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INTRODUCTION 
 
Cancer is the second most common cause of death in the Western world. In the year 
2000, in the Netherlands 69000 cases of cancer were diagnosed, of which 35500 in males 
and 33500 in females. Because 10 percent of the cases were diagnosed in patients 
already known to have some form of cancer, the number of new cancer patients 
approximated 62000. In the same year, 38000 patients died of cancer, which is more than 
25% of the total number of deaths. The most common type of cancer was breast cancer, 
followed by colorectal cancer (13 percent of all cases in both sexes), lung cancer and 
prostate cancer. In this thesis, the main focus will be on colorectal cancer. Approximately 
30% of all patients with colorectal cancer have metastatic disease at diagnosis, and 50% 
of early-stage patients will eventually develop metastatic or advanced disease.  

The paucity of effective agents in the treatment of colorectal cancer in the past 
resulted in extensive investigation of 5-fluorouracil (5-FU) and 5-FU-based combinations. 
This agent has been developed in many different schedules of administration. Modulation 
of 5-FU anticancer effects with leucovorin became one of the standard treatment regimens 
for metastatic colorectal cancer. Additional pharmacological strategies to enhance the 
effectiveness of 5-FU included combination therapy with methotrexate, cisplatin, N-
[phosphonacetyl)-L-aspartic acid (PALA) and interferon. Despite these attempts, no 
survival advantage was established until the development of the newer cytotoxic drugs 
CPT-11 and oxaliplatin.  

Chemotherapy with cytotoxic drugs has demonstrated to be effective in prolonging 
survival and time to disease progression in patients with metastatic colorectal cancer 1. 
Additionally, improvement in convenience of drug administration has been achieved with 
the development of oral fluoropyrimidines for the treatment of metastatic colorectal cancer. 
However, the success of chemotherapy is still limited by several drawbacks, including 
insufficient drug concentrations in the tumor, systemic toxicity, lack of selectivity for tumor 
cells over normal cells, and the appearance of drug-resistant tumor cells. A number of 
strategies have been used to overcome these problems, including alternative formulations, 
resistance modulation, toxicity modifiers and gene therapy.   

Gene therapy involves the insertion of a gene into somatic cells in a way that 
sufficient quantities of the therapeutic gene will be expressed. The basic concept of human 
gene therapy has a history of more than 30 years 2. Since the early days of recombinant 
DNA technology, the introduction of foreign DNA for therapeutic intervention has been a 
major goal and this has led to the development of a variety of gene therapy strategies.  

One promising area for improving tumor selectivity using an gene therapy strategy 
is Gene-Directed Enzyme Prodrug Therapy (GDEPT). GDEPT, also known as suicide 
gene therapy, is a two-step approach. In the first step, a gene encoding a drug-activating 
enzyme is expressed specifically in tumor cells. In the second step, a non-toxic prodrug, a 
substrate of the enzyme that is now expressed in the tumors, is administered to the 
patient. The net gain is that a systemically administered prodrug can be converted to high 
local concentrations of an active anticancer drug in the tumor, resulting in increased 
efficacy of the chemotherapeutic drug while decreasing the side effects of the drug. To be 
successful, both enzymes and prodrugs should meet certain requirements for this 
strategy. The enzyme should be a protein that is only expressed in low concentrations in 
human tissues so that without GDEPT the majority of prodrug is not converted into the 
toxic drug. The protein must achieve sufficient expression in the tumors and have high 
catalytic activity. The prodrug should be a good substrate for the expressed enzyme in 
tumors, but should not be activated by endogenous enzymes in normal human tissues. In 
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case the prodrug-converting enzyme is an intracellular enzyme, the prodrug should be 
able to cross the tumor cell membrane for intracellular activation, and the cytotoxicity 
differential between the prodrug and its corresponding activated drug should be as high as 
possible.  

The disadvantage of this approach is that the prodrug-converting enzyme will not be 
localized throughout a solid tumor mass. Up to date, the transduction efficiency of all 
available vector systems is inadequate. Vector tropism and the high pressure and limited 
blood supply in the central region of a tumor hamper efficient transduction of all tumor 
cells. Therefore, clinically successful GDEPT relies heavily on the so-called bystander 
effect, which will increase the anti-tumor effect. The bystander effect, initially described by 
Moolten et al. 3 can be defined as an extension of the killing effects of the active drug to 
untransfected, neighboring cells.  This implies that even if only a small percentage of the 
target cells are genetically modified and express the therapeutic gene, tumor eradication 
may still be achieved.  The bystander effect is crucial for a successful GDEPT strategy, 
since with the protocols currently adopted in clinical trials, the transfection efficiency is 
unlikely to be greater than 10%. A bystander effect can be achieved via two ways. First of 
all, it might be achieved by diffusion of the active drug to adjacent non-expressing tumor 
cells. Secondly, one can increase the bystander effect by secretion of the prodrug 
converting enzyme from transduced tumor cells, so that the enzyme can penetrate through 
a solid tumor mass. If hereafter the prodrug is administered, it will be activated 
extracellularly throughout the tumor, leading to toxicity to untransduced neighboring cells. 
To prevent leakage of the secreted enzyme into the circulation that could lead to unwanted 
side effects, the secreted enzyme could be targeted to tumor antigens (Figure 1). 
Evidence in animal models suggests that a systemic immune response may also play an 
important role in inducing bystander killing 4. The presence of an intense inflammatory 
infiltrate has been described in regressing tumors of immunocompetent animals treated 
with GDEPT systems 5-9. 

In this Introduction chapter, replication deficient as well as conditionally replication 
competent adenoviral vectors as vehicles to deliver therapeutic genes to tumor cells will 
be discussed. Furthermore, GDEPT with different enzyme prodrug models will be 
discussed, where the focus is on the use of GDEPT with the enzyme carboxylesterase 
(CE) for tumor specific conversion of the prodrug CPT-11 for the treatment of colorectal 
cancer.   
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Figure 1: Schematic presentation of GDEPT with a gene encoding a secreted, tumor targeted 
enzyme. This gene is cloned into an adenoviral vector that is used to infect tumor cells. The 
infected cells will express and secrete the fusion protein. The secreted fusion protein will diffuse 
through the tumor and will bind to antigen expressing neighboring cells. If hereafter the non-toxic 
prodrug is administered, it will be converted to the active drug extracellularly, after which the 
generated drug can further diffuse through a tumor and kill the tumor cells. 

 
 
GENE-DIRECTED ENZYME PRODRUG THERAPY (GDEPT) 
 
GDEPT with thymidine kinase to activate ganciclovir 
Many GDEPT systems have been described in the past decade. The most extensively 
studied enzyme prodrug models are the herpes simplex virus thymidine kinase 
(TK)/Ganciclovir (GCV) and the cytosine deaminase (CD)/5-fluorocytosine (5-FC) 
combinations. GCV is an antiviral drug that is phosphorylated by TK and then by cellular 
kinases to produce GCV triphosphate, which disrupts DNA synthesis during S-phase, 
leading to cell death. In the last 15 years, more than 600 papers have discussed the 
potentiality of TK/GCV for cancer gene therapy. Preclinical studies using adeno- and 
retroviral vectors were performed in many different animal models and successful results 
were reported for established rodent liver metastases 5, murine hepatocellular carcinomas 
9, rodent glioblastomas 10, human head and neck carcinomas 11, human mesotheliomas 12 
and several other tumor types. One of the main drawbacks of this enzyme prodrug model 
is that the highly charged triphosphate is insoluble in lipid membranes. This impairs the 
diffusion of the drug and makes cell-to-cell contacts necessary for bystander killing. 
Nevertheless, preclinical studies showed that tumor regression could be achieved when 
only 10% of the tumor cells expressed TK 5,13. This phenomenon has been proposed to 
result from transfer of activated GCV through gap junctions 14-17 or exchange of apoptotic 
vehicles 13,18. It is likely that a major part of the in vivo bystander killing is mediated by the 
host immune system. TK/GCV treatment resulted in infiltration of CD4+ and CD8+ T-cells 
and macrophages as well as increased expression of cytokines 6,19. An immune-related 
anti-tumor response could also account for the ‘distant bystander effect’. GCV treatment of 
head and neck squamous cell carcinoma xenografts in nude mice resulted not only in the 
eradication of TK expressing tumors, but also in delayed regression of untransduced 
tumors in the contra-lateral flanks 20, which was abrogated in SCID mice. 

Prodrug Drug
Adenoviral vector

Tumor cell

Fusion protein

Tumor antigen



Chapter 1 

 14 

On the basis of many animal studies, the first gene therapy trials using TK/GCV to 
treat ovarian cancer was approved in 1991, and since then several other clinical studies 
have been undertaken. An overview of clinical trials performed with GDEPT is shown in 
table 1. With TK and GCV, gene therapy trials of brain tumors 21-27, metastatic melanoma 28 
and prostate carcinoma 29,30 have been performed. Delivery of the gene has been done by 
injecting TK-containing replication deficient adenoviruses or retroviral vector-producing 
cells. In these phase I clinical trials, only moderate toxic events were reported, which were 
mostly resolved at the termination of the therapy. Moderate therapeutic responses were 
observed in some of the patients. In a phase I/II study for recurrent glioblastoma, injection 
of retroviral producing cells in the surgical cavity margins after tumor debulking followed by 
intravenous GCV resulted in the absence of recurrence in four of 12 patients at four 
months and in one patient at 2.8 years after treatment 26. Relatively poor responses could 
be due to insufficient gene transfer and limited distribution within the tumor mass.  

There are numerous ways of ameliorating treatment efficacy, notably through the 
improvement of gene delivery and a better understanding of the molecular mechanism of 
the bystander effect. Significant benefits could also arise from the introduction of new 
nucleoside analogues with a higher affinity for TK and fewer side effects than GCV 31-34 and 
of TK mutants engineered to increase specificity and activity towards the prodrug 35,36.  
 
 
GDEPT using cytosine deaminase to activate 5-FC 
The system consisting of CD and 5-FC is based on the production of a toxic nucleotide 
analogue. The enzyme CD is found in certain bacteria and fungi, but not in mammalian 
cells, and catalyzes the hydrolytic deamination of cytosine to uracil. It can therefore 
convert the non-toxic prodrug 5-FC into 5-fluorouracil (5-FU), which is then transformed by 
cellular enzymes to potent pyrimidine antimetabolites. 5-FU is widely used in cancer 
chemotherapy and is a drug often given to patients with colorectal cancer. Administration 
of 5-FU causes a lot of side effects and high dose levels are required for tumor response. 
The CD gene used for GDEPT has been cloned from Escherichia coli 37 and has been 
shown in a number of in vitro studies to enhance mammalian cell sensitivity to 5-FC up to 
2000 fold 37,38. In vivo anti-tumor activity has been demonstrated in several animal models, 
including fibrosarcomas 39, carcinomas 40-43, gliomas 44 and metastatic lesions of different 
origin 7,45. One of the main advantages of CD/5-FC enzyme prodrug therapy is that no cell-
to-cell contact is required for the bystander effect, since 5-FU can diffuse in and out cells 
by non-facilitated diffusion. Experiments conducted in vitro demonstrated that 1-30% of 
cells expressing CD could generate sufficient 5-FU to completely inhibit growth of all cells 
41,44. 

