significantly in viability, integrity and size. Therefore 
these preparations contained a large percentage tissue fragments not suitable 
for further experiments. Furthermore, operating this slicer requires both hands 
which compromised retaining aseptic conditions in the bio-safety flow cabinet. 
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Therefore, we switched to the fully automated Krumdieck tissue slicer. With this 
slicer much more uniform slices with considerable less damage to the fragile 
pancreatic tissue were obtained. 

The study of Wang et al (14) suggests that supplement-enriched culture medium 
extents tissue survival. We therefore added ITS, amino acids and vitamins to the 
culture medium. The oxygen tension varies between culture systems reported 
(15). We decided to gas the incubator with 95% O2 to ascertain proper diffusion 
of oxygen to the inner cell layers. 

Viability
To examine the quality in time of cultured pancreatic slices we first assessed 
viability by histology. Parameters for viability included cell swelling, necrosis and 
nuclear pyknosis. We included slices from 10 normal pancreas and 6 pancreatic 
adenocarcinomas for examination at three days after slicing. In normal pancreas 
we were able to distinguish all cell types including exocrine cells, ductal cells, 
islets of Langerhans, and nerve cells. Figure 1a shows a normal pancreas tissue 
slice at day 3. We observed that a cell sheet consisting of squamous epithelial 
like cells (Figure 1b) covered several tissue slices. Tissue slices of poor viability 
were characterized by complete disappearance of viable cells (Figure 1c). 
Figure 1d shows poorly differentiated adenocarcinoma of good quality. Some 
pancreatic cancers were accompanied by stromal tissue consisting of fibroblasts 
and connective tissue. All 16 slices were scored for viability. Of normal pancreas 
70% of the slices had moderate to good viability, while for pancreatic cancer 
specimens this was 57% (Figure 2). Not surprisingly keeping the time between 
resection and start of tissue culture as short as possible improved the viability of 
the slices. 

To examine the effect of medium formulation on the viability of the slices 
from normal human pancreas we performed a WST-1 assay. Tissue slices were 
cultured either in normal culture medium or in medium supplemented with ITS, 
vitamins and amino acids. The WST-1 reaction was performed at day 0, 1, 3, 4 
and 6. WST-1 measurements showed an increase in activity after 1 day of culture 
that remained constant up to day 3 and than showed a gradual decline at day 4 
and 6 (Figure 3a). Addition of ITS, vitamins and amino acids did not significantly 
improve viability of the tissue slices. After six days in culture, these slices were 
subsequently examined for morphology. Figure 3b-c shows a representative 
overview of normal pancreas of good viability including Langerhans cells and 
nerve cells. We cultured two additional sets of normal pancreas slices for six 
days and performed histological staining. We noted moderate to good viability 
in one and moderate to poor quality in the second. In slices with poor quality 
the deterioration of the tissue started in the peripheral cell layers. Even in these 
slices moderate quality was maintained in the center (Figure 3d). Based on these 
histological comparisons we concluded that pancreatic slices retain moderate to 
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good morphology for at least 3 days in culture. The WST-1 conversion at day 6 
and moderate to good morphology seen in several slices suggests that in these 
cultured pancreatic tissue slices remain viable for even longer periods. 

In addition to viability and morphology, we tested functionality of pancreas 
slices by determining amylase activity in the medium. Medium was analyzed 
during 3 consecutive days following explanting of tissue. As shown in figure 4, 
amylase secretion is maximal at day 1 and declined below detection level at day 
3. This secretion of amylase suggests that the slices not just are viable and retain 
the correct morphology but that they also are functional at least up to day 2.  

Transduction of slices with virus vectors
The possibility to culture slices for up to 3 days renders this system suitable to 
study the transduction of pancreatic tissue by adenoviral vectors that require 

Figure 1 Histological staining of pancreatic tissue slices. Slices derived from normal pancreas 
and pancreatic cancer were cultured for 3 days. (A,B) Normal pancreas of good viability. (C) 
Normal pancreas of poor viability showing massive tissue slice necrosis. (D) Poorly differentiated 
adenocarcinoma of good viability. Haematoxylin/eosin staining. Original magnification of all 
tissues 100x.
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Viability
To examine the quality over time of  cultured pancreatic 
slices, we first assessed viability by histology. Parameters 
for viability included cell swelling, necrosis and nuclear 
pyknosis. We included slices from 10 normal pancreas 
specimens and six pancreatic adenocarcinomas for 
examination at 3 d after slicing. In normal pancreas, we 
were able to distinguish all cell types including exocrine 
cells, ductal cells, islets of  Langerhans, and nerve cells. 
Figure 1A shows a normal pancreas tissue slice at day 3. 
We observed that a cell sheet consisting of  squamous 
epithelial-like cells (Figure 1B) covered several tissue 
slices. Tissue slices of  poor viability were characterized 

by complete disappearance of  viable cells (Figure 1C).  
Figure 1D shows poorly differentiated adenocarcinoma of  
good quality. Some pancreatic cancers were accompanied 
by stromal tissue consisting of  fibroblasts and connective 
tissue. All 16 slices were scored for viability. For normal 
pancreas, 70% of  the slices had moderate to good viability, 
while, for pancreatic cancer specimens, this was 57%  
(Figure 2). Not surprisingly, keeping the time between 
resection and start of  tissue culture as short as possible 
improved the viability of  the slices. 

To examine the effect of  medium formulation on 
the viability of  the slices from normal human pancreas, 
we performed a WST-1 assay. Tissue sl ices were 
cultured either in normal culture medium or in medium 
supplemented with ITS, vitamins and amino acids. The 
WST-1 reaction was performed at day 0, 1, 3, 4 and 6. 
WST-1 measurements showed an increase in activity after 
1 d of  culture, which remained constant up to day 3 and 
then showed a gradual decline at day 4 and 6 (Figure 3A).  
Addition of  ITS, vitamins and amino acids did not 
significantly improve viability of  the tissue slices. After 
6 d in culture, these slices were subsequently examined 
for morphology. Figure 3B and C shows a representative 
overview of  normal pancreas of  good viability, including 
Langerhans cells and nerve cells. We cultured two 
additional sets of  normal pancreas slices for 6 d and 
performed histological staining. We noted moderate to 
good viability in one and moderate to poor quality, in 
the second. In slices with poor quality the deterioration 
of  the tissue started in the peripheral cell layers. Even 
in these slices, moderate quality was maintained in 
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Figure 1  Histological staining of pancreatic tissue slices. Slices derived from normal pancreas and pancreatic cancer were cultured for 3 d. A, B: Normal 
pancreas of good viability; C: Normal pancreas of poor viability showing massive tissue slice necrosis; D: Poorly differentiated adenocarcinoma of good viability. 
Hematoxylin/eosin staining. Original magnification of all tissues (100 ×).
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Figure 2  Viability of pancreatic (cancer) slices cultured for 3 d. All slices 
were cultured for 3 d and then stained with hematoxylin/eosin. The morphology 
of normal pancreas (n = 10) and pancreatic adenocarcinoma (n = 6) was 
studied microscopically and scored by an experienced pathologist.
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Figure 2 Viability of pancreatic (cancer) 
slices cultured for 3 days. All slices were 
cultured for 3 days and than stained with 
haematoxylin/ eosin. The morphology of 
normal pancreas (n=10) and pancreatic 
adenocarcinoma (n=6) was studied 
microscopically and scored by an 
experienced pathologist.

Figure 3 Viability of human pancreas tissue slices 
cultured ex-vivo up to 6 days. Viability of explants 
cultured in 1 ml DMEM (black line) or in DMEM 
supplemented with ITS growth factors (dashed 
line) was determined at different time points using 
a WST assay. Data are the means of n = 5 to 6 slices 
± standard deviation. (B) Normal pancreas of good 
viability at day 6 with Langerhans and nerve cells.  
(C) Normal pancreas with good viability at day 6. 
(D) Normal pancreas at day 6 with necrotic areas. 
Original magnification 100x.
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48 to 72 hours to reach maximal gene expression levels. We examined whether 
pancreatic tissue slices produce detectable levels of two different reporter 
proteins after transduction with adenoviral vectors. We chose to test the 
transduction in these slices with an adenovirus vectors expressing GFP and with 
one expressing dsRed. Since both are Ad-5 vectors and will display their native 
tropism, we expect they should have overlapping transduction patterns. Figure 
5a shows diffuse expression of GFP and DsRed upon transduction with these 
vectors and as expected the expression patterns of both reporter genes largely 
overlap. To quantify the expression levels of both reporter genes the slices were 
lysed and used for fluorometric detection of GFP and ds-Red in the NOVOstar 
reader. Infection of normal pancreas and cancer tissues with 1.0 x 108 and 5.0 x 
108 gc/slice, respectively, resulted in clearly detectable measurements of both 
reporter genes at 72 hours after transduction (Figure 5b). Lower amounts of virus 
or measurements at earlier time points resulted in expression levels too low to 
measure accurately. As shown in figure 5b, the expression of both reporter genes 
varies significantly between slices. These variations most likely reflect differences 
in viability, in size and in tissue composition between slices. Importantly, by 
dividing the remaining fluorescence values of GFP by DsRed we obtained an 
average GFP to DsRED ratio of 0.9. In addition to the overlapping expression 
pattern this constant ratio between both reporter genes also indicates that one 
of these vectors can be used as internal control for slice quality. For instance in 
case of co-transduction with a tropism modified vector, the GFP/DsRed ratio will 
reflect the improved transduction efficiency of the targeted vector in comparison 
to the wild type Ad. 

The transduction of the slices by adenovirus is not homogeneous. As shown 
by the immune histological staining in Figure 5c, transduction seems limited to 
the peripheral layers of the explants. This non homogeneous transduction pattern 
underscores the importance of co-transduction with an internal control when 
using this system to test the effect of retargeting of gene therapy vectors. 

The possibility to culture pancreatic slices for up to three days also seems 
long enough to study the transduction with other types of viral vectors such as 
Lentiviral vectors and Adeno Associated Virus (AAV). To explore this possibility we 

Figure 4 Amylase secretion by human 
pancreas tissue slices. Human pancreatic 
cancer tissues were cultured ex-vivo for up 
to 3 days. Amount of amylase present in 
medium was determined using a colorimetric 
enzyme based assay. Data are the means ± 
standard deviation (n=12).  
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incubated normal pancreas with Adeno-Associated Virus serotype 2-GFP (AAV2-
GFP) or with Lentivirus-GFP. Upon incubation with AAV-GFP the fluorescence 
levels were comparable to those obtained with Ad-GFP (Figure 5b). In contrast, 
fluorescence was below detection limit when using Lentivirus-GFP. As shown in 
figure 5d only a few cells are transduced by Lentiviral vectors and express GFP. 
This poor transduction by Lentiviral vectors may be due to the vigorous shaking 
of the slices in combination with a low affinity of this vector for this tissue. Another 
possible cause is the fragility of Lentiviral vectors. Production of proteases and/or 
lipases by these slices will affect Lentiviral vector integrity and reduce transduction. 

Figure 5 Transduction of pancreatic tissue 
slices with different viral vectors. (A) Normal 
human pancreatic tissue slices are incubated 
with 1.0 x 108 Ad5.GFP and 1.0 x 108 Ad5.
dsRed. After 48 hours presence of GFP and 
ds.Red was detected using a fluorescent 
microscope.   (B) Normal pancreas slices 
were infected with 1.0 x 108 genomic copies 
per slice of Ad5.GFP and Ad5.dsRED, or 1.2 
x 1010 viral genomes AAV2-GFP. At 48 hours 
after infection slices were lysed. GFP and 
ds.Red were quantified using the Novostar. 
(C) Pancreatic adenocarcinoma explants were 
transduced with Ad-GFP. At 72 hours after virus 
addition expression of GFP was detected using 
an anti-GFP antibody and counterstained with 
haematoxylin. (D) GFP expression in normal 
pancreas at 72 hours after incubation with 
Lentivirus-GFP.
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DISCUSSION

The limited intervention options for advanced and metastasized pancreatic 
cancer require new treatment modalities such as gene therapy. The preclinical 
adenovirus mediated gene therapy study models primarily rely on cultured cells 
and the xenograft nude mouse model. Both remain a poor representation of in 
vivo pancreatic cancer. Pancreatic cell lines acquire new genetic defects upon 
multiple passages in vitro and after subcutaneous injection in vivo (22). Moreover, 
xenograft tumors lack the natural interaction between tumor cells, stromal 
cells, normal cells and extracellular matrix. This is an important drawback since 
anatomical barriers such as fibrosis are a major hurdle for adenovirus spreading 
through the tumor (23). For these reasons, primary human tissue specimens seem 
more comparable to the in vivo situation and may provide a better prediction of 
virus host interactions. 

We studied the tissue slice system for culturing ex vivo pancreatic explants. 
Other groups already reported culture of various organs from different species 
(15-17;24). Here we demonstrate that this technique is also feasible for pancreatic 
tissue using the Krumdieck tissue slicer. Independent of medium formulation, 
normal pancreas was viable for up to 6 days. Since the inner cell layers seemed 
more viable than the peripheral layers, oxygen and nutrient diffusion through the 
slices does not seem limiting. Microscopic examination of normal slices revealed 
an epithelial-like cell sheet surrounding the explants. This is in accordance with 
the findings of Hoem et al, who cultured ex vivo pancreas for up to 6 weeks (13). 
They hypothesized that these cells have a ductal- or acinar-cell origin, possibly 
resulting from transdifferentiation caused by prolonged culturing. Others showed 
that this so-called acinar-ductal transdifferentiation in vitro indeed depends on 
medium formulation (25). The loss of ductal and acinar cells from these explants 
may explain the decrease of amylase secretion by the slices in time. 

We also showed that pancreatic adenocarcinoma explants can be cultured 
while retaining moderate to good viability and morphology. Resection specimens 
are small and the amount of tissue available for research purposes therefore is 
very limited. Manual dissection to fragments led to inhomogeneous samples that 
could not be used for further study. To optimize the yield of slices we therefore 
used an automatic tissue slicer. The size of the resection specimens varies and to 
be able to generate uniform slices the specimens were included in low melting 
agarose. Upon stabilizing the tumor cubes in this manner a significant number of 
slices could be obtained from limited amounts of tissue. This method does result 
in slices comparable in size and viability with minimal loss of tissue. As such this 
method seems superior to manual processing that resulted in slices with a high 
degree of heterogeneity and limited survival of explanted tissue (14). Furthermore, 
with this technique several slices can be obtained from a small resection specimen. 
This enabled us to test compare viral vectors and experimental conditions in the 
resection specimens derived from a each patient. 
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We were able to culture these slices for at least 3 days with good morphology. 
This period is sufficiently long to study the transduction efficiency since most 
viral vectors need between 48 and 72 hours for optimal expression. We showed 
that adenovirus infects and transduces pancreatic slices efficiently. In addition we 
showed that simultaneous transduction of slices with a control and experimental 
virus expressing different reporter genes provides an elegant procedure to 
normalize experimental transduction efficacy for variability in tissue viability and 
composition. In this respect this system seems highly suitable to determine the 
efficacy of adenoviral vectors that target pancreatic cancer cells. Transduction 
experiments with such infectivity enhanced adenoviral vectors in slices from 
normal tissue and tumor tissue will indicate their targeting specificity. Others have 
already shown that slices that maintain viability for at least 3 days are suitable 
for replication of conditional replicating adenoviral vectors (CRAds) (16;24).  
Therefore our tissue explant system seems suitable to test the transduction 
efficacy of CRAds and to investigate the increased efficacy of infectivity enhanced 
CRAds. However, an optimal comparison of actual onco-lytic potency of CRAds 
requires several rounds of replication and therefore a prolonged culture time. For 
these investigations, patient-derived multi-cellular cancer spheroids seem more 
suitable (26;27). 

In addition to adenoviral transduction these slices were efficiently transduced 
by Adeno Associated Virus serotype 2 (AAV-2) but poorly by Lentiviral vectors. 
These two vectors have been shown to be suitable for correction of inherited 
disorders in pre-clinical models. Based on the transduction seen here these slices 
can be used to investigate if these vectors can be targeted for instance to the islet 
cells for instance with aim to provide correction for diabetes (28). 

In conclusion, we have developed a system that allows processing of minimal 
amounts of pancreatic tissue from resection specimens. The generated thin, 
homogenous and viable tissue slices retain their morphology for at least 3 days. 
Furthermore, with this method even from minimal amounts of tissue a sufficient 
number of slices can be obtained for comparing several experimental conditions 
within a single tumor specimen. 
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ABSTRACT

Pancreatic cancer is an aggressive malignancy with a dismal prognosis. To 
improve treatment options new treatments, such as adenoviral (Ad) gene 
therapy are necessary. However, low expression of the coxsackie and adenovirus 
receptor (CAR) on pancreatic cancer cells (PC) limits the therapeutic efficacy of 
these vectors. 

The aim of this study was to improve transduction of PC by recombinant 
adenoviruses by inserting peptides into the HI loop that bind to receptors highly 
expressed on pancreatic cancer and were shown to target to these carcinomas 
in vivo. 

We report the successful incorporation into the HI loop of  peptide Tyr-
Ser-Ala (YSA), a peptide ligand targeting the EphrinA2 (EphA2) receptor, and 
K237, a peptide targeting to the vascular endothelial growth factor receptor-
II (VEGFRII). Subsequently we showed that both peptides enhanced the 
transduction of a number of human PC lines that abundantly express the targeted 
receptor. Additional competition studies confirmed that the YSA peptide not 
only redirects Ad-YSA from CAR and specifically targets the EphA2 receptor. 
Due to this transduction efficiency of Ad-YSA is increased not only in human 
pancreatic cancer cell lines but more importantly also in pancreatic cancer 
resection specimens. Since the YSA peptide has been shown to specifically 
target pancreatic cancer in patients, it may be expected that  Ad-YSA will also 
display increased tropism for this tumor.
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INTRODUCTION

Adenocarcinoma of the pancreas is a devastating disease. Due to late diagnosis 
tumor resection is available for only 20% of all patients (1). Furthermore, even 
after resection, the 5-year survival rate is less than 20% (2). As a consequence 
the annual death rate almost equals the annual incidence (3). The majority of 
patients with non-resectable disease receive palliative treatment. Gemcitabine 
based chemotherapy regimens are the treatment of choice and offer relief of 
complaints but responses are limited (4). Other recently developed drugs that 
target matrix metalloproteinase activity (5) or inhibit the K-ras pathway (6) failed 
to show long term efficacy. Therefore there is a great need for the development 
of novel approaches including gene therapy.

Initial anti-cancer gene therapy strategies, aimed at restoring tumor-suppressor 
gene function, down regulation of activated oncogenes or introduction of suicide 
genes, were safe but failed to show efficacy. Therefore at present gene therapy 
is aimed at enhancing immune responses against the tumor or to induce cancer 
cell lysis using an oncolytic-virus (7;8). For the latter approach, adenoviruses 
that selectively replicate in tumor cells seem promising (9). These Conditionally 
Replicative Adenovirus (CRAd) vectors use differences in cell cycle control between 
tumor cells and normal cells to replicate selectively in tumor tissue (10;11). ONYX-
015 (dl1520) was the first CRAd to enter clinical trials of anti-tumor gene therapy and 
proved to be well tolerated with acceptable toxicity upon various administration 
routes (12;13). Combined with chemotherapy, considerable anti-tumor efficacy 
was observed in the clinical setting (14;15). Two clinical trials addressed the safety 
and efficacy of ONYX-015 in PC patients, specifically. CT-guided injection of 
doses up to 2x1012 viral particles (VP) into the primary tumor was well tolerated. 
However, no anti-tumor response was demonstrated in patients (16). Endoscopic 
intratumoral injection of ONYX-015, with some patients receiving up to 80 
injections, also failed to induce an anti-tumor response (17). In both studies virus 
replication was not detectable in contrast to earlier experiments in vitro and in 
animal studies. Subsequent studies including intra-tumoral injections showed that 
tumor cell transduction hampers effective initiation of the Ad replication cycle. 
Low expression of the coxsackie and adenovirus receptor (CAR) on tumor cells 
in vivo appeared a major determinant of poor susceptibility to Ad infection in 
vivo (18-20). Since PC cells are quite refractory to  wild type Ad infection (21), 
limited viral entry will severely impair the therapeutic efficacy of these vectors. 
Redirecting Ad from CAR to PC specific antigens can overcome this problem. 

A well established method to redirect adenoviral vectors is insertion of a 
specific peptide motif in the HI-loop of the fiber knob (22). For PC, insertion 
of an Arg-Gly-Asp (RGD) peptide motif that efficiently binds to av-integrins has 
been used. Av-integrins are strongly upregulated in PC and RGD retargeting 
provided increased adenoviral gene transfer to these cancers in vivo (23). The 
widespread expression of integrins, however, also enhances the  transduction of 
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non-tumor cells by Ad-RGD (24). This will decrease the specificity of adenovirus 
cancer gene therapy and may enhance toxicity. We therefore aimed to redirect 
adenoviral vectors to proteins specifically exposed on PC to enhance adenovirus 
entry into these cancer cells in vivo. Receptor-specific peptide ligands that can 
home to PC tumor in vivo seem the most suitable targets for this approach. We 
have selected four promising targets for PC: 1. The neurotensin receptor (NTR) 
(25-27), for which neurotensin can be used as a targeting peptide. 2. The vascular 
endothelial growth factor receptor-II (VEGFR-II/KDR) (28-30), that is targeted by 
the K237 peptide (31). 3. Thomsen-Friedenreich antigen (TF) (32-34), for which 
p30 and p30/1 have been identified as targeting moieties (35;36) 4. The EphrinA2 
receptor (EphA2) (37) for which YSA (Tyr-Ser-Ala) and SWL (Ser-Trp-Leu) peptides 
have been identified as ligands (38). 

To generate vectors that specifically home to PC we inserted these targeting 
moieties into the HI-loop of the adenovirus fiber knob. The effect of this retargeting 
on adenovirus transduction efficacy was studied in several human PC cell lines in 
vitro. To assess the efficiency of gene delivery in a system more comparable to the 
PC in vivo, we subsequently transduced the most promising vectors to pancreatic 
cancer slices obtained from resection material. We reveal that Ad-YSA reveals an 
increased transduction efficiency not only to in vitro growing PC cells and cell 
lines but also to ex vivo tissue slices of freshly obtained pancreatic cancer from 
patients. 

MATERIALS AND METHODS

Cells
HEK293 cells and the established PC cell lines (Capan-1 and Hs766-T) were 
obtained from the American Type Culture Collection, Rockville, Maryland; 
BxPC-3 and MIAPaCa-2 were obtained from Boehringer Ingelheim, (Belgium). 
The near primary pancreatic carcinoma cell lines (p6.3 and p10.5, <10 passages) 
were obtained from Dr. E. Jaffee, Johns Hopkins University School of Medicine, 
Baltimore, MD. The cells were cultured in Dulbecco’s minimal essential medium 
(DMEM) with 10% fetal bovine serum (heat inactivated) and L-glutamine (2mM), 
penicillin (100U/ml) and streptomycin (100ug/ml) all from Cambrex Bio Science 
(Walkersville). Primary human hepatocytes were isolated as described before (39). 
Hepatocytes were cultured in Williams’ E medium supplemented with 4% (v/v) 
heat inactivated fetal bovine serum, glutamine (2mM), 0.1 µM dexamethasone, 20 
mU/ml insulin (20mU/ml), ornithine (2mM), and penicillin (100U/ml), streptomycin 
(100ug/ml) and ampotericin (Fungizone 2.5ug/ml). Human fibroblasts (passage 
<10) were a gift from the department of Genetic Metabolic diseases AMC, 
Amsterdam. Human umbilical vein endothelial cells (HUVECs, passage 1-3) were 
isolated as described (40) and cultured in Medium-199 (GIBCO-BRL, Paisley, 
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Scotland), supplemented with 20% (vol/vol) fetal bovine serum, 50 µg/mL heparin 
(Sigma, St Louis, MO), 6-25  µg/mL endothelial cell growth supplement (ECGS; 
Sigma), and 100  U/mL penicillin/streptomycin (GIBCO-BRL). All cell lines were 
cultured at 37oC in 10% CO2 atmosphere.

Receptor expression
Expression of the Thomsen-Friedenreich antigen and neurotensin receptor 
was determined by indirect immunofluorescence. 2.0x105 cells were plated in 
12-well plates and allowed to adhere overnight. Cells were released with enzyme 
free cell dissociation buffer (Invitrogen), washed with ice cold PBS, followed by 
incubation for 1 hour on ice with 1 μg/ml Thomsen-Friedenreich (clone A78-G/
A7, Neomarkers, Fremont) or NTR antibody (clone B-N6, kindly provided by Dr. 
JM Ovigne, Diaclone, Besancon, France) in PBS. Cells were washed with PBS 
thrice and incubated for 1 hour on ice with 1:1000 goat anti mouse Alexa Fluor 
488 (Molecular Probes, Eugene). The isotype negative control antibody IgM 
(Neomarkers, Fremont) was used as negative control. The ratio between the mean 
fluorescence intensity of the cell population of interest to that of the negative 
control was determined. Flow cytometry was carried out by using a FACscan 
system (Becton Dickinson, Franklin Lakes, NJ, USA). Cell lysates were prepared 
in RIPA lysis buffer including a cocktail of protease inhibitors (1:250, Roche). 
The protein concentration was determined with a BCA assay kit (Sigma). Cell 
lysates (25 μg) were separated with 8% (EphA2) or 6% (VEGFR-II) SDS/PAGE and 
transferred to nitrocellulose membranes. Aspecific binding to membranes was 
blocked by pre-incubation with 4% milkpowder in PBS for 1hr at R.T. Incubation 
with antibodies was performed o/n in PBS with 0.05% Tween. For EphA2 a 1:400 
dilution of the anti-EphA2 clone D7 was used (Sigma, Saint Louis, USA). For 
VEGFR-II a 1:500 dilution of the anti-KDR (Sigma) was used and a 1:100 dilution 
of the anti VEGFR-II (Santa Cruz). Goat anti mouse IgG HRP (ITK) diluted 1:1000 
was used as secondary antibody. Membranes were developed using the Lumi-
lightPLUS Western Blotting Substrate, Roche, Mannheim, Germany, kit according 
to the manufacturer’s instructions.    

