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Abstract
Gene therapy with oncolytic adenoviruses is a promising novel treatment modality for cancer.
Adenoviruses have shown excellent safety and tolerability in clinical studies, but their efficacy still
needs improvements, particularly when systemic administration is used. Problems related to
systemic administration of adenoviruses include natural liver tropism, uptake and clearance by liver
macrophages and binding to circulating platelets. Virus interaction with soluble coagulation factors in
circulation and direct adenoviral binding to cellular heparan sulphate proteoglycans (HSPG) have
been suggested as important pathways in liver tropism. Serotype 5 adenoviruses are most widely
used in gene therapy. However, the expression of their primary receptor CAR is highly variable, which
may reduce their efficacy, whereas the receptor for serotype 3 adenovirus is expressed widely on
cancer cells. Indeed, chimeric serotype 5 adenoviruses with fiber knob region replaced by the
adenovirus 3 fiber knob have shown superior efficacy in preclinical studies. Preclinical studies have
also shown that adjuvant use of calcium channel blockers can improve the efficacy of oncolytic
adenoviruses in cancer gene therapy by enhancing the release of progeny virions from infected cells.
Arming adenoviruses with immunostimulatory molecules is another promising way to enhance their
antitumoral efficacy. These armed viruses can stimulate and enhance antitumoral immune responses
through the activity of the transgene, while also killing tumor cells by the lytic activity of the virus.
The purpose of this thesis was to improve efficacy, and safety, of adenovirus treatments for cancer.
We investigated the effects of ablation of vitamin K‐dependent coagulation factors involved in liver
tropism, blocking adenoviral uptake by Kupffer cells and reducing amount of circulating platelets on
adenoviral biodistribution after systemic administration. Kupffer cell inhibition resulted in
prolongation of higher virus concentrations in circulation, whereas coagulation factor ablation
resulted in reduced liver transduction, without compromising efficacy of tumor transduction.
Further, combination of all three pretreatments resulted in enhanced tumor‐to‐liver ratio of gene
expression.
We constructed a 5/3 chimeric adenovirus with a mutation in the protein capsid KKTK region that is
presumably responsible for interactions with liver cells through HSPG binding. This virus exhibited
reduced liver tropism after systemic administration. Cancer cell transduction was well retained in
vitro and tumor‐to‐liver ratio of gene expression seemed enhanced in vivo. Nevertheless, there were
differences between tumor viral particle accumulation and gene expression levels, which highlights
the importance of post‐entry steps of infection. This modified virus was also investigated together
with alterations of coagulation factor availability, and it seemed that these pathways of liver
transduction are separate and non‐compensatory. Possible signs of additional reductions in liver
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transduction were seen in vivo when coagulation factor ablation was employed in combination with
this virus.
Verapamil was studied in combination with oncolytic adenovirus treatments in advanced cancer
patients. Verapamil resulted in elevated serum viral titers after treatments, compared to matched
controls, suggesting enhanced viral spread and release. The frequency or severity of adverse events
was not increased by verapamil. Therefore, verapamil seems a safe adjuvant of oncolytic adenovirus
treatments and able to enhance viral kinetics. Further studies are required for determining its effects
on treatment benefits.
A 5/3 chimeric oncolytic adenovirus carrying the immunostimulatory granulocyte‐macrophage
colony‐stimulating factor (GM‐CSF) as a transgene, Ad5/3‐D24‐GMCSF, was constructed. Ad5/3‐D24‐
GMCSF displayed strong oncolytic potential and efficient expression of the functional transgene in
vitro. Antitumor efficacy and tumor‐selective replication and GM‐CSF production of the virus were
confirmed in an immunocompetent Syrian hamster model with syngeneic pancreatic tumors.
Treatment of advanced cancer patients with Ad5/3‐D24‐GMCSF was well tolerated. Intriguing signs
of possible treatment benefits were also recorded. Further, possible signs of induction of antiviral
and antitumoral immune responses were observed. Therefore Ad5/3‐D24‐GMCSF seems a promising
agent for treatment of cancer and clinical Phase I and I/II trials have been initialized for further
analysis of this agent.
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PART B
1. REVIEW OF THE LITERATURE
1.1 Introduction
Surgery was the first cancer therapy to reach widespread use. A major breakthrough for this
occurred when ether anesthesia was introduced to practice in 1846 (Hammonds and Steinhaus,
1993). Thereafter surgery remained the predominant form of cancer therapy until the beginning of
the 20th century. Another major advance in cancer therapy occurred with the introduction of
radiotherapy for cancer, followed by vast enthusiasm in its use (Bernier et al., 2004). Decades after
that, chemotherapy was added to the treatment arsenal in the 1940s (Freireich, 1984). Hormonal
therapy, first in the form of androgen deprivation for treatment of prostate cancer, started also
raising interest as treatment for cancer as early as in the 1940s (Crawford, 2004). More recently,
immunotherapeutic approaches have also been incorporated into routine therapies (Mellman et al.,
2011). Small molecular inhibitors that inhibit the activity of specific protein kinases are another
relatively recent addition to the repertoire of cancer therapeutics and currently over 10 different
molecules have received market approval in the United States (Zhang et al., 2009). To date, these
conventional treatment options for cancer have experienced enormous development and regimes
have been expertly optimized to aim for best possible treatment results. When a cancer is diagnosed
in an early stage, the prognosis with the conventional cancer therapies is often good and even
complete cure can be sought after. Nevertheless, cancer remains a leading cause of death worldwide
(WHO, IARC, GLOBOCAN 2008). Advanced and metastatic diseases often remain incurable by current
treatment options and lead to death, which highlights the need for development of novel therapies.

1.2 Novel cancer therapies
1.2.1 Cancer gene therapy
Gene therapy is a field of research aiming to treat diseases caused by defective genes by altering the
genomes of cells and tissues. Treatment vectors are mostly different types of viruses, but also
plasmid DNA and other non‐viral systems are employed. Gene therapy has blossomed in the past few
decades and is concurrently investigated as a treatment option for a multitude of diseases,
employing also a variety of vectors of gene delivery. Disease entities for which gene therapy is being
developed include cancer, cardiovascular disease, monogenic inherited diseases, and infectious
diseases.
Virotherapy for cancer treatment has been gaining interest from as early as the mid 19th century with
the observations of cancer patients experiencing phases of remission upon natural virus infections. In
the 1950s and 1960s virology was blooming with rapid acceleration in understanding of viruses,
thanks to advances in cell culture and virus propagation methods (Kelly and Russell, 2007).
Subsequently, a great wave of excitement rose in cancer virotherapy and a number of viruses were
investigated as therapeutic agents. This era of intensive virotherapy research was followed by a few
decades of decreased interest in viruses as therapeutics due to frustration at obstacles encountered
in the early clinical trials. However, virotherapy returned to the spotlight at the end of the 20th
century and the past two decades have seen major advances in the field (Kelly and Russell, 2007).
Early work involving research and development in cell cultures and animal models has since provided
encouraging results leading to translations into clinical trials. By June 2012, 1843 clinical trials had
been set in motion for gene therapy. The vast majority of these (64%) are aimed at cancer gene
6

therapy with viruses being used as the vector systems in approximately two thirds of all trials. Out of
different virus vectors, adenoviruses and retroviruses are by far most popular and in cancer gene
therapy adenoviruses are the vector of choice in a quarter (23%) of all trials (Journal of Gene
Medicine, http://www.abedia.com/wiley/index.html).
Glioblastoma is an example of a cancer type in which there has been active development in cancer
gene therapy due to lack of currently available curative treatment. Already in 2000, a Phase III
randomized trial with 284 patients with previously untreated glioblastoma tumors was published
using a gene therapy system with local injections of carrier cells infected with a retroviral vector
coding for a suicide prodrug‐converting enzyme, the herpes simplex thymidine kinase (HSV‐tk).
However, this vector system was unable to prolong patient survival in combination with standard
therapy compared to standard therapy alone, possibly due to a too low ratio of delivery of the HSV‐tk
enzyme to tumor cells (Rainov, 2000). Another example of a gene therapy product reaching final
stages of clinical testing was Cerepro®, a replication‐deficient adenoviral vector coding for HSV‐tk for
local treatment of glioma. 236 patients were randomized to receive standard care, including surgery,
or standard care plus Cerepro® and ganciclovir, the substrate for the prodrug‐converting enzyme
coded by the virus. Preliminary results of the trial indicated a statistically significant advantage in the
median survival of the combination treatment group. However, the investigators have commented
that interpretation of the study was complicated by the changing standard of treatment for
malignant glioma during the study period. The European Medicines Agency refused marketing
approval for Cerepro® in initial review of the data and stated that additional clinical study data would
be required for a marketing approval (http://www.arktherapeutics.com/). Final analyses on this trial
data have still not been published.
The first marketing approval of a virotherapeutic agent for cancer treatment was granted in China to
a modified replication‐deficient adenovirus Ad‐p53 in 2003 (Pearson et al., 2004), followed by
approval of an oncolytic adenovirus H101 in 2005 (Garber, 2006). Both of these were registered for
treatment of head and neck cancer (HNC). These successes surely have given a huge boost for the
field, but a lot of work and development remains to be done until virotherapeutics reach a status as
standard treatment options for cancer. Even more work is needed until the problem of cancer is
tackled.

1.2.2 Cancer immunotherapy
Cancer immunotherapy refers to treatments that lead to activation of the immune system for
therapeutic benefit in cancer. It includes a multitude of different types of approaches, such as
cytokine and monoclonal antibody therapies and cell‐mediated therapies (Mellman et al., 2011).
Recently cancer virotherapy has also been thought to represent an immunotherapeutic approach
(Melcher et al., 2011).
Experimentation with immunotherapy for cancer treatment dates back to the 19th century when rare
cases of tumor regression were observed, often in patients suffering from bacterial infections.
However, at that time efforts to achieve tumor regression experimentally through injections of
bacterial extracts did not result in a breakthrough, although sporadic treatment responses were
observed (Mellman et al., 2011). In the beginning of the 20th century the theory of the body’s own
immune system fighting against tumors was developed. Proof‐of‐concept experiments to prove this
immune surveillance theory were finally executed in the 1970s (Li et al., 2005). This enthusiasm was
accompanied by clinical studies of intravesical bacillus Calmetten‐Guerrin as an immunomodulator
for treatment of bladder cancer (Kim and Steinberg, 2001). Thereafter, immunotherapy has been
eagerly introduced to the battle against cancer. Other early immunotherapy approaches included
recombinant cytokines such as interleukin (IL) ‐2 and tumor necrosis factor (TNF) ‐α that were shown
to contribute to tumor regression in both experimental and clinical data (Kirkwood and Ernstoff,
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1985, Atkins et al., 1999, Li et al., 2005). To date, bacillus Calmetten‐Guerrin has become the routine
treatment for in situ bladder carcinoma and an IL‐2 agent “Proleukin” has been approved as a
treatment option for melanoma and renal cancer, similarly as an interferon (IFN) ‐α agent (Kim and
Steinberg, 2001, Mellman et al., 2011).
Monoclonal antibodies are the predominant immunotherapeutic treatments currently approved for
cancer. Nine different monoclonal antibodies, targeting six cancer‐associated proteins have gained
formal approval for the treatment of solid and hematological malignancies (Mellman et al., 2011).
One notable example of these has been an anti‐cytotoxic T‐lymphocyte antigen 4 (CTLA‐4) antibody,
ipilimumab, designed to enhance the endogenous antitumoral T cell response. Importantly,
ipilimumab therapy achieved a significant increase in survival of patients with metastatic melanoma,
a disease against which conventional therapies have failed, in a randomized controlled multi‐center
Phase III clinical trial (Hodi et al., 2010). Therapeutic cancer vaccines, including cell‐based
approaches, are another rapidly developing arm of cancer immunotherapy. The biggest success in
cancer vaccines has been the market approval of sipuleucel‐T “Provenge”, a complex mixture of
peripheral blood mononuclear cells supplemented with a cytokine and a prostate tumor‐associated
antigen, for treatment of advanced prostatic cancer (Mellman et al., 2011).
Clinical trials of ipilimumab and sipuleucel‐T have shared an interesting feature with regard to
detection of treatment benefits. Both of these agents have improved the overall survival of patients
significantly, clearly demonstrating the benefit of the treatment (Kantoff et al., 2010, Hodi et al.,
2010). However, treatment benefit assessment by radiological evaluation using standard Response
Evaluation Criteria in Solid Tumors (RECIST), originally developed for assessment of chemotherapy
responses, would have largely underestimated the treatment responses. In the context of an
immunotherapeutic agent, such as ipilimumab, treatment responses may not develop simply
through reduction of tumor volume, but through more complex phenomena. In fact, tumor biopsies
after cancer vaccination in immunotherapy trials have revealed presence of immune cell infiltrates
accompanying tumor destruction in association with extensive oedema and possible subsequent
fibrosis (Mellman et al., 2011). To circumvent the problem of lack of tumor shrinkage as a sign of
treatment benefit, investigators have suggested a set of immune‐related response criteria (ir‐RC), in
the context of an ipilimumab melanoma trial. The main differences of the ir‐RC as compared to
earlier criteria involve allowing development of new lesions in disease classified as stable disease if
total tumor burden is not increased at least 25% from baseline. Other major points were the
requirement of at least 25% increase in tumor burden in two consecutive observations at least 4
weeks apart prior to classification as progressive disease and taking both index and new lesions into
account for calculation of tumor burden (Wolchok et al., 2009). Thereafter, response evaluation in
immunotherapy trials has been suggested to be amended to use these immune‐related response
criteria, in addition to altering statistics used to evaluate Kaplan–Meier survival curves to allow
delayed separation of the survival curves (Hoos et al., 2010). Thus the ways to evaluate novel
immunotherapeutics is evolving along with the development of these therapies. Importantly, as
virotherapy agents have also recently been identified to function largely as immunotherapeutics,
their response evaluation may also need to be developed from the current routine of employing
standard evaluation methods.

1.3 Adenoviruses
Human adenoviruses belong to the family Adenoviridae and comprise the genus Mastadenovirus.
Adenoviruses (Ad) were first discovered in 1953 by Rowe et al. They identified adenovirus as a novel
cytopathogenic agent in tissue cultures extracted from human adenoids (Rowe et al., 1953).
Simultaneously and independently of the former, another group identified these viruses from throat
washings of military recruit patients with respiratory diseases (Hilleman, 1957, Hilleman and Werner,
1954). Since then, 55 different serotypes of human adenoviruses have been identified and classified
8

into seven subgroups (A – G), and new serotypes are yet constantly discovered (Khare et al., 2011).
Originally different human adenoviruses were separated into subgroups based on their capacity to
agglutinate erythrocytes and other bioassays. Concurrently new viruses are assigned to appropriate
subgroups by genotyping.
Epithelial cells are the primary target for adenovirus pathology in vivo. Adenoviruses typically infect
tissues of the respiratory tract, eye and gastrointestinal tract, but less frequently they also infect and
replicate in the liver and urinary bladder. Pathological infections of pancreatic tissue, myocardium
and central nervous system have also been described. Depending on the locus of infection, disease
manifestations caused by human adenoviruses range from acute respiratory diseases, conjunctivitis
and gastroenteritis to hemorrhagic cystitis and hepatitis. Febrile acute respiratory diseases caused by
adenoviruses are mainly encountered in infants and school‐aged children, but also in military
recruits. The various diseases caused by adenoviruses manifest usually relatively mildly, as acute self‐
limiting infections. However, for immunosuppressed patients and infants they can be severe and
even life‐threatening, manifesting as fulminant hepatitis, pneumonia and even meningoencephalitis.
For unknown reasons different serotypes are characteristically responsible for different disease
manifestations. For example Ad40 and Ad41 infections cause gastroenteritis, Ad8, Ad19 and Ad37
are typically related to epidemic keratoconjunctivitis and Ad11 and Ad21 are principal serotypes
encountered in hemorrhagic cystitis infections (Wold and Horwitz, 2007, Kunz and Ottolini, 2010).
Human adenoviruses can exhibit considerable persistence and latency after an acute infection.
Patients who have experienced acute adenoviral infections can continue to excrete the virus
intermittently in stool for prolonged times, although not indefinitely, even if seroconversion as a sign
of effective humoral response has occurred (Fox et al., 1977). Adenovirus can also be found in
adenoid tissue during routine tonsillectomy. It seems that after an acute infection adenovirus can
persist in tissues of respiratory tract and be shed intermittently (Kalu et al., 2010). It has also been
shown that adenoviruses can cause latent infection of mucosal lymphocytes which can result to
reactivation of infectious virus production (Garnett et al., 2009). Latency of the virus is thought to
play a major role in adenovirus infections of immunocompromised patients (Hierholzer, 1992,
Veltrop‐Duits et al., 2011).
Adenoviruses also exhibit a wide range of other hosts within vertebrates in addition to humans.
Human adenoviruses tend to be species‐specific in their replication cycle, but they are able to enter
and infect also other mammalian cells. In cells of other species, human adenoviruses can express
some of the early genes, but do not replicate productively in these, with a few exceptions (Duncan et
al., 1978, Wold and Horwitz, 2007). Therefore human adenoviruses are generally non‐pathogenic to
animals, and adenoviruses of other host species are non‐pathogenic to humans (Wold and Horwitz,
2007). Exceptions to this species‐specificity include reports suggestive of replication of human
adenovirus serotype 5 (Ad5) in cotton rats (Pacini et al., 1984, Toth et al., 2005), Syrian hamsters
(Hjorth et al., 1988, Thomas et al., 2006) and New Zealand rabbits (Gordon et al., 1992).
Furthermore, human adenoviruses have been described to cause malignant transformation of rodent
cells in culture. The ability to transform cells has been related mainly to persistent expression of viral
E1A and E1B genes, but also E4 participates in cell transformation (Berk, 2007). Furthermore, some
adenoviruses can cause tumorigenesis in newborn rodent pups (Orend et al., 1994). Oncogenic
potential of human adenoviruses varies between serotypes. Ad12 is an example of a highly
oncogenic serotype, whereas Ad2 and Ad5 are generally non‐tumorigenic serotypes (Lee et al., 2002,
Doerfler, 2009). The difference in oncogenicity of different serotypes correlates to variations in the
early viral genes and interplay with the host’s immune system. Generally, malignant transformation
and tumorigenesis may occur in a non‐permissive host cell when viral genes are expressed
persistently and/or integrate to the genome but cells are not lyzed due to the absence of viral
replication (Berk, 2007, Doerfler, 2009). Regardless of extensive investigation, no solid correlation
has been established with adenoviruses and induction of human cancers (Berk, 2007). On the
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contrary, both viral replication and the expression of Ad5 E1A‐gene itself can lead to significant
antitumor activity in the permissive host (Lee et al., 2002).
Serotype 2 and serotype 5 adenoviruses, both belonging to subgroup C adenoviruses, have been the
most studied human adenoviruses, with Ad5 having become the most commonly used vector in the
context of gene therapy development. Advantages of using Ad5 include the well known structure and
functions of the virus, easy cloning and modifications of genome, easy preparation of high titer
stocks of virus, efficient cell transduction capacity and ability to transduce non‐dividing cells and
robust gene expression. The Ad5 genome does not generally integrate to the host genome, unlike for
example the oncogenic Ad12 (Doerfler, 2009, Rauschhuber et al., 2012). This non‐integrating nature
of Ad5 is an advantage when considering safety; there is very little risk of mutagenesis through DNA
integration. However, this also means that gene expression in dividing cells will remain transient,
whereas in non‐dividing cells the adenoviral DNA may persist for elongated periods of time, should it
not be cleared by the immune system (Rauschhuber et al., 2012). Therefore, adenoviruses are not an
optimal tool for gene therapy of inherited diseases where sustained long‐lasting gene expression is
required, but they are well suited for use in cancer gene therapy.

1.3.1 Structure of adenovirus
Adenoviruses are non‐enveloped viruses with an icosahedral protein capsid surrounding the double
stranded DNA. The protein capsid is comprised mainly of penton and hexon proteins, with knobbed
fiber proteins protruding out from the twelve vertices of the capsid (Figure 1). The capsid also
contains a number of other minor structural proteins such as IIIa, IVa2, VI, VIII and IX (Figure 2).
Hexon is the main structural protein of the capsid and also the most abundant adenoviral protein.
Hexon trimers are arranged into twenty interlocking facets, and contain hypervariable regions
present on surface loops facing outwards. The hypervariable regions play a significant role as the
most important adenoviral antigens. The minor capsid protein IX acts as cement between adjacent
hexon molecules (Rux and Burnett, 2004). Each of the twelve vertices of the virus has of a penton
complex at its base. The penton complexes consist of a pentamer of penton proteins and the
attached trimeric fiber. Each penton protein has flexible loops on its surface, featuring an arginine‐
glycine‐aspartic acid (RGD) motif which is involved in cellular binding and internalization. The fiber
attaches to the penton base by its N‐terminal tail. The central shaft domain of the fiber is comprised
of repeating triple β‐spiral motifs and ends at a globular knob domain, involved in trimerization of
the fiber and cellular interactions (Campos and Barry, 2007). The length of the fiber shaft varies
significantly between serotypes. The number of repeats of the 15 residue shaft motif ranges from 6
repeats in Ad3, to 22 repeats in Ad5, and up to 23 in Ad12 (Law and Davidson, 2005). For the long‐
shafted Ad5, flexibility of its fiber is essential for overcoming steric barriers in cellular interactions
and internalization of Ad5. The flexibility of the shaft in Ad5 and also Ad2 appears to be created by a
flexible kink in the third repeat that allows the shaft to bend (Wu et al., 2003). In addition, the third
repeat of the shafts of Ad2 and Ad5 include a nonconsensus sequence of a lysine‐lysine‐threonine‐
lysine (KKTK) motif that is involved in cell binding (Smith et al., 2003).
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Figure 1. General structure of adenovirus and its main structural proteins.

Inside the capsid, the genetic material of adenovirus is organized as linear double‐stranded DNA
measuring circa 36 000 base pairs (Russell, 2000). The viral DNA is closely intermingled with the
highly basic protein VII and the small protein X, also known as mu (Campos and Barry, 2007). The 5’
ends of the DNA double‐strand are capped by terminal proteins. Protein V participates in packing the
DNA‐protein complex and also provides structural attachment between the DNA complex and capsid
hexons, via protein VI (Campos and Barry, 2007). The viral protease is also located in the core of the
virus and functions in cleaving several structural proteins to their mature functional forms (Webster
et al., 1989).

Figure 2. Adenoviral structure and proteins. Adapted from “Russel, 2000”.
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1.3.2 Adenovirus life cycle
Upon contact with a cell, the adenovirus particle attaches to its primary receptor on the cell via its
knob domains with high affinity, as demonstrated in extensive in vitro studies (Campos and Barry,
2007). Thereafter, secondary interactions occur between the penton base and cellular components.
These trigger a dynamin‐dependent clathrin‐mediated endocytosis of the virus particle (Wang et al.,
1998). Inside the endocytotic vesicle, the virion releases most of its fiber domains. Thereafter the
natural process of acidification of the endosome initiates additional conformational changes of the
capsid, which eventually leads to virus escape from the endosome (Campos and Barry, 2007).
Endosome escape is achieved through a mechanism mediated by the adenoviral protein VI (Wiethoff
et al., 2005). The virion then travels to the nuclear pore complex, where it releases its genome into
the nucleoplasm for gene expression and genome replication (Campos and Barry, 2007).
The genome can be divided into early genes and late genes, based on the time of their transcription
with regard to replication of DNA (Russell, 2000). E1A, a subunit of E1, is the first viral gene that is
expressed after the viral genome reaches the nucleus and is therefore referred to as an immediate
early gene (Volpers and Kochanek, 2004). E1A functions in activating transcription of other early
genes by inducing S‐phase and modulating cell metabolism to make the cell more susceptible to viral
DNA replication. E1A binds to Rb, thus releasing E2F, which is critical for activation of adenovirus E2
gene expression cassette and synthesis of a range of cellular S‐phase components (Russell, 2000).
Thereafter transcription of the other early genes E1B, E2, E3 and E4 takes place. E1B gene products
are involved in inhibiting apoptosis and necrosis to prolong cell survival, and also in viral DNA
replication and transport of viral RNAs (Russell, 2000). E2 transcription unit encodes for proteins
required in replication of viral DNA (Volpers and Kochanek, 2004). E3 genes are dispensable with
regard to viral replication in vitro, but are necessary in inhibiting initiation of anti‐adenoviral immune
responses and battling host cell defense mechanisms. For instance, the E3‐gp19K gene product
delays expression of major histocompatibility complex (MHC) I and prevents its translocation to the
cell plasma membrane, where it would present peptides to immunological cells. E3 also encodes for
the adenoviral death protein (ADP) that is involved in lysis of the host cell and release of virions
(Lichtenstein et al., 2004). E4 gene products have a variety of functions in viral replication,
transcription of viral DNA and manufacture of late proteins and progeny virions (Leppard, 1997). For
example, E4orf3 and E4orf6 proteins assist in enabling viral replication by preventing activation of
the cell’s DNA damage detection and correction machinery (Berk, 2007).
Replication of viral DNA occurs after transcription of the early genes. Replication is initiated from
both inverted terminal repeats (ITRs). After the onset of viral DNA replication, the intermediate
genes IVa2 and IX are expressed and function to activate the major late promoter. The major late
promoter then drives the transcription of late genes L1‐L5 that encode for structural proteins for
progeny virus particles. Thereafter new virions are encapsulated and released from nucleus to the
cytoplasm (Russell, 2000). Finally the host cell membrane disintegrates through an adenovirus death
protein (ADP) mediated mechanism and the progeny viruses are released (Tollefson et al., 1996).
Recently, evidence is cumulating that the process of lysis and death of infected cells involves
autophagic mechanisms (Rodriguez‐Rocha et al., 2011, Jiang et al., 2011) .

1.3.3 Receptor interactions
Coxsackie‐adenovirus receptor (CAR) has been identified as a primary high affinity receptor for most
adenovirus serotypes, including Ad2 and Ad5 (Bergelson et al., 1997). In fact, CAR has been shown to
function as an efficient receptor in vitro for adenoviruses from subgroups A, C, D, E and F, but not for
subgroup B adenoviruses (Roelvink et al., 1998). CAR belongs to the immunoglobulin superfamily and
is expressed in tight junctions between epithelial cells. The transmembranous CAR molecules form
homodimers through interactions of their extracellular domains and connect to other cellular
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proteins on the cytosolic side (Cohen et al., 2001). The CAR binding motifs in the adenovirus capsid
have been identified and are located in the fiber knob (Kirby et al., 2000). However, it remains
uncertain how the virus reaches the receptor domains in the basolaterally localized tight junctions.
Infectivity of the adenovirus is quite low when they are applied apically on polarized epithelia
(Walters et al., 1999). Therefore, it has been proposed that CAR binding might be more importantly
involved in facilitating viral spread in epithelium rather than initial virus entry. Fiber proteins are
commonly produced to excess amounts during virus replication and it has been postulated that the
binding of these free fiber proteins to CAR‐receptors in tight junctions would facilitate virus spread
within the epithelium by disrupting the tight junctions and allowing for leakiness of epithelium
(Walters et al., 2002).
Secondary cellular interactions involve binding of the RGD motif of the penton base to cellular αv‐
integrins (Wickham et al., 1993). These interactions are responsible for triggering the endocytosis of
the virus (Wang et al., 1998). In addition to CAR and integrins, also heparan sulphate proteoglycans
(HSPGs) have been shown to be important for Ad5 cell entry mechanisms (Dechecchi et al., 2001). It
has been suggested that the HSPG interaction involves the KKTK motif on the Ad5 shaft and that this
interaction may become particularly important for in vivo cell transduction (Smith et al., 2003). The
adenovirus shaft also has other major roles in coordinating cell binding, and changes in shaft length
and flexibility can hamper proper receptor interaction with CAR and integrins. In contrast, CAR‐
independent subgroup B viruses are not sensitive for changes in fiber length (Wu et al., 2003,
Shayakhmetov and Lieber, 2000, Nakamura et al., 2003). Thus both the Ad5 shaft itself and the shaft
length seem to be highly important for cell transduction. A long shaft may be needed to overcome
the electronic repulsions between the virus and cell surface to allow for transduction via CAR
(Nakamura et al., 2003).
In contrast, subgroup B adenoviruses do not utilize CAR for cell entry. Some subgroup B viruses, Ad35
for example, bind to ubiquitously expressed CD46 while others, including Ad3, were recently shown
to use desmoglein type 2 for cell binding (Wang et al., 2011). In addition to desmoglein‐2, Ad3 has
been shown to bind to cellular HSPG via its knob and thus use HSPG as a co‐receptor (Tuve et al.,
2008). Other receptors that have been shown to be used by adenoviruses for cell binding include
dipalmitoyl phosphatidylcholine (DPPD), lactoferrin and sialic acids (Arnberg, 2009). DPPD is a major
constituent of the lung surfactant. Ad2 and Ad5 have been shown to be able to use DPPD for cell
entry via hexon mediated binding, independent of virus‐specific receptor interactions. As the primary
receptors of adenoviruses are not accessible for infection in the lung epithelia, the site of infection of
adenovirus pneumonia and pneumonitis, it has been suggested that cell entry by DPPD binding could
serve as way of primary cell infections (Balakireva et al., 2003). Lactoferrin is a molecule involved in
innate immunity and is naturally present in the tear fluid. Ad5 has been shown to use lactoferrin for
cell binding and entry in a CAR‐independent manner. Lactoferrin was also shown to promote cell
transduction of Ad5 in ocular, laryngeal and respiratory epithelium i.e. the sites of natural adenovirus
tropism (Johansson et al., 2007). Sialic acids are used by some of subgroup D adenoviruses, namely
the keratoconjunctivitis causing serotypes 8, 19a and 37 for cell entry (Arnberg et al., 2000). This
interaction has been shown to be charge‐dependent (Arnberg et al., 2002).

