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Abstract 

Adenoviruses are a large family of non-enveloped DNA viruses with the ability to efficiently 

transduce human cells and activate the innate immune system, making them one of the most 

popular viral vectors for vaccine development. To date, the majority of the studies in the 

literature have focused upon human adenovirus serotype 5 (HAdV5) for the development of 

adenoviral vectors. However, the use of HAdV5 is limited due to its high prevalence in the 

general population. The pre-existing immunity to HAdV5 can ultimately lead to a reduction in 

transduction efficiency and immnunogenicity. Identification of adenoviral isolates of non-human 

origin facilitated development of alternative vectors to overcome pre-existing immunity in the 

human population. Ovine adenoviral isolate, OAdV287 (OAdV7), the prototype of the genus 

Atadenovirus, has been characterized as a gene delivery and vaccine vector. The study described 

in this project aims to address the utility of OAdV7 as a tumour vaccine, with in vitro 

experiments to characterize the ability of OAdV7 to transduce and activate human antigen 

presenting cells – monocyte-derived DCs (mono-DCs); and in vivo experiments to assess its in 

vivo immunogenicity. 

 

Transduction of human mono-DCs with OAdV7 showed successful transduction at high 

multiplicity of infection. Treatment of mono-DCs with OAdV7 led to DC maturation, evident by 

up-regulation of activation markers. Moreover, OAdV7 encoding a tumour antigen, the MART-

1-derived ELA peptide, successfully delivered antigen to DCs and melanoma cells to stimulate 

MART-1-specific CD8
+ 

T cells. These data support the use of OAdV7 as a vaccine vector to 

deliver antigen to human antigen presenting cells and induce their activation. In mice, 

immunization with OAdV7 encoding the model antigen Ovalbumin rapidly induced a potent 

cytotoxic T cell responses. Splenocytes isolated from immunized mice responded to antigen re-

stimulation in vitro by proliferation and production of IFN. Importantly, immunization with 

OAdV7-OVA prevented and retarded tumor growth in both prophylactic and therapeutic tumor 

trials.This is the first study that reports the ability of OAdV7 to be used as a tumour vaccine and 

warrants further studies that characterize the utility of this vector for immunotherapy.
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Chapter 1. Introduction 

1.1 Tumourvaccines and the cell-mediated immune response 

1.1.1 Vaccines 

Vaccines are medicines designed to induce a long-lasting immune response against invasion 

from foreign pathogens and have made a significant contribution to human health. The 

eradication of variola virus, the causative agent of smallpox, through mass vaccination led to 

the eradication of the disease from the human population (Breman and Arita 1980). 

Introduction of successful vaccination programs has also led to virtual elimination of 

poliovirus worldwide and has significantly reduced the rate of many infectious diseases 

including measles, pertussis, diphtheria, and tetanus (WHO 2013). The efficiency of vaccines 

and their cost-effectiveness have made vaccine development a frontier of medical research 

with several significant developments in the last two to three decades (Loucq 2013). While 

vaccination has successfully prevented and eliminated a number of diseases, an effective 

vaccine for certain chronic persistent infections such as human immunodeficiency virus 

(HIV), hepatitis C virus (HCV) and Mycobacterium tuberculosis, remains elusive. Some of 

the key challenges to the development of vaccines for these chronic infections include the 

ability of the pathogens to escape the immune response and a lack of well-defined immune 

correlates of protection that can predict the clinical efficacy of the vaccine (Checkley and 

McShane 2011; Koff, Russell et al. 2013). Current studies on vaccine development have 

focused on exploration of novel vaccine delivery vectors, immune-stimulatory adjuvants and 

new routes of administration (Loucq 2013). 

Recent advances in our understanding of tumour immunology have suggested an important 

role for the immune system in combating malignancy leading to the development and trial of 

tumour vaccines. Traditional vaccines for infectious diseases consist of either the pathogen or 

pathogen-derived components. Pathogens are either dead or live-attenuated, whereas 

pathogen-derived components include inactivated subunit vaccines, toxoid vaccines, and 

polysaccharide conjugate vaccines. In contrast, tumour vaccines consist of self-derived 

antigens delivered as peptide/proteins, DNA, or cell-based vaccines. Challenges presented in 

the development of tumour vaccines include the low immunogenicity of the self-antigens and 

the ability of tumour cells to suppress the magnitude of the anti-tumour immune response 
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(Ugel, Peranzoni et al. 2012; Demoulin, Herfs et al. 2013; Farkas, Marvel et al. 2013). The 

major focus of tumour vaccine development is the stimulation of cellular immunity as T 

cellshave been shown to be of critical importance in elimination of malignant cells (Durrant 

and Ramage 2005; Bollard, Gottschalk et al. 2007). 

1.1.2 T cells 

T cells play a central role in the cellular arm of the adaptive immune response. They exist in a 

vast repertoire of differing specificity generated by the expression of variable T cell receptor 

molecules on their surface. Antigen-specific naïve T cells exist at a low frequency in the 

periphery (Wherry and Ahmed 2004). Upon activation, T cells undergo extensive 

proliferation, with 1 precursor cell giving rise to more than 10,000 daughter cells over the 

course of 5-8 days, after which the expanded population of T cells leave the secondary 

lymphoid organ and survey the body for infection (Harty and Badovinac 2008). The activated 

T cells are now termed effector cells, with CD4
+
 T cells capable of facilitating a Type 1 

helper (Th1) or Type 2 helper (Th2) dominant response, and CD8
+
  T cells become activated 

cytotoxic T lymphocytes (CTL) capable of directly killing target cells that express the same 

MHC I/epitope complex involved in the initial priming event. Both sets of T cells can rapidly 

produce cytokines. Over several days the outcome of this process is the activation and 

amplification of effector cells that have the ability to undertake both the direct killing of 

infected cells as well secretion of cytokines, soluble proteins that exert a paracrine effect to 

enhance local immune responses.   

After the expansion phase, the number of pathogen-specific T cells declines in all organs 

during the contraction phase, regardless of whether the T-cell response is successful at 

eliminating the pathogen or not (Badovinac, Porter et al. 2002). The remaining T cells 

constitute roughly 5-10% of the original population and differentiate into central and 

peripheral memory cells, which are capable of inducing a more rapid immune response 

should infection with the same organism occurs in future.  

It has been proposed that to achieve optimal immunological control of many infections, a 

polyfunctional T cell response requiring both CD4
+
 and CD8

+
  T cell activation is necessary 

(Betts, Nason et al. 2006; Darrah, Patel et al. 2007; Ciuffreda, Comte et al. 2008). 

Polyfunctionality of T cells is characterized by their ability to perform multiple effector 
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functions, including secretion of multiple cytokines such as IL-2, TNFα, IFNγ and M1P1β. 

The frequency of CD4
+
  T cells capable of producing multiple cytokines including IFNγ, IL-

2, and TNFα correlates with degree of protection against Leishmania infection (Darrah, Patel 

et al. 2007). Higher frequency of HIV-specific polyfunctional CD8
+
  T cells is associated 

with non-progressive HIV infection (Betts, Nason et al. 2006).  

1.1.3 Priming of the T cell response 

Induction of a T cell response is initiated by the capture of antigens in the periphery and 

blood by specialized antigen presenting cells (APC) that engulf and degrade antigenic 

proteins and present short peptide sequences from the antigen on the cell surface to T cells.  

Dendritic cells (DCs) are the most important class of APC (Rossi and Young 2005). 

Immature DCs are present in small quantities in blood and the interstitial space of most tissue 

and constantly sample antigens from the surrounding environment. During infection, antigens 

from pathogens are taken up by DCs and are processed and presented on the surface in 

association with the major histocompatibility complex (MHC) molecule. Endogenous 

antigens are usually acquired via viral infection of the cell and presented on class I MHC 

(MHC I) whereas exogenous antigens from outside the cell are presented on MHC II. 

Although two distinct pathways for antigen loading have been described for exogenous and 

endogenous antigenss, studies have shown that extracellular antigens can also be presented in 

association with the MHCI via a process called cross presentation (Rock and Shen 2005). 

Endogenous antigen can gain access to the MHC II pathway via uptake of the antigen 

released by cell death, or induction of autophagy. 

Upon exposure to stimulation by a “Danger Signal”, immature DCs undergo a process of 

maturation (Galluci and Matzinger 2001). Danger signals include pathogen-associated 

molecular patterns (PAMPs) such as lipopolysaccharide, double-stranded RNA, or 

endogenous signals derived from inflammation e.g. heat shock protein, uric acid  (Todryk, 

Melcher et al. 2000; Shi, Evans et al. 2003). DC maturation is manifested by up-regulation of 

MHC molecules, co-stimulatory molecules and adhesion molecules, reduced antigen uptake 

and production of pro-inflammatory cytokines (Tacken, de Vries et al. 2007). Upon 

maturation, DCs migrate to regional lymph nodes in response to the chemokines MIP-3β and 

SLC (Banchereau, Briere et al. 2000). Maturation of DCs is completed by their 
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interactionwith T cells in the lymph node, via interaction between CD40/CD40L and 

RANK/TRANCE molecules (Banchereau, Briere et al. 2000) 

T cell priming occurs in the lymph node. Antigens presented in the context of MHC 

molecules are recognized by corresponding T cell receptors on the surface of T lymphocytes.  

CD8
+
 T cells recognize antigens presented on MHC I. Upon activation, they differentiate into 

effector cells with cytotoxic activity. Cytotoxic T cells kill target cells by expression of FasL, 

release of perforin and granzyme and induction of apoptosis. Activation of CTL induces a 

cell-mediated immune response, which is beneficial for elimination of intracellular pathogens 

such as viruses, as well as killing of tumour cells. 

The current model of CD8
+
  T cell priming suggests 3 signals are necessary for stimulation of 

naïve T cells (Fig1.1) (Curtsinger, Lins et al. 2003). First, engagement of the specific TCR by 

the antigen/MHC complex is necessary to ensure antigen specificity and MHC restriction. A 

second signal is delivered by engagement of co-stimulatory molecules on APCs such as 

CD80 (B7.1) and CD86 (B7.2), which are present in low density in immature DC but are up-

regulated upon DC maturation. The co-stimulatory molecules CD80 and CD86 interact with 

CD28 on T cells. 

The third signal required for CD8
+
 T cell activation is supplied by pro-inflammatory 

cytokines, secreted by immune cells e.g. DCs, upon stimulation with a danger signal or 

following licensing by activated CD4
+
 T cells (Thomas 2004; Curtsinger and Mescher 2010). 

IL-12 and IFNα/ have been identified as the major cytokines to act as the third signal in 

many studies (Thomas 2004; Curtsinger and Mescher 2010; Hervas-Stubbs, Riezu-Boj et al. 

2010). Provision of signal 3 together with signal 1 and 2 drive full T cell activation, resulting 

in development of optimal effector function and memory response. 
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Fig 1.1. Activation of naïve T cells requires 3 signals: The antigen/MHC complex, co-

stimulation, and cytokine production. 

Antigens presented on the MHCII molecules are recognized by the T cell receptor of CD4
+
 T 

cells and upon activation, CD4
+
 T cells differentiate into helper cells to activate and enhance 

action of the effector cells. Two types of helper T cells have been described with distinctive 

profiles. Type 1 helper T (Th1) cells, characterized by production of IFNγ and IL-2, 

participate in cell mediated immunity, whereas type 2 helper T (Th2), which produces IL-4, 

IL-5, IL-6, IL-10 and IL-13, contribute to the humoral immunity (Jankovic, Liu et al. 2001). 

The mechanism behindpolarization of Th1/Th2 is less well defined, but studies have shown 

that this is influenced by a number of factors including the antigen dose, the route of 

immunization, the status of APCs and production of specific cytokines (Abbas, Murphy et al. 

1996). Previous studies have shown a direct correlation between the induction of Th1 

cytokines and anti-tumour immunity. Th1 cytokines such as IL-2 and IFN have been shown 

to exhibit anti-tumour immune effect. IL-2 treatment has been used for cancer 

immunotherapy and induced tumour regression in clinical trials (Lee and Margolin 2011). 

IFN enhances antigen presentation by tumour cells and induces tumour cell apoptosis 

(Traversari, Meazza et al. 1997; Wall, Burke et al. 2003). The quality of anti-tumour response 

could also be negatively affected by tumour-mediated immunosuppression. Tumour cells are 

able to recruit cells with immunosuppressive function e.g. regulatory T cells, myeloid-derived 

suppressor cells and induce a immunosuppressive environment (Lindau, Gielen et al. 2013). 

Additionally, the avidity of T cells recognizing the tumour antigen also determines the 

efficacy of the T cell response, as induction of T cells with high avidity promote tumour 

rejection (Johnson, Heemskerk et al. 2006). Another CD4
+
 T cell subset, defined by the 
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secretion of cytokine IL-17 and termed “Th17” cells, have also been described (Korn, Bettelli 

et al. 2009). Th17 cells have been shown to promote inflammation in a number of 

autoimmune diseases. The role of Th17 cells in malignant disease is not clear, although 

studies that explore the use of Th17 cells for tumour immunotherapy are underway (Zou and 

Restifo 2010). 

CD4
+
 T cells provide help to enhance CTL responses by licensing the DCs to enhance their 

stimulatory capacity (Smith, Wilson et al. 2004).  CD4
+
 T cell-derived IL-2 was shown to 

drive differentiation of CD8
+
  T cells to increase production of IFNγ and Granzyme B (Lai, 

Lin et al. 2009). CD4
+
 T cells were shown to be important for the generation and 

maintenance of long-lived, functional CD8
+
 memory (Janssen, Lemmens et al. 2003; Sun and 

Bevan 2003; Shi, Hao et al. 2006).   

1.1.4 T cell vaccines for tumour immunotherapy 

The ability of CTLs to kill cells that display foreign epitopes in complex with MHC I 

molecules at their surface is critical in the resolution of viral infection and in the 

immunological control of cancer (Ochsenbein 2002). Identification of tumour-associated 

antigens (TAA) paved the way to exploit the adaptive immune system for tumour 

immunotherapy. TAAs can give rise to a number of epitopes that can be presented on MHCI 

and II molecules and are recognized by TCR of CD8
+
  and CD4

+
 T cells, respectively 

(Breckpot and Escors 2009). Activated CD8
+
 T cells are able to eliminate tumour cells by 

cytotoxic killing whereas activated CD4
+
 T cells, in particular Th1 cells, assist in the 

activation and maintenance of CTL response (Hosoi, Takeda et al. 2008).  