Plasmids
The HI-loop region of E1-, E3-deleted adenovirus vectors were modified using 
pAdHM15 (41). pAdHM15 was digested with PI-SceI and Ceu-I and ligated with 
the cytomegalovirus (CMV) immediate-early promoter enhanced green fluorescent 
protein (GFP) cassette (21). pAdHM15-CMV-eGFP was digested with BstB1 and 
ligated with the following sets of annealed primers: 
RGD for: CGAAGTGTGACTGCCGCGGTGACTGTTTCTG
RGD rev: TTCACACTGACGGCGCCTCTGACAAAGACGC
Inserted RGD peptide: CCRGDCC 
NT for: CGAAGGAGCTGTACGAGAACAAGCCCCGCCGCCCCTACATCCTG 
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NT rev: CGAAGGATGTAGGGGCGGCGGGGCTTGTTCTCGTACAGCTCCTT
Inserted NT peptide: ELYENKPRRPYIL
P30 for: CGAAGCACGGCCGCTTCATCCTGCCCTGGTGGTACGCCTTCAGCCCCTC
P30rev: CGGAGGGGCTGAAGGCGTACCACCAGGGCAGGATGAAGCGGCCG- 
TGCTT 
Inserted p30 peptide: HGRFILPWWYAFSPS
P30-1for: CGAAGATCGTGTGGCACCGCTGGTACGCCTGGAGCCCCGCCAGC- 
CGCATCT
P30-1rev: CGAGATGCGGCTGGCGGGGCTCCAGGAGTACCGGCGGTGCCGCA- 
CGATCTT
Inserted p 30-1 peptide: IVWHRWYAWSPASRI 
K237 for: CGAAGCACACCATGTACTACCACCACTACCAGCACCACCT 
K237 rev: CGAGGTGGTGCTGGTAGTGGTGGTAGTAGCGGGTGTGCTT 
Inserted k237 peptide: HTMYYHHYQHHL
YSA for: CGAAGTACAGCGCCTACCCCGACGGCGTGCCCATGATGT 
YSA rev: CGACATCATGGGCACGCTGTCGGGGTAGGCGCTGTACTT 
Inserted YSA peptide: YSAYPDSVPMMS 
SWL for: CGAAGAGCTGGCTGGCCTACCCCGGCGCCGTGAGCTACCGCT 
SWL rev: CGAGCGGTAGCTCACGGCGCCGGGGTAGGCCAGCCAGCTCTT
Inserted SWL peptide: SWLAYPGAVSYR

Upon ligation and transformation we checked if the recombinant constructs 
were correct by restriction enzyme analysis and PCR. Constructs depicting the 
correct bands were subsequently sequenced to exclude mutations. 

Virus generation, propagation and analysis
Recombinant adenoviral vectors were generated by transfection of HEK 293 
cells with PacI-linearized Ad-CMV-eGFP-RGD, Ad-CMV-eGFP-p30, Ad-CMV-
eGFP-p30-1, Ad-CMV-eGFP-NT, Ad-CMV-eGFP-K237, Ad-CMV-eGFP-YSA and Ad-
CMV-eGFP-SWL. Ad-Wt, Ad-RGD and Ad-SWL were rescued efficiently. Ad-K237 
and Ad-YSA were rescued with reduced efficiency as indicated by a longer period 
between transfection and the occurrence of plaques.  Ad-p30 and Ad-p30-1 could 
not be rescued despite several attempts and using 911 cells in addition to 293 cells.

All viruses isolated upon transfection were propagated on HEK293 cells, purified 
and concentrated by performing two cesium chloride gradients. Virus preparations 
were dialyzed against 1 litre of PBS two times. After the last dialysis glycerol 
was added to a final concentration of 10% (v/v) and virus preps were aliquoted, 
and stored at -80°C. Virus DNA was verified for proper incorporation of peptide 
coding sequences using the primers fiber-forward: CAAACGCTGTTGGATTTATG 
and fiber-reverse: GTGTAAGAGGATGTGGCAAAT for sequencing. The amplified 
fiber region of wildtype and recombinant virus corresponded to approximately 
190 and 210 bp, respectively, indicating proper insertion of peptide sequences. 
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Adenovirus protein was separated by SDS-page under boiling and non-boiling 
conditions. 

The anti-fiber monoclonal 4D2 antibody (NeoMarkers, Fremont, California) was 
used to test for fiber trimerization efficiency of all retargeted vectors as described 
before (42). All retargeted vectors showed proper trimerization (not shown).  

Infectious titers were determined using the end-point dilution assay. 
The number of genomic copies was determined by quantitative real-
time polymerase chain reaction by using the primers against hexon 
DNA (forward: GACATGACTTTCGAGCTCGATCCCATGGA, reverse 
CCGGCCGAGAAGGGTGTGCGCAGGTA (43). 

Transduction experiments
Recombinant fiber knob 5 was expressed in E.coli for blocking experiments, 
using the pQE30.KNOB5 expression vector (kindly provided by Dr. J.T. Douglas, 
Birmingham, Alabama) (44). To assess adenovirus infection efficacy, 5.0x104 cells 
were plated in 48-well plates and allowed to adhere overnight at 37°C. Blocking 
experiments were performed by incubation of cells with blocking agents in PBS 
for 20 minutes at room temperature. CAR, VEGFR-II and EphA2 were blocked 
by 5 μg recombinant fiber knob, and the synthetic peptides K237 and YSA 
(Eurogentec, Seraing, Belgium), respectively. Transduction was performed at R.T. 
in DMEM with 2% FBS with 500 and 1000 genomic copies per cell. After 30 
minutes medium was removed and cells were washed with DMEM/2% FBS and 
cells were incubated for 24 hours in complete media. The percentage of GFP 
positive cells was determined by fl ow cytometry (Becton Dickinson FACS reader). 

Primary tissue slices
Fresh human pancreatic specimens were obtained from patients undergoing a 
pancreaticoduodenectomy (Whipple’s procedure) for pancreatic head tumors 
(pancreatic cancer slices) and carcinomas of the bile duct or ampulla of Vater 
(normal pancreas slices). Tumor pieces were embedded in 3% low melting point 
agarose/PBS and loaded into a MD4000 Krumdieck tissue slicer (Alabama Research 
& Development, Munford, Alabama). Samples were sliced at a thickness of 
approximately 250 μm (estimated 2.5x105 cells) while submerged in oxygenated 
ice-cold Krebs. Slices were incubated in 12-well tissue culture plates (1 slice per 
well) in 1 ml complete culture medium supplemented with insulin, transferrin and 
selenium (ITS mix, Invitrogen), MEM vitamins and MEM amino acids (Invitrogen), 
20mM Hepes (pH7.4). After 1 hour, medium was replaced and slices were infected 
with 1.0x108 or 5.0x108 genomic copies of each Adenoviral construct. To correct for 
slice viability, size and differences in CAR expression, co infection with equivalent 
amounts of Ad-CMV-dsRED was performed. Upon addition of the virus, tissue 
culture plates were placed in an Innova4300 incubator (New Brunswick Scientific 
Co, Edison, New Jersey) that was humidified and gassed with 95% O2 and 
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continuously shaken back and forth (90 times/min) at 37oC. Virus was removed and 
fresh medium was added after 36 hours. Slices were removed from culture after 
72 hours and lysed overnight at 4oC in 60 μl RIPA buffer (25 mM Tris HCl pH 7.6, 
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) for reporter gene 
quantification or fixated in 4% formaldehyde for histochemistry. For reporter gene 
expression measurements, virus-infected slices were freeze-thawed once and total 
fluorescence of GFP and dsRED was measured with a NOVOstar fluorometer (BMG 
Labtechnologies, Offenburg/Germany). For immunohistochemistry slices fixed in 
4% formaldehyde were embedded in paraplast and sections of 7 μm were made.

Immunohistochemistry
HE stained sections were assessed by an experienced pathologist for viability and 
the presence of tumor cells. Tissue expression of CAR and EphA2 was studied 
using material obtained from the department of Pathology. 

For immunostaining of CAR, cryo-sections were fixated in 80% acetone and 
treated with 3% sodium azide to block endogenous peroxidase activity. Then the 
slides were blocked with 2.5% normal goat serum and 2.5% fetal calf serum in 
PBS/triton 0,1% for 90 minutes at R.T. CAR detection was subsequently performed 
using a 1:500 dilution of monoclonal antibody to CAR (Upstate, clone RmcB).

Immunohistochemistry for all other antigens was performed on 4% PFA 
fixated slices embedded in paraplast. Endogenous peroxidase was blocked with 
3% peroxide. EphA2 antigen retrieval was performed by steaming in 10 mM 
Tris (Ph 9.4) / 1 mM EDTA for 10 minutes at 120 ºC. The slides were cooled 
in running tap water and blocked in 2.5% normal goat serum and 2.5% normal 
human serum in PBS/triton 0.1% prior to incubation overnight at 4 ºC with EphA2 
antibody (1:400 dilution, Santa Cruz, clone sc-924), or with anti-GFP (1:1000, 
clone JL-8, Clontech, Palo Alto, CA). Presence of primary antibody was detected 
using the Powervision system (ImmunoLogic, Duiven, the Netherlands). Tissues 
were washed and incubated with streptavidin–horseradish peroxidase conjugate 
(DAKO). Tissues were stained with 3,3'-diaminobenzidine tetrahydrochloride and 
counterstained with hematoxylin. All tissue slice sections and immunolabeling 
stainings were assessed by an experienced gastroenterological pathologist for 
tumor differentiation grade, localization and frequency of antigen expression, 
viability of slices, and the presence of tumor cells.   

RESULTS

Receptor expression on primary and established human cells
To achieve retargeting of adenovirus we focused on alternative receptors that have 
been detected on pancreatic cancer cells. Based on literature data we selected 
four potential targets. To confirm presence of these receptors in PC we studied 
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their presence in a panel of human pancreatic cancer cells, normal human primary 
fibroblasts and endothelial cells (HUVECs) using Western blotting for EphA2 and 
VEGFR-II (Figure 1A and B) or FACS analysis (neurotensin receptor-1 (NTR-1) and 
Thomsen-Friedenreich antigen (TF) (Figure 1C and D). 

The EphA2 (MW 140 kDa) was differentially expressed on all pancreatic 
cancer cells with lowest expression on PC tumor cells p6.3 and p10.5. Human 
fibroblasts lacked EphA2 expression but human endothelial cells did express 
EphA2 (Figure 1A). VEGFR-II (MW 200-230 kDa) was expressed on all pancreatic 
cancer cells as well as normal human fibroblasts and HUVECs (Figure 1B). The 
neurotensin receptor was only expressed on MIAPaCa-2 cells (Figure 1C). The 
Thomsen-Friedenreich antigen was detected only on the MIAPaCa-2 cell lines and 
pancreatic cancer cell lines p6.3 and p10.5. From these results we conclude that 
based on their expression patterns all four receptors are suitable for redirecting 
Ad to human PC. 

Transduction of human pancreatic cancer cell lines in vitro
Insertion of targeting sequences for the VEGFR-II, EphA2 and NT into the HI loop 
resulted in viable viral vectors that could be propagated on 293 cells. Constructs 
with an insertion of the p30 sequence that binds to the TF antigen did not result in 
detectable adenovirus replication. Since repeated attempts failed we assume that 
the HI-loop cannot harbour this peptide without loss of proper secondary and/or 
tertiary structure of the fiber protein.

To ensure that all redirected viral batches were of comparable quality we 
determined their infectivity on 293 cells and we assessed the number of genome 
copies using a qPCR method (Table 1). For all subsequent experiments only vector 
preparations with a genomic copies to plaque forming unit ratio (g.c./p.f.u.) below 
400 were used.  

Redirecting recombinant adenoviruses with peptides inserted 
into the HI loop that target to receptors present on PC
To determine the effect of redirecting adenovirus from CAR to specific receptors 
on pancreatic tumor cells we transduced several human PC cell lines and non-
malignant human cells with our modified adenoviral constructs (Figure 2). 
Wild type virus Ad-wt (wt-Ad-CMV-eGFP) transduced cells entirely via CAR, as 
demonstrated by a complete block of transduction upon addition of recombinant 
fiber knob to the medium (not shown). As a positive control for modified virus, we 
used a construct with the RGD motif in the HI loop. In all cancer cell lines tested 
as well as in normal human fibroblasts and HUVECs, the transduction efficiency 
of the RGD vector was the highest, which indicates that the RGD motif does not 
provide specific transduction of PC cells. 

The high expression of the neurotensin receptor suggested that it could be 
a specific target for PC transduction. Insertion of the high affinity natural ligand 
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Figure 1 Expression of the EphrineA2 receptor, Vascular Endothelial Growth Factor Receptor-II, 
Neurotensin receptor and Thomsen-Friedenreich antigen on human pancreatic cancer and normal 
cells. 25ug of cell lysate from the human pancreatic cancer cell lines BxPc-3 (Bx), Capan-1 (Ca), 
Hs766-T (Hs), MIAPaCa-2 (Mi), p6.3, p10.5, human breast fibroblasts (Fi) and human umbilical 
vein endothelial cells (Hu) were separated by SDS-page gel electrophoresis and blotted. (A) The 
EphA2 receptor was detected using the monoclonal clone D7. (B) The VEGFR-II was detected 
using the anti-KDR mono-clonal. Detection of the human actin protein was used to show equal 
loading on the western blot. (C) The neurotensin receptor was detected with the NTR mono-
clonal antibody using FACs analysis. (D) The Thomsen-Friedenreich receptor was detected using 
the monoclonal antibody A78-G/A7 for FACs analysis.  For both antibodies an isotype control 
antibody served as negative control (shaded peaks).
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for this receptor, (ELYENKPRRPYIL), did not improve transduction of MIAPaCa-2 
cells although these cell abundantly express NTR-1 (Figure 1C). In contrast, the 
transduction efficiency of the pancreatic cancer cell line p6.3 was enhanced. It 
seems likely that this is due to non-specific binding since this PC cell line does not 
express the NTR (Figure 1C). 

The peptide K237 binds VEGFR-II in vitro with low affinity and inhibits tumor 
growth and metastasis in vivo. We reasoned that expression into the HI-loop of 
fiber knob targets adenovirus to VEGFR-II. Incubation of Ad-K237 with pancreatic 
cancer cells showed indeed an increase in transduction efficiency in all PC cell 
lines and fibroblasts. The targeting indexes are moderate (4 to 5-fold). Only in the 
PC cell line p6.3 and in endothelial cells targeting indexes of 10 were obtained. 
The increased transduction efficiency suggests that insertion of the K237 peptide 
in the HI loop indeed provides uptake of adenovirus via VEGFR-II.

Since the EphA2 receptor is expressed on several tumors, including pancreatic 
cancer, it is an attractive target. The EphA2 mimetic YSA peptide selectively 
targets the EphA2 receptor with high affinity (Kd=186 nM). This high affinity allows 
specific delivery of cytotoxic agents to blood vessels of diseased tissues by this 
peptide. The SWL peptide also binds to the EphA2 receptor albeit with a lower 
affinity (Kd=678 nM). Because of their specificity both peptides seemed good 
candidates to redirect adenovirus to the EphA2 receptor that has an enhanced 
expression on pancreatic cancer cells. All established pancreatic cancer cell lines 
could indeed be targeted by Ad-YSA. The targeting index was 7- to 20-fold, which 
is almost comparable to that obtained by Ad-RGD. The transduction efficiencies 
were lower in the PC cell lines p6.3 and p10.5 that also have the lowest expression 
of the Eph2 receptor (Figure 1A).  Insertion of the SWL peptide was found to be 
less effective which may be due to the lower affinity of this peptide for the EphA2 
receptor (45). Human primary fibroblasts do not express EphA2 and indeed were 
found to be refractory to Ad-YSA transduction, while transduction of human 
primary hepatocytes was only 2-fold higher compared to Ad-wt. Human HUVEC 
cells that do express this receptor (46) are efficiently transduced by YSA and SWL 
redirected vectors. The close correlation seen between transduction efficiency 
and Eph2 expression suggests that insertion of the YSA peptide in the HI-loop 
indeed redirects adenovirus to this receptor. These results thus reveal that the 
Ad-YSA and the Ad-K237 display a specific increase in transduction efficiency of 
human PC cell lines and therefore seem promising for targeting pancreatic cancer.

Synthetic targeting peptides inhibit transduction of human PC 
cell lines by Ad-YSA and Ad-K237
To confirm specific uptake of redirected adenovirus we performed competition 
experiments with YSA and K237 peptides (Figure 3). Pancreatic cancer cell lines 
MIAPaCa-2 and Hs766-T expressing the EphA2 and VEGR-II receptor were pre-
incubated with each of the synthetic peptides and fiber knob, to block CAR 
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Table 1 Physical properties of adenovirus stocks for in vitro and ex vivo transduction experiments. 
Ad-CMV-eGFP vectors were propagated with no peptide (wt) or the following peptide in 
the HI-loop of fiber knob: CCRGDCC (Ad-RGD), neurotensin (Ad-NT), K237 (Ad-K237), YSA 
(Ad-YSA), SWL (Ad-SWL).  Ad-CMV-dsRED served as a control vector for tissue slice experiments. 
The amount of genomic copies and infectious particles (gc/pfu) was determined as described in 
Materials and Methods.

Vector preparation for studies in cells

vector Genomic copies / ml Infectious particles / ml GC/pfu ratio

Ad-wt 4.6x1010 2.0x108 230

Ad-RGD 8.8x1010 3.2x108 275

Ad-NT 1.0x1011 2.5x108 400

Ad-K237 6.4x1011 5.0x109 128

Ad-YSA 3.9x1011 1.6x109 244

Ad-SWL 5.1x1010 5.0x108 102

Vector preparation used for slice experiments

vector Genomic copies / ml Infectious particles / ml GC/pfu ratio

Ad-wt 3.2x1011 1.5x109 203

Ad-RGD 1.4x1011 1.0x108 139

Ad-NT 1.0x1011 2.5x108 400

Ad-K237 6.4x1011 5.0x109 128

Ad-dsRED 2.4x1012 2.4x1010 100

Ad-YSA 3.9x1011 1.6x109 244

Ad-SWL 5.1x1010 5.0x108 102

Figure 2 Tropism modification enhances transduction efficiency of Adenoviral vector in human 
pancreatic cells and normal cells. The transduction efficiency of wild-type adenoviral vectors was 
compared to that of five adenoviral vectors of which the HI-loop was modified by inserting a small 
peptide: RGD (inserted: CCRGDCC), NT (Inserted peptide: ELYENKPRRPYIL), K237 (Inserted 
peptide: HTMYYHHYQHHL),   YSA (inserted peptide: YSAYPDSVPMMS) and SWL (inserted SWL 
peptide: SWLAYPGAVSYR). (A) The percentage of GFP positive cells seen at 24 hours after 
adenoviral vector transduction with 500 (open bars) or 1000 (black bars) viral genomic copies per 
cell is given for human pancreatic cancer cells MIAPaCa-2, BxPC-3, Hs766-T and Capan-1. (B) 
The percentage of GFP positive cells of human pancreatic cancer cell lines p6.3 and p10.5 and 
primary human umbilical vein endothelial cells, human primary fibroblast and (C) human primary 
hepatocytes.  In all experiments infections were performed in presence of 5 µg recombinant fiber 
knob to block CAR mediated entry. Values represent the mean ± standard deviation of 2 or 3 
independent experiments.
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dependent uptake. Transduction of Ad-RGD was unaffected by the addition 
of either peptide, indicating that both peptides do not interfere with integrin 
mediated uptake. 

In both PC cell lines, transduction by Ad-YSA was strongly inhibited by 
addition of the YSA peptide. Pre-incubation with 500 µM YSA, impaired 
Ad-YSA transduction of MIAPaCa-2 by 60% and of Hs766-T by 93%. This strong 
competition indicates that infection of these cells is indeed mediated by the YSA 
peptide inserted into the HI loop. Since others have shown that specific binding 
of the YSA peptide to the EphA2 receptor results in efficient homing to pancreatic 
cancers in vivo, Ad-YSA seems a promising candidate for specific targeting to this 
tumor type.

In contrast, transduction of both cancer cell lines by Ad-K237 is not inhibited 
by addition of the K237 peptide. Even presence of 500 µM K237 peptide did 
not lower transduction levels. Also the transduction of human endothelial cells 
was not inhibited by this peptide. The lack of competition inhibition by this 
targeting peptides suggests that entry of the Ad-K237 takes place via a non-
specific mechanism and thus not by the VEGFR-II. Apparently the K237 peptide 
behaves differently from the synthetic K237 peptide most likely due to structural 
constraints within the HI loop.

Transduction of normal pancreas and pancreatic cancer tissue 
slices (ex vivo) by recombinant adenoviruses
Several studies have shown that transduction efficiency of adenovirus in cell 
culture experiments does not predict its efficacy in vivo. We developed a system 
for transduction of pancreatic explants where both normal tissue and cancer 
tissue can be cultured for up to 72 hours without major loss of viability (47). We 
compared the transduction efficiency of adenoviral vectors redirected by RGD, 
K237 and YSA peptides in tissue slices of normal pancreas and pancreatic cancer. 
All slices were co-infected with an equal amount of Ad-CMV-dsRED (dsRED 
derived from normal vector) as an internal control to correct for differences in 
viability, size and composition. 

The ratio of GFP to dsRED fluorescence provides a measure of transduction 
efficiency of the modified vector normalized for the efficiency of the wild type 
vector. Co-infection of a non-modified GFP expression vector and the dsRED 
control vector should yield a ratio of 1. With the viral batches used in this study, 
this ratio was not always 1 due to the lower gc/pfu ratio of the dsRED vector 
(Table 1). Slices that displayed no detectable dsRED and GFP expression were 
considered non-viable and were excluded (10-15% of all slices). The transduction 
efficiency of pancreas cancer by our tropism modified Adeno virus expressing 
GFP was compared to that of unmodified wt-Adenovirus expressing dsRED. The 
difference in expression of these two reporter gene is presented as the targeting 
index (Table 2). The targeting index of Ad-RGD, Ad-K237 and Ad-YSA ranged 
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from 1.9 to 7.4; 1.2 to 3.3; and 1.2 to 7.2, respectively. Our data show that the 
variation in transduction efficiency between slices was considerable. Some cancers 
were more susceptible to Ad-RGD relative to Ad-YSA (T.3) and vice versa (T.5). 
This is not unexpected and reflects the physical heterogeneity of PC. The maximal 
targeting indexes of Ad-RGD and Ad-YSA were lower in the ex vivo setup (7.4 
and 7.2-fold, respectively) compared to the in vitro experiments. Herein, maximal 
infectivity enhancement was 30- and 20-fold, respectively (Figure 2A). 

In line with the previous experiments on PC cell lines, insertion of K237 
resulted in minimal targeting towards PC (average targeting index=2), indicating 
low affinity or aspecific binding to pancreatic cancer cells. Pooled analysis of all 
infected explants showed that the targeting index of Ad-YSA was 3.55 ± 1.58. 

To investigate if the modified vectors efficiently transduce normal pancreas 
cells we determined the transduction efficiency of the redirected vectors in 
normal pancreas tissue slices (Table 2). Normal pancreatic slices were viable 
for at least three days without major morphological deteriorations (48).  Ad-wt 
easily transduced normal pancreas. The targeting indexes of normal pancreas 
and of pancreas with benign disease such as fibrosis and pancreatitis were < 
2.5, <1.2, <2.5 for Ad-RGD, Ad-K237 and Ad-YSA, respectively. For Ad-YSA, the 
enhancement in transduction was significant in 3 out of 5 patients with the highest 
targeting index in fibrosing pancreatitis. 

Hence, Ad-YSA seems to enhance infectivity of normal pancreas. However 
taken together the targeting indices by Ad YSA in normal pancreas (1.76 ± 0.43) 
was significantly lower than in pancreatic cancer (3.55 ± 1.58; p=0.027), which 

Figure 3 Insertion of YSA peptide in the HI loop mediates specific adenoviral transduction of 
human pancreatic cancer cells. The human pancreatic cancer cell lines MIAPaCa-2 and Hs766-T 
were incubated with Ad-RGD, Ad-K237 and Ad-YSA (MOI=500 viral genome copies per cell) 
after pre incubation at room temperature with 5 µg fiber knob (all instances) and 750 µM K237 
peptide (dashed bars), 500 µM YSA peptide (solid bars), or no peptide (open bars). Subsequently, 
cells were washed and virus was allowed to adhere to the cells at 37oC for 60 minutes. Cells 
were washed again and the percentage of GFP expressing cells was determined by FACS 24 
hours later. Values represent the mean ± standard deviation of triplicate experiments. ND; not 
determined.
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suggest that insertion of the YSA peptide does provide specific targeting to 
pancreatic cancers.  

Pre clinical and clinical studies suggest that pancreatic cancer is refractory to 
Adenoviral infection, indicating the requirement of tumor redirected vectors. In 
these studies we found consistent transduction of ex-vivo pancreatic cancer slices 
by Ad-wt (Table 2). However, compared to slices derived from normal pancreas 
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Figure 4 Expression of 
the EphA2 receptor in 
normal human pancreatic 
tissue (A and B, original 
magnification 100X) and in 
human pancreatic cancer 
(C, original magnification 
200X) as detected by 
immunhistochemistry.



97TARGETING OF EPHA2R ENHANCES AD TRANSDUCTION OF PANCREATIC CANCER

tissue transduction of cancer slices by wt Ad was clearly reduced. A five fold 
higher dose of wt Ad (5x108 per slice) was required to provide transduction levels 
in cancer slices comparable to those in normal tissue (1.0x108 genomic copies per 
slice). Our observation that cancer tissue in this ex vivo system is more refractory 
to adenoviral infection than normal tissue suggests that the poor transduction of 
PC in vivo may in part be due to loss of adenovirus to surrounding normal tissue. 