1.3.4 Interactions with blood factors and blood cells
In addition to the above‐mentioned receptor interactions of adenoviruses, they also interact with
soluble factors and cells in the bloodstream, which is a particularly important issue with regard to
systemic delivery of the virus. Interestingly, CAR expression in tissues seems to relate poorly to in
vivo biodistribution of Ad5 (Fechner et al., 1999). In addition, vectors ablated for CAR and/or integrin
binding, which were constructed in attempts to “detarget” natural virus tropism, have shown little
difference in in vivo biodistribution compared to the major changes of in vitro cell transduction
(Alemany and Curiel, 2001, Mizuguchi et al., 2002, Nakamura et al., 2003). To account for Ad5
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biodistribution in vivo, blood coagulation factor IX (FIX) and complement binding protein 4 were
initially indicated to bind Ad5, and suggested to “bridge” virus entry to cells through HSPG and the
low‐density lipoprotein receptor‐related protein (Shayakhmetov et al., 2005). Later it was noticed
that in fact multiple vitamin K dependent blood coagulation factors can bind Ad5 and mediate
hepatocyte transduction (Parker et al., 2006). Furthermore, factor X (FX) has been shown to bind Ad5
with high affinity and the interaction seems to take place between the FX GLA‐domain and hexon
hypervariable regions (Waddington et al., 2008). Later, hexon hypervariable regions 5 and 7 have
been implicated as the binding sites for FX (Alba et al., 2009). Interestingly, these coagulation factor
interactions have been shown to be particularly important for liver transduction and ablation of the
vitamin K dependent coagulation factors reduces liver transduction (Parker et al., 2006, Waddington
et al., 2007). The reason for this liver‐specific blood factor mediated uptake is yet unclear but might
involve binding to liver HSPG that express a particular structure rich in N‐ and O‐sulfation (Bradshaw
et al., 2010).
When adenoviruses are injected to the vascular system, they also come into contact with
complement proteins and blood cells, in addition to the previously discussed coagulation factor
interactions. Complement proteins can bind on Ad particles and activate the complement cascades
and then direct opsonized particles for uptake and degradation by macrophages, such as Kupffer
cells in liver (Xu et al., 2008, Khare et al., 2011). Complement interactions probably also influence
inflammatory responses related to virus administration (Seregin and Amalfitano, 2010). Interestingly,
complement protein C1q has also been shown to increase adenoviral cell transduction (Tsai et al.,
2008). Furthermore, binding of adenovirus to human complement receptor 1 bridges Ad5 cell
binding to human erythrocytes. Human erythrocytes can also bind adenovirus particles directly with
CAR (Carlisle et al., 2009). Indeed, blood cells bind the majority of viral particles in blood circulation
in humans, whereas in mice most blood‐borne adenovirus remains free in plasma (Lyons et al.,
2006). In addition, platelets have been implicated to bind to adenovirus and form aggregates, which
results in accelerated platelet clearance (Othman et al., 2007). It has been proposed that these virus‐
platelet aggregates are then trapped in the liver sinusoids where they are engulfed and degraded by
Kupffer cells (Stone et al., 2007).

1.3.5 Obstacles in vector delivery
In order to be able to treat advanced disease with multiple distant metastases, micrometastases and
tumors that are not directly injectable, it would be desirable to be able to administer adenoviruses
intravenously. Unfortunately, the efficacy of systemically delivered adenoviruses is often quite poor.
Problems encountered in systemic administration of adenoviruses include the aforementioned
interactions with blood cells and molecules, natural adenoviral tropism to liver and rapid clearance
from bloodstream by tissue macrophages, such as Kupffer cells in liver (Khare et al., 2011). Indeed,
when Ad5 is injected intravenously, the majority of viral particles rapidly accumulate in the liver,
which is also the main site of gene expression. Spleen, kidneys and lungs are other major sites of
virus distribution (Vrancken Peeters et al., 1996, Fechner et al., 1999, Hofherr et al., 2011). Virus
particles reaching the liver through the vasculature first come in contact with the liver sinusoidal
endothelial cells (LSECs) and Kupffer cells residing in the sinusoids. Particles that escape
sequestration in these cells may enter the space of Disse through fenestrations in LSECs and
thereafter interact with the liver parenchyma (Khare et al., 2011).
LSECs and Kupffer cells belong to the reticuloendothelial system and play a role in clearing materials
from the blood stream. Both of these cell types are involved in clearing adenovirus particles from
blood (Khare et al., 2011). Phagocytosis by Kupffer cells is an active process, activated by ‐ among
other things ‐ the presence of adenovirus particles in blood (Khare et al., 2011). Mechanism of viral
uptake to LSEC and Kupffer cells is suggested to occur via scavenger receptors expressed on the
surface of the cells (Xu et al., 2008). Kupffer cells exert the majority of adenovirus sequestration and
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virus uptake results in rapid destruction of the engulfed virus as well as Kupffer cell degradation
(Manickan et al., 2006, Khare et al., 2011). Although LSECs and Kupffer cells take up large amounts of
virus, infection of these cells neither seems to be particularly productive with regard to progeny nor
does it generally lead to gene expression. Nevertheless, a low level of gene expression may be
observed with very high dose of virus (Hegenbarth et al., 2000, Wheeler et al., 2001). Thus liver
tropism and LSEC and Kupffer cell uptake represent a large sink for virus accumulation, which limits
the bioavailability of the viruses to the target tissue. Due to the immunological capacity of LSECs and
Kupffer cells they are also important with regard to treatment related toxicity through triggering of
inflammatory cytokine responses (Lieber et al., 1997, Nunes et al., 1999, Brunetti‐Pierri et al., 2004,
Shayakhmetov et al., 2005).
In addition to the above‐described hurdles encountered in systemic delivery the vectors also face
other obstacles upon reaching the tumor site (Yamamoto and Curiel, 2010, Smith et al., 2011). In the
case of intravascular delivery, virus particles reaching the tumor vasculature need to be able to
escape the vessels and penetrate tumor stroma. At this point, lack of the leakiness of tumor
vasculature and high interstitial fluid pressure can prevent viral entry to tumor tissue. Although
intratumoral injection may often be employed in order to ensure initial vector delivery to tumor
tissue, the distribution achieved by intravenous administration may be superior and also may come
with beneficial bystander damage to the tumor vasculature. Therefore strategies to overcome these
obstacles, including vascular targeting of vectors, are being investigated (Smith et al., 2011). In
intratumoral delivery, the major obstacle is presented as the input virus and virions released at
tumor cell lysis attempt to distribute throughout the tumor due to dense extra‐cellular matrix. Many
different techniques have been employed in attempts to combat this obstacle with varying degrees
of success, including degradation of extracellular matrix to increase diffusion and reduce interstitial
pressure by coadministration and viral arming with matrix‐degrading enzymes and increasing the
efficacy of viral production and replication (Gros et al., 2010, Smith et al., 2011). In addition, innate
and adaptive immune responses against the virus can affect virus activity both in the vasculature and
at the tumor site. However, as will be discussed later in more detail, the role of the immune system
on overall effect of virus treatments is pivotal and may ultimately work more in favor than against
the therapeutic effect of oncolytic viruses (Alemany and Cascallo, 2009, Prestwich et al., 2009,
Melcher et al., 2011).

1.4 Modified adenovirus vectors for cancer gene therapy
Initial observations of viral infections leading to remission of cancers naturally involved wild type
viruses (Kelly and Russell, 2007). For modern virotherapy, modified virus vectors have been
engineered to improve aspects of their safety and efficacy. For adenoviruses the two major ways to
modify the vectors are transductional targeting and transcriptional targeting. Transductional
targeting refers to modifying the interactions by which the virus binds to and enters cells. These
generally involve modifications of the viral capsid. Transcriptional targeting refers to modifications
aiming to control the transcription of viral genes and thus viral replication. Transcriptional targeting
is usually achieved by engineering deletions to genes essential to viral replication or controlling their
expression by specific promoters. As a result of transcriptional targeting, two major classes of
adenoviruses have been engineered namely replication‐deficient and oncolytic adenoviruses.
Replication‐deficient viruses entail such large deletions of their genes that they are unable to
replicate in cells and are used mainly for delivery of transgenes to target cells. In oncolytic
adenoviruses, the modifications prevent their replication in normal cells, but allow for replication in
cancer cells, resulting in selective progressive cancer cell killing.
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1.4.1 Transductional targeting
The expression of CAR, the primary receptor of serotype 5 adenoviruses, is variable and often low in
many human tumors (Kanerva and Hemminki, 2004). In fact it has been reported that CAR expression
is downregulated in progression of malignancy and CAR may even function as a tumor suppressor in
the epithelium (Kanerva et al., 2002b, Coyne and Bergelson, 2005). Therefore transduction of non‐
target, CAR expressing tissues may be undesirably high, whereas tumor tissues with scarce CAR
expression may remain inefficiently transduced. To circumvent this problem, properties of the
protein capsid have been modified to redirect virus infection through alternative receptors more
abundantly present on tumor cells. These modifications include insertions of receptor binding
properties possessing peptide sequences to various loci including C‐terminus and HI‐loop of the fiber,
penton base, hexon hypervariable regions and C‐terminus of protein IX. In addition, chemical
modifications and molecular adaptors attached on Ad surface have been explored for redirecting
tropism. However, as these approaches involve non‐covalent binding of the coating molecule or
chemical to Ad structure, their stability and usability in vivo poses problems. In particular, in
approaches using replication‐competent viruses, virus coating may not be very helpful as the
progeny virions would not entail these tropism modifications (Campos and Barry, 2007).
Insertions of multiple lysine residues to the fiber C‐terminus or RGD peptides to the fiber HI‐loop are
popularly employed modifications that have been shown to enhance Ad5 cell transduction. These
effects are most prominent in cells naturally expressing low levels of CAR, where they can redirect
cell binding to HSPGs and αvβ ‐class integrins, respectively (Wickham et al., 1996a, Dmitriev et al.,
1998). Hexon is the most abundant protein on adenovirus capsid and therefore it also is a particularly
attractive locus for tropism‐altering modifications. Hexon hypervariable regions (HVR) 2 and 5 appear
to be the most suitable for this (Wu et al., 2005). Indeed, insertion of RGD to HVR5 has proven to
yield a viable virus with ability to transduce cells independent of CAR (Vigne et al., 1999).
Furthermore, penton base modifications and ligands inserted to the minor capsid protein IX have
also been investigated in attempts to redirect adenovirus tropism and infectivity (Wickham et al.,
1995, Wickham et al., 1996b, Dmitriev et al., 2002). Insertion of polylysine sequences to protein IX
has led to enhanced adenoviral transduction and broader viral tropism (Dmitriev et al., 2002).
Protein IX has also been established as a flexible site able to incorporate even larger molecules for
targeting and vector tracking (Campos and Barry, 2007). However, comparative studies have shown
that cell targeting with a variety of high affinity receptor‐binding ligands is most effective when
transduction is redirected through the fiber protein (Kurachi et al., 2007, Campos and Barry, 2006).
Besides inserting new ligands, also ablations of natural cell binding receptors have been investigated
in order to alter tropism. Ablations of CAR and/or integrin receptors have had a great effect on in
vitro cell transduction capacity. Nevertheless, these modifications do not exert as great an impact on
in vivo biodistribution (Alemany and Curiel, 2001, Nakamura et al., 2003, Bayo‐Puxan et al., 2006,
Mizuguchi et al., 2002). On the contrary, mutation of the proposed HSPG binding site on the shaft,
the KKTK motif, results in significant changes in biodistribution of the virus in vivo. In particular,
modification of this Ad5 shaft region has been described as having a profound influence on liver
transduction in mice, rats and non‐human primates (Smith et al., 2003, Nicol et al., 2004, Kritz et al.,
2007, Bayo‐Puxan et al., 2009) and also splenic transduction has been notably reduced (Bayo‐Puxan
et al., 2006). Importantly, cytokine responses and liver enzyme elevations have been less
pronounced with KKTK mutated vectors, demonstrating improved vector safety (Smith et al., 2003,
Koizumi et al., 2006). However, Ad5 vectors carrying KKTK lacking shafts also exhibit reduced
transduction of target tumor tissues, which has limited the utility of the approach thus far (Smith et
al., 2003, Koizumi et al., 2006, Bayo‐Puxan et al., 2006). Insertion of targeting ligands to the fiber HI
loop of these KKTK mutated viruses have been able to partially restore transduction in vitro, but in
vivo tumor transduction has remained rather inefficient (Koizumi et al., 2006, Bayo‐Puxan et al.,
2006, Kritz et al., 2007). As the KKTK region locates in close proximity of the flexible kink in the Ad5
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shaft, it has been hypothesized that the mutation also reduces the flexibility of the Ad5 shaft, in
addition to influencing cell transduction via HSPG (Wu et al., 2003, Bayo‐Puxan et al., 2006). For Ad5,
fiber length and flexibility have been demonstrated to be essential for cell interactions, possibly by
allowing the virus to overcome charge‐dependent repulsion between the virus capsid and the acidic
cell surface (Shayakhmetov and Lieber, 2000, Wu et al., 2003). Therefore, the mutation of KKTK
region with the associated change in shaft conformation probably prevents effective tumor cell
transduction and retargeting through HI loop ligand insertion.
Alternative methods for modifying cell transduction by adenoviruses have included generating
chimeric virus constructs that manifest capsid structures swapped between serotypes. Already prior
to identification of the specific receptor for Ad3, it was noted that the serotype 3 receptor is highly
expressed on cancer cells (Tuve et al., 2006, Kanerva et al., 2002a). To take advantage of this, the
Ad3 fiber knob was placed into the Ad5 backbone, which resulted in an Ad5/3 chimera that displays
altered cell binding properties (Krasnykh et al., 1996, Kanerva et al., 2002a). The Ad5/3 chimeras
have been demonstrated to exhibit enhanced gene delivery and antitumor efficacy in preclinical
assays with cell lines, fresh clinical specimens and animal models featuring a multitude of tumor
types (Kanerva et al., 2002b, Kanerva et al., 2003, Volk et al., 2003, Kangasniemi et al., 2006, Guse et
al., 2007, Rajecki et al., 2007, Ranki et al., 2007, Zheng et al., 2007) and also in cancer initiating cells
(Eriksson et al., 2007, Bauerschmitz et al., 2008). Importantly, toxicity, blood clearance or
biodistribution and gene transfer to normal tissues has not been adversely affected in preclinical
systems compared to parental Ad5 vector (Kanerva et al., 2002a, Kanerva et al., 2002b). Interestingly,
Ad5/3 knob chimerism seems to function best if native long Ad5 shaft is retained. Swapping the fiber
shaft region in addition to the knob from the short‐shafted Ad3 leads to impaired infectivity of the
chimera (Ulasov et al., 2007). Several other types of Ad5 based chimeras have also been successfully
engineered and employed in preclinical studies (Ranki and Hemminki, 2010).

1.4.2 Replication‐deficient adenovirus vectors
Replication‐deficient adenoviruses entail deletions of one or multiple essential viral genes. Usually
transgenes are then inserted in place of the deleted genes. For first generation vectors, the deletions
involve the E1 gene region and often also E3 regions, with a transgene inserted to E1 and additional
foreign DNA possibly cloned to E3. As adenovirus packaging functions properly only up to circa 75‐
105 % of normal genome size, transgene sequences up to 5.1 to 8.2 kilo‐base pairs can be
accommodated to these viruses (Danthinne and Imperiale, 2000, Alba et al., 2005). These vectors are
able to enter cells normally and express the transgene, but their replication cycle is not commenced
due to the lack of E1. To produce such vectors, cell lines that express the essential adenoviral E1A
and E1B proteins have been developed (Danthinne and Imperiale, 2000). The proteins produced by
the cells are thus able to compensate for their lack in the viral genome and viral replication results. In
cancer gene therapy these first‐generation vectors have been employed to deliver therapeutic genes
to cancer tissues. Commonly utilized transgenes include tumor‐suppressor genes (Nielsen et al.,
1998), antiangiogenic molecules (Im et al., 2001) and prodrug‐converting enzymes, such as suicide
gene –therapy with herpes simplex virus thymidine kinase (Tyynela et al., 2002). In addition,
monoclonal antibodies (Jiang et al., 2006) and cytokines such as macrophage‐derived chemokine
(Guo et al., 2002) and TNF‐α (Hernandez et al., 2010) have been used as transgenes. Reporter
transgenes are also popularly used in context of first‐generation replication‐deficient adenoviruses
for transductional studies. However, regardless of deletion of E1, the first generation adenoviruses
have been reported to express other early genes leading to a low degree of replication. In addition,
administration of the vector leads to strong innate and adaptive immune responses that limit the
extent of transgene expression (Alba et al., 2005).
In attempts to overcome problems with first‐generation adenoviruses, second‐generation
adenoviruses with additional viral gene deletions were developed. In these vectors deletions of E2
17

and/or E4 genes were introduced, thus also increasing the cloning capacity of the vector (Danthinne
and Imperiale, 2000). However, these vectors still manifested similar problems of residual gene
expression and immune responses as the earlier vectors. Subsequently, a third generation of so‐
called “gutless” or “high capacity” vectors was developed. These vectors are devoid of all coding viral
genes and only posses 5´ and 3´ ITR sequences and the packaging signal of wild type adenovirus. They
possess a large cloning capacity for transgene delivery, circa 36 kilobase pairs, and may even require
insertion of stuffer DNA to have genome size compatible for packing. As gutless vectors are devoid of
all essential viral genes, production of these viruses can only be achieved by co‐infection with a
helper adenovirus that provides these genes. Therefore they are often also called helper‐dependent
adenoviruses (Alba et al., 2005). Advantages of these gutless viruses include a milder immune
response to the virus and prolonged duration of gene expression (Seiler et al., 2007). Thus, gutless
viruses are a promising tool for use in gene therapy approaches where sustained transgene
expression is needed, such as corrections of inherited enzyme deficiencies and other gene
replacement therapies (Brunetti‐Pierri and Ng, 2009).

1.4.3 Oncolytic adenovirus vectors
By definition oncolytic viruses are viruses that entail properties that render the virus to replicate
selectively in tumor cells rather than normal cells. This selectivity may be achieved through inherent
properties of the wild type virus itself, characteristics of a naturally attenuated strain of the virus or
by means of genetically engineering the virus. The replication of this kind of a virus vector in cancer
cells leads to a lysis of the cells with the release of progeny virus, i.e. oncolysis (Figure 3). In the case
of oncolytic adenoviruses, modifications of the viral genome are used to prevent their efficient
replication in normal cells, although the virus is able to enter them. Two major classes of
modifications are generally employed to achieve this cancer cell selectivity of replication. The first
alternative is to induce small deletions to essential viral genes in order to prevent their replication in
normal cell. In cancer cells that possess genetic deficiencies that complement for the viral deletions,
the vector is able to replicate normally and subsequently lyze the cell. The first oncolytic virus to
employ this strategy was ONYX‐015. This virus, originally known as dl1520, lacks the E1B‐55k gene.
This defect was initially expected to restrict replication to cells with deficiencies in tumor suppressor
p53 gene (Bischoff et al., 1996). However, the same authors later proposed that the tumor selectivity
of the virus may in fact relate to defects in nuclear export of viral mRNA and protein trafficking rather
than lack of viral replication (O'Shea et al., 2004). A 24 base pair (bp) deletion in the constant region
2 of E1A gene is another strategy for achieving tumor selectivity (Fueyo et al., 2000). This deletion
results in the inability of E1A to bind Rb protein and thus E2F remains bound to Rb. Therefore the
24bp‐deleted virus is unable to induce S‐phase in the host cell, through release of E2F from Rb, and
viral replication does not proceed. Deregulation of Rb/p16 pathway is one of the hallmarks of cancer
(Sherr and McCormick, 2002). Although retinoblastoma protein was initially discovered in
retinoblastoma of the eye, it has since been identified to be subject of a wide spectrum of mutations
in a variety of cancers including breast cancer, osteosacroma, glioma and many others (Nevins,
2001). As a result of defects in the Rb/p16 –pathway, the majority of cancer cells have E2F available
without restraint. Therefore the Rb binding property of E1A is dispensable for adenoviral replication
in cancer cells (Cody and Douglas, 2009).
Insertion of tumor‐ or tissue‐specific promoters to control viral replication is another major way of
engineering oncolytic viruses. Typically the promoters are chosen such that they are only active in
specific cancer tissues and are placed in a position to drive the expression of viral E1A. The first
example of this strategy was an adenovirus with prostate‐specific antigen promoter driving the
expression of E1A (Rodriguez et al., 1997). Thereafter a multitude of different tissue‐specific
promoters have been used, such as tyrosinase for melanoma (Zhang et al., 2002), α‐fetoprotein for
hepatic cancer (Kim et al., 2002) and carcinoembryonic antigen (CEA) for colorectal cancer (Li et al.,
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2003). Promoters that are activated in a variety of cancer types have also been employed, including
cyclo‐oxygenase 2 promoter (Ono et al., 2005, Kanerva et al., 2004), L‐plastin promoter (Zhang et al.,
2002, Akbulut et al., 2003) and human reverse transcriptase promoter (Wirth et al., 2005, Hemminki
et al., 2011). In addition, the E2F‐promoter driving the E1A expression has been modified by addition
of extra repeats of E2F‐responsive units to it, in order to increase decency of E1A expression on E2F
as well as to boost the positive feedback of E1A‐mediated transcriptional regulation in cancer cells
for more safe and effective selective cancer cell lysis (Rojas et al., 2009).

Figure 3. Schema of oncolytic adenovirus action. In normal cells, replication of the virus is inhibited
and the virus particles are eventually cleared from tissue without cellular damage. In cancer cells,
deficiencies in cell cycle regulation allow for effective replication of the virus leading to lysis of the
cell and release of progeny virions that can then infect neighboring cells.

1.4.4 Arming oncolytic adenoviruses with transgenes
Oncolytic adenoviruses have yielded promising data in preclinical systems and good safety and
tolerability have been demonstrated in clinical trials. However, their efficacy, often measured by
tumor size reduction, has not been optimal and thus they have been further engineered to achieve
more robust efficacy. Popular approaches for this include arming the viruses with therapeutic
transgenes. When transgenes are inserted to oncolytic viruses it is important to design the locus of
insertion such that virus replication should not be adversely effected. Similarly as for non‐replicating
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viruses, the constraints of viral packaging capability must also be considered in order to produce
viable constructs. The transgenes can be inserted to the viral genome either under control of
endogenous viral gene control elements or exogenous promoters (Cody and Douglas, 2009).
Replacing the E3 region with a transgene is a popular method for introducing transgenes under
endogenous control elements (Zhang et al., 1996). Alternatively transgenes may be added by
replacing only some of the E3 genes, such as E3B (Zhan et al., 2005), ADP or 6.7K/gp19k or merely
gp19K (Cody and Douglas, 2009). As E3 is not essential for progress of viral replication, insertions into
the E3 region couple transgene expression with viral replication without abolishing the oncolytic
potential of the virus. Alternatively, L3 transcription unit may be used for transgene insertion, which
results in even more stringent coupling to viral replication (Robinson et al., 2008). Further, a
transposon‐based mechanism has been used to identify additional possible transgene insertion loci
(Kretschmer et al., 2005).
As an alternative, linking the transgene to a viral gene by an internal ribosome entry site (IRES) may
be used for expressing transgenes under endogenous viral control elements. With this method, the
transgene is expressed along with the viral gene in the same transcript. The fiber gene, expressed
late in the viral cycle, is often utilized for this although various other loci have been investigated also
(Cody and Douglas, 2009, Rivera et al., 2004). Using the fiber gene, high amounts of transgene can be
produced and it is also possible to use cytotoxic transgenes that might interfere with viral replication
if expressed in earlier stages of replication (Rivera et al., 2004).
Another option for transgene insertion is to use an exogenous promoter driving the transgene
expression. Promoters used for this can be tissue‐ or tumor‐specific promoters or constituently
active ones. The promoter‐transgene sequences may then be inserted to directly replace genes or be
linked to viral genes by an IRES linker. In approaches not utilizing IRES linkers, often the E1B‐55k or
E3, partially or completely, are replaced by the promoter‐transgene sequence (Freytag et al., 1998,
van Beusechem et al., 2002). IRES linked promoter–transgene sequences are often placed after the
E1A gene, which results in expression early in the replication cycle (Akbulut et al., 2003).
Promoter‐driven transgene systems for oncolytic viruses allow for efficient transgene expression. In
addition, they can be used to target the expression to tumor cells at multiple levels. For example, the
24bp deletion of E1A or the E1B‐55k deletion can first be used to restrict viral replication to tumor
cells and transgene expression can then be further targeted by the tumor‐specific promoter driving
it. These approaches are very appealing regarding their safety aspects, and can be used to safely
deliver even exceedingly cytotoxic transgenes.
A multitude of different approaches have been investigated regarding the transgenes inserted to arm
oncolytic viruses. Tumor‐suppressor genes and prodrug‐converting enzyme base systems have been
used successfully. For example, p53 as transgene is able to enhance oncolytic cell killing regardless of
the p53 status of the cancer cell line (van Beusechem et al., 2002). Commonly used prodrug‐
converting enzyme systems employ either cytosine deaminase for 5‐fluorocytosine conversion to 5‐
fluorouacil (Zhan et al., 2005, Akbulut et al., 2003), HSV‐tk for gancyclovir conversion to its active
metabolite (Zhang et al., 2010) or their combination (Freytag et al., 1998). Various other types of
molecules have also been used for arming, including, antiangiogenic molecules (Guse et al., 2009)
and human sodium iodide symporter used to concentrate radioiodine to target cells (Hakkarainen et
al., 2009). Furthermore, immunostimulatory molecules such as granulocyte‐macrophage colony‐
stimulating factor (GM‐CSF) (Lei et al., 2009, Ramesh et al., 2006, Chang et al., 2009, Cerullo et al.,
2010), IFN‐β (Odaka et al., 2002), TNF‐α (Okada et al., 2002) and IL‐12 (Kanagawa et al., 2008,
Bortolanza et al., 2009), aimed to boost antitumoral immunity have also been under active
investigation as transgenes for oncolytic adenoviruses.
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1.4.5 Calcium blockers in the context of oncolytic viruses
Oncolytic viruses can meet a multitude of intratumoral and humoral obstacles hindering their
effective spread within and between lesions in the host body (Yamamoto and Curiel, 2010, Smith et
al., 2011). Therefore, it has been hypothesized that rate of virus replication and release are critical
steps for productive progression of the oncolytic antitumor effect (Wein et al., 2003). Strategies
undertaken to increase the release and spread of adenovirus have usually included insertion of
transgenes and genetic modifications of the virus genome (Yamamoto and Curiel, 2010).
Interestingly, it was recently reported that calcium channel blockers such as verapamil can be used as
an adjuvant with oncolytic adenoviruses to enhance their spread and potency. In preclinical studies,
verapamil was shown to promote a faster rate of virus release, formation of bigger plaques and
enhancement of antitumor efficacy without impairing virus production, altering expression of viral
proteins or affecting selectivity or safety (Gros et al., 2010).
The mechanism behind the cytotoxicity‐enhancing effects of verapamil was shown to relate
specifically to its calcium channel blocking activity. However, the exact mode of action remains
incompletely understood (Gros et al., 2010). Calcium is important for regulation of numerous cell
processes, including apoptosis (Contreras et al., 2010). Interestingly, many viruses employ
modification of intracellular calcium pools in viral progeny release (Zhou et al., 2009, Hyser et al.,
2010). For adenoviruses, cell lysis and successive progeny release have been shown to be mediated
by ADP accumulation in host cells (Doronin et al., 2003). In addition, adenoviral cytopathic effect
including oncolytic cell killing seems to relate closely to autophagy (Rajecki et al., 2009, Rodriguez‐
Rocha et al., 2011, Jiang et al., 2011). Therefore it was interesting that verapamil was found to
increase markers of autophagy but not apoptosis (Gros et al., 2010). Further, an E3/k19 c‐terminal
mutation of the adenoviral genome has been proposed to promote virus release by disturbing
intracellular calcium homeostasis (Gros et al., 2008). Moreover, verapamil was shown to enhance
virus release also for ADP‐defective mutants (Gros et al., 2010). Thus it has been hypothesized that
the enhanced release of virus caused by calcium influx is in fact an ADP‐independent process.
Calcium channel blockers such as verapamil promote the relaxation of cardiac and smooth muscle
cells by inhibiting calcium influx through calcium channels and calcium release from intracellular
stores (Triggle, 2006, Brogden and Benfield, 1996). Verapamil is commonly used clinically for
treatment of many types of cardiovascular disorders (Midtbo et al., 1986, Karlsberg, 1981, Brogden
and Benfield, 1996) and headache syndromes (Tfelt‐Hansen and Tfelt‐Hansen, 2009, Modi and
Lowder, 2006). Verapamil also has antimanic properties (Mallinger et al., 2008). In clinical practice,
verapamil is usually well tolerated with headache, lightheadedness, facial flushing, dizziness,
swelling, increased urination, fatigue, nausea and constipation being the most commonly
encountered side effects, which typically occur as mild and manageable symptoms (Brogden and
Benfield, 1996). Therefore, inclusion of verapamil into virotherapy treatment protocols could be
easily translatable into routine clinical use and thus presents a particularly intriguing opportunity.
Recent research has also linked calcium channel blockers to innate immunity. Calcium channel
blockers have been demonstrated to suppress the activation of various cell types, such as T cells,
mast cells and macrophages. Hence they have been suggested to function as immunologically active
drugs (Liu and Matsumori, 2011). In vitro verapamil has been shown to suppress production of TNF‐α
and IFN‐γ by stimulated peripheral blood mononuclear cells and other calcium channel blockers also
suppressed IL‐6 production (Matsumori et al., 2010). These immunosuppressive effects of calcium
channel blockers have been proposed to be beneficial in the context of viral and autoimmune
myocarditis and diltiazem has even been incorporated into organ transplantation protocols to
prevent rejection (Liu and Matsumori, 2011). With regard to cancer immunotherapy, calcium channel
blocker azelnidipine enhanced IL‐12 p40 secretion from monocyte‐derived dendritic cells. The
authors have then planned to use azelnidipine to induce tumor‐specific cytotoxic T lymphocytes by
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co‐incubation with tumor peptide‐immune complex pulsed dendritic cells and T cells (Abe et al.,
2009). Therefore, calcium channel blockers have been proposed to have both immune suppressive
and stimulatory effects. Likewise, the relationship between oncolytic viruses and the immune system
in cancer gene therapy has been under debate (Alemany and Cascallo, 2009, Prestwich et al., 2009).
Hence, the relevance of putative immunological effects mediated by calcium channel blockers, in the
context of cancer virotherapy, are presently obscure yet intriguing. Given the poor predictive power
of preclinical model systems in the field of tumor immunology and the overall complexity of the
relevant phenomena, human data may be eventually needed to resolve these issues.