Tumour vaccines that are in current development can be divided into two groups: non-genetic 

and genetic vaccinations. For non-genetic vaccinations, the most common vaccines are cell-

based or peptide-based; whereas for genetic vaccination, the most common vaccines are 

DNA or viral vector-derived.  

1.1.4.1 DC-based vaccines 

The ability to generate human DCs in vitro from CD34
+
 bone marrow progenitor and CD14

+
  

blood monocytes have allowed the use of professional APCs as vaccines (Palucka, 

Dhodapkar et al. 2003; Babatz, Röllig et al. 2004). DCs isolated from patients can be 
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manipulated ex vivo to achieve antigen presentation with optimized maturation status. 

Antigen can be loaded exogenously in the form of peptide, protein, tumour lysate; or 

endogenously via transduction (Erdmann, Dörrie et al. 2007; Yu, Babiuk et al. 2008; Prins, 

Wang et al. 2013). The objective is to generate DCs with lymph node migratory capacity and 

appropriate co-stimulation signals. The maturation stage of DCs needs to be tightly 

controlled, as premature activation of DCs prior to encounter with cognate T cells can render 

DCs refractory to further stimulation and negatively affect T cell priming (Langenkamp, 

Messi et al. 2000).  The major advantage of DC-based vaccines is that APCs can be directly 

manipulated in vitro, enabling tighter quality control to ensure antigen presentation and APC 

activation. The disadvantage is the complexity of the treatment often involving high cost, 

extensive labour, with additional problems including inconsistencies in the generation and 

differentiation of APCs.  

Sipuleucel-T is the most recent and advanced example of DC-based tumour vaccine (Rini, 

Weinberg et al. 2006). The treatment involves leukapheresis to obtain a patient’s peripheral 

blood mononuclear cells (PBMCs), including APCs and exposure of the PBMCs to PA2024, 

a recombinant fusion protein that consists of prostate acidic protein and GM-CSF, a cytokine 

to facilitate uptake of the antigen and induce DC maturation. The APCs are then re-

introduced back to the patients. A phase III trial of Sipuleucel-T showed an improvement on 

overall survival in patients with asymptomatic or minimally symptomatic metastatic 

advanced hormone-refractory prostate cancer (Small, Schellhammer et al. 2006). In 2010, 

Sipuleucel-T, was granted FDA approval as an autologous cellular immunotherapy for the 

treatment of asymptomatic or minimally symptomatic mestastatic castrate resistant (hormone 

refractory) prostate cancer (Brower 2010). 

1.1.4.2 Tumour cell vaccine 

In addition to DCs, irradiated whole tumour cells have been used as cell-based vaccines to 

vaccinate patients with cancer (Baars, Claessen et al. 2000; Berd, Sato et al. 2004; Dillman, 

Barth et al. 2004). The major advatange of using tumour cell-based vaccines is the ability to 

induce T cell responses to target multiple TAA, including both known and undefined TAAs. 

The disadvantages include the abundance of TAA may be diluted by normal cellular antigens 

and absence of co-stimulatory molecules, render manipulation in vitro to enhance their 

immunogenicity necessary. Tumour cells are often modified in vitro to express 
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immunomodulatory molecules such as cytokines or co-stimulatory molecules (Annemieke, 

Smith II et al. 2004; Goldstein, Varghese et al. 2011). While autologous tumour cells offer 

TAAs that are unique to the individual patient, production of autologous tumour cell vaccine 

is labour-intensive and time-consuming, and only feasible for certain malignancies where 

tumour biopsies are available. An alternative approach using allogeneic tumour cells derived 

from other patients or established tumour cell lines have been investigated (Davis-Sproul, 

Harris et al. 2005; Li, Jiang et al. 2007). Both autologous and allogeneic tumour cells that 

express cytokine genes have been used in early clinical trials for several human malignancies 

(Gerritsen, van den Eertwegh et al. 2007; Wiseman and Kharazi 2010; Senzer, Barve et al. 

2012) 

1.1.4.3 Peptide and protein vaccines 

T cells recognize antigens in the form of short protein fragments associated with MHC 

molecules, therefore, tumour antigenic epitopes can be synthesized as peptides by 

conventional method to be used for vaccination. Peptides are relatively cheap and easy to 

manufacture to clinical grade. Identification of a broad array of tumour antigenic peptides 

created a vast selection of vaccine substrates (Renkvist, Castelli et al. 2001). In addition, 

synthetic peptides of natural peptide sequences with modification to improve MHC binding 

specificity and avidity can enhance TCR stimulation (Valmori, Fonteneau et al. 1998; Chen, 

Dunbar et al. 2000; Tourdot, Scardino et al. 2000). However, one limitation of peptide 

antigen as vaccine is patient human leukocyte antigen (HLA) restriction. 

Synthetic long peptides consist of multiple epitopes that have been developed to induce a 

polyclonal T cell response (Pullarkat, Lee et al. 2003; Walter, Weinschenk et al. 2012). 

Alternatively, recombinant whole protein antigens have been used to maximize the presence 

of epitopes (Tyagi and Mirakhur 2009). A major disadvantage associated with peptide and 

protein antigens is that they are weakly immunogenic and often co-delivery with 

immunostimulatory adjuvants such as cytokines or TLR agonists is needed (Rosenberg, Yang 

et al. 1999; Slingluff, Petroni et al. 2003; Smyth, Garcia et al. 2013). 

1.1.4.4 DNA vaccines 

DNA vaccines encode the antigen of interest on plasmids. Following entry into the cells, the 

plasmids persist as non-replicating episomes without integration into the host genome, 
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enabling stable expression of the antigen (Donnelly, Ulmer et al. 1997). Following DNA 

immunization, APCs acquire antigens either by being directly transfected, or via uptake of 

antigen from other transfected cells.  

The advantages of DNA vaccines are their ease and inexpensive manufacture, minimal 

toxicity as well as a lack of pre-existing immunity that could hamper the vaccines’ 

immunogenicity (Kutzler and Weiner 2008). DNA vaccines can include multiple antigens 

encompassing epitopes for both CD4
+
 and CD8 T

+
 cells. The absence of protein antigens in 

DNA vaccines circumvents the generation of a vector-specific immune response, allowing for 

repetitive immunization (Kutzler and Weiner 2008). One major limitation of DNA vaccines 

is their low immunogenicity due to inefficient uptake into the cells as well as a lack of strong 

co-stimulatory signals. Methods to improve the immunogenicity of DNA vaccine, such as 

improving antigen expression using codon optimization, inclusion of genes encoding 

adjuvants, and more efficient antigen delivery using novel methods of immunization are 

currently under investigation (Takeshita, Tanaka et al. 2006; Chang, Chen et al. 2008; Li, 

Gao et al. 2013). 

1.1.4.5 Viral vectors 

Viral vectors offer advantages over plasmid DNA as vaccines for two reasons. First the viral 

vectors employ the specific uptake mechanism used during virus infection to carry the gene 

into cells rather than by transfection, leading in most cases to higher levels of gene 

expression. Importantly, many viruses have been shown to infect professional APCs (Brown, 

Zhang et al. 2000; Jenne, Hauser et al. 2000; Adams, Bond et al. 2009). Second, many 

viruses are self-adjuvanting, i.e. they present PAMPs that are detected by the APCs leading to 

the upregulation of co-stimulatory molecules (Kawai and Akira 2006). However there are 

several potential limitations with viral vectors as vaccines including potential adverse 

reactions, immunodominance of viral antigen that can mask the transgene’s immunogenicity 

and cost of production. Further, since many well characterized viral vectors are derived from 

pathogenic human viruses, natural exposure has built up a memory response to the viral 

vector that reduces their immunogenicity in vivo (McCoy, Tatsis et al. 2007; Kannanganat, 

Nigam et al. 2010; Lin, Calcedo et al. 2010).  Many different viral vectors have been 

developed to be used as tumour vaccines, such as poxvirus, adenovirus, adeno-associated 
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virus, alpha virus etc, with vectors derived from poxvirus and adenovirus being the most 

popular in research and clinical settings (Larocca and Schlom 2011). 

1.2Use of Adenovirus as vaccine 

1.2.1 The Biology of Adenovirus 

Adenoviruses are non-enveloped icosahedral viruses with double stranded DNA genome 

(Evans and Hearing 2002). They give rise to ubiquitous infections of humans and other 

animals including horse, cattle and sheep (Obi and Taylor 1984). They are the largest non-

enveloped viruses, with sizes ranging between 70-100nm (Doerfler 1996). More than 50 

different human adenoviruses serotypes exist and isolates from a variety of animal species 

and birds have been reported. Most mammalian adenoviruses including all known human 

adenovirus serotypes belong to the genus Mastadenovirus. Research on adenovirus biology 

and its utility as a gene therapy and vaccine vector has primarily been carried out on human 

adenovirus serotype 5 (HAdV5).  

The HAdV5 virion contains two types of capsomers, the hexons and the pentons (Fig 1.2) 

(van Oostrum, Smith et al. 1987). There are 240 copies of the hexons and 12 penton bases in 

the viral particle. Hexon capsomers form the facet and edges of the icosahedral capsid, and 

pentons are located on the 5-fold axis of the capsid. Each penton comprises a protruding 

fiber, which is attached to the base via non-convalent bond. The fiber is a protein complex 

with three structural domains, the N-terminal domain, the central shaft region and the C-

terminal domain often referred to as the knob domain. The fiber attaches to a cellular receptor 

called the Coxsackie-Adenovirus Receptor (CAR) on the surface of host cells, whereas the 

integrin binding domain containing an RGD amino acid sequence in the penton base binds to 

the αv integrins (Nemerow and Stewart 1999). Both interactions are important in viral entry to 

initiate an infection (Nemerow 2002). 
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A. 

 

B. 

 

Fig 1.2.Particle structure and genome organization of adenovirus. 

A, The Adenovirus.B, The Adenovirus genome.(Fry and Wood 1999; University 2005; Glasgow, Everts et al. 

2006) 

The genome of adenovirus is a linear, non-segmented double-stranded DNA 26-45 kbp 

flanked by inverted terminal repeats (ITR) (Fig 1.2) (Horwitz 2001).  A cis-acting 

encapsidation signal is located at one end of the Adenoviral genome near the ITR and directs 

packaging of viral DNA into the capsid (Evans and Hearing 2002). The genomic DNA is 

packaged with proteins into a nucleosome-like structure, which is tethered to the capsid. The 

5’end of the genome is associated with a 55kDa terminal protein. The 5’terminal protein, 

together with adenoviral DNA polymerase, adenoviral single-stranded DNA binding protein 

and cellular factors, direct viral DNA replication. The genome of HAdV5 is divided into 

distinct regions based on the chronology of gene transcription giving one immediately-early 

region (E1A), four early transcription units (E1B, E2, E3 and E4), two delayed early units 

(IX and IVa2) and one late unit (L1-L5). The early genes are expressed before the onset of 

viral DNA replication. E1 genes direct the cell into the S phase of the cell cycle and activate 

other viral promoters. E2 genes encode replication proteins, whereas E3 genes are involved in 

evading the host immune response. Genes of the late region L1-L5 encode structural proteins 

(Evans and Hearing 2002).  

The replication cycle of HAdV5 is well characterized. Infection begins with binding of the 

virion to the CAR, and subsequently to integrins on cell surface (Li, Brown et al. 2001). CAR 

provides the primary site of attachment of the virus to the cell whereas integrins act as co-

receptors for viral entry. Alternative receptors are utilized by adenoviruses of different 

serotypes. For example, adenovirus serotype 37 utilizes sialic acid  and group B adenoviruses 
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use CD46, a complement regulatory protein (Arnberg, Edlund et al. 2000; Zhang and 

Bergelson 2005). Following binding, virus is endocytosed via clathrin-coated pits. In the 

endosome, a reduction in the pH facilitates escape of the virus into the cytoplasm and the 

partially degraded viral particle is transported to the nucleus via microtubules (Suomalainen, 

Nakano et al. 1999). The partially degraded viral particle releases its genome into the nucleus 

through the nuclear pore. The early genes encoding regulatory proteins are transcribed first 

and they are responsible for altering expression of host genes resulting in infected cells 

entering the S phase of cell cycle, inhibition of anti-viral host response, and regulation of 

viral gene expression (Evans & Hearing, 2002). This is followed by replication of the viral 

genome using the 5’ terminal protein as a primer for DNA synthesis. The late phase of the 

viral life cycle involves production of structural proteins. This is followed by packaging of 

the viral genomes and assembly of viruses and viral release from infected cell via viral-

induced cell lysis (Evans & Hearing, 2002). 

Infection with adenoviruses can lead to acute symptomatic or persistent asymptomatic 

infections, with different serotypes causing infection in distinct organs.  The majority of 

human adenoviruses infect the upper respiratory tract and the gastrointestinal tract and are 

responsible for 5-10% of upper respiratory infections in children (Moon 1999). In 

immunocompromised individuals, infection with certain serotypes such as AdV4 and AdV7 

can develop into serious or fatal conditions such as pneumonia or meningioencephalitis 

(Tatsis and Ertl 2004). 

1.2.2. Adenovirus as a gene delivery vector 

Adenoviruses pose several advantages for their use as a gene delivery vector. The wild type 

virus exhibits a low level of pathogenicity and infection spontaneously resolves in 

immunocompetent individuals (Vorburger and Hunt 2002). Vectors derived from adenovirus 

transduce both dividing and quiescent cells, with the ability to induce high levels of the 

transgene expression. Upon entry to the nucleus, the viral genomes remain 

extrachromosomal, thus minimizing the risk of insertional mutagenesis (Nakai, Yant et al. 

2001). Additionally, extensive characterization of adenovirus has allowed easy modification 

of the viral capsid to alter tissue tropism as well as modification of the viral genome to 

further increase its cloning capacity. 
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The viral genes E1A and E1B possess transforming ability through their interaction with the 

host retinoblastoma protein (pRB) and the tumour suppressor p53, respectively. Consequently 

most adenoviral vectors have the E1 region deleted (Ng and Graham 2002). First-generation 

adenoviral vectors have E1 and/or E3 region deleted. This renders the virus replication-

defective but enables the persistence of transgene expression as the E1 gene product leads to 

apoptosis of infected cells (Tatsis and Ertl 2004). The E1–deleted adenoviral vector allows 

insertion of transgene of up to 4.7kb. E3 genes are unnecessary for viral replication in vitro 

therefore further deletion of E3 increases the cloning capacity of recombinant AdV to 7.5kb.  