A phase I trial involving local injection of a plasmid containing the CD gene, 
regulated by the tumor selective erbB-2 promoter and systemic 5-FC administration in 
breast cancer patients demonstrated the safety of this approach 46. In 11 of 12 patients CD 
expression was demonstrated, whereas in 4 patients tumor regression was observed, 
whereas two of them did not even receive the prodrug.  
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Specific gene expression and prodrug activation offers the possibility of combining 
Gene-Directed Enzyme Prodrug Strategy systems to enhance the antitumor activity of the 
single treatments without increasing systemic toxicity. Delivery of the CD-HSV-TK fusion 
gene followed by GCV and 5-FC treatment sensitized gliosarcoma, mammary carcinoma 
and prostate tumor cells to the prodrugs 59-62. The combination of these two suicide genes 
has also been shown to sensitize the tumor cells to irradiation 61,63. 
  
 
Enzyme prodrug therapy with CE and CPT-11 
A last enzyme prodrug model that will be discussed is the use of the enzyme CE to 
activate the prodrug CPT-11. The prodrug and the prodrug-converting enzyme will each 
be discussed in more detail in the following sections. 
 
 
CPT-11 
CPT-11 (irinotecan or 7-ethyl-10-[4-(1-piperidino)-1-piperidino] carbonyloxycamptothecin) 
is a water-soluble semi-synthetic derivative of the natural alkaloid camptothecin, a 
relatively new anti-neoplastic agent. Camptothecin was originally isolated from the 
Chinese/Tibetan ornamental tree Camptotheca acuminata, commonly known as the 
‘Chinese tree of joy’. CPT-11, of which the molecular structure is shown in figure 2, was 
first discovered and synthesized in Japan in 1983 and is a chemotherapeutic agent that 
causes S-phase-specific cell killing by inhibition of topoisomerase I (topo I) in the cell. 
Topoisomerase I relaxes supercoils of DNA arising during DNA replication and 
transcription and repair recombination 64. The mechanism of action of topo I can be divided 
into several steps. First, the enzyme binds to the double stranded DNA. Subsequently, the 
enzyme cleaves and reseals the phosphodiester backbone of DNA, which allows passage 
of another singe-or double stranded DNA through the nicked DNA. Finally, the cleaved 
DNA strand is ligated for subsequent replication or transcription. CPT-11 act by binding 
non-covalently to the DNA-Topo I cleavable complex and interferes with DNA religation. 
Probably, CPT-11 interacts with both the enzyme and the DNA, resulting in stabilization of 
the cleavable complex and accumulation of single-strand breaks in the DNA. These single 
strand breaks are by themselves not sufficient to cause cell death. However, upon their 
collisions with the advancing replication forks, the formation of a double-strand DNA break 
occurs, leading to irreversible arrest of the replication fork and cell death 65. The collision of 
the complex with the replication fork also results in G2 arrest/delay by signaling the 
presence of DNA damage to an S-phase checkpoint mechanism 66. At higher 
concentrations of CPT-11, non S-phase cells can also be killed. The mechanism of non-S-
phase cell killing appears to be related to transcriptionally mediated DNA damage and 
through apoptosis 67.  

CPT-11 has demonstrated anti-tumor activity in immune deprived animals bearing 
human tumor xenografts and is approved for use in the treatment of metastatic colorectal 
cancer in humans 68-74. Furthermore, CPT-11 is currently being tested for its efficacy in a 
wide range of tumors, including non-small-cell lung cancer, rhabdomyosarcoma and 
neuroblastoma. Initial approval in the United States was as second-line treatment for 
metastatic colorectal cancer 75 and more recently it has been approved for use in 
combination with 5-FU/Leucovorin as a first-line treatment for this disease 76,77. Likewise, 
phase II studies on advanced esophageal and gastric cancer showed encouragingly high 
response rates 78. The major toxicities of CPT-11 in clinical use are myelosuppression and 
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diarrhea. The drug can cause either acute diarrhea or a delayed diarrhea syndrome, which 
is possibly related to the accumulation of the active metabolite of CPT-11 in the bowel 79. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2: Molecular structure of the prodrug CPT-11 that can be converted into the active drug 
SN-38 by the enzyme carboxylesterase 
 

 
CPT-11 is a prodrug since it needs to be activated to the drug SN-38 (7-ethyl-10-

hydroxycamptothecin) by cleavage of the bulky dipiperidino side chain at the carbon 
position 80,81 and this conversion mainly takes place in the liver and the small intestine. 
CPT-11 undergoes extensive hepatic metabolism as shown in figure 3. Two major human 
liver CEs, CE1 and CE2 82 can hydrolyze CPT-11 to generate the active drug SN-38. 
Oxidative metabolism of CPT-11 by cytochrome P450 isoenzymes results in formation of 
two major metabolites, APC (7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-piperidino] 
carbonyloxycamptothecin) and NPC (7-ethyl-10-[4-(1-piperidino)-1-amino] 
carbonyloxycamptothecin) 83,84. In vitro studies have demonstrated that among the 
cytochrome P450 enzymes, only CYP3A4 can oxidize CPT-11 to APC or NPC 85. SN-38 is 
inactivated by glucuronidation to form SN-38 glucuronide (SN-38G). Several uridine 
diphosphate glucuronysyltransferase (UGT) isoforms were studied, and UGT1A1 was 
found to be at least 10 times more active than other isoforms 86. In vitro studies 
demonstrate that NPC as well as APC can be metabolized by CE to produce SN-38 83,87. 
Butyrylcholinesterases can also convert CPT-11 to SN-38, although the exact contribution 
that these enzymes play in drug metabolism remains unclear 88. 
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Although substrate specificity of these isoenzymes is overlapping, they do show substrate 
preference 106. Human CE1 prefers substrates with a smaller alcohol moiety and larger 
acyl substitutes such as meperidine or methylphenidate, whereas CE2 prefers large 
alcohol and small acyl moieties such as CPT-11 or heroin. The N-terminus of nascent CE2 
contains a 19-residue signal peptide that directs the protein to the endoplasmatic reticulum 
107. These amino acids are, however, not present in the mature protein. The four C-terminal 
amino acids HXEL, of which the X can be any amino acid, anchor the protein within the 
endoplasmatic reticulum. Deletion of these amino acids results in secretion of the enzyme 
from the cell. The secreted enzyme is functional, catalyzing the metabolism of both simple 
and complex CE substrates 108.                   
 
 
GDEPT with CE/CPT-11 
Three different CEs have been studied in the context of selective activation of CPT-11, i.e. 
human liver CE1 and CE2 and rabbit CE (rCE). In context of conversion of CPT-11, CE2 
has a 64-fold higher catalytic efficiency than CE1 82. This was unexpected, because until 
today rCE is the most efficient CPT-11 converting enzyme, and CE1 demonstrated to have 
greater than 81% similarity to rabbit CE, whereas CE2 only shares about 40% homology. 
In in vitro assays, the IC50 values for CPT-11 in human tumor cell lines expressing rCE 
were 8-80 fold lower than for plasmid-transfected control cells 109-112. Similar to the results 
obtained with cell lines, stably rCE expressing human tumor xenografts were sensitized to 
CPT-11, since complete, long-term regression was observed following administration of 
CPT-11 to xenograft bearing mice 112.  

Several studies have been performed using CPT-11 in combination with different 
CEs in a GDEPT approach. Kojima et al. described the construction of a replication 
deficient adenoviral vector containing the human liver CE1 gene driven by the CMV 
promoter 113,114. In vitro results showed that several tumor cell lines infected with this virus 
express CE1 and in the presence of CPT-11 tumor growth was effectively suppressed. 
However, on many other tumor cell lines only minimal effects were observed. This 
underscored the notice that the success of a GDEPT approach for CPT-11 requires an 
enzyme with a high efficiency of converting CPT-11 to SN-38. rCE was found to be 100-
1000 fold more efficient in converting CPT-11 than human liver CE1 and was 12-55 fold 
more efficient in sensitizing transfected cells to CPT-11 112. Therefore, an adenoviral vector 
expressing rCE was constructed and transduction of human tumor cells led to sensitization 
to CPT-11 115. This virus, Ad-rCE, has been used for the selective eradication, or purging, 
of neuroblastoma cells from bone marrow or peripheral stem cells autologous stem cell 
rescue. Ad-rCE showed to selectively transduce tumor cells in mixtures of 
hematopoietic/neuroblastoma cells. Administration of CPT-11 subsequently, resulted in 
cytotoxicity specifically to neuroblastoma cells. For GDEPT applications of solid tumors, 
however, the disadvantage of rCE is that expression of a nonhuman protein in patients 
may lead to an immunological response and subsequent enzyme inactivation. A human 
enzyme with higher affinity and higher efficiency than CE1 may overcome these 
limitations. Since it was shown that human CE2 has a higher affinity and a higher 
conversion velocity for CPT-11 than CE1 82, in this thesis we investigated if CE2 could be a 
candidate to employ in a GDEPT approach to treat human colon caner tumors. 

As stated previously, to achieve efficient kill of all tumor cells, a bystander effect is 
required, whereby CPT-11 is cleaved to SN-38 that not only kills the tumor cells in which 
CE is formed, but also neighboring tumor cells that do not express CE. Although SN-38 is 
able to freely pass the cell membrane and might thus exert cytotoxic effects on 
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cervix 125,126. Immunohistochemical staining of dysplastic colon cells showed 
overexpression of EpCAM not only on the basolateral membrane, but apical staining was 
observed as well. The association of EpCAM expression with metastases is less clear. 
One would expect to find higher EpCAM expression in metastasized cells, because these 
cells are more likely to escape the epithelium than well-differentiated cells anchored by E-
cadherin mediated junctions. Momburg et al. demonstrated that micrometastasis 
originating from carcinomas could be detected with EpCAM antibodies 127. However, in 
nodal metastasis originating from head and neck squamous carcinomas, EpCAM 
expression was found to be reduced compared to the primary tumor 128. In contrast, 
Chaubal et al. concluded that EpCAM gene expression could be used as a tool to identify 
disseminated tumor cells 129,130. 

This overexpression offers possibilities to target EpCAM for cancer immunotherapy 
or adenoviral gene therapy. Colorectal cancer has been targeted with the monoclonal 
antibody CO17-1A and anti-idiotypic antibodies mimicking the CO17-1A epitope. An 
improved survival was accompanied by a prolonged systemic immune reaction to the 
antibody 131. Presently, its anti-tumor effect is being studied as monotherapy after resection 
of stage II colon cancer, and in combination with chemotherapy in patients with stage II or 
III rectal cancer 132. Patients with resected Dukes’ C colorectal carcinoma were treated with 
monotherapy in an adjuvant setting with edrecolomab, the murine monoclonal antibody 
that binds with low affinity to EpCAM 133. This study showed that the antibody administered 
after surgery prevented the development of distant metastasis in approximately one-third 
of patients. The therapeutic effect was maintained after 7 years of follow-up.  