Receptor expression in pancreatic tissue
The observed variations in targeting indexes between tissue slices is most likely 
caused by differences in receptor expression. Therefore, we decided to determine 
the expression of the receptors that mediate entry of unmodified vector (CAR) 
and YSA redirected vector (EphA2). However, expression of both receptors could 
not be studied in all specimens due to limited availability of tissue. We observed 
differential CAR expression among pancreatic cancers (Table 2). CAR was 
completely absent in two poor to moderately differentiated pancreatic cancers 
(T.7 and T.9). The majority (5 out of 9) of sections revealed a mixed staining 
pattern with areas that completely lacked CAR expression to areas with weak 
positive staining. Strongest staining was observed in a moderately differentiated 
tumor (T.3), whereas poorly differentiated areas within a tumor frequently lost 
CAR expression. Blood vessels and inflammatory cells were not labelled. CAR 
localized to the apical membrane and at the domain of cell-to-cell contact of 
acinar and ductal cells in normal pancreas, while islet cells appear to be negative. 

The expression of the EphA2 receptor also differed largely between specimens. 
EphA2 expression was detected in the islets of Langerhans, exocrine- and ductal 
cells, fibroblasts, nerves, and muscle tissue in non-malignant pancreas (Figure 
4A). EphA2 staining was mostly observed as a cytoplasmic staining (Figure 4B), 
although in ductal cells focally membranous staining was seen. Expression of 
EphA2 varied not only between pancreatic cancer specimens but also within the 
specimens (Table 2). Some tumors contained regions without any EphA2 signal 
while other regions had a very clear signal. Like for normal tissue, the pattern of 
EphA2 staining was mostly diffuse cytoplasmic. Only in T.1 and T.3, thus 2 out of 11 
(18%) cases, clear staining of the membrane was observed (Figure 4C). Reduced 
membraneous staining for EphA2 seemed to correlate with loss of differentiation 
in T.3. In some cases malignant tissue was accompanied by a desmoplastic 
reaction or chronic fibrosing pancreatitis. Fibroblasts and macrophages present in 
these areas also showed cytoplasmic staining. In conclusion, the localization and 
intensity of EphA2 staining varied not only between patient specimens but also 
within pancreatic cancers specimens.  
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Table 2 Characteristics of patient specimens and outcome of adenovirus targeting.

ID Differentiation CAR EphA2

Wt-GFP /
dsRED

RGD-GFP / 
dsRED

K237-GFP / 
dsRED

YSA-GFP / 
dsRED

mean SD mean SD mean SD mean SD

T.1 Poor <10%
++

>50%
++

1.00 .08 5.25* 1.42 1.92 .58 3.00* .30

T.2 Poor >50%
+

nd 1.00 .27 3.11 1.69 1.48 1.08 2.64 .94

T.3 Moderate >50%
+++

>50%
++

1.00 .31 7.41* 7.01 2.19 .47 2.61 1.19

T.4 Poor <50%
++

>50%
+

1.00 .31 3.04* .60 3.39* .68 5.35* 2.42

T.5 Well <10% >50%
+++

1.00 .31 4.04* 1.69 2.82* 1.95 7.24* 1.13

T.6 Moderate <50%
++

nd 1.00 .31 1.90* .82 1.25 .03 2.51* .24

T.7 Moderate <10% >50%
++

1.00 .31 2.33* .89 2.04* .28 3.60* .40

T.8 Poor to  
moderate

nd >50%
+

1.00 .31 nd nd nd nd 3.56* .22

T.9 Poor to  
Moderate

<10% >50%
+

1.00 .31 nd nd nd nd 2.50* .14

T.10 Moderate nd >50%
++

1.00 .31 nd nd nd nd 1.21 .53

T.11 Moderate nd >50%
+

1.00 .31 nd nd nd nd 4.47* .62

T.12 Liver metastases nd nd 1.00 .31 nd nd nd nd 4.00* .49

N.1 Pancreatitis nd nd 1.00 .22 nd nd nd nd 1.72 .39

N.2 Normal pancreas nd nd 1.00 .02 nd nd .42* .05 1.28* .06

N.3 Fibrosing 
pancreatitis

nd nd 1.00 .18 1.24 .09 1.14 0.29 2.44* .58

N.4 Normal pancreas >50%
++

>50%
+++

1.00 .27 2.45* 1.10 1.15 .51 1.84 .20

N.5 Normal pancreas nd nd 1.00 .05 nd nd nd nd 1.54* .11

Human pancreatic cancer (T.1 – T.11) or pancreatitis (N.1, N.3) was resected according to Whipple’s 
procedure or during bypass surgery for palliation (T.12). Normal pancreas was obtained from 
Whipple specimens from patients with cholangiocarcinoma or papillary cancer (N.2, N.4, N.5). 
The tissue was sliced typically yielding 15 to 50 oval slices that were infected with the following 
adenoviruses: Wt-GFP, RGD-GFP, K237-GFP, and YSA-GFP. An equal amount of Wt-dsRED was 
included to serve as an internal control. Typically, 4 to 6 slices were infected per virus. All studies 
were performed with 1.0 x 108 (normal pancreas) to 5.0 x 108 (tumor) gc per slice (~10 pfu/
cell) for sufficient reporter protein expression to allow detection in the fluorimeter. Three days 
after initiation of the experiment the slices were lysed and total fluorescence was determined 
fluorometrically. Non-infected slices served as negative control. The fluorescence values per slice
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DISCUSSION

Lack of effective treatment of pancreatic cancer urges the need for new therapies 
such as adenovirus mediated gene therapy. Although pre-clinical studies showed 
efficacy of these approaches both in vitro as well as in animal models in vivo, 
subsequent clinical trials, however, lacked efficacy. Several studies demonstrated 
that low adenoviral transduction of cancer cells limited the effect of this treatments. 
Aim of this study was therefore to improve viral entry of pancreatic cancer cells 
by incorporating peptides into the HI loop that had been demonstrated to target 
receptors highly expressed on pancreatic cancer. We studied the tropism of the 
modified adenoviral vectors upon insertion of peptides in the fiber knob. We report 
the successful incorporation into the HI loop of YSA, a peptide ligand targeting 
the EphA2 receptor, and K237, a peptide targeting the VEGFRII. Subsequently 
we showed that both peptides enhanced the transduction of a number of human 
PC cancer cell lines that abundantly express the targeted receptor. Additional 
competition studies confirmed that the YSA peptide indeed redirects adenovirus 
from CAR to EphA2 receptor mediated entry. In contrast, lack of competition 
inhibition suggested that instead of VEGFRII mediated entry, Ad-K237 enters in 
a non-specific manner. Since receptor expression and accessibility on established 
cell lines frequently differs from that of cancers in vivo, we went on testing our 
redirected adenoviral vectors in an ex-vivo system. Slices of pancreatic cancer and 
normal pancreas were transduced with the redirected vectors and the adenoviral 
vector containing the natural tropism as a control. We demonstrated that Ad-YSA 
revealed increased transduction to ex vivo pancreatic cancer slices compared to 
Ad-wt, and that it targets to the EphA2 receptor. Since tissue structure remains 
intact transduction efficiencies observed in this system may more reliably predict 
the effects of tropism modification on cancer transduction in patients in vivo (49). 

Other groups also reported on the exposure of short peptides in the adenovirus 
fiber knob region to overcome the limiting CAR expression on cancers in vivo. 

were used to calculate the GFP/dsRED ratio per slice and the mean values ± standard deviation 
(SD) of these ratios were calculated. Wt-GFP /dsRED was normalized to 1 in order to serve as 
a reference value for calculation of the targeting index of fiber modified vectors compared to 
Wt-GFP. A two-way ANOVA, with patient and adeno-virus type as factors, showed that both in 
the tumor and in the normal pancreas, the targeting per virus was patient dependent. Therefore, 
one-way ANOVA analysis per patient was used to determine whether the targeting index was 
significantly enhanced (*, p<0.05) compared to Wt-GFP. Finally, the mean targeting indexes of 
YSA-GFP between tumor (n=12) and normal pancreas (n=5) were compared to each other using 
the independent t-test (see text).  CAR and EphA2 were immunolabeled immunohistochemically 
by using the original surgical specimens. We scored receptor expression according to the 
following system: <10%, <50%, or >50% positive cells; weak (+), moderate (++) or strong (+++). 
nd = not determined. Two-way ANOVA analysis showed no interaction between EphA2 receptor 
expression in tumor explants and targeting efficacy of Ad-YSA. All studies were performed with 
the same batches of virus to exclude differences in targeting index due to variations in batch 
quality.
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Several groups for instance have used peptides that were identified by phage 
library bio-panning. Apart from some successful studies (50-52) a considerable 
number of identified peptides did not appear to be feasible for expression in 
the HI loop. In part this is due to the structural hurdles of knob manipulation 
such as inhibition of fiber trimerization and/or changes in the peptide structure. 
A recently developed random peptide display vector-screening system does 
allow in vivo selection of pancreatic cancer specific peptides such as SYE for 
incorporation into the fiber knob (53). Up to now, most peptide based retargeting 
studies were performed with the RGD motif. In vivo, this peptide enhances gene 
delivery to pancreatic cancer (23) and melanoma (23;54;55) but also to kidney, 
spleen and heart (56), which shows its specificity for cancer cells is limited. The 
limited specificity in part is due to the presence of the binding sites for the 
native receptors, integrins and CAR, on the modified vector. This problem can be 
overcome by ablation of these binding sites (57) or by using a bi-specific adapter 
molecule (58). 

In this study we focused on several peptide sequences which bind to up 
regulated membrane antigens known to be over expressed in PC. Except for 
the p30 peptides, all selected peptides could be inserted into the adenoviral 
knob without interfering replication of adenovirus. Repeated transfections of 
the constructs containing the insertion of the p30 peptide and p30-1 in the 
HI loop failed to show the typical plaque formation observed upon adenoviral 
replication. Since sequencing did not reveal mutations it seems that insertion of 
these peptides interferes with fiber knob trimerization. One explanation could be 
the fact that his peptide has a poor water solubility due to the presence of several 
hydrophobic amino acid residues (59). Neurotensin (60) is the ligand peptide for 
neurotensin receptor-1. Although only the last six amino acids are important for 
its biological activity, we chose to express the full length peptide to preserve 
its natural conformation. Ad-NT had a relatively high genomic copies to plaque 
forming units ratio, suggesting that this peptide may lower the transduction 
efficiency of the virus. In addition, incorporation of the neurotensin peptide did 
not increase transduction of NTR-1 expressing cells. 

Similar to what is seen for the p30 peptides, it seems that presence of aromatic 
amino acids in the neurotensin peptide hampers adenoviral biology. 

EphA2 has become a prime target in the field of cancer research. Most solid 
tumors over express the protein on the cell surface where it accumulates in its 
unphosphorylated inactive form. EphA2 fails to bind its down regulating ephrinA1 
ligand, although over expressed on the cell surface in cancer cells. Since activation 
of EphA2 impairs growth, survival, migration and invasion of tumor cells the 
insensitivity of this receptor seems to increase malignancy (61). In addition, several 
studies strongly support a role for EphA2 in pathological vascular development 
such as tumor angiogenesis. Several strategies have been employed successfully 
to target EphA2 including immunotherapy, soluble EphA2 receptors, antisense 
oligonucleotide-based targeting, and siRNA targeting (62). We showed that 
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the YSA peptide, which is a high affinity mimetic agonist for EphA2, retained its 
functional characteristics in the HI loop of fiber knob by directing non replicating 
adenovirus from CAR to EphA2 on tumor cells in vitro. It is unknown if the peptide’s 
bioactive properties, i.e. stimulation of EphA2 tyrosine phosphorylation and 
retaining of signalling are still present. In line with the reported affinities of both 
EphA2 binding peptides (63) the YSA peptide proved to be more potent than the 
SWL peptide and may thus be a valuable tool to target EphA2 expressing tumor 
cells and tumor endothelium at sites of angiogenesis. 

The poor translation from pre-clinical gene therapy studies to subsequent 
clinical trials indicated that both in vitro systems and animal models do not reflect 
the nature of cancers in patients. To overcome this problem for adenoviral gene 
therapy ex vivo thin tissue slice technology has been developed. In this system 
adenoviral transduction is studied in freshly obtained benign and tumor specimens 
that, depending on the organ, can be kept alive for up to three days (64). Ex vivo 
tissue slices represent a close reflection of in vivo organ complexity, compared to 
monolayer cell lines that accumulate mutations. We have developed a slice system 
for pancreas; using supplement-enriched medium we are able to culture pancreatic 
tissue for up to six days with preservation of most morphological characteristics 
(65). The conversion of WST-1 is maximal at three days and subsequently slightly 
decreases. Based on this good viability after three days of culture we propose that 
this system is suitable for transduction of adenoviral vectors. Analysis with GFP 
indicated that adenoviral infection of the slices is limited to the superficial layers. 
As reported for slices from other organs such as liver and esophageal cancer, 
physical barriers such as ECM seem to prevent tissue penetration of adenovirus 
particles. 

We chose to perform co-infection with a non-modified adenoviral vector 
expressing dsRED. Adding this control allowed to exclude less viable slices. 
Importantly, adding an internal control made it possible to correct for effects 
on adenoviral transduction due to differences in composition, size and viability 
of the slices since targeting efficiencies can be determined within each slice. 
Ad-YSA showed a low targeting index: <2.4 compared to normal pancreas tissue. 
In pancreatic cancer the targeting index with Ad-YSA was enhanced although in 
some tumor specimens targeting was absent or very low. With Ad-RGD similar 
differences in the targeting index were found. The targeting index depends on 
the transduction efficiency of the control virus, determined mainly by CAR and 
integrins, and of the modified viral vectors, determined by presence of the EphA2 
receptor. Therefore, a low targeting index may not only be due to a low expression 
of the EphA2 receptor but may also result from a high CAR expression. Previous 
studies suggested that low receptor expression is one of the factors causing a poor 
efficacy of non-modified adenovirus in vivo. However, since our data showed a 
large difference in targeting efficiency we decided to determine expression of the 
EphA2 receptor and CAR. We have observed that pancreatic cancers do express 
CAR with a tendency of higher expression in well-differentiated tumor areas. 
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Our finding confirms a recent report showing a significant correlation between 
CAR expression and histological grade, with moderately to poorly differentiated 
pancreatic tumors most frequently demonstrating loss or reduction of CAR 
expression (66). Other papers showed that additional cellular factors are involved 
in adenovirus entry such as integrins and the surface bound heparan sulfate 
proteoglycans syndecan-1 and glypican-1 that are over expressed in pancreatic 
cancer (23;67;68). The presence of all receptors involved in adenoviral entry 
agrees with our finding that all pancreatic cancers slices could be transduced with 
wild type adenovirus. These observations suggest that pancreatic cancer cells are 
not entirely refractory to adenovirus transduction. However, we also showed that 
compared to normal pancreas tissue adenoviral transduction efficiency is 5-fold 
less in cancer specimens. Therefore it seems that in addition to features such 
as widespread fibrosis, loss of virus to surrounding normal tissue may hamper 
adenovirus efficacy in patients. Since all requirements for entry of non-modified 
adenovirus seems to be present on these cells the differences in targeting index 
were expected to be due to differences in the EphA2 and VEGRFII receptors. 
Indeed we observed that the EphA2 receptor was differentially expressed 
among and within tumor specimens, with primarily cytoplasmic staining. This is 
unexpected to some extent since the receptor resides in the membrane. However, 
previous studies from other groups observed a similar staining pattern (69;70). It 
seems that an important amount of the receptor has an intracellular localization. 
Our data with the Ad-YSA and the competition experiments, however, clearly 
indicate that the receptor is accessible. A possible explanation may be that the 
receptor shuttles between the membrane and the cytoplasm. A recent study 
reported that in comparison to normal pancreas the expression of the EphA2 is 
increased in infiltrating cancer and metastasis especially in poorly differentiated 
carcinoma (71). 

In our study we also found high expression of the EphA2 receptor but did 
not observe a tight correlation between the EphA2 status and targeting index. 
This lack of correlation may in part result from heterogeneity in cancer specimens 
(72). The small size of most tumor specimens did not allow us to determine and 
to quantify the presence of all receptors relevant for adenoviral entry that may 
explain the observed differences in targeting index. The targeting indexes for 
RGD retargeting, that redirects adenovirus from CAR to integrins, also show a 
large variation. This suggests that the expression of these two native receptors 
in slices is indeed heterogeneous and may cause the lack of correlation between 
EphA2 expression and Ad-YSA transduction.  

Overall, we demonstrated in this study that Ad-YSA targets to the EphA2 
receptor. Furthermore, we show that this does result in increased transduction 
of established human pancreatic cancer cell lines as well as freshly obtained 
pancreatic cancer slices. Thus, insertion of the YSA motif results in an increase in 
transduction efficiency comparable to that seen for the RGD motif. Since the YSA 
peptide does target to a receptor which is more specific for pancreatic cancer, 
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it may also prove to be more specific in an in vivo model. Additional in vivo 
studies to compare RGD to YSA therefore should be performed to determine the 
potential benefit of this novel vector. 
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ABSTRACT

AIM: To generate an adenoviral vector specifically targeting the EphA2 receptor 
highly expressed on pancreatic cancer cells in vivo.
MATERIAL AND METHODS: YSA, a small peptide ligand that binds the EphA2 
receptor with high affinity was inserted into the HI-loop of the adenovirus serotype 
5 fiber knob. To further increase specificity of this vector, binding sites for native 
adenoviral receptors CAR and Integrin were ablated from the viral capsid. The 
ablated retargeted adenoviral vector was produced on 293T cells. Specific targeting 
of this novel adenoviral vector to human pancreatic cancer was investigated on 
established human pancreatic cancer cell lines. Upon demonstrating specific 
targeting in vitro, targeting in vivo targeting to subcutaneous growing human 
pancreatic cancer was tested by intravenous or intra-peritoneal administration of 
the ablated adenoviral vector.
RESULTS: Ablation of native cellular binding sites reduced adenoviral transduction 
at least 100 fold. Insertion of the YSA peptide in the HI-loop restored adenoviral 
transduction of EphA2R expressing cells but not in cells lacking this receptor. 
YSA mediated transduction was inhibited by addition of synthetic YSA peptide. 
The transduction specificity of the ablated retargeted vector towards human 
pancreatic cancer cells was enhanced almost 10 fold in vitro. In a subsequent in 
vivo study in a nude mouse model however, no increased adenoviral targeting to 
subcutaneously growing human pancreas cancer nodules was seen upon injection 
into the tail vein nor upon injection into the peritoneum.  
CONCLUSION: Targeting the EphA2 receptor increases specificity of adenoviral 
transduction of human pancreatic cancer cells in vitro but fails to enhance 
pancreatic cancer transduction in vivo. 

Michael A van Geer, Conny T Bakker, Naoya Koizumi, Hiroyuki Mizuguchi, 
John G Wesseling, Ronald PJ Oude Elferink, Piter J Bosma

World Journal of Gastroenterology, 2009
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INTRODUCTION

Pancreatic cancer is a devastating disease with a very poor prognosis (1). The lack 
of options for curative treatment for pancreatic cancer and other gastrointestinal 
malignancies warrants a search for novel targets and novel therapies including 
gene therapy (2;3). Adenovirus has been used widely as a gene therapy vector to 
treat solid tumors. After initial negative results in clinical trials with non-replicating 
vectors, conditional replicating adenoviral vectors have been tested in clinical 
trials recently. However, these have also shown disappointing efficacy (4;5). Poor 
transduction efficiency and specificity of adenoviral vectors appears to be a major 
problem. This seems to be the result of low expression of the primary receptor 
involved in adenoviral transduction on the tumors, the coxsackie and adenovirus 
receptor (CAR). Development of targeted vectors to circumvent CAR-mediated 
entry therefore seem to be required to increase the therapeutic potential of this 
approach.

Incorporation of ligands that bind to receptors highly expressed on cancer 
cells in the fiber HI loop enhance adenoviral transduction efficiency (6). We have 
shown that incorporation of an RGD peptide improved transduction in pancreatic 
cancer (7). Tumor specificity of RGD, however, is limited. Therefore, we decided 
to introduce the YSA peptide (YSAYPDSVPMMS) in the HI loop (8). YSA is a ligand 
for the EphA2 receptor (EphA2R) that is highly expressed on pancreatic cancers 
(9) and other solid tumors (10-12). Since the YSA peptide has a high affinity for 
this receptor, it can be used for in vivo delivery of agents to tissues and tumors 
expressing the EphA2R (13). In addition, binding of YSA activates the EphA2R 
and induces its internalization which may enhance adenoviral uptake. Adenoviral 
HI loop insertion of the YSA peptide increased the transduction specificity and 
efficiency both in human pancreatic tumor cell lines and in pancreatic tumor 
resection specimens  in vitro  (8).  In vivo  however, the presence of the native 
binding sites in the adenoviral capsid will compromise specific targeting. Even in 
vitro, YSA-mediated entry could only be proven upon inhibition of CAR-mediated 
entry. As we aim to target pancreas cancer in vivo we decided to ablate the native 
adenoviral binding sites of the YSA-targeted vector.

A highly conserved cluster of amino acids on the adenovirus fiber trimer is 
involved in CAR binding (14). Site-directed mutagenesis of amino acids in this 
region was used to identify mutations that affect CAR binding. Mutations in the 
AB loop (15;16), the DE loop (17), and the FG loop (18)  of the fiber knob all 
abolished CAR binding in vitro.

In addition to CAR, binding to integrins can also mediate adenoviral 
transduction. The presence of integrins on virtually all normal cells will also limit 
specific transduction of tumor cells. Removal of the integrin-binding motif RGD 
from the adenoviral penton base indeed enhances tumor specific targeting of 
adenoviral vectors (19).
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To generate an adenoviral vector that targeted pancreatic cancer in vivo we 
therefore decided to combine HI loop insertion of the YSA peptide with 
ablation of the binding sites for CAR and integrin. The specificity of this doubly-
ablated retargeted vector (Ad/ΔF(FG)ΔP-YSA) was determined  in vitro  and 
subsequently in vivo.

MATERIALS AND METHODS

Materials.
Anti-fiber monoclonal 4D2 antibody (NeoMarkers, Fremont, California, USA); anti-
EphA2R clone D7 (Sigma, Saint Louis, USA), synthetic peptide YSA (Eurogentec, 
Seraing, Belgium), Basement Membrane Matrix (BD Biosciences, Bedford, MA); 
luciferase activity was determined using a commercial kit (Promega) and a 
Berthold luminometer.

Cells
HEK293 cells, the established PC cell lines Capan-1 and Hs766-T, the mouse 
pre-adipocyte cell line 3T3-L1 and the mouse hepatoma Hepa 1-6 cell lines 
were obtained from the American Type Culture Collection Rockville, Maryland; 
BxPC-3 and MIA PaCa-2 were obtained from Boehringer Ingelheim (Belgium). 
The pancreatic carcinoma cell lines (p6.3 and p10.5) were obtained from Dr. E 
Jaffee, Johns Hopkins University School of Medicine, Baltimore, MD, USA. Human 
umbilical vein endothelial cells (HUVECs, passage 1-3) were isolated as described 
(20) and cultured in Medium-199 (GIBCO-BRL, Paisley, Scotland), supplemented 
with 20% (v/v) fetal bovine serum, 50 mg/mL heparin (Sigma, St Louis, MO, USA), 
6-25 mg/mL endothelial cell growth supplement (ECGS; Sigma), penicillin (100 
IU/mL), streptomycin  (100 mg/mL) (GIBCO-BRL). Human fibroblasts (passage < 
10) were a gift from the department of Genetic and Metabolic diseases AMC, 
Amsterdam. Fiber-293 cells expressing adenovirus type 5 fiber protein were 
used as the packaging cell line as previously described. All cells were cultured in 
Dulbecco’s minimal essential medium (DMEM) with 10% fetal bovine serum (heat 
inactivated); L-glutamine (2 mmol/L) and penicillin (100 IU/mL), streptomycin (100 
mg/mL) all from Cambrex Bio Science, Walkersville. All cell lines were cultured at 
37°C in 10% CO2 atmosphere.

Plasmids
The E1-, E3-deleted adenovirus vector AdHM43 was used for propagation of 
integrin- and CAR-binding mutated adenovirus (21). The RGD-peptide coding 
sequence at the penton base was changed from MNDHAIRGDTFATRAE to 
MNDTSRAE and the FG-loop of the fiber was deleted (T489, A490, Y491, T492). 
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The cytomegalovirus (CMV) immediate-early promoter controlled enhanced green 
fluorescent protein (eGFP) and the CMV-controlled luciferase gene were inserted 
between the PI-Sce and Ceu-I sites of the pAdHM43 plasmid (8). Insertion of 
the YSA peptide (YSAPDSVPMMS) into pAdHM43-CMV-GFP and CMV/Luc 
was performed by digestion with BstB1 and ligation with 2 annealed primers: 
YSA forward: CGAAGTACAGCGCCTACCCCGACGGCGTGCCCATGATGT. YSA 
reverse: CGACATCATGGGCACGCTGTCGGGGTAGGCGCTGTACTT. Clones 
identified by restriction enzyme analysis and PCR were sequenced to exclude 
mutations.

Virus generation, propagation and analysis
Recombinant ablated adenoviral vectors were generated by transfection of HEK 
293 adeno fiber-expressing cells with  PacI-linearized Ad-CMV-GFP/Luc-YSA. 
Normal HEK 293 cells were used for the last propagation round as previously 
described (21). Adenovirus was purified and concentrated by performing 2 
cesium chloride gradients and dialyzing against PBS. Glycerol was added to a 
final concentration of 10% (v/v) and virus preparations were stored at -80°C.

Modification of viral genomes were verified by PCR and sequencing using 
the following primers: fiber-forward: CAAACGCTGTTGGATTTATG; fiber-reverse: 
GTGTAAGAGGATGTGGCAAAT; RGD forward: TTGGATGTGGACGCCTAC; RGD 
reverse: AGGTGTCGCCGCGAATGGC.

The anti-fiber monoclonal 4D2 antibody (NeoMarkers, Fremont, California) 
was used to confirm proper trimerization of the fiber (22). The number of viral 
genomic copies (gc) was determined by qPCR as previously described (23).