Greater cloning capacity is achieved by second-generation adenoviral vectors carrying 

additional deletions in E2, E4 or both regions (Gorziglia, Lapcevich et al. 1999). The E2 

region encodes gene products that are necessary for replication of viral genome therefore it 

has to be provided in addition to E1 by the packaging cell lines. Deletion of the E4 region 

leads to vectors with fewer late gene products, potentially reducing induction of vector-

specific immune response in vivo. With reduced induction of vector-specific CD8
+
 T cell 

response, adenoviral vector with E4 deletion is expected to confer more persistent transgene 

expression and less competition between viral antigens and the products of the transgene in 

generating a specific T cell response. 

Gutless adenoviral vectors have also been developed which carry a deletion in the entire 

genome except the ITRs and the cis-acting packaging signal (Sakhuja, Reddy et al. 2003). 

The adenoviral genome can accept cDNA of up to 37kb, thus allowing large inserts of 

expression cassettes (Danthinne and Imperiale 2000). These vectors require helper viruses for 

propagation in vitro. However, production of helper-dependent AdV vectors can be laborious 

as purification of helper-free vectors can be problematic.  

The development of trans-complementing cell lines provides the ease of construction and 

propagation of recombinant adenoviral vectors to high titre (Lyakh, Koski et al. 2002). Trans-

complementing cell lines are cell lines that are stably transfected with viral genes to supply 

products of the viral genes in trans that are absent in the recombinant viral genome. Provision 

of the viral gene products necessary for replication of the viral vector allows propagation of 

the viral vectors. The most common cell line used to produce HAdV5 is the human 

embryonic kidney 293 (HEK293) cell line, which contains the left side of HAdV5 genome 

including the E1 region, the left hand ITR and cis-acting packaging sequence and protein IX 



14 
 

sequences. PER.C6 cell line contains the HAdV5 E1 genes under the control of human 

phosphoglycerate kinase promoter but lacks overlapping sequences outside the E1 region. 

This greatly reduces the chance of homologous recombination to generate replication-

competent adenovirus and consequently PER.C6 cells are used for production of clinical-

grade adenoviral vectors (Tatsis and Ertl 2004). 

 

The abundance of adenoviral isolates from human and non-human origins provides a large 

repertoire of adenoviruses for vector development (Bangari and Mittal 2006). Different 

adenoviral serotypes can be selected for optimized transduction of target cells in different 

clinical applications. For example, HAdV5 binds preferentially to CAR, which is highly 

expressed on hepatocytes, epithelial cells, myoblasts and cardiac muscle cells (Tatsis and Ertl 

2004).  Group B adenoviruses bind to CD46, a ubiquitously-expressed complement 

regulatory protein (Sirena, Lilienfeld et al. 2004). AdV3, a subgroup B1 virus was found to 

bind to CD80 and CD86, co-stimulatory molecules expressed on activated antigen-presenting 

cells (Short, Pereboev et al. 2004).  Furthermore, modification of vector tropism can be 

achieved by pseudotyping the adenoviral vectors with fiber derived from other serotypes 

(Von Seggern, Huang et al. 2000; Hsu, Boysen et al. 2005). 

1.2.3 Adenovirus as vaccine vectors 

1.2.3.1 Adenovirus-mediated transduction of DCs 

Many studies have shown the induction of a transgene-specific immune response following 

adenoviral-mediated gene delivery. After vaccination, APCs such as DCs either acquire 

antigens by phagocytosis of transduced cells, or are transduced directly by the viral vector 

(Larsson, Francois-Fonteneau et al. 2001). Evidence of direct transduction of CD11c
+
 DC in 

vivo following vaccination with adenovirus has been reported (Sarukhan, Camugli et al. 

2001). In vitro experiments showedadenovirus-derived vectors are able to transduce human 

DCs (Rozis, de Silva et al. 2005; Loré, Adams et al. 2007).  HAdV5 transduces blood-derived 

monocyte and myeloid DCs successfully but not plasmacytoid DCs (Loré, Adams et al. 

2007). Transduction of Langerhan cells and dermal DCs derived from CD34
+
 blood 

hematopoietic stem cells by HAdV5 have also been described (Rozis, de Silva et al. 2005). 
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Despite the observation that HAdV5 is able to transduce DCs both in vitro and in vivo, the 

receptors used for cell entry remains to be identified. CAR was expressed on skin DCs such 

as Langerhans cells and dermal DCs, but its expression was low or undetectable on 

circulating DCs including myeloid DCs, plasmacytoid DCs, monocyte-derived DCs (mono-

DCs) and monocytes (Adams, Bond et al. 2009). Blocking of CAR on skin DC was shown to 

significantly but not completely inhibit transduction by HAdV5. The lack of CAR expression 

on other DC subsets also suggests utilization of a different receptor for adenoviral 

transduction (Adams, Bond et al. 2009).  

A role for integrin binding mediated by the RGD domain in adenoviral entry into DCs has 

been proposed. High levels of αvβ3 integrins expression in murine bone-marrow derived DCs 

(BMDCs) correlated with their susceptibility to adenovirus-mediated transduction and 

capacity to stimulate antigen-specific CD8
+
 T cells (Harui, Roth et al. 2006). Moreover, an 

adenoviral vector with an additional RGD domain in the penton base transduced BMDCs at 

higher efficiency (Okada, Tsukada et al. 2001). An RGD
-
CAR

-
 double AdV mutant, that 

cannot bind to either CAR or integrin, showed moderate decrease in transduction efficiency 

of BMDCs, but not in other cells including human CD11c
+ 

PBMCS, murine plasmacytoid 

DC and lymphoid DCs (Cheng, Gall et al. 2007). This suggests the contribution of the RGD 

domain to binding of the DCs could be partial and cell-type specific. With an additional 

mutation in the fiber shaft, the RGD
-
CAR

-
 mutant vector showed significant inhibition of 

transduction of BMDCs, suggesting a role for the fiber shaft in the transduction of DCs. 

Heparin-like receptor has also been proposed to mediate adenoviral entry, as evidence 

showed almost complete inhibition of transduction of BMDCs by addition of heparin sulfate 

(Cheng, Gall et al. 2007). 

Interestingly, a recent study showed lactoferrin promoted HAdV5 infection of freshly-

isolated myeloid DCs, dermal DCs, langerhans cells, monocytes and mono-DCs independent 

of CAR (Adams, Bond et al. 2009). Although the role of lactoferrin in transduction of DCsin 

vivo remains unknown, it is known to have immunomodulatory properties. High level of 

lactoferrin during inflammation was shown to recruit and activate DCs (de la Rosa, Yang et 

al. 2008). In a separate study, lactoferrin was also shown to facilitate the attachment of 

HAdV5 to epithelial cells by forming a bridge between the cell and the virus (Johansson, 

Jonsson et al. 2007). 
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In contrast, Group B adenovirus utilizes CD46, a complement regulatory molecule for 

transduction. Due to the high level of CD46 expression on DCs, Group B adenovirus 

consistently showed more efficient transduction of DCs. rAdV35, a human Group B 

adenovirus, showed higher transduction of monocyte and myeloid-DCs than HAdV5, and 

transduces plasmacyoid DCs while HAdV5 does not.  

To improve the transduction efficiency, chimeric adenoviral vectors have been generated for 

HAdV5 to express the fiber of Group B AdVs. For example, rAdV5/11, a HAdV5 expressing 

fiber from Group B adenovirus, was shown to transduce both Langerhans cells and dermal 

DC generated from CD34
+
 blood haematopoetic stem cells more efficiently than HAdV5 

(Rozis, de Silva et al. 2005). rAdV5/3, another C/B chimeric adenovirus, was also shown to 

transduce in vitro generated Langerhans cells as well as mature myeloid DC from human skin 

and draining lymph node more efficiently than HAdV5 (van de Ven, Lindenberg et al. 2009). 

In addition to pseudotyping of the virus, other methods that modify the viral fiber have been 

tested, including the use of bispecific molecules that link the adenoviral fiber to particular 

receptors found on DCs. For example, a bispecific adaptor molecule, which consists of a 

trimeric adenoviral fiber-binding moiety and a single chain antibody specific for human 

FcγRI was shown to improve transduction of human mono-DCs by 10-15 fold (Sapinoro, 

Maguire et al. 2007). Use of bispecific molecule that target adenovirus to CD40 improved 

transduction efficiency of DCs in the lymph node in vivo and improved induction of CD8
+ 

T 

cell response in a murine model of melanoma (Hangalapura, Oosterhoff et al. 2011). 

1.2.3.2 Adenovirus-mediated activation of the innate immunity 

Adenovirus activates the innate immunity via interaction with several types of receptors, 

including its primary receptors for infection, and the 3 major classes of microbial pattern 

recognition receptors i.e. members of the Toll-Like Receptor (TLR), the NOD-1 like and the 

Retinoid acid-inducible gene I (RIG-I) receptor families.  

The membrane associated TLRs are expressed primarily by macrophages, DCs and B cells 

and are located on the cell surface as well as inside the endosome (Hartman, Appledorn et al. 

2008). The TLRs recognize PAMPs, which are molecules that are evolutionarily conserved 

among pathogens. Activation of TLRs leads to a signalling pathway that activates 

transcription factors such as NFkB, which in turn activate pro-inflammatory genes. 
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Engagement of TLRs initiates signalling via adaptor MyD88 and/or TRIF. Among the TLRs 

identified, Toll-like Receptor 9 (TLR9) is located in the endosomal compartment and 

recognizes unmethylated CpG sequences in DNA, which are more common in bacterial or 

viral genomic DNA than vertebrate genome (Appledorn, Patial et al. 2008).  

The Nod-like receptor NLRP3 senses a variety of stimuli and upon activation, forms a 

multiprotein complex with adaptor ASC, pro-caspase 1 and cardinal, known as the 

inflammasome. Activation of the NLRP3 inflammasome occurs following priming with an 

initial stimulation, often via a TLR, and a subsequent secondary stimulation upon 

encountering the PAMP in the cytosol. Activation of NLRP3 inflammasome leads to 

activation of caspase 1 and subsequent cleavage and secretion of proinflammatory cytokines 

IL-1β and IL-18 (Pétrilli, Dostert et al. 2007; Martinon, Mayor et al. 2009; Schroder, Zhou et 

al. 2010).  

The RIG-like receptorsare a family of DExD/H box RNA helicases that recognize PAMPs 

within viral RNA (Yoneyama, Kikuchi et al. 2005). Activation of RIG-1 leads to the 

induction of type I interferon (IFN) production and antiviral gene expression. 

The first viral recognition occurs when adenovirus binds to its receptor for cellular 

attachment, e.g. CAR for HAdV5. Interaction of viral fiber with CAR leads to activation of 

ERK1/2, JNK MAPK, nuclear translocation of NF-κB as well as enhanced transcription of 

pro-inflammatory genes including IL-8 and several chemokines in human epithelial 

respiratory cells (Tamanini, Nicolis et al. 2006).  

Following binding to its cellular attachment receptor and endocytosis, adenovirus induces its 

own endosomal escape. Mice injected with the adenovirus ts1 mutant, a mutant defective in 

endosomal escape showed reduced cytokine response, including failure to induce type I IFN 

(Fejer, Drechsel et al. 2008; Smith, Xu et al. 2011). Endo-lysosomal breakage has been 

frequently associated with the induction of the NLRP3 inflammasome upon stimulation with 

adjuvants that are known to cause lysosomal disruption (Martinon, Petrilli et al. 2006; Li, 

Willingham et al. 2008; Maitra, Clement et al. 2009). In vitro evidence of AdV-mediated 

activation of this pathway was shown in primed-THP 1 cells, where HAdV5 induced 

disruption of lysosomal membraneand release of lysosomal protease cathepsin-β into the 
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cytoplasm. This is accompanied by the activation of NLRP3 inflammasome and IL-

1secretion (Barlan, Griffin et al. 2011). 

The adenovirus genome serves as a substrate for several types of DNA sensors. Partial 

uncoating of the adenoviral capsid in the endosome leads to exposure of the viral dsDNA 

genome to TLR9 (Cerullo, Seiler et al. 2007; Appledorn, Patial et al. 2008). TLR-9 was 

responsible for adenovirus-mediated activation of BMDCs as well as human blood-derived 

plasmacytoid DCs and secretion of type I IFN (Basner-Tschakarjan, Gaffal et al. 

2006).Recent studies suggest recognition of viral DNA was not limited to TLR9, but also 

involved intracellular DNA sensors.By screening a panel of intracellular DNA sensors using 

short hairpin RNA knockdown, adenovirus-induced interferon response factor 3 (IRF3) 

activation in murine RAW 264.7 macrophage cell line was found to involve DNA sensors 

including Absent in melanoma 2 (AIM2) and the helicase DDX41, but not DAI or p204 

(Stein and Falck-Pedersen 2012). AIM-2 belongs to the IFNI20X/IFI16 (PHYIN) protein 

family(Ludlow, Johnstone et al. 2005). It binds to DNA via a HIN200 domain and associates 

with ASC via the PYD domain to form the AIM-2 inflammasome, leading to activation of 

caspase 1 (Burckstummer, Baumann et al. 2009; Roberts, Idris et al. 2009). DDX41 is a 

member of the DEXDc family of helicases and has been shown to recognize various DNA 

viruses including adenovirus in BMDCs (Stein and Falck-Pedersen 2012).  In addition to 

DNA, adenovirus-encoded small RNAs transcribed by RNA polymerase III, induce 

production of type I IFN in BMDCs (Yamaguchi, Kawabata et al. 2010). Subsequent studies 

showed the virus-associated RNA of adenovirus is recognized by RIG-I and induced IFNβ 

secretion (Minamitani, Iwakiri et al. 2011). 

1.2.3.3 Adenoviruses in vaccine applications 

Adenoviral vectors have been extensively trialed as recombinant vaccines for both infectious 

and non-infectious diseases. In vivo studies show consistent induction of transgene-specific 

antibody and T cell responsesusing HAdV5 vectors. Transgene-specific antibodies can be 

detected following systemic as well as mucosal immunization with HAdV5 (Nemerow and 

Stewart 1999; Sarukhan, Camugli et al. 2001; Vorburger and Hunt 2002). Vaccination with 

HAdV5 induces antibodies of mixed class including IgG2a and IgG1, suggesting induction of 

a mixed Th1/Th2 responses. Upon systemic administration of HAdV5, there is a bias towards 

IgG2a, indicative of a Th1 dominant response (Nemerow and Stewart 1999; Sarukhan, 
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Camugli et al. 2001; Vorburger and Hunt 2002). In contrast, the Th1/Th2 response induced 

following mucosal administration of HAdV5 is more balanced (Nemerow and Stewart 1999). 