EpCAM antibodies have also been used to target adenoviral vectors specifically to 
tumor cells. By construction of a chemical conjugate or a bispecific scFv antibody that is 
on one side directed to the adenoviral fiber and on the other side to the target antigen 
EpCAM, adenoviruses were retargeted to cancer cells expressing EpCAM 134,135. As well on 
gastric cancer cell lines as on primary gastric cancer cells an improved ratio of tumor 
transduction over normal epithelium transduction was accomplished by the EpCAM 
targeted vectors 136. All these studies demonstrate that EpCAM is a very interesting protein 
to target newly developed anti-cancer strategies specifically to tumor cells.  
 
 
ADENOVIRUSES 
 
Adenoviruses (Ads), belonging to the family Adenoviridae, were first cultured and reported 
as unique viral agents in 1953 137. Ads are associated with the common cold and they 
cause respiratory, intestinal and eye infections in humans. There are more than 50 distinct 
human Ad serotypes and of these, types 2 and 5 have been extensively characterized and 
have served as valuable tools for the study of the molecular biology of DNA replication, 
transcription, and protein synthesis in mammalian cells. 
 The Ad particle is non-enveloped and is a regular icosahedron with a diameter of 
70-90 nm. The capsid is composed of 252 capsomeres, with 240 forming the 20 triangular 
facets and 12 forming the 12 vertices. Each capsomere present on the facet is surrounded 
by 6 neighbors and is hence called a hexon  (Figure 4) The 12 vertex capsomeres have 
only 5 neighbors and are called pentons 138. Protruding from each penton is a structure 
called fiber, whose length varies with the serotype. At its distal end, the fiber bulges out to 
form a globular knob domain, which mediates the attachment of the virion to the cellular 
receptor. 
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CONDITIONALLY REPLICATING ADENOVIRUSES (CRAds) 
 
Replication-defective Ad gene delivery vectors have so far shown modest anti-tumor 
efficacy because of poor transduction and penetration capacity in solid tumor masses. To 
overcome this limitation, one could use transgenes encoding secreted proteins, but also 
conditionally replicating adenoviruses (CRAds) were developed and explored as novel 
anti-cancer agents. CRAds replicate only in cancer cells and destroy these cells through 
the natural process of adenoviral replication. In addition, the generated progeny viruses 
released from infected and lysed cancer cells may infect neighboring tumor cells. Via 
several rounds of replication and cell lysis, the tumor will ultimately be destroyed. The 
selective replication of CRAds in cancer cells, the prevention of replication in normal cells, 
the efficacy of CRAds in clinical trials and various ways to increase CRAd efficacy will be 
discussed. 
 
 
Mechanisms of selective replication of CRAds in cancer cells 
The replication cycle of adenoviruses consists of an early and a late phase, separated by 
the onset of DNA replication. A major function of the adenoviral early genes is to provoke 
the infected cell to enter cell cycle and progress to S-phase. In the S-phase the virus can 
take advantage of the cellular DNA replication machinery to replicate its own genome 
efficiently. For the induction of cell cycle progression, inactivation of the cellular 
retinoblastoma (pRb) and p53 tumor suppressor proteins is required (illustrated in figure 
5A). These actions are brought about by proteins encoded by the Ad E1 region. The E1A 
gene is the first to be transcribed and encodes proteins that bind members of the cellular 
pRb family 147. This interaction results in release of the pRb bound transcription factor E2F, 
which is then free to activate transcription of E2F-responsive genes, involved in stimulating 
cell cycle progression.  
To circumvent premature cell death during viral replication, the viral E1B-55kD protein 
binds to and inhibits p53, while the E1B-19kD protein functions as a viral homologue of the 
anti-apoptotic factor bcl-2 148-150. The remaining early regions encode proteins involved in 
viral DNA synthesis (E2), modulation of host immune response and cell lysis (E3), and 
regulation of viral gene expression, mRNA transport, DNA replication and apoptosis (E4). 
The late gene products encode viral structural proteins and proteins involved in virion 
assembly. 

CRAds are made by modifying the Ad genome such that essential early functions 
are abrogated in non-malignant cells but not in cancer cells, or by deleting early viral 
functions that are essential for replication in non-malignant cells and are redundant in 
cancer cells.  

 
 

Limiting viral replication by deletions in viral genes  
One approach to restrict viral replication specifically to tumor cells is by introducing genetic 
modifications that abrogate viral functions that are essential for replication in normal cells 
but are redundant in cancer cells. In most cases, this involves deletions in the E1 region 
(Fig. 5B and C).  
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The by far most extensively studied CRAd is the mutant dl1520 (also known as 

ONYX-015) that contains a 827-base pair deletion in the E1B-55kD gene and a point 
mutation at nucleotide 2022, which results in abrogation of E1B-55kD expression (5). One 
of the functions of E1B-55kD is to bind the tumor suppressor protein p53 151,152.  This 
binding inhibits p53 transcriptional activity and promotes the degradation of p53 153. E1B-
55kD expression during the early phase of adenovirus replication temporarily inhibits p53-
induced apoptosis to prevent premature cell death. dl1520 cannot inactivate p53 and the 

Figure 5: Schematic representation of the
interaction between early adenovirus proteins
and host cell proteins during replication of wild
type adenovirus in normal cells (A) and CRAds
carrying deletions in essential genes in normal
cells (B) or in cancer cells (C). (A) E1A binds to
pRb, causing dissociation of E2F. Free E2F
can activate several cell cycle regulatory
genes. This allows S-phase entry and virus
replication in otherwise quiescent cells.
Another function of E1A is to bind p300/CBP.
This increases pRb binding affinity and
decreases p53 transactivation functions.
E1B55kD can bind directly to wild type p53 and
prevents it from inducing apoptosis or cell
cycle arrest. (B) Mutant E1A proteins incapable
of binding pRb cannot induce S-phase and
thus not promote adenoviral replication.
Similarly, in normal cells with functional p53,
p53-binding deficient E1B55kD fails to prevent
induction of apoptosis or cell cycle arrest
leading to impaired viral replication. (C)
Replication of mutant viruses in malignant
cells. The boxes represent cellular pathways
that are frequently dysfunctional in cancer
cells. For example, the Rb pathway is defective
in cancer either through pRb deficiency,
hyperphosphorylation or sequestration. As a
result, E2F is continuously available for
induction of S-phase progression and viral
replication. Therefore, a deletion in the viral
E1A gene that abrogates pRb binding does not
hamper viral replication. The p53 pathway is
also often dysfunctional in tumor cells (p14arf

deficiency, mdm2 amplification, p53 mutation).
Inhibition of p53 by E1B55kD to prevent
premature cell death by p53-induced of
apoptosis is therefore not necessary in cancer
cells.  
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virus was therefore expected to replicate only in cells lacking functional p53 154. In most, if 
not all, cancers p53 is dysfunctional. Over 50% of cancers contain an inactivating mutation 
in p53 itself 130, whereas in the remaining cases p53 is efficiently degraded as a 
consequence of p14ARF deficiency, MDM2 amplification or viral protein expression; or p53 
is sequestered in the cytoplasm 155-157. Therefore, dl1520 should be widely applicable in 
cancer therapy. Originally, dl1520 was reported to selectively replicate in and kill cells with 
mutations in the p53 gene 154. Other reports, however, demonstrated a broader utility. For 
example, Heise et al. demonstrated that although normal human cells were highly 
resistant to dl1520, the virus replicated efficiently in numerous carcinoma cell lines with 
either mutant or normal p53 gene sequences 158. Two other reports also showed that the 
ability of dl1520 to replicate efficiently did not correlate with p53 status 159,160. It was later 
shown that dl1520 could replicate in p53 wild type cancer cells with lost p14ARF expression 
and that reintroducing p14ARF into these cells suppressed replication 161,162. Hence, the 
current view on dl1520 specificity is that this CRAd replicates in cells with dysfunctional 
p53, irrespective of the genetic defect causing this dysfunction.  

Recently, Geoerger et al. reported in subcutaneous glioma xenograft models that 
intratumoral injections of dl1520 yielded significant tumor growth delay compared to 
control animals. Interestingly, wild type p53 status appeared to correlate with increased 
anti-tumor activity of dl1520 163. This finding was in agreement with the observation that the 
adenovirus life cycle is more rapid in p53 wild type cells, due to more effective cell lysis 
164,165. It disagreed, however, with the finding that the rapid adenovirus-induced lysis 
requires formation of a complex between p53 and E1B-55kD 166, because E1B-55kD is 
lacking in dl1520 infected cells.  Hence, the interplay between adenovirus replication and 
p53 remains enigmatic. 

An important disadvantage of dl1520 is that as a consequence of E1B55kD 
deletion, its oncolytic capacity is severely attenuated compared to wild type adenovirus. 
E1B55kD has important viral functions other than p53 inhibition, including promotion of 
viral mRNA transport and host cell protein synthesis shutoff.  Therefore, more recently, a 
CRAd was constructed carrying a subtle single amino acid substitution in E1B-55kD that 
abolishes p53 binding, but leaves all other functions intact 167. This CRAd replicated in 
cancer cells as efficiently as wild type adenovirus. Unfortunately, the paper did not report 
on selectivity of this CRAd for tumor cells. 

Another type of CRAd based on a dysfunctional p53 pathway was developed by 
Ramachandra et al.168. This CRAd, 01/PEME, expresses a specific E2F antagonist, 
consisting of the pRb transrepression domain fused to the DNA binding domain of E2F, 
driven by a p53-responsive promoter. Furthermore, a deletion was introduced in E1A that 
abrogates sequestration of the p53 transcriptional co-activator p300/CBP. In cells with 
functional p53, 01/PEME expresses the E2F antagonist to inhibit S-phase entry and 
adenovirus E1A and E2A expression. 01/PEME did indeed not replicate in normal cells 
and replicated as efficiently as wild type adenovirus in cancer cells. In human xenograft 
tumor models, 01/PEME showed significantly enhanced efficacy compared to dl1520. 

A different class of CRAds with abrogated viral function is based on mutations in 
E1A proteins that abolish binding to members of the Rb family of pocket proteins. pRb 
functions to modulate the cell cycle by regulating progression from G1 into S-phase. E1A 
binds to pRb and this results in release of the transcription factor E2F from pre-existing 
cellular E2F-pRb complexes. E2F can subsequently activate the adenovirus E2 promoter 
as well as several cell cycle regulatory genes. This allows S-phase entry and virus 
replication in otherwise quiescent cells.  Inactivation of the Rb family by E1A proteins and 
the binding domains involved were recently reviewed 169. Paradigm examples of pRb-
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Overall, genuine selective replication of CRAds has not been demonstrated yet. An 
explanation is that adenovirus exploits multiple pathways to promote viral and cellular DNA 
replication, with several virus proteins being capable of complementing each other. For 
example, E4orf6/7 was shown to displace pRb from E2F in the absence of E1A (34). 
Therefore, development of truly tumor selective CRAds will require introducing multiple 
mutations into the adenovirus genome. In this respect, Fukuda et al. recently presented a 
doubly restricted CRAd carrying mutant E1A and a deletion of E1B-55kDa, thus 
simultaneously targeting pRb and p53 pathway defects. This new CRAd replicated in and 
killed cancer cells as efficiently as a CRAd carrying only the E1B-55kDa deletion, but 
exhibited milder cytotoxicity 178. 
 