EphA2 Receptor expression
Expression of EphA2R was studied with Western blotting using a 1:1000 dilution 
of a monoclonal antibody (anti-EphA2R clone D7, Sigma, Saint Louis, USA) and 
a peroxidase-conjugated anti IgG secondary antibody (1:2500). Cell lysates were 
prepared in 25 mmol/L Tris HCl pH 7.6, 150 mmol/L NaCl, 1% NP-40, 1% sodium 
deoxycholate, 0.1% SDS containing a cocktail of protease inhibitors (1:250, 
Roche). The protein concentration was determined with a BCA assay kit (Sigma). 
Detection was performed using the Lumi-light plus Western Blotting Substrate Kit 
(Roche, Mannheim, Germany). For receptor localization studies pancreatic tumor 
cells were gown on cover slips and were fixated 2 d later and stained for EphA2R 
using a 1:500 of the monoclonal antibody and a 1:2500 peroxidase-conjugated 
IgG secondary antibody.

Adenoviral transduction 
5.0 × 104 cells were plated in 48-well plates and allowed to adhere overnight at 
37°C. The next day virus was added (500 or 1000 VP/cell) in 2% DMEM. Blocking 
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was performed by pre-incubating the cells with blocking agents in PBS for 20 
min at room temperature. EphA2R was blocked with the synthetic peptide YSA 
(Eurogentec, Seraing, Belgium). For the bi-specific antibody experiments, 500 gc 
of virus were incubated for 60 min with 2.5 mL scFv bi-specific antibody (a kind 
gift from Dr. VW van Beusechem (24)).

In vivo transduction
1.0 × 107  Capan-1 pancreatic cancer cells were 1:1 diluted with Basement 
Membrane Matrix (BD Biosciences, Bedford, MA) and injected subcutaneously in 
both flanks of 6-9 wk old female athymic NMRI nu/nu mice (Harlem). When the tumor 
nodule reached a diameter of 0.4 to 0.7 cm, mice were injected intravenously (i.v.) or 
intraperitoneally (i.p.) with 1.0 × 1011 gc of Ad-/ΔF(FG)ΔP or Ad-/ΔF(FG)ΔP-YSA in 
100 mL PBS. Blood was sampled by orbital puncture at 10 min after i.v. injection or at 
90 min after i.p. injection. Three days after injection, mice were sacrificed and organs 
were harvested, snap frozen and used to determine luciferase activity according 
to standard procedures (Promega), using a Berthold luminometer. Luciferase 
activity was normalized for protein content. Viral DNA in blood was purified as 
described previously (25)  and  gc were quantified by qPCR using the primers 
against the CMV promoter (forward: AATGGGCGGTAGGCGTGTA, reverse 
AGGCGATCTGACGGTTCACTA). Serum aspartate aminotransferase (ASAT) and 
alanine aminotransferase (ALAT) levels were determined using standard clinical 
chemistry methods. 

RESULTS

Expression of the EphA2 receptor on human pancreatic cancer 
cell lines and tissue specimens
The EphA2R is highly expressed on most solid tumors including pancreatic 
cancer. To investigate which cell lines are suitable as a model to study targeting, 
we determined its expression on a panel of established human pancreatic cancer 
cells and normal human cells such as fibroblasts and endothelial cells. The 
expression level of the EphA2R varied significantly in human pancreas cancer 
cell lines (Figure 1a). High expression was seen in Capan1, BxPc3, Hs766T and 
MIA PaCa-2, while expression in p6.3 and p10.5 was low. Of the normal cells, 
only human endothelial cells expressed EphA2R. Since this receptor is absent on 
normal human fibroblasts, we used these as negative control cells.

To investigate whether the EphA2R was accessible, we determined its 
localization in the cell lines highly expressing this receptor. The localization of this 
receptor differed between cell lines (Figure 1b). In Capan-1 and BxPc-3 cells, the 
EphA2R was detected on the membrane while in MIA PaCa-2, it was mostly seen 
in the cytoplasm. The signal seen in Hs766-T suggests that, in this cell line, the 
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EphA2R is present in nuclear granules. Since, in Capan-1 cells, the presence of 
the EphA2R on the membrane indicates that it is accessible for YSA binding, we 
chose to use this cell line for our subsequent studies.

Generation of ablated Adenoviral vectors
We decided to use the FG loop mutation to ablate CAR binding because it has 
been well characterized (18;26). By subsequent deletion of the RGD peptide 
from the penton base we obtained a doubly-ablated vector Ad-/ΔF(FG)ΔP which 
lacked both CAR and integrin binding. We inserted the YSA peptide in the HI 
loop of this doubly-ablated vector and generated Ad-/ΔF(FG)ΔP-YSA.

The lack of binding to native cellular receptors severely impairs the cellular entry 
of this doubly-ablated vector. Therefore, it can not be propagated on normal HEK 
293 T cells. To overcome this, we used 293T cells that express the adenovirus type 
5 fiber protein (21). Incorporation of the normal fiber expressed in trans into the 
ablated vector allowed efficient cell entry and vector production. The last round 
of virus propagation was on normal 293T cells to generate the doubly-ablated 
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and dialyzing against PBS. Glycerol was added to a final 
concentration of  10% (v/v) and virus preparations were 
stored at -80℃.

Modification of  viral genomes were verified by 
PCR and sequencing using the following primers: fiber-
forward: CAAACGCTGTTGGATTTATG; fiber-
reverse: GTGTAAGAGGATGTGGCAAAT; RGD 
forward: TTGGATGTGGACGCCTAC; RGD reverse: 
AGGTGTCGCCGCGAATGGC.

T he  an t i - f i b e r  monoc lona l  4D2  an t i body 
(NeoMarkers, Fremont, California) was used to confirm 
proper trimerization of  the fiber[21]. The number of  
viral genomic copies (gc) was determined by qPCR as 
previously described[22].

EphA2 receptor expression
Expression of  EphA2R was studied with Western 
blotting using a 1:1000 dilution of  a monoclonal 
antibody (anti-EphA2R clone D7, Sigma, Saint Louis, 
USA) and a peroxidase-conjugated anti IgG secondary 
antibody (1:2500). Cell lysates were prepared in  
25 mmol/L Tris HCl pH 7.6, 150 mmol/L NaCl, 1% 
NP-40, 1% sodium deoxycholate, 0.1% SDS containing 
a cocktail of  protease inhibitors (1:250, Roche). The 
protein concentration was determined with a BCA 
assay kit (Sigma). Detection was performed using the 
Lumi-light plus Western Blotting Substrate Kit (Roche, 
Mannheim, Germany). For receptor localization studies 
pancreatic tumor cells were gown on cover slips and 
were fixated 2 d later and stained for EphA2R using 
a 1:500 of  the monoclonal antibody and a 1:2500 
peroxidase-conjugated IgG secondary antibody.

Adenoviral transduction 
5.0 × 104 cells were plated in 48-well plates and allowed 
to adhere overnight at 37℃. The next day virus was 
added (500 or 1000 VP/cell) in 2% DMEM. Blocking 
was performed by pre-incubating the cells with 
blocking agents in PBS for 20 min at room temperature. 
EphA2R was blocked with the synthetic peptide YSA 
(Eurogentec, Seraing, Belgium). For the bi-specific 
antibody experiments, 500 gc of  virus were incubated 
for 60 min with 2.5 mL scFv bi-specific antibody (a kind 
gift from Dr. VW van Beusechem[23]).

In vivo transduction
1.0 × 107 Capan-1 pancreatic cancer cells were 1: 
1 diluted with Basement Membrane Matrix (BD 
Biosciences, Bedford, MA) and injected subcutaneously 
in both flanks of  6-9 wk old female athymic NMRI 
nu/nu mice (Harlem). When the tumor nodule reached 
a diameter of  0.4 to 0.7 cm, mice were injected 
intravenously (i.v.) or intraperitoneally (i.p.) with 1.0 × 1011 
gc of  Ad-/∆F(FG)∆P or Ad-/∆F(FG)∆P-YSA in 100 mL  
PBS. Blood was sampled by orbital puncture at 10 min 
after i.v. injection or at 90 min after i.p. injection. Three 
days after injection, mice were sacrificed and organs were 
harvested, snap frozen and used to determine luciferase 
activity according to standard procedures (Promega), 
using a Berthold luminometer. Luciferase activity was 

normalized for protein content. Viral DNA in blood was 
purified as described previously[24] and gc were quantified 
by qPCR using the primers against the CMV promoter 
(forward: AATGGGCGGTAGGCGTGTA, reverse 
AGGCGATCTGACGGTTCACTA). Serum aspartate 
aminotransferase (ASAT) and alanine aminotransferase 
(ALAT) levels were determined using standard clinical 
chemistry methods.

RESULTS
Expression of the EphA2R on human pancreatic cancer 
cell lines and tissue specimens
The EphA2R is highly expressed on most solid tumors 
including pancreatic cancer. To investigate which cell 
lines are suitable as a model to study targeting, we 
determined its expression on a panel of  established 
human pancreatic cancer cells and normal human cells 
such as fibroblasts and endothelial cells. The expression 
level of  the EphA2R varied significantly in human 
pancreas cancer cell lines (Figure 1A). High expression 
was seen in Capan1, BxPc3, Hs766T and MIA PaCa-2, 
while expression in p6.3 and p10.5 was low. Of  the 
normal cells, only human endothelial cells expressed 
EphA2R. Since this receptor is absent on normal human 
fibroblasts, we used these as negative control cells.

To investigate whether the EphA2R was accessible, 
we determined its localization in the cell lines highly 
expressing this receptor. The localization of  this 
receptor differed between cell lines (Figure 1B). In 
Capan-1 and BxPc-3 cells, the EphA2R was detected on 
the membrane while in MIA PaCa-2, it was mostly seen 
in the cytoplasm. The signal seen in Hs766-T suggests 
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Figure 1  EphA-2 expression in human cell lines. A: Analysis of EphA2R 
expression by Western blotting in human umbilical vein endothelial cells (Hu), 
human pancreatic cancer cell lines BxPc-3 (Bx), Hs766-T (Hs), Capan-1 (Ca), 
MIA PaCa-2 (Mia), p6.3, p10.5 and human fibroblasts (Fi). EphA2R was de-
tected using a monoclonal antibody and detection of actin levels was performed 
as a loading control; B: Immunolocalization of EphA2R in human pancreatic 
cancer cell lines  BxPc-3 (left top), Capan-1 (right top), Hs766-T (bottom left), 
MiaPaca-2 (bottom right). Cells were fixated with methanol, acetone, and water, 
and a directed monoclonal antibody was used to detect EphA2R using a goat 
anti-mouse labeled with PO to perform DAB detection. Magnification 600 x ex-
cept for MiaPaca-2 (x 400). 
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Figure 1 EphA-2 expression in human cell lines. (A) Analysis of EphA2 expression by Western 
blotting in human umbilical vein endothelial cells (Hu), human pancreatic cancer cell lines BxPc-3 
(Bx), Hs766-T (Hs), Capan-1 (Ca), MIA PaCa-2 (Mia), p6.3, p10.5 and human fibroblasts (Fi). 
EphA2 was detected using a monoclonal antibody and detection of actin levels was performed 
as a loading control. (B) Immunolocalisation of EphA2 in human pancreatic cancer cell lines 
BxPc-3 (left top), Capan-1 (right top), Hs766-T (bottom left), MiaPaca-2 (bottom right). Cells 
fixated with methanol;acetone;water and a monoclonal antibody directed was used to detect 
EphA2 using a goat anti-mouse labelled with PO to perform DAB detection. Magnification 600X 
except for MiaPaca-2 (400X).

A

B



116 CHAPTER IV

vector. Because of impaired cell entry, the infectious particle (ip) titers of ablated 
vector stocks could not be performed by standard procedures. To determine the 
functional titer of these vectors we therefore used a bi-specific antibody (24). This 
antibody binds to the adenovirus knob and the epidermal growth factor receptor 
(EGFR). Upon binding to this antibody, the vector will enter the cells via the EGFR 
only. Therefore, this antibody allows direct comparison between the ip/gc ratio of 
the ablated and of the retargeted vectors.

To confirm the absence of CAR- and integrin-mediated entry, we compared 
the transduction efficiency of wild-type adenovirus type 5 with that of Ad-/ΔFΔP 
and Ad-/ΔFΔP-YSA on A549 cells that do express CAR but not EphA2R. The 3 
to 4 log lower transduction by both ablated vectors confirmed efficient abolition 
of binding to the native receptors (Figure 2a). As expected, the transduction 
efficiency of both vectors on normal human fibroblasts that do not express the 
EphA2R was comparable but very low: 1.42 × 105  RLU for Ad-/ΔF(FG)ΔP and 
1.77 × 105 RLU for Ad-/ΔF(FG)ΔP-YSA (P = 0.06) (Figure 2b). To confirm viability 
of the ablated vectors, we incubated both vectors with the bi-specific antibody, 
which resulted in a 2 log increase of transduction efficiency for both vectors, Ad-
/ΔF(FG)ΔP: 1.5 × 107 RLU and Ad-/ΔF(FG)ΔP-YSA: 1.9 × 107 RLU. The comparable 
transduction by both in the presence of the antibody indicated that both had a 
comparable ip/gc ratio (P = 0.094) and were viable.

To determine if insertion of the YSA peptide was functional, we tested 
transduction of both vectors on EphA2R-expressing Capan-1 and MiaPaca-2 cells. 
Although both cell lines do express integrins (7), ablation of native binding sites 
reduced their transduction by 3 to 1.5 logs. Insertion of the YSA peptide increased 
gene transfer to Capan-1 cells by 7.6-fold (P = 0.0014) and to MIA PaCa-2 cells 
by 4.5-fold (P < 0.0001) (Figure 2c). Insertion of the YSA peptide did not increase 
transduction in Hs766-T cells which only showed nuclear EphA2R staining (not 
shown). To confirm that entry of the retargeted vector was mediated by the YSA 
peptide, we performed competition experiments. As shown in Figure 2d, the 
4-fold increased transduction efficiency of Ad-/ΔF(FG)ΔP-YSA compared to Ad-
/ΔF(FG)ΔP was lost upon pre-incubation with synthetic YSA peptide. This indicated 
that the increased efficiency of the retargeted vectors was indeed mediated by the 
inserted YSA peptide. Thus, HI loop insertion of the YSA peptide in an adenovirus 
that lacks binding to CAR and integrins, resulted in cell entry via  the EphA2R. 
Therefore, this vector appeared suitable for in vivo targeting of pancreatic cancer.

Targeting of the EphA2R by the YSA peptide has only been demonstrated in 
humans. Binding of the YSA peptide to the murine EphA2R has not been studied. 
Since binding to EphA2R expressed on activated (murine) endothelial cells will 
affect targeting of pancreatic cancer in a mouse model, we therefore decided to 
investigate the transduction efficiency of the YSA-retargeted adenoviral vector to 
mouse cells expressing the EphA2R. As shown in Figure 3a, mouse 3T3 fibroblasts 
and hepatoma cells (hepa1-6) both expressed the murine EphA2R, albeit at a 



117ADENOVIRUS TARGETING EPHRINA2R LACKS EFFICIENCY IN-VIVO

lower level than in the human pancreatic cancer cell lines Capan-1 and MIA 
PaCa-2. Ablation of native cell binding sites reduced adenoviral transduction of 
these 2 mouse cell lines by 1 to 2 logs (Figure 3b). Insertion of the YSA peptide 
completely rescued cell entry of the ablated vector. Compared to the ablated 
vector, gene transfer of the YSA-retargeted vector was enhanced 17-fold in 3T3 
cells and 95-fold in Hepa 1-6 cells. This efficient transduction of cells expressing 
the mouse EphA2R rendered the mouse a suitable model to study the efficiency 
of YSA-mediated targeting in vivo.
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that, in this cell line, the EphA2R is present in nuclear 
granules. Since, in Capan-1 cells, the presence of  the 
EphA2R on the membrane indicates that it is accessible 
for YSA binding, we chose to use this cell line for our 
subsequent studies.

Generation of ablated adenoviral vectors
We decided to use the FG loop mutation to ablate CAR 
binding because it has been well characterized[17,25]. By 
subsequent deletion of  the RGD peptide from the 
penton base we obtained a doubly-ablated vector Ad-/∆
F(FG)∆P which lacked both CAR and integrin binding. 
We inserted the YSA peptide in the HI loop of  this 
doubly-ablated vector and generated Ad-/∆F(FG)∆
P-YSA.

The lack of  binding to native cellular receptors 
severely impairs the cellular entry of  this doubly-ablated 
vector. Therefore, it can not be propagated on normal 
HEK 293 T cells. To overcome this, we used 293T 
cells that express the adenovirus type 5 fiber protein[20]. 
Incorporation of  the normal fiber expressed in trans into 
the ablated vector allowed efficient cell entry and vector 
production. The last round of  virus propagation was on 
normal 293T cells to generate the doubly-ablated vector. 

Because of  impaired cell entry, the infectious particle (ip) 
titers of  ablated vector stocks could not be preformed 
by standard procedures. To determine the functional 
titer of  these vectors we therefore used a bi-specific 
antibody[23]. This antibody binds to the adenovirus knob 
and the epidermal growth factor receptor (EGFR). 
Upon binding to this antibody, the vector will enter the 
cells via the EGFR only. Therefore, this antibody allows 
direct comparison between the ip/gc ratio of  the ablated 
and of  the retargeted vectors.

To confirm the absence of  CAR- and integrin-
mediated entry we compared the transduction efficiency 
of  wild-type adenovirus type 5 with that of  Ad-/ΔFΔP 
and Ad-/ΔFΔP-YSA on A549 cells that do express CAR 
but not EphA2R. The 3 to 4 log lower transduction by 
both ablated vectors confirmed efficient abolition of  
binding to the native receptors (Figure 2A). As expected, 
the transduction efficiency of  both vectors on normal 
human fibroblasts that do not express the EphA2R was 
comparable but very low: 1.42 × 105 RLU for Ad-/∆
F(FG)∆P and 1.77 × 105 RLU for Ad-/∆F(FG)∆P-YSA 
(P = 0.06) (Figure 2B). To confirm viability of  the 
ablated vectors we incubated both vectors with the bi-
specific antibody, which resulted in a 2 log increase of  
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Figure 2  YSA redirects adenovirus to the EphA2 receptor. A: Transduction of CAR-expressing A549 cells with wild-type, ablated and YSA-retargeted adenoviral 
vectors with 1000 gc/cell: wt-Ad-Luc, Ad-Luc/∆F(FG)∆P and Ad-Luc/∆F(FG)∆P-YSA. Twenty four hours after infection cells were lysed to determine luciferase levels. 
Data are expressed as mean ± SD (n = 3). B: Incubation with bi-specific antibody restores infectivity of ablated adenoviral vectors in human fibroblasts. Cells were 
transduced with 500 gc/cell of Ad-/∆F(FG)∆P or Ad-/∆F(FG)∆P-YSA with (black bars) or without (white bars) EGF receptor targeted bi-specific scFV molecules. Lucif-
erase activity was measured after 24 h and data are expressed as mean ± SD (n = 3). C: Insertion of YSA peptide in the HI loop of ablated adenoviral vector partially 
restores transduction of human pancreatic cancer cell lines Capan-1 and MiaPaca-2. Cells were transduced with 1000 gc/cell of wt-Ad-Luc (white bars), or Ad-Luc/∆
F(FG)∆P (gray bars) or Ad-Luc/∆F(FG)∆P-YSA (black bars). Luciferase activity was measured after 24 h. Data are expressed as mean ± SD (n = 3). D: Pre-incuba-
tion with synthetic peptide blocks YSA-mediated targeting of human pancreatic cancer cell line MiaPaca-2. Cells were preincubated with 250 (grey bars) or 500 (black 
bars) mmol/L synthetic YSA peptide and transduced with 500 gc/cell of Ad-Luc/∆F(FG)∆P or Ad-Luc/∆F(FG)∆P-YSA. Luciferase was measured after 24 h. Data are 
expressed as mean ± SD (n = 3). 
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Figure 2 YSA redirects adenovirus to the EphA2 receptor. (A) Transduction of CAR expressing 
A549 cells with wildtype, ablated and YSA retargeted Adenoviral vectors with 1000 GC/cell wt-
Ad-Luc, Ad-Luc/ΔF(FG)ΔP and Ad-Luc/ ΔF(FG)ΔP-YSA.  24 hours after infection cells were lysed 
to detect luciferase expression and data are expressed as means ± SD (n=3). (B) Incubation 
with bi-specific antibody restores infectivity of ablated adenoviral vectors in human fibroblasts. 
Cells were transduced with 500 GC/cell of Ad/ΔF(FG)ΔP or Ad/ΔF(FG)ΔP-YSA with (grey bars) or 
with-out (white bars) of EGF receptor targeted bi-specific scFV molecules. Luciferase activity was 
measured after 24 and data are expressed as means ± SD (n=3). (C) Insertion of YSA peptide in 
hi-loop of ablated adenoviral vector partially restores transduction of human pancreatic cancer 
cell lines Capan-1 and MiaPaca-2. Cells were transduced with 1000 GC/cell wt-Ad-Luc (white 
bars), Ad-Luc/ΔF(FG)ΔP (gray bars) or Ad-Luc/ΔF(FG)ΔP-YSA (black bars). Luciferase activity 
was measured after 24 hours. Data are expressed as means ± SD (n=3). (D) Pre-incubation with 
synthetic peptide blocks YSA mediated targeting of human pancreatic cancer cell line MiaPaca-
2. Cells were pre incubated with 250 (grey bars) or 500 (black bars) µM synthetic YSA peptide 
and transduced with 500 GC/cell Ad-Luc/ΔF(FG)ΔP or Ad-Luc/ΔF(FG)ΔP-YSA. Luciferase was 
measured after 24 hours. Data are expressed as means ± SD (n=3).
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In vivo targeting to pancreatic cancer
To study  in vivo  targeting we used a  nu/nu  mouse model with subcutaneously 
growing human pancreatic tumor nodules. The virus was injected into mice 
which had nodules with a diameter of 0.4-0.7 cm, within 3 wk after injection of 
Capan-1 cells. We administered 1.0 × 1011 gc of ablated [Ad-/ΔF(FG)ΔP] or of the 
redirected vector Ad-/ΔF(FG)ΔP/-YSA, via the tail vein or i.p. Upon i.v. injection the 
clearance of both vectors was comparable (Figure 4a). At 10 min after injection, 
9.4 × 108 ± 6.3 × 108 gc/mL of Ad/ΔF(FG)ΔP and 1.1 × 109 ± 5.6 × 108 gc/mL of 
Ad/ΔF(FG)ΔP-YSA were present in blood. Since the total blood volume in a mouse 
is approximately 2.5 mL, the initial concentration of the virus was 4 × 1010 gc/mL. 
Thus 95% of the injected virus was cleared within 10 min. Based on the literature, 
we expected a slower clearance after i.p. injection, and determined the amount of 
virus in blood after 90 min. No significant difference was seen after 90 min between 
Ad-/ΔF(FG)ΔP-YSA (1.4 × 108 ± 8.3 × 107 gc/mL) and Ad-/ΔF(FG)ΔP (3.2 × 108 ± 
4.3 × 108 gc/mL) (P = 0.3). Thus clearance for both vectors after i.p. injection was 
also comparable. Clearance of i.p.-injected virus was also efficient since less than 
0.5% of the injected dose was present in blood after 90 min.

All mice were sacrificed 72 h after injection. Tissues were harvested and snap 
frozen in liquid nitrogen to determine adenoviral transduction by determining 
luciferase expression. After  i.v.  injection, expression of luciferase in the liver of 
Ad/ΔF(FG)ΔP-YSA treated mice was 6.7-fold lower (P = 0.015) than that in mice 
injected with Ad/ΔF(FG)ΔP (Figure 4b). Thus, the YSA peptide impaired  liver 
transduction. No significant differences in expression were seen between both 
vectors in all other tissues. Surprisingly, the amount of luciferase expression in mice 
injected with Ad-/ΔF(FG)ΔP-YSA was only 15% of that in mice injected with Ad-
/ΔF(FG)ΔP. This indicated that a large amount of the redirected vector was lost upon 
i.v. injection. The difference in luciferase expression between both vectors was not 
seen after i.p. injection. This is due to the almost 50-fold lower luciferase expression 
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transduction efficiency for both vectors, Ad-/∆F(FG)∆
P: 1.5 × 107 RLU and Ad-/∆F(FG)∆P-YSA: 1.9 × 107  
RLU. The comparable transduction by both in the 
presence of  the antibody indicated that both had a 
comparable ip/gc ratio (P = 0.094) and were viable.

To determine if  insertion of  the YSA peptide was 
functional we tested transduction of  both vectors on 
EphA2R-expressing Capan-1 and MiaPaca-2 cells. 
Although both cell lines do express integrins[7], ablation 
of  native binding sites reduced their transduction by 3 
to 1.5 logs. Insertion of  the YSA peptide increased gene 
transfer to Capan-1 cells by 7.6-fold (P = 0.0014) and 
to MIA PaCa-2 cells by 4.5-fold (P < 0.0001). Insertion 
of  the YSA peptide did not increase transduction in 
Hs766-T cells which only showed nuclear EphA2R 
staining (not shown). To confirm that entry of  the 
retargeted vector was mediated by the YSA peptide 
we performed competition experiments. As shown in  
Figure 2D, the 4-fold increased transduction efficiency 
of  Ad-/∆F(FG)∆P-YSA compared to Ad-/∆F(FG)
∆P was lost upon pre-incubation with synthetic YSA 
peptide. This indicated that the increased efficiency 
of  the retargeted vectors was indeed mediated by the 
inserted YSA peptide. Thus, HI loop insertion of  the 
YSA peptide in an adenovirus that lacks binding to CAR 
and integrins, resulted in cell entry via the EphA2R. 
Therefore, this vector appeared suitable for in vivo 
targeting of  pancreatic cancer.