1.5. Controlling adenovirus infections and replication
As adenoviruses are now being developed for treatment approaches, it is also important to consider
safety precautions in order to quench viral replication in the case of severe toxic reactions. The
efficacy and potency of the vectors in use is being constantly improved, and thus concerns of
uncontrollable replication have risen and also it becomes more probable that replication‐related
adverse events might occur. Therefore, usage of adenoviruses as gene therapy tools calls for active
research also in the field of antiviral treatments.
As natural adenovirus infections usually appear either asymptomatic or as mild diseases in
immunocompetent patients, not much effort has been put into developing drugs against
adenoviruses. However, major seasonal outbreaks have been observed in recently assembled
military recruits with high frequency of morbidity and considerable need for hospitalization
(Hilleman, 1957, Gray et al., 2000). Therefore, an enteric‐coated orally administered vaccine to
prevent infection of the associated Ad4 and Ad7 serotypes was developed (Top et al., 1971). This
vaccine has proven to be safe and effective in inducing immunity against the associated serotypes,
and after manufacturing was discontinued in the 1990s epidemic outbreaks of adenovirus infections
in military trainees have re‐emerged (Kunz and Ottolini, 2010), leading to recent development of a
new vaccine (Lyons et al., 2008).
Other particular settings where need for antiviral therapy for adenoviruses has been encountered
include ocular adenovirus diseases and immunocompromised patients with severe adenovirus
diseases. Cidofovir and ribavirin have thus far been the most studied and promising antivirals for
adenovirus infections (Lenaerts and Naesens, 2006). Cidofovir has indeed shown significant efficacy
in topical application for ocular infections, but was also associated with dose‐dependent toxicity.
Cidofovir has also shown good efficacy in immunocompromised patients, but nephrotoxicity has
been associated to the treatment. The efficacy of ribavirin has seemed to be more controversial and
it may be limited to only certain serotypes of adenoviruses. With the clinical success achieved with
these antiviral nucleosides also new experimental compounds have been investigated (Lenaerts and
Naesens, 2006). In addition, lipid‐ester prodrugs have been developed to improve the efficacy‐to‐
toxicity ratio and oral bioavailability of cidofovir. These compounds have shown promising
characteristics in preclinical studies and also intriguing preliminary results in clinical evaluation
(Hartline et al., 2005, Toth et al., 2008, Florescu et al., 2011). Topical sialic acid compounds are also
being developed for treating keratoconjunctivitis (Spjut et al., 2011). Thus far, no drug has been
formally approved for treatment of natural adenovirus infections.
In the context of cancer gene therapy, drugs to inhibit replication of oncolytic viruses are being
investigated as safety switches. In preclinical testing, chlorpromazine and apigenin have shown
promise as anti‐adenoviral treatments in addition to cidofovir (Kanerva et al., 2007, Diaconu et al.,
2010). Originally developed as an antipsychotic drug, chlorpromazine inhibits the function of clathrin‐
coated pits in endocytosis and can thus block the adenoviral infection cycle. Apigenin is a natural
bioflavonoid that can inhibit the induction of S‐phase, which if required for viral replication to
proceed. In preclinical testing both apigenin and chlorpromazine were able to attenuate viral
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replication in vitro in human liver slices and reduce liver toxicity in vivo in mice (Kanerva et al., 2007).
The nucleotide analogue cidofovir and its derivatives have been able abrogate viral replication in
vitro and attenuate replication and reduce toxicity in vivo both in immunosuppressed and
immunocompetent animal models (Toth et al., 2008, Diaconu et al., 2010). In immunocompetent
hamsters, cidofovir was more potent as an antiviral compared to chlorpromazine with respect to
reducing viral replication in normal tissues (Diaconu et al., 2010). Therefore lipid‐ester prodrugs of
cidofovir seem thus far the best candidates for antiviral treatment both in natural adenoviral
infections and also as safety switches in gene therapy.

1.6 Adenoviruses and immunology
The immune system plays a pivotal role in adenoviral cancer gene therapy. On one hand, activation
of anti‐adenoviral immune responses may lead to rapid clearance of the vector leading to reduced
oncolytic efficiency. On the other hand the vector and oncolysis of the tumor cells can assist in
breaking of the immune tolerance acquired by advanced tumors and lead to mounting of efficient
antitumoral immune responses in addition to the antiviral responses.

1.6.1 Antiviral immune mechanisms
As viruses are introduced to the host system, they are perceived as invading pathogens and an
immune reaction develops against them. The immune reaction against adenoviruses involves both
innate and adaptive immune responses. Immediately after entry of adenoviruses to the host, a rapid
induction of inflammatory cytokines is triggered. The activation of innate immune system comprises
of recognition of adenoviral double stranded DNA by pattern‐recognition receptors that recognize
conserved molecular patterns on pathogens (Wold and Horwitz, 2007, Huang and Yang, 2009). In
dentritic cells, a major class of antigen‐presenting cells, this recognition takes place inside the
endosomes by Toll‐like receptor (TLR) ‐9 and leads to cell activation (Cerullo et al., 2007). In other
cells, various other cytosolic and cytoplasmic sensors recognize adenovirus from its microbial
patterns. As a result of pathogen recognition by the receptors, immune cells are activated and large
amounts of type I interferons and other pro‐inflammatory cytokines such as IL‐6, IL‐8, IL‐12 and TNF‐
α are secreted (Wold and Horwitz, 2007, Huang and Yang, 2009). Of note is that activation of innate
immune system and induction of the cytokine response does not require expression of viral genes or
virus replication; they are activated already by the viral capsid and other structural components
(Brunetti‐Pierri et al., 2004).
In addition to the cytokine responses, also cellular responses are developed against adenovirus. Early
after the virus entry the cellular response is triggered by accumulation and activation of monocytes
and dentritic cells. Later, specific B and T lymphocytes are stimulated and recruited. Activation of the
specific lymphocytes is initiated by the dentritic cells (Jooss and Chirmule, 2003). As mentioned,
dentritic cells can recognize internalized virus particles as pathogens by their TLR‐9 receptor (Huang
and Yang, 2009). Thereafter they migrate to regional lymph nodes where they present virus antigens
bound to MHC on their cell surface to T lymphocytes, along with providing costimulatory signals. This
leads to activation of CD8+ cytotoxic T cells (CTL) and CD4+ helper T cells. CTL are cells that directly
kill virus infected cells that express viral antigens on MHC II on their surface. The CD4+ helper T cells
participate in activation of B lymphocytes, resulting in clonal expansion of antigen‐specific B cells into
antibody secreting plasma cells and memory cells. The specific lymphocytes are reactive against
capsid proteins as well as viral transgenes, with hexon being the most immunogenic adenoviral
protein. Plasma cells secrete Ad‐specific antibodies that circulate through the periphery and
functionally neutralize adenoviruses (Jooss and Chirmule, 2003). These antibodies are targeted
against epitopes on the surface of the viral particles, primarily against the hexon hypervariable
regions, but also fiber epitopes (Bradley et al., 2012). Many adenoviral capsid regions are species‐
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specific, resulting in species‐specific recognition by immune cells and antibodies. However, as hexon
is relatively well conserved among adenoviral serotypes and species, a large proportion of hexon
epitopes are also shared among different adenovirus subspecies. Therefore, immune cells with such
specificities could recognize and be protective against multiple serotypes (Leen et al., 2008).
Due to the robust cellular responses, the gene expression by adenoviral vectors is usually limited to
two to three weeks post injection and production of neutralizing antibodies by B lymphocytes
hinders the efficient re‐administration of the virus. As a result of the adaptive immune response a
small amount of long lived memory T and B cells remain in the host system, in addition to the
remaining circulating neutralizing antibodies. If the virus later re‐enters the system, neutralizing
antibodies will bind to circulating virus and the memory cells rapidly recognize the viral antigens and
trigger antiviral immune responses. Thus a more rapid immune reaction is mounted to eliminate the
invading pathogen and it will thus prevent efficient spread and action of the virus (Jooss and
Chirmule, 2003). Indeed, it has been shown in preclinical work that pre‐existing immunity, with
neutralizing antibodies, can effectively inhibit adenoviral gene transfer when viruses are injected
intravenously (Tsai et al., 2004). However, effective tumor transduction may be achieved even in
presence of pre‐existing immunity through local administration as demonstrated in a trial of
intratumoral injections of an adenovirus coding for IL‐24 (Tong et al., 2005). As a contrasting
example, investigators using repeated intrapleural administration of an interferon IFN‐β coding
adenovirus vector Ad.IFN‐β, detected high levels of IFN‐ β in pleural fluid after the first dose, but only
minimal levels after the second dose of vector. In this Phase I trial, lack of IFN‐β expression
correlated with a rapid induction of neutralizing anti‐adenoviral antibodies as a sign of induction of
antiviral immunity that can compromise therapeutic efficacy (Sterman et al., 2010).

1.6.2 Evading the immune reactions
Classically, in order to improve efficacy of virus therapy, approaches have been developed to evade
immune reactions elicited by the virus. According to this traditional dogma, the efficacy of oncolytic
virus therapy is based on robust virus replication and lysis of cells and virus spread through tissue
resulting in complete eradication of tumor through oncolysis. In order to evade immune clearance by
their host, viruses have developed intrinsic mechanisms to suppress induction of the immune
reactions. For adenoviruses these include E3/19K‐mediated inhibition of viral antigen presentation
by MHC and E1A‐mediated downregulation of activators and signal transducers related to IFN
signaling. Local immunosuppressive microenvironment of the tumor is also thought to facilitate virus
escape from elimination by immune responses (Alemany and Cascallo, 2009). Modifications of
adenoviral virotherapy to improve immune evasion include switching serotype of adenovirus to
evade neutralizing antibodies. Changing the adenovirus fiber knob for re‐administration allowed
escape from neutralizing antibodies in immune competent mice (Sarkioja et al., 2008), and data from
human patients has suggested a similar outcome (Raki et al., 2011). In addition, the humoral anti‐
adenoviral immunity can be avoided in a repeated dosing regimen by changing the entire serotype,
as demonstrated already earlier (Mastrangeli et al., 1996). These types of approaches can be used to
escape pre‐existing antibodies arising from past natural adenovirus infections or previous virus
treatments. However, de novo antibody formation will take place regardless of serotype switching
and hamper elongated virus activity (Alemany and Cascallo, 2009). In addition, cellular responses
against viral genes and possible transgenes can still dampen the efficacy of the virus (Mack et al.,
1997). Other strategies to evade immune reactions include display of specific inhibitors or ligands on
the adenovirus capsid, viral shielding by chemical methods, covalent modifications of the entire Ad
vector capsid moiety, the use of tissue‐specific promoters and local administration routes and
employing ex vivo infected cells as carriers of the virus and insertion of genes with
immunosuppressive functions to the vector genome. In addition, pharmacological agents have been
used to induce generalized immunosuppression of the host in order to suppress antiviral immune
responses and to allow for better replication of the virus (Seregin and Amalfitano, 2010).
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1.6.3 Exploiting immune reactions
Contrary to the classical view of improving virus therapy by evading immune reactions, data has been
accumulating recently to suggest that the immune reactions induced by the viral vector can in fact be
useful in the context of cancer gene therapy. In this scenario, oncolysis caused by the virus releases
tumor‐associated antigens and helps to break the immunotolerance acquired by the tumor and thus
leads to mounting of antitumoral immune responses.
During their progression, tumors develop multiple mechanisms to escape from eradication by the
host immune system, including reduced immunogenicity, resistance to immune cell killing, and
immune subversion (Zitvogel et al., 2006). Thereby an immunosuppressive microenvironment is
created in the tumor and in order to eradicate the tumor this immunotolerance may need to be
broken. It is thought that oncolytic viruses can assist in breaking this tolerance by providing
pathogen‐associated molecular patterns for recognition by antigen‐presenting cells and increasing
the cells’ intrinsic “danger” signals of stress and tissue damage at the tumor. Viruses can boost
antitumoral immune responses by releasing tumor‐associated antigens through tumor cell lysis,
causing immunogenic tumor cell death, enhancing epitope spreading, altering the cytokine milieu at
the tumor, and by direct effects on infiltrating immune cells (Prestwich et al., 2009).
In the preclinical setting, an increasing amount of proof‐of‐concept examples have emerged recently
to support the role of immune reactions as means of achieving antitumor efficacy in cancer
virotherapy. For example, it has been shown with an oncolytic reovirus that B16ova tumors resistant
to virus killing by oncolysis have regressed after virus injection due to NK and CD8+ T cell activity
(Prestwich et al., 2009). Similarly, intratumoral injections of herpes simplex virus and vesicular
stomatitis virus have been shown to promote extensive leukocyte infiltration into tumors and in
these models the antitumor activity of the virus treatments was attributable to NK and T cell activity
(Thomas and Fraser, 2003, Diaz et al., 2007). In the context of adenovirus vectors, VanOosten et al.
treated mice carrying syngeneic Renca tumors with an intratumoral injection of replication‐deficient
adenovirus encoding the full length TRAIL ligand for apoptosis induction, combined with an
immunostimulatory CpG oligodeoxynucleotide adjuvant. They demonstrated that this local
treatment could augment tumor antigen cross‐presentation resulting in T cell proliferation,
enhanced CTL activity, antitumor efficacy and increased animal survival (VanOosten and Griffith,
2007). In another setting, Tuve et al. investigated the host response to intratumoral adenovirus
injection in mice that were immunologically tolerant to neu‐positive syngeneic mammary cancer.
Intratumoral treatment of the mammary cancer tumors with a replication‐deficient, transgene‐
devoid adenovirus resulted in antitumor efficacy and induced immune responses both at the tumor‐
draining lymph nodes and the tumor microenvironment. The lymph nodes supported the generation
of both neu‐ and Ad‐specific T effector cells, while inside the tumor microenvironment, only Ad‐
specific T cells expanded. Importantly, Ad‐specific T cells were antitumor‐reactive despite the
presence of active regulatory T cell‐mediated immune tolerance inside the tumors. The antitumor
efficacy of the Ad injection was dependent on CD4+ and CD8+ T cells, but not NK cells and antitumor
efficacy of Ad was increased by pre‐immunization against Ad, despite the production of Ad‐
neutralizing antibodies (Tuve et al., 2009).
Immune responses elicited by viruses have become appealing ways to improve cancer therapy
instead of presenting merely as obstacles to overcome. Subsequently, extensive research has also
gone into enhancing these effects. Immunostimulatory cytokines have been inserted to various virus
vector backbones successfully and also other immunostimulatory molecules have been investigated
(Prestwich et al., 2009). Intriguingly, evidence is accumulating also in the clinical settings with various
oncolytic viruses that their antitumoral efficacy may be partly attributable to the vector being able to
provoke antitumoral immune reactions (Melcher et al., 2011).
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1.6.4 Adenoviruses armed with immunostimulatory molecules
Oncolytic replication and the associated cell lysis is an immunogenic phenomenon and efficacy of
oncolytic virus vectors may partly be due to activation of the immune system against virus infected
tumor cells (Diaz et al., 2007, Prestwich et al., 2009, Melcher et al., 2011). However, the immune
reaction induced by the virus alone is often inadequate to result in tumor eradication (Tuve et al.,
2009). Therefore, arming the oncolytic viruses with immunostimulatory molecules to boost the
antitumor immunity is an attractive prospect. Cytokines are signaling molecules secreted by
numerous cells of the immune system. They play roles in many cell processes including cell growth,
proliferation, migration, activation, and are key players in immune reactions. Thus they are also
important with regard to cancer development and anticancer therapies. Cytokines have been
employed in various settings of anticancer therapies to promote antitumoral effects. However,
systemic administration of cytokines often leads to severe adverse reactions and systemic toxicity
and local concentrations often remain inefficiently low (Li et al., 2005). Therefore, cytokines present
as a prime candidate for being used as transgenes in virus vectors, where their anticancer activities
can be taken advantage of without evoking systemic toxicity. Multiple non‐viral and viral vectors,
both replication‐deficient and oncolytic viruses, have been armed with various immunostimulatory
cytokines including IL‐2, IFN‐α , IFN‐β, IFN ‐γ, IL‐12, IL‐15, GM‐CSF and TNF‐α, for approaches aiming
to promote antitumoral immunity by vector delivery (Li et al., 2005).
Interferons are signaling molecules involved in host defense against pathogens such as viruses. In
addition to protecting cells from invading pathogens, interferons have been shown to possess
antitumor activity through activation of the immune system and direct actions against tumor cells
(Ikeda et al., 2002, Mocellin et al., 2010). As interferons mediate antiviral responses, their use in
virotherapy may seem unfounded. However, as the majority of tumors are deficient in interferon
signaling (Critchley‐Thorne et al., 2009), arming viruses with interferons can lead to robust antitumor
activity in tumors with good safety for normal tissues. An IFN‐β coding replication‐deficient virus has
been shown to be able to eradicate tumors via induction of antitumor immunity in a murine
mesotheliomas model (Odaka et al., 2002). The promising preclinical results with IFN‐β coding
adenoviruses have been followed by studies in several clinical settings, where induction of immune
responses has also been confirmed (Chiocca et al., 2008, Sterman et al., 2010).
Tumor necrosis factor (TNF) ‐α is an example of a popularly used cytokine for arming adenoviruses
and has shown to promote tumor growth control as expressed by a replication‐deficient adenovirus
(MacGill et al., 2007). These effects were further improved by expressing the cytokine from a RGD
capsid modified adenovirus (Okada et al., 2002). Further, a replication‐deficient adenovirus armed
with TNF‐α under control of a radiation‐inducible promoter was evaluated in combination with
radiation in a Phase I trial. No dose‐limiting toxicities were observed and an impressive 70% of
patients demonstrated objective tumor responses (Senzer et al., 2004). Interleukin 12 (IL‐12) is
naturally produced by antigen‐presenting cells and it activates T cells and natural killer cells.
Oncolytic adenoviruses expressing IL‐12 have demonstrated potent antitumor activity and activation
of cellular antitumor immune responses in mouse and hamster models (Kanagawa et al., 2008,
Bortolanza et al., 2009). In Phase I clinical trial an IL‐12 expressing oncolytic adenovirus was
administered to 21 patients with advanced digestive tumors. The virus was well tolerated with
mainly transient adverse events. After virus treatments, significant infiltrations of effector immune
cells were detected and one partial response was recorded and 29% of treated patients had a stable
disease (Sangro et al., 2004).
In addition to cytokines, also several other immunostimulatory molecules have been used in arming
oncolytic adenoviruses. MyD88 is a pivotal regulator of multiple TLR signaling pathways and its
overexpression had been shown to elicit a broad cascade of coordinated immune response. In an
interesting approach MyD88 was incorporated into a replication‐deficient adenovirus. Intratumoral
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injection of Ad‐MyD88 enhanced adaptive immune responses and inhibited local tumor
immunosuppression, which resulted in significant antitumor efficacy. In addition, Ad‐MyD88
infection of primary human dendritic cells, tumor‐associated fibroblasts, and colorectal carcinoma
cells elicited significant cytokine responses, which resulted in enhanced tumor cell lysis and
expansion of human tumor antigen‐specific T cells (Hartman et al., 2010). CD40 ligand (CD40L) is a
transmembrane protein predominately expressed on CD4+ T cells. CD40L binding to its receptor
CD40 on the surface of antigen‐presenting cells leads to activation of a cellular T cell‐mediated
immune responses in addition to triggering innate immune responses. Adenoviral vectors producing
CD40L have demonstrated potent antitumor efficacy and induction of T cell responses in preclinical
models, in addition to good tolerability and signs of promising efficacy and immune‐boosting have
been observed in patients (Malmstrom et al., 2010, Diaconu et al., 2012, Pesonen et al., 2012). The
anti‐CTLA4‐antibody, now approved for treatment of melanoma, has also been used to arm both
replication‐deficient and oncolytic adenoviral vectors, for improving the systemic safety and efficacy
of the monoclonal antibody treatment. These constructs have been shown to be able to induce
systemic antitumor immune responses and lead to high antitumor efficacy (Liu et al., 2011, Dias et
al., 2011).

1.6.5 GM‐CSF
Granulocyte‐macrophage colony‐stimulating factor (GM‐CSF) is a cytokine that has presented great
potential as an inducer of antitumor immunity (Dranoff, 2003, Prestwich et al., 2009). It promotes
the differentiation of progenitor cells into dendritic cells, recruits monocytes, eosinophils, and active
lymphocytes including natural killer (NK) cells. GM‐CSF can also enhance tumor‐specific antigen
presentation leading to better recognition of tumors by the immune system via effects on dentritic
cells. It has been used in various strategies to create antitumor immunity via tumor‐reactive CTLs and
NK cells. However, similarly to many other cytokines, systemic use of recombinant GM‐CSF for
immune stimulation is compromised by side effects related to systemic exposure, while efficacy may
remain limited due to low local concentration in tumors (Arellano and Lonial, 2008). Further, high
systemic concentrations have been suggested to correlate with induction of potentially harmful
myeloid‐derived suppressor cells, while no such effect has been ascribed to in situ GM‐CSF
production with low systemic concentration (Serafini et al., 2004). A local GM‐CSF production by
cancer cells would ensure sufficient local concentration while minimizing systemic exposure, which
might be an optimal combination of local immunostimulation versus ‐suppression. Therefore, GM‐
CSF is appealing for tumor immunotherapy and can be particularly useful in the context of oncolytic
viruses (Figure 4).
Indeed, tumor cell vaccines expressing GM‐CSF have demonstrated evidence of immune stimulation
and antitumor activity both in animal models and in patients, particularly in prostate cancer and non‐
small‐cell lung cancer (Eager and Nemunaitis, 2005, Nemunaitis, 2005, Gupta and Emens, 2010). GM‐
CSF has also been widely used as an adjuvant in various other cancer vaccine approaches (Mellman
et al., 2011). In the context of adenoviruses, it has been demonstrated that efficacy of oncolytic
adenoviral vector against hepatoma tumors could be enhanced with a gutless vector expressing GM‐
CSF in a murine model (Burroughs et al., 2004). Oncolytic adenoviruses coding for human GM‐CSF
have shown compelling efficacy in preclinical models including bladder cancer (Ramesh et al., 2006),
human head and neck cancer and hepatocellular carcinoma (Lei et al., 2009). Further, in early clinical
studies, oncolytic adenoviruses carrying GM‐CSF have also provided promising data on safety of the
virus constructs in cancer patients and possible biological effects including also signs of activation of
both antiviral and antitumoral immunity (Chang et al., 2009, Cerullo et al., 2010).
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Figure 4. Theoretical mode of action of a GM‐CSF expressing oncolytic adenovirus. The adenovirus
enters cancer cells (CC) and replicates there. This leads to local production of GM‐CSF and lysis of the
cancer cells. Local GM‐CSF secretion causes the influx and activation of bone marrow‐derived
dentritic cells (DC), which process and present tumor‐associated antigens, released by cancer cell
lysis. These DCs prime tumor‐specific cytotoxic T lymphocytes (CTL) to mediate direct tumor lysis.
GM‐CSF also recruits and enhances tumor cell killing by natural killer cells (NK).