 
Limiting viral replication by tumor or tissue specific expression of essential 
adenovirus proteins 
Another way to limit viral replication to cancer cells is by transcriptionally regulating the 
expression of essential viral genes by using tumor or tissue specific promoters (fig. 7A and 
B). Several tissue specific CRAds have been developed in which the essential gene E1A 
is placed under the control of an exogenous promoter that is preferentially active in tumor 
cells. The first CRAd of this type was CN706 (later renamed CV706) that specifically 
replicates in prostate-specific antigen (PSA) expressing tumor cells 179. In CN706, a 
minimal promoter derived from the human PSA gene drives expression of E1A. As 
intended, E1A was expressed at high levels in CN706-infected human PSA-producing 
LNCaP prostate cancer cells but not in CN706-infected PSA-negative prostate cancer 
cells. Consequently, CN706 replicated in LNCaP cells, but not in several other human 
cancer cell lines that did not express PSA. In vivo, LNCaP subcutaneous solid tumors 
growing in nude mice were destroyed by a single injection of CN706. To increase the 
specificity of CN706, two next generation CRAds were constructed that contained two 
different prostate-selective promoters to drive expression of E1A and E1B, i.e., the PSA 
promoter and the promoter/enhancer of the hK2 gene or the rat probasin promoter 180,181. 
These double-selective CRAds CV739 and CV764 exhibited an even higher therapeutic 
index of toxicity on PSA-positive prostate cancer cells over cells from other tissues. 
Neither CN706 nor CV764 could, however, eliminate distant pre-existent LNCaP xenograft 
tumors in mice following administration via the tail vein.   In contrast, the CV739-derivative 
CV787 that retained the entire E3 region, which was lacking in the above-described 
CRAds exhibited 10-100 fold increased efficacy in vitro and in vivo 181. Six weeks after an 
intravenous injection of CV787, prostate tumors growing in mice were reduced in size to 
less than 5% of their original size.  

Matsubara et al. developed another CRAd, Ad-OC-E1a, that specifically replicated 
in both PSA expressing and non-expressing prostate cancer cells by using a non-
collagenous bone matrix osteocalcin (OC) promoter to drive expression of E1A. OC is 
expressed in several solid tumors, including osteosarcoma and ovarian, lung, brain, and 
prostate cancers. All the prostate cancer cell lines tested, as well PSA expressing as non-
expressing cell lines, were sensitive to Ad-OC-E1a induced cell lysis in vitro. Systemic 
administration of Ad-OC-E1a was effective against androgen-independent prostate cancer 
skeletal xenografts. Following repeated CRAd administration, tumors were eliminated 
completely 182.  
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However, for many different human malignancies, tissue specific promoters have 
not been characterized yet. Moreover, the promoters used in these studies are primarily 
tissue-specific rather than tumor-specific. CRAds relying on these promoters might thus 
cause toxicity to normal tissues. To overcome this, general features that discriminate 
cancer cells from non-malignant cells have been explored to develop cancer specific 
CRAds.  

Brunori et al. developed a colon cancer specific CRAd by taking advantage of the 
constitutive activation of the wnt pathway invariably seen in this type of cancer 193. 
Activation of the wnt pathway leads to transactivation of promoters containing Tcf binding 
sites. Therefore, Tcf binding sites were placed in the adenoviral E1B and E2 promoters 
resulting in decreased CRAd replication in non-permissive cell lines, whereas replication 
was comparable to wild type adenovirus in many colon cancer cell lines. Additionally 
inserting Tcf binding sites in the E1A promoter resulted in further improved specificity for 
colon cancer cells 194.  

A common characteristic of all solid tumors is that they create an environment with 
low oxygen tension, hypoxia, due to their aberrant vasculature. The transcription factor 
hypoxia inducible factor (HIF) is expressed under hypoxic conditions, leading to 
expression of a number of genes needed for adaptation to the low oxygen situation via 
binding of HIF to hypoxia responsive elements (HREs) in the promoter of these genes. 
Hernandez-Alcoceba et al. described the construction of the CRAd AdEHT2, in which a 
minimal artificial promoter that contains HREs and estrogen responsive elements controls 
E1A expression 195. AdEHT2 showed a good activation of E1A expression by hypoxia in 
different cancer cell lines or by estrogens in estrogen receptor expressing cell lines and 
this correlated with increased CRAd cytotoxicity. Cuevas et al. constructed a CRAd in 
which E1A expression is directed by an artificial minimal promoter containing nine tandem 
copies of the HRE and expression of E4 is controlled by the E2F-1 promoter 196. This virus 
was as effective as wild type virus in eliminating cancer cells with increased HIF activity, 
and was severely attenuated in HIF-defective tumor cells and normal cells in vitro. 
Furthermore, intratumoral injection in renal cell carcinoma xenografts resulted in a 
significant reduction of tumor growth 196. 

Another general characteristic of tumors is high expression of telomerase reverse 
tanscriptase (TERT). TERT is the catalytic subunit of the enzyme telomerase and is the 
rate-limiting determinant of enzymatic activity of human telomerase. Telomerase is a DNA 
polymerase, which directs the synthesis of TTAGGG (telomere) at the ends of 
chromosomes to compensate for telomere shortening during cell division. Telomerase is 
active in fetal development and becomes dormant in post-mitotic tissue soon after birth. 
High telomerase activity in tumor cells is one of the reasons for their immortality and 
telomerase is active in most human malignancies. CRAds based on this general feature of 
tumors could therefore be efficacious against a wide variety of tumors. The study by 
Hernandez-Alcoceba described above also included introduction of the TERT promoter 
into the E4 region of AdEHT2. This CRAd, however, replicated in telomerase positive and 
negative cells, probably because E1A gene expression activated the E4 gene directly (51). 
Other studies, however, described more successful use of the TERT promoter to regulate 
expression of E1A (53, 54). Huang et al. reported that a TERT-specific CRAd replicated in 
TERT positive cells as efficiently as wild type adenovirus, whereas replication was 
severely hampered in TERT-negative cells. In vivo, local administration into human 
hepatocellular carcinoma xenografts in nude mice resulted in significant inhibition of tumor 
growth as compared to control treated animals. In the study by Wirth et al. a smaller 
fragment of the TERT promoter was used to drive expression of E1A. Whereas the CRAd 
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replicated efficiently in several cancer cell lines, neither viral replication nor E1A 
expression was observed in human hepatocytes. To achieve higher levels of E1A 
expression, Kim et al. constructed a CRAd with a modified TERT promoter containing 
additional c-Myc and Sp1 binding sites. This virus induced cell killing as potently as the 
control virus in vitro and in vivo, but was approximately 100-1000 fold less cytotoxic to 
normal cells in vitro (Kim et al., 2003). 

Many tumors have increased levels of the transcription factor E2F, either because 
of a deregulated Rb pathway or because of E2F gene amplification. Several CRAds have 
been developed that replicate specifically in cells with active E2F by placing the E1A gene 
under the E2F promoter. These CRAds replicated as efficiently as wild type virus in a 
panel of cancer cells, whereas normal cells were not capable of supporting CRAd 
replication 197,198. 

A last general feature of solid tumors is that their growth requires new blood vessel 
formation. Targeting CRAds towards tumor vessels instead of tumor cells has the potential 
of depriving the tumor of its oxygen and nutrient supply and the advantage of a better 
delivery to the entire tumor. A number of genes, including Flk-1 and endoglin, were shown 
to be overexpressed in angiogenic endothelial cells. Savontaus et al. constructed two 
CRAds, AdFlk-1 with E1A under the control of the Flk-1 enhancer/promoter, and Ad.Flk-
Endo that additionally has the E1B gene under the endoglin promoter. Both CRAds 
replicated efficiently in human umbilical vein endothelial cells, with replication of Ad.Flk-
Endo being severely hampered in Flk-1 and endoglin negative cells 199. 

For the design of CRAds with specific promoters it is important to consider that 
insertion into the adenovirus genome may affect selective expression of the gene, due to 
the presence of dominant transcriptional activators, as was observed for the ERBB2 
promoter 200. When delivered in a plasmid, selective expression of the transgene in ERBB2 
expressing cells was observed, but this selectivity was lost when the expression cassette 
was delivered by replication deficient adenoviral vectors. Selective expression can, 
however, be retained by insulating the expression cassette from adenovirus expression 
elements by inserting transcription stop signals 201,202. 

Recently, a novel method was described for development of CRAds based on 
selective mRNA stabilization in cancer cells (Fig. 7C and D) 203. The expression of many 
proteins involved in early responses to certain physiological conditions, such as hypoxia, 
radiation exposure, inflammation and cell proliferation is regulated partly at the level of 
mRNA stability. The 3’ UTRs of the mRNAs encoding these proteins contain destabilizing 
AU-rich elements (AREs), whose action is reversed under stress 204,205. In tumor cells, 
continuous intracellular proliferative signals predominate, establishing conditions for 
selective stabilization of early-response-mRNAs. PTGS2, also known as COX2, is induced 
in different types of tumors and has been associated with a poor prognosis. PTGS2 is 
induced partly by mitogen-activated protein kinase (MAPK)-dependent selective mRNA 
stabilization. MAPKs are downstream effectors of RAS-mediated transformation and 
receptor tyrosine kinase phosphorylation that are common in cancer. Ahmed et al. 
described the construction of the CRAd Ad-E1A-COX, in which a fragment encompassing 
AREs from PTGS2 was introduced into the E1A 3’UTR. This resulted in destabilization of 
E1A mRNA and decreased E1A expression in normal cells. In contrast, Ad-E1A-COX was 
preferentially oncolytic in human tumor cells with high levels of active phosphorylated 
MAPK (P-MAPK) in vitro. Moreover, in vivo this CRAd was as effective as wild type virus in 
tumors with high P-MAPK activity, but generated no significant cytotoxic effects in tumors 
with low P-MAPK activity 203. 
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LIMITED EFFECTS OF CRADS USED AS SINGLE AGENTS IN CLINICAL 
TRIALS  
 
The safety and anti-tumor efficacy of dl1520 has been tested in several clinical trials in 
different types of tumors and using different administration routes. Following intratumoral 
injection, dose-limiting toxicities were not observed and maximally tolerated doses (MTDs) 
were not reached. The most common treatment associated toxicities were grade I-II flu-like 
symptoms, which did not correlate with viral dose 206-210. Increases in neutralizing anti-
adenovirus antibodies were commonly observed, but, importantly, these high neutralizing 
antibody titers did not appear to prevent CRAd replication in tumors 206. In terms of 
therapeutic efficacy of CRAds as single agent, the most encouraging data were obtained 
by Nemunaitis et al. in 37 patients with recurrent head and neck cancer that were injected 
intratumorally or peritumorally with dl1520. A significant tumor regression was observed in 
21% of evaluable patients, whereas no signs of virus were present in normal surrounding 
tissue, despite direct injection 206,211. In one study, dl1520 was administered 
intraperitoneally 212. Although also here the MTD was not reached, abdominal pain 
secondary to inflammation was common and in one patient dose-limiting. Intravascular 
administration of dl1520 to patients with colorectal carcinoma metastatic to the liver 213,214 
or to patients with end-stage refractory carcinoma metastatic to the lung 215 was well 
tolerated at doses up to 2x1013 particles. Evidence of viral replication was observed in 
patients treated at high virus doses 214,215. Also in these trials, the most common toxicities 
were mild flu-like symptoms. None of the studies with systemic dl1520 administration 
documented objective responses.  