Targeting of  the EphA2R by the YSA peptide 
has only been demonstrated in humans. Binding of  
the YSA peptide to the murine EphA2R has not 

been studied. Since binding to EphA2R expressed on 
activated (murine) endothelial cells will affect targeting 
of  pancreatic cancer in a mouse model, we therefore 
decided to investigate the transduction efficiency of  
the YSA-retargeted adenoviral vector to mouse cells 
expressing the EphA2R. As shown in Figure 3A, mouse 
3T3 fibroblasts and hepatoma cells (hepa1-6) both 
expressed the murine EphA2R, albeit at a lower level 
than in the human pancreatic cancer cell lines Capan-1 
and MIA PaCa-2. Ablation of  native cell binding sites 
reduced adenoviral transduction of  these 2 mouse cell 
lines by 1 to 2 logs (Figure 3B). Insertion of  the YSA 
peptide completely rescued cell entry of  the ablated 
vector. Compared to the ablated vector, gene transfer 
of  the YSA-retargeted vector was enhanced 17-fold in 
3T3 cells and 95-fold in Hepa 1-6 cells. This efficient 
transduction of  cells expressing the mouse EphA2R 
rendered the mouse a suitable model to study the 
efficiency of  YSA-mediated targeting in vivo.

In vivo targeting in pancreatic cancer
To study in vivo targeting we used a nu/nu mouse model 
with subcutaneously growing human pancreatic tumor 
nodules. The virus was injected into mice which had 
nodules with a diameter of  0.4-0.7 cm, within 3 wk after 
injection of  Capan-1 cells. We administered 1.0 × 1011 gc 
of  ablated [Ad-/∆F(FG)∆P] or of  the redirected vector 
Ad-/∆F(FG)∆P/-YSA, via the tail vein or i.p. Upon i.v. 
injection the clearance of  both vectors was comparable. 
At 10 min after injection, 9.4 × 108 ± 6.3 × 108 gc/mL 
of  Ad/∆F(FG)∆P and 1.1 × 109 ± 5.6 × 108 gc/mL 
of  Ad/∆F(FG)∆P-YSA were present in blood. Since 
the total blood volume in a mouse is approximately  
2.5 mL, the initial concentration of  the virus was 4 × 
1010 gc/mL. Thus 95% of  the injected virus was cleared 
within 10 min. Based on the literature, we expected a 
slower clearance after i.p. injection, and determined the 
amount of  virus in blood after 90 min. No significant 
difference was seen after 90 min between Ad-/∆F(FG)
∆P-YSA (1.4 × 108 ± 8.3 × 107 gc/mL) and Ad-/∆
F(FG)∆P (3.2 × 108 ± 4.3 × 108 gc/mL) (P = 0.3). Thus 
clearance for both vectors after i.p. injection was also 
comparable. Clearance of  i.p.-injected virus was also 
efficient since less than 0.5% of  the injected dose was 
present in blood after 90 min.

All mice were sacrificed 72 h after injection. Tissues 
were harvested and snap frozen in liquid nitrogen to 
determine adenoviral transduction by determining 
luciferase expression. After i.v. injection, expression of  
luciferase in the liver of  Ad/∆F(FG)∆P-YSA treated 
mice was 6.7-fold lower (P = 0.015) than that in mice 
injected with Ad/∆F(FG)∆P (Figure 4B). Thus, the 
YSA peptide impaired liver transduction. No significant 
differences in expression were seen between both 
vectors in all other tissues. Surprisingly, the amount of  
luciferase expression in mice injected with Ad-/∆F(FG)
∆P-YSA was only 15% of  that in mice injected with 
Ad-/∆F(FG)∆P. This indicated that a large amount of  
the redirected vector was lost upon i.v. injection. The 
difference in luciferase expression between both vectors 
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Figure 3  YSA targets adenovirus to cells expressing murine EphA2R. 
A: Western blot demonstrates that mouse 3T3 and Hep1-6 cells, like human 
pancreatic cancer cell lines Capan-1 and MIA PaCa-2, express the EphA2R. 
EphA2R was detected using a monoclonal antibody and the housekeeping pro-
tein actin was used as a loading control. B: Efficient transduction of mouse 3T3 
and Hep1-6 cells by YSA-retargeted adenoviral vector. Cells were transduced 
with 1000 gc/cell of wt-Ad-Luc (white bars), Ad-Luc/∆F(FG)∆P (gray bars) or 
Ad-Luc/∆F(FG)∆P-YSA (black bars). Luciferase was measured after 24 h.  
Data are expressed as mean ± SD (n = 3).
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Figure 3 YSA targets adenovirus to cells 
expressing murine EphA2R. (A) Westernblot 
demonstrates that Murine 3T3 and Hep1-6 cells 
like human pancreatic cancer cell lines Capan-1 
and MIA PaCa-2 express the EphA2. EphA2 
receptor was detected using a monoclonal 
antibody and the housekeeping protein actin 
was used as a loading control. (B) Efficient 
transduction of murine 3T3 and Hep1-6 cells by 
YSA retargeted Adenoviral vector. Cells were 
transduced with 1000 GC/cell of wt-Ad-Luc 
(white bars), Ad-Luc/ΔF(FG)ΔP (gray bars) or of 
Ad-Luc/ΔF(FG)ΔP-YSA (black bars). Luciferase 
was measured after 24 hours. Data are expressed 
as means ± SD (n=3).
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in the liver after i.p. injection of Ad-/ΔF(FG)ΔP (P = 0.0163). For Ad/ΔF(FG)ΔP-YSA, 
the luciferase levels in the liver after i.p. injection were only reduced 9-fold and did 
not reach significance. The lower luciferase expression levels indicated that both 
vectors were cleared more efficiently without transduction after  i.p.  injection. To 
correct for the lower overall expression we chose to use the tumor liver ratio in each 
animal as an indication of retargeting efficiency. As shown in Figure 4c, no significant 
targeting of the tumor was seen with the YSA-redirected virus. Furthermore, the 
route of administration also did not affect tumor targeting.

Adenoviral vectors cause inflammation of the liver. Therefore we determined 
ALAT and ASAT levels 3 d after injection. Although we did see a 4 to 5-fold 
increase, no differences were seen between the 2 viral vectors (Figure 4d).
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was not seen after i.p. injection. This is due to the almost 
50-fold lower luciferase expression in the liver after i.p. 
injection of  Ad-/∆F(FG)∆P (P = 0.0163). For Ad/∆
F(FG)∆P-YSA, the luciferase levels in the liver after i.p. 
injection were only reduced 9-fold and did not reach 
significance. The lower luciferase expression levels 
indicated that both vectors were cleared more efficiently 
without transduction after i.p. injection. To correct for 
the lower overall expression we chose to use the tumor 
liver ratio in each animal as an indication of  retargeting 
efficiency. As shown in Figure 4C, no significant 
targeting of  the tumor was seen with the YSA-redirected 
virus. Furthermore, the route of  administration also did 
not affect tumor targeting.

Adenoviral vectors cause inflammation of  the liver. 
Therefore we determined ALAT and ASAT levels 3 d  
after injection. Although we did see a 4 to 5-fold 
increase, no differences were seen between the 2 viral 
vectors (Figure 4D).

DISCUSSION
Conditional replicating adenovirus vectors are being 
developed to treating solid cancers[4,5]. However, these 
vectors have only been effective after direct injection into 

the tumors. As cancer is a systemic disease in virtually 
all fatal cases, this lack of  systemic efficacy presents a 
major limitation to successful adenovirus-mediated gene 
therapy. Specific targeting therefore is a prerequisite for 
efficient eradication of  solid cancer cells.

The aim of  this study was to target the adenovirus 
to pancreatic cancers. Effective targeting in vitro to 
human cancer cells using HI loop insertion of  peptide 
ligands has been reported by other groups. A well 
known example is the insertion of  an integrin-binding 
RGD peptide that overcomes the poor transduction of  
human cancer caused by low expression of  CAR[7,26,27]. 
Although integrins are highly expressed on cancer cells, 
the specificity of  RGD targeting in vivo is questionable 
because of  integrin expression in other tissues. 
Therefore more specific targeting peptides are needed. 
We compared binding of  several ligands to receptors 
highly expressed on pancreatic cancers for their ability 
to target the adenovirus to pancreatic cancer cells (van 
Geer et al in preparation). Of  these ligands the YSA 
peptide appeared the most promising since it provided 
selective targeting in vitro to the EphA2R. Since YSA 
targets tissues expressing the EphA2R[12], we decided to 
test the specificity this retargeted vector in vivo.

Insertion of  a peptide into the HI loop does 
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Figure 4  Lack of YSA specific targeting in nu/nu mice. A: 1 x 1011 gc of Ad/∆F(FG)∆P (ablated, A) or 1 x 1011 gc of Ad/∆F(FG)∆P-YSA (YSA; Y) are rapidly 
cleared from blood after intravenous (i.v.) and intraperitoneal (i.p.) administration into mice. At 10 min after i.v. or 90 min after i.p. injection and after 3 d (both), adeno-
viral genomic copies were determined in whole blood with real time PCR. Data represent the mean ± SD of 4-7 mice. B: Bio-distribution Ad/∆F(FG)∆P and Ad/∆F(FG)
∆P-YSA injected i.v. or i.p. into nu/nu mice with a subcutaneous human pancreatic tumor. Animals were sacrificed 3 d after injection of 1 x 1011 gc of adenoviral vector. 
All organs were harvested and analyzed for luciferase expression/mg of protein. Data represent the mean ± SD of 4-7 mice. Error bars represent standard deviation. 
(aP < 0.05 compared with Ad/∆F(FG)∆P after i.v. injection; cP < 0.05 compared with Ad/∆F(FG)∆P after i.v. injection). C: The tumor/liver ratio of luciferase expression 
in each mouse demonstrates the lack of significant targeting of retargeted adenovirus to pancreatic cancer in vivo. Data represent the expression in 4-7 mice and are 
expressed as mean ± SD. D: Similar ASAT and ALAT levels in serum at 3 d after injection indicates comparable liver toxicity of ablated and retargeted adenoviral vec-
tors in nu/nu mice. Data are expressed as mean ± SD.
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Figure 4 Lack of YSA specific targeting in nu/nu mice. (A) 1x1011 gc of Ad/ΔF(FG)ΔP (ablated, A) or 
1x1011 gc of Ad/ΔF(FG)ΔP-YSA (YSA; Y) are rapidly cleared from blood upon intra venous (i.v.) and 
upon intra peritnoneal (i.p.) administration into mice. At 10 minutes after (iv) or 90 minutes after 
(ip) injection and after 3 days, Adenoviral genomic copies were determined in whole blood with 
real time PCR. Data represent the means ± SD of 4 to 7 mice. (B) Bio-distribution Ad/ΔF(FG)ΔP 
and Ad/ΔF(FG)ΔP-YSA injected intravenously (i.v.) or intraperitonealy (i.p.) into nu/nu mice with 
a subcutane human pancreatic tumor. Animals were sacrificed three days after injection of 1x1011 
gc of adenoviral vector. All organs were harvested and analysed for luciferase expression/ mg of 
protein. Data represent the means ± SD of 4 to 7 mice. Error bars represent standard deviation. 
(* p<0.05 compared with Ad/ΔF(FG)ΔP after i.v. injection; # p<0.05  compared with Ad/ΔF(FG)ΔP 
after i.v. injection). (C) The tumor/liver ratio of luciferase expression in each mouse demonstrates 
the lack of significant targeting of retargeted adenovirus to pancreatic cancer in vivo. Data are 
expressed as means ± SD. (D) Similar ASAT and ALAT levels in serum at 3 days after injection 
indicates comparable liver toxicity of ablated and retargeted adenoviral vectors in nu/nu mice. 
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DISCUSSION

Conditional replicating adenovirus vectors are being developed to treating 
solid cancers (4;5). However, these vectors have only been effective after direct 
injection into the tumors. As cancer is a systemic disease in virtually all fatal cases, 
this lack of systemic efficacy presents a major limitation to successful adenovirus-
mediated gene therapy. Specific targeting therefore is a prerequisite for efficient 
eradication of solid cancer cells.

The aim of this study was to target the adenovirus to pancreatic cancers. 
Effective targeting in vitro to human cancer cells using HI loop insertion of peptide 
ligands has been reported by other groups. A well known example is the insertion 
of an integrin-binding RGD peptide that overcomes the poor transduction of 
human cancer caused by low expression of CAR (7;27;28). Although integrins 
are highly expressed on cancer cells, the specificity of RGD targeting  in vivo  is 
questionable because of integrin expression in other tissues. Therefore more 
specific targeting peptides are needed. We compared binding of several ligands 
to receptors highly expressed on pancreatic cancers for their ability to target the 
adenovirus to pancreatic cancer cells (8;13). Of these ligands the YSA peptide 
appeared the most promising since it provided selective targeting in vitro to the 
EphA2R. Since YSA targets tissues expressing the EphA2R, we decided to test the 
specificity this retargeted vector in vivo.

Insertion of a peptide into the HI loop does not shield the native cell binding 
sites present in the adenoviral capsid. Binding of the retargeted vector to these 
receptors present on liver cells for instance, will limit specific targeting (18). Since 
ablation of these native binding reduces liver transduction and improves specific 
targeting  in vivo (15), we combined YSA targeting with ablation of the native 
binding sites. We showed that ablation of CAR and integrin binding reduced 
adenoviral transduction by at least 2 logs  in vitro. Insertion of the YSA peptide 
partly restored the transduction efficiency of the virus, but only on cells that 
expressed the EphA2R. Addition of synthetic YSA peptide blocked the increase 
in transduction efficiency. Together these data demonstrated that insertion 
of YSA enables EphA2R-mediated entry of ablated adenoviral vectors. Other 
groups have also reported that the loss of infectivity of ablated vectors can be 
restored by insertion of a targeting ligand in the HI loop (18;19;29). However, 
not all retargeted vectors do provide efficient transduction. Insertion of RGD in 
a vector in which the CAR binding site was ablated in the KO1 mutation did 
not result in integrin-mediated uptake (30). Apparently, in addition to preventing 
CAR binding, this mutation affected other essential steps such as internalization 
or trafficking of the adenovirus. In conclusion, our data and that of others show 
that HI loop insertion of a targeting peptide results in specific targeting of CAR/
integrin-ablated adenoviral vectors in vitro.

Expression of the EphA2R is also enhanced in several normal tissues including 
tumor endothelium. Therefore, we investigated whether the YSA peptide also 
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mediated adenoviral transduction via the mouse EphA2R. Since insertion of the 
YSA peptide increased the transduction of 2 mouse cell lines expressing the 
EphA2R by 1 to 2 logs, the YSA-retargeted vector was capable of targeting the 
mouse endothelium. The increase in transduction of mouse cells was stronger 
than in human pancreatic cancer cell lines while expression of the EphA2R in 
mouse cells was lower. This discrepancy seems to result from better accessibility 
of the EphA2R in mouse cells since, in human pancreatic cancer cells, most of 
the EphA2R was present in the cytosol (Figure 1a). Another possible explanation 
for this discrepancy is the expression of an inactive EphA2R in cancer cells. Since 
EphA2R activation impairs survival, cancer cells with an inactive receptor will have 
a growth advantage (12). A third explanation could be a higher affinity of the Ad-
/ΔF(FG)ΔP-YSA for the mouse EphA2R. Nevertheless, the efficient transduction 
of mouse cells expressing EphA2R renders the mouse a good model to study 
YSA-mediated targeting of pancreatic cancer in vivo.

After intravenous injection, luciferase expression in the liver of the YSA-
retargeted vector Ad-/ΔF(FG)ΔP-YSA was lower than that by the ablated virus 
(Figure 4b). A decreased transduction of the liver was also reported in other studies 
in which the FG loop has been mutated. Thus, it seems that FG loop mutations 
lead to de-targeting of the hepatocytes (18). In contrast, mutations in the AB loop 
did not decrease liver transduction (19;31). These studies indicate that liver de-
targeting occurred irrespective of the nature of the inserted peptide sequence. 
In our study, the decreased liver transduction due to YSA-retargeting was not 
accompanied by an increased transduction of any other tissue tested. Therefore, 
the increased loss of the redirected virus seems to result from degradation by 
tissue macrophages, which degrade more than 90% of injected adenoviruses. 
Since these cells do not express the EphA2R this would appear to be a non-
specific effect.

In contrast to the receptor-mediated transduction of hepatocytes, uptake of 
adenovirus by macrophages depends on the binding of adenovirus fiber to blood 
factors. This induces uptake of adenovirus, for instance via the scavenger receptor 
(32;33). Increased binding to blood factors of the mutated FG loop may cause the 
10-fold greater loss of re-targeted adenovirus upon i.v. injection by increasing its 
degradation by macrophages.  This may cause a lack of tumor targeting by Ad-
/ΔF(FG)ΔP-YSA in vivo.

Akiyama  et al (26)  reported that after i.p. injection, a comparable ablated 
adenoviral vector efficiently entered the blood stream. Furthermore, they showed 
prolonged blood circulation and absence of hepatocyte transduction. Based on 
this, i.p. injection seemed a promising approach for systemic targeting. In our 
study, we could not repeat this observation. At 90 min after injection, less than 1% 
of the injected dose of vector was still present in the circulation while in contrast 
they still detected 20%. Increased uptake by macrophages may explain this 
discrepancy (34). We used nu/nu mice to study retargeting of adenovirus while 
Akiyama et al reported a prolonged circulation time in normal mice. Several old 
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studies have reported increased phagocytosis in nu/nu mice compared to normal 
mice to compensate for their immune defects (35;36). A high dose of adenovirus 
can saturate the uptake by macrophages residing in the peritoneum and liver, and 
result in appearance of the virus in the circulation (37). Apparently, the dose used 
in this study was too low to saturate the increased macrophage clearance capacity 
in nu/nu mice. The increased liver enzymes in serum after i.p. injection indicated 
increased macrophage uptake (Figure 4d). This increase was not observed for 
this ablated vector in normal mice. The increased uptake by macrophages innu/
nu mice rendered this model less suitable for adenoviral targeting studies (31). 
Inhibition of phagocytosis therefore seems to be required to use this model for 
studying retargeting of ablated adenoviral vectors, e.g., by pre-injection of a 
small dose of virus (38).

For both administration routes, the luciferase expression in subcutaneously 
growing Capan-1 tumors was not significantly different between re-targeted and 
ablated vectors. The transduction of pancreatic cancer by our ablated vector 
suggests that adenoviral uptake can be mediated by other receptors. The role of 
additional receptors in Capan-1 cells is in accordance with Havenga et al (39). They 
observed that gene transfer in these cells did not correlate with expression levels of 
CAR and/or integrins. In contrast, transduction by non-ablated adenoviral vectors 
was strongly impaired by loss of CAR expression (7;40). Apparently, removal of 
native cell binding sites is compensated by other low affinity binding sites, such 
as heparan sulphate proteoglycans (41). The expression of the 2 most prominent 
proteoglycans, glypican-1 and syndecan-1, is indeed enhanced in pancreatic 
cancers. This may explain the efficient transduction of the tumor by the ablated 
vector (42;43). Pancreatic cancer therefore seems susceptible to blood factor-
mediated transduction by adenovirus as has been reported for herpes virus also 
(44). Therefore, ablation of the sites in the fiber knob that bind to blood factors 
may be required to re-direct the adenovirus to cancer cells in vivo. Furthermore, 
studies to determine binding to (human) blood components of modified vectors 
are essential for predicting their  in vivo  efficacy. Binding to blood factors may 
explain why ablated vectors with a peptide insertion fail to target tumors following 
intravenous injection (6;45), while they do perform properly upon local injection 
(26;29;46).

In conclusion, we have generated a doubly-ablated virus that targets pancreatic 
cancer cells via the EphA2R. However, in vivo targeting remains inefficient as yet. 
Most likely, further modification of the Ad capsid is necessary to prevent binding 
to blood factors which lowers gene transfer to the liver (31;47).
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ABSTRACT 

Survival of patients with pancreatic cancer is poor. Adenoviral (Ad) gene therapy 
employing the commonly used serotype 5 reveals limited transduction efficiency 
due to the low amount of coxsackie-adenovirus receptor on pancreatic cancer 
cells. To identify fiber-chimeric adenoviruses with improved gene transfer, a library 
of Ad vectors based on Ad5 and carrying fiber molecules consisting of 16 other 
serotypes were transduced to human pancreatic carcinoma cell lines. Adenoviruses 
containing fibers from serotype 16 and 50 showed increased gene transfer 
and were further analyzed. In a gene-directed prodrug activation system using 
cytosine deaminase, they proved to be effective in eradicating primary pancreatic 
tumor cells. Fiber-chimeric Ad5 containing fiber 16 and wild type Ad5 were  also 
transduced  in vivo to slices of  normal human pancreatic tissue and pancreatic 
carcinoma tissue obtained during surgery. It was shown that fiber-chimeric Ad5 
with fiber 16 revealed an improved gene delivery to primary pancreatic tumor 
tissue compared to Ad5. In conclusion, fiber-chimeric adenoviruses carrying fiber 
16 and 50 reveal a significantly enhanced gene transfer and an increased specificity 
to human pancreatic adenocarcinoma compared to Ad5, while transduction to 
normal pancreatic tissue was decreased. These findings expand the therapeutic 
window of adenoviral gene therapy for pancreatic cancer.

Koert F.D. Kuhlmann, Michael A. van Geer, Conny T. Bakker, Jan E.M. Dekker, 
Menzo J.E. Havenga, Ronald P.J. Oude Elferink, Dirk J. Gouma, Piter J. 
Bosma, John G. Wesseling

Cancer Gene Therapy, 2009
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INTRODUCTION

Pancreatic cancer is a major health problem. It is the 4th leading cause of cancer 
death in the Western world, and the overall 5-year survival rate of 3-5% has not 
changed over the last 25 years (1). Because of the late onset of symptoms, only 
15-20% of patients are eligible for pancreatic resection with a curative intention. 
The 5-year survival of these patients who are treated most optimally is only 17% 
(2). Many different radio- or chemotherapy regimens have been tested in clinical 
trials, but only few of these regimens proved to prolong survival (3).

These data indicate that novel therapeutic modalities, such as gene therapy, 
must be developed. Adenoviral vectors are widely used as delivery vehicles for 
gene therapy. They are stable and can be propagated to high titers (up to 1013 
viral particles/ml), they do not integrate into host DNA and they are able to infect 
both quiescent and replicating target cells. Adenoviruses are non-enveloped 
double stranded DNA viruses with an icosahedral capsid with 12 protruding 
knobbed fibers. The fibers and fiber knobs bind to receptors on the target cell 
and, as such, determine the tropism of the virus for a certain cell type. Until 
today only adenovirus serotype 5 (Ad5) has been used in human clinical gene 
therapy trials. Target cell entry of Ad5 starts with the binding of the fiber to the 
coxsackie-adenovirus receptor (CAR) (4). However, pancreatic adenocarcinoma as 
well as many other malignancies display very low levels of CAR, making Ad5 less 
suitable for cancer gene therapy (5;6). Fibers of other adenoviral serotypes bind 
to other receptors, some of which may be highly expressed on pancreatic cancer 
cells. Therefore, fiber-chimeric adenoviruses in which the tropism is determined 
by the fiber of an alternative adenoviral serotype may enhance adenoviral entry 
into pancreatic cancer cells (7;8). The backbone of Ad5 was used to ascertain the 
reproducible production of high titers. At present, 51 distinct serotypes have been 
recognized. They are divided into six subgenera (A to F) and subclassifications 
(BI-II and DI-III) according to their genome size, organization and homology, 
hemagglutination properties, and oncogeneity (Table 1) (9). Furthermore, the 
serotypes differ with respect to their natural target tissue. For instance, serotype 
40 and 41 display a tropism for intestinal epithelium, while serotype 4 displays 
tropism to the respiratory tract and the eye.

The aim of the present study was to identify fiber-chimeric adenoviruses with 
improved gene transfer to pancreatic cancer cells. Therefore, human near primary 
human pancreatic adenocarcinoma cells were infected with a library of these 
chimeric adenoviruses. In addition to enhanced entry of pancreatic cancer cells, 
lower affinity for human hepatocytes is beneficial because of the hepatotropism 
of adenovirus, especially of Ad5. Therefore, the chimeric adenoviral vectors were 
also tested on primary human hepatocytes. Those chimeric viral vectors that 
displayed improved transduction of pancreatic cancer cells or increased specificity 
compared to Ad5 were subsequently tested on normal human pancreatic  and 
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pancreatic adenocarcinoma specimens derived from patients. Furthermore, fiber-
chimeric adenoviruses expressing cytosine deaminase were constructed to test 
their efficacy in a gene-directed prodrug activation system.

MATERIALS AND METHODS

Fiber amplification and generation of fiber-chimeric viruses
Human wild-type adenoviruses were propagated on PER.C6 cells (10), and viral 
DNA was isolated as described previously (11). Fiber genes were PCR amplified 
with distinct sets of “subgroup-specific” oligonucleotides, as described by 
Havenga et al. (8). Subsequently, fiber sequences were cloned in an NdeI- and 
NsiI-digested pBr/Ad.BamRΔFIB plasmid, thus generating a library of plasmids 
coded pBr/Ad.BamRΔFIBXX, where “XX” represents the serotype from which the 
fiber was amplified. Plasmid pBr/Ad.BamRΔFIB has been described previously 
(12). To generate recombinant adenovirus, two DNA molecules were cotransfected 
on PER.C6 cells: (i) pWE/Ad.AflII-rITR/FibXX linearized with PacI and (ii) a plasmid 
encoding the Ad5 sequence, in which the E1 region is replaced by a marker gene. 

This plasmid (pAdapt) contains the Ad5 sequence from nt 1 to 454 (left 
ITR and packaging signal), a cassette for transgene expression containing the 
cytomegalovirus (CMV) promoter nt 2735 to 195 [pAdapt]), a polylinker, Simian 
virus 40 (SV40) intron-poly (A) from pcDNA1 (HhaI-AvrII fragment; Invitrogen), and 
a second Ad5 sequence ranging from nt 3511 to 6095. pAdapt lacks the SV40 
intron sequences. The Ad5 sequence (nt 3511 to 6095) enables the generation of 
recombinant adenovirus through homologous recombination with pWE/Ad.AflII-
rITR/FibXX on PER.C6 cells.