1.6.6 Cyclophosphamide for cancer therapy
Another aspect of oncolytic immunotherapy involves the regulatory T cells (Tregs). Tregs are elevated
in peripheral blood and tumors of cancer patients and can inhibit otherwise protective antitumor
immunity. Increased tumor Tregs has also been described to predict reduced survival and treatment
responses. Tumor cells can promote the expansion and recruitment of Tregs to counteract T cell‐
based antitumor immunity (Curiel, 2008). Accumulating evidence also points to a critical role for
Tregs in dampening NK cell‐mediated immune responses. It has been reported that during the
development of malignancies, Tregs accumulate in the blood, draining lymph nodes, and tumors of
patients. Further, accumulation of Tregs in the tumor beds and tumor‐draining lymph nodes in
rodent models has been shown to result from proliferation of Tregs, rather than their recruitment.
Consequently, control of Tregs could be a useful tool for enhancing the efficacy of T cell and NK cell‐
mediated tumor clearance (Ghiringhelli et al., 2006). Indeed, depletion of Tregs through
administration of an anti‐CD25 monoclonal antibody has been demonstrated to trigger effective
immune responses against syngeneic tumors, leading to tumor rejection (Onizuka et al., 1999).
Inhibition of Tregs can also be achieved using low dose cyclophosphamide. Metronomic
administration of low dose cyclophosphamide has been reported to lead to selective reduction of
circulating regulatory T cells in preclinical and clinical studies. This associates to suppression of Treg
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inhibitory functions on conventional cytotoxic lymphocytes and NK cells, which can in effect lead to a
restoration of peripheral T cell proliferation and innate killing activities (Liu et al., 2007, Ghiringhelli
et al., 2007). Recently, promising data on the use of metronomic cyclophosphamide has been
described also in cancer patients treated with oncolytic adenoviruses. These data suggest that
metronomic cyclophosphamide is able to reduce circulating T regs in advanced cancer patients
treated with oncolytic adenoviruses and may increase the biological and immunological activity of
oncolytic adenoviruses (Cerullo et al., 2011).

1.7 Clinical trials with oncolytic viruses
The earliest clinical trials using oncolytic viruses for cancer treatment date back to around the 1950s,
with hepatitis B virus, West Nile virus and adenovirus being the most prominent examples from this
era (Kelly and Russell, 2007). Since then, major advances in genetic engineering have allowed for
development of safer, more potent, cancer‐selective virus vectors. For the past two decades the field
of virotherapy has been blooming again. Increasing numbers of oncolytic viruses, including second‐
and third‐generation engineered vectors, have been evaluated in prospective clinical trials divided to
phases I‐III (Eager and Nemunaitis, 2011). At the time of preparation of this literature review, there
were 326 registered clinical trials using adenoviruses for cancer gene therapy, including both
replication‐deficient and replicating vectors. This represents roughly 27% of all the listed cancer gene
therapy trials, which highlights the importance of the adenovirus in development of novel cancer
therapeutics (Journal of Gene Medicine, http://www.abedia.com/wiley/index.html). Although
adenoviruses are the single most studied vectors, other promising agents include vectors based on
herpes simplex virus, vaccinia virus, Newcastle virus, Seneca Valley virus and reovirus (Eager and
Nemunaitis, 2011).

1.7.1 Oncolytic adenoviruses
ONYX‐015 was the first oncolytic adenovirus to enter clinical testing. In a proof‐of concept Phase I
dose‐escalation study ONYX‐015 was injected intratumorally to head and neck cancer (HNC) tumors
and good tolerability of the treatment was established (Ganly et al., 2000). Thereafter, local and
systemic administration of ONYX‐015 was evaluated in various Phase I‐II trials, including trials with
combinations to chemotherapy, and in general, good safety profile and promising efficacy was
observed (Ganly et al., 2000, Kirn, 2001, Nemunaitis et al., 2001a, Nemunaitis et al., 2000,
Nemunaitis et al., 2001b, Galanis et al., 2005, Alemany, 2007). Studies with ONYX‐015 have also
provided proof of concept demonstrations of achieving virus replication in tumors following
intravascular administration (Nemunaitis et al., 2001a, Reid et al., 2002a, Reid et al., 2002b).
Following in footsteps of ONYX‐015, a highly similar virus H101, lacking the entire E3 region in
addition to E1b‐55k, underwent clinical testing focusing on HNC. Finally a randomized controlled
Phase III study of H101 in combination to chemotherapy was conducted with a total of 170 patients,
yielding an objective response rate of 78.8% in patients treated with H101 plus cisplatin and 5‐
fluorouracil, compared to 39.6% with the chemotherapeutics alone, as evaluated by the World
Health Organization (WHO) response evaluation criteria (Yu and Fang, 2007, Xia et al., 2004).
Objective response rate was at the time the primary endpoint for Chinese government regulators for
new drug approval in treating cancer, although overall survival is nowadays recognized as the best
endpoint for an oncology trial. Therefore this trial led to the approval of the H101 by the Chinese
government for treatment of HNC (Garber, 2006). Other examples of oncolytic adenoviral constructs
that have entered clinical testing and yielded promising data include a prostate specific antigen‐
targeted oncolytic vector CG7870 for the treatment of hormone‐refractory, metastatic prostate
cancer (Small et al., 2006). An oncolytic adenovirus armed with the cytosine deaminase/HSV‐tk
fusion suicide gene, without a tissue‐specific promoter but based on the E1B‐55K deleted backbone
of ONYX‐015 has also yielded highly promising clinical results for treatment of prostate cancer
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(Freytag et al., 2007). A human telomerase reverse transcriptase (hTERT) promoter‐driven modified
oncolytic adenovirus, Telomelysin, has also provided encouraging results in early clinical testing
(Nemunaitis et al., 2010). More recently, oncolytic adenoviruses expressing immunostimulatory
cytokine GM‐CSF have showed good safety and early evidences of efficacy in Phase I studies (Chang
et al., 2009, Burke, 2010).

1.7.2 Oncolytic adenoviruses armed with GM‐CSF
In 2009, Mckiernan et al. reported preliminary results of a Phase I/II trial utilizing a replication‐
competent, E2F promoter‐controlled, serotype 5 adenovirus armed with GM‐CSF, CG0070, for
treatment of superficial bladder cancer (Burke, 2010). The use of E2F promoter to control E1A gene
expression limits virus replication and GM‐CSF production to Rb pathway defective tumors. The
detergent dodecyl maltoside, was used to improve virus access to the urothelium. Results of single
and multi‐dose cohorts with intravesical CG0070 in 35 patients showed a response rate of 46% as
assessed by cystoscopy and urine cytology or biopsy. High concentrations of GM‐CSF and viral
genomes were detected in urine samples following treatments in all patients, in a manner suggesting
a wave of replication and cell lysis after initial infection. In blood, only very low and transient virus
and GM‐CSF levels were detected. Local toxicities and flu‐like symptoms were the main adverse
events observed (Burke, 2010). An integrated Phase II/III, open label, randomized and controlled
study of the safety and efficacy of CG0070 in patients with non‐muscle invasive bladder cancer is
under preparation (http://clinicaltrials.gov/ct2/show/NCT01438112).
KH901 is a serotype 5 adenovirus where E1A is under control of a hTERT promoter that has been
modified to include two E2F‐2 binding sites, to achieve high tumor selectivity. Human GM‐CSF is
inserted in the E3 region (Chang et al., 2009). 23 patients with recurrent head and neck cancer (HNC)
were treated with single or multiple intratumoral injections of KH901 in a Phase I trial. Treatments
were well tolerated with mild to moderate fever being the most common adverse event. Viral DNA
was observed in blood in a primary peak soon after injection and a secondary peak 2 to 6 days after
injection, which is suggestive of virus replication with progeny shedding to blood. There seemed to
be an inverse relationship between neutralizing antibody titer at baseline and the amount of virus
detected seen in the secondary peak in blood. Elevated levels of GM‐CSF were detected in serum 12‐
72 hours after treatment. Analysis of two exudates from disintegrated tumors revealed high viral
DNA and GM‐CSF levels. Evidence of antitumor activity was seen in some injected tumors and
injected lesions of 12/19 evaluable patients remained stable but no objective treatment responses
were recorded overall. The authors concluded that although the safety data on KH901 was
promising, a Phase II trial is needed for evaluation of efficacy (Chang et al., 2009).
In addition to formal clinical trials, two other oncolytic adenoviruses armed with GM‐CSF have been
preliminarily evaluated in the treatment of cancer patients with advanced solid tumors. Both of these
serotype 5 based viruses, namely Ad5‐D24‐GM‐CSF and Ad5‐RGD‐D24‐GM‐CSF, entail the 24 base
pair deletion in E1A for cancer‐specific replication and GM‐CSF inserted in the E3 region for
replication‐dependent expression of the transgene (Cerullo et al., 2010, Pesonen et al., 2011). In
addition, Ad5‐RGD‐D24‐GM‐CSF features a RGD‐4C modification of the fiber, which allows viral entry
through alpha‐v‐beta integrins frequently highly expressed in advanced tumors. 20 patients were
treated with a single treatment cycle of Ad5‐D24‐GM‐CSF, and 7 patients with Ad5‐RGD‐D24‐GM‐
CSF, through combination of intratumoral and intravenous administration. In both studies,
treatments were well tolerated, neutralizing antibodies were induced and many patients showed
virus in circulation for elongated times. Systemic levels of GM‐CSF remained low, suggesting effective
restriction of GM‐CSF production to the tumor. 8 out of 16 and 3 out of 6 evaluable patients had
objective clinical benefit in radiological evaluation after Ad5‐D24‐GM‐CSF and Ad5‐RGD‐D24‐GM‐CSF
respectively. Local tumor responses were detected in both injected and uninjected lesions (Cerullo et
al., 2010, Pesonen et al., 2011). Interestingly, Ad5‐D24‐GM‐CSF treatment resulted in induction of
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specific cytotoxic T cell response against adenovirus. Further, induction of CD8+ T cell response
against survivin, a classic tumor‐associated epitope, was also detected. This was the first time that
oncolytic adenovirus‐mediated antitumor immunity was demonstrated in humans (Cerullo et al.,
2010). Also after Ad5‐RGD‐D24‐GM‐CSF, interesting changes in levels of circulating virus and survivin‐
specific T cells were observed (Pesonen et al., 2011).

1.7.3 Other GM‐CSF expressing oncolytic viruses
Vaccinia is a highly immunogenic virus belonging to the pox‐family of viruses. Advantages of vaccinia
vectors include high immunogenicity for enhancing antitumoral immunity, highly effective infection
and replication of the virus, and large capacity for inserting transgenes. Cancer selectivity of vaccinia
can be reached through modifications, with deletion of the viral thymidine kinase (TK) being the
most common modification. A lead clinical candidate based on vaccinia is JX‐594, an oncolytic
vaccinia engineered by disturbing the viral TK gene by insertion of human GM‐CSF, creating a vaccinia
vector capable of selectively infecting cancer cells and inducing an antitumor immune response. JX‐
594 also expresses β‐galactosidase as a transgene. The first clinical trial with JX‐594 was done with
seven melanoma patients. Intratumoral injections of JX‐594 were well tolerated, with only mild
systemic toxicity reported. One partial response and one complete response after surgery were
observed. In addition, inflammation of cutaneous lesions was encountered and eosinophilic and
lymphocytic infiltrations were detected in tumors (Mastrangelo et al., 1999). In another Phase I trial,
with intratumoral injections to 14 patients with primary or metastatic hepatic cancer, the maximum
tolerated dose was established at 1x109 plaque forming units (pfu). Three out of ten evaluable
patients reached a partial response and six had stable disease after treatment. Responses were seen
in both injected and non‐injected lesions (Park et al., 2008). More recently, a proof‐of‐concept
clinical trial was conducted, where ten patients with advanced metastatic melanoma were treated
with a low dose of JX‐594, equivalent to 10% of the maximum tolerated dose in the previous trial.
Delayed re‐emergence of circulating JX‐594 was detected in 50% of subjects, which is suggestive of
replication and progeny shedding into the blood. Both anti‐vaccinia and anti‐β‐galactosidase
antibodies were induced in all patients. JX‐594 replication, lymphocytic infiltration and diffuse tumor
necrosis were observed in post‐treatment tumor biopsies (Hwang et al., 2011).
A Phase II trial of JX‐594 as a single agent in advanced hepatocellular carcinoma (HCC) and metastatic
disease to liver are ongoing (Burke, 2010). In addition, Hoe et al. studied JX‐594 in a pilot fashion in
treatment of three patients with HCC. In this setting the patients were changed to treatment with
sorafenib, a small molecule inhibitor of B‐raf and vascular endothelial growth factor receptor, after
progression had been detected following JX‐594 treatment in the ongoing HCC Phase II trial. All three
patients had marked necrosis of the liver lesions following sorafenib initiation and had positive
responses to therapy as indicated by lesion enhancement decreases of 68%‐89%, according to Choi
criteria that measure tumor density in addition to tumor size (Heo et al., 2011). Sorafenib alone has
not been reported to induce such Choi responses, as also demonstrated by retrospective assessment
of 15 consecutive control patients treated with sorafenib alone in the same institution. The
investigators concluded that JX‐594 therapy may sensitize HCC tumors to sorafenib and potentially
also other VEGFR inhibitors, as exemplified by a case report of treatment of a renal cell carcinoma
patient with JX‐594 followed by another VEGFR inhibitor treatment (Heo et al., 2011). To follow up
on this pilot, the investigators have launched a Phase II trial of JX‐594 followed by sorafenib in HCC
patients.
Out of the different oncolytic viruses armed with GM‐CSF, a vector based on herpes simplex virus
type 1 has thus far advanced furthest in clinical testing. A recombinant replication‐competent GM‐
CSF expressing herpes virus JS1/34.5‐/47‐/GM‐CSF (OncoVEXGM‐CSF) was first studied in a Phase I trial
involving intratumoral injections to cutaneous or subcutaneous lesions of 30 melanoma, HNC, breast
and gastrointestinal cancer patients (Hu et al., 2006). The virus treatment was generally well
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tolerated with local inflammation, erythema, and febrile responses being the most frequent side
effects. Local reactions to injection became dose limiting in seronegative patients at 107 pfu/ml.
Therefore investigators thereafter tested seroconverting seronegative patients with 106 pfu/ml
followed by multiple higher doses (up to 108 pfu/ml), which was well tolerated by all patients. Virus
DNA was detectable in blood or urine in only few isolated cases. Biological activity was observed as
signs of virus replication, local reactions, GM‐CSF expression and HSV antigen‐associated tumor
necrosis. Three patients had stable disease and six patients had tumors flattened (injected and/or
uninjected lesions). Inflammation of both uninjected and the injected tumors were observed (Hu et
al., 2006).
In 2009, Senzer et al. reported results of Phase II trial OncoVEXGM‐CSF as a single agent in late stage
melanoma. The virus was delivered by repeat direct intratumoral injections to a total of 50 heavily
pretreated patients with metastatic, incurable disease. Shedding of virus from injected cutaneous
lesions or to urine was rare. Toxicity was confined mainly to transient flu‐like symptoms. 8 complete
and 5 partial responses were observed and 10 patients had stable disease for more than 3 months.
Both injected and uninjected tumors responded. Overall survival was 58% at 12 months and 52% at
24 months (Senzer et al., 2009). Based on these encouraging results in the OncoVEXGM‐CSF Phase II
trial, a prospective randomized Phase III study in melanoma patients has been initiated (Kaufman and
Bines, 2010).
OncoVEXGM‐CSF has also been studied in a Phase I/II trial in combination with chemoradiotherapy in
squamous cell cancer of the head and neck (Harrington et al., 2010). 17 patients received
chemoradiotherapy of 70 Gy/35 fractions with concomitant cisplatin and four intratumoral injections
of OncoVEXGM‐CSF. Dose‐limiting toxicity was not observed. 14 patietns experienced tumor responses
by radiological RECIST criteria. Viable tumor was detected in injected or uninjected nodal tissues of
only 1 of 15 patients who underwent neck dissection 6 to 10 weeks after treatment initiation. HSV
DNA was detected in injected and uninjected neck tumors at levels higher than the input dose, which
implies viral replication. All patients became seropositive by the end of treatment. Disease‐specific
survival was 82 % at a median follow‐up of 29 months. A Phase III trial in this setting has been under
preparation (Harrington et al., 2010).
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Table 1. Clinical trials with oncolytic viruses coding for human GM‐CSF.
Vector /
virus type

Phase

KH901 /
adenovirus

I

CG0070 /
adenovirus

I/II

Ad5‐D24‐
GM‐CSF /
adenovirus
Ad5‐RGD‐
D24‐GM‐
CSF /
adenovirus

Cancer Type

HNC
Bladder
cancer

Route Combination

i.t.

‐

intra‐ dodecyl
vesical maltoside

Dose range,
interval
3x1011 to 1x1013,
single or twice
weekly
up to 1013 VP,
single, weekly or
monthly
8x109 to 4x1011
VP, single

ATAP

Various solid
i.t.+
tumors
1/5 i.v.

ATAP

Various solid
i.t.+ low dose cyclo‐ 3x1011 to 9x1011
tumors
1/5 i.v. phosphamide
VP, single

‐

Objective
responses
Reference
/ total #
patients
0 /23

Chang et
al.2009

16 /35

Burke 2010.

8 /20

Cerullo et
al. 2010

3 /7

Pesonen et
al. 2011

JX‐594 /
vaccinia

I

Melanoma

i.t.

Pre‐
vacciniation
with wt virus.
Low dose IL‐2
after JX‐594.

JX‐594 /
vaccinia

I

Primary or
metastatic
liver tumors

i.t.

‐

1×10⁸ pfu to
3×10⁹ pfu, every
3 weeks

9 /14

Park et al.
2008

JX‐594 /
vaccinia

I

Melanoma

i.t.

‐

1×10⁸ pfu weekly

3 /10

Hwagn et al.
2011

I

breast, HNC
and gastro‐
intestinal
cancers, and
melanoma

i.t.

‐

1x106 to 1x108
pfu/ml, 1‐4ml, 1‐
3 cycles

3 /30

Hu et al.
2006

II

Melanoma

i.t.

‐

4x106 to 4x108
pfu, biweekly

OncoVEX
CSF
/HSV

GM‐

OncoVEXGM‐
/HSV

CSF

1x104 to 8x107
pfu, twice weekly

2 /7

Mastrangelo
et al. 1999

13+10 /50

Senzer et al.
2009

1x106 to 1x108
Harrington
I/II
HNC
i.t.
pfu/ml, 1‐4ml,
14 /17
et al. 2010
every 3 weeks
Abbreviations: ATAP= advanced therapy access program, i.t. = intratumorally, i.v. = intravenously, pfu= plaque
forming units, VP= viral particles, wt =wild type. Objective responses refer to treatment responses observed in
radiological imaging follow up.
OncoVEXGM‐
CSF
/HSV

70Gy radiation
+ cisplatin
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2. AIMS OF THE STUDY

To investigate if biodistribution of intravenously delivered adenoviral vectors can be made
more favourable with regard to tumor therapy by depletion of vitamin K –dependent
coagulation factors, inhibition of Kupffer cell scavenger receptors or ablation of platelets, or
by combining these pretreatments.
To reduce liver transduction by intravenously delivered adenoviruses, while retaining tumor
transduction, through genetic modifications of the adenoviral capsid fiber regions, and to
compare and combine this modification to coagulation factor ablation.
To develop and evaluate an oncolytic capsid chimeric adenovirus carrying an
immunostimulatory molecule for cancer treatment in an immunocompetent preclinical
model and also in cancer patients.
To evaluate the effects of verapamil as an adjuvant with oncolytic adenovirus treatments of
advanced cancer patients.

35

3. MATERIALS AND METHODS
3.1 Cell lines
Characteristics of the cell lines used in the studies are described below in Table 2. All cell lines were
maintained and cultured in the recommended conditions.
Table 2. Descriptions of the cell lines used in these studies.
Cell line name
Description
293
A549
Hap‐T1
HepG2
Hey
M4A4‐LM3
MDA‐MB‐436
PC‐3
SKOV3.ip1
TF1

Transformed human embryonic kidney cells
Human lung adenocarcinoma cells
Hamster pancreatic carcinoma derived cells
Human hepatocellular carcinoma cells
Human ovarian adenocarcinoma cells
GFP expressing human breast cancer cells
Hormone refractory human breast cancer cells
Human prostate cancer cells
Human ovarian adenocarcinoma derived cells
Cytokine dependent human premyeloid cells

Study
I‐IV
III, IV
II
II
III
I, II
III
II
II
III

3.2 Adenoviruses
Replication‐deficient adenoviruses were amplified on 293 cells and replication‐competent viruses on
A549 cells. Adenoviral preps were purified on double caesium chloride gradients according to
standard protocols. Presence of featured genes was confirmed by polymerase chain reaction (PCR),
in addition to verifying absence of wild type contamination. VP concentration was assessed by
measuring absorption at 260nm and pfu titer was assessed by tissue culture infectious dose 50%
(TCID50) ‐assays on 293 cells.

3.2.1 Replication‐deficient vectors
Features of replication‐deficient adenoviruses used in these studies are summarized below in Table
3. All replication‐deficient adenoviruses used are deleted for E1 gene with cytomegalovirus (CMV)
promoter‐driven firefly luciferase transgene inserted to this locus. Ad5pK7(GL) expresses both green
fluorescent protein (GFP) and luciferase under the CMV promoter. RGD modification in the fiber HI
loop retargets viral binding to cellular integrins and insertion of polylysine motif to the carboxyl
terminus redirects binding to cell‐surface proteins containing polyanion motifs, such as heparan
sulfate.
The novel Ad5/3lucS* was generated using standard adenovirus preparation techniques. In order to
create a mutated 5/3 chimeric fiber shaft with the HSG binding KKTK replaced with GAGA, a site
directed mutagenesis by PCR was used. pTU.5/3 plasmid with the E1‐deleted Ad5 genome with the
5/3 chimeric fiber knob domain was used as a template (Uil et al., 2003). First, a 901 bp product was
created with a forward primer (5E3F) 5’‐ gaaatcagctactttaatctaac ‐3’ (site in E3, before fiber) and a
reverse primer (5GAGA) 5’‐ ggctccggctccgagaggtgggctcacagtggttacattt ‐3’ (site in fiber shaft, repeat 3,
before KKTK, bold = replacing sequence for GAGA). Second, the forward primer (3GAGA) 5’‐
ggagccggagcctcaaacataaacctggaaat ‐3’ (site in fiber shaft, repeat 4, after KKTK, bold = replacing
sequence for GAGA) and the reverse primer (3KR) 5’‐ aatcatcgctgaggagacca ‐3’ (site after knob
region) were used for a reaction for a 2042 bp product. To combine these PCR products, PCR SOEing
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was performed using 5E3F and 3KR primers. The resulting 2932 bp PCR product contained the
complete fiber gene with KKTK mutation (GAGA) and Ad3 knob replacing the Ad5 knob, and the
product was sequenced to confirm this. Next, a homologous recombination with a SwaI‐linearized
rescue plasmid containing the complete adenovirus 5 genome was performed. Finally, a second
homologous recombination between this plasmid and PmeI‐linearized pShuttle.CMV‐Luc was
performed and it resulted in obtaining the E1‐deleted adenovirus 5 genome containing a GAGA
mutated 5/3 chimeric fiber shaft and luciferase transgene in deleted E1 region (pCMV.Luc.5/3S*).
This Ad5/3lucS* virus genome was released by PacI digestion and transfection on 293 cells was
performed for amplification and rescue of the complete virus. All phases of the cloning were
confirmed with PCR and multiple restriction digestions.
Table 3. Description of replication‐deficient adenoviruses used in these studies.
Virus
Transgenes in E1 Fiber
Study
Reference(s)
(Kanerva et al., 2002a,
Ad5luc1
Luciferase
Serotype 5 wild type
I‐IV
Krasnykh et al., 2001)
IV
Ad5lucRGD Luciferase
RGD motif in HI loop
(Dmitriev et al., 1998)
Ad5pK7(GL) GFP + Luciferase
Ad5/3luc1

Luciferase

Ad5/3lucS* Luciferase

7 lysine residues at
COOH terminus
Knob replacement from
serotype 3
Knob replacement from
serotype 3,
KKTK motif mutated to
GAGA

I
I‐IV

II

(Wu et al., 2002)
(Kanerva et al., 2002a)

Study II

3.2.2 Replication‐competent vectors
Features of replication‐competent adenoviruses used in these studies are summarized in Table 4. All
replication‐competent adenoviruses, except the unmodified wild type Ad5wt, have a 24bp deletion
in the constant region CR2 of the E1A gene. This deletion abrogates Rb binding by E1A, rendering the
virus able to replicate only in cells where the Rb‐p16 pathway is disrupted, including most human
cancers (Fueyo et al., 2000).
The novel Ad5/3‐D24‐GMCSF was generated using standard adenovirus preparation techniques.
First, to create pAdEasy5/3, a pAdEasy‐1‐derived plasmid containing a chimeric 5/3 fiber, Ad5/3luc1
viral genome and BstXI‐digested 8.9 kb fragment of pAdEasy‐1 were recombined in E.coli, using
homologous recombination. Second, a shuttle vector containing a 24 bp deletion in E1A
(pShuttleD24) was linearized with PmeI and then recombined with pAdEasy5/3 resulting in pAd5/3‐
D24. Third, to insert human GM‐CSF gene into E3 region, SpeI to NdeI fragment from Ad5 genome
was inserted into the multi‐cloning site of pGEM5Zf+ (Promega, Madison, WI) to generate an E3‐
cloning vector pTHSN. A 965‐bp deletion in E3 region (6.7K and gp19K deleted) on pTHSN was
created by digestion with SunI/MunI. The 432bp fragment of cDNA encoding human GM‐CSF was
amplified with PCR using primers featuring specific restriction sites SunI/MunI flanking the gene and
then inserted into SunI/MunI‐digested pTHSN. Then, pAd5/3‐D24‐GMCSF was generated by
homologous recombination in E.coli between SrfI‐linearized pAd5/3‐D24 and FspI‐linearized pTHSN‐
GM‐CSF. Finally, Ad5/3‐D24‐GMCSF virus genome was released by PacI digestion and transfection to
A549 cells for amplification and virus rescue. All phases of the cloning were confirmed with multiple
restriction digestions and PCR and the shuttle plasmid pTHSN‐GM‐CSF was sequenced. The
transgene, E1 region, and fiber were checked in the final virus with PCR and sequencing. All phases of
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virus production and amplification were done on A549 cells in order to avoid the risk of wild type
recombination.
Table 4. Description of replication‐competent adenoviruses used in these studies.
Virus
E1
E3
Fiber
Study Reference(s)
Ad5wt1

Wild type

Wild type

Ad5 wild type

Ad5/3‐Delta24

24 bp deletion

Wild type

Knob replacement
from Ad3

Ad5‐D24‐GM‐
CSF

24 bp deletion

Ad5/3‐D24‐
GMCSF

24 bp deletion

Ad5‐RGD‐D24‐
GM‐CSF

24 bp deletion

ICOVIR‐7

24bp deletion, DM‐1
insulator sequence,
Kozak sequence,
modified E2F‐1
promoter2

gp19k/6.7K
deleted, hGM‐CSF
inserted
gp19k/6.7K
deleted, hGM‐CSF
inserted
gp19k/6.7K
deleted, hGM‐CSF
inserted
Wild type

Ad5 wild type
Knob replacement
from Ad3
RGD motif in HI loop

RGD motif in HI loop

IV

ATCC1

I

(Kanerva et
al., 2003)

IV

(Cerullo et
al., 2010)

III, IV

Study III

IV

(Pesonen et
al., 2011)

IV

(Nokisalmi et
al., 2010,
Rojas et al.,
2009)

1

Wild type serotype 5 adenovirus (Ad300wt) purchased from American Type Culture Collection (Manassas, VA,
USA).
2
The E2F‐1 promoter in ICOVIR‐7 has been further modified by inserting four extra palindromes of E2F‐
responsive regions to the E2F‐1 promoter.

3.3 In vitro studies
3.3.1 Transduction assays (II)
Indicated cells were seeded on 24‐well plates at 50 000 or 100 000 cells per well in growth media
supplemented with 5% fetal calf serum (FCS). Next day cells were washed and the infected with
replication‐deficient viruses in 200 µl of 2% growth media per well for 30 a min incubation in 37°C.
Cells were then washed and 10% growth media added. After 24 hours in 37°C, cells were lyzed by 20
minutes incubation with 200 µl Luciferase Cell Culture Lysis Reagent per well in room temperature
and lysates were frozen to ‐80°C. Later lysates were thawed and luciferase expression in cell lysates
was determined with Luciferase Assay System and TopCount plate reader luminometer. Experiments
were carried out in triplicates.
When performing transduction assays on HepG2 cells in presence and absence of coagulation
factors, viruses were preincubated on a rocker in 4°C for 30 minutes in media containing 10 µg/ml
human factor X or 5 µg/ml human factor IX, corresponding to physiological concentrations of these
coagulation factors in blood. 200 µl of mixture per well was then added on HepG2 cells and
incubated for 60 minutes in +37°C on a rocker. Cells were then washed, incubated and lyzed as above
and analyzed for luciferase expression.