A phase I trial was also conducted with the CRAd CV706, that specifically replicates 
in PSA expressing prostate cancer cells 216. Intra-prostatic CV706 injections appeared to 
be safe, because no CRAd-related grade III or IV toxicities were observed. The most 
common side effects were local pain and genitourinary symptoms. In this study, all 
patients demonstrated a dose-dependent reduction in PSA levels, suggesting CRAd 
efficacy.  

Most importantly, clinical trials with CRAds have shown that administration of these 
viruses is a safe procedure without the manifestation of severe side effects. The lack of 
clinically significant toxicity in the liver is of particular importance, because most of the 
systemic administered adenoviruses end up in the liver. Unfortunately, no objective 
responses were documented with single agent therapy. Given this high degree of safety 
but inadequate efficacy, second generation viruses with greater potency will have to be 
engineered. In addition, combination therapies are being considered. These potential 
improvements will be discussed in the next sections. 

 
 

INCREASING THE EFFICACY OF VIROTHERAPY BY COMBINING 
CRADS WITH CONVENTIONAL THERAPIES 
 
Given their limited efficacy in clinical trials, it is unlikely that CRAds will have a future as 
single agents in cancer treatment. In addition, conventional chemotherapy and 
radiotherapy have already significant, though incomplete, efficacy against many cancers. 
Therefore, patients entering clinical trials for new anti-cancer agents are usually not 
withheld conventional treatment. Furthermore, there is also a theoretical basis for additive 
or perhaps even supra-additive anti-cancer effects of CRAds combined with chemotherapy 
or radiotherapy. These considerations have directed investigations into the combination of 
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CRAds with conventional therapies. These studies have confirmed improved anti-tumor 
efficacies of combination treatments in vitro, in vivo and in clinical trials.  

Chemotherapy has been combined with dl1520 and with liver- and prostate-specific 
CRAds. Heise et al. combined intratumoral dl1520 injection with cisplatin treatment and 
intravenous dl1520 infusion with 5-FU treatment in subcutaneous nude mouse carcinoma 
xenograft models 158. Both combinations resulted in significantly increased responses 
compared to chemotherapy alone. This was extended by synergy observed between 
dl1520 and cisplatin plus 5-FU in three different cancer xenograft models 217. Furthermore, 
in lung cancer cell lines and primary cultures dl1520 worked synergistically with paclitaxel 
and cisplatin 218.  Interestingly, synergy required that dl1520 was administered prior to or 
simultaneously with the drug. Although an explanation for this observation is currently 
lacking, it suggested that virus replication enhanced sensitivity to drugs rather than 
chemotherapy enhancing viral oncolysis. A mechanism potentially contributing to 
adenovirus-mediated chemosensitization is E1A expression, which has been shown to 
induce p53 expression 149 as well as to render cells more sensitive to chemotherapy in a 
p53 independent manner 219.  Another possible result of adenovirus replication is the 
induction of chemosensitizing cytokines including TNF 220. Li et al. described the 
combination of a hepatocellular carcinoma specific CRAd and doxorubicin treatment 221. In 
vitro and in vivo, synergistic effects were observed which in the latter experiment resulted 
in complete elimination of subcutaneous Hep3B tumors four weeks after a single 
intravenous administration of both compounds. Similarly, Yu et al. tested the combination 
of CV787 with the chemotherapeutic drugs paclitaxel or docetaxel on prostate cancer cells 
222. In vitro and in vivo, a synergistic anti-cancer effect was observed on PSA-expressing 
prostate cancer cells when CV787 was combined with either of the two taxanes. PSA-
positive prostate cancer cell specificity was retained in the combination treatment. In these 
experiments, the CRAd was administered simultaneously with or before or after taxane 
addition. Synergy was documented in all cases. Thus, the importance of correct 
scheduling reported for dl1520 was not confirmed for CV787 plus chemotherapy. Some 
insight into a possible mechanism for synergy of CRAd plus chemotherapy came from the 
observation that cells treated with the combination exhibited a greater burst size of CV787 
compared to viral treatment alone. This suggested that the drugs speeded up the CRAd 
life cycle. A possible explanation for this effect is that many anticancer drugs, including 
etoposide, gemcitabine, topotecan and dexamethasone can increase adenovirus infection 
by increasing expression of the primary adenovirus receptor Coxsackie Adenovirus 
Receptor (CAR) on the cell surface 223. This does, however, not provide a complete 
explanation, because paclitaxel was found not to induce CAR expression.   

To date, dl1520 has been combined with chemotherapeutic drugs in four reported 
clinical trials. Khuri et al. described the results of a phase II trial in which dl1520 was 
injected intratumorally in combination with intravenous cisplatin and 5-FU in patients with 
recurrent squamous cell cancer of the head and neck 224. In 19 of 30 (63%) evaluated 
patients an objective response was documented, with 8 patients showing a complete 
response and 11 a partial response, which was better than the responses seen in multi-
center, randomized trials with 5-FU/cisplatin alone. No correlation was observed between 
response and baseline tumor size, baseline neutralizing antibody titer, p53 gene status or 
prior treatment. The treatment was well tolerated; as for single-agent CRAd treatments, 
injection site pain and flu-like symptoms were seen. Nemunaitis et al. treated patients with 
lung metastases, with intravenous dl1520 injection and carboplatin and paclitaxel 
concurrently. Two patients showed tumor stabilization for more than 6 months 215. Reid et 
al. combined dl1520 infusion into the hepatic artery with 5-FU and leucovorin. At high viral 
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expressing E1B-55kD deleted CRAd with that of two other E1B positive TK expressing 
viruses in a subcutaneous lung cancer model and in an intraperitoneal ovarian cancer 
model 267. In the subcutaneous model, GCV administration improved the oncolytic potency 
of the E1B-55kD deleted CRAd, but not of the other two much more potent viruses. 
Moreover, in the intraperitoneal model, the addition of GCV reduced instead of prolonged 
survival compared to virus treatment alone for all three viruses. Subsequent studies with 
TK expressing replication competent adenoviruses in a subcutaneous head and neck 
squamous cell carcinoma model 268,269 and subcutaneous and intraperitoneal lung cancer 
models 269 each showed that addition of GCV did not improve oncolytic potency. Thus, in 
all these models TK GDEPT appeared ineffective or even counterproductive in 
combination with replicating adenoviruses, despite the fact that in several experiments the 
first GCV injection was postponed until one week after virus injection. In contrast to these 
observations, Nanda et al. found that although TK/GCV treatment completely abrogated 
adenovirus replication when administered concomitantly, it significantly enhanced the 
oncolytic potency of an adenovirus in vitro and in vivo when GCV administration was 
started only one or two days after virus injection 270. Apparently, there is a delicate balance 
between TK/GCV induced cell death and TK/GCV reduced cell kill by impaired viral 
replication. This makes TK/GCV GDEPT rather unattractive for use in combination with 
CRAds.  

Another extensively studied GDEPT system utilizes the E.coli cytosine deaminase 
(CD) enzyme that converts 5-FC into the toxic drug 5-FU. Several studies have been 
performed in which a fusion gene consisting of CD and TK was inserted into a replication 
competent adenoviral vector, because double CD/TK suicide gene therapy is more 
efficacious than either GDEPT alone 271. Freytag et al. constructed the E1B-55kD deleted 
CRAd FGR (subsequently renamed Ad5-CD/TKrep) expressing the CD/TK fusion gene 272. 
FGR was quite effective in killing cancer cells in vitro when combined with either prodrug, 
which effect could be further augmented by irradiation. Interestingly, these effects 
occurred at prodrug concentrations that effectively inhibited adenovirus replication, i.e., 
under combinations where the CRAd functioned as a GDEPT expression vector rather 
than an oncolytic agent. This suggests that the assumed CRAd plus GDEPT combination 
effect was in fact an adenovirus protein plus GDEPT effect. This fits quite well with the 
known synergy between adenovirus E1A expression and chemotherapy 219 and explains 
why the GDEPT/CRAd combination seems to work best for rather weak CRAds that may 
act more or less as replication deficient E1A expression vectors. In vivo studies with FGR 
in subcutaneous cervical carcinoma tumors and treatment with the two prodrugs resulted 
in a remarkable reduction in tumor volume compared to mice treated with virus only, or in 
combination with one prodrug, suggesting synergistic interactions between the suicide 
systems. Combining the double suicide systems with RT could even further enhance the 
efficacy of this approach 271. However, in two in vivo prostate cancer models, the addition 
of double prodrug therapy did not improve tumor control beyond that of FGR viral therapy 
273. Nevertheless, these results led to a phase I study for the treatment of locally recurrent 
prostate cancer in 16 patients 57. The virus was delivered intraprostatically followed 2 days 
later with 5-FC and GCV treatment. Escalation up to 1012 viral particles and two weeks of 
GV and 5-FC treatment did not result in dose limiting toxicities and the MTD was not 
defined, indicating that this approach can be safely applied to humans. Forty-four percent 
of the evaluated patients showed a decrease in PSA level indicative of tumor regression of 
more than 25%, with 19% exhibiting a more than 50% reduction. Two patients were 
negative for adenocarcinoma by biopsy 1 year after the treatment.   
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A last GDEPT system that was very recently explored in CRAds uses the CE 
enzyme that activates the prodrug CPT-11 into the toxic drug SN-38. Stubdal et al. 
incorporated the rabbit CE gene into the dl1520 genome. In vitro, in the presence of CPT-
11 CE-expressing dl1520 derived viruses exhibited increased toxicity on a colon 
carcinoma cell compared to dl1520. In subcutaneous colon cancer xenografts growing in 
nude mice treatment with CE-expressing CRAds and CPT-11 enhanced the survival of 
these mice 274. 

All together, results from preclinical and clinical studies indicate that CRAd plus 
GDEPT combination treatment is showing signs of improved efficacy warranting further 
investigation. However, careful evaluation of CRAd efficacy enhancing versus abrogating 
activities of enzyme/prodrug systems is required to select synergistic CRAd/GDEPT 
combinations. Since the aim of such endeavors is to enhance the efficacy of CRAd 
potency, in our view these investigations should focus on testing GDEPT systems in the 
context of the stronger CRAd types.  
 