Table 1 Taxonomy of human Adenoviridae

Subgroup Serotypes Infection
Oncogenic 
potential

Haemagglutination                

Rhesus Rat

A 12, 18, 31 Intestinal tract High - +/-

B1
B2

3, 7, 11, 16, 21
14, 34, 35, 50

Respiratory tract
Urinary tract

Weak + -

C 1, 2, 5, 6 Respiratory tract None - +/-

D 8, 9, 10, 13,15, 17, 19, 20, 22, 
23, 24, 25, 26, 27, 28, 29, 30, 
32, 33, 36, 37, 38, 39, 42, 43, 
44, 45, 46, 47, 48, 49, 51

eye None +/- +

E 4 Respiratory tract
Eye

None - +/-

F 40, 41 Intestinal tract Unknown - +/-
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The following genes were cloned into the deleted E1 region of Ad5: the luciferase 
(luc) gene (driven by the weak CMV promoter pClip), the green fluorescent protein 
(GFP) gene, the DsRed marker gene (derived from pDsRed1-N1, Clontech, Palo 
Alto, CA) and the E. coli cytosine deaminase (CD) gene (a gift from dr. C. Mullen 
(13)), as described (7). The latter three genes were each driven by the standard 
CMV promoter (pAdapt). 

Generation and purification of recombinant adenovirus
The generation and purification of fiber-chimeric adenoviral vectors on PER.
C6 cells have been described previously (7;12). Briefly, virus produced on four 
T175 triple-layer tissue culture flasks was purified with a two-step cesium chloride 
purification protocol. After purification, virus was stored in aliquots at -80°C. 
The virus titer expressed in virus particles (VP) per milliliter (ml) was determined 
by high-pressure liquid chromatography (HPLC) (14). Plaque purifications and 
endpoint titrations were performed as described previously (10;15). 

Ad5.F5.CD, Ad5.F16.CD and Ad5.F50.CD viruses were produced on ten 
150mm plates. Crude cell lysates were titrated using standard plaque assay 
analyzing plaque forming units (pfu). The production yields of viral batches used 
for the experiments were as follows: Ad5.Luc 8.23 x 10e11 VP/ml, Ad5.GFP 1.07 x 
10e11 VP/ml, Ad5.DsREd 2.12 x 10e12 VP/ml, Ad5.bCD 2.00 x 10e9 pfu/ml, Ad5.
Fib16.Luc 4.37 x 10e11 VP/ml, Ad5.Fib16.GFP 5.08 x 10e11 VP/ml, Ad5.Fib16.
bCD 2.00 x 10e7 pfu/ml, Ad5.Fib50.Luc 2.57 x 10e11 VP/ml. Ad5.Fib50.GFP 1.23 
x 10e11 VP/ml and Ad5.Fib50.bCD 2.51 x 10e8 pfu/ml. 

Ad5.F5.CD, Ad5.F16.CD and Ad5.F50.CD viruses were produced on ten 
150mm plates. Crude cell lysates were titrated using standard plaque assay 
analyzing plaque forming units (pfu). The production yields of viral batches used 
for the experiments were as follows: Ad5.Luc 8.23 x 10e11 VP/ml, Ad5.GFP 1.07 x 
10e11 VP/ml, Ad5.DsREd 2.12 x 10e12 VP/ml, Ad5.bCD 2.00 x 10e9 pfu/ml, Ad5.
Fib16.Luc 4.37 x 10e11 VP/ml, Ad5.Fib16.GFP 5.08 x 10e11 VP/ml, Ad5.Fib16.
bCD 2.00 x 10e7 pfu/ml, Ad5.Fib50.Luc 2.57 x 10e11 VP/ml. Ad5.Fib50.GFP 1.23 
x 10e11 VP/ml and Ad5.Fib50.bCD 2.51 x 10e8 pfu/ml.

Established cell lines, primary cells and primary isolated 
hepatocytes
The established cell lines (BxPC-3, Capan-1, Hs766-T and MIA PaCa-2; >20 
passages) were purchased from Boehringer Ingelheim, Belgium. The primary 
pancreatic carcinoma cell lines (p6.3 and p10.5, <7 passages) were obtained 
from Dr. E. Jaffee, Johns Hopkins University School of Medicine, Baltimore, 
MD. The cells were cultured in Dulbecco’s minimal essential medium (DMEM) 
(Mediatech, Herndon, VA), with 10% fetal bovine serum (heat inactivated) 
(Summit Biotechnology, Ft Collins, CO), 2mM L-glutamine and 100U penicillin/
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ml and 100μg streptomycin/ml (Gibco BRL, Life Technologies, Rockville, MD). 
Primary hepatocytes were isolated as described previously (16). Hepatocytes 
were cultured inWilliams’ E medium supplemented with 4% (v/v) heat inactivated 
fetal bovine serum, 2 mM glutamine, 1 µM dexamethasone, 20 mU/ml insulin, 2 
mM ornithine, and penicilline/streptomycine/fungizone mix. All cell lines were 
cultured at 37°C in 10% CO2 atmosphere

Luciferase assay 
To assess the infection efficiency of the different fiber-chimeric adenoviruses in 
our library, 5 x 104 cells were plated in 24-well plates and allowed to adhere 
overnight. Cells were infected at a multiplicity of infection (MOI) of 100 and 1000 
VP per cell for 1 hour at 37°C. The virus was removed and cells were incubated 
in complete media. To assess luciferase expression, cell lysates were assayed 48 
hours after infection using a luciferase assay system (Promega, Madison, WI) and 
a Berthold Luminometer (Promega, Madison, WI), and the protein concentration 
was determined using the Pierce Protein Assay according to the manufacturer’s 
protocols, using bovine serum albumin as standard. 

PCR analysis of fiber genes
Fiber knob domains were PCR amplified to detect any contamination during virus 
production and purification of the fiber-chimeric adenoviruses of interest; Ad5.
Fib5, Ad5.Fib16 and Ad5.Fib50. The following fiber-specific primers were used: 
fiber5-forward 5’ – CAAACGCTGTTGGATTTATG - 3’, 
fiber5-reverse 5’- GTGTAAGAGGATGTGGCAAAT-3’, 
fiber16-forward 5’-GACAACCAAAACATGGCTACTG-3’,
fiber16-reverse 5’-GTAATGAGAGTGACTTCGGTAG-3’,
fiber50-forward 5’-AAGCCTCCACCTAACTGT-3’, and 
fiber50-reverse 5’-CACTGGTTGCTGTAGAAG-3’.

Flow cytometry
GFP expression was analyzed 48 hours after infection at an MOI of 100 and 1000 VP/
cell. Cells were released with cell dissociation buffer (Gibco, BRL, Life Technologies, 
Rockville, MD), quenched with DMEM containing 10% fetal bovine serum and 
pelleted. Cells were washed in cold PBS, fixated in 2% paraformaldehydewith and 
counted by flowcytometry (Facscalibur, Beckton, Dickinson and Company, Franklin 
Lakes, NJ). Data were expressed as the geometric mean fluorescence intensity 
of the entire gated population. The positive cell population was determined by 
gating the right hand tail of the distribution of the negative control sample for 
each individual cell line at 0.1%. This gate setting was then used to determine the 
percentage of GFP-positive cells in each individual cell line.
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Knob 5 blocking experiment
To confirm CAR independent entry of the fiber-chimeric adenoviruses, soluble 
adenoviral fiber knob 5 was produced in order to perform blocking experiments. 
The plasmid that was used to produce soluble fiber knob was kindly provided by 
Dr. J. Douglas, University of Alabama, Birmingham. Soluble knob 5 was produced 
by expression in E. coli with N-terminal His6 tags, using the pQE30 expression 
vector (Qiagen, Hilden, Germany) (17). Recombinant proteins were purified 
on Ni-nitrilotriacetic acid agarose columns. The ability of the knob5 protein to 
form homotrimers was verified by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) of boiled and unboiled samples. The concentration 
of the purified knob was determined using the Pierce Protein Assay. 

Cells were plated in a 48-wells culture plate (5 x 104 cells/well) and allowed to 
adhere overnight. Cells were incubated at room temperature for 45 minutes with 
10pg/well knob 5 in a total volume of 100μl PBS before infection. Subsequently, 
virus was added in 100μl DMEM/4%FCS. One hour after virus addition the 
medium was aspired and fresh complete medium was added. After 48 hours GFP 
expression was analyzed by flow cytometry.

WST-1 assay
To this point all tested viruses had no cytotoxic effect towards pancreatic 
tumor cell lines. Therefore, of those fiber-chimeric adenoviruses that displayed 
enhanced entry of pancreatic cancer cells, constructs with the cytosine deaminase 
(CD) /5-fluorocytosine (5-FC) gene-directed prodrug activation system were 
generated to allow additional studies of an antitumor effect, needed for eventual 
in vivo use. CD expressing cells can be killed by treatment with a non-toxic pro-
drug 5-FC, which is converted  into the highly toxic chemotherapeutic agent 
5-fluorouracil by CD.

Cells were plated in 96-wells culture plates at 5 x 103 cells/well and were allowed 
to adhere overnight. At day two, cells were infected with crude cell lysates of the 
CD-viruses at an MOI of 1, 10 and 100 plaque forming units (PFU)/cell in DMEM. 
Ad5-Fib5-GFP was used as a CD-negative control. After 2 hours of infection 
200μl complete media was added. At day three and five, medium was removed 
and fresh complete medium with or without 1.2mM 5-Fluorocytosine was added 
(Sigma-Aldrich, Zwijndrecht, Netherlands). At day six, cells were washed with 
PBS and 10μl/well of the cell proliferation reagent WST-1 (Boehringer Mannheim, 
Mannheim, Germany) was added in a total volume of 100μl PBS. Absorbance of 
the samples was analyzed using a bichromatic ELISA reader at 450 and 660 nm.

Preparation and infection of tissue slices
Human tissues were obtained from resection specimens of patients who underwent 
surgery in the Academic Medical Center of the University of Amsterdam. Approval 
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was obtained from the institute’s Medical Ethical Committee. After pathological 
work-up of the resection specimen a tissue sample was taken, embedded in 
low melting point agarose and loaded into a Krumdieck Tissue Slicer (Alabama 
Research & Development, Munford, AL). Samples were sliced at a thickness of 
approximately 250μm while submerged in ice-cold Krebs-buffer (126 mM NaCl, 
2.5 mM KCl, 1.2 mM NaH2PO4•H2O, 1.2 mM MgCl2, 2.5 mM CaCl2, 25mM 
NaHCO3, 11mM glucose). Slices were incubated in 12-well tissue culture plates 
(1 slice per well) in 1 ml complete culture media (DMEM supplemented with 10% 
FCS, 1% L-glutamine and, 1% insulin, transferrin and selenium (ITS), 1% amino 
acids solution, 1% Hepes,  penicillin, streptomycin and gentamicin).

Slices were infected with Ad5.Fib5.GFP and Ad5.Fib16.GFP. A co-infection 
of all slices was performed with Ad5-Fib5-dsRED (red fluorescent protein) as an 
internal control for slice size and viability. Viral infection of normal pancreatic 
tissue was done with 1.0 x 108 VPs/slice; infection of pancreatic cancer slices 
with 5.0 x 108 VPs/slice. The number of cells per tissue slices was estimated at 
2.5 x 105 cells per slice based on a 10-cell thick slice (250 µm) and 4-mm slice 
diameter, thus the VP/cell-ratio was approximately 400. Plates were placed in a 
plastic container that was gassed with 95% O 2 and continuously shaken back and 
forth (100 times/min) as described previously (18). The container and shaker were 
placed in a humidified incubator at 37°C.

Slices were removed from culture after 48 hours, and stored overnight at 4°C 
in cell lysis buffer, or in 4% formaldehyde. Slices were freeze-thawed three times 
and GFP and dsRED expression in cell lysates were measured by NOVOstar (BMG 
Labtechnologies, Durham, NC).

RESULTS

Transduction of fiber-chimeric adenoviruses to pancreatic 
cancer cell lines
To obtain an overview of the infectivity rates, a panel of 16 fiber-chimeric 
adenoviruses representing all subgroups of human adenoviridae was tested on 
four established cell lines (BxPc-3, Capan-1, Hs766-T and MIA PaCa-2) and two 
primary cell lines (p6.3 and p10.5). In established as well as primary cell lines, 
fiber-chimeric viruses expressing fibers from subgroup B showed the highest 

Figure 1 Luciferase activity, expressed as relative light units (RLU) per microgram of total cellular 
protein, in (A) established (Capan-I and Hs766-T) and primary (p6.3 and p10.5) pancreatic 
adenocarcinoma cell lines (BxPc-3 and MIA PaCa-2 were not shown but showed similar results) 
and (B) primary isolated hepatocytes at 48 hours after exposure to a panel of fiber-chimeric 
adenoviruses. A multiplicity of infection (MOI) of 100 and 1000 vp (viral particles)/cell was used. 
Values represent the mean ± the standard deviation.
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luciferase transgene expression (Figure 1a). Cell lines BxPc-3 and MIA PaCa-2 
had similar results (not shown). In all cell lines, transgene expression of chimeric 
viruses expressing fibers of Ad16 and Ad50 was 10 to 30 fold increased compared 
to the unmodified Ad5. Transgene expression from chimeric adenoviruses with 
fibers from subgroups A, D and F-G was comparable or even lower than Ad5. 
Figure 1b revealed transgene expression  in primary hepatocytes upon infection 
with these fiber-chimeric adenoviruses. Because the number of human primary 
hepatocytes from a single isolation is limited, infections were performed with an 
MOI of 1000 only. In these human primary hepatocytes, infection with wildtype 
Ad5 resulted in the highest trangene expression, confirming the hepatotrophism 
of this virus. Ad5.Fib16.Luc and A5.Fib50.Luc showed a 70 to 100 fold decreased 
expression in these hepatocytes compared to wildtype Ad5. 

Analysis of DNA of various fiber-chimeric adenoviral batches to 
rule out cross-contamination.
Since Ad5.Fib16 and Ad5.Fib50 showed an efficient infection of pancreatic cancer 
cells with a reduced infection of human primary hepatocytes, both were selected 
for further analysis. In addition to the viruses expressing luciferase, viruses 
were generated that expressed Green Fluorescent Protein (GFP) and those that 
expressed the E. coli cytosine deaminase gene. We performed a fiber specific 
PCR to ensure that no cross contamination with these recombinant viruses had 
occurred. Figure 2 shows that different viral batches only reveal a fiber-specific 
PCR-product after DNA electrophoresis of their cloned recombinant fiber , 
confirming the correct recombinant viruses. These viral batches were used for 
subsequent studies. We chose to use the two primary pancreatic cancer cell lines 
instead of the four established cell lines because they are more comparable to 
human pancreatic adenocarcinoma.

Fig.  2

Ad5-fiber5 Ad5-fiber50Ad5-fiber16

PCR fiber 5

PCR fiber 16

PCR fiber 50

bCD GFP Luc bCD GFP Luc bCD GFP Luc

281bp

325bp

190bp

Figure 2 Assessment of purity of virus stocks of Ad5.bCD, Ad5.GFP, Ad5.Luc, Ad5.Fib16.bCD, 
Ad5.Fib16.GFP, Ad5.Fib16.Luc, Ad5.Fib50.bCD Ad5.Fib50.GFP and Ad5.Fib50.Luc by PCR 
analysis of fiber genes.
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Flow cytometry of fiber-chimeric adenoviruses expressing GFP 
in the presence and absence of Ad5 fiber protein.
To ensure that the increased transgene expression seen upon infection with Ad5.
Fib16.Luc and Ad5.Fib50.Luc was due to the transduction of a higher percentage 
of cells, we generated viruses expressing GFP. Figure 3 shows the fluorescent 
microscope picture and the corresponding flow cytofluorometric analysis upon 
infection with Ad5.GFP, Ad5.Fib16.GFP and Ad5.Fib50.GFP of human near 
primary pancreatic cancer cell lines p6.3 and p10.5. Both Ad5.Fib16.GFP and 
Ad5.Fib50.GFP transduced these two cell lines more efficient than Ad5.GFP 
(61.2% and 52.3% versus 26.6% for p6.3 and 85.5% and 77.5% versus 56.2% for 
p10.5, respectively). Both Ad5.Fib16.GFP and Ad5.Fib50.GFP are expected to 
use another receptor for cell entry than Ad.5 and infectivity of both should thus 
not be blocked by addition of large amounts of soluble recombinant knob 5. As 
shown in figure 3, infection of Ad5.GFP was blocked by soluble knob 5, reducing 
the percentage of transduced cells from 26.6% to 7.8% in cell line p6.3 and from 
56.2% to 14.6% in cell line p10.5. The same amount of soluble knob-5 did not 
affect the transduction by Ad5.Fib16.GFP and Ad5.Fib50.GFP, confirming that 
both fiber 16 and 50 indeed use an alternative cell entry pathway.  

WST-1 assay after infection with CD-viruses
We introduced the cytosine deaminase (CD)/5-FC gene-directed prodrug 
activation system to add cytotoxic capacity to the chimeric adenoviruses. 
Adenoviral mediated CD expression results in efficient conversion of the non-
toxic pro-drug 5-FC into the toxic compound 5-FU. Diffusion of  5-FU also results 
in killing of cells that were not transduced. This bystander effect makes it possible 
that transduction of a relatively low percentage of cells will be sufficient to kill 
all tumor cells. In vivo this virus derived prodrug activation system provides 
low systemic but high local intratumoral toxicity. To assess if the fiber-chimeric 
adenoviruses also show increased efficacy in this system, we infected cells with 
Ad5.bCD, Ad5.Fib16.bCD and Ad5.Fib50.bCD respectively. Five days after viral 
infection and repeated administrations of 5-FC, the cytotoxic effect is evident. In 
both  p6.3 and p10.5 pancreatic cancer cells, a significant lower cell viability is 
seen upon infection with Ad5.Fib16.bCD and Ad5.F50.bCD, while upon infection 
with Ad5.bCD only mild cytotoxicity is observed (figure 4). Also in established 
pancreatic cancer cell lines Ad5.bCD appeared to have a less efficient gene 
transfer than Ad5.Fib16.bCD and Ad5.F50.bCD (data not shown).

Tissue slices 
To assess the performance of the fiber-chimeric adenoviruses in a system that most 
optimally resembles the clinical setting, tissue slices were cut from normal human 
pancreas and surgical resection specimens of patients with pancreatic cancer or 
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Figure 3 GFP expression of Ad5.GFP, Ad5.Fib16.GFP and Ad.Fib50.GFP (MOI 1000 VP/cell) and 
blocking with knob 5 in primary pancreatic adenocarcinoma cell line p6.3 (A) and p10.5 (B) as 
depicted by fluorescent light microscopy and FACS analysis.

B

A
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Fig.  4
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Figure 4 Viability of primary pancreatic adenocarcinoma cell lines as measured by WST-1 viability 
assay after exposure to Ad5.bCD, Ad5.Fib16.bCD and Ad5.Fib50.bCD and consequent addition 
of 5-FC.

other peripancreatic disease using a tissue slicer. Depending on the size of the 
obtained tissue, three or four slices were used per viral construct. Slices were 
infected with Ad5.GFP and Ad5.Fib16.GFP. Tissue slices showing no transgene 
expression of GFP and dsRED were designated non-viable  and excluded. Figure 
5a shows an example of the microscopic image of a slice infected with Ad5.GFP 
and Ad5.dsRED. To adjust for tissue viability, all slices were co-infected with Ad5.
dsRED and results are represented as the ratio of GFP/dsRED expression. Figure 
5b shows the results after infection of slices of three patients. Two infections were 
performed on normal pancreatic tissue and one on pancreatic adenocarcinoma 
tissue. In the two samples of normal pancreatic tissue the same result is observed; 
the wildtype Ad5 showed the highest GFP/dsRED ratio, while Ad5.Fib16.GFP has 
lower ratios. Importantly, there is no significant difference between the infectivity 
of Ad5.GFP and Ad5.Fib16.GFP. In the slices with pancreatic adenocarcinoma, 
Ad5.Fib16.GFP reveals a significantly improved infectivity compared to wildtype 
Ad5 (p=0.02).  
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Fluorescent microscopy of a normal pancreas slice co-infected with Ad5.GFP and Ad5.dsRED (1.0 x 

108 VPs/slice) 

(A). GFP expression in normal human pancreatic tissue slices (2 patients) and human pancreatic 

cancer tissue slices (1 patient) after 48 hours of exposure to Ad5.GFP, Ad5.Fib16.GFP and corrected 

for Ad5.dsRED 

(B). All slices were co-infected with Ad5.dsRED to adjust for tissue viability. The Y axis represents the 

ratio of GFP/dsRED expression.
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Figure 5 (A) Fluorescent microscopy of 
a normal pancreas slice co-infected with 
Ad5.GFP and Ad5.dsRED (1.0 x 108 
VPs/slice). (B) GFP expression in normal 
human pancreatic tissue slices (2 patients) 
and human pancreatic cancer tissue slices 
(1 patient) after 48 hours of exposure to 
Ad5.GFP, Ad5.Fib16.GFP and corrected 
for Ad5.dsRED. All slices were co-infected 
with Ad5.dsRED to adjust for tissue 
viability. The Y axis represents the ratio of 
GFP/dsRED expression.
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DISCUSSION

In most clinical trials the efficacy of adenoviral cancer gene therapy is disappointing, 
mostly due to very limited transduction. An important cause of the poor transduction 
efficiency in vivo is the lack of sufficient expression of  the primary  receptor for 
adenovirus type 5 (CAR) on pancreatic cancer cells. This problem is not unique 
for adenoviral gene therapy for pancreatic cancer but a general problem since 
many malignancies (e.g. ovarian, breast, bladder cancer) reveal low expression of 
CAR (19-21). Different strategies can circumvent this problem. Pharmacological 
or chemical interventions can be performed to increase CAR expression and 
thus improve cell susceptibility to adenoviral infection (22;23). Other strategies 
are aimed at the circumvention of CAR deficiency by re-targeting adenovirus to 
receptors that are present on these cancers, for instance by insertion of peptides 
in the HI-loop of the fiber knob. Another possibility is to exchange the fiber of 
Ad5, the serotype used in virtually all clinical trials, with that of another serotype. 
Studies have shown that the application of fiber-chimeric adenoviruses, especially 
those containing subgroup B fibers, can lead to an improved transduction in a 
variety of cell types, such as ovarian carcinoma, dendritic cells, cardiovascular 
tissue and intestinal mucosa (7;12;19;24). In contrast to the majority of adenoviral 
serotypes, those of subgroup B adenoviruses do not use the CAR receptor for cell 
attachment. Complement regulatory protein CD46 has been shown to be a cellular 
receptor for subgroup B virusse (25-28).  Since this receptor is highly expressed 
on many different tumor types, which may be due to its role in protecting cancer 
cells from complement damage, it seems an ideal target (29-31).

This study showed that exchanging the fiber of Ad5 with those of serotype 
16 and 50 resulted in an enhanced gene transfer to pancreatic adenocarcinoma, 
while infection of normal pancreatic tissue and isolated human hepatocytes both 
was less efficient. This is in accordance with a biodistribution study with group 
B adenoviruses performed in non-human primates (32). The lack of blocking by 
soluble knob 5 shown in this study confirms that Ad5.Fib16 and Ad5.Fib50 bind 
to an  alternative receptor. Subsequently, we studied the efficacy of these two 
chimeric viruses on near primary pancreatic cancer cells and finally the efficacy 
of Ad5.fib16 on human primary normal pancreatic tissue and cancer specimens 
in a tissue slice system. The tissue slice system, that best resembles the in vivo 
situation, confirmed the increased efficacy of these two chimeric viruses.

The use of fiber-chimeric adenoviruses expands the therapeutic window of 
adenoviral gene therapy in pancreatic cancer. It enhances the gene transfer to 
pancreatic cancer cells compared to normal pancreatic tissue, but there are few 
data on tumor specificity of these viruses. We elucidated part of this question by 
infecting not only human pancreatic cancer explants, but also normal pancreatic 
tissue and primary isolated human hepatocytes. Infection of normal tissue revealed 
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opposite results compared to the infection of pancreatic cancer tissue. Thus, the 
fiber-chimeric adenoviruses appear to improve specificity for pancreatic cancer. 

Systemic administration of adenoviruses can be beneficial to patients with cancer 
due to the possible therapeutic effect on metastatic cells or tissue. However, one 
of the major problems of systemic delivery are the side effects caused by the rapid 
transduction to the liver, resulting in liver toxicity. The present study shows that 
Ad5.Fib16 and Ad5.Fib50 transduction to primary isolated hepatocytes is lower 
than Ad5, which might lead to milder side effects. Studies with other fiber-chimeric 
adenoviruses, such as Ad5-fiber3 also showed decreased liver toxicity (33). This 
could reflect the lower expression levels of CD46 on human liver cells (34).

The change of fibers could theoretically lead to an overall decrease of 
immunogeneity of the fiber-chimeric adenovirus if the immune system is mainly 
directed against fiber proteins. In the USA, Europe and Asia, preexisting immunity 
against adenoviral serotype 5 exist in approximately 80% of the population, 
compared to less than 15% for Ad16 and Ad50 (35).  However, studies showed 
that the immune response towards adenoviruses is mainly directed to the hexon 
protein, which is part of the adenoviral capsid (36). Therefore replacing the 
hexon protein of Ad-5 by that of these serotypes seems a promising strategy 
to further improve the in vivo performance of these chimeric viruses. Another 
option that should be investigated is the development of recombinant versions 
of these two serotypes. 

So far, clinical trials with adenoviruses have shown limited effect. In contrast the 
results in pre-clinical models are very promising. This discrepancy indicates that 
most pre-clinical models used do not represent the situation in vivo. In addition 
to poor CAR expression, an important hurdle in vivo seems the inaccessibility of 
the tumor due to anatomical barriers. In the nude mouse pre-clinical model these 
barriers are virtually absent because a pure culture of rapidly growing tumor cells 
is injected. The amount of stroma and fibrosis in these subcutaneous tumors is 
very limited. Therefore, we chose to develop another preclinical model by using 
human tumor explant slices that can be  tested in vitro. Slices remained viable 
during the infection period of 48 hours and transductional differences could be 
shown between the viruses. Co-infection of all slices with Ad5-dsRED was used 
as an internal control for cell viability. The ratio Ad5-GFP:Ad5-dsRED expression 
should theoretically be the same in all slices. A drawback of this system is the 
fact that the interaction with the host’s immune system can not  be studied. 
However, the three dimensional structure remained intact and different cell types 
surrounding pancreatic (tumor) cells were presented. 