Certain adenovirus such as ChAdV68, an adenoviral isolate of chimpanzee-origin was shown 

to induce a more pronounced Th1 response compared to HAdV5 (Nemerow and Stewart 

1999). Due to their ability to elicit a Th1 response, adenovirus has been used in conjunction 

with other vaccines to enhance a stronger CD8
+
 T cell response (Zhang and Bergelson 2005). 

Adenovirus has been compared to other vaccine modalities and exhibits higher 

immunogenicity than recombinant DNA, vaccinia virus vaccines, or recombinant proteins 

(Xiang, Yang et al. 1996; Casimiro, Chen et al. 2003; Maeda, West et al. 2005). Inclusion of 

HAdV5 in vaccine regimens with recombinant DNA and vaccinia virus induced significant 

higher antigen-specific T cells (Maeda, West et al. 2005). In rhesus monkeys, immunization 

with HAdV5 alone, or as a booster after priming with a DNA vaccine induced more potent 

anti-viral response and conferred superior protection upon challenge with a pathogenic HIV-

SIV hybrid virus, compared to DNA vaccine or MVA vaccine (Shiver, Fu et al. 2002). 

Parallel comparison of T cell responses induced by HAdV5, DNA and modified vaccinia 

ankara (MVA) in rhesus monkeys and human showed the hierachy of immunogenicity of the 

vaccines is consistent across the two species, with HAdV5 being the most immunogenic 

followed by DNA vaccine and then MVA vaccine (Bett, Dubey et al. 2010). 

Adenoviral vectors expressing TAAs have been trialed as both prophylactic and therapeutic 

vaccines in pre-clinical models of tumour challenge. Mice immunized with adenovirus 

vaccines showed protective anti-tumour responses, including the development of transgene-

specific cytotoxic T cells response, inhibition of tumour growth and resistance upon re-

challenge (Tamanini, Nicolis et al. 2006; Iacobelli-Martinez and Nemerow 2007; Zhu, Huang 

et al. 2007; Fejer, Drechsel et al. 2008). These studies have prompted evaluation of 

adenovirus as therapeutic tumour vaccines in clinical trials. Initial trials using adenovirus as 

tumour vaccines demonstrated safety of the vaccine vectors but failed to show significant 

immunological or clinical efficacy.  

A phase I clinical trial was conducted using AdV2 encoding melanoma antigens MART-1 or 

gp100 in patients with metastatic melanoma. Fifty-four patients received recombinant 

adenovirus encoding either MART-1 or gp100 melanoma antigens administered either alone 

or in conjunction with IL-2 (Rosenberg, Zhai et al. 1998). Tumour regression was reported in 
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one patient that received the AdV-MART1 alone. There was no evidence of beneficial 

clinical response induced by adenovirus vaccination in the remainder of the patients. 

Cytokine analysis of PBMCs from the patients showed only 5 out of 22 patients responded to 

in vitro stimulation with the MART-1 peptide following vaccination, suggesting an immune 

response was only induced a small number of patients. Disappointing results were also 

reported in a pilot clinical trial that administered HAdV5 encoding p53 to 6 patients with 

advanced-stage cancer (Kuball, Schuler et al. 2002). No objective clinical response was 

observed. Moreover, vector-specific but not transgene-specific humoral and cellular immune 

responses were induced by the immunization. Similarly, sequential administration of plasmid 

DNA and adenovirus encoding lung cancer antigen L523S in patients with non-small cell 

lung cancer only showed limited evidence of immune response (Nemunaitis, Meyers et al. 

2006). 

Trials using adenovirus as vaccine for prostate cancer have produced more promising results. 

Immunization with adenovirus in conjunction with DNA in a prime-boost setting induced 

immune responses in all patients, evident by delayed-type hypersensitivity skin reactions 

(Mincheff, Tchakarov et al. 2000). In a separate study that evaluated the immunogenicity of a 

recombinant adenoviral vector expressing a prostate-specific antigen vaccine in men with 

measurable metastatic hormone-refractory disease, 34% of patients produced anti-PSA 

antibodies and 68% generated anti-PSA T-cell responses. Importantly, 55% of patients 

showed increased survival than predicted by the Haladi nomogram (Lubradoff, Konety et al. 

2009). 

Overall, there is limited data on the clinical efficacy of adenovirus as vaccine for tumour 

immunotherapy. The lack of, or limited response seen in cancer patients could be attributed to 

several major challenges presented in the clinical setting. First, in addition to designing a 

vaccine with potent immunogenicity, a complementary therapeutic approach to modulate the 

negative effect that tumour cells can exert on the host immune system may be necessary. 

Second, the design of the vaccine regimen and route of administration may be suboptimal. It 

has been suggested that intradermal administration may be more beneficial than 

intramuscular or subcutaneous administration (Nemunaitis, Meyers et al. 2006). Third, the 

presence of neutralizing antibodies to the adenoviral vector may hamper the potency of the 

vaccine. For example, high pre-immunization titre of  IgG to AdV2 was detected in 52 out of 
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53 patients tested in the melanoma trial utilizing AdV2/MART-1 and AdV2/gp100 

(Rosenberg, Zhai et al. 1998). 

1.2.3.4 Current obstacles to using Adenoviral vectors 

Up to 95% of individuals acquire adenovirus infection during early childhood and as a 

consequence, develop life-long immunity (LÖser, Cichon et al. 2004). Neutralizing antibodies 

to common adenovirus serotypes could greatly suppress an immune response to transgenes 

encoded by the viral vectors of the same serotypes.   A recent study found that more than 

80% of 1904 subjects from Africa, Brazil, Thailand, US and Europe were positive for 

neutralizing antibodies against HAdV5, whereas the percentage of subjects positive for other 

serotypes including Adenovirus serotype 6, 26 and 36 was significantly lower (Mast, 

Kierstead et al. 2009). In the phase I melanoma trial reported by Rosenberg et al (1998), only 

one of 53 patients tested had a preimmunization serum IgG antibody to AdV2 titre, as 

detected by ELISA, of less than 1000, while the majority of patients had IgG titres of 8000 or 

higher. Regarding the titre of neutralizing antibody, 6 of 53 had preimmunization titres of less 

than 100, with the majority exhibiting neutralizing titres of 400 or greater (Rosenberg, Zhai et 

al. 1998). Following the first immunization, an increase in the titre of Adenovirus-specific 

antibodies was also observed in 24 of the 45 sera tested (Rosenberg, Zhai et al. 1998). This 

limits the utility of vaccine vector based on the same serotype in a repeated immunization 

regimen (Rosenberg, Zhai et al. 1998).  

Exposure to adenovirus also results in the generation of a long-lasting T cell response (LÖser, 

Cichon et al. 2004). Characterization of HAdV5-specific T cells ex vivo showed adenovirus-

specific CD4
+
 T cells were mainly mono-functional memory cells, whereas adenovirus-

specific CD8
+
 T cells were polyfunctional with effector-like phenotypes (Hutnick, Carnathan 

et al. 2010). The adenovirus hexon protein was the predominant target recognized by the 

vector-specific T cells (Frahm, DeCamp et al. 2012). Neutralizing antibodies could reduce 

the vector load in vivo, resulting in reduced transduction. Vector-specific T cells could 

eliminate transduced cells leading to transient and insufficient antigen expression. Vector-

specific immunity has been demonstrated to hamper the induction of immune responses in 

animal models as well as in human clinical trials (Barouch, McKay et al. 2003; Barouch, Pau 

et al. 2004; Shiver 2004; Sumida, Truitt et al. 2004). Data collected from healthy volunteers 

in HIV-1 vaccine trials showed a negative correlation between the frequency of pre-
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immunization adenovirus-specific CD4
+
 T cells and both the magnitude of HIV-specific 

CD4
+
 T cell responses and the breadth of HIV-specific CD8

+
 T cell responses (Hutnick et al. 

2010). 

The negative effect of vector-specific immunity can be overcome by increasing the dosage of 

the viral vector but escalating the vector dose could introduce harmful effects. Therefore, for 

any human adenoviruses that are prevalent in the population, pre-immunization screening of 

the natural immunity in the patient cohort to be immunized and careful adjustment of the 

dosage of the viral vectors is deemed necessary.  

An additional problem is that the adenoviral epitopes recognized by vector-specific T cells 

are broad, including some conserved regions among different serotypes, leading to cross-

reactivity between multiple serotypes, including some rare serotypes such as chimpanzee-

derived adenoviruses (Basner-Tschakarjan, Gaffal et al. 2006). This further limits the use of 

human adenoviruses and their related serotypes and has prompted characterization and 

evaluation of non-human adenoviral isolates that are less closely related. 

1.2.3.5 Development of Adenovirus vaccine vectors based on rare serotypes 

Due to the limitations of using adenovirus serotypes that are prevalent in the human 

population, there is a growing interest in developing adenoviral vectors based on non-human 

adenoviral isolates. The Adenoviridae family has been grouped into 5 distinct genera, with 

most mammalian adenovirus including human adenoviruses belonging to the genus 

Mastadenovirus. Aviadenovirus, and Ichtadenovirus consist of adenoviral isolates from birds 

and fish, respectively. The genus Siadenovirus consists of adenoviral isolates from frog and 

other invertebrates and viruses that cause turkey haemorrhagic enteritis. The fifth genus is 

Atadenovirus, which consists of adenoviral isolates from ovine, bovine, deer, possum and 

some birds. Adenoviruses of this genus lack the E1 region and have a viral genome that is 

more AT-rich than other genera (Both 2004). 

Increased understanding of the biology of non-human adenovirueses has led to the 

development of a library of both replication-competent and replication-defective adenoviral 

vectors of non-human origin. Desirable features of non-human adenoviruses for gene therapy 

and vaccine vectors include low pathogenicity both in the native host and in human, a low 



23 
 

seroprevalence in humans, the lack of cross-neutralizing activity from human adenoviral 

antibodies and efficient transduction of human cells.  An additional quality necessary for 

vaccine use is the ability to stimulate the host innate immunity necessary to prime functional 

transgene-specific T cells in vivo. Table 1.1 lists the main non-human adenoviral vectors 

developed for vaccine applications to date.  

Sharma et al (2010) have tested innate immune activation in mice following administration of 

Bovine adenovirus serotype 3 (BAdV3), or porcine adenovirus serotype 3 (PAdV3) 

compared to HAdV5 (Sharma, Bangari et al. 2010). Intravenous administration of BAdV3 or 

PAdV3 induced a stronger innate immunity than HAdV5, evident by an increased production 

of proinflammatory cytokines and chemokines, and increased expression of TLRs in the liver 

and the spleen. Moreover, HAdV5 induced more pronounced histopathological changes in 

the liver than either BAdV3 or PAdV3. 
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Origin Isolate Genus Vaccine for Reference 

Bovine BAdV3 Mastadenovirus Avian 

Influenza 

(Singh, Pandey et al. 

2008) 

Chimpanzee ChAdV3 Mastadenovirus Hepatitis C (Barnes, Folgori et al. 

2012) 

 ChAdV6 Mastadenovirus HIV (de 'Souza, Haunt et al. 

2007) 

 ChAdV7 Mastadenovirus Influenza A 

H5N1, SARS, 

Zaire Ebola 

(Kobinger, Feldmann et 

al. 2006; Kobinger, 

Figueredo et al. 2007; 

Roy, Kobinger et al. 

2007) 

 ChAd63 Mastadenovirus Plasmodium 

falciparum 

(Ogwang, Afolabi et al. 

2013) 

 ChAd68 Mastadenovirus HIV, rabies (Xiang, Li et al. 2003; 

Roshorm, Cottingham et 

al. 2012) 

Avian Fowl 

Adenovirus 

CELO 

Aviadenovirus Rabies (M.M., Tutykhina et al. 

2006) 

Ovine OAdV7 Atadenovirus Hepatitis C; 

HIV 

(Wüest, Both et al. 

2004; Bridgeman, 

Roshorm et al. 2009) 

Canine CAdV2 Mastadenovirus Rabies (Tordo, Foumier et al. 

2008) 

Porcine PAdV3 Mastadenovirus Classical swine 

fever virus; 

Influenza A 

H5N1 

(Hammond, Jansen et al. 

2003; Patel, Tikoo et al. 

2010) 

Tabe 1.1. Vaccine vectors developed from non-human adenoviral isolates. 
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An adenovirus of chimpanzee origin, AdC68 exhibited efficient transduction of both 

immature and mature human DCs at similar MOI to HAdV5. Though AdC68 did not alter the 

expression of maturation markers on the cells, transduction did induce the secretion of IFNα 

and IL-6. Furthermore, AdC68-transduced DCs stimulated proliferation of autologous T cells 

(Varnavski, Schliengrer et al. 2003). Using an E1/E3 deleted recombinant adenoviral vector 

derived from Chimpanzee adenovirus serotype 3 to encode the human carcinoembryonic 

antigen (CEA) protein, Peruzzi et al (2009) showed that ChAdV3 is capable of inducing 

immune response in a tolerogenic model, the CEA transgenic mouse, at a level similar to 

HAdV5. CEA-specific T cell responses were not affected by pre-existing immunity to 

HAdV5. Moreover, in the BALB/NeuT mice model, which develops spontaneous breast 

cancer, immunization with two doses of CAdV3 rendered 70% of mice tumour free for up to 

42 weeks. 

 Recently, a phase I clinical trial of a prospective HCV vaccine using human AdV6 and 

Chimpanzee AdV3 has been reported (Barnes, Folgori et al. 2012). Both adenoviruses 

encoded the non-structural proteins NS3-5B from HCV genotype 1B and were used to prime 

a T cell response in healthy volunteers. Both vectors primed T cell responses to the transgene 

successfully with HCV-specific T cells encompassing both CD4
+
 and CD8

+
 subsets. A subset 

of polyfunctional T cells was identified, with secretion of multiple cytokines including IFNγ, 

TNFα and IL-2. Following heterologous prime-boost with the two adenoviruses, HCV-

specific T cells were sustained for at least a year. Analysis of memory phenotypes 

demonstrated generation of both central memory and effector memory T cells. The CD8
+
 

memory T cells maintained their polyfunctionality as well as proliferative capacity. This 

study reported successful use of rare adenvirus serotypes for vaccination purpose in pre-

clinical setting. 