 
Insertion of therapeutic genes into the CRAd genome  
Finally, CRAds could be developed into more powerful anticancer agents by inserting 
therapeutic genes into their genome (summarized in figure 9). There are two good reasons 
to express a transgene in a CRAd. First, the gene product can be used to enhance the 
inherent oncolytic property of the CRAd to realize its full anti-cancer potential. Second, the 
CRAd can be used as a very potent expression vector for an anti-cancer therapeutic. This 
concept has enormous potential, as the expression cassette for the therapeutic agent is 
amplified over 1000-fold in each infected cell.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9: Schematic representation of different strategies to increase the anti-tumor efficacy of 
CRAds by incorporation of therapeutic genes. See text for details. 
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TNF, known to have selective anti-tumor activity 186. Nude mice bearing subcutaneous 
breast cancer xenografts were treated with this virus or with the control virus expressing 
GFP instead of TNF. Treatment with the TNF-CRAd but not with the control virus was 
associated with regression to barely palpable tumors that sustained long-term. Bristol et al. 
constructed a CRAd in which GM-CSF, a potent inducer of specific, long-lasting anti-
tumoral immunity, was incorporated into the viral genome and its expression was 
controlled by the adenoviral E3 promoter 281. In two xenograft models, in which the CRAd 
was injected intratumorally, GM-CSF was detected in serum and tumor extracts, resulting 
in a significantly enlarged anti-tumor response compared to untreated mice or mice treated 
with replication deficient adenovirus. Compared to a replication competent control virus 
that lacks the GM-CSF expression cassette, in one of the tumor models a significant 
difference in tumor growth was observed. Very recently, two genes in the E3 region of a 
CRAd were replaced with TNF and monocyte chemotactic protein-3, respectively 282. The 
effect of this virus on the immunological response remains to be determined.  

Another strategy to enhance the efficacy of CRAds is by inducing cell killing through 
induction of fusion of tumor cells to form large multinucleated syncytia by fusogenic 
membrane glycoproteins (FMG). The formation and subsequent disintegration of syncytia 
is also immunostimulatory 283. Li et al. showed that an adenovirus expressing the fusogenic 
envelope protein of human immunodeficiency virus (HIV) induced syncytium formation in 
infected cell cultures expressing HIV receptors. Importantly, syncytium formation elevated 
adenovirus production and release 284. Recently, Ahmed et al. demonstrated that 
virotherapy in combination with injection of a plasmid encoding the Gibbon Ape Leukemia 
Virus (GALV) hyperfusogenic envelope FMG effectively treated large established tumors 
at doses of plasmids or virus that alone were ineffective 285. Inserting the GALV-FMG into a 
CRAd genome seems therefore an interesting option. Many other useful transgenes, that 
inhibit cell proliferation, migration, invasion, or blood vessel formation, can be envisaged, 
but have so far not been evaluated in replicating adenoviruses. For some therapeutic 
transgenes, it may be required that expression is temporally regulated, to avoid 
interference with CRAd replication. Several ways to express transgenes only during the 
late phase of replication were reported. For example, Sauthoff et al. used an Internal 
Ribosome Entry Site to link transgene expression to the fiber expression unit 278 and 
Hawkins and Hermiston replaced the ADP open reading frame with the transgene coding 
sequences 286. Thus, methods are in place to also use transgenes that may not only be 
detrimental to cancer cells but also to the virus. 

All together, enhancing the oncolytic potency of CRAds by inserting genes 
encoding therapeutic proteins that are specifically active in tumor cells is very useful for 
further development of CRAds into clinically applicable tools for the treatment of cancer. 
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OUTLINE OF THE THESIS 
 
The major goal of this thesis was to improve the efficacy of chemotherapy with CPT-11, an 
approved anti-cancer agent for treatment of colorectal cancer, by selective activation of 
the prodrug at the site of the tumor. In the general introduction in Chapter 1 background 
information is given on enzyme prodrug therapy with replication deficient adenoviral 
vectors, with emphasis on the carboxylesterase (CE)/CPT-11 system.  

GDEPT with CPT-11 and CE to convert the prodrug CPT-11 into the toxic drug SN-
38 has several advantages not offered by other enzyme prodrug models. First, CPT-11 
has demonstrated considerable anti-tumor activity as a single agent, indicating an intrinsic 
sensitivity of several types of solid tumors to this drug. Second, xenograft experiments 
showed that CPT-11 has a steep dose-response curve, suggesting that even a relatively 
modest increase in drug activation in tumor cells could produce remarkable increases in 
anti-tumor activity. Third, the molecular target of SN-38 is topoisomerase I, an essential 
enzyme, in which no resistance-conferring mutations have been identified in tumors of 
patients undergoing treatment with camptothecins. Fourth, since the basis for substrate 
specificity of most human CEs is known, more suited prodrugs based on existing or new 
classes of anti-tumor agents, or enzymes with a higher specific activity for CPT-11, could 
be designed. Fifth, SN-38 freely passes through cell membranes, thereby increasing the 
likelihood that a bystander effect might occur. 

Although CPT-11 therapy is effective against colon cancer, only 5% of 
intravenously administered CPT-11 is converted into SN-38. With GDEPT, it is possible to 
increase the levels of CE at the site of the tumor, resulting in increased conversion of the 
prodrug into the drug. This should lead to increased efficacy of the chemotherapy whereas 
toxicity is reduced. 

In this thesis, we focus on developing adenoviral vectors with expression cassettes 
encoding different forms of the prodrug converting enzyme CE for the treatment of 
colorectal cancer. We envisioned that expression of a secreted form of human liver CE2 
could increase the bystander effect, since extracellularly formed SN-38 might more easily 
diffuse through a solid tumor mass, resulting in toxicity to untransduced neighboring cells. 
A secreted, tumor-targeted form could, furthermore, prevent leakage of the enzyme into 
the circulation, thereby decreasing the possibility that of side effects occur. To investigate 
this, we describe in Chapter 2 the construction and characterization of secreted and 
secreted, targeted forms of human liver CE2. Secreted CE2 was obtained by deletion of a 
cellular C-terminal retention signal and introduction of a secretion signal. The targeted 
fusion protein consisted of the secreted form and a scFv antibody directed to the tumor 
antigen Epithelial Cell Adhesion Molecule (EpCAM). Delivery of these enzymes to the 
tumor can be achieved by transduction of tumor cells with these cDNA constructs. To that 
end, the genes encoding secreted or secreted, EpCAM targeted CE2 were cloned into 
replication deficient adenoviral vectors. The construction of the replication deficient 
adenoviral vector containing the gene encoding the targeted fusion protein is described in 
Chapter 3. In 3-dimensional colon cancer spheroids, we determine the penetration 
capacity of the fusion protein and the therapeutic efficacy of this replication deficient 
adenovirus in combination with CPT-11 treatment. In Chapter 4, the construction of a 
replication deficient adenoviral vector expressing the secreted form of CE2 is described 
and the utility of this virus in combination with CPT-11 for the treatment of osteosarcoma 
cell lines or primary cell cultures in vitro and in vivo is evaluated.  

Another way to overcome the poor penetration capacity of the adenoviral vectors is 
by using conditionally replicating adenoviruses (CRAds) that selectively replicate in tumor 
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SUMMARY 
 
Irinotecan (CPT-11) is an anticancer agent for the treatment of colon cancer. 
CPT-11 can be considered as a prodrug, since it needs to be activated into 
the toxic drug SN-38 by the enzyme carboxylesterase (CE). An approach to 
achieve tumor specific activation of CPT-11 is to transduce the cDNA 
encoding CE into tumor cells. A secreted form of CE may diffuse through a 
tumor mass and may activate CPT-11 extracellularly. This could enhance the 
anti-tumor efficacy by exerting a bystander effect on untransduced cells. In 
addition a secreted targeted-targeted form of CE should prevent leakage of 
the enzyme from the site of the targeted into the circulation. We have 
constructed a secreted form of human liver CE-2 by deletion of the cellular 
retention signal and by cloning the cDNA downstream of an Ig kappa leader 
sequence. The protein was secreted by transfected cells and showed both 
enzyme activity and efficient CPT-11 activation. To obtain a secreted, 
targeted-targeted form of CE2 the cDNA encoding the human scFv antibody 
C28 directed against the epithelial cell adhesion molecule EpCAM, was 
inserted between the leader sequence and CE-2. This fusion protein showed 
CPT-11 activation and specific binding to EpCAM expressing cells. 
Importantly, in combination with CPT-11 both recombinant CE proteins 
exerted strong antiproliferative effects on human colon cancer cells. They are, 
therefore, promising new tools for gene directed enzyme prodrug therapy 
approaches for the treatment of colon carcinoma with CPT-11. 
 
 
INTRODUCTION 
 
Conventional chemotherapy lacks specificity for tumor cells. This results in 
dose-limiting side effects and insufficient concentrations of the drugs in the 
tumor, through which efficacy is limited and drug resistant cellular 
subpopulations may emerge. These problems may be overcome by 
expressing an enzyme that is capable of converting a non-toxic prodrug into a 
toxic drug specifically in tumor cells. This so-called gene-directed enzyme 
prodrug therapy (GDEPT) or suicide gene therapy aims to increase the 
concentration of the drug in the tumor while reducing the systemic toxicity. 
The gene encoding the prodrug-activating enzyme is delivered to the tumor 
cells by, for example, an adenoviral vector, followed by systemic 
administration of the prodrug. In this regard, several prodrug-converting 
enzymes have been extensively studied, such as the herpes simplex virus 
thymidine kinase enzyme that converts ganciclovir (GCV) into the active 
compound GCV-P and bacterial cytosine deaminase that activates 5-FC to 
the anticancer drug 5-FU 1,2.  

A prodrug for the treatment of colon carcinoma is irinotecan (CPT-11 or 
7-ethyl-10-[4-(1-piperidino)-1-piperidino] carbonyloxycamptothecin). CPT-11 is 
converted by carboxylesterases (CE) into the toxic drug SN-38 (7-ethyl-10-
hydroxycamptothecin) by cleavage of the bulky dipiperidino side chain at the 
carbon position 3,4. CPT-11 has demonstrated anti-tumor activity in immune 
deprived animals bearing human tumor xenografts 5-8 and is approved for use 
in the treatment of metastatic colorectal cancer in humans. Although SN-38 
can be detected in the plasma of cancer patients only minutes after the 
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administration of CPT-11 9, 90% of the administered CPT-11 is not converted 
to SN-38 10. 

CEs are a ubiquitously expressed class of enzymes. High levels of 
enzyme activity are found in human liver and lung 11. Different isoforms of 
human CE have been described. CE1 is found in liver only, whereas CE2 is 
also found in the intestines and CE3 is found in brain cells 12,13. Furthermore, 
it has been shown that human alveolar macrophages release a serine 
esterase that is identical to liver CE1 14. 

Several studies have been performed using CPT-11 in combination 
with human CE1 in a GDEPT approach. Kojima et al. described the 
construction of a replication deficient adenoviral vector containing the human 
liver CE1 gene driven by the CMV promoter 15,16. In vitro results showed that 
several tumor cell lines infected with this virus express CE1 and in the 
presence of CPT-11 tumor growth was effectively suppressed. However, on 
many other tumor cell lines only minimal effects were observed. This 
underscored the notice that the success of a GDEPT approach for CPT-11 
requires an enzyme with a high efficiency of converting CPT-11 to SN-38. The 
rabbit CE was found to be 100-1000 fold more efficient in converting CPT-11 
than human liver CE1 and was 12-55 fold more efficient in sensitizing 
transfected cells to CPT-11 17. Therefore, an adenoviral vector expressing 
rabbit CE was constructed and transduction of human tumor cells led to 
sensitization to CPT-11 18.  The disadvantage of rabbit CE, however, is that 
expression of a nonhuman protein in patients may lead to an immunological 
response and subsequent enzyme inactivation. A human enzyme with higher 
affinity and higher efficiency than CE1 may overcome these limitations. It was 
shown that human CE2 has a higher affinity and a higher conversion velocity 
for CPT-11 than CE1 19. Therefore, we envisaged that CE2 would be a 
candidate to employ in a GDEPT approach to treat human tumors. 