3.3.2 Transduction blocking assays (II)
To investigate the ability of recombinant Ad5 and Ad3 knobs to block infection by the studied
adenoviruses, infections with Ad5/3luc1 and Ad5/3lucS* were performed in the presence and
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absence of the purified knob proteins (Kanerva et al., 2002a). Monolayers of SKOV3.ip1 cells were
first preincubated with increasing concentrations of Ad5 or Ad3 knob in 100 µl of Dulbecco’s
modified Eagle’s medium (DMEM) with 2% FCS for 15 minutes at room temperature prior to
infection with 1000 VP/cell in 100 µl of 2% DMEM. Cells were then incubated for 30 minutes
incubation at room temperature, washed, complete growth media added and cells were incubated a
further 24 hours in 37°C. Cells were then lyzed and luciferase activity was determined. In blocking
assays with heparin, virus was preincubated for 45 minutes at 4°C with increasing concentrations of
heparin diluted in DMEM supplemented with 0.1 ng/ml bovine serum albumin. Heparin‐virus mixture
was then added 200 µl per well on monolayers of SKOV3.ip1 cells and incubated for 30 minutes at
room temperature. Cells were then washed, incubated 24 hours in 37°C, lyzed and analyzed for
lusiferase expression.

3.3.3 Cytotoxicity assays (III)
To study cell killing efficacy of oncolytic viruses, 10 000 cells per well were seeded on duplicates of
96‐well plates and infected with four different doses of indicated adenoviruses 24 hours later in
triplicate wells on each plate. Infections were carried out in DMEM with 2% FCS, next day 10%
DMEM was added. The cells were checked daily for appearance of cytopathic effect and the culture
medium was changed every other day. When one of the viruses had reached complete cell killing
with the highest dose, (3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐
2H‐tetrazolium) (MTS) cytotoxicity assay was performed as recommended by kit manufacturer. MTS
assay is a colorimetric cell viability assay where tetrazolium compound (MTS) is reduced by live cells
into formazan. The amount of formed formazan is measured as absorbance at 490nm, absorbance of
uninfected control cells is set as 100% cell viability and viability of infected cells is expressed relative
to that.

3.3.4 Expression and functionality of GM‐CSF (III)
To confirm GM‐CSF secretion by Ad5/3‐D24‐GMCS, A549 cells were infected with 100 VP/cell and
supernatant was collected after 48 hours. GM‐CSF concentration in supernatant was measured using
BDTM Cytometrin Bead Array (CBA) Soluble Protein Master Buffer Kit and BDTM CBA Human GM‐CSF
Flex sets and BD FACSArray bioanalyzer, BD FACSArray SystemSoftware and FCAP Array v1.0 software
according to manufacturer’s instructions.
To confirm functionality of produced GM‐CSF, supernatant of Ad5/3‐D24‐GMCSF infected cells was
studied on TF1 cells. TF1 is a cell line that requires human cytokines for maintaining viability and
proliferating. A549 cells were infected with 10 VP/cell of Ad5/3‐D24‐GMCSF and supernatant was
collected 48 hours later. Supernatant was filtered through a 0.02 μm inorganic membrane filter. For
maintenance, TF1 cells were cultured in suspension in complete growth medium supplemented with
2 ng human GM‐CSF (hGM‐CSF) /ml and kept on a shaker. 1 × 104 TF1 cells per well were plated on
96‐well plate with growth medium devoid of hGM‐CSF, and kept on a shaker. hGM‐CSF (2 ng/ml) was
applied as a positive control on cells in 36 wells and cells with no hGM‐CSF supplementation were
used as a negative control. A volume of 0.1, 1, or 10 μl of filtered supernatant from Ad5/3‐D24‐
GMCSF‐infected A549 cells was applied on TF1 cells in 6 wells for each volume. Fresh growth medium
without hGM‐CSF was added on the cells three days later. Cell viability was measured with MTS assay
after 5 days in culture, as described above. The viability of the positive control cells was assigned
100%.
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3.4 Preclinical animal models
3.4.1 Animals (I‐III)
Female nude NMRI mice were obtained at 3‐4 weeks of age. Syrian hamsters (Mesocricetus auratus)
were obtained at 11 weeks of age. All animals were quarantined for at least 1‐2 weeks. All animal
protocols were reviewed and approved by the Provincial Government of Southern Finland and the
Experimental Animal Committee of the University of Helsinki. Animals were euthanized according to
local animal care rules if tumors grew over set limits (20 mm in diameter for hamsters and 17 mm for
mice) or general condition of animals deteriorated. Anesthesia for mice for cell injection and IVIS‐
imaging was performed with medetomidine 0,5 mg/kg and ketamine 50 mg/kg mouse weight diluted
in sterile 0,9 % sodium chloride (NaCl) (Study I) or with isoflurane inhalation anesthesia (Study II).
Mice were anaesthetized for intravenous injections with fentanyl citrate 0,5 mg/kg, fluanisone 15
mg/kg and midazolam 7,5 mg/kg mouse weight diluted in sterile water (Study I) or with isoflurane
inhalation anesthesia (Study II). Anesthesia for hamsters for cell and virus injections and tumor
measurements was performed with fentanyl citrate 0.315 mg/kg, fluanisone 10 mg/kg and
midazolam 5 mg/kg diluted in sterile water.

3.4.2 Pretreatments for mice studies (I‐II)
For studies involving pretreatments of mice, one or more of the following treatments were given
prior to virus injection: 133 μg warfarin subcutaneously in 100μl of 1 % phosphate buffered saline
(PBS) or NaCl 72 and 24 hours before virus, 4 μg GPIIb antibody intraperitoneally in 200 μl of 1% PBS
24 hours before virus or 5 μg/g body weight polyinosinic acid (poly(i)) intravenously to the tail vein in
125 μl Roswell Park Memorial Institute medium (RPMI) 5 minutes before virus. For the high dose
Ad5luc1 experiment (Study I) mice were pretreated with 250 μg warfarin subcutaneously in 100 μl of
1 % PBS 5, 4 and 3 days before virus or with 2 μg GPIIb antibody intraperitoneally in 200 μl of 1% PBS
24 hours before virus. The effect of the warfarin and GPIIb antibody on blood clotting and platelet
count, respectively, was analyzed (Study I, Fig. S1).

3.4.3 Gene transfer analyses on tumor‐bearing mice (I‐II)
Mice were injected with 2 x106 M4A4‐LM3 breast cancer cells into the left and right uppermost
mammary fat pads under anesthesia and tumors were allowed to develop until circa 4‐5 mm in
diameter. Indicated replication‐deficient adenoviruses were injected intravenously via the tail vein
diluted in 150 μl of pure minimum essential media (MEM) or NaCl, mock mice received only the
diluent. For in vivo imaging, mice were injected intraperitoneally with 4.5 mg D‐luciferin in 100 μl
RPMI and imaged with the Xenogen IVIS imaging system. Images were obtained with a charge‐
coupled device camera cooled to ‐120°C. Luminescence and photographic images were overlaid
using Xenogen Living Image software and images were displayed in pseudocolor, where the data
values (photons) correspond to various colors. Images were analyzed for luciferase expression using
Igor image analysis software. For quantification of photon emission, regions of interest were drawn
around the liver and tumor areas, and photon emission values were normalized to reference regions
in the same image or corresponding areas in mock mice.
Mice were sacrificed after the imaging at 48 hours (study II) or 72 hours (study I) after virus injection
and tumors and organs were collected and stored in ‐80°C. Tissues were homogenized in Cell Culture
Lysis Reagent with mechanical grinding and incubated 20 minutes in room temperature. Luciferase
activity of lysates was quantified by Luciferase Assay System and a luminometer, and normalized to
total protein content of lysates, measured by DC Protein Assay Kit II (Study I) or Pierce® BCA Protein
Assay Kit (Study II) according to manufacturer’s instructions.
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3.4.4 Virus particle biodistribution studies in tumor‐bearing mice (I‐II)
Nude mice bearing above described mammary fat pad tumors were pretreated as indicated and
injected with replication‐deficient adenoviruses intravenously to the lateral tail vein. In study I, blood
samples were collected in heparinized collection tubes by puncturing the tail vein 10 or 30 minutes
after virus injection. Infectious virus titer in blood was then determined by TCID50‐assays, carried out
in duplicates in 96‐well plates and viral particle counts with quantitative real‐time PCR (qPCR) for
adenoviral E4 region. In study II, mice were sacrificed 30 minutes or 3 hours after virus injection,
blood was collected by cardiac puncture and tumors and organs collected and snap frozen. DNA for
qPCR was extracted from tissues and blood samples using QIAamp DNA mini kit. qPCR for adenoviral
E4 gene was performed using primers E4‐forward (5’‐GGAGTGCGCCGAGACAAC‐3’) and E4‐reverse
(5’‐ACTACGTCCGGCGTTCCAT‐3’) and the E4‐probe ((6FAM‐)‐TGGCATGACACTACGACCAACACGATCT‐
3’). Mouse β‐actin primers (forward: 5’‐ CGA GCG GTT CCG ATG C ‐3’, reverse: 5’‐TGG ATG CCA CAG
GAT TCC AT‐3’) and probe (6FAM‐)AGG CTC TTT TCC AGC CTT CCT TCT TGG‐3’ were used for tissue
samples as an internal control and to normalize viral DNA copies per amount of genomic DNA.
Human β‐actin primers (forward: 5’‐CAG CAG ATG TGG ATC AGC AAG‐3’, reverse: 5’‐CTA GAA GCA
TTT GCG GTG GAC‐3’) and probe (6FAM‐)AGG AGT ATG ACG CCG GCC CCT C‐3’ were used for
normalization for tumor samples. 20 µl PCR reactions were carried out in a LightCycler using
LightCycler480 reagents. Cycle threshold values were plotted on the standard curves prepared for
adenoviral plasmid and mouse or human β‐actin to determine the actual DNA copy numbers. The
amount of E4 copies per ng genomic DNA of sample was then calculated. All samples were run in
duplicates or triplicates.

3.4.5 Amount of virus copies in liver parenchymal and non‐parenchymal cells (II)
Nude NMRI mice carrying mammary fat pad tumors were injected to the tail vein with 4x1010 VP of
Ad5/3luc1, Ad5/3lucS* or Ad5luc1, following warfarinization or no pretreatment. 3 hours later mice
were sacrificed and livers were collected. Separation of populations of parenchymal (PC) and non‐
parenchymal cells (NPC) was performed similarly as described by Koizumi et al (Koizumi et al., 2006).
Briefly, excised livers were first rinsed with NaCl to remove blood and then sliced to smaller pieces
and submerged briefly in HEPES buffer H 7.2. Liver slices were transferred to pH 7.5 HEPES buffer
with 5mM CaCl2 and 2mg/ml collagenase for a circa 1h incubation in +37°C on a rocker. Cells were
then dispersed by gentle stirring in cold Hank’s‐HEPES buffer containing 0.1% BSA and filtered
through cotton mesh sieves. Differential centrifugation was performed to separate PC and NPC
populations, from which total DNA was then extracted and samples were analyzed with qPCR for
adenoviral E4 and mouse β‐actin.

3.4.6 Toxicity assays in mice (I‐II)
For studying toxicity of poly(i) (Study I), healthy nude mice were injected with 5 μg/g body weight
poly(i) in 125 μl RPMI medium or 125 μl RPMI medium alone intravenously to the tail vein. Blood
samples were collected 6 hours after injection for cytokine analyses and when mice were sacrificed 3
days after injection, livers were collected for histolopathological analysis. For Ad5/3lucS* toxicity
studies (Study II), mammary fat pad tumor‐bearing mice were injected with adenoviruses to the tail
vein and blood samples were collected at 6 hours post‐injection and blood was collected via cardiac
puncture when mice were sacrificed for gene expression studies at 48 hours post‐injection.
Blood samples from the 6 hour time point were let to clot and then centrifuged at 2000 x g for 10
min to separate and collect serum. Cytokine levels in serums were measured using BDTM CBA Soluble
Protein Master Buffer Kit and mouse IL‐6, MCP‐1 and TNF Flex sets and BD FACSArray bioanalyser, BD
FACSArray System Software and FCAP Array software. Blood collected at cardiac puncture was split
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to EDTA‐covered Microtainer® tubes and lithium‐heparin covered Microtainer® tubes. Heparinised
blood was centrifuged at 2000 x g for 10 minutes to separate and collect the plasma. EDTA –
anticoagulated whole blood and heparinised plasma were used for blood cell count and liver
transaminase analysis, respectively. These analyses were carried out with routine protocols at
University of Helsinki Production Animal Hospital Laboratory.
The livers were submerged in 4% formaldehyde overnight and then transferred to 70% ethanol and
subsequently fixated in paraffin. Paraffin blocks and tissue slices were obtained using Tissue‐Tek®
and tissue slices were stained for hematoxylin and eosin using standard protocols. Toxicity‐related
changes were assessed visually by an expert pathologist.

3.4.7 Tumor selectivity of Ad5/3‐D24‐GMCSF replication and GM‐CSF production
(III)
Hamsters were injected subcutaneously in four different sites on the back of the animal with 2.8 ×
106 HapT1 cells/site and tumors were allowed to develop. 1 x108 VP/tumor Ad5/3‐D24‐GMCSF was
injected intratumorally to each tumor and non‐tumor‐bearing hamsters were simultaneously
injected with 4 x108 VP Ad5/3‐D24‐GMCSF into the liver. Hamsters were euthanized (n=2 hamsters /
time point) at five different time points: 0.5, 24, 48, 72 and 92 hours after virus injection, and tumors
and livers were collected, snap frozen and stored in ‐80°C.
For quantitative PCR, total DNA was extracted from collected tissue samples. Quantitative real‐time
PCR targeting E4 gene of the adenovirus was done as above. Hamster GAPDH primers (FW: 5’‐
CACCGAGGACCAGGTTGTCT‐3’, RW: 5’‐CATACCAGGAGATGAGCTTTACGA‐3’) and probe (6FAM‐
CAAGAGTGACCCCACTCTTCCACCTTTGA) were used as an internal control and to normalize of viral
DNA copies per amount of genomic DNA, using a regression standard curve for GADPH.
For tissue GM‐CSF concentration measurements, tissues were minced with a scalpel and 50 mg was
incubated with 5 µl of protease inhibitor P8340 and 500 µl of digestion mixture for 90 min at 37°C
under continuous agitation. Digestion mixture consisted of RPMI 1640 medium with 10mM HEPES
buffer and 1.6mM phenylmethylsulfonyl fluoride, 40 µg/ml gentamycin, 100 µg/ml bovine serum
albumin and 100 µg/ml Zwittergent 3‐12. Thereafter, the digestates were subjected to 30 seconds of
sonication and centrifuged at 2000g for 10 min in 4°C. Subsequently, supernatants were collected
and stored in ‐80°C until used in FACSArray. GM‐CSF concentrations in tissue digestation
supernatants and serum samples were measured using BDTM CBA Soluble Protein Master Buffer Kit
and BDTM CBA Human GM‐CSF Flex set similarly as above.

3.4.8 Antitumor efficacy in tumor‐bearing mice (I)
Nude mice bearing mammary fat pad tumors were pretreated as indicated. 3x109 VP of Ad5/3‐ Delta
24 was injected via the lateral tail vein in 100 µl MEM on day 0. Thereafter tumor size was observed
by measuring the width and height of the tumors and tumor volumes were approximated by
calculations.

3.4.9 Efficacy of Ad5/3‐D24‐GMCSF in immunocompetent hamsters (III)
Hamsters (n=5‐10/group) were injected subcutaneously at four different sites with 1 × 107 HapT1
cells per tumor site and tumors were allowed to develop to circa 5mm in diameter. Virus injections
were given on days 1, 4, 8 and 15. On day 1, 4/5 of the virus dose was injected intratumorally and 1/5
was given intravenously in order to model human treatment as closely as possible. On following days
the whole virus dose was given intratumorally. Each treatment comprised of 4 x108 VP/hamster (i.e.
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1 x108 VP/tumor on most days) diluted in sterile NaCl. Mock treatment comprised of NaCl only.
Cyclophosphamide was administered at 20mg/kg intraperitoneally twice a week. Tumor growth was
observed during experiment by manual measurements and tumor volumes approximated by
calculations.

3.5 Patient series (III, IV)
Oncolytic adenovirus treatments were given in the context of an ISRCTN registered Advanced
Therapy Access Program (Advanced Therapy Access Program: a treatment for refractory cancer with
oncolytic viruses, ISRCTN 10141600) (ATAP). ATAP is regulated by FIMEA as determined by EU
EC/1394/2007. Written informed consent was required from patients and treatments were
administered according to the Declaration of Helsinki and Good Clinical Practice. ATAP is in
compliance with EU and Finnish regulations and has been evaluated by The Gene Technology Board
and Medicolegal Department of the Finnish Ministry of Social Affairs and Health. ATAP treatments
have also been reviewed by Helsinki University Central Hospital ethics committee, where it was
regarded as a treatment program, not a trial (Dnro 475/E6/06). All patients were free to receive
other cancer treatments, including additional virus treatments, after receiving the treatments
described in Studies III and IV.
Criteria for patient inclusion were: solid tumors refractory to conventional therapies and progressive
disease, WHO performance score ≤3 and no major organ function deficiencies. Criteria for exclusion
were: organ transplant, HIV or other major immunosuppression, brain metastasis, bilirubin, ALT or
AST elevated x3 over upper limit of normal (ULN), thrombocytopenia ≤75x109/l and other severe
disease or organ malfunction.
In study III, 21 patients with advanced solid tumors refractory to standard therapies were treated
with a single treatment cycle of Ad5/3‐D24‐GMCSF (Study III, Suppl. Table 1). In study IV, 36
treatments were given with oncolytic adenoviruses and verapamil to 12 separate patients. 36 virus
treatment cycles, in 27 separate patients, without concomitant verapamil, were selected by
retrospective matching as a control cohort. Therefore in some cases multiple treatment cycles of the
same patients were evaluated within this study. In order to avoid confounding related to first versus
non‐first cycles of treatment, the same patient could not function as a case and control, thus no
”self‐controls” were allowed. In the matching of controls, we hypothesized regarding matching for
previous virus treatments, that the first treatment of a patient probably differs from following
treatments, due to development of adaptive antiviral immune responses, as shown previously by
Sterman et al. in treatment setting involving repeated administration of an adenoviral vector
(Sterman et al., 2010). However, the following treatments are probably not likely to differ in
succession as the patient is in any case already primed for antiviral responses by then. Therefore the
matching was based on having received either one or more virus treatment previously, or none,
rather than exact number of previous treatment cycles. Matching criteria, in descending order of
importance, were (percentage of complete matches indicated in parentheses): availability of serum
samples from treatment period (100%), previous virus treatments (yes/no 100%), treatment with the
same virus (100%), concomitant low dose cyclophosphamide administration (yes/no 94%), dose of
virus (92%), WHO performance status (42%), gender (58%) and similar age within 5 years range
(39%). See summaries of treatments and patient groups in Study IV, Table 1, while detailed
information on each patient and treatment can be found in Study IV, Suppl. Table 1.

3.5.1 Treatment protocols and follow‐up (III, IV)
Patients received the treatment on day 0, performed by ultrasound‐ or CT‐guided intratumoral
injection. In study III, all treatments were given with Ad5/3‐D24‐GMCSF virus. In study IV, treatment
was given with Ad5‐D24‐GM‐CSF, Ad5/3‐D24‐GMCSF, Ad5‐RGD‐D24‐GM‐CSF or ICOVIR‐7. Typically
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one fifth of the dose was given intravenously, in order to possibly achieve transduction of also
uninjected lesions (Reid et al., 2002b, Nemunaitis et al., 2001a). In the case of intraperitoneal or
intrapleural disease, intratumoral injection could be performed also intracavitarily. In one treatment
(K105_2) in verapamil series of Study IV the whole dose was administered intravenously (i.v.), due to
lack of injectable lesion. The matched control treatment (N127_2) also received the whole dose i.v.
due to lack of injectable lesions. Viral doses ranged from 8x1010 VP to 9x1011. In addition,
concomitant low dose cyclophosphamide was given in the absence of contraindications either
perorally 50mg per day (metronomic), 1000 mg intravenously (single bolus), or combination of these,
in order to reduce regulatory T cells (Cerullo et al., 2011). In study IV, verapamil was administered
200mg twice daily orally, as a slowly releasing depot tablet. Verapamil treatment was initiated one
day after virus treatment and continued for at least four weeks.
After treatment, patients were monitored for 24 hours in the hospital and as outpatients for four
weeks. Adverse events (AE) identified by patient interviews and clinical examinations upon follow‐up
visits and were recorded according to CTCEA v3.0. Grade 1 refers to mild AE, grade 2 refers to
moderate AE, grade 3 refers to severe AE, grade 4 refers to life threatening or disabling AE and grade
5 refers to AE leading to death. In our studies, grade 1‐2 (mild to moderate) AE are often discussed
together. Many cancer patients have symptoms due to their disease; hence pre‐existing symptoms
were not listed unless worsened. In study IV, adverse events were grouped into clinical adverse
events and laboratory‐only (asymptomatic) adverse events.

3.5.2 Response evaluation (III, IV)
Tumor sizes were assessed by contrast‐enhanced computed tomography (CT) before and after
treatment. As ATAP is a treatment program, not a trial, there was no trial protocol to define timing of
CT evaluation. However, for pretreatment scans, only scans within 28 days prior to viral treatment
were considered evaluable for comparison with post‐treatment scans. Tumor sizes after treatment
were compared to CT performed prior to treatment. For one patient (I98) radiological evaluation was
performed from magnetic resonance images. In study III, post treatment scans were performed at
median of 45 days after treatment (range 39 ‐ 67). In study IV, some patients were treated with a
serial treatment where radiological evaluation was performed after three virus injections – given
every 3‐4 weeks ‐ instead of after each injection (Nokisalmi et al., 2011). In these cases the post
treatment scans were compared to the CT prior to initiation of the series of the three treatments. In
study IV, radiology evaluations were performed at a median of 45 days after treatment (range 10‐
224), for all treatments. If only treatments for which evaluation was available directly after that
particular treatment cycle is considered, the median time to radiology evaluation was 50 days.
Maximum tumor diameters were determined according to RECIST version 1.1 (Eisenhauer et al.,
2009), including injected and non‐injected lesions. Briefly, these criteria are: CR=complete response
(tumor completely undetectable after treatment), PR=partial response (>30% reduction in the sum of
tumor diameters), SD=stable disease (no response, no progression), PD=progressive disease (≥20%
increase or appearance of new metastatic lesions). As a modification to the criteria, tumor decreases
of 10‐29%, not fulfilling PR, were scored as minor responses (MR). Thus SD was used for 0‐9%
reduction or <20% increase in the sum of tumor diameters. Tumor markers were also evaluated after
treatments, if they had been elevated previously and best response between 21 and 70 days after
treatment was recorded. The same percentages were used for tumor marker responses. Alterations
in symptoms were assessed based on patient interviews and clinical examination at follow up visits
circa 1 month after treatment. Disease control was defined as stable disease or better response.
Disease control rate was calculated as ratio of treatments with disease control to all evaluable
treatments.
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3.5.3 Serum cytokine measurements (III, IV)
Cytokine levels were measured from serum samples using BDTM CBA Soluble Protein Master Buffer
Kit and BDTM CBA Human IL‐6, IL‐8, IL‐10, TNF‐alpha and GM‐CSF Flex sets and BD FACSArray
bioanalyzer, BD FACSArray System Software and FCAP Array v1.0 software.

3.5.4 Neutralizing antibody titer determination (III, IV)
Depending on the identity of the virus that the patient had received as treatment, different luciferase
encoding adenoviruses were used for titration to ensure identical match of virus capsid: Ad5luc1 for
Ad5‐D24‐GM‐CSF, Ad5/3luc1 for AD5/3‐D24‐GMCSF and Ad5lucRGD for Ad5‐RGD‐D24‐GM‐CSF and
ICOVIR‐7 treated patients. 293 cells were seeded on 96‐well plates at 1 x 104 cells / well and cultured
overnight, and cells were washed with DMEM without FCS the next day. Human serum samples were
incubated in 56 °C for 90 min, in order to inactivate complement. A four‐fold dilution series (from 1:1
to 1:16 384) was prepared in serum‐free DMEM. Appropriate luciferase encoding virus was mixed
with serum dilutions and incubated at room temperature for 30 min. Thereafter, 293 cells in
triplicates were infected with 100 VP/cell in 50 µl of mix. 1 hour later 100 µl of growth medium
supplemented with 10% FCS was added on the cells. At 24 hours post‐infection, cells were lyzed with
reporter lysis buffer and lysates were frozen to ‐80°C. Luciferase activity of lysates was later
measured and readings were plotted relative to gene transfer achieved with virus alone in order to
evaluate the effect of neutralizing antibodies in the serum. The neutralizing antibody titer was
determined as reciprocal of the lowest degree of dilution that blocked 80% or more of gene transfer.

3.5.5 Detection of viral DNA in serum and fluid (III, IV)
Viral DNA was detected in serum and fluid samples as published (Cerullo et al., 2010, Escutenaire et
al., 2011). Briefly, DNA was extracted using 3 µg of carrier DNA (polydeoxyadenylic acid) per 400 µl of
serum or fluid sample and the QIAamp DNA mini kit. At the end of extraction, DNA was eluted in 60
µl nuclease‐free water. DNA concentration was then measured with spectrophotometry. PCR
amplification was based on primers and a probe targeting the E1A region flanking the 24 bp deletion
present in all of the oncolytic viruses used for the treatments (forward primer 5´‐
TCCGGTTTCTATGCCAAACCT‐3´, reverse primer 5´‐TCCTCCGGTGATAATGACAAGA‐3´ and probe onco
5´FAM‐TGATCGATCCACCCAGTGA‐3´MGBNFQ). Additionally, a probe complementary to a sequence
included in the 24 bp region targeted for deletion was used to check the samples for the presence of
wild type adenovirus infection (probe wt 5´VIC‐TACCTGCCACGAGGCT‐3´MGBNFQ). All samples were
tested in duplicates and TaqMan exogenous internal positive control reagents were used in the same
PCR runs to test each sample for the presence of PCR inhibitors.
The viral loads in serum were calculated using a regression standard curve based on serial dilutions
of pAd5/3‐D24‐GMCSF DNA (1X109 to 1X10 VP/ml). The limits of detection and quantification for the
assay were 500 VP/ml of serum; titers below this limit were extrapolated using the standard curve.
All positive samples were further confirmed by quantitative PCR using LightCycler480 SYBR Green I
Master mix (Roche, Mannheim, Germany) and primers specific for adenovirus sequences respective
of the treatment virus in question (Escutenaire et al., 2011). In study III, the primers used for Ad5/3‐
D24‐GMCSF detection were forward: 5´‐AAACACCACCCTCCTTACCTG‐3´ and reverse: 5´‐
TCATTCATCTCAGCAGCAGTG‐3´.

3.5.6 ELISPOT analysis (III)
Peripheral Blood Mononuclear Cells (PBMCs) were isolated prior to treatment and 4‐8 weeks after
treatment by Percoll gradient according to standard protocols and cells were immediately frozen in
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CTL‐CryoABCTM serum‐free media. h‐IFN‐y ELISPOT was performed according to MABtech
manufacturer instructions. Briefly, 200 000 living cells were counted and plated in each well. Cells
were stimulated for 20 hours with the two peptides and also with positive and negative control (no
peptide). Cells were stimulated with the HAdV‐5 penton peptide pool and BIRC5 PONAB peptide for
adenovirus and survivin ELISPOT, respectively. Plates were washed and detection reagent was added
for 2 hours at room temperature. Reaction was stopped with a substrate solution from the kit
followed by repeated washing with water. Wells were let to dry and then read with an AID‐ELISPOT
reader machine. Spot forming colonies (SFC) was expressed as mean of triplicates and background
was subtracted.