Collectively, these data reveal the feasibility of using adenoviruses of non-human origin, 

either in primary immunization or in conjunction with other vectors in a heterologous prime-

boost setting. Increasing effort has been invested to search for novel adenovirus serotypes, 

with one study reported screening of over 1,000 adenoviruses derived from chimpanzees 

(Colloca, Barnes et al. 2012). To be applied in a clinical setting, each vector must be 

characterized extensively in terms of their biodistribution, toxicity profile, and in vivo 

efficacy. 
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1.3 The Ovine Adenovirus isolate OAdV7 – a novel vector for genetic and 

immunotherapy 

1.3.1 The Ovine Adenovirus OAdV7 

OAdV7 is the prototype of the genus Atadenovirus(Both 2004). The viral isolate OAdV7 was 

originally obtained from a sheep in Western Australia (Boyle, Pye et al. 1994; Both 2004). 

Despite being classified as an adenovirus, the virus exhibits significant structural and 

biological differences to the existing members of the Adenoviridae family and was thus 

classified into a new genus, named due to the high AT content of the viral genome (Vrati, 

Brookes et al. 1996). Similar isolates have been recovered from North America and New 

Zealand, none of which are recognized as non-pathogenic (Davies and Humphreys 1977; De 

Bey, Lehmkuhl et al. 2001). 

The genome of OAdV7 is 29,579bp, making it the smallest among known Adenoviruses 

(Vrati, Brookes et al. 1996). The genome map of OAdV7 is shown in Figure 1.3 (LÖser et 

al., 2004). The virus has a double stranded DNA genome which features a central core of 

genes that encode replication and structural proteins, with ITR flanking genus-specific genes 

at either end, typical of all adenoviruses (Vrati, Brookes et al. 1996; Both 2004).  Although 

genes encoding structural proteins and proteins involved in  DNA replication of OAdV7 

share some homology to their counterparts in the genus Mastadenovirus, major differences 

exist among their genomes (Both 2004). The genome of OAdV7 contains a significantly 

shorter ITR of 46bp, compare to the 103bp ITRs of HAdV5 (Vrati, Brookes et al. 1996).  

Genes for structural proteins V and IX are missing in OAdV7, but a gene that encodes the 

structural protein p32K is located at the left end, which is typical of the genus (Vrati, Brookes 

et al. 1996). On the left end, OAdV7 appears to lack an E1A homologue but contains open 

reading frames LH1, 2 and 3. LH1 and 2 appear to have host-specific functions as they are 

not conserved outside the genus (Davison, Benko et al. 2003; Both 2004). LH3 was 

previously proposed to be a homologue of the E1B protein of HAdV5 due its homology to 

the E1B 55kDa protein in HAdV5, which is capable of catalyzing degradation of host tumor-

suppresor protein p53 (Both 2004). This is consistent with finding that infections of ovine 

cells with OAdV7 results in a temporal decrease in p53 protein (Both 2004). However, a later 

study suggests it is a structural protein that occupies spaces between the hexon subunits in the 
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capsid and holds the capsid units together, similar to that reported for protein IX (Gorman, 

Wallis et al. 2005). Whether this protein has an additional role of interacting with host p53 is 

unclear. An E3 region is missing in OAdV7 but a putative E4 region is present in the genome 

albeit at a different location with a less complex structure (Vrati, Brookes et al. 1996). 
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A. 

 

B. 

 

Fig 1.3. The Ovine adenoviral isolates OAdV7. 

A, Cryoelectron microscopy structure of OAdV7 (Pantelic, Lockett et al. 2008). B, Genome map of 

OAdV7(LÖser, Cichon et al. 2004). Regions characteristics of OAdV7 are shown in red. Red arrows indicate 

insertion sites for OAdV7 vector. Horizontal arrows indicate open reading frames. 

The putative E4 region which consists of genes E41, E42 and E43 and 6 possible reading 

frames designated as RH1-6 lies at the right end of OAdV7 genome (Vrati, Brookes et al. 

1996). E42 and E43 contain an amino acid motif that is highly conserved in E4 34kDa 

protein homologues found in all Mastadenoviruses (Vrati, Brookes et al. 1996). E43 appears 

to activate the E2F dependent promoter, as transfection with plasmid encoding E43 gene 

activates viral E2 and an E2F-1 dependent synthetic promoter (Kumin, Hofmann et al. 2002; 

Kumin, Hofmann et al. 2004). This stands in contrast to members of Mastadenovirus, which 

activates E2F via interaction between E1A and pRb (Nevins 1995). Although the precise role 

of E43 is still unclear, its ability to activate the E2F dependent promoter could provide a 

functional substitute to E1A in the human adenoviral counterparts. The role of gene products 

encoded by RH1-6 remains to be elucidated. Genes RH1, 2, 4, and 6 have an F-box motif at 
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amino terminus, which are commonly found in many cellular and viral proteins that bind 

phosphorylated proteins and catalyze their ubiquitination, suggesting a possible regulatory 

role of genes RH1, 2, 4 and 6 (Both 2002; Both 2004). Genes encoding RH2-6 are 

dispensible for virus growth in vitro (Xu, Hyatt et al. 1997). It is possible that these genes are 

involved in maintaining the optimal genome size for viral packaging, or they may have 

important role in vivo e.g. immunomodulation to allow persistence of the virus in infected 

host.  

1.3.2 OAdV7 as a gene delivery vector. 

OAdV7 replicates efficiently in fetal lung (CSL503) and skin (HVO156) cell lines derived 

from sheep (LÖser, Kumin et al. 2001). The virus is able to infect a wide range of human and 

murine cell lines including primary cells but replication is abortive due to the absence of 

promoter function or incorrect protein processing (Khatri, Xu et al. 1997; Both 2002; Kumin, 

Hofmann et al. 2002; Lockett, Both et al. 2002). In vitro, OAdV7 vectors showed greatest 

transduction rate of cells of fibroblast phenotype (Kumin et al., 2002).  

Analysis of the OAdV7 fiber protein predicts a shaft region with 25 repeating units and a cell 

binding domain of 121 residues (Vrati, Boyle et al. 1995). This is shorter than the cell 

binding domain of HAdV5 which consists of 188 residues (Vrati, Boyle et al. 1995; 

Appledorn, Patial et al. 2008). The Arg/Gly/Asp motif in human adenoviruses which 

mediates binding and uptake of the virus via interaction with integrins as a co-receptor is 

absent in OAdV7 (Vrati, Boyle et al. 1995). This has led to speculation that OAdV7 and 

HAdV5 utilize different receptors for infection. Indeed, OAdV7 and HAdV5 do not compete 

with each other for cell entry and exhibit distinct cellular tropism (Xu and Both 1998; Voeks, 

Martiniello-Wilks et al. 2002).The tissue distribution of OAdV7 in vivo is not liver dominant, 

in contrast to HAdV5 (Nakayama, Both et al. 2006). 

By replacing the HAdV5 fiber with an OAdV7 fiber, the modified HAdV5 showed CAR-

independent tropism and enhanced transduction of CAR-deficient human cells (Nakayama, 

Both et al. 2006). In contrast to unmodified HAdV5 vectors, the pseudotyped vector did not 

show a hepatotropic biodistribution following systemic delivery but gave higher transgene 

expression in the kidney (Nakayama, Both et al. 2006). This provides further evidence that 

OAdV7 can utilize a distinct cellular receptor for viral uptake. The receptor remains to be 
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identified, but the wide distribution of vector in many organs following injection suggests 

that the receptor is widely distributed. 

Vectors based on OAdV7 are derived from insertion of transgenes into the wild-type genome 

without deletion of viral genes and making the recombinant virus replication competent in 

permissive cells.  To date, three different sites of transgene insertion have been identified 

within the OAdV7 genome (Figure 1) (Vrati, Boyle et al. 1995; Xu, Hyatt et al. 1997; Wang, 

Martiniello-Wilks et al. 2004; Wüest, Both et al. 2004). Site I is located between the pVIII 

and fibre genes, this is the same position as the non-essential E3 region in Mastadenoviruses; 

Site II lies within the non-essential region in open reading frame RH2 at nt 28.675; site III is 

between E4 and RHE transcription units at position nt 26.677 (LÖser, Cichon et al. 2004). 

Insertion of multiple cloning sites or a human α1-antitrypsin transgene into either of the sites 

did not interfere with viral growth and rescue. Site II was rarely used due to limited 

availability of restriction sites (LÖser, Cichon et al. 2004). Some vectors with a site I insertion 

were unstable during passaging, whereas vectors with site III insertions were successfully and 

reproducibly rescued and propagated stably. Vectors with site III insertion have been shown 

to mediate high level expression of the transgene in vitro and in vivo regardless of transgene 

orientation (LÖser, Cichon et al. 2004). 

OAdV7 vectors are capable of packaging up to 114% of their genome, in contrast to HAdV-5 

derived vectors that can package only 105% of their genome (LÖser, Cichon et al. 2004). The 

largest cassette that has been inserted into OAdV7 vector so far without a compensating 

deletion is 4.32kb into site III (LÖser, Cichon et al. 2004). There is potential to increase the 

cloning capacity as regions of redundancy have been identified in the genome (Xu, Hyatt et 

al. 1997). A 2kb non-essential region between site II and III which encompasses most of the 

RH region can be deleted without major consequence on viral growth, also there is ~1kb AT 

rich sequence which does not appear to encode proteins that can be deleted to further increase 

the cloning capacity of OAdV7-based vectors (LÖser, Cichon et al. 2004). 

One of the most important considerations of adenoviral vectors in human disease is 

adenovirus-mediated toxicity. In vitro studies revealed that OAdV7 replication is abortive in 

non-permissive cells including human and rodent cells (Khatri, Xu et al. 1997; Kumin, 

Hofmann et al. 2002). As the OAdV7 vectors contain all of the viral genes, it is important to 

assess transforming ability of the virus. In human adenovirus, the transforming ability 
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belongs to the E1A and E1B proteins, which interacts with the cellular retinoblastoma protein 

and catalyses degradation of p53, respectively (Nevins, 1995). OAdV7 lacks an E1A 

homologue and its LH3 shows only limited homology with E1B 55kDa (Vrati, Brookes et al. 

1996). As a structural role for LH3 has recently been discovered, it remains elusive whether 

this is an E1B homologue (Gorman, Wallis et al. 2005). Although a temporal decrease in p53 

protein in ovine cells infected with OAdV7 seem to suggest that OAdV7 is able to down-

regulate host p53, the species difference in human and ovine p53 may render interaction 

between OAdV7 and human p53 incompatible (Both 2004). In contrast to HAdV5, OAdV7 

failed to transform rodent embryo cells (Xu, Nevels et al. 2000). Another possible 

complication in a clinical setting is the formation of hybrid virus or complementation of 

OAdV7 and a human adenovirus when a host is co-infected with both viruses. In vitro 

experiments showed that OAdV7 failed to form hybrid virus with HAdV5 when co-infecting 

human cell lines, and HAdV5 failed to complement OAdV7 (Lockett, Both et al. 2002). This 

is consistent with the observation that the two viruses showed considerable differences in 

their genome structure, ITR and gene sequences.  The incompatibility between OAdV7 and 

HAdV5 is an advantage over other adenoviral vectors of non-human origin, as most other 

animal-derived adenoviral vectors being studied belong to the genus Mastadenovirus, there 

may be some level of homology to the human adenovirus which can lead to trans-

complementation between the viruses should an adventitious human adenovirus infection 

occur (Bangari and Mittal 2005). 

Studies in animal models showed that OAdV7 vectors are well tolerated without serious side 

effects. In a rabbit model, OAdV7 vector with the human α1-antitrypsin gene was injected at 

2 x 10
10

 infectious particles per kg (Hofmann, LÖser et al. 1999; LÖser, Kumin et al. 2002; 

LÖser, Cichon et al. 2004). The dose was sufficient to drive high level of transgene 

expression by day 2 post infection. Some haematological side effects were seen in infected 

rabbits including low and transient leucocytosis and a moderate and transient thrombocyte 

count (LÖser et al., 2004). However, no damage to the bone marrow was observed, which is 

in contrast to HAdV5 infection (Cichon, 2001). Moreover, unlike HAdV5, OAdV7 does not 

hemagglutinate human erythrocytes in vitro (LÖser et al., 2004). This puts OAdV7 in a 

favourable position over HAdV5 regarding its safety profile as HAdV5 based vectors induce 

severe haematological side effects in rabbits, and in one case caused severe toxicity which led 

to fatal outcome in human (Cichon 2001; Raper, Chirmule et al. 2003). 
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Analysis of the capsid of OAdV7 predicts the virus to be serologically distinct from human 

adenoviruses (Vrati, Boyle et al. 1995). No neutralizing antibodies to OAdV7 have been 

detected  in all human sera tested (Hofmann, Löser et al. 1999). In a mouse model, HAdV5-

specific antibody compromised the delivery of genes by HAdV5-based vector but not 

OAdV7 (Hofmann, Löser et al. 1999; Wüest, Both et al. 2004). This is another advantage of 

using OAdV7 over members of the Mastadenoviruses group, as cross reaction of antibody 

may occur if the non-human viral vector shares homology to the human adenovirus in capsid 

structure.  OAdV7 is also serologically distinct from other ovine, porcine, and bovine 

adenoviruses but is weakly cross-reactive with BAdV-7 of the same group (Lehmkuhl and 

Hobbs 2008). 

Taken together, OAdV7 vectors provide a good alternative adenoviral vector to mediate 

efficient gene delivery in vitro and in vivo, with an impressive safety profile and the ability to 

evade pre-existing immunity to human adenoviruses, with the ability to transduce CAR-

deficient cells.  A certified cell line, documentation and protocols used for Good 

Manufacturing Practice manufacture of clinical trial material are available for OAdV7-vector 

production and the vactor has gained regulatory approval for clinical trials for prostate cancer 

(Both 2004).  

1.3.3 Use of OAdV7 vector for genetic vaccination 

Evaluation of OAdV7 for immunotherapy has recently begun. Many features that made 

OAdV7 a good gene delivery vector are also desirable for immunotherapeutic use. Initially, 

OAdV7 vectors were employed as a vaccine vector for veterinary use (Rothel, Boyle et al. 

1997). An OAdV7 vector encoding Taenia ovis antigen 45W was able to boost sheep primed 

with DNA vaccine with the same antigen and elicited a strong antibody response. The IgG1 

response was at least 65 fold higher than animals immunized twice with the protein/Quil A 

adjuvanted vaccine and protected the immunized animal from experimental challenge 

infection with T.ovis (Rothel, Boyle et al. 1997). Recently, OAdV7 based vectors have been 

studied as a vaccine vector for human disease including Hepatitis C and HIV, and their ability 

to induce transgene-specific T cell responses have also been investigated (Wüest, Both et al. 