In conclusion, fiber 16 and 50 reveal a significantly enhanced gene transfer 
and specificity to human pancreatic adenocarcinoma. These findings may 
expand the therapeutic window of adenoviral gene therapy for pancreatic 
cancer. Additional studies using conditional replicating chimeric adenoviral 
vectors should be performed to prove increased efficacy and if so subsequently 
tested in a clinical trial.
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GENERAL DISCUSSION

The mortality rate of pancreatic cancer (PC) almost equals its incidence rate. 
This dismissal prognosis primarily results from its late diagnosis when the tumor 
has accumulated genetic disturbances that fuel an aggressive phenotype, and 
has become ir-resectable. Surgical intervention therefore is only available for 
a minority of patients. Even after resection the 5-year survival rate is less than 
20%. Palliative gemcitabine-based chemotherapy may offer relief of complaints 
but gain of survival is questionable. The knowledge of the molecular defects 
underlying PC should allow the development of molecular targeted therapies, or 
even better; patient tailored intervention. Currently, clinical trials for PC primarily 
focus on gemcitabine-based therapy, radiotherapy, small molecules that target 
the EGFR and Raf/Mek/Erk pathway, anti VEGF therapy, and vaccination to 
boost immune response to mutant proteins expressed in these cancers (www.
clinicaltrials.gov). At present only one trial in the US investigates the efficacy of 
Adenoviral vector mediated gene therapy using Ad5-yCD/mutTKSR39rep-ADP, a 
suicide gene approach using cytosine deaminase and herpes simplex thymidine 
kinase. The few trials using the E1B mutant CRAd Onyx-015 failed due to several 
reasons including poor transduction due to CAR deficiency of PC, poor replication 
of the virus due to loss of functional E1B and hampered lateral spread throughout 
the tumor. It is worth mentioning the fact that prior to these trials Onyx-015 was 
never tested in a proper animal model for PC. Therefore, vectorologists were sent 
back to the drawing board to develop second generation Adenovirus vectors in 
order to overcome the poor transduction efficiency. In addition novel pre-clinical 
models must be developed that better reflect the interaction of adenovirus with a 
tumor that would more reliably predict the efficacy in patients. 

Having access to fresh PC and normal human pancreas specimens we 
decided to develop a method to culture fresh human pancreatic cancer (and 
non-malignant) specimens for gene transfer experiments. Using a tissue slicer 
we were able to process minimal amounts of fresh tissue obtained from resection 
material. The whole procedure, from operating room to final read out analysis, 
however, turned out to be extremely difficult. Rapid processing of the material 
was required to obtain high quality specimens. This was highly dependent on the 
concerted action of many involved. Although the Academic Medical Center is a 
primary care referral centre for PC patients, the number of high quality specimens 
suitable for our studies was low. Still, we for the first time show in chapter 2 that 
pancreatic slices can be kept in culture for at least 3 days while retaining moderate 
to good viability. This period is sufficiently long for Adenoviral transduction and 
expression of encoded (reporter) genes to read out transduction efficacy and 
to perform an immunohistochemical analysis of the quality of the specimens. It 
became apparent that the viability and size of these slices varied. Therefore we 
developed a wildtype virus, which can be used as an internal control to correct 
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for these slice-specific properties.  This application is of importance for pancreatic 
cancer research, since pancreatic tumors are highly heterogeneous with regard 
to receptor expression (chapter 3). The co-infection with a wildtype virus that 
has its native tropism could correct, at least in part, for variation between slices 
with regard to viability, transducibility and receptor expression. The targeting to 
control ratios now could be used to determine in this ex-vivo setting the effect of 
targeting strategies applied. 

In our experiments we used GFP and dsRED as reporter genes in our vectors. 
For detection in a fluorometric readout system more sensitive candidates are 
available. The fluorometric readout system requires a certain minimal amount of 
fluorescence, which, especially in case of smaller slices, appeared not sufficient 
after transduction with GFP/dsRED reporter viruses. For future studies it seems 
therefore better to use vectors encoding luciferase as a reporter gene to increase 
sensitivity. In this system co-infection with an internal control is possible by using 
both Renilla and firefly luciferase as reporter genes. 

In our study we used this ex vivo technology to determine the targeting efficacy 
towards several pre defined tumor antigens. From the literature potential targets, 
receptors that had increased expression on PC compared to normal human 
pancreas, were selected. We next sought for peptides known to specifically bind 
these receptors. An important advantage of this strategy is that such receptors 
are well characterized and have a known tissue distribution pattern which allows 
selection of tumor specific candidates. One relevant limitation of this strategy 
is that not all optimal receptor ligands can be incorporated into the HI loop of 
the viral fiber. Especially the incorporation of complex proteins in the fiber knob 
interferes with proper trimerization and function of the fiber knob. For this reason 
short amino acid sequences that bind to a certain receptor are the best suitable 
candidates for insertion into the HI loop. Identification of all potential candidates 
is feasible when using phage display techniques using a cell line expressing the 
selected cellular receptor. Upon identification the potential candidate peptides 
must be inserted at the correct site of the Adenoviral genome which requires 
several cloning and virus propagation steps. Since this process is time consuming 
and in the end may result in an inactive Ad vector due to interference of the 
peptide with knob function, Miura et al developed a system to produce adenoviral 
libraries (1). These libraries do display a large variety of peptides on the HI loop 
and can be used for positive selection of an Adenoviral vector with high affinity 
for target cells. Using this approach this group selected a CAR-ablated CRAd 
with an SYE peptide on the human pancreatic cell line AsPC-1 and subsequently 
tested this CRAd in a mouse model (2). This in vivo study showed a potent anti 
tumor activity of this vector. However, the authors were not able to identify which 
receptor was involved in binding of this CRAd. Therefore it remains unclear 
whether human PC tumors express this unknown cellular receptor and even its 
expression on the original cell line can not be confirmed. Because of the large 
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difference between cell lines grown in vitro and a cancer cell present in a tumor 
in vivo, cell lines do not seem the best option for screening of such Adenoviral 
libraries. PC tumor explants obtained from resection specimens followed by 
immediate culturing ex vivo seem a much more attractive option for selection of 
targeted adenoviral vectors using several rounds of screening. This system can 
also be used for negative screening by using normal human pancreas and liver. 
For identification of tumor specific peptides that target PC it would therefore be 
of interest to screen such an Ad library using this ex vivo culturing system. 

Several groups evaluated infectivity-enhanced CRAds by using comparable 
technology in order to proceed to clinical trials. Infection of primary organotypic 
glioma spheroids with Ad5-Delta24RGD induced cell kill of small tumor nodules 
(3), with viral spreading toward the center of the three dimensional model (4). 
Infection of ovarian cancer tissue slices with Ad5/3cox-2 (5) and Ad5-Delta24RGD 
(6) revealed a “tumor–on, liver-off” phenotype. Ad5-delta24RGD entered two 
clinical trials recently for evaluation of safety and/or efficacy in glioma and ovarian 
cancer patients (Clinicaltrials.gov, identifiers NCT00805376 and NCT00562003, 
respectively). It would be of interest to see to what extent these improved pre-
clinical models did predict the clinical efficacy of these novel infectivity enhanced 
vectors and if the latter are able to overcome the hurdles that were encountered 
previously. 

In chapter 3 we describe the development and pre-clinical evaluation of a 
new infectivity enhanced vector that targets the EphA2 receptor highly expressed 
on PC. We utilized the peptide YSA, that was previously identified as a ligand 
for this receptor, for expression in the HI loop. The resulting vector Ad-YSA 
transduced human PC cell lines with a greater efficiency than wildtype virus. This 
transduction was CAR-independent and fibroblasts not expressing the EphA2 
were non-permissive. Cultured endothelial cells, which express high levels of 
EphA2, were maximally transduced. These data, including those from the YSA 
peptide inhibition experiments, clearly demonstrate EphA2-mediated gene 
transfer. Experiments using tissue slices, however, seemed less convincing in 
terms of transduction efficacies. Whereas we obtained targeting indexes up to 
20 fold in cultured cells, these ex vivo studies demonstrated only a maximum of 
7.2 fold increase with a median of 4.1-fold. Because this vector also appeared 
almost twofold more efficient in normal pancreas infection the tumor specific 
increase of Ad-YSA seems modest (2-fold) although still significant. Therefore 
these data raise doubts about the efficacy and the tumor specificity of Ad-YSA 
and its receptor EphA2. Since there are no similar ex vivo studies comparing the 
increased transduction both in tumor and in adjacent (next to the tumor) normal 
tissue, we compared our results to the targeting index obtained in spheroids. In 
a study targeting both the alpha integrins and EGFR on a set of primary glioma 
spheroids a median increase of 5.9 fold was seen (7) In this study a combination 
of the RGD peptide and a bispecific antibody against EGFR was used. Hence, 
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the targeting potency of Ad-YSA found in such an ex-vivo system seems in line 
with that of Ad-RGD, a frequently used infectivity enhanced vector that targets 
integrins, which are expressed on normal tissues also (8). As such, Ad-YSA may 
therefore be a welcome addition and warrants further evaluation in the setting 
of replication competent Adenovirus and other solid cancers that are known to 
widely over express EphA2. 

The somewhat lower targeting index of ex vivo studies compared with 
cultured cell experiments seems to reflect the actual in vivo interaction between 
virus vectors and host determinants. Immunohistochemical localization of 
reporter protein in transduced tissues revealed that infection and penetration 
is confined to the superficial layers of cancer specimens. This is in accordance 
with observations of others (4) and points out to the presence of host anatomical 
barriers that are present in normal and malignant tissue (9). In tumors these 
include extra cellular matrix (ECM) components such as matrix proteins and 
basement membrane. Tumor nodules are encapsulated by an extensive amount 
of ECM containing collagen and laminin. The presence of blood vessels is scarce. 
Most probably contact of metastases with blood vessels is an important factor 
for efficient Ad transduction in vivo. Due to these barriers, for instance, systemic 
application of a retargeted vector in a mouse breast cancer model resulted in 
transduction of only 8% of metastases (10). In a colorectal cancer mouse model, 
systemic injection of adenovirus did not transduce metastases in the liver. Blood 
vessels were confined to the tumor stroma. Therefore, a virus particle needs 
to pass several layers of normal cells before encountering malignant cells of a 
solid tumor (11). For PC this seems very relevant. One of the hallmarks of PC 
is the strong fibrotic/desmoplastic reaction. This probably results from a (partly 
defensive) host reaction to the growing tumor. This fibrotic reaction results in 
deposition of extracellular matrix that primarily contains collagen type I, decorin, 
lumican and versican (12;13). We and others believe that the presence of these 
anatomical barriers severely limits replication competent Adenovirus penetration 
(14). Therefore it seems that resolution of this extracellular matrix seems needed 
to increase the efficacy of vivo therapy for PC. 

Treatment of target tissue with various substances such as ethanol enhances 
gene transfer in target tissue (15). Also pretreatment with proteases such as 
trypsin or collagenase/dispase did enhance the effectiveness of Ad-HSV-tk/GCV 
gene therapy for glioblastoma (16). These data suggest that the use of matrix 
metallo proteinases (MMPs) seems an option since they specifically degrade 
extracellular matrix components. MMPs can be organized in four main subgroups: 
collagenases (MMP 1, 8, 13); gelatinases (MMP 2, 9); stromelysins (MMP 3, 10, 
11, 18); membrane-bound MMPs (MMP 14-17). MMP-1 and MMP-8 preferentially 
cleave collagen type III and I, respectively (17). Especially, MMP-8 seems an 
attractive candidate for modification of PC fibrosis since it is able to ameliorate 
experimental rat liver fibrosis (18). Insertion of the MMP-8 gene behind one of 
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the late promoters can be used to produce this protease in cancers upon viral 
replication which than will resolve collagens hindering viral spread. A potential 
risk of this approach seems that a protease may increase cancer metastasis. 
However, since MMP-8 expression does not seem to correlate with tumor size 
and differentiation nor with patient survival the risk for this protease seems limited 
(19-21). Cheng et al constructed an Ad-MMP8 to enhance lateral spread of the 
virus and performed co-infection with a wildtype , thus replication competent, 
Adenovirus in a PC mouse model (22). Indeed, intra-tumoral injection of Ad-MMP8 
in combination with wildtype virus reduced tumor growth and reduced presence 
of collagen especially in the necrotic areas where Adenovirus replication localized. 
Hence, it seems certainly a promising approach to arm a CRAd with the MMP-8 
gene in order to improve viral spreading and oncolytic potency in PC. 

In addition to such physical barriers an as yet underestimated characteristic 
of Adenovirus seems to complicate its efficient spreading capacity.  A striking 
observation during the Ad life cycle is that after completion of production of novel 
virus particles, cells produce large amounts of fiber molecules for secretion. This 
has been suggested to be important for proper virus assembly or re-infection. 
A recent study determined the impact of Ad type 5 fiber protein secretion on 
virus propagation efficacy. This revealed that these fibers bind and mask CAR on 
neighboring non-infected bystander cells, thereby preventing local re-uptake and 
propagation of the virus (23). This mechanism, which also applies to CD46 binding 
Adenoviruses, would explain why Adenovirus fails to completely eradicate tumors 
despite ongoing viral replication. From the evolutionary standpoint this feature 
serves Adenovirus to escape from the initial infection site to other tissues and to 
allow its shedding into the environment so as to re-infect the next host . 

In addition to lateral spreading through the tumor environment, expression 
of CAR and alternative receptors on target cells are the next major determinants 
of efficient gene delivery. At the start of this project our group showed that the 
expression of CAR was low on several human pancreatic cancer cell lines. This led 
to the conclusion that alternative cellular receptors such as integrins and EGFR 
should be targeted to obtain efficient transduction of pancreatic cancer (24). With 
the current knowledge we can now state that this conclusion was drawn too easily. 
In chapter 3 we show that PC, especially moderately and well differentiated tumors, 
express high levels of CAR. This is in line with the findings of others who found 
reduction of CAR expression in poorly differentiated PC only (25). Since poor 
differentiation relates to poor survival for this patient group advanced therapies 
such as adenoviral gene therapy using an infectivity enhanced vectors seems the 
only option. The presence of CAR suggests that for well differentiated tumors an 
Adenoviral vector with its native tropism may be effective. The majority of our 
specimens however showed a mixed staining pattern indicating a heterogeneous 
expression pattern not only of CAR but also of the alternative cellular receptor 
EphA2. Hence, these observations point out that a vector that can use both 
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CAR and an alternative receptor for cell entry may be capable to transduce the 
different cancer cells present in a tumor with sufficient efficiency. This indicates 
that for intratumoral applications introduction of a small targeting peptide in the 
HI-loop, that binds to an alternative cellular receptor, but does not interfere with 
CAR binding seems the better option.  

In this thesis we identified the EphA2 receptor as a potential cellular receptor 
for tumor specific entry of Adeno vectors and subsequently focused on further 
development of this targeting strategy. When compared to normal pancreas 
tissue, pancreatic cancer cells and lymph node metastases express high levels 
of this receptor (26-28). EphA2 is a membranous receptor tyrosine kinase that 
is involved in regulation of cell growth, survival, angiogenesis, and migration. 
Various cancers over express EphA2 and higher expression levels associate with 
aggressive growth characteristics and poor clinical outcome. The role of EphA2 
in carcinogenesis and tumor progression however is controversial since it seems 
to be involved both in tumor progression and in silencing. EphA2 is present in 
high amounts in tumor cells in a non–tyrosine-phosphorylated state and localizes 
to the membrane at the leading edge of invasive cancer cells.  Interestingly, upon 
activation by ephrinA1, EphA2 induces signaling events that are more consistent 
with tumor suppressor functions (29). The ambivalent function of EphA2 was 
recently elucidated (30). In the absence of its ligand EphA2 is a substrate for 
the cancer promoting protein Akt, which is an oncogenic signaling molecule. 
EphA2 (serine) phosphorylation leads to a proliferative phenotype including cell 
polarization and migration. The ephrinA1 ligand stimulates phosphorylation of 
EphA2 at the tyrosine residues and dephosphorylation of the serine residue. 
Upon this change in phosphorylation EphA2 becomes a negative regulator of 
Akt and thus impairs the invasive phenotype of the tumor. Likewise, activation of 
EphA2 with a monoclonal antibody also inhibits malignant behavior (31). Initial 
studies pointed out that EphA2 signaling resulted in a p53-dependent induction 
of apoptosis but recently it was demonstrated that this receptor is capable of 
inducing p53-independent apoptosis (32). Binding of the peptide YSA also results 
in activation of EphA2 and causes tyrosine phosphorylation leading to signaling 
that impairs aggressive behavior (33). Therefore it is tempting to speculate about 
the potential of our retargeted Ad-YSA to activate this receptor since this could 
evoke pro apoptic signals shortly after cell entry of the Adenoviral vector. It would 
therefore be of interest to examine whether the YSA peptide augments oncolytic 
potency of a CRAd. 

In addition to its role in cancer cells, EphA2 also plays a critical role in the 
process of tumor angiogenesis. In tumor xenografts EphA2 was present on 
the endothelium of tumor blood vessels where it seems to function as a pro-
angiogenic protein (34). This renders EphA2 an even more attractive target for 
novel anticancer therapies since targeting it may also have anti-angiogenesis 
effects. Furthermore, the presence of EphA2 on tumor vasculature may also result 
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in binding of YSA targeted Ad vector upon systemic administration and in that 
way targets this vector to the tumor. 

We performed some EphA2 stainings as described in chapter 3. In normal 
pancreatic tissue several cell types expressed EphA2 including islets of Langerhans, 
exocrine- and ductal cells, fibroblasts, nerve- and muscles cells. The EphA2 
expression varied between cancer specimens with a predominant cytoplasmic 
staining. In some cancers a membranous staining was seen. In our study we did 
not specifically focus on differences in expression levels between non-malignant en 
malignant tissue. However, we were not able to find a clear relationship between 
expression of EphA2 and Ad-YSA targeting efficacy. Most probably this lack of 
correlation is due to heterogeneity within tumor specimens. The cytoplasmic staining 
was unexpected since it functions as a receptor. However, a similar expression 
pattern was reported by others (35). This cytoplasmic expression may also explain 
the lack of tumor specificity. It may be that the form expressed in these cancer cells 
indeed remains cytoplasmic and therefore may not be accessible for binding YSA. 
Since the available immunohistochemical stainings do not discriminate between 
the two phosphorylation (activation) states, it maybe that one of these localizes to 
the cytoplasm, explaining the staining in cancer cells. In any case, the outcome of 
our ex vivo targeting experiments with Ad-YSA does reveal a higher affinity for PC, 
which does suggests an increased presence of the accessible EphA2 form. Because 
there is no PC specific tumor marker available for co localization experiments, we 
were not able to determine exactly which specific cell types were transduced in 
our ex-vivo studies. Therefore our data do not conclusively answer the question 
whether EphA2 is a truly tumor specific antigen.

To study the interaction between Ad-YSA and EphA2 and to evaluate if this 
vector targets PC in vivo we performed a mouse study. To determine to what 
extent Ad-YSA targets to normal tissue including pancreas and to a human 
PC cancer we administered Ad-YSA systemically to nu/nu mice with a human 
PC tumor growing subcutaneously. To reduce liver tropism we chose to use a 
vector in which the native Ad binding sites were ablated. Chapter 4 describes 
the development of this doubly-ablated EphA2 retargeted vector (Ad/ΔF(FG)ΔP-
YSA). We demonstrated that the YSA peptide was able to redirect Adenovirus 
from CAR to EphA2 and to transduce PC cells in vitro. Since we have already 
demonstrated that the cell entry of Ad YSA is mediated via the YSA peptide, it 
seems that EphA2 mediated the cell entry of Ad/ΔF(FG)ΔP-YSA. Because the 
YSA peptide is internalized upon binding, it seems possible that Ad-YSA may not 
be dependent on integrin binding for cell entry as is the case for wt Adenovirus 
(33). This may especially be relevant for doubly ablated vectors that lack the most 
prominent native integrin binding site. 

One of the hurdles in systemic application of Adenoviral vectors to treat cancer 
is their liver tropism. Upon systemic administration a large part of injected dose is 
rapidly cleared by hepatic Kuppfer cells exerting an inflammatory reaction that may 
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even be fatal. Therefore, detargeting from the liver and making Ad only available 
for tumor transduction seems very relevant. Several methods have been tried 
including ablation of the CAR and integrin binding sites. Although this did lower 
liver transduction to some degree not all deletion mutants were effective and liver 
detargeting did not occur in all animal models (36). Apparently other binding sites 
are used upon ablation of the most prominent ones. A recent study indicated that 
blood factor X binds Adenovirus and allows it to transduce hepatocytes (37;38). 
Elimination of the Factor IX binding site had a major impact on the tropism of 
Adeno for hepatocytes and reduced liver uptake (38). At higher vector doses 
however other native receptors such as heparan sulphate proteoglycans can 
mediate low affinity uptake by hepatocytes (39). This underscores the need to 
ablate several native Adeno binding regions for effective liver detargeting. 

Our results using a double ablated retargeted vector, injected intravenously 
or injected in the peritoneum, did not result in significant liver detargeting. This 
was not entirely unexpected since our doubly ablated vector originates from the 
first generation ablated viruses that only display a small reduction in their affinity 
for the liver. The Ad-/ΔF(FG)ΔP-YSA displayed a lower transduction of the liver 
while transduction of subcutaneous PC xenografts was comparable to that of 
the doubly ablated control virus. Due to the large spread in transduction levels 
between individual animals, however, no significant increase in tumor/liver ration 
was seen for this retargeted vector.  

To our surprise the doubly ablated vector was still capable of transducing 
the CAR negative Capan cell xenografts in this model. This suggests that other 
receptors, such as proteoglycans that are known to be present in PC, seem 
able to mediate vector uptake (40). Recent in vivo studies revealed that tumor 
transduction by Adenovirus also depends on vitamin K dependent coagulation 
factors (41). Treatment with warfarin to block these factors completely inhibited 
tumor transduction. In vivo, warfarin treatment also reduced transduction of 
liver and spleen (42). This suggests that these factors  are major determinants 
of adenoviral entry in normal and in tumor cells in vivo. Incorporation of the 
RGD peptide into the HI loop was not able to rescue tumor transduction via 
integrins. This again suggests that blood factors primarily dictate liver and tumor 
transduction, which renders the role of the fiber knob less important. In the near 
future vectors will be generated with mutations in the hexon region that do 
abolish binding to blood factors. Although this will prevent liver transduction it 
will also affect tumor cell transduction, necessitating the presence of a high affinity 
peptide ligand or single chain antibody to compensate for cell entry mediated by 
binding to blood factors.

Our high affinity peptide ligand YSA however did not result in increased 
targeting to PC in vivo when compared to the doubly ablated virus. As seen 
with the RGD virus, this may be due to the binding of blood factors that dictate 
biodistribution and tumor cell entry. Alternatively, Ad-/ΔF(FG)ΔP-YSA may have 
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been trapped in the tumor microenvironment or in the liver sinusoids and was 
subject to degradation. Also, EphA2 receptors may not be accessible in vivo. 
Our data therefore do not provide an answer to the questions raised about tumor 
specificity of the EphA2 receptor. The transduction data of the organs suggests 
that the YSA peptide does not have a major impact on adenovirus biodistribution. 
The total amount of transduction however does seem reduced when compared 
to the doubly ablated vector. This is rather unexpected and suggests that 
insertion of this peptide results in increased uptake and degradation of the vector 
by macrophages, or in increased clearance of particles by Kuppfer cells in the 
liver or, alternatively, YSA was not able to target any tissue at all. In conclusion, 
chapter 4 leaves several questions unanswered and but does show that PC tumors 
are certainly not refractory to adenovirus infection, not even to doubly ablated 
vector, upon intravenous administration. A human study, in which intravenous 
administration of Ad-p53 (Advexin) in patients with advanced cancer led to 
transduction of tumor lesions in 86% of patients, seems to support our findings 
(43). Most likely virus propagation rather than initial tumor cell transduction is the 
rate limiting step in CRAd cancer gene therapy. 

The aforementioned chapters have described several limitations of Adenovirus 
vectors for efficient propagation in tumor environment. To overcome these hurdles 
several steps of genetic engineering need to be performed including ablation of 
several binding sites and expanding tropism, which may eventually result in a 
highly truncated virus that has disturbed oncolytic potency. Therefore Adenovirus 
subtypes with natural tropism for tumor cells may be much more useful for PC gene 
therapy. In chapter 5 we describe the development of vectors with fiber chimera 
carrying fiber knobs from subgroup B. We show that Ad5.fib16 and Ad5.fib50 have 
excellent tropism for PC compared to normal human pancreas and hepatocytes, 
suggesting a favourable “tumor on/liver off” phenotype in vitro and ex vivo. In 
order to evaluate the potency of these fiber chimera, in vivo studies need to be 
initiated using replication competent Ad5.fib16 to infect PC xenografts. Ad16 
almost exclusively utilizes CD46 as a cellular receptor (44). Since this receptor is 
upregulated on various tumors including PC it seems an attractive target. We did 
however not examine whether every single tumor cell expresses CD46. If non-
permissive CD46 negative cells prevail, it may be an option to alter tropism of a 
subgroup B virus. Matsui et al (45) showed that the fiber knob of Ad35 subgroup 
B virus is permissive for incorporation of a foreign peptide into the HI loop. This 
approach has been used in vivo as well (46). Subgroup B viruses display features, 
such as lower seroprevalence and liver tropism, that make them outperform their 
subgroup C (Ad5) family members. In addition, the utilization of serotypes with 
natural tropism for human cancers would safe elaborate genetic engineering 
to alter tropism of other serotypes. In case of uniform CD46 expression in and 
among PC and proven infectivity enhancement in vivo, Ad5.fib16 would be the 
vector of choice compared to Ad-YSA.  
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Pancreatic cancer continues to have a bad prognosis requiring novel 
interventions. It is ironic to note that during the preparation of this thesis, instead 
of a novel virus, a 13 year old virus inhibitor nelfinavir (in combination with 
chemoradiotherapy) surprisingly induced several partial responses, which made 
the patients eligible for surgical resection (47).