3.5.7 Ex vivo analysis of ascites and pleural samples (III)
Ascites / pleural effusion samples obtained from patients were stored overnight in +4°C. Samples
were divided into 50 ml aliquots and the cells were isolated by centrifugation at 900 rotations per
minute (rpm) for 8 minutes in +4°C. Samples were then incubated 5‐10 minutes at room temperature
with 25ml ACK Lysis Buffer, in order to lyze red blood cells. Thereafter, 25ml of 2% DMEM was
added, the cells were centrifuged at 900rpm for 8 minutes in +4°C and supernatant was discarded.
Cells were then resuspended at 100 000 cells/ml in 2% DMEM supplemented with fungizone.
For cell transduction studies, 50 000 cells/well were seeded into 24‐well plates. The next day, the
cells in triplicates were infected with 5000VP/cell of Ad5luc1 or Ad5/3luc1 in 2% DMEM. Luciferase
expression was analyzed 24 hours later.
To study the potency of Ad5/3‐D24‐GMCSF on the pleural effusion cells, 10 000 cells / well were
seeded in 96‐well plates. The next day, cells were infected with 100VP/cell Ad5/3‐D24‐GMCSF in 2%
DMEM and 10% DMEM was added after 24 hours. The cells were checked daily thereafter and MTS
assay analysis was carried out similarly as described above.
For investigating presence of functional virus in the ascites sample obtained after treatment, cells
were resuspended in 3 ml 2% DMEM after lysing red blood cells. Cells were then and freeze‐thawed
four times in ‐80°C. The sample was then centrifuged at 4000 rpm for 15 minutes in +4°C and the
supernatant was collected. 293 cells had been seeded 24 hours earlier in 96‐well plates at 10 000
cells/well in 5% DMEM. 100 µl/well of the obtained sample supernatant was added on the 293 cells.
Wells were assessed for presence of cytopathic effect after 10 days of incubation.

3.6 Statistics (I‐IV)
Statistics were done with SPSS statistics software. In study I, luciferase expression, photon emission,
tumor sizes, virus titers, cytokine levels and differences in clotting times, and platelet counts were
analyzed by two‐tailed Student’s t‐test and two‐way analysis of variance. In study II, statistical
analyses for in vitro transduction assays were conducted with ANOVA and Bonferroni multiple
comparisons test and Dunnet’s t‐test. Effect of coagulation factors in vitro and in vivo imaging data,
cytokine, liver enzyme and blood cell count data were analyzed with two‐tailed Student’s t‐test.
Tissue luciferase expression and DNA contents were analyzed with ANOVA with Bonferroni multiple
comparisons tests. In study III, two‐tailed Student’s t‐test was used to compare luciferase activity in
ex vivo effusion samples. One‐way ANOVA and two‐tailed Dunnett’s t‐test were used to assess tumor
volume and virus load data for hamster experiments. In study IV, average patient serum viral titers
were analyzed with two‐tailed Student’s t‐test and Tukey’s two‐way ANOVA, maximum titers
between groups were compared with Wilcoxon Signed Ranks test and number of cycles with positive
serum titers with Fischer’s exact test. Median titers were compared with Mann‐Whitney U test. Area
under the curve, for virus titers against time, was calculated for treatments in study IV using MedCalc
software and comparison between groups was done with one‐way ANOVA on log transformed data.
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Adverse events were compared with t‐test for matched samples. Serum cytokine levels were
analyzed with one‐way ANOVA in Study IV and in thesis summary the change in serum cytokines was
analyzed with a Kruskall‐Wallis test. Serum neutralizing antibody titers were analyzed with two‐tailed
Student’s t‐test. Clinical responses were analyzed with Fisher’s exact test and Chi2‐test was used for
analysis of symptom responses. Patient survival data was processed with Kaplan‐Meier analysis and
Log Rank test.
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4. RESULTS AND DISCUSSION
4.1 Improving biodistribution profile of intravenously delivered adenoviruses (I and
II)
Although Ad5 interactions with its primary receptor CAR are well characterized in vitro, they are
complicated in vivo by the presence of numerous interacting molecules in blood and tissues. Upon
intravascular delivery to rodents, adenoviruses interact with blood cells, platelets and various soluble
blood components (Cichon et al., 2003, Lyons et al., 2006, Stone et al., 2007, Othman et al., 2007,
Khare et al., 2011). They are rapidly cleared from the blood stream and exhibit CAR‐independent
tropism to liver (Vrancken Peeters et al., 1996, Fechner et al., 1999, Alemany et al., 2000, Kanerva et
al., 2002b, Hofherr et al., 2011). Kupffer cells of the liver play an important role in the uptake from
blood and vitamin‐K dependent blood coagulation factors IX and X (FIX and FX) are central in
adenoviral uptake into the liver (Manickan et al., 2006, Parker et al., 2006, Khare et al., 2011). These
interactions with blood components and the liver contribute to a low bioavailability of systemic
adenovirus to target tissues. Liver sequestration of the vector and activation of Kupffer cells also
trigger toxicity as indicated by elevations of serum pro‐inflammatory cytokine and liver transaminase
levels (Lieber et al., 1997, Nunes et al., 1999, Shayakhmetov et al., 2005).
In addition to interactions with blood constituents, adenoviral binding to heparan sulphate
proteoglycans (HSPGs) has also been hypothesized to profoundly affect liver transduction (Dechecchi
et al., 2000, Dechecchi et al., 2001). The region responsible for HSPG binding is thought to be located
at the KKTK motif in the third repeat of the adenoviral fiber shaft (Dechecchi et al., 2000) and
modifications of this area have been described to profoundly influence liver transduction (Smith et
al., 2003, Nicol et al., 2004, Kritz et al., 2007, Bayo‐Puxan et al., 2009). Unfortunately, these
constructs also transduce cancer cells less efficiently and the vectors have not been efficiently
retargetable to tumors in vivo (Koizumi et al., 2006, Bayo‐Puxan et al., 2006, Kritz et al., 2007). The
KKTK region is thought to reside in the same locus as the region of shaft flexibility, also in the third
repeat. Therefore the mutation of KKT not only disturbs HSPG‐binding but may also impair the
flexibility of the shaft, which hampers cell binding interactions of the virus (Wu et al., 2003, Smith et
al., 2003).
In study I, platelet and coagulation factor ablation and Kupffer cell inhibition were investigated
separately and in combination for their effects in modifying adenovirus biodistribution and efficacy
after intravenous Ad5 administration. The study was conducted in a murine model of breast cancer.
To study the dependence of the results on primary receptor of the virus a non‐CAR binding fiber
chimeric virus Ad5/3luc1 and a polylysine modified HSPG targeted Ad5pK7(GL) were used in addition
to Ad5luc1 with the native Ad5 capsid. The hypothesis was that these manipulations could prolong
the presence of virus in blood and affect the overall biodistribution of adenovirus and subsequently
increase gene delivery to orthotopic breast tumors.
In study II, we constructed Ad5/3lucS*, a chimeric adenovirus based on serotype 5 with a mutation of
the KKTK region of the shaft and knob swap from serotype 3. The KKTK mutation was expected to
lead to reduced liver tropism, whereas the fiber swap was hypothesized to allow for retained tumor
transduction. As the native Ad3 does not require a long shaft for cell interaction and entry, the Ad5/3
chimera might tolerate the loss of the long Ad5 shaft flexibility, caused by mutation of the KKTK
region. This vector construct was investigated in vitro and in intravascular delivery in a mouse model
of breast cancer. Further, the role of coagulation factor interactions on cell transduction and
biodistribution by Ad/3lucS* were investigated in vitro and in vivo by comparing and combining
Ad5/3lucS* with additional adjustments of coagulation factor availability.
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4.1.1 Effects of KKTK mutation and coagulation factors on gene expression in vitro
(II)
To investigate cancer cell transduction properties of the newly constructed Ad5/3lucS*, various cell
types were infected in vitro and subsequent transgene expression by the virus was determined. The
5/3 knob chimeric Ad5/3lucS* carrying a KKTK mutation was able to efficiently infect various cancer
cell lines in culture. Compared to Ad5/3luc1 gene expression by Ad5/3lucS* was at an equal or
slightly reduced level. However, compared to Ad5luc1 with a native capsid, cancer cell transduction
was similar or better with Ad5/3lucS* (Study II, Fig. 1). Therefore in the context of the 5/3 chimeric
fiber, the KKTK mutation does not seriously impair the functionality of the fiber and infection
capability of the virus, and receptor binding via knob 3 seems less dependent on fiber flexibility.
Ad5/3luc1 transduction can be blocked by preincubation of cells with free recombinant knob 3 but
not knob 5, indicating dependence of gene transfer on knob interactions with cellular receptors
(Kanerva et al., 2002a). In transduction‐blocking assays free recombinant knob 5 proteins were not
able to block transduction by Ad5/3lucS* or Ad5/3luc1, whereas free knob 3 proteins blocked both
similarly in a dose‐dependent manner (Study II, Fig. 1). Thus, the basic characteristics of the knob‐
mediated binding were confirmed to be retained in Ad5/3lucS*, and knob3 ‐ desmoglein‐2
interactions were not disturbed by the KKTK mutation.
In order to study interactions of Ad5/3lucS* with heparan sulphates, blocking assays were conducted
with their analog, heparin. Previously Dechecchi et al. have shown that Ad5 binding is blocked by
heparin dose dependently, whereas Ad3 is not. In our assays, Ad5/3luc1 was not blocked which
seems to be in line with the reported data on Ad3 by Dechecchi et al. (Dechecchi et al., 2000).
Surprisingly, transduction of Ad5/3lucS* was reduced up to 42% at the highest heparin
concentrations (Study II, Fig 1C). One explanation for this finding could relate to Ad5/3lucS* possibly
being more sensitive to pH changes in media caused by high heparin concentrations. It has also been
proposed that interaction of the Ad3 knob with its receptor(s) also requires knob‐mediated co‐
receptor interactions with HSPGs (Tuve et al., 2008). In this aspect, our results suggest that in the
context of a 5/3 chimera where the shaft is bent, HSPG may not be as necessary for direct
knob/receptor interactions. However, in the context of the straight‐shafted Ad5/3lucS*, blocking of
knob‐HSPG interactions by heparin reduces gene delivery. Nevertheless, heparin‐blocking assays
have frequently provided controversial results also in other studies, as exemplified by contrasting
findings of Dechecchi et al. and DiPaolo et al. on Ad5 blocking by heparin (Dechecchi et al., 2000, Di
Paolo et al., 2007). The multiple actions and effects of heparin could be the underlying reason for
these ambiguities, and therefore simple in vitro blocking assays should be interpreted cautiously.
Coagulation factors IX and X (FIX and FX) have been implicated in cell transduction by adenoviruses,
particularly in hepatic cells (Shayakhmetov et al., 2005, Waddington et al., 2008). Therefore we
investigated the interaction of these factors with the KKTK mutated virus in hepatic cells (Study II,
Fig. 2). Gene transfer to HepG2 cells, a cell line of human hepatic origin, was significantly lower with
Ad5/3lucS* compared to Ad5/3luc1. Addition of FIX and FX enhanced transduction with Ad5/3luc1 by
approximately 15% and 50% and with Ad5/3lucS* by approximately 40% and 70%, respectively.
However, Ad5/3lucS* gene transfer enhancement by coagulation factors still remained over 300%
lower compared to Ad/3luc1 alone. These results demonstrate that the coagulation factor pathway
and the KKTK‐related pathway are separate non‐compensatory cell entry mechanisms, which is in
accordance with the proposed binding sites of the factors (Shayakhmetov et al., 2005, Waddington et
al., 2008).
Interestingly, addition of FIX or FX to Ad5luc1 infection resulted in over 300% and 800%
enhancement of transduction, which implies that native Ad5 capsid is more sensitive to coagulation
factors than the Ad5/3 chimeric capsid. This finding is in line with a recent report, where Ad5/35 fiber
chimeric vector was found insensitive to infectivity enhancement by FX. The investigators concluded
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that fiber acts as a predominant determinant of cell entry pathways (Corjon et al., 2011). However,
several other chimeric vectors with pseudotyped fibers have also been demonstrated sensitive to FX‐
mediated infectivity enhancement, with varying degree of enhancement (Parker et al., 2007).
Therefore, the fiber may indeed influence FX‐mediated uptake, but the extent of this phenomenon
depends on the particular fiber. Indeed, with our Ad5/3 chimeric virus, FX enhanced transduction,
although to a lesser extent than for Ad5, demonstrating that Ad3 fiber knob chimerism still allows for
FX‐mediated enhancement.

4.1.2 Effect of platelet ablation of virus biodistribution after intravenous adenovirus
treatment (I)
In blood circulation, adenoviruses interact with erythrocytes, leukocytes and platelets (Lyons et al.,
2006, Stone et al., 2007). Upon intravascular delivery to mice, Ad5 binds to circulating platelets,
activates them and induces platelet‐leukocyte aggregate formation, which results in
thrombocytopenia (Othman et al., 2007). In addition, Stone et al. have reported that direct Ad‐
platelet interactions also cause Ad‐platelet aggregates to be trapped in the liver sinusoids for
engulfment and degradation by Kupffer cells. They also demonstrated that depletion of platelets
prior to virus administration can reduce virus accumulation to liver tissue (Stone et al., 2007). In a
contrasting report, investigators studied platelet depletion by three methods, and were unable to
notice any difference in Kupffer cell uptake following any of these pretreatments (Xu et al., 2008).
We used a murine model of nude mice carrying M4A4‐LM3 mammary fat pad tumors to study how
depletion platelets affect the overall biodistribution of intravenously administered adenoviruses and
tumor transduction efficacy. To deplete platelets, mice were pretreated with a GPIIb antibody to
induce apoptosis of platelets leading to thrombocytopenia (Leytin et al., 2006, Stone et al., 2007). To
confirm efficacy of the GPIIb antibody, thrombocyte counts from mouse blood samples were
determined 24 hours after inoculation and the antibody decreased the thrombocyte count in most
mice. However, some individual variation between mice was seen (Study I, Suppl. Fig. S1 and data
not shown). In biodistribution experiments, the antiplatelet pretreatment had no significant effects
on gene expression levels in any of the studied organs or the xenograft tumors (Study I, Figs. 1‐5). In
addition, the antibody did not affect prevalence of virus particles in blood after injection (Study I, Fig.
6 and Suppl. Fig. S2). As some mice did not experience profound thrombocytopenia, for unknown
reasons, this may have affected the results. However, the lack of any marked effects implies that the
effect of platelet depletion may not be as profound as observed by Stone et al. (Stone et al., 2007).

4.1.3 Effect of warfarinization in vivo on tissue biodistribution following
intravenous adenovirus administration (I, II)
Soluble coagulation factors in blood play an important role in viral biodistribution and liver tropism.
Factor IX is thought to bind to the virus fiber and “bridge” the entry to hepatocytes (Shayakhmetov
et al., 2005), whereas factor X binds to the serotype 5 hexon for subsequent liver transduction
(Waddington et al., 2008). Warfarin inhibits the synthesis on vitamin K‐dependent coagulation
factors, including FIX and FX, and warfarinization of mice has been demonstrated to lead to reduced
adenoviral liver transduction following intravenous administration to mice (Waddington et al., 2007).
We used a murine model of nude mice carrying M4A4‐LM3 mammary fat pad tumors, to study how
depletion of vitamin K‐dependent coagulation factors affect biodistribution and tumor transduction
efficacy of intravenously administered adenoviruses. Mice were treated with warfarin, an inhibitor of
the synthesis of vitamin K‐dependent coagulation factors, prior to injection of 3x109 VP to the tail
vein. Warfarinization resulted in reduced gene delivery to many organs. There was a trend of
reduced gene delivery to the liver with all viruses after warfarin treatment (Study I, Fig.1‐3). Splenic
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gene expression was reduced significantly when using the CAR binding viruses Ad5luc1 and
Ad5pK7(GL), which suggests that transduction of transgene‐expressing cells in the spleen by Ad5 is
mediated largely by coagulation factors. In addition lung transduction seemed reduced for all used
viruses. These findings were in good accordance with other published reports (Shayakhmetov et al.,
2005, Parker et al., 2006, Waddington et al., 2007, Waddington et al., 2008, Shashkova et al., 2008).
Interestingly, splenic gene expression with Ad5/3luc1 was not affected by warfarin, which may be
due to the different cell binding properties of the fiber knob. Thus, in context of Ad3, splenic
transduction may not be mediated by coagulation factors.
Hepatic Kupffer cells have a major role in the clearance of the virus particles from blood. When the
amount of virus in circulation increases, the surface receptors on Kupffer cells saturate and
proportionately more virus can escape uptake and is available to infect other cells and tissues.
Therefore a non‐linear increase in systemic gene delivery results with doses higher than 1‐2 x1010 VP
in mice (Tao et al., 2001). This “threshold effect” has even been used in attempts to enhance target
tissue transduction by predosing with another adenovirus vector (Shashkova et al., 2008). To
investigate relevance of the “threshold effect” in warfarinization experiments we studied
biodistribution of Ad5luc1 following a 3x1010 VP dose on warfarinized mice. Interestingly, at this
higher dose of Ad5luc1 warfarin seemed to increase gene delivery to many tissues. Some of these
differences might be related to variations in administration of warfarin, as it was conducted slightly
differently in this part. However, this result implies that when proportionately less virus particles are
taken up by Kupffer cells, receptor‐specific transduction of tissues through the normal infection
pathway may play a larger role. Alternatively, coagulation factors may be involved in mediating
transduction of Kupffer cells, as suggested also earlier (Shayakhmetov et al., 2005), and thus their
depletion allows higher gene expression through the CAR‐mediated pathway.
In study II, warfarinization was also used in biodistribution studies with Ad5/3luc1. Here the dose was
4x1010 VP and warfarinization schedule similar as for low dose in study I. The results here were in
good accordance with the previous study as warfarinization resulted in significantly lowered gene
expression in the liver, as measured by both in vivo imaging techniques and direct tissue transgene
activity assays (Study II, Figs. 3, 4 and Suppl. Fig. S1). In contrast to the aforementioned “high dose”
of Ad5luc1, here the results with Ad5/3luc1 were quite the opposite. This may be caused by the
different knob moieties of the virus and also the slight adjustment of the warfarinization schedule
may play a role. However, overall these differences highlight the complexity of the virus kinetics and
tropism in the systemic approach.
In study II, we also investigated the biodistribution to tissues in terms of viral particles. Based on
previous reports, it seems that biodistribution of virus particles is not necessarily in direct correlation
with the viral transgene expression levels in mice, at least with capsid modified viruses (Kanerva et
al., 2002b, Koizumi et al., 2006, Kritz et al., 2007). This phenomenon is not fully understood, but may
relate to some cells taking up virus but not allowing gene expression. Therefore it was relevant also
in our study to investigate transgene expression but also presence of virus particles. Amounts of viral
particles at both 30 minutes and 3 hours after injection of 4x1010 VP or 5x1010 VP of Ad5/3luc1 were
similar between warfarinized and non‐warfarinized mice (Study II, Fig. 5). This is in agreement with
previous observations where early time point viral counts in tissues have not been affected by
warfarinization whereas hepatic gene expression is (Waddington et al., 2007, Shashkova et al., 2008).
Viral titers in blood were also not significantly affected by warfarinization, although some trends of
minor elevations were observed (Study I, Fig.6 and Suppl. Fig S2 and Study II, Fig.5). In order to
investigate if variations in ratio of transduction of different cells could explain the disparity of effects
of warfarinization on virus particle and gene expression profiles, we measured viral particle amounts
in separated liver cell populations. Liver parenchymal cells, including hepatocytes, and non‐
parenchymal cells, including Kupffer cells, were separated from freshly excised mice livers 3 hours
after virus treatments. As result, the ratio of virus in non‐parenchymal cells versus parenchymal cells
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was slightly but not significantly decreased by warfarinization (Study II, Fig. 6). Therefore, the
reduction of viral gene expression in the liver achieved by warfarinization is probably not a result of
simple redirection of virus particle entry from hepatocytes to Kupffer cells. More complex
interactions must underlie this phenomenon and require further studies to be better understood.

4.1.4 Liver transduction and toxicity of Ad5/3lucS*, with or without concomitant
warfarinization
Ad/3lucS*, the capsid chimeric virus lacking the KKTK region, provided encouraging data on good
efficacy of cancer cell transduction in vitro. In vivo studies were then conducted in mice carrying
M4A4‐LM2 xenograft tumors in their mammary fat pads. We also compared the in vivo
biodistribution of this virus to liver detargeting achieved by warfarin with the control virus
Ad5/3luc1. And further, warfarinization was combined to treatment with Ad5/3lucS*.
Luciferase expression in the liver was significantly reduced in Ad5/3lucS* injected mice compared to
the control viruses, as assessed by in vivo imaging of transgene expression in the mice 24 hours after
virus injection. Warfarinization also led to a significant reduction in hepatic gene expression of
Ad5/3luc1. Importantly, combining warfarinization to Ad5/3lucS* treatment significantly enhanced
liver detargeting even further and resulted in a 400‐fold reduction of gene expression compared to
the control Ad5/3luc1 (Study II, Fig. 3). When luciferase assays were performed on tissue lysates
excised from mice at 48 hours, data were consistent with the observations in IVIS imaging. Hepatic
expression of luciferase was reduced by warfarinization, KKTK mutation and their combination, as
compared to Ad5/3luc1 (Study II, Fig. 4A). In vivo liver gene transfer was reduced with both
coagulation factor ablation and KKTK mutation, separately and in combination. However, the
superiority of combining warfarinization to Ad5/3lucS* was not confirmed in the tissue transgene
assays, a disparity which may relate to different sensitivity and specificity of the respective methods
of quantification. For other normal tissues capsid mutations or coagulation factor depletion did not
lead to significant differences although there was a trend of reduced splenic transduction following
Ad5/3luc1 treatment of warfarinized mice and a trend of reduction in lung and kidney transduction
with Ad5/3luc* (Study II, Fig. 4).
When we determined tissue viral particle counts following 4x1010 VP of Ad5/3lucS*, they were
comparable to Ad5/3luc1 at both 30 and 3 hours after injection, similarly as with warfarinization. This
finding is consistent with previous data by Nicol et al. who described reduced VP counts of an Ad5
vector lacking the KKTK motif in liver and spleen 5 days but not 1 hour after intravenous injection in
rats (Nicol et al., 2004). When warfarinization was combined to Ad5/3lucS* injection, the only noted
differences were that there was less virus in the livers and more virus in tumors of Ad5/3luc1 +
warfarin treated mice at 30 minutes post‐injection, and a trend of less virus in Ad5/3lucS* + warfarin
blood samples (Study II, Fig. 5A). These transient reductions in liver and blood titers with Ad5/3lucS*
+ warfarin group may reflect differences in circulatory kinetics and blood as the blood sample by
cardiac puncture mainly collects blood from large vessels. To assess further the effect of dose on viral
particle distribution we repeated the experiment with a slightly higher dose (5x1010 VP
intravenously). Interestingly, at this dose we detected 2‐fold more virus in liver with Ad5/3luc1
compared to Ad5/3lucS*, with or without pre‐warfarinization.
In the study by Nicol et al., the investigators went further to show that lack of gene expression by
KKTK mutated virus was not caused by poor cell binding but rather retardation of post‐internalization
steps. Alternatively, discrepancy between viral particle accumulation and gene expression might
relate to the KKTK mutation redirecting virus entry from liver parenchymal cells to non‐parenchymal
cells, as suggested by Koizumi et al. To investigate this we isolated parenchymal and non‐
parenchymal cells and measured their respective viral loads. Here, warfarinization, mutation of the
KKTK motif and their combination all resulted in a trend of lower viral amounts in both parenchymal
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and non‐parenchymal cells, but this deviation was not statistically significant (Study II, Fig. 6A). The
divergence of our results from those by Koizumi et al. may relate to the different methods of ablation
of KKTK site: here a putative mutation of four amino acids was utilized, whereas they had replaced
the entire shaft by Ad35 shaft, therefore additional changes likely resulted in their virus due to the
shaft swap.
We also investigated the effects of the KKTK mutation on the toxicity profile, with and without
additional coagulation factor ablation. Erythrocyte, leukocyte thrombocyte counts were determined
48 hours after 4x1010 VP of virus was injected intravenously and there were no changes in these
parameters between the groups. Similarly, neither ALT nor AST levels were significantly elevated in
any of the treatment groups (Study II, Suppl. Fig. S2). These kinds of signs of toxicity may require
longer follow up to develop with this virus dose. However, as for early inflammatory responses, the
KKTK mutation reduced inflammatory cytokine responses, whereas warfarinization did not (Study II,
Fig.6). Therefore, the KKTK mutation could present some safety advantages in comparison to
warfarinization, in the context of 5/3 chimeric vectors. Kupffer cells and liver sinusoidal endothelial
cells are thought to be cell types involved in provoking inflammatory responses via cytokine release.
As there was no major difference in the ratio of virus particle accumulation in non‐parenchymal and
parenchymal cells with warfarinization compared to KKTK mutation, the difference in the cytokine
profiles likely resulted from differences in post‐internalization events. Alternatively, the distribution
of virus within the non‐parenchymal cell subsets (i.e. endothelial versus Kupffer cells) could be
relevant in triggering the inflammatory responses.

4.1.5 Effects of pretreatments and capsid modifications on tumor transduction (I, II)
In cancer gene therapy with systemically‐delivered adenoviruses, liver detargeting is a major issue.
However, methods to accomplish this should not hamper tumor transduction in order to serve the
eventual purpose of treating distant tumors. Therefore viral transduction of M4A4‐LM3 mammary
fat pad tumors was studied along with biodistribution of normal tissues in all experiments involving
the capsid‐modified Ad5/3lucS* and both warfarinization and antiplatelet pretreatments. The GPIIB
antibody pretreatment, used to evoke thrombocytopenia, did not result in significant changes in
gene delivery to tumors (Study I, Figs 1‐4). Similarly, tumor transduction of warfarinized mice was
not reduced with any of the viruses used in Study I (Study I, Figs 1‐4). This resulted in a trend of
enhanced tumor to liver ratio, particularly with the Ad5/3luc1 virus, as liver transduction had seemed
lower with all these viruses (Study I, Fig. 5). In study II, this observation was confirmed at the higher
virus dose of Ad5/3luc1. Neither viral particle accumulation or transgene expression in tumors was
reduced by warfarinization (Study II, Fig. 3‐4, Suppl. Fig. S1). This result supports the findings of
Shashkova et al., who showed increased tumor transduction and better antitumor‐efficacy in
warfarinized mice (Shashkova et al., 2008). A contrasting result has also been reported by Gimenez‐
Alejandre et al. who described nearly complete abolished tumor transduction following intravenous
virus administration to warfarinized mice (Gimenez‐Alejandre et al., 2008). Therefore, while our
results are encouraging, tumor transduction in context of coagulation factor ablation could be
further investigated in various cancer models and other experimental animals to determine the
eventual outcome of this treatment.
With regard to the capsid‐modified Ad5/3lucS* virus, viral particle accumulation in tumors was
similar to the control viruses. However, the imaging data at 24 hours indicated a significant reduction
in tumor gene expression by Ad5/3lucS* compared to Ad5/3luc1. Tumor transduction was even
lower in combination with warfarinization. Thus, warfarinization prior to Ad5/3lucS* reduced
luciferase expression in tumors, but prior to Ad5/3luc1 did not. This implies that coagulation factors
do play a role in tumor transduction with Ad5/3lucS*, as opposed to Ad5/3luc1. Nevertheless, tumor
to liver ratio of gene expression was enhanced 2‐fold with Ad5/3lucS* alone compared to Ad5/3luc1,
and by 20‐fold when combining warfarinization to Ad5/3lucS* (Study II, Fig. 3). Results of luciferase
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imaging at 48 hours after injection showed similar trends, except here tumor to liver ratio was best in
Ad5/3luc1+warfarin group (Study II, Suppl. Fig. S1). In tissue homogenate assays, there was a clear
trend of reduced tumor gene delivery by Ad5/3lucS* with or without warfarin, with the assay not
being able to detect any (Study II, Fig. 4). However, probably due to variation in the level of tumor
transduction of the control group, this reduction was not statistically significant. The sensitivity and
specificity of the quantification methods probably explain the disparity in the detected magnitude of
changes in tumor transduction between imaging and homogenate luciferase data. Overall, it seems
that even though the KTKK mutation on a 5/3 chimeric backbone was tolerated well with efficient
gene delivery to cancer cells in vitro, the in vivo system may be more delicate. This finding is not
completely surprising, as the expression of many of the molecules relevant for adenoviral infection,
such as coagulation factors and HSPG, are difficult to reproduce physiologically in vitro.