2004; Bridgeman, Roshorm et al. 2009). An intriguing observation of OAdV7 mediated 

transgene expression in animal models is a rapid clearance of transgene expression following 

injection (Hofmann, LÖser et al. 1999; LÖser, Hüser et al. 2002; LÖser, Kumin et al. 2002). In 
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mice, rats and rabbits injected with OAdV7 vector, the high plasma level of secreted 

transgene rapidly declined to background within three weeks (Hofmann, Löser et al. 1999; 

LÖser, Hüser et al. 2002). Similarly, rapid loss of transgene due to loss of vector DNA was 

observed in mouse skeletal muscle within two weeks following injection of OAdV7 vector 

(LÖser, Cichon et al. 2004). In contrast, transgene expression remained stable in 

immunodeficient mice suggesting that removal of transgene by the host’s immune response 

generated to the vector and/or the transgene in immunocompetent animals occurred. Staining 

of the injected muscle revealed infiltration of both CD4
+
 and CD8

+
 T cells, suggesting 

induction of cellular immunity (LÖser, Hillgenberg et al. 2000). Induction of T cell responses 

was later confirmed in mice injected intramuscularly or subcutaneously with an OAdV7 

vector encoding the luciferase gene (LÖser, Cichon et al. 2004). ELISPOT analysis revealed 

luciferase-specific IFNγ secreting T cells irrespective of route of injection (LÖser et al., 

2004).  

The ability of OAdV7 vectors to induce T cell responses to a disease-related antigen was 

examined by Wüest et al (2004), who utilized the non-structural protein 3 of hepatitits C 

virus. A single intramuscular injection of 8 x10
7
 infectious particles into BALB/c mice was 

sufficient to induce a significant T cell response 11 days after immunization, as shown by the 

number of antigen-specific IFNγ secreting T cells measured by direct ex vivo ELISpot assay 

(Wüest et al., 2004). The maximal T cell response was achieved at 4 x 10
8
 infectious 

particles. Following a single intramuscular injection with 1 x 10
10

 infectious particles, the T 

cell response persisted for at least 10 weeks after immunization (Wüest et al., 2004). 

Although the phenotype of the T cells was not analyzed, the long-lasting response is likely to 

involve generation of memory T cells. In contrast to HAdV5 immunization, the presence of 

neutralizing antibody to HAdV5 did not inhibit induction of immune T cell response in mice 

immunized with the OAdV7 vector (Wüest et al., 2004). Overall, these data suggest that a 

single, intramuscular injection of moderate dose of OAdV7 vector is able to induce a 

sustained T cell response to the transgene in the presence of natural immunity to human 

adenoviruses. The ability of OAdV7 to induce T cell memory is critical to establish a 

protective immune response and achieve a beneficial clinical outcome for preventive vaccine. 

A recent study published by Bridgeman et al (2009) constructed a OAdV7-based vector to 

encode HIVA, an HIV-derived antigen as a transgene and investigated the potential of this 

vector as a HIV vaccine. BALB/c mice were immunized with OAdV7-HIVA at doses 
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ranging from 10
5
 to 10

9
 infectious unit (IU) both intramuscularly and intradermally and the 

induction of a HIVA-specific T cell response was measured by ex vivo IFNγ ELISPOT assay 

(Bridgeman, Roshorm et al. 2009). Maximum T cell responses could be achieved with a 

single intramuscular injection of 10
8
 IU of OAdV7-HIVA (Bridgeman et al., 2009). Mice 

immunized with 10
7
 IU of OAdV7-HIVA showed that the level of T cell response was 

highest at 1 week post-immunization and then declined over a course of 4 weeks. The 

magnitude of T cell response induced was similar via intramuscular and intradermal 

injection. 

Bridgeman et al (2009) tracked the T cell response induced by OAdV7 and HAdV5 

following priming using the F5 transgenic mice. In the F5 transgenic mice CD8
+
 T cells 

express a TCR specific for the H-2Db-restricted epitope ANSENMDAM derived from the 

influenza virus NP68 protein. By measuring T cell specific to the influenza NP68 protein 

following immunization, Bridgeman et al (2009) showed the T cell response induced by 

OAdV7 and HAdV5 displayed distinct kinetics. The induction of T cell proliferation by 

OAdV7 is significantly greater than HAdV5 at 6 days post immunization.This is consistent 

with data generated using ex vivo ELISPOT assay, which showed greater frequency of 

antigen-specific T cells in mice immunized with OAdV7 than HAdV5 one week following 

immunization. However, the ex vivo ELISPOT showed that the frequency of T cells induced 

by HAdV5 is almost twice  the frequency induced by OAdV7 2 weeks after immunization, 

suggesting that T cells induced by HAdV5 displayed a delayed response. This is further 

supported by the observation that T cell proliferation induced by antigen persistence is 

observed in mice immunized with HAdV5 2 and 4 weeks after immunization, whereas in 

mice immunized with OAdV7 only minimal T cell proliferation was observed at 2 weeks but 

this was reduced to background level at 4 weeks following immunization. Taken together, 

these data suggested OAdV7 induced faster priming but the antigen delivered by OAdV7 was 

less persistent. Although HAd5-based vector appeared to induce a higher T cell response than 

OAdV7-based vector, in viral challenge assay, both vectors conferred protection to the 

immunized mice shown by reduction of the viral load in the ovaries. Furthermore, this study 

showed OAdV7-based vector and HAd5-based vector could be used for heterologous prime-

boost, with HAdV5 prime and OAdV7 boost being the preferred order (Bridgeman, Roshorm 

et al. 2009). 
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Importantly, OAdV7-HIVA was shown to be able to induce polyfunctional T cells with T 

cells producing IFNγ and CD107a, a de-granulation marker being the most abundant 

(Bridgeman et al., 2009).  Induction of polyfunctional T cell response is an important 

correlate of protection, as studies have shown that T cells that secrete multiple cytokines 

exhibit enhanced killing and produced significantly greater IFNγ (Seder, Darrah et al. 2008).  

Fraser et al (2010) compared the relative strength and nature of the primary immune response 

in mice following immunization with a recombinant OAdV7 with recombinant fowl pox 

virus (FPV), both of which encode ovalbumin (OVA) gene as the antigen.  OAdV7-OVA 

induced a lower level of OVA-specific T cells than FPV, while OAdV7 induced a stronger 

humoral immune response than FPV(Fraser, Diener et al. 2010). OAdV7 immunization 

appeared to induce a systemic response with antigen persistence up to day 7 following 

immunization. In contrast, the response induced by FPV was constricted to local draining 

lymph node and of shorter duration indicative of rapid antigen clearance.  When used in a 

heterologous prime-boost immunization regimen involving priming with OAdV7-OVA and a 

boost with FPX-OVA on day 15, both cell mediated and humoral immunity was successfully 

induced at levels higher than immunization with either vector alone. 

Overall, OAdV7-based vectors have been exploited as a vaccine vector for immunotherapy. 

Studies have shown that vectors based on OAdV7 are able to generate both humoral and 

cellular immunity with the induction of poly-functional T cells, and can be effectively used as 

a single injection or heterologous prime-boost with other vaccine for immunization. The 

encouraging results from these animal studies invite further research on the utility of the 

OAdV7-based vectors for immunotherapy in humans.  

Although there is evidence of an immune response induced by OAdV7 vaccination, the most 

recent study by Fraser et al (2010) suggested that OAdV7 vaccination is weak at inducing a 

cell-mediated response but favours induction of a humoral response. As the cell mediated 

response is considered more effective for tumour eradication, the ability of OAdV7 to induce 

a cell mediated response is important in determining its efficacy as a tumour vaccine. This 

study aims to address this issue by testing the strength of T cell response induced by OAdV7 

immunization in mice model. Furthermore, OAdV7 was shown to utilize a distinct, yet 

unknown receptor than HAdV5 (Xu and Both 1998; Voeks, Martiniello-Wilks et al. 2002), 
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which suggests that OAdV7 may exhibit unique immunomodulatory properties on immune 

cells. To date, the interaction between OAdV7 and human immune cells has not been studied. 

The first set of experiments in this study characterized the interaction between OAdV7 and 

human immune cells, in particular, mono-DCs. The ability of OAdV7 to transduce, activate 

human DCs and prime antigen-specific T cells in vitro was described (Chapter 4). The second 

aim of this study is to test the ability of OAdV7, as a vaccine vector, to induce a cell 

mediated response. The strength of the T cell response following OAdV7 vaccination is 

measured in mice model using in vivo cytotoxic killing. As Fraser et al (2010) measured the 

cell mediated response by in vitro analysis, the in vivo cytotoxic killing in this study provides 

a more accurate measurement of the cell-mediated response. Finally the efficacy of the T cell 

response is tested in tumour challenge models, using ovalbumin (OVA) as the tumour antigen 

(Chapter 5). 
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Chapter 2. Materials and Methods 

2.1 Materials 

2.1.1 Buffers and solutions 

Solution Composition 

FSB 45 mM MnCl2.4H2O,10 mM CaCl2.2H2O,100 mM KCl,  

3 mM hexamine cobalt(III)chloride, 10 mM potassiumacetate, 

10% v/v glycerol, pH 7.4. 

Inoue transformation buffer 55 mM MnCl2·4H2O, 15 mM CaCl2·2H2O, 250 mM KCl, 10 mM 

PIPES (0.5 M, pH 6.7). 

Alkaline lysis solution I 25 mM Tris HCl, pH 8.0, 50 mM glucose, 10 mMEDTA 

Alkaline lysis solution II 0.2 MNaOH, 1% SDS, prepared fresh 

Alkaline lysis solution III 3 Mpotassiumacetate, 11.5% acetic acid 

TE buffer 10 mM Tris HCl, 1 mM EDTA, pH 8.0 

TBE buffer 80 mM Tris-borate, 2 mM EDTA, pH 8.0 

6x DNA loading buffer 0.25%(w/v) bromophenol blue, 0.25% (w/v) xylenecyanol, 30% 

(v/v) glycerol 

MACs Buffer 1xD-PBS, 0.5% bovine serumalbumin, 2 mM EDTA 

DC Isolation Buffer 1xD-PBS, 0.1% bovine serumalbumin, 2 mM EDTA 

FACs wash buffer 1x D-PBS, 1% Fetal calf serum 

D-PBS (10x) 2.7 mM KCl, 1.5 mM KH2PO4,140 mM NaCl, 1 mM 

Na2HPO4,pH 7.4 
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Dialysis Buffer 10 mM Tris pH8.5, 2 mM MgCl2, 4% sucrose 

Virus dissociation buffer 0.1% SDS in 10 mM Tris-HCl, pH 8.0 

Red blood cell lysis buffer 150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4 

2.1.2 Bacterial strains 

Strain Genotype Source 

Escherichia.coli 

(E.coli) DH5α 

F-φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 

endA1 hsdR17 (rk-,mk+)phoA supE44 λ- thi-1 

gyrA96 relA1 

Invitrogen 

E.coli XL1-Blue 

 

recA1endA1 gyrA96 thi-1 hsdR17 supE44 

relA1lac [F´proAB lacIqZΔM15 Tn10 (Tetr)] 

Stratagene 

E.coli  

BJ5183 

endA1 sbcBC recBC galK met thi-1 bioT hsdR  

(Str
r
) [pAd-Easy-1 (Amp

R
)] 

Addgene plasmid 16398 

From Aimin, Xu Lab,  

Li Ka Shing Faculty of 

Medicine, University of 

Hong Kong 

2.1.3 Bacterial growth media 

Media Composition 

SOB 2%bactotryptone, 0.5% yeastextract, 0/05% NaCl, 2.5 mM KCl, pH7.0.After 

autoclaving the following were added: 20 mM glucose, 10 mM MgCl2 

 

N.B.Glucose was not added when used for preparation of competent 

DH5αcells. 

LB 1%bactopeptone, 0.5% yeast extract, 1% NaCl, pH 7.0. For agar plates,2%agar 
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was added prior to autoclaving 

2.1.4 Enzymes and reagents 

Enzymes Supplier 

PacI New England BioLabs 

PmeI New England BioLabs 

SbfI New England BioLabs 

NotI Roche 

BglII New England BioLabs 

XhoI Roche 

Platinum
®

Pfx DNA polymerase Invitrogen 

Platinum
®

TaqDNA polymerase Invitrogen 

T4Ligase Invitrogen,Roche 

rAPidAlkaline phosphatase Roche 

RNaseA Sigma 

Big Dye Terminator v3.1 sequencing kit Invitrogen 

CFSE Invitrogen 

Cell trace violet Invitrogen 

Streptavidin HPR for detection BD Biosciences 

TMB (substrate) Invitrogen 

Purified anti-mouse IL-12 p40/p70 BD Pharmingen 

Biotinylated anti-mouse IL-12 p40/p70 BD Pharmingen 
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Purified anti-mouse IL-10 BD Pharmingen 

Biotinylated anti-mouse IL-10 BD Pharmingen 

3
[H]-thymidine  NEN 

Human IL-6 capture bead and PE detection reagent BD Biosciences 

Human IL-12/23 p40 capture bead and PE detection 

reagent 

BD Biosciences 

Human IL-12 p70 capture bead and PE detection reagent BD Biosciences 

Human IL-10 capture bead and PE detection reagent BD Biosciences 

Human TNFα capture bead and PE detection reagent BD Biosciences 

2.1.5 Mammalian celllines 

 CellLine Speciesand tissue of origin Source 

 HeLa  Human, cervicalcarcinoma  

MolecularVirology Group,  

School of BiologicalSciences, 

University of Auckland 

 HepG2  Human, hepatocellular carcinoma 

 HEK293  Human, embryonic kidney 

 TROMBELI  Human, melanoma  

Immunology Group,  

School of Biological Sciences, 

University of Auckland 

 SK-MEL-23  Human, melanoma 

 C8 MART-1  clone  Human, CD8
+
 T cells 

 2D10 MART-1 clone  Human, CD8
+
 T cells 

 B16-OVA cells Murine, melanoma  Immunology Group, 

 Pathology 

 Dunedin School of Medicine 



41 
 

 University of Otago 

2.1.6 Media and buffers for mammalian cell culture 

Name Composition Source 

Dulbecco’sModified 

EagleMedium 

(DMEM) 

1DMEM sachet of powder per litre, 3.7 g/L 

NaHCO3.Filter sterilised through a 0.2 μmSteritop  

bottletop filter (Millipore). Supplemented to 10% with 

fetal bovine serum 

Invitrogen 

RPMI  Premade Invitrogen 

GlutaMAX
TM

 

Supplement 

 Premade Invitrogen 

TrypsinEDTA  Premade Invitrogen 

Fetalbovine serum  Invitrogen 
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2.1.7 Antibiotics 

Antibiotic Preparation 

Ampicillin 50 mg/mL stock solutionwas filter sterilised (0.2 μmfilter), and 

stored in aliquots at -20 ºC(Sigma). Used at 100 μg/mL. 