To achieve efficient kill of all tumor cells, a bystander effect is required, 
whereby CPT-11 is cleaved to SN-38 that not only kills the tumor cells in 
which CE2 is formed, but also neighboring tumor cells that do not express 
CE2. We hypothesized that extracellular conversion of CPT-11 would lead to 
a larger bystander effect than intracellular conversion and, furthermore, that a 
fusion protein consisting of secreted CE2 fused to a tumor specific scFv 
antibody will be retained in the tumor thereby preventing leakage of the 
enzyme into the circulation and therefore further reducing unwanted side 
effects.  

In this study we describe the construction of a secreted form of CE2 
(sCE2) by deletion of a C-terminal cellular retention signal and by adding the 
Ig kappa leader sequence. Furthermore, a secreted targeted form of human 
CE2 (C28-sCE2) was constructed by fusing sCE2 to a human scFv directed 
against Epithelial Cell Adhesion Molecule (EpCAM). The binding specificity 
and enzyme activity of the secreted form of CE2 and the fusion protein and 
their ability to sensitize human tumor cell lines to CPT-11 is determined and 
compared to wild type intracellularly expressed human CE2 (CE2). 
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Expression of CE2, sCE2 and C28-sCE2 fusion protein  
COS-7 cells (2.106) were transfected with 2 �Pg pCE2, psCE2 or pC28-sCE2 
by Lipofectamine Plus reagent (Life Technologies) according to instructions of 
the manufacturer. Cells were grown in 3.5 ml DMEM containing 5% FCS and 
antibiotics. After 48 h, supernatants were removed and cells were harvested 
by trypsinization. Cellular lysates were obtained by three times freeze thawing 
in 350 �Pl PBS. For cytotoxicity assays and HPLC analysis proteins present in 
supernatants of transfected COS-7 cells were 10X concentrated using a 
Biomax-10 centrifugal filter (Millipore, Bedford, USA). Supernatants and 
cellular lysates were analyzed for the presence of functional CE enzyme or 
C28-sCE2 fusion protein by Western blotting, esterase activity assay and 
cytotoxicity assays. Binding of proteins in supernatants of COS-7 cells 
transfected with pC28-sCE2 or psCE2 to EpCAM positive cells was 
determined by FACS analysis. 
 
 
Western blot analysis 
Proportional amounts of supernatant or cellular lysate from COS-7 cells 
transfected with pCE2, psCE2 or pC28-sCE2 were dissolved in sample buffer 
24 with 5% 2-mercaptoethanol and heated at 95°C for 5 min. Samples were 
electrophorezed through a denaturing 10% sodium dodecyl sulphate-
polyacrylamide gel and protein bands were electroblotted onto PVDF protein 
membrane (BioRad). Proteins were detected using anti-myc antibody 9E10 25 
and HRP-conjugated rabbit anti-mouse IgG (Dako) or with rabbit-anti-CE2, an 
antibody directed to the C-terminal retention signal of CE which was a kind gift 
of Dr. Yan, University of Rhode Island 26, and HRP-conjugated swine anti-
rabbit IgG (Dako). Blots were developed with enhanced chemo luminescence 
reagent (Lumilight Plus, Roche). 
 
 
Esterase activity assay 
Supernatants or cellular lysates of transfected COS-7 cells were incubated 
with 200 �Pl 100 mM Tris-HCl pH 8.0 containing 100 mM pNpAc, a substrate 
for CE. After mixing, conversion to p-Nitrophenol was measured at a 
wavelength of 415 nm during 10 minutes using an ELISA plate reader 
(BioRad, Veenendaal, The Netherlands).  
 
 
FACS analysis  
EpCAM expressing SW1398 cells were trypsinized for 5 min at 37°C, washed 
with DMEM, counted and resuspended in PBS. A total of 5�u105 cells was 
incubated for 1 h on ice with 50 �Pl supernatant of COS-7 cells transfected with 
pC28-sCE2. As a negative control, supernatants of untransfected COS-7 cells 
or cells transfected with psCE2 were used. After washing 3 times with PBS, 
cells were incubated with anti-myc antibody 9E10 in PBS/0.1% BSA, washed 
3 times with PBS, and stained with fluorescein-conjugated rabbit anti-mouse 
IgG (Dako). As a positive control 50 �Pl (10 �Pg/ml) of the anti-EpCAM antibody 
323/A3 27 was used. Stained cells were fixed with 1% formaldehyde in PBS 
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and analyzed on a FACScan flow cytometer (Becton Dickinson, Mountain 
View, CA). 
 
 
Immunohistochemistry 
To show binding of C28-sCE2 to EpCAM expressing cells, 1.104 SW1398 
cells were plated and incubated overnight with the concentrated supernatants 
of COS-7 cells transfected with psCE2 or pC28-sCE2. Unbound enzyme was 
removed by washing with culture medium and cells were fixed with 100 �Pl 
50% MeOH/50% acetone. After washing with PBS, anti-myc antibody 9E10 
was added to the cells for 1 h at 37�qC, followed by incubation with rabbit anti 
mouse HRP (1:100 in PBS/0.1%BSA) for 1 h. Hereafter cells were washed 
and 3-amino-9-ethylcarbazole substrate chromogen (Dako, USA) was added. 
The staining was stopped by washing with PBS. Cells were counterstained 
with haematoxylin. 
 
 
In vitro cytotoxicity assay 
SW1398 cells (1.104) were plated in a 96-wells microtiter plate (Bio-one). After 
24 h, concentrated supernatants of COS-7 cells transfected with pCE2, 
psCE2 or pC28-sCE2 was added together with a non-toxic concentration of 
CPT-11 (1�PM). Control experiments were performed in which SW1398 cells 
were incubated with DMEM supplemented with 10% FCS, SN-38 or CPT-11 
only. After another 72 h culture the cells were incubated with cell proliferation 
reagent WST-1 (Roche Diagnostics) for 1 h at 37�qC. The absorbency was 
measured at a wavelength of 450 nm. The antiproliferative effects were 
determined and expressed as percentages of growth as compared to 
untreated control growth, which was set to 100%. 
 
 
RESULTS 
 
Construction of CE2, sCE2 and C28-sCE2 
The cDNA coding for human CE2 20 was inserted into the eukaryotic 
expression vector pcDNA3, creating pCE2 (fig. 1). Using PCR we amplified a 
CE2 cDNA fragment encoding the mature protein without the last four amino 
acids encoding the cellular retention signal HTEL. This fragment was inserted 
into the pSTCF vector, which contains the Ig kappa leader that directs the 
protein in the secretory pathway and a myc- and 6xhis-tag 21. The resulting 
construct encoding a secreted form of CE2 (sCE2) was designated psCE2 
(fig.1). The cDNA fragment coding for sCE2 was also inserted into the pSTCF 
vector in frame with the anti-EpCAM scFv C28, creating pC28-sCE2 (fig. 1). 
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Figure 1:  Schematic representation of the CE2, sCE2 and C28-sCE2 expression 
cassette. The CE2 cDNA is inserted as an EcoRI fragment into pcDNA3. The 
encoded protein contains its wild type N-terminal signal peptide and a C-terminal 
cellular retention signal sequence HTEL. The structural elements of pSTCF include 
the strong cytomegalovirus (CMV) promoter, IgG kappa leader sequence, and a C-
terminal myc- and His-tag (mycHis) for easy detection and purification. sCE2, without 
retention signal, is inserted as a SfiI/NotI fragment into pSTCF. 

The anti-EpCAM scFv C28 is inserted as a SfiI/NotI fragment. The gene 
encoding CE2 is inserted as a NotI/NotI fragment, after the (Gly4Ser)2 linker is 
inserted in the NotI and ApaI restriction sites. 
 
 
Expression and characterization of CE2, sCE2 and C28-sCE2  
COS-7 cells were transfected with pCE2, psCE2 or pC28-sCE2 and 
expressed proteins in supernatant and cellular lysates were analyzed by 
Western blotting, FACS analysis, esterase activity assay and cytotoxicity 
assays. To assess the size of the expressed proteins and determine the 
amount of secreted protein, SDS-PAGE was performed followed by Western 
blotting and detection with anti-myc antibody for sCE2 and C28-sCE2 or anti 
CE2 antibody for CE2 (figure 2). The CE2 protein appeared to remain 
intracellular since it was only detected in the cellular lysate (fig. 2, lane 1) of 
transfected COS-7 cells. Like CE2, the sCE2 monomers migrated with an 
apparent molecular weight of 75 kDa. As expected, the majority of sCE2 was 
detected in the supernatant of transfected COS-7 cells, proving that deletion 
of the C-terminal retention signal and fusing the Ig kappa leader, indeed 
directed the protein into the secretory pathway (fig. 2, lane 5). The C28-sCE2 
fusion protein, with an apparent molecular weight of 100kDa, was also found 
mainly in the supernatants of transfected COS-7 cells (fig. 2, lane 6). 

Functional enzyme activity of CE2, sCE2 and C28-sCE2 was 
demonstrated by an esterase enzyme activity assay (figure 3). In cells 
transfected with pCE2 esterase activity remained intracellular, while in cells 
transfected with psCE2 or pC28-sCE2 almost all activity was detected in the 
culture medium. These results confirmed the results of the Western blotting 
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experiments, since the relative amounts and the activities of CE2 proteins in 
cells and supernatants of transfected COS-7 cells were comparable. 
 
 
 
 
 
 
 
Figure 2:  Western blot analysis of the cellular lysates and supernatants of COS-7 
cells transfected with pCE, psCE2 or pC28-sCE2. sCE2 and C28-sCE2 were 
detected using an antibody directed against the myc-tag and CE2 was detected with 
an antibody directed against the C-terminal cellular retention signal. In lanes 1, 3 and 
4 cellular lysates (c) and in lanes 2, 5 and 6 supernatants (s) of COS-7 cells 
transfected with pCE2 (lanes 1,2), psCE2 (lanes 3,4) and pC28-sCE2 (lanes 5,6) 
respectively are shown. The CE proteins migrated with an apparent molecular weight 
of 75 kDa whereas the fusion protein had a molecular weight of 100 kDa. As 
expected, CE2 mainly remained intracellular while sCE2 and C28-sCE2 were 
secreted by transfected COS-7 cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  CE-activity in cellular lysates and supernatants of COS-7 transfected with 
pCE2, psCE2, pC28-sCE2. Cellular lysates or supernatants of transfected COS-7 
cells were incubated with 1mM pNpAc and conversion was measured during 10 
minutes. sCE2 and C28-sCE2 show enzymatic activity and are efficiently secreted by 
transfected cells, because most of the enzyme activity is found in the supernatant. 
 