4.1.6 Inhibition of Kupffer cell activity in mice (I)
Tissue macrophages, in particular hepatic Kupffer cells, accumulate large amounts of intravenously
injected adenoviruses (Khare et al., 2011). This contributes to early inflammatory responses following
vector administration and low bioavailability of injected vector to its target tissues. The inhibition of
Kupffer cell activity can affect the bioavailability of adenovirus (Lieber et al., 1997, Schiedner et al.,
2003, Shashkova et al., 2008).
We used polyinosinic acid (poly(i)), a competitive inhibitor of the Kupffer cell scavenger receptor
(Haisma et al., 2008), to transiently ablate Kupffer cells prior to intravenous adenovirus injection into
nude mice carrying M4A4‐LM3 tumors. 10 minutes after injection, viral titers in mice blood were 5‐
to 18‐fold higher in mice receiving poly(i) pretreatment. Combination of warfarinization and/or GPIIb
antibody did not further increase blood viral titers, as expected based on their individual effects
(Study I, Fig.6 and Suppl. Fig S2). Tissue transgene levels were then investigated to determine if the
increase in the availability of virus in blood achieved by Kupffer cell inhibition would lead to
enhanced gene delivery. Despite a trend of enhanced gene delivery to some tissues, including
tumors, there were no significant differences in biodistribution with either Ad5luc1 or Ad5/3luc1
(Study I, Fig. 6). Previously, Haisma et al. observed enhanced gene delivery in liver, spleen and heart
with an Ad5 based virus vector, using an almost 200‐fold higher viral dose (Haisma et al., 2008). In
our study the trend in liver and spleen were in line with this observation for Ad5luc1, but not capsid
chimeric Ad5/3luc1, but remained at statistically non‐significant levels, perhaps due to the much
lower viral dose. Interestingly, Ranki et al. have observed a 10‐fold enhancement of gene delivery to
tumor with poly(i) pretreatment in a similar breast cancer mouse model with an approximately 10‐
fold higher viral dose. However, they showed that the enhanced vector delivery did not lead to
survival advantage in an aggressive lung metastasis model treated with a high intravenous dose
oncolytic adenoviral vector with polylysine modification of capsid fiber. On the contrary, some mice
died soon after injection, apparently due to toxicity related to poly(i) (Ranki et al., 2007). The trend of
doubling gene delivery observed in our study, is in accordance to those observations, and provides
encouraging data on utility of poly(i) for improving efficacy of intravenous adenovirus treatments
even with a lower viral dose.
To assess toxicity of poly(i) treatment, healthy nude mice were treated intravenously with either
poly(i) or the diluent alone. Although elevations of serum cytokine levels were observed shortly after
injection, the inflammation was not severe enough to result in liver toxicity at the histopathological
level (Study I, Suppl. Fig S3). To further study the cytokine responses, serums of tumor‐bearing mice
treated with an oncolytic 5/3 capsid chimeric virus in combination to poly(i) and other
pretreatments. Interestingly, the basal levels of the investigated inflammatory cytokines were higher
in these tumor‐bearing mice compared to the healthy mice. In general, we did not observe any
further elevations following either viral treatment alone, at the 3x109 VP dose, or viral injection after
pretreatments with warfarin, GPIIb antibody, poly(i) or their combinations (Study I, Suppl. Fig. S3).
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These results indicate that in tumor‐bearing mice, the cancer cell inoculations have resulted in
activation of some innate inflammatory responses. Alternatively or in addition, further immune
responses in tumor‐bearing mice may be attenuated in comparison to healthy mice due to the
immunosuppressive nature of tumors. The co‐injection of the viral vector might also have attenuated
the cytokine response to poly(i) through an unknown mechanism. Overall, these findings support the
feasibility of treating cancer patients using a coadministration of poly(i) and a low dose adenovirus.
To further support this, safety profile of poly(i) has already been demonstrated to be tolerable in
clinical trials (Feldman et al., 1975, Ewel et al., 1992).

4.1.7 Combination of pretreatments and antitumor efficacy (I)
In addition to studying the aforementioned pretreatments separately in Study I, also their
combinations were investigated to discover possible additional advantages. Parallel to what was
observed in a related report, combining warfarin pretreatment to Kupffer cell depletion did not lead
to overall differences in liver gene expression (Shashkova et al., 2008). Similarly, tumor transduction
and tumor to liver ratio of gene expression were not diminished, but rather some trend in the favor
of tumor transduction was observed (Study I,Fig. 7). Interestingly, although antiplatelet antibody
alone had not affected tumor transduction, its combination with Kupffer cell depletion increased
tumor transduction significantly. Additional depletion of coagulation factors did not provide further
enhancement of tumor transduction as such. However, the ratio of tumor to liver transduction
increased significantly by 81% with the triple combination, probably mainly due to the reduction of
hepatic transduction due to warfarinization (Study I, Fig. 7).
We studied also the effect of the above described pretreatments on antitumor efficacy in nude mice
bearing mammary fat pad tumors. A single injection of 3x109 VP of oncolytic capsid chimeric Ad5/3‐
Delta24 was given following one or a combination of the pretreatments. However, no antitumor
efficacy was seen in any group (Study I, Suppl. Fig. S4). Ad5/3‐Delta24 is known to be an effective
antitumor agent (Kanerva et al., 2003, Kangasniemi et al., 2006, Bauerschmitz et al., 2008, Eriksson et
al., 2007). Therefore lack of any antitumor efficacy in this experiment implies that the threshold for
antitumor efficacy was simply not reached at this single low dose intravenous injection. In addition,
the rather modest increase in gene delivery seen here might get diluted in a complex efficacy
experiment. Antitumor efficacy is a complex phenomenon and it is not even clear that the input dose
is a key determinant of efficacy (Raki et al., 2008). Thus, further work is needed to assess the effect
of these pretreatment interventions on antitumor efficacy.

4.2 Arming a capsid chimeric adenovirus with human GM‐CSF
Serotype 5 Ads are used most widely in gene therapy. However, the expression of their primary
receptor CAR is highly variable, which may reduce their efficacy, whereas the receptor for serotype 3
Ads is expressed widely on cancer cells. Indeed, serotype 5 adenoviruses with the fiber knob region
replaced with Ad3 fiber knob have shown superior efficacy in preclinical studies. Arming
adenoviruses with immunostimulatory molecules is a promising way to enhance their antitumoral
efficacy. These armed viruses can stimulate and enhance the immune response against tumors, while
also killing tumor cells by the lytic activity of the virus. GM‐CSF is an immunostimulatory cytokine
with potent antitumoral effects. However, systemic use of high dose GM‐CSF can be toxic and also
have undesirable effects with respect to tumor immunity. Toxicity studies with GM‐CSF expressing
and non‐expressing oncolytic adenoviruses have been performed in rodents previously (Lichtenstein
et al., 2009, Sonabend et al., 2009, Chang et al., 2009) and safety of GM‐CSF in humans is well
established (Arellano and Lonial, 2008). Therefore arming a potent oncolytic adenovirus with human
GM‐CSF as transgene is a particularly appealing approach for cancer therapy. Here, we constructed
an oncolytic adenovirus with 5/3 fiber knob chimerism and GM‐CSF as transgene. We hypothesized
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that this vector would display improved efficacy in cancer treatment as a result of enhanced efficacy
based on the fiber chimerism and of boosting of antitumoral immunity through the stimulation by
the transgene GM‐CSF.

4.2.1 Ad5/3‐D24‐GMCSF construction and characteristics in vitro
We constructed Ad5/3‐D24‐GMCSF, a selectively‐replicating 5/3 capsid chimeric oncolytic adenovirus
armed with GM‐CSF as transgene (Study III, Suppl. Fig. S1). Tumor selectivity of replication in Ad5/3‐
D24‐GMCSF is achieved through a 24 base pair deletion in the Rb‐binding site of viral E1A. Such 24‐
base‐pair‐deleted adenovirus vectors replicate selectively in cells where the p16‐Rb pathway is
defective, which includes most if not all human cancers, but replication in normal cells with intact
p16‐Rb signaling is inhibited (Kanerva et al., 2003, Fueyo et al., 2000, Sherr, 1996). In Ad5/3‐D24‐
GMCSF, human GM‐CSF gene is placed under control of endogenous viral E3 control elements. This
results in tight association of transgene expression to viral replication, starting approximately 8h
after infection (Kanerva et al., 2005). Therefore GM‐CSF production is restricted to tumor tissues
along with virus replication.
Ad5/3‐D24‐GMCSF had potent oncolytic efficacy in cancer cell cultures, and was as effective as the
wild type control virus (Study III, Fig. 1). The virus secreted high levels of GM‐CSF in the culture of
human cancer cells. Bioactivity of the GM‐CSF produced by the virus was confirmed in a viability
assay on human lymphocyte cell line TF1, whose viability is dependent on functional human GM‐CSF.
TF1 cells were supplemented with either purified supernatant from Ad5/3‐D24‐GMCSF infected
cancer cells or commercially produced GM‐CSF. Viability of TF1 cells cultured in growth media only
began to decrease after 48 hours of culture, while cells cultured with virally‐produced GM‐CSF were
growing well and even better than control cells with commercial supplement (Study III, Fig. 1).

4.2.2 Ad5/3‐D24‐GMCSF characterization in vivo
Mice are a commonly used experimental animal model for preclinical testing of oncolytic vectors. 5/3
capsid chimerism and Ad5/3‐Delta24, a virus similar to Ad5/3‐D24‐GMCSF without GM‐CSF, have
been extensively studied with regard to efficacy, safety and biodistribution previously in preclinical
settings, including various murine models (Kanerva et al., 2002a, Kanerva et al., 2002b, Kanerva et
al., 2003, Volk et al., 2003, Sarkioja et al., 2006, Kangasniemi et al., 2006, Ranki et al., 2007, Zheng et
al., 2007, Guse et al., 2007, Eriksson et al., 2007, Bauerschmitz et al., 2008). However, human GM‐
CSF is not active in mice due to species‐specificity (Shanafelt et al., 1991), whereas it has been
demonstrated to function in Syrian hamsters (Cohen et al., 1988, Cerullo et al., 2010). Syrian
hamsters have also been reported semi‐permissive for human adenovirus replication (Thomas et al.,
2006). Therefore, we selected this model for studying the in vivo characteristics of Ad5/3‐D24‐
GMCSF.
Immunocompetent Syrian hamsters carrying syngeneic subcutaneous HapT1 tumors were treated
with a viral dose corresponding weight to weight to the largest dose used in humans. 4/5 of the dose
given intratumorally and 1/5 intravenously on the first cycle of injections and on following injections
the whole dose was given intratumorally, mimicking the treatment schedule of human patients.
Treatment with Ad5/3‐D24‐GMCSF resulted in antitumor activity as measured by tumor growth,
whereas hamsters treated with a non‐replicating control virus or an oncolytic virus without GM‐CSF
showed no antitumor effect (Study III, Fig. 2).
The immunosuppressive tumor microenvironment can hinder the attempts of the immune system to
eradicate tumors. Use of metronomic cyclophosphamide can lead to a restoration of peripheral T cell
and NK cell functions and innate killing activities in cancer patients (Ghiringhelli et al., 2007).
Promising data was also reported on using metronomic cyclophosphamide in cancer patients treated
56

with oncolytic adenoviruses (Cerullo et al., 2011). Therefore, we also investigated combination of low
dose cyclophosphamide with Ad5/3‐D24‐GMCSF treatment in the immunocompetent Syrian hamster
model. Cyclophosphamide did not result in significant antitumor efficacy when used alone, but
combination treatment with Ad5/3‐D24‐GMCSF inhibited tumor growth (Study III, Fig. 2).
To confirm restriction of virus replication and GM‐CSF production in tumors, tumors and livers were
collected from HapT1 tumor‐bearing Syrian hamsters after injection of Ad5/3‐D24‐GMCSF
intratumorally or into the liver. Evidence of replication of the virus in tumors was demonstrated as
there was a 23‐fold increase in viral particle amounts in tumors between 0.5 hours to 72 hours after
injection. Selectivity of replication was confirmed as there was no increase in viral copy numbers in
directly injected liver tissue. Similarly levels of human GM‐CSF elevated in tumors after injection, but
remained low in serum and both injected and uninjected hamster livers. This demonstrates that the
transgene production of Ad5/3‐D24‐GMCSF is indeed restricted to the site of replication and there is
very little leakage of it to the systemic circulation. GM‐CSF concentration was very low in the tumors
and serum, as well as injected and non‐injected livers, at 0.5 hours after virus injection. It increased
significantly in tumors, reaching an over 400‐fold increase at 48 hours after injection. There was no
significant increase of GM‐CSF concentration in the serum or non‐injected livers, while there only
was a small 2‐fold increase in injected livers at the 48 hour time point (Study III, Fig. 2). No significant
leaking of GM‐CSF to serum was detected. Therefore GM‐CSF production seemed well restricted to
the tumor microenvironment.

4.3 Oncolytic adenoviruses in treatment of advanced cancer patients
The 5/3 chimerism can potentially enhance treatment efficacy, GM‐CSF can stimulate antitumor
immunity and low dose cyclophosphamide can decrease regulatory T cells. Therefore, we
hypothesized that treatment with Ad5/3‐D24‐GMCSF and its combination with low dose
cyclophosphamide could be a particularly attractive treatment approach for cancer gene therapy. We
consequently investigated this approach primarily for safety aspects, but also for signs of possible
treatment benefits and induction of immune responses, in a series of 21 advanced cancer patients. In
addition, verapamil as an adjuvant in oncolytic adenovirus treatment has demonstrated enhanced
viral release and promising potency in preclinical models (Gros et al., 2010). Verapamil has also a well
characterized and well tolerated safety profile in clinical use for humans (Brogden and Benfield,
1996). Here, we aimed to determine the safety of verapamil as an adjuvant in oncolytic adenovirus
treatments of advanced cancer patients. We investigated if verapamil adjuvant would lead to
enhanced virus spread and release in the tumors, resulting in higher amounts of virus shed into
blood and possibly lead to benefits of treatment outcome.

4.3.1 Summary of treatment regimes and patient cohorts
In study III, 21 patients with advanced solid tumors refractory to standard therapies (Study III, Table
1) were treated with a single treatment cycle of Ad5/3‐D24‐GMCSF. All of these patients were naïve
to oncolytic virus treatments. (Summaries and details of treatments and patients available in Study
III, Table 1 and Suppl. Table 1.) In study IV, verapamil was administered in conjunction with 36
adenovirus treatment cycles of 12 patients. Six of these treatments were given to patients who had
not received oncolytic virus treatments previously and 30 treatment cycles to patients who had. 3
patients received one treatment cycle with verapamil, 9 patients received multiple cycles: 3 patients
had 5 cycles and 6 patients received 3 cycles. As a control cohort, 36 virus treatment cycles of 27
patients were selected by retrospective matching. Out of these, 20 patients received one treatment
cycle within context of this study and 7 received multiple cycles: 2 patients received 3 cycles and 5
patients received 2 cycles. (Summaries of patient characteristics and details of each treatment
available in Study IV, Table 1 and Suppl. Table 1.) Therefore, the treatments of the verapamil group
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were concentrated to 12 patients, whereas treatments for controls to 27 patients. In consequence,
some findings dominated by patient characteristics may be differentially accumulated in the
verapamil group, which needs to be considered when analyzing the study results.
Administration of the virus was personalized for each patient according to the location and size of
tumors. The starting dose of 8x1010 VP was chosen based on published safety results (Kirn, 2001) and
doses escalated up to 9x1011 VP. Concurrent low dose cyclophosphamide was given in the absence of
contraindications, in order to reduce regulatory T cells (Cerullo et al., 2011). For study IV,
cyclophosphamide use was well balanced between groups as it was used in 34 out of 36 of verapamil
treatments (11/12 patients) and 34 out of 36 control treatments (26/27 patients).

4.3.2 Analysis of fresh clinical specimens from patients in Ad5/3‐D24‐GMCSF series
We had access to pretreatment ascites and pleural effusion samples from three patients about to
undergo treatment with Ad5/3‐D24‐GMCSF. Two samples, patient K75 ascites and V136 pleural
effusion, were analyzed for efficacy of gene delivery ex vivo. In both samples Ad5/3luc1, which has a
capsid identical to Ad5/3‐D24‐GMCSF, was superior over Ad5luc1 (Study III, Fig.5), as expected based
on preclinical reports (Kanerva et al., 2002a, Kanerva et al., 2003). This may have correlated with
patient benefit, as both of these patients later had possible signs of treatment efficacy in post‐
treatment CT scans. K75 had a minor decrease in tumor sizes (‐9.0% at 52 days after treatment) and
V136 had stable disease (+0.8% at 42 days after treatment) (Table 3). Two pretreatment samples of
pleural effusion, from V136 and M137, were assessed for oncolytic potency ex vivo. In these assays,
Ad5/3‐D24‐GMCSF showed effective cell killing activity (Study III, Fig.5). Interestingly, these findings
may have also correlated with clinical benefits in post‐treatment CT scans. Patient M137 had an
increase of 19.6% (SD by RECIST1.1.) in CT 45 days after treatment. Interestingly in the next imaging
follow‐up two months later, after the patient had received also another viral treatment cycle, the
patient’s pleural effusion had decreased and tumor burden had started to decrease and was at 15.7%
from baseline imaging (107 days after the initial virus treatment). This indicates that patient
continued to have disease control regardless of the initial tumor size increase that nearly reached
grading as progressive disease by RECIST1.1. (Study III, Table 3). Therefore, based on the three
individual samples analyzed here, ex‐vivo transduction and cell killing assays might be usable for
predicting clinical utility of virotherapy. However, in this small study we did not have analyzable
samples from any of the patients later observed to have disease progression, to confirm that lack of
response in ex vivo analysis would correlate with lack of clinical response. Therefore, formal testing
in a larger patient series is needed to clarify the predictive role of pretreatment ex vivo analyses. As
the field of oncolytic viruses is expanding with a large amount of different viruses and differentially
modified viruses of the same species, pretreatment assays such as these, from tumor biopsies or
malignant effusion, could be of great value in personalizing the treatment for each patient for best
possible treatment benefits.
We also received one ascites sample of an ovarian cancer patient (O82) one week after treatment
with Ad5/3‐D24‐GMCSF, given by combination of intratumoral and intravenous injection.
Intriguingly, we recovered a high viral load in this ascites sample, while the corresponding serum
sample was negative for adenoviral DNA (Study III, Fig. 5). This ascites sample also showed
cytopathic effect in cell culture, indicating presence of functional oncolytic virus. Although it was not
possible to exclude the possibility that this virus in the ascites had remained from the initial injection,
either by leaking from the injected tumor or transduction through the intravenous component, these
findings support a local restriction of effective virus replication, as observed also in hamster
experiments (Study III, Figure 2).
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4.3.3 Adverse events in patient treatments
In Study III, Ad5/3‐D24‐GMCSF treatments were well tolerated. Up to 4x1011 VP were administered
without grade 4‐5 adverse events. One or more grade 1‐2 adverse events were encountered in all
treatments. Mild to moderate flu‐like symptoms, injection site and abdominal pains were common as
well as asymptomatic liver enzyme elevations and hematological disturbances (Study III, Table 2).
The only symptomatic grade 3 adverse event was a cholecystitis in the pancreatic cancer patient H83
three weeks after treatment; this patient also had grade 3 anemia, hyperbilirubinemia and alanine
aminotransferase elevation. Other grade 3 adverse events were one deepening of neutropenia that
was grade 1 at baseline and worsened to grade 3, one case of hyponatremia and one grade 3
aspartate aminotransferase elevation. These laboratory finding perturbations were asymptomatic
and self‐limiting.
In Study IV, mild to moderate (grade 1‐2) adverse events were encountered in all treatments. Most
commonly these were grade 1‐2 constitutional flu‐like symptoms, gastrointestinal symptoms or local
pains. Mild electrolyte disturbances, liver enzyme elevations and anemia were also common, as well
as transient lymphopenia (Study IV, Suppl. Table 3). In fact, some degree of lymphopenia was seen in
nearly all treatments. As lymphocyte count data was revisited during the preparation of this thesis,
to determine the proportion of patients who had pre‐existing lymphopenia, also the data on
occurrence of lymphopenia as AE was rechecked. In this rechecking we found that some
lymphopenias had previously been graded incorrectly. These mistakes most likely had arisen from
the lack of systematic data storage of lymphocyte counts at the time of preparation of the original
manuscript, as lymphocyte counts had not been routinely assessed in earlier studies of the ATAP
treatments. After this revision, lymphopenia was confirmed to have occurred in a total of 32
verapamil treatments (12/12 patients); 5 treatments led to grade 1, 11 to grade 2, 14 to grade 3 and
2 to grade 4 lymphopenia. Correspondingly 32 control treatments (22/24 patients) were confirmed
to have led to lymphopenia; 5 treatments led to grade 1, 9 to grade 2, 17 to grade 3 and 1 to grade 4
lymphopenia. As sensitivity to develop lymphopenia may depend on patient characteristics, the
comparison between lymphopenia in groups is complicated by the 36 verapamil patients
representing only 12 individual patients where as the control treatments were from 27 patients.
However, lymphopenia was the most common adverse event encountered and was frequently
observed in both groups.
Grade 3 AE were encountered in 50% (18/36) of verapamil treatments and 53% of control treatments
(19/36). The majority of these being transient self‐limiting disturbances in laboratory findings,
lymphopenia in particular (Study IV, Suppl. Table 3.). Grade 3 laboratory finding AE were recorded in
42% (15/36) of verapamil treatments and 47% (17/36) of control treatments. In total, only 11% (5
treatments in 4 patients) of verapamil treatments and 6% (2 treatments in 2 patients) of control
treatments were accompanied by grade 3 non‐laboratory AE, which compares favorably to
chemotherapy or surgery. The only grade 4 AEs were two transient lymphopenias in verapamil
treatments and one in the control group, all of which were deepening of pre‐existing lymphopenia
(grade 1‐3 at treatment baseline), and one pulmonary embolism in a verapamil treatment. No
treatment‐related deaths occurred. The median number of adverse events was 9 for verapamil
treatments and 10 for controls, per treatment cycle. There was no statistically significant differences
in occurrence of AE overall. However, as analyzed grade by grade, there were more grade 1
laboratory finding AEs in the verapamil group (median 3 per treatment) compared to controls
(median 2 per treatment) (p=0.013 for data corrected for lymphopenias) (Study IV, Suppl. Table 4.).
Overall these findings indicate that verapamil does not increase the rate or severity of adverse
events in oncolytic adenovirus treatments.
As mentioned, transient lymphopenia was a common adverse event seen in nearly all treatments in
Study IV. As the patients represent a heavily treated population of cancer patients, many patients
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4.3.4 Inflammatory cytokine responses following virus treatments
High levels of pro‐inflammatory cytokines, IL‐6 in particular, have been suggested to relate to
adenovirus‐mediated toxicity (Nunes et al., 1999, Raper et al., 2003, Brunetti‐Pierri et al., 2004).
Therefore, we investigated the effects of viral treatments on the levels of pro‐inflammatory cytokines
IL‐6, IL‐8 and TNF‐α in addition to the anti‐inflammatory IL‐10. In Study III, there were no significant
elevations in serum levels of these cytokines (Study III, Suppl. Table 2 and Suppl. Fig. S2). Serum GM‐
CSF levels were also investigated in addition to blood white blood cell counts, which might be
elevated as result of systemic GM‐CSF activity. There were no significant changes in either of these,
which supports the observations made in hamster experiments, (Study III, Suppl. Fig. S3). However,
this is contrary to what has been reported on an oncolytic vaccinia virus coding for GM‐CSF.
Elevations in serum GM‐CSF and white blood cells were seen after treatment with JX‐594 (Park et al.,
2008). One explanation for this could be less restricted GM‐CSF expression in the vaccinia vector. JX‐
594 expresses GM‐CSF in all transduced cells, while Ad5/3‐D24‐GMCSF produces GM‐CSF only in cells
allowing replication. Overall the data on the lack of cytokine responses, along with adverse event
data, support the tolerability of Ad5/3‐D24‐GMCSF in treatments of advanced cancer patients.
In Study IV, inflammatory cytokine profiles were similar in both groups, and hence the addition of
verapamil to virus treatments appeared safe. There were no notable alterations in levels of IL‐8 or
GM‐CSF after treatments. In addition, verapamil did not lead to detectable changes in serum TNF‐α
levels in humans, in contrast to previous in vitro data on peripheral blood mononuclear cells (Abe et
al., 2009). However, we observed transient elevations of IL‐6 and IL‐10 occurring one day after
treatment, similarly in both groups (Study IV, Fig.2). Thereafter cytokine levels returned to baseline.
This observation was in contrast with our previous data (Study III) (Cerullo et al., 2010, Nokisalmi et
al., 2010).
We hypothesize that this disparity in cytokine elevations may arise from the differences in the
patient populations between these series. In Study III and those by Cerullo et al. and Nokisalmi et al.
all patients were naïve to oncolytic adenovirus treatments. However, in Study IV, most patients had
been previously treated with adenovirus vectors. In fact, marked cytokine elevations did seem to
occur less frequently in treatments where patients were naïve to virus treatments (Study IV, Suppl.
Table 2). Below in Figure 6, is a comparison of the median change of IL‐6 and IL‐10 concentrations
during treatments in Study III, treatments of naïve patients in Study IV and treatments of patients
with previous virus treatments in Study IV. IL‐6 elevations during other treatment cycles in Study IV
seem higher than treatments of naïve patients in Studies III and IV. Similarly IL‐10 tended to become
slightly more elevates in treatments of patients with previous adenoviral treatments, than naïve
patients in either Study III or IV (Figure 6). However, differences in cytokine changes between groups
of patients were not statistically significant, and as the data are derived from two small studies, they
should be interpreted with caution. In addition, our group has investigated the effects of
administering adenoviral treatments as a series of three injections three weeks apart, and a similar
trend of more marked cytokine responses on consecutive treatments can be seen also in that data
set (Kanerva et al., 2011). Therefore, cytokine responses may be more pronounced in patients on
repeated dosing of the vector. This would be also expected as their immune system has already been
primed for adenoviruses and therefore can elicit a more robust and quick response to new
encounters with the viral antigens. However, dose dependent IL‐6 and IL‐10 elevations have been
reported frequently with adenovirus gene therapy also in previous studies (Reid et al., 2002b,
Nemunaitis et al., 2001a, Tong et al., 2005, Chang et al., 2009). When compared to levels associated
with adenoviral toxicity (over 8000 pg/ml has been reported associated with systemic inflammatory
response syndrome (Raper et al., 2003)), the IL‐6 elevations seen in our patients were minor and not
likely to be clinically relevant.
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Figure 6. Change in serum IL‐6 and L‐10 concentration. Median change (+range) in serum cytokine
levels from day 0 (prior to treatment) to day 1 after treatment. All treatments, all given to naïve
patients, with available samples from Study III included (n=18). In case of patients from whom
multiple treatments were included in Study IV, only the first treatment with available samples is
included (naïve n=10, other n=30 treatments).