Penicillin/Streptomycin 100x(Invitrogen). Added to RPMI at 1:100. 

Penicillin 60 mg/mL stock solutionwas filter sterilised (0.2 μmfilter), and 

stored in aliquots at -20 ºC(Sigma). Used at 60 μg/mL. 

Streptomycin 140 mg/mL stock solution was filter sterilised (0.2 μmfilter), and 

stored in aliquots at -20 ºC(Sigma). Used at 140 μg/mL. 

Kanamycin 50 mg/mL stock solutionwas filter sterilised (0.2 μmfilter), and 

stored in aliquots at -20 ºC(Sigma). Used at 50 μg/mL. 

Chloramphenicol 50 mg/mL stock solutionin 100% ethanol, and stored at -20 ºC 

(BoehringerMannheim). Used at 30μg/mL. 

2.1.8 Cytokines and drugs 

All Cytokines were resuspended at 10µg/ml and stored at -20ºC before use. Once thawed, 

cytokines were stored at 4ºC and used within 1 month. 

Name Description Source 

GM-CSF Recombinant human GM-CSF.  PeproTech,Inc 

IL-4 Recombinant human IL-4.  PeproTech,Inc 

IL-7 Recombinant human IL-7.  PeproTech,Inc 

IL-15 Recombinant human IL-15.  PeproTech,Inc 

IL-21 Recombinant human IL-21.  PeproTech,Inc 

mGM-CSF Recombinant murine GM-CSF PeproTech,Inc 

Concanavalin A  Sigma 
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Lipopolysaccharide Lipopolysaccharidesfrom Salmonella enterica. 

Resuspend at 1 mg/ml. 

 

serotypetyphimurium. Resuspended at 1mg/mL. 

Sigma 

2.1.9Fluorescent Antibodies and dyes 

Species Antibody Conjugate Supplier Clone Volumeper 

10
6
cells (µl) 

Human CD1a APC BDPharmingen HI149 20 

Human CD3 PE-Cy5 Biolegend UCHT1 5 

Human CD4 PE Biolegend RPA-T4 5 

Human CD4 PE-Alexa610 Invitrogen S4.1 5 

Human CD8 APC BDPharmingen  5 

Human CD8 APC-Cy7 Biolegend RPA-T8 5 

Human CD8 Alexafluor700 Biolegend RPA-T8 0.5 

Human CD14 FITC Serotec UCHM1 2.5 

Human CD20 PE Biolegend 2H7 20 

Human CD40 APC-Cy7 Biolegend 5C3 5 

Human CD45RA FITC Biolegend HI100 5 

Human CD45RO APC Biolegend UCHL1 5 

Human CD56 PE-Cy7 Biolegend HCD56 1.25 

Human CD80 PE-Cy7 Biolegend 2D10 5 

Human CD83 PerCP-Cy5.5 Biolegend HB15e 2.5 

Human CD83 PE Biolegend HB15e 5 

Human CD86 APC Biolegend IT2.2 5of 1:40 

Human CD86 PE Biolegend IT2.2 5 

Human CD137 PE Biolegend 4B4-1 5 

Human CD137 APC Biolegend 4B4-1 5 

Human HLA-A2 FITC Serotec BB7.2 2.5 

Human HLA-DR APC Biolegend L243 5 

Human HLA-DR PerCP BDPharmingen L243 1.25 
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Human HLA-DR Alexafluor700 Biolegend L243 1 

Human A*02:01 

ELA-

pentamer 

PE Proimmune  0.3 

Mouse CD11c PE BD Pharmingen HL3 5 

Mouse CD40 PE BD Pharmingen 3/23 5 

Mouse CD80 PE BD Pharmingen 16010A1 5 

Mouse CD86 PE BD Pharmingen GL-1 5 

Mouse MHC I H2-

Kb 

PE BD Pharmingen AF6-88.5 5 

Mouse MHC II 1-

A/1-E 

PE BD Pharmingen M5/114.15.

2 

5 

 7AAD  BDPharmingen  5 

 Propidium 

Iodide 

 

iodide 

 Invitrogen  1:1000 dilution 

 DAPI  Invitrogen  1 µl of 1:100 

dilution 

 

2.1.10 Peptides and protein 

Peptide/protein Sequence Supplier 

ELA peptide Melan-A(aa26-35*A27L) 

ELAGIGILTV 

Provided by the Brimble 

Lab,  

School of Chemistry, 

University of Auckland 

SIINFEKL OVA257-264 SIINFEKL Auspep 

OVA protein Chicken Egg Albumin Sigma 
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2.1.11 Viral vectors 

Viral vectors HAdV5 strain KS99, OAdV7/WT and OAdV7/RSV-OVA-IRES-eGFP were 

obtained from Broadvector Pty. OAdV7/RSV-OVA-IRES-eGFP encodes the whole 

ovalbumin protein followed by the internal ribosomal entry site sequence derived from 

encephalomyocarditis virus and the enhanced green fluorescent protein. The OAdV7 

recombinant viral vectors were prepared by double banding on CsCl density gradient(Both, 

Cameron et al. 2007). A batch of a different OAdV7 manufactured for clinical use by the 

same procedure was tested for endotoxin contamination and did not contain a significant 

level of endotoxin (<0.25EU/ml) (Gerry Both, personal communication, August, 1, 2011). 

However, the batch that was sent to the author’s lab for the study was not tested. 

 

The transgene cassette for OAdV7/RSV-OVA-Ub-ELA-IRES-eGFP was constructed in the 

author’s lab but the infectious virus was rescued from transfected CSL503 fetal ovine lung 

cells and propagated in CSL503 cells (kept at no more than 54 passages) by Broadvector. 

 

The infectious titre of all the viral vectors was determined using the TCID50 method and 

expressed as infectious unit (IU) per ml. The viral particle (vp) to IU ratios indicate viral 

particles to infectious unit ratio. A detailed description of the method used for IU and vp 

determination is provided in section 2.2.2.6 and 2.2.2.7, respectively. 

 

Vector Transgene Supplier Infectious Titre (IU/ml) vp to IU 

ratio 

OAdV287 WT Broadvector 8.4x10
10 9 

OAdV287 RSV-OVA-IRES-

eGFP 

Broadvector 8.4x10
10 7.5:1 

OAdV287 RSV-OVA-Ub-

ELA-IRES-eGFP 

Broadvector 4.2x10
10 5:1 

HAdV5 

strain KS99 

EF1-eGFP Broadvector 5.6x10
11 7.8:1 
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2.1.12 Plasmids 

Plasmid Supplier 

pShuttle Addgene plasmid 16402 

Professor Aimin Xu Li Ka Shing Faculty of Medicine, University 

of Hong Kong 

pAdEasy-1 Addgene plasmid 16400 

From Aimin, Xu Lab, Li Ka Shing Faculty of Medicine, University 

of Hong Kong 

pAAV2/6 eGFP-Ub-ELA MolecularVirology Group, 

Schoolof Biological Sciences, UniversityofAuckland 

p263 Broadvector 

p268 Broadvector 

2.1.13 Primers 

Primer Sequence 

263_EcoRI_F TGGTTGAATTCCGCATTGCAGAG 

BglIImut_XhoI_R TTTACTCGAGTTAAGGAGAAACAGATCTGCC 

Ub_BglII_F CCCGTACGAGATCTGGAGGCGGAGGAATGCAGATATTCGTGAAAA

CCCTTAC 

ELA_XhoI_R CGGGTCTCGAGTTACACTGTCAGGATGCCGA 

263_XbaI_cas_R AATTCTAGAGCTAAGCGGCGCGCCGTCGAGC 

 

263_NotI_cas_F ATAGCGGCCGCCGGTCCGGTCGAGGTCCGATGTAC 
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2.2 Methods 

2.2.1 Molecular Biology 

2.2.1.1 Preparation of chemically competent bacteria 

E.coli strain BJ5183DH5α: 

A single colony from freshly plated bacterial culture (less than 2 weeks old) was inoculated 

into 5 mL of LB broth and left to grow overnight at 37 ºC with agitation on a shaker. The 

next day, 0.5 mL of the overnight culture was sub-cultured into 100 mL SOB medium 

supplemented with 2 mL sterile 1M MgSO4. The culture was monitored every hour by 

measuring its optimal density at 600 nm (OD600), and every half hour once the OD600 reached 

0.2.  

When the OD600 reached 0.4, growth of the culture was stopped by transferring it into pre-

chilled tubes and kept on ice for 20 minutes. The culture was then centrifuged at 5000 rpm 

for 15 minutes at 4ºC, followed by removal of supernatant. The pellet was gently resuspended 

in 50 ml FSB and incubated on ice for another 10 minutes, followed by centrifugation at 5000 

rpm for 15 minutes at 4 ºC. The supernatant was removed and the pellet was resuspended in 

10 mL FSB. 350µl of DMSO was added and gently mixed. The samples were incubated on 

ice for 15 minutes. A further 350 µL DMSO was added, followed by 5 minutes of incubation 

on ice. Finally the competent cells were aliquoted into pre-chilled 1.5-mL microcentrifuge 

tubes and snap frozen in liquid nitrogen.  

E.coli strain BJ5183: 

BJ5183 containing pAdeasy-1 was made competent by the standard calcium chloride method.  

A single colony was inoculated into 5ml LB and grown overnight at 37ºC. The next day, the 

culture was diluted 1:100 in fresh LB and grown at 37C until A650 reached 0.4. The culture 

was incubated on ice for 10 minutes and then spun at 5000 rpm for 10 minutes at 4ºC. After 

the removal of supernatant, the cells were resuspended in 25 mL 100mM MgCl2, and 

incubated on ice for 5 minutes. The cells were centrifuged at 4000 rpm for 10 minutes at 4ºC 

and resuspended in 25 mL of 100mM CaCl2, followed by 20 minutes of incubation on ice. 

The cells were then centrifuged again at 4000rpm for 10 minutes at 4ºC and finally 
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resuspended in 10 mL of 100mM CaCl2 and 15% glycerol. The cells were divided into 500 

µL aliquot in pre-chilled 1.5-mL microcentifuge tubes and snap frozen in liquid nitrogen. 

E.coli strain XL10: 

Chemically competent XL10 cells were prepared using method described by Inoue et 

al.(Inoue, Nojima et al. 1990). A single colony was inoculated into 25 mL of SOB buffer and 

left to grow for 6hours at 37ºC with vigorous shaking. After that, 3 1L flasks of 250 mL 

SOBwere inoculated with increasing volume of the starter culture, using 10, 4, and 2 mL of 

starter culture. The cultures were left to grown overnight at 18ºC. 

The next day, the cultures were monitored every hour by measuring OD600, and every half 

hour once the OD600 reached 0.4. Once one of the cultures reached OD600 of 0.6, the cultures 

were transferred onto ice for 10minutes. The cells were harvested by centrifugation at 2500g 

for 10 minutes at room temperature in 50-mL falcon tube, and the supernatant was removed. 

The tube was inverted on a paper towel to dry. The cells were then resuspended in 80 mL of 

ice-cold Inoue transformation buffer. The cells were harvested by centrifugation again at 

2500g for 10 minutes, followed by drying on a paper towel. Finally, the cells were 

resuspended gently in 20 mL of Inoue transformation buffer with 7.5% DMSO. The cells 

were stored on ice for 10 minutes then dispensed in 500 µL aliquots into chilled, sterile 1.5-

mL tubes. All competent cells were kept at -80ºC until use. 

2.2.1.2 Transformation of chemically competent E.coli 

Transformations were performed in pre-chilled14-mL Falcon polypropylene round-bottom 

tubes (Becton Dickinson) on ice.100 μL of competent cells were incubated with 1-100ng 

DNA for 30 minutes, followed by a heat shock in a 42°C water bath for 45 minutes. 

Immediately after the heat shock, the tubes were transferred and incubated on ice for 2 

minutes to cool down, after which 900 μL of room temperature LB was added. The bacteria 

were allowed to recover for 1.5 hour at 37ºC. After the recovery, the bacteria were plated in 

appropriate dilutions onto LB plates supplemented with appropriate antibiotics. For 

transformation with ligation mixtures, the entire transformation mix was centrifuged to pellet 

the cells which were resuspended and spread on agar plates. The bacterial cultures were 

incubated overnight at 37°C.  
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2.2.1.3 Plasmid DNA isolation by alkaline lysis 

Small-scale plasmid DNA isolation (Miniprep) was performed using an alkaline lysis 

method. Briefly, a single colony was inoculated in LB in the presence of appropriate 

antibiotics and shaking at 185rpm overnight, followed by centrifugation at 13000rpm for 1 

minute to harvest the bacterial pellet. The pellet was resuspended in 100 μL Alkaline lysis 

solution I. 200 μL of freshly made Solution II was added and the samples were mixed by 

inversion for 5 times. The samples were kept on ice for 3-5 minute followed by the addition 

of 150 μL of solution III. After mixing several times and 5 minutes incubation on ice, the 

samples were centrifuged at 13000rpm for 5 minutes at 4°C. The supernatants were carefully 

transferred to a new tube, and 2x volume of 100% ethanol was added. After incubation for 2 

minutes, the samples were centrifuged again at 13000rpm for 5 minutes at 4°C. Supernatants 

were aspirated and the DNA pellets were washed with 1 mL 70% ethanol followed by 

centrifugation at 13000rpm for 2 minutes. After centrifugation, ethanol was removed and the 

pellets were left to air dry. After the pellets were dried, 50 μL TE buffer supplemented with 

100 µg/mL RNAse A was added to each sample.  