 

Binding of the C28-sCE2 fusion protein to EpCAM was demonstrated 
by FACS analysis of EpCAM expressing SW1398 colon cancer cells 
incubated with transfected COS-7 supernatants (figure 4A), whereas sCE2 did 
not bind the EpCAM expressing cells. Thus, the C28 moiety of C28-sCE2 
mediated EpCAM binding. Furthermore, SW1398 cells were plated and 
incubated with the transfected COS-7 supernatants for 24 h. Hereafter, cells 
were stained with anti-myc antibody to detect bound fusion protein. C28-sCE2 
was detected at the membrane of SW1398 cells, shown in figure 4B, whereas 
cells incubated with sCE2 were not stained.   
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4A 
 
 
 
 
 
 
 
 
 
 
 
 
 
4B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4:  Binding of C28-sCE2 to the EpCAM expressing human colon cancer cell 
line SW1398. (A) FACS analysis of SW1398 cells that highly express EpCAM, with 
the supernatants of COS-7 cells transfected with psCE2 or pC28-sCE2. As a positive 
control the 323A3 antibody (bold line), directed to EpCAM was used. Binding was 
visualized with mouse anti-myc antibody and fluorescein-conjugated rabbit anti-
mouse IgG. The fusion protein C28-sCE2 (dotted line) is able to bind to SW1398 
cells, whereas sCE2 is overlapping the PBS control (solid line). (B) Cells were 
incubated for 24 h with supernatants of transfected COS-7 cells. Hereafter, cells 
were stained with anti-myc antibody to show binding of sCE2 or C28-sCE2 to 
EpCAM. Cells were counterstained with haematoxylin. Only cells incubated with C28-
sCE2 (right) show binding of the fusion protein to the cellular membrane, whereas 
sCE2 incubation did not show bound protein (left). 
 
 
Prodrug activation and anti proliferative effects  
Concentrated supernatants of COS-7 cells transfected with pCE2, psCE2 or 
pC28-sCE2 were analyzed for CPT-11 conversion using HPLC. Supernatants 
were incubated with CPT-11 for 22 h at 37�qC. It was found that both sCE2 
and C28-sCE2, which were secreted in the culture medium of transfected 
cells, were able to activate the prodrug CPT-11, since the drug SN-38 was 
formed (data not shown).  
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To show the effect of CPT-11 conversion into SN-38 by CE2, sCE2 and C28-
sCE2 on the viability of colon cancer cells, the EpCAM-expressing colon 
carcinoma cell line SW1398 was incubated overnight with the concentrated 
supernatant of COS-7 cells transfected with pCE2, psCE2 or pC28-sCE2. 
After incubation, culture medium or a non-toxic concentration (1 �PM) of CPT-
11 was added. In figure 5 it is shown that the supernatants of COS-7 cells 
transfected with sCE2 or C28-sCE2 render SW1398 cells susceptible to CPT-
11. Incubation with supernatants of pCE2 transfected COS-7 cells and CPT-
11, which do not secrete CE, or incubation with sCE2 or C28-sCE2 
supernatant only, did not show augmented toxicity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:  Cytotoxicity assay with the EpCAM expressing cell line SW1398 incubated 
with 1 �PM CPT-11 and concentrated supernatants of COS-7 cells transfected with 
pCE2, psCE2 or pC28-sCE2 or with supernatants only. Results are shown as % of 
killed cells compared to untreated control cells, which were set to 0 % kill. Incubation 
with sCE2 or C28-sCE2 supernatants and the non-toxic concentration of CPT-11 
result in growth inhibition comparable to incubation with 1 �PM SN-38, whereas 
incubation with CPT-11 or supernatant only is not toxic. 
 
 
DISCUSSION 
 
CPT-11 is a prodrug for the treatment of colon cancer. One enzyme that 
converts CPT-11 into the toxic drug SN-38 is CE. By increasing the 
concentration of CE at the site of a tumor via a GDEPT approach, the 
conversion of CPT-11 to SN-38 will be enhanced at the site of the tumor, 
leading to tumor specific cytotoxicity. Human liver CE1 and rabbit CE have 
been employed in a GDEPT approach in combination with CPT-11. Although 
rabbit CE appeared to convert CPT-11 very effectively 17, an enzyme of 
human origin is preferred for in vivo applications to treat patients. Human CE1 
showed a low conversion velocity and a low hydrolysis rate for CPT-11 in 
comparison with CE2 19. Therefore, in this study we used the human liver CE2 
enzyme to sensitize human tumor cells to CPT-11.  Because current gene 
transfer technology does not allow expression of transgenes in all cells of a 
targeted tumor in vivo, a bystander effect is required, in order to achieve 
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efficient tumor reduction.  Extracellularly produced SN-38 should not only kill 
the tumor cells in which CE2 is formed, but also neighboring tumor cells that 
do not express CE2. To investigate whether extracellular conversion of CPT-
11 would lead to a larger bystander effect than intracellular conversion, we 
constructed a secreted form of CE2 (sCE2). Furthermore, we hypothesized 
that a fusion protein consisting of sCE2 fused to a tumor specific scFv 
antibody would be retained in the tumor thereby preventing leakage of the 
enzyme into the circulation and therefore further reducing unwanted side 
effects. An example of a tumor-associated antigen is EpCAM. This molecule 
is an attractive target for enzyme prodrug therapy, since it is highly expressed 
on the cell surface of most carcinomas, including colon tumors. Furthermore, 
EpCAM is highly expressed on distant metastasis 28. Therefore, we 
constructed a fully human fusion protein consisting of sCE2 fused to a human 
scFv antibody directed to EpCAM (C28-sCE2). Intratumoral expression of this 
protein in cancer patients is expected to be less immunogenic than expression 
of non-human fusion proteins. 

The secreted and the targeted protein were detected in the supernatant 
of transfected COS-7 cells and the secreted proteins exhibited comparable 
enzymatic activities as determined by conversion of pNpAc. Comparing the 
secreted proteins to intracellular wild type CE2, it was observed that 
transfecting COS-7 cells with pCE2 resulted in a much lower total amount of 
CE-activity than cells transfected with psCE2 or the fusion protein C28-sCE2. 
Whether this is due to a greater amount of protein or a higher enzyme activity 
of sCE2 when compared with CE is not clear. C28-sCE2 showed enzyme 
activity and specific binding to EpCAM expressing cells as determined by 
FACS analysis and immunohistochemistry on SW1398 cells, whereas sCE2 
did not bind these cells. Furthermore, using HPLC analysis it was shown that 
the secreted as well as the targeted form of CE2 were able to efficiently 
convert CPT-11 into SN-38.  Experiments with SW1398 colon carcinoma cells 
that were incubated with secreted or targeted protein and a non-toxic 
concentration of CPT-11 showed complete growth inhibition of these cells.  

In conclusion, we constructed a secreted form of CE2 that was capable 
to convert the prodrug CPT-11, leading to enhanced toxicity of CPT-11 to 
colon cancer cells. This construct holds promise in GDEPT approaches since 
transduction of tumor cells with psCE2 will most likely result in high 
concentrations of sCE2 throughout the whole tumor. Therefore, CPT-11 will 
be converted to SN-38 very efficiently throughout the tumor, resulting in a 
larger bystander effect than intracellular conversion of CPT-11. The C28-
sCE2 fusion protein is as active as sCE2, and therefore this construct is as 
useful as sCE2 for GDEPT, but the theoretical advantage of C28-sCE2 is that 
the targeting moiety will prevent leakage of the construct into the circulation. 
However, from this study it can not be concluded that C28-sCE2 will have this 
additional advantage as compared to sCE2 .To prove this hypothesis, in vivo 
experiments are necessary in which sCE2 and C28-sCE2 are expressed in 
colon carcinoma xenografts followed by CPT-11 administration.  
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SUMMARY 
 
CPT-11 is an anticancer agent in use for the treatment of colon cancer. In 
order to be fully active, CPT-11 needs to be converted into SN-38 by the 
enzyme carboxylesterase. In humans, only a minority of CPT-11 is converted 
to SN-38. To increase the anti-tumor effect of CPT-11 by Gene-Directed 
Enzyme Prodrug Therapy, we constructed a replication deficient adenoviral 
vector Ad.C28-sCE2 containing a fusion gene encoding a secreted form of 
human liver carboxylesterase-2 targeted to the surface antigen EpCAM that is 
highly expressed on most colon carcinoma cells. By targeting 
carboxylesterase-2 to EpCAM, the enzyme should accumulate specifically in 
tumors and leakage into the circulation should be minimized. Ad.C28-sCE2 
transduced colon carcinoma cells expressed and secreted active 
carboxylesterase that bound specifically to EpCAM expressing cells. In 
sections of 3-dimensional colon carcinoma spheroids transduced with 
Ad.C28-sCE2, it was shown that C28-sCE2 was capable of binding 
untransduced cells. Most importantly, treatment of these spheroids with non-
toxic concentrations of CPT-11 resulted in growth inhibition comparable to 
treatment with SN-38. Therefore, Ad.C28-sCE2 holds promise in gene therapy 
approaches for the treatment of colon carcinoma. 
   
 
INTRODUCTION 
 
Conventional chemotherapy is not specific for tumor cells and therefore its 
administration is limited by side effects. These side effects might potentially be 
overcome by targeting chemotherapy specifically to tumor cells by Gene-
Directed Enzyme Prodrug Therapy (GDEPT). In GDEPT, a gene encoding a 
prodrug-converting enzyme is delivered to the tumor by, for example, an 
adenoviral vector. If the prodrug is administered it will be specifically 
converted to the active drug at the site of the tumor. This should increase the 
efficacy and decrease the side effects of chemotherapy. CPT-11 (irinotecan or 
7-ethyl-10[4-(1-piperidino)-1-piperidino] carbonyloxycamptothecin) is an 
anticancer agent that is approved for first line treatment of metastatic colon 
cancer. In order to be fully active, CPT-11 needs to be activated into the 
active compound SN-38 (7-ethyl-10-hydroxycamptothecin) by 
carboxylesterase (CE) enzymes 1,2. Although SN-38 is detected in the plasma 
of cancer patients only minutes after administration of CPT-11 3, 90-95% of 
the prodrug is not converted to SN-38 4. A way to improve the anti-tumor 
effect of CPT-11 may be to use CPT-11 and CE in a GDEPT approach. 
Adenoviral mediated expression of rabbit CE showed to efficiently sensitize a 
panel of tumor cell lines to CPT-11 5. A human enzyme, however, has the 
advantage over a non-human enzyme that it will not lead to an immune 
response against the enzyme and subsequent enzyme inactivation. Kojima et 
al. described the construction of a replication deficient adenoviral vector 
containing the cDNA encoding human liver CE isoform 1 (CE1) 6.  Cell lines 
transduced with this virus and treated with CPT-11, however, showed only 
minimal anti-tumor effects. The liver CE isoform 2 (CE2) has a higher affinity 
and a higher conversion velocity of CPT-11 compared to CE1 7. Therefore, we 
envisaged that human liver CE2 would be the best candidate to employ in a 








































































































































