The concept of infectivity enhancement of Adenoviral vectors will need 
to prove itself in upcoming clinical trials utilizing intratumoral administered 
RGDCOX2CRAdF and 5/3COX2CRAdF for PC. In case of proven safety, one or both 
agents will likely be combined with surgical resection, followed by perioperative 
virus administration in the tumor region, and concurrent chemoradiotherapy 
given its reported synergistic anti tumor effects (48;49). Metastases are likely 
to be approached by intratumoral injection and if not feasible, via intra-arterial 
administration (50). Eventually the best intervention for PC will consist of 
multimodality treatment. 
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SUMMARY AND CONCLUSIONS

Patients suffering from pancreatic cancer have a poor prognosis. Particularly due 
to late discovery of disease, 5 years after diagnosis only 5% of the patients is still 
alive. Surgical resection of the tumor is the only chance of survival but is only 
available for 20% of pancreatic cancer patients. Resection of the tumor including 
duodenum and part of the biliary system (pancreaticoduodenectomy, Whipple’s 
operation) is not a guarantee for survival. The 5 year survival after this operation 
is 15 tot 20%. For patients that are not eligible for surgical resection palliative 
chemotherapy is available, but gemcitabine only offers relieve of complaints. The 
effect on survival is subject to discussion but probably is minimal. In order to treat 
the majority of pancreatic cancer patients more effectively new therapies such as 
gene therapy are being developed. 

Aggressive forms of gene therapy such as virotherapy are promising. 
Virotherapy makes use of the lytic life cycle of virus. Following infection virus 
particles use the host cell machinery to amplify. After replication the cell lyses 
thereby releasing an amplified amount of virus particles. These are able to infect 
neighboring cells and start a new lytic cycle. Oncolytic viruses replicate efficiently 
in tumor cells while their replication is blocked or at least strongly impaired in 
normal cells. Theoretically the replication of an oncolytic virus in a tumor will 
continue until total eradication of all malignant cells. 

Human Adenovirus (Ad) is a frequently used virus for virotherapy. Initially wt 
virus, that is able to replicate in normal cells, was used. To increase safety and 
specificity genetic engineering of the genome was applied to generate virus with 
tumor specific  replication, called conditionally replicating Adenoviral vectors 
(CRAds). Onyx-015 and delta24 are the most prominent CRAds generated. 
These were designed to replicate specifically in tumors harboring mutations in 
the p53 and retinoblastoma tumor-suppressor-proteins, respectively. Defects in 
these genes are present in the majority in human cancers including pancreatic 
cancer. Both Onyx-015 and delta24 proved to be effective in killing pancreatic 
cancer cells in pre-clinical in vitro and in vivo models. However the results of 
two clinical trials in which pancreatic cancer patients were treated with Onyx-015 
were disappointing. No virus replication or cell death was observed following 
intratumoral injection. Additional studies proposed this resulted from low 
expression of the primary cellular receptor for Adenovirus, the Coxsackie- and 
Adenovirus receptor. Low expression would complicate transduction and thus 
hamper the replication and spread in the tumor rendering it refractory to Ad. 
One possibility to circumvent this problem is the usage of alternative cellular 
receptors on tumor cells. Retargeting CRAd to receptors such as integrins, which 
are expressed at high levels on cancer cells, enhances tumor cell transduction. 

Integrins are internalizing membrane proteins that, after Ad binds to CAR, 
mediate virus uptake into the cell. The RGD motif that localizes to the hexon 
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protein of Ad is crucial for its binding to integrins. By incorporating the RGD 
peptide in the protruding fiber knob of Ad, Ad-RGD binds directly to integrins 
resulting in CAR-independent infection of tumor cells. Since these proteins are 
also present on non-malignant cells, targeting them will not be tumor specific 
enough. For this reason several research groups endeavor targeting tumor specific 
antigens to enhance transduction specificity. 

In this study we aimed to develop an Adenoviral vector that targets pancreatic 
cancer-specific antigens. In addition we aimed to develop a new model that 
better predicts the clinical activity of the novel recombinant Ad than current pre-
clinical models. 

Chapter 2 describes the development of an ex vivo system to evaluate 
the efficacy of recombinant Ad in primary human pancreatic tumors.  A tissue 
slicer was used to process freshly isolated pancreatic cancer specimens to 
‘tissue slices’. In this model tumor tissue architecture is preserved in its native 
state, including vasculature and extracellular matrix components. This type of 
culture has obvious benefits because these features can not be easily modeled. 
Therefore it is expected to more reliably predict clinical efficacy of Ad vectors 
compared to existing preclinical models.  Using this slicer also allowed culturing 
of freshly obtained normal human pancreas tissue slices that served for control 
experiments. Pancreatic tissue slices could be cultured for up to 3 days with 
preservation of viability and morphology. This period is sufficiently long for 
performing transduction experiments with several viral vectors. To correct for 
slice viability and size, co-infections with a second reporter virus were performed. 
Immunohistochemical analysis following transduction of tissue slices revealed that 
only the peripheral cell layers were transduced by Ad. This finding clearly points 
out to the presence of physical barriers in tissues that will limit virus penetration in 
tumors, such as extracellular matrix components. The tissue slice system proved 
to be a good method to process minimal amounts of fresh pancreatic tissue to 
perform ex vivo transduction experiments. 

Chapter 3 describes the selection of several pancreatic cancer specific antigens 
(EphA2, Thomsen Friedenreich antigen, neurotensin receptor, VEGFR-II) as 
potential alternative cellular receptors for targeting with recombinant Ad vectors. 
Genetic engineering was applied to incorporate peptide ligands for each of these 
receptors into the fiber knob of Ad. The capability to transduce pancreatic cancer 
cells via the aforementioned antigens was determined for all targeted vectors, 
Ad-YSA/SWL, Ad-p30, Ad-NT, Ad-K237 respectively. Of these candidates Ad-p30 
could not be produced most likely because of interference of the p-30 peptide 
with fiber knob trimerization. Ad-NT could be grown to high titers but did not 
target the neurotensin receptor. Ad-K237, targeted to the VEGFR-II, infects 
pancreatic cancer cell lines 4 to 5-fold more efficient than wildtype virus. Two 
different ligands, YSA and SWL, were used to target the EphA2 receptor with 
high affinity. Ad-YSA enhanced pancreatic cancer cell transduction 7 to 20 fold 
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while EhpA2 negative fibroblasts were not infected. This points out the tumor 
specific transduction by Ad-YSA. The transduction of Ad-SWL appeared less 
specific. Based on these experiments we selected Ad-YSA for targeting pancreatic 
cancer slices in our ex vivo system. Transduction studies in slices obtained from 
12 patients revealed that compared to wt virus, Ad-YSA transduces pancreatic 
cancer 4.1 fold more efficient. The targeting efficacy however varied extensively 
between specimens. Most likely this is due to heterogeneous expression of CAR 
and EphA2 in tumor tissues. This research revealed that pancreatic cancers do 
express CAR and therefore suggests that alternative factors such as extracellular 
matrix components are critical determinants of effective tumor transduction. 
We detected the EphA2 receptor both on cancer cells and non-malignant cells. 
However, these immunohistochemical studies did not discriminate between the 
activated, present in cancer, and the non-activated form of EphA2. From the 
effects seen on transduction we could conclude that the novel recombinant 
Ad-YSA does target pancreatic cancer via the EphA2 receptor. In addition to 
decreased CAR expression more factors influence the efficacy of adenoviral gene 
therapy for pancreatic cancer. The incorporation of a receptor-binding peptide 
into the fiber knob therefore is only one of the solutions for more efficacious tumor 
transduction and will have to be accompanied with additional virus modifications. 
Because of the presence of EphA2 receptor on various malignant tumors and 
tumor endothelium, the Ad-YSA vector seems to be a good candidate to target 
pancreatic cancer and other malignancies. 

In chapter 4 we describe the in vivo distribution profile of Ad-YSA and its 
potency to target pancreatic cancer in vivo. In addition to incorporating YSA into 
the fiber knob both native receptor binding domains of our vector were ablated. 
Presence of these in Ad-YSA allowed entry of this vector via CAR and integrins. In 
vitro transduction of pancreatic cancer cells by the resulting doubly ablated and 
retargeted virus Ad-/ΔF(FG)ΔP-YSA was 4,5 to 7.6 fold increased compared to the 
non targeted vector. Synthetic YSA peptide inhibited this increased transduction 
pointing out to EphA2-mediated cell entry of this vector. Subsequently, 
we administered Ad-/ΔF(FG)ΔP-YSA intravenously and intraperitoneally to 
immunodeficient mice on which subcutaneous human pancreatic cancers were 
grown. Incorporation of the YSA peptide did not target healthy tissues. Compared 
to the control virus (Ad-/ΔF(FG)ΔP) only 15% of reporter protein production in 
the liver was found upon Ad-/ΔF(FG)ΔP-YSA infection. This suggests increased 
degradation of Ad-/ΔF(FG)ΔP-YSA. Possibly, ablation of native binding sites in 
combination with the incorporation of the YSA peptide resulted in higher uptake 
and degradation by macrophages. This may have occurred via a specific uptake 
of virus particles. Anyhow, Ad-/ΔF(FG)ΔP-YSA did not target pancreatic cancer 
in vivo. The ablated Ad-/ΔF(FG)ΔP, however, was able to transduce pancreatic 
cancer in vivo, which suggests CAR and/or integrin-independent uptake. Possibly, 
heparan sulphate proteoglycans or binding to blood factors mediate its tumor 



166 ADDENDUM

transduction. From this study we conclude that Ad-YSA does not target healthy 
tissues but that for better tumor transduction additional capsid modifications 
need to be implemented. 

Chapter 5 describes an alternative method to target pancreatic cancer. We 
developed fiber chimeras by replacing the fibers of Ad type 5 for those of other 
Ad serotypes. A library screen using Ad vectors based on Ad5 and carrying 
fiber molecules from 16 other serotypes revealed that Adenoviruses containing 
fibers from serotype 16 and 50 showed increased gene transfer in pancreatic 
cancer cells. We proceeded with these two chimeras and implemented them in a 
gene-directed prodrug activation system using cytosine deaminase. This showed 
both were effective in eradicating primary pancreatic tumor cells. Subsequently 
transduction efficacy of primary pancreatic cancer by Ad-5/16 was evaluated in our 
novel ex-vivo model system. Analogous to the in vitro experiments, the studies 
with tissue slices revealed enhanced transduction of pancreatic cancer, while 
infection of normal pancreatic tissue and human hepatocytes was diminished. 
As seen with Ad-YSA previously, the transduction efficacies in tissue slices were 
lower compared to those in cultured cells in vitro. In conclusion, we advocate 
that Ad-5/16 is a promising vector to target pancreatic cancer specifically while 
leaving normal tissue unharmed. 
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SAMENVATTING EN CONCLUSIES

Patiënten met het pancreascarcinoom hebben een sombere prognose. Met name 
vanwege late ontdekking van de tumor is vijf jaar na het stellen van de diagnose  
nog maar 5% van de mensen in leven. Resectie van de tumor is de enige kans 
op overleving maar is slechts mogelijk voor 20% van de patiënten. Verwijdering 
van de tumor, met meenemen van het duodenum en een deel van de galwegen 
(pancreaticoduodenectomie, “Whipple operatie”) biedt geen garantie voor 
genezing. De 5-jaars overleving na een operatie is 15 tot 20%. Patiënten die 
niet in aanmerking komen voor een operatie kunnen palliatief worden behandeld 
met gemcitabine. Dit chemotherapeuticum geeft voornamelijk verlichting van 
klachten. Het effect op overleving is discutabel en zeer waarschijnlijk minimaal. 
Om het merendeel van de patiënten met pancreascarcinoom beter te kunnen 
behandelen worden nieuwe therapieën ontwikkeld zoals gentherapie.   

Met name agressieve vormen van gentherapie zoals virotherapie zijn 
veelbelovend. Bij virotherapie wordt gebruik gemaakt van virussen met een 
zogenaamde lytische cyclus. Na infectie vermeerderen deze virussen zich in de 
gastheercel, waarna de nieuw gevormde virus deeltjes vrijkomen door lysis van 
de gastheercel. Deze kunnen dan naburige cellen infecteren waarna een nieuwe 
cyclus start. Een oncolytisch virus repliceert wel in tumorcellen maar niet of 
minder goed in normale cellen. In theorie zou de replicatie van een oncolytisch 
virus doorgaan totdat alle tumorcellen gelyseerd zijn en de  complete tumor 
verdwenen is. 

Een veel gebruikt virus voor virotherapie is het humane Adenovirus. 
Adenovirus kan echter ook repliceren in normaal weefsel wat schadelijk kan zijn. 
Om de kans op ongewenste neven effecten te verkleinen zijn er door middel 
genetische modificatie Adeno vectoren ontwikkeld waarvan de replicatie tumor 
specifiek is. Bekende voorbeelden van dergelijke zogenaamde Conditioneel 
Replicerende Adenovirussen (CRAds) zijn Onyx-015 en delta24. Deze CRAds 
zouden alleen kunnen repliceren in cellen met respectievelijk een gemuteerd 
p53- of retinoblastoma tumor-suppressor-eiwit, defecten die voorkomen in 
het overgrote deel van de maligniteiten waaronder ook pancreastumoren. 
Dergelijke CRAds bleken effectief in pre-klinische in vitro en in vivo modellen 
voor pancreas tumoren. Echter de resultaten van twee klinische studies waarbij 
pancreascarcinoom werd behandeld met Onyx-015, waren ronduit teleurstellend. 
Na intra-tumorale injectie werd nauwelijks virusreplicatie of celdood aangetoond. 
Additionele studies suggereerden dat dit gedeeltelijk het gevolg is van verlaagde 
expressie van de cellulaire receptor voor adenovirus, de coxsackie adeno-recoptor 
(CAR), op tumorcellen. Als gevolg hiervan zijn tumorcellen relatief refractair voor 
adenovirus infectie hetgeen efficiënte replicatie en verspreiding van vector door 
de tumor bemoeilijkt. Een mogelijkheid om dit obstakel te omzeilen is gebruik 
te maken van alternatieve cellulaire receptoren op tumorcellen. Door de CRAd 
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te retargeten naar receptoren, zoals integrines, die hoog tot expressie komen op 
tumorcellen kan transductie van de  tumorcel verhoogd worden.

Integrines zijn internaliserende membraaneiwitten die, nadat adenovirus 
aan CAR heeft gebonden, zorgen voor de opname van viruspartikels in de cel. 
Het RGD-peptide motief op het hexon-eiwit van adenovirus is cruciaal voor de 
binding aan integrines. Door een RGD peptide in te bouwen in de prolaberende 
fiberknop kan het adenovirus-RGD direct binden aan de integrines. Hierdoor wordt 
de infectie van deze Adenovector onafhankelijk van de aanwezigheid van CAR 
op de tumorcellen. Omdat deze integrines ook op normale cellen tot expressie 
komen zijn deze Adenovirus-RGD vectoren mogelijk niet tumorspecifiek genoeg. 
Daarom proberen verschillende onderzoeksgroepen Adenovirale vectoren te 
ontwikkelen die instaat zijn via andere, meer tumorspecifieke, receptoren de cel 
te infecteren met als uiteindelijk doel de tumorcel transductie te verhogen en die 
van niet-maligne cellen te verlagen. 

Het doel van ons onderzoek is het ontwikkelen van een adenovirale vector die 
pancreastumor cellen kan infecteren via een voor deze tumor specifiek antigeen. 
Ten tweede wordt nagestreefd een nieuw model te ontwikkelen dat beter dan de 
tot nu toe gebruikte modellen de klinische effectiviteit van nieuwe recombinante 
adenovirale vectoren kan voorspellen. 

Hoofdstuk 2 beschrijft de ontwikkeling van een ex vivo systeem om de 
effectiviteit van recombinant adenovirale vectoren te testen op primaire humane 
pancreastumoren. Met behulp van een “tissue slicer” werd pancreastumor 
resectie materiaal verwerkt tot dunne weefsel schijfjes. In dit model blijft de 
oorspronkelijke weefsel structuur van de tumoren behouden, inclusief aanwezige 
bloedvaten en extracellulaire matrix. Omdat dergelijke structuren in andere 
modellen verloren gaan zijn de voordelen van dit systeem onmiskenbaar. Ook 
normaal pancreasweefsel kon met deze methode in kweek worden gebracht 
en kon zo worden gebruikt als controle materiaal. Er werd aangetoond dat 
pancreasweefsel ex vivo gedurende 3 dagen in leven kon worden gehouden 
met behoud van viabiliteit en weefselstructuur. Deze periode is voldoende lang 
voor transductie experimenten met verscheidene virale vectoren. Om te kunnen 
corrigeren voor verschillen in grootte en viabiliteit tussen de slices werd gebruik 
gemaakt van co-infectie met een tweede reporter virus. Immunohistochemische 
analyse van getransduceerde tissue slices toonde dat alleen de perifere cellagen 
werden geïnfecteerd door adenovirus. Deze bevinding geeft al duidelijk aan 
dat de penetratie van virus in intact (tumor)weefsel zeer beperkt is o.a. door de 
aanwezigheid van extracellulaire matrix. Het tissue slice systeem bleek een goede 
methode te zijn om met minimale hoeveelheden vers pancreas(tumor)weefsel  ex 
vivo transductie experimenten te kunnen uitvoeren. 

Hoofdstuk 3 beschrijft de selectie van verschillende pancreastumor specifieke 
receptoren (EphA2, Thomsen Friedenreich antigeen, neurotensine receptor, 
VEGFR-II) met als doel adenovirale vectoren te ontwikkelen die via deze 
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receptoren specifiek deze tumoren infecteren. Hiervoor werden door middel van 
genetische modificatie in de Adenofiber knob peptiden ingebouwd die specifiek 
binden aan de verschillende receptoren. Uiteindelijk werden zo 5 verschillende 
vectoren gemaakt, respectievelijk Ad-YSA/SWL, Ad-p30, Ad-NT, Ad-K237. Het 
bleek niet mogelijk Ad-p30 op te groeien, hoogstwaarschijnlijk interfereerde het 
p30 peptide met fiber trimerisatie. Van de andere vectoren werd onderzocht of ze 
inderdaad pancreastumorcellen via de getargete receptor infecteerden. Ad-NT 
bleek de cellen niet via de geselecteerde neurotensine receptor te infecteren. 
De vector die cellen via de VEGFR-II zou infecteren, Ad-K237, bleek vergeleken 
met het oorspronkelijke virus, 4- tot 5-maal efficiënter in het transduceren van 
pancreastumor cellijnen. De ephrineA2 receptor kon met hoge affiniteit worden 
getarget met Ad-YSA en Ad-SWL. Ad-YSA verhoogde pancreastumorcel 
transductie met een factor 7 tot 20. EphA2-negatieve fibroblasten waren refractair 
voor Ad-YSA hetgeen tumor specificteit bevestigde. De specificiteit van Ad-SWL 
bleek minder. Op basis hiervan leek Ad-YSA het meest selectief voor pancreas 
tumoren en werd het geselecteerd voor vervolg onderzoek in het door ons 
ontwikkelde ex-vivo tissue slice systeem. Experimenten met 12 pancreastumoren 
leerde dat inbouw van het YSA peptide de transductie van pancreastumoren 
verhoogde met een factor 4,1. De verschillen in transductie efficiëntie tussen 
de verschillende tumoren waren echter groot. Meest waarschijnlijk is dit het 
gevolg van de heterogene expressie van de receptoren in tumorweefsel. Uit 
dit onderzoek bleek ook dat dergelijke pancreastumoren wel degelijk CAR tot 
expressie brengen. Dit suggereert dat andere factoren, zoals de aanwezigheid 
van alternatieve virus receptoren, extracellulaire matrix, en virusverspreiding 
door de tumor, kritische determinanten zijn van efficiënte tumor transductie. 
De EphA2 receptor, die op tumor endotheel en verscheidene agressieve 
maligniteiten verhoogd tot expressie komt, werd in pancreasweefsel aangetoond 
op tumorcellen, maar ook op niet-tumorcellen. In onze studies konden we echter 
geen onderscheid maken tussen de inactieve en de geactiveerde receptor. Op 
basis van deze transductiestudies komen wij tot de conclusie dat de nieuwe 
recombinant virale vector Ad-YSA pancreascarcinoom kan infecteren via de 
EphA2 receptor. Naast de verlaagde CAR expressie lijken er echter meer factoren 
te zijn die de efficiëntie van de adenovirale gentherapie voor pancreascarcinoom 
bemoeilijken. Het tot expressie brengen van een receptor-bindend peptide in de 
fiber knop is dus slechts een stap in de goede richting en zal gepaard moeten 
gaan met aanvullende virusmodificaties. Vanwege de aanwezigheid van de EphA2 
receptor op tumor cellen en tumor endotheel lijkt deze Ad-YSA vector een goede 
kandidaat om naast pancreascarcinoom andere maligniteiten te behandelen. 

In hoofdstuk 4 wordt het in vivo biodistributieprofiel van Ad-YSA en de 
potentie om in vivo pancreascarcinoom te targeten beschreven. Omdat Ad-YSA 
nog de natieve bindingsplaatsen heeft en dus ook in staat is te binden aan CAR 
en integrines, werd gekozen om deze natieve bindingsplaatsen te ablateren. In 
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vitro studies lieten zien dat de transductie van pancreascarcinoom cellijnen door 
deze geablateerde en geretargete virale vector, Ad-/ΔF(FG)ΔP-YSA, een factor 
4,5 tot 7,6 hoger was dan de geablateerde controle. De verhoogde infectie 
efficiëntie werd geremd door het YSA peptide. Dit geeft aan dat de infectie van 
dit virus inderdaad via de binding van het YSA peptide aan de EphA2 receptor 
verloopt. Vervolgens werd dit virus intraveneus of intraperitoneaal toegediend aan 
immuundeficiente muizen met subcutaan groeiende humane pancreastumoren. 
Inbouw van het YSA peptide resulteerde niet in een verhoogde transductie van 
gezonde weefsels. Vergeleken met het controle virus Ad-/ΔF(FG)ΔP werd slechts 
15% reporter eiwitproductie aangetroffen in de lever. Dit duidt op een toegenomen 
afbraak van Ad-/ΔF(FG)ΔP-YSA. Mogelijk resulteert de ablatie van de natieve 
bindingsplaatsen of expressie van het YSA peptide in een verhoogde opname 
en degradatie door macrofagen. Deze verhoogde afbraak zou dan waarschijnlijk 
verlopen via aspecifieke opname van virus partikels. In ieder geval bleek dat er 
geen verhoogde targeting optrad naar de subcutane pancreastumoren door Ad-/
ΔF(FG)ΔP-YSA. Ook bleek dat het geablateerde virus in staat pancreastumoren 
in vivo te transduceren. Dit suggereert dat adenovirus pancreascarcinoom ook 
kan infecteren via een CAR en integrine onafhankelijke route. In dit geval zou de 
transductie kunnen verlopen via binding aan heparaansulfaat, proteoglycanen, 
eventueel gemedieerd via binding door bloedfactoren. Uit deze studie kan 
geconcludeerd worden dat Ad-YSA geen gezonde weefsels target maar dat voor 
een efficiënte tumor targeting additionele mutaties dienen te worden aangebracht 
in het adenovirus manteleiwit.

Hoofdstuk 5 beschrijft een alternatieve methode om pancreascarcinoom te 
targeten. Hiertoe werden fiber chimeren geproduceerd waarbij de fiber van het 
Adenovirus type 5 op de partikels vervangen werden door de fiber van andere Ad 
serotypen. Screening van de fibers van al deze serotypen in vitro leerde dat de 
fibers van serotype 16 en 50 de transductie van pancreastumorcellen verhogen. 
Deze twee chimeren werden gebruikt om vectoren te ontwikkelen met het  
cytosine deaminase gen pro-drug activatie systeem. Als gevolg van verhoogde 
transductie bleken Ad-5/16 en Ad-5/50 fiberchimeren met cytosine-deaminase na 
toediening van de pro-drug 5-fluoro-cytidine, beter in staat pancreastumorcellen 
efficiënter te eradiceren. Ad-5/ 16 werd vervolgens getest in het ex vivo tissue 
slice systeem. Consistent met de in vitro experimenten werd verhoogde 
transductie waargenomen van pancreascarcinoom, terwijl de infectie van normaal 
pancreasweefsel en leverweefsel door Ad-5/16 minder efficiënt was. Analoog aan 
de ex vivo studies met Ad-YSA bleek de verhoging van transductie eficientie door 
de fibers in de slices lager dan in pancreastumor cellijnen in vitro. Concluderend 
kan worden gesteld dat de Ad-5/16 chimeer een veelbelovende vector lijkt om 
pancreascarcinoom te specifiek te transduceren en normaal weefsel te ontzien. 
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LIST OF ABBREVIATIONS

5-FU  5-fluorouracil 
AAV  Adeno associated vector
AdΔ24  Adenovirus with 24 bp deletion
AdΔF  adenovirus with deletion in FG-loop
AdΔP  adenovirus with deletion in penton base
Ad  Adenovirus
ADP  Adenovirus death protein
CAR  Coxsackie and Adenovirus receptor
CD  cytosine deaminase
Cox-2  Cyclo oxygenase-2
CRAd  Conditionally replicating Adenoviral vector
dsRED  red fluorescent protein
EA1/E1B  adenovirus immediate early gene
ECM  extra cellular matrix
EGFR  epidermal growth factor receptor
EphA2  EphrinA2 receptor
GFP  Green fluorescent protein
HSV  Herpes simplex virus
HSV-TK  Herpes simplex virus thymidine kinase
IPMT  intraductal papillary mucinous tumors
K237  His-Thr-Met peptide
MMP  matrix metallo proteinase
MOI  multiplicity of infection
NT  neurotensin
Onyx-015  Conditionally replicating Adenovirus with dl115 deletion
p-30  His-Gly-Arg peptide
PC  pancreatic cancer
RGD  Arg-Gly-Asp peptide
SWL  Ser-Trp-Leu peptide
TF  Thomsen Friedenreich antigen
VEGF  vascular endothelial cell growth factor
VEGFR-2/KDR  vascular endothelial cell growth factor receptor
YSA  Tyr-Sel-Ala peptide
VP  viral particle
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