4.3.5 Virus titers in patient serum after viral treatments
The amounts and production rates of progeny virus released cannot be directly measured at the
tissue level in human patients. We investigated virus shed into blood stream as a surrogate for this,
in order to gain knowledge on virus kinetics. Injected virus is rapidly cleared from the blood stream
(Alemany et al., 2000, Reid et al., 2002b). Therefore extended presence, reappearance or increase in
virus genomes in blood has been proposed as a sign of virus replication (Reid et al., 2002a, Reid et al.,
2002b, Nemunaitis et al., 2001a, Nemunaitis et al., 2001b, Escutenaire et al., 2011).
Wild type adenovirus was not found in any of the serum samples in Study III or Study IV. In study III,
all patients were negative for Ad5/3‐D24‐GMCSF prior to treatment (Study III, Table 3). On day 1, 17
out of 19 patients with available serum samples had measurable levels of Ad5/3‐D24‐GMCSF in the
serum, with the highest titer being 2.06 x 103 VP/ml. Shedding of virus into serum was observed in 12
out of 15 patients for whom samples were available on days 3‐7, with a highest titer of 3.36 x105
VP/ml. Eight of these patients had an increase in virus titer in blood compared to their titers
recorded on day 1, indicating virus replication and shedding from tumors. Blood samples positive for
adenoviral DNA were recovered up to day 58. Hence, our data implies Ad5/3‐D24‐GMCSF was able to
replicate and shed to the blood stream after initial administration to patients.
In Study IV, prevalence of blood samples positive for oncolytic adenovirus DNA was also highest on
day 1, but positive serum samples were detected up to 60 days post‐treatment (Study IV, Suppl.
Table 2). There was no difference in prevalence of positive samples between verapamil and control
groups. In contrast, maximum titers at different time points tended to be higher in the verapamil
group. Mean virus titers were similar at baseline (caused by previous cycles), but significantly higher
in the verapamil group after treatment, when data from all treatments and time points were pooled.
Correspondingly, the mean area under the curve (AUC) was significantly higher for verapamil
treatments (Study IV, Fig. 1). However, as several treatments of same patients were evaluated in this
study, there may have been patient‐related characteristics that have affected the results, particularly
for the verapamil group with only 12 patients. To account for this we have repeated some of these
analyses, taking into consideration only the first analyzed treatment cycle of each patient. Similarly in
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this analysis, the maximum viral titers tended to be higher in verapamil treatments, but the
difference was not statistically significant. Median titer after treatment was 50 VP/ml for verapamil
treatments and 0 VP/ml for control treatments (p=0.224). However, mean viral titers after treatment
were significantly higher in verapamil treatments when all treatments and time points were pooled
and analyzed with two‐way ANOVA (p=0.007) (Figure 7). When the AUC analysis was performed on
this data set, there was a trend for higher AUC after verapamil treatments than controls (330 280
VP/ml*days vs. 17 060 VP/ml*days), but this was not statistically significant. Therefore, although
provocative increases in serum viral titers were observed in verapamil treatments, it may be that
these differences were caused by individual variation. Alternatively, this data set with n=12 for
verapamil when only first treatments are considered, is not large enough to demonstrate the
differences clearly in the context of such heterogeneous population and treatment regimes as in this
small study. Nevertheless, our data suggest that verapamil may indeed facilitate virus replication
and release in humans, similarly as shown in previous preclinical data (Gros et al., 2010), but this
finding should be confirmed in a larger set of patients and also separate analysis of treatments of
naïve patient and non‐naïve patients would be beneficial in clarifying this phenomenon.

Figure 7. Post treatment virus titers in Study IV. Only data from the first analyzed treatment cycle
per patient is included. A) Virus titers in serum before and after treatments. Horizontal line describes
median of titers. (n = 12 patients /verapamil +27 patients /controls) B) Box‐whiskers plot of viral
titers after treatment, horizontal line indicates median, box indicates 25th to 75th percentile and
whiskers indicate range (median line for controls is at zero and therefore not visible in graph). C)
Floating bars plot showing mean virus titers (horizontal line) and range of positive serum samples
after treatment. D) Mean virus titers of all samples at each time point plotted at respective time
points (indicated at the median of day of sampling days) for illustration of area under the curve
analysis. *p<0.05
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In order to investigate overall differences between cycles, and to confirm our matching hypothesis
that 1st cycles differ from the following ones, we divided all patients from Studies III and IV by their
first analyzed treatment, i.e. treatment of naïve and non‐naïve patients. Only the first analyzed cycle
of each patient in Study IV was taken into account. Here we notice that out of 33 evaluable
treatments of the naïve patients, 32 (97%) resulted is positive virus titers, whereas for latter cycles
only 89% (20/25 evaluable) resulted in a positive sample at some time point after treatment.
Therefore positive serum samples were more often encountered in treatments of naïve patients
(p<0.05). Median viral titers in serum after treatments of naïve patients were higher than for other
treatments (111VP/ml for naïve and 0 for other cycles) (p<0.001). Mean titers were also higher in
naïve patients and when all time points were pooled, treatments of naïve patients resulted in higher
viral titers in serum (p=0.006) (Figure 8). These findings support our hypothesis that treatments of
naïve patients differ from treatments of patients with previous adenoviral treatments and can have
more frequent and higher viral titers in serum after treatment. This is not unexpected since when
patients have already received previous viral treatments, their adaptive immune system is already
primed for anti‐adenoviral responses, which may then attempt to quench viral replication and spread
in tumors more efficiently.

Figure 8. Viral titers in serum. A) Box and whiskers plot of viral titers in serum after treatment of
patients who were naïve to oncolytic adenovirus treatments and patients who had received previous
virus treatments (non‐naïve). Horizontal line indicates median, box indicates 25th to 75th percentile
and whiskers indicate range (median line for non‐naïve is at zero and therefore not visible in graph).
B) Mean viral titers in serum during oncolytic adenovirus treatments in Studies III and IV at indicted
time points (n= 33 naïve treatments of naïve patients + 25 other treatment cycles). In addition, the
maximum titer (MAX) in both groups is indicated. *p<0.05, ***p<0.001.

4.3.6 Neutralizing antibody responses
In Study III, neutralizing antibody titers were undetectable or low prior to treatments for all patients.
Similarly in Study IV, baseline neutralizing antibodies were low at baseline of treatments of patients
naïve to adenovirus treatments. Neutralizing antibody levels became rapidly elevated thereafter, in
both studies. This observation is in line with other reports (Cerullo et al., 2010, Nokisalmi et al., 2010,
Cerullo et al., 2011, Pesonen et al., 2011). In Study IV, for treatments of patients who had been
treated previously with adenoviruses, baseline titers were already high and remained such during
treatment follow‐up, as expected. These results are in accordance with data from trials with other
oncolytic viruses as well and indicate that after the first treatment with an oncolytic adenovirus a
rapid induction of adaptive antiviral immunity is provoked and maintained. This antiviral immunity
may play an important role for following treatments but the extent of these effects remains to be
investigated further.
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Neutralizing antibody responses were similar in verapamil‐treated patients and controls (Fig. 3, Table
S2). Therefore, the putative enhancement of virus release caused by verapamil did not translate into
changes in antibody response. In addition, no clear correlation was seen between neutralizing
antibody titers and virus shedding in blood, antitumor activity or toxicity, in either study, as
supported by previous reports (Nemunaitis et al., 2001b, Galanis et al., 2005, Yu and Fang, 2007).

4.3.7 Immunological effects
The immune system may decrease the efficacy of adenoviral virotherapy through its efficient and
rapid recognition of adenoviruses as pathogens in both an innate and adaptive manner. In contrast,
adenovirus‐triggered immune responses may also synergize with antitumor effects. Replication of
the virus can be involved in releasing tumor‐specific antigens to dendritic cells. Innate and adaptive
immune responses triggered by adenoviruses can also create a pro‐inflammatory environment inside
the tumor, which could facilitate the activation of tumor‐antigen‐specific T cells, thereby triggering
not only antiviral but also antitumor immunity (Prestwich et al., 2009).
We evaluated the phenotypic panel of circulating white blood cells in Study III in order to gain insight
on possible sings of activation of the immune system. Interestingly, the majority of patients (10/14)
showed an increase in the total number of CD8+ T lymphocytes (Study III, Suppl. Fig. S4). For these
patients the CD8+ T cell count was doubled, on the average. This suggested that in addition to the
oncolytic effect, Ad5/3‐D24‐GMCSF was consistently able to stimulate a T cell response.
Based on preclinical and clinical data and supported by the observed increase in the CD8+ T cells
(VanOosten and Griffith, 2007, Tuve et al., 2009, Cerullo et al., 2010), we went further to investigate
adenovirus and tumor‐specific T cell responses. In 9/14 patients, the level of Ad5‐specific CD8+
lymphocytes in blood increased (Study III, Fig. 4). This induction of anti‐adenoviral T cells supports
the notion that adaptive cellular responses can be produced even in patients with advanced and
refractory tumors. Tumor biopsies were not available for the assessment of individual tumor
antigens present in each tumor. Therefore we selected survivin, a classic pan‐carcinoma antigen
reported present in practically all tumors, for the assessment of tumor‐specific immunity (Altieri,
2008, Ryan et al., 2009). In 8/14 patients, the level of survivin‐specific CD8+ lymphocytes was
elevated in blood after treatment (Study III, Fig. 4). This is in accord with a previous observation
(Cerullo et al., 2010) and suggests that also anti‐survivin reactivity may have been elicited. Although
survivin is generally considered an ideal tumor‐associated antigen, some reports have also proposed
survivin expression by a selection of normal cells (Fukuda and Pelus, 2006). Induction of anti‐survivin
T cells therefore implies an activation of tumor‐specific immunity; however, it does not prove it
indisputably.
Interestingly, we noted decreases in the frequency of anti‐adenoviral and anti‐survivin CD8+ cells in
blood, in some patients, similarly as published by Pesonen et al. (Pesonen et al., 2011). Theoretically,
this might indicate trafficking and accumulation of the CD8+ cells to the tumor microenvironment,
where the virus replicates and GM‐CSF is produced. However, further studies including tumor
biopsies are needed to demonstrate the role of GM‐CSF and adenoviral oncolysis, in breaking
tolerance to tumor epitopes and induction of specific antitumor reactivity.

4.3.8 Clinical responses
Patient treatments described in these studies were a part of an Advanced Therapy Access Program
and were not conducted in the context of a clinical trial. The primary goals in Studies III and IV
related to evaluating the safety aspects and viral kinetics in treatments. However, the local
regulatory agency Fimea requires all treatment responses and outcomes in the ATAP to be reported
to them. Therefore, also possible signs of treatment responses were recorded and are reported here.
65

Particularly in Study IV this was an interesting aspect since we had observed signs of enhancement of
viral spread. Therefore it was important to attempt to determine if this would result in patient
benefit. As end‐points for benefit pre‐ and post‐treatment CT scans, tumor marker levels were
analyzed when available and patients’ symptoms and survival was followed up on.
In Study III, 12 patients out of 21 (57%) were evaluable for treatment responses by radiological
assessment according to RECIST1.1 criteria. Treatment resulted in disease control (stable disease or
better) in RECIST evaluation in 8 out of these 12 (67%) patients (Table 5 p. 66 and Study III, Table 3).
Of note is that RECIST allows tumor growth up to less than 20% for stable disease and CT evaluation
time points were not standardized as this small study was conducted in an Advanced Therapy Access
Program rather than a formal trial. Further, the radiological evaluations were done at a relatively
early time point at median 45 days after treatment which may affect these results. However,
response patterns in immunological therapies may be variable and tumors may even swell due to
inflammatory processes prior to eventual tumor shrinkage, as reported in the ipilimumab trial
(Wolchok et al., 2009). Therefore, extrapolation of these imaging result to later time points with an
assumption of stable growth rate are probably not very meaningful or appropriate. Nevertheless, in
future trials with Ad5/3‐D24‐GMCSF radiological follow‐up should be and is planned to be conducted
over a longer time period.
Other signs of possible treatment efficacy were seen as the rapidly growing pancreatic tumor in
patient H96 stabilized, but a small metastatic lesion appeared in the lungs. Similarly, patient O129
had a 6% reduction of the total tumor burden but had one new metastatic lesion. Therefore these
patients were scored as progressive disease, but could have been classified as SD if immune‐related
response criteria had been used. In the ir‐RC, new lesions are allowed in SD if total burden does not
increase by 25% or more (Wolchok et al., 2009). Also interestingly the patient M137 who had a SD of
+19.6% in the CT 44 days after treatment, had a ‐3.9% reduction in tumor burden 2 months later
(cumulatively 15.7% increase from baseline, 107 days after first viral treatment). This is in line with
observations of initial tumor swellings, here within SD limits, observed also in the ipilimumab trials
where the immune‐related response criteria were proposed (Wolchok et al., 2009). Further, there
were several patients with qualitative clinical benefits such as resolution of ascites and pleural
effusion or disappearance of a non‐injected metastatic lesion. In addition, two patients had
reductions of tumor marker values.
Overall, possible signs of antitumor efficacy were seen in 13/21 patients in an intent‐to‐treat
analysis, on one or more of these indicators. Of note is that in this analysis progression detected with
another method is not excluded and the results were not obtained from a trial, but a small study of
patients in an Advanced Therapy Access Program. Possible signs of antitumor activity was seen both
in patients receiving and not receiving low dose cyclophosphamide (Study III, Table 3).
At the time of submitting the original article, 4 patients were still alive. Now, the survival data of
these patients was updated and two were still alive, over 3.5 years after treatment. Overall, 8/21
(38%) of patients survived over 200 days after treatment and the 400 day survival rate was 4/21
(19%). The cause of death was related to cancer progression in all cases where information was
available. However, patients who receive viral treatments in ATAP are allowed to receive other
cancer treatments including other virus treatment cycles after the treatments described here. In fact
13 of the 21 patients received one or more additional virus treatment cycles (median 1, range 1 ‐ 9).
Therefore these and possible other treatments may have impacted the survival of patients.
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Table 5. Responses detected in Study III.
Patient
ID
H64

Dose
(VP)
8 x 1010

Tumor type
Pancreatic
ca.
Cholangioca.
+ renal ca.
Sarcoma

Y62

1 x 1011

S70

1 x 10

11

C66

2 x 1011

S67

2 x 10

11

I80

2 x 1011

Melanoma

I87

2 x 1011

Melanoma

N110

2 x 1011

K75

3 x 1011

O79

3 x 1011

Head and
neck ca.
Lung
adenoca.
Ovarian ca.

O82

3 x 1011

Ovarian ca.

RECIST
response
(%
change)A
PD
(+76%)

Time of
RECIST
(days after
treatment)
42

Marker
response
(%/marker)

Other
benefits

MR

155

(‐9 %/ CA19‐9)

PD
SD
(+5.9 %)

52

67

Colon ca.

77
PD

Sarcoma

103
Tumor softer

3 x 1011

Rectum ca.

H96

3 x 1011

Pancreatic
ca.
Melanoma

11

I98

3 x 10

O113

3 x 1011

X122

3 x 10

11

O129

3 x 1011

Ovarian ca.

V136

3 x 1011

M137

3 x 1011

H83

4 x 1011

S119

4 x 1011

Bladder and
prostate ca.
Mesothe‐
lioma
Pancreatic
ca.
Sarcoma

Ovarian ca.
Uterus ca.

SD
(+4.7 %)

42

265
27

MR
(‐9.4 %)

CR: ascites
and pleural

52
PD

95

PD
PD
(‐1.0%, N)
MR
(‐15.1 %)
SD
(+10.7 %)
PD
(+56%+N)
PD
(‐6.0%, N)
SD
(+0.8%)
SD
(+19.6 %)

111
1% reduction
in injected

39

PD

273

53
63

93
PD

42
44

Total disease
load ‐6%
CR: non‐
injected liver
CR: pleural
effusion

PD
SD

53

139
1356C*

42
45

312
84

MR

(+6.6%)
A

221
42

(‐8,6 %/ CA12‐

C95

SurvivalB
(days)

589 C
74
842C
59

Tumor softer

1304 C*

B

N=New lesions detected. Survival, indicated as days after treatment. C Survival updated at the time of
preparation of thesis manuscript. *Patient alive at latest follow up. Abbreviations: PD=progressive disease, SD=
stable disease, MR= minor response, CR=complete response
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In Study IV, 29 treatments were evaluable in both groups with radiological response evaluation. In
five treatments (of four separate patients), disease was not measurable for RECIST assessment, so
response evaluation was based on radiologist report. All other evaluations were made according to
RECIST 1.1. In the case of serial treatments, evaluations were not done immediately after the first
viral treatment, but rather after the patient had received three cycles of therapy typically given every
3 weeks (Nokisalmi et al., 2011). However, all three of these treatments probably affected the
radiological outcome. Patients evaluated after serial treatment were well balanced between cohorts
(5 and 5). If analyzed treatment by treatment, allowing responses evaluated after additional
treatment cycles, disease control was observed in 12/29 (41%) and 16/29 (55%) of treatments, for
verapamil and control groups respectively (at median 50 days after treatment) (Study IV, Fig.4 and
Table 3). If only treatments where radiological evaluation was done before additional viral
treatments (excluding serial treatments) are considered, disease control was seen in 9 out of 20
(45%) evaluable verapamil treatments and 16 out of 22 (73%) evaluable control treatments at
median 45 days after treatment (range 10‐224) (Study IV, Table 2). However, it should be noted that
radiological evaluations were done at a relatively early time point, at median 45 days after treatment
(considering only evaluations directly after treatments), and therefore in longer follow‐up treatment
responses may have been different. The treatment where response evaluation was done already 10
days after treatment, K105_6 is particularly noteworthy. At this point the patient had received 5 prior
virus treatments, with tendency of slow progression, and now a rapid progression was observed with
37% increase in tumor load and new metastases, indicating lack of benefit from treatments. Another
particularly interesting case is the treatment R8_3 where a stable disease was detected and a CT
evaluation 224 days after treatment, with no additional viral treatments during this time. This patient
had not progressed either during her three previous viral treatments. Therefore it seems she had
been benefiting from the treatments.
To further assess radiological responses, analysis was performed patient by patient, recording only
one response per patient. The best response was analyzed from baseline (before any of the
treatments in this study). In this analysis 4 out of 9 evaluable patients (44%) with verapamil
treatments had disease control and 11 out of 16 evaluable control patients (69%) had disease control
(Figure 9).The difference between groups was not statistically significant.

Figure 9. Best response by patient in Study IV. Waterfall plot of the best radiological response
indicated for patients who had radiological evaluation performed after treatment cycles included in
this study. Black bars= progressive disease, White bars= disease control (stable disease or better), N
indicates appearance of new metastatic lesions. The percentage refers to best response in change of
tumor load as assessed by RECIST1.1, compared to images prior to any treatments within this study.
Patient code indicated below x‐axis. Median time from latest virus treatment to this evaluation was
46 days (range 25 – 224). 3 patients in control group were evaluated radiologically to have stable
disease or partial response, but lesions were not measurable for RECIST assessment.
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In addition to radiological responses, other signs of possible responses were also recorded.
Stabilization (less than 20% increase or up to 9% decrease) or reduction (over 10%) of tumor marker
levels was seen in 5 out of 10 (50%) verapamil treatments and 11 out of 14 (79%) control treatments
where marker data was evaluable. Subjective symptom relief was described in 17% (6/36) and 12%
(4/33) of treatments while symptoms remained stable during 53% (19/36) and 52% (17/33) of
evaluable verapamil and control treatments, respectively (Study IV, Fig.4 and Table 2). Overall, by
taking each treatment into account separately and calculating each treatment as presenting a
possible sign of benefit (disease control in radiology or markers or symptoms relief) or lack of such
signs, some evidence of possible treatment benefit was seen in 50% (18/36) of verapamil treatments
and 66% (23/36) of controls of this small non‐randomized study (Study IV, Fig.4, and Table 2).
Survival data was updated for patients who were still alive at submission of the Study IV article. As
calculated per patient from the first of their treatments analyzed within this study, median survival
was 189 for verapamil patients and 256 for controls (Figure 10). Difference between groups was not
significant. As interesting examples of patients probably benefitting from these oncolytic virus
treatments, two patients, one that was evaluated here for 3 cycles of treatments with verapamil
(S119) and one evaluated for one treatment in the control set (I98), were still alive. Patient S119 had
a stable disease throughout all his virus treatments and I98 had had a minor response followed by
disease stabilization in later follow‐up. In regard to survival data, it is of note that many patients
received additional viral or other treatments after the treatments described here, which also may
have affected the survival. In fact there was slight difference in this aspect between groups as
patients analyzed in the verapamil group received median 0 additional treatments (range 0 to 4),
whereas control patients received at median 1 additional treatment (range 0 to 7). Therefore the
higher number of additional treatments of control patients may have given them survival advantage.
However, median number of all treatments received in ATAP was 3 for both groups of patients
(range 2‐9 for verapamil and 2‐10 for controls), including treatments prior and after the ones
analyzed in Study IV. Thus the overall amount of treatments per patient was well balanced.

Figure 10. Updated patient survival in Study IV. Patient survival data was updated during
preparation of the thesis (June 2012).
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Overall, verapamil treatment did not significantly improve or deteriorate neither disease control, as
analyzed by radiological, subjective or tumor marker data, nor median survival. This is contrary to
what had been previously shown in the animal model (Gros et al., 2010). However, this study was
conducted in an Advanced Therapy Access Program rather than a formal trial and therefore
assessment of responses has to be made with extreme caution as neither treatment schedules or CT
evaluations were conducted according to a stringent trial protocol but in a more personalized
manner. Nevertheless, in this small, non‐randomized study there was a trend for more progression
in verapamil patients in both radiology and tumor markers in Study IV. This result may either reflect
occurrence of more frequent true progression during these treatments or alternatively it might be
caused by enhanced replication resulting in more inflammatory swelling of tumors. In fact,
inflammatory tumor swelling is observed quite frequently in the context of other cancer
immunotherapies and consequently has been termed “pseudoprogression” by the U.S. Food and
Drug Administration (Mellman et al., 2011). Therefore distinguishing true progression from
inflammatory activity at the tumor in oncolytic virus treatments is problematic and calls for new
response evaluation methods and response assessment guidelines. As for tumor markers, the
meaning of marker elevations is yet undetermined in oncolytic virus treatments. Naturally marker
elevation may represent tumor progression, as is the case in most conventional therapies, but it is
also possible that robust replication of the virus in tumors results in a more pronounced marker
“surge”. In this scenario viral replication could cause an increase in protein production in the infected
cells, followed by their lysis and release of markers into blood (Reid et al., 2002a, Fukuda et al., 2009,
Turunen et al., 2009). To further complicate the situation, calcium‐channel blockers have been
suggested to associate with immunological effects, including immune suppression. Thus, this
function might even work against the possible benefits gained by enhancement of viral release and
spread, by inhibiting the boosting of antitumoral immunity. On the other hand, enhanced release
may lead to a faster virus immune clearance from the tumor in an immunocompetent host.
Nevertheless, efficacy was not a primary endpoint of this small study that was not conducted in a
prospective randomized manner. Therefore, the efficacy data should be interpreted with caution and
confirmed in a randomized setting. If it were thus confirmed that enhanced replication does not
translate into clinical benefits, this would support the hypothesis that immune responses triggered
by viral therapy may be more crucial for antitumor efficacy than the degree or magnitude of
replication (Alemany and Cascallo, 2009, Prestwich et al., 2009).
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5. SUMMARY AND CONCLUSIONS
The studies presented in this thesis had two overall goals: first, to investigate methods for improving
systemic administration of adenoviruses, and second to explore means to improve efficacy of
oncolytic virus therapy for cancer in a clinically oriented setting.
Our results in Study I, taken together with previous publications on the subject, suggest that the
biodistribution of adenovirus is determined by several mechanisms, which may overlap with each
other. In study I, we identified Kupffer cell inhibition by poly(i) as a possible technique for prolonging
virus circulation after intravenous administration. This seemed feasible also with respect to lack of
severe toxicity in our study and the safety of poly(i) has also previously been demonstrated in
humans. More importantly, our findings in Studies I and II support the predominant role of
coagulation factors on liver tropism. Ablation of the coagulation factor binding by warfarinization
presents as an effective method for escaping this liver tropism. Interestingly, a very similar effect on
in vivo liver transduction could be achieved by mutation of the fiber KKTK region in a 5/3 capsid
chimer vector backbone (Study II). We also demonstrated that these approaches influence cell
transduction through separate pathways. Signs of possible additive effects by these two liver‐
detargeting approaches were seen in in vivo imaging of transgene expression, but clear additive
effect was not seen in gene expression in tissue lysates. Further we established, in support of
previous notions, that with either approach the initial viral accumulation to tissues, including liver, is
not affected regardless of significant reductions of viral gene expression in the liver (Study II). In
addition, it was demonstrated that the reductions of viral gene expression in the liver do not result
from redirection of virus from hepatocytes to Kupffer cells and the exact mechanism behind this
remains to be determined in further studies.
In Study II we saw that the 5/3 capsid chimer KKTK mutated virus was able deliver efficient cancer
cell transduction in vitro and even to initially accumulate in tumors in vivo following systemic
administration. Tumor‐to‐liver ratio of gene expression was also enhanced, as measured by in vivo
transgene imaging. However, the efficacy of gene expression in tumors seemed seriously impaired in
tissue homogenate assays. Therefore the usability of the vector for systemic cancer treatment
remains uncertain and further studies to confirm efficacy of tumor transduction should be
conducted. On the contrary, tumor transduction following coagulation factor ablation was generally
well retained in both Studies I and II, which suggest this may be an advantageous modification of
virus biodistribution. Although warfarin is in vast clinical use as an anticoagulant, the profound
ablation of coagulation factors necessary to achieve the liver detargeting may potentially lead to
serious adverse events in humans, as seen in patients who use warfarin. Therefore, translation of this
approach to the clinic would be more appealing through the use of vectors where the binding of
coagulation factors is prevented.
In Study IV, we observed that the use of the calcium channel blocker verapamil in conjunction with
oncolytic adenovirus treatment of cancer patients resulted in higher circulating adenovirus titers
after treatment, compared to retrospectively matched controls. Therefore verapamil could be an
appealing method for improving efficacy of an oncolytic adenovirus‐based treatment approach
where a high systemic viral load is required or beneficial. However, further investigation is needed to
confirm the effect of verapamil on circulating viral titers in a randomized controlled trial setting and
to discover if increasing virus amounts is a key factor to achieving better treatment responses in
cancer patients. Further, a randomized controlled trial would be needed for confirming the overall
effect of this modification on antitumor responses and treatment benefit. As calcium has been
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proposed as a relevant factor for the lytic abilities of also other viruses, this approach could be
important for the entire field of oncolytic virotherapy and also would warrant investigation in other
oncolytic vector systems.
In Study III, the 5/3 capsid chimeric oncolytic adenovirus armed with GM‐CSF demonstrated good
tolerability in treatment of cancer patients. Interestingly, signs of activation of the immune system
against both adenoviral and tumoral epitopes were seen and also signs of possible treatment benefit
were recorded. Correlations between patient responses and ex vivo analysis of treatment efficacy
were also investigated and our encouraging preliminary observations call for formal investigation
into biomarkers predictive of oncolytic virus activity. In cautious comparison to other oncolytic
viruses armed with GM‐CSF, Ad5/3‐D24‐GMCSF seems to perform promisingly well, but this kind of
comparison should be done formally only in randomized controlled settings. Overall, further clinical
trials are needed to confirm these observations in which tumor biopsies would be highly valuable for
evaluating the evoked cellular immune responses in more detail. In addition, although we observed
elongated presence of virus in patient sera after this single dose, multiple injections are likely to
improve tumor transduction and also enhance antitumor immunity leading to better treatment
benefits. Accordingly, Phase I and I‐II clinical trials with multiple injections of Ad5/3‐D24‐GMCSF, as
single agent and in combination to low dose cyclophosphamide, have been set forward.
In conclusion, the studies presented in this thesis contribute to the understanding of the complex
phenomenon of systemic administration of adenoviruses. In particular, the role and interplay of
coagulation factor ablation and fiber KKTK region ablation were explored. Furthermore, this thesis
also described approaches for improving efficacy of oncolytic adenoviruses and preliminary data in
the clinical setting of cancer therapy was presented.
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