For large-scale plasmid DNA isolation (Midiprep) by alkaline lysis, a starter culture was 

inoculated from a single colony into 5 mL of LB with appropriate antibiotics for 6 hours, 

followed by dilution of the starter culture into 100 mL LB with antibiotics at 1:500. The 

culture was left to grow at 37ºC for 18 hours and harvested the next day. Plasmids were 

extracted using the alkaline lysis method as described above with appropriate scaling of the 

reagent volumes. Following the addition of Alkaline lysis solution III and centrifugation, the 

supernatant was transferred to a fresh tube with the addition of an equal volume of 

phenol:chloroform. This was followed by mixing and centrifugation at maximum speed for 2 

minutes at 4 ºC, followed by transfer of the aqueous upper layer into a new tube. The DNA 

was precipitated by the addition of 2x volumes of isopropanol. The tubes were mixed by 

inverting 20 times then centrifuged at maximum speed for 5 minutes. After removal of 

supernatant and draining of the tube by inverting it, the pellet was washed in 70% ethanol 

two times and allowed to dry. The pellet was finally resuspended in TE buffer supplemented 

with 100 µg/mL RNAse A. 
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2.2.1.4 Plasmid DNA isolation by commercial kits 

For isolation of plasmid DNA of high purity, the Invitrogen PureLink Quick Plasmid 

miniprep kit was used. Minipreps were performed as per manufacturer’s instructions. Briefly, 

bacterial pellets were resuspended in 250 μL R3 buffer supplemented with RNAse at 20 

μg/mL. The samples were then lysed in 250μL lysis buffer L7. The samples were incubated 

on ice for no more than 5 minutes, followed by the addition of 350 μL buffer N4. The 

samples were spun at 12000 g for 10 minutes at room temperature, after which the 

supernatant was carefully removed and loaded on to a spin column. The columns were spun 

at 12000 g for 1 minute and washed with 700 μL wash buffer W9. An extra round of 

centrifugation was performed to completely remove the ethanol in the wash buffer, and the 

DNA was eluted from the column using 50 μL water.   

2.2.1.5 Restriction enzyme digest 

Restriction digests were performed according to manufacturer’s instructions. The standard 

restriction digest set up included 10 units of the restriction enzyme, 1x restriction buffer and 

less than 10μg of template DNA. Restriction digests were performed at 37°C for 1-4hours.  

Double digests were performed according to NEB website 

http://www.neb.com/nebecomm/DoubleDigestCalculator.asp#.T4YMYdn6vag 

If buffer incompatible enzymes were used, a sequential digest was performed. Between 

digests, the DNA was purified by the PureLink
TM

 PCR Purification Kit (Invitrogen) or gel 

extraction. Restriction digests were analyzed using DNA gel electrophoresis. 

2.2.1.6 DNA purification using the PCR purification kit 

Linear dsDNA fragments of 100bp to 12kb were purified using the PureLink
TM

 PCR 

Purification Kit (Invitrogen) as per manufacturer’s instructions. DNA was mixed with 

Binding Buffer at a ratio of 1:4 and loaded onto a purification column. The columns were 

centrifuged at 10000 g for 1 minute, then washed with 650 μL Wash buffer and centrifuged 

for 1 minute at 10000 g. This is followed by another centrifugation for 3 minutes at 10000 g 

to completely remove the ethanol in the wash buffer. Finally, 50 μL of water was added to 
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the centre of the column, incubated for 1 minute at room temperature, and then DNA was 

eluted by centrifuging the column at 10000 x g for 2 minutes. 

2.2.1.7 Ethanol precipitation of DNA 

For DNA fragments too large to be efficiently purified by commercial kits, ethanol 

precipitation was performed. 3M Sodium acetate was added to the DNA at 1:10 volume ratio 

followed by mixing. 2-2.5 volume of 100% cold ethanol was added and the samples were 

incubated on ice for longer than 20 minutes. The samples were spun at 13000 g for 15 

minutes to pellet the DNA, after which the pellet was washed once in 1 mL 70% ethanol and 

briefly centrifuged. The pellet was left to air dry and then resuspended in water or TE buffer. 

2.2.1.8 Gel electrophoresis of DNA 

DNA samples were analyzed on agarose gels. 1.5% and 0.7% agarose gels were used for 

small (0.2-2kb) and large (2-40kb) DNA fragments, respectively. Gels were made and run in 

1x TBE buffer. Gels were pre-stained with 0.5 μg/mL ethidium bromide. DNA samples were 

loaded with 1x Loading Buffer and the samples were run at 120V for various length of time. 

Bands were visualized using Gel-Doc UV Trans-Illuminator by Quantity One Software 

Version 4.6.2 (Bio-Rad).  

2.2.1.9 Gel extraction of DNA 

DNA fragments were extracted from agarose gel using the PureLink
TM

 Gel Extraction Kit 

(Invitrogen).0.7% agarose was used for gel extraction. Agarose gel containing the desired 

DNA fragments were excised using a sterile surgical blade illuminated with the UV light on 

the TM-20 Dual-Intensity Transilluminator (UVP). The agarose block was weighed and 

Buffer L3 was added at 3:1 (volume of buffer in mL to weight of agarose in mg) ratio. The 

agarose was incubated at 50°C for 10 minutes, or until the agarose fully dissolved. Then the 

agarose was incubated for a further 10 minutes at 50°C. Buffer containing the dissolved 

agarose was transferred onto a gel extraction column supplied with the kit. The columns were 

spun at 12000 g for 1 minute, washed in 700 µL W1 buffer and spun again. An extra spin at 

12000 g for 3 minutes was performed to remove ethanol. DNA was eluted by adding 50 μL 

water to the centre of the column, and incubated for 1 minute followed by 2 minutes of spin 

at 12000g. 
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2.2.1.10 Polymerase Chain reaction (PCR). 

All PCRs for cloning were performed using the Platinum


Pfx DNA polymerase (Invitrogen) 

as per manufacturer’s instructions. 

A standard 50 μL PCR reaction consists of the following: 

 

5 μL 10X Pfx Amplification Buffer 

1.5 μL 10 mMdNTP 

1 μL 50 mM MgSO4 

0.75 μL Forward Primer 

0.75 μL Reverse Primer 

10 pg-200 ng Template DNA 

To 50 μL PCR grade water 

 

The reaction mixtures were mixed and PCR reactions were performed on a GeneAmp


 PCR 

System 9700 (Perkin Elmer) with the following conditions: 

 

For primers with low Tm (55-65 °C): For primers with high Tm (65-70 °C): 

94 °C 5 minutes 

94 °C 15 seconds 

55 °C 30 seconds 

68 °C 1 minute per kb 

68 °C    7 minutes 

94 °C 5 minutes 

94 °C 15 seconds 

 

68 °C 1 minute per kb 

68 °C    7 minutes 

 

PCR products were analyzed by gel electrophoresis and stored at -20°C. 
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2.2.1.11 Quantification of DNA 

DNA samples were quantitated using the ND-1000 Spectrophotometer (Nanodrop®). The 

Abs260/280 ratio was also measured as an indication of DNA purity, with Abs260/280 value of 

1.8-2.0 being ideal, suggesting good quality of DNA. 

The formula for calculation of DNA concentration is: 

c = (A*e)/b 

A – Absorbance in Absorbance unit 

e – wavelength-dependent extinction coefficient 

b – light path in cm 

c – concentration 

 

2.2.1.12 Ligation 

Ligations were performed using the T4 DNA ligase (Roche) with a vector to insert ratio of 

1:3, for example 30 pmol of vector and 90 pmol of the insert DNA. Prior to ligation, vectors 

were dephosphorylated using the rAPid Alkaline Phosphatase (Roche) by adding 2 µL of 10x 

concentrated rAPid Alkaline Phosphatase buffer and 1 µL (1unit) of rAPid Alkaline 

phosphatase to up to 1 µg of vector DNA, and the reaction was adjusted to a final volume of 

20 µL using deionized water. The reactions were incubated at 37ºC for 10 minutes, followed 

by heat inactivation at 75ºC for 2 minutes.  

All ligations were done in 30 µL total volume with 1 unit T4 DNA ligase. Ligation reactions 

were performed at 4ºC overnight. 

2.2.1.13 Sequencing of DNA 

Sequencing of PCR product to check the fidelity of the PCR reaction for all cloning 

experiments was performed by the DNA sequencing facility at the University of Auckland. 

Sequencing reactions were performed using the BigDye 3.1 Dye terminator chemistry 

(Applied Biosystems) on a GeneAmp® PCR System 9700 (Perkin Elmer). The sequencing 

reactions were run on a 3130XL capillary sequencer (Applied Biosystems). Following 
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sequencing reactions, analysis of DNA sequences was performed using the Sequence Scanner 

software v1.0 (Applied Biosystems). 

2.2.2 Mammalian cell culture and virus production 

2.2.2.1 Cell culture 

Adherent HEK293 and melanoma cells were maintained in 25-cm
2
 or 75-cm

2 
flasks or 145-

cm
2
 tissue culture plates (Greiner BioOne) in DMEM medium supplemented with 10% fetal 

bovine serum (Invitrogen) and 60 µg/mL penicillin and 140 µg/mL streptomycin. Cells were 

split every 3-5 days depending on confluence of the culture.  

For subculture, medium was removed, the cells were washed once with PBS, and 1 mL 

trypsin/EDTA was added. 9 mL of sDMEM was added to the cells to inactivate the trypsin. 

Cells were then spun at 1300 g for 5 minutes and the cell pellet was resuspended in 1ml 

sDMEM and split depending on the ratio. Cells were usually split at 1:6 ratio, or seeded at 

given cell density for transfection/transduction/infection. All manipulations were performed 

in a class II biosafety cabinet using sterile technique. Cultures were maintained in 37 ºC 

incubator with 5% CO2. 

2.2.2.2 Cryopreservation and thawing of mammalian cells 

Cells were harvested by trypsinization, with medium removed, and resuspended in ice cold 

freezing media composed of 90% fetal bovine serum and 10% DMSO, and divided into 1-mL 

aliquots in cryogenic vials. Cells were resuspended at 10x10
6
/mL. Cryogenic vials containing 

cells were cooled in a Cryo 1 ºC Freeze container (Nalgene) containing isopropanol and 

stored at -80 ºC overnight, followed by transfer to liquid nitrogen tank for long term storage. 

For thawing, cells were removed from liquid nitrogen tank, quickly thawed in a 37 ºC water 

bath until the frozen culture partially melted. Cells were rapidly diluted in 10 mL 

supplemented media and centrifuged at 400 g for 10 minutes at room temperature, followed 

by the removal of media and the resuspension of culture at appropriate density. 

2.2.2.3 Transfection 

Preparation of cells for transfection: 
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One day prior to transfection, cells were seeded at 0.5-2x10
6
/mL(depending on experimental 

conditions) in antibiotic-free, serum-containing media. 

Transfection using PEI: 

The linear 25kDA polyethylenimine (Polysciences, Inc) solution was prepared at 0.323 g/L, 

by dissolving 0.01615g of PEI in deionized H2O (dH2O ). The pH was adjusted to 8.0 

withHCl. The solution was filter sterilized through a 0.2µm syringe filter. The solutions were 

divided into 5-mL aliquots and subjected to three cycles of freeze-thawing and kept frozen 

until use. 

For optimization of transfection, experiments were performed in 12-well plates. Plasmids 

were mixed with the PEI at different ratios as described for individual experiments. The 

mixtures were allowed to form complex at room temperature for 15 minutes followed by 

addition to the culture in a drop-wise fashion.  

Transfection using Lipofectamine
TM

 2000: 

The Lipofectamine
TM

 2000 Reagent (Invitrogen) was used according to manufacturer’s 

instructions. For 12-well plate transfection, DNA and lipofectamime were mixed at various 

ratios ranging from 1:2 to 1:5 (µg DNA to µL lipofectamine). DNA and lipofectamine were 

separately diluted in 50µl Opti-MEM without serum, incubated for 5 minutes at room 

temperature before mixing. After mixing of DNA and lipofectamine, the mixture was 

incubated at room temperature for 20 minutes, followed by the addition of transfection mix to 

cells in a drop-wise fashion.  

In both transfection protocols, the cultures were swirled gently to allow proper mixing after 

the addition of transfection complex. Cell media were changed 5-16 hours following 

transfection. For large-scale transfection, reagents were scaled up accordingly using 

optimized conditions. 

2.2.2.4 Microscopic imaging of cell culture 

For bright field imaging of cell cultures, cultures were staged on the Leica DMI3000 B 

inverted microscope (Leica) and images were captured using the Leica LAS Software. 
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For fluorescent imaging, cells were visualized using the Nikon Eclipse Ti inverted 

fluorescent microscope (Nikon) and images were captured using the Andor iQ software 

(Andor™ technology).  

2.2.2.5 Titration of HAdV5 by TCID50 

The infectious titer of the virus preparation was determined by the TCID50limiting dilution 

assay (Both et al, 2007). For OAdV7, the assay used CSL503 cells; for HAdV5, HEK293 

cells were used. One day prior to the assay, cells were seeded at 10
4
/wellin 100 µL sDMEM 

in 96-well plates. The next day, viral stocks were serially diluted in sDMEM over a dilution 

range of 10
4
 – 10

10.
 The medium from the cells was removed and replaced with medium 

containing diluted virus in a total volume of 100 µL. Cells were kept at 37ºC for 10 days 

andthe presence of infection was monitored daily. The cells were inspected under the 

microscope for development of cytopathic effect (CPE) and were scored as positive or 

negative. The cells were incubated for a total of 2 weeks to allow for the full development of 

CPE. The TCID50 titre was calculated as follows: 

TCID50 of the inoculum = X0 – (d/2) + d(pi) 

Where  

X0 = log of the reciprocal of the last dilution at which all wells are positive 

d = log10 of the dilution factor  

pi = proportion of wells that were positive for a given dilution, starting with the p-value 

corresponding to X0 and adding p-values from higher dilutions. 

TCID50 of the inoculum (100 µL) was then converted to TCID50/ml by multiplying the 

dilution factor 10. 

2.2.2.6 Determination of viral particles (vp) titre 

The concentration of virus particles (vp) in the virus preparation was determined by 

measuring its optical density reading. 100 µL of the virus lysate was added to an equal 

volume of Virus Dissociation Buffer and heated at 65°C for 20 min. The optical density (1 

cm light path) was read at wavelengths of 310, 280, and 260 nm using a spectrophotometer 

(Shimadzu UV-1601) with buffer alone as blank. For optimal result, the OD310nm reading 

should be <0.02 and the OD260nm reading should be in the range of >0.1 to <0.8.When the 

OD260nmexceeded 0.8, the virus sample was diluted and read again. The concentration of virus 
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particles was calculated from the OD260nm reading, assuming 1.3 × 10
12

vp per OD260nm unit. 

This figure is based on the extinction coefficient determined for HAdV5 (Maizel, White et al. 

1968)and takes into account the smaller genome size of OAdV7 (35,937 bp vs 29,575 bp, 

respectively). The virus preparation was purified using identical method to Maizel et al 

(1968). A detailed description of the methods used for titration of OAdV7 was described 

previously (Both and Cameron 2007). 

2.2.3 Immunological Methods 

2.2.3.1 PBMC isolation 

Peripheral Blood mononuclear cells (PBMCs) were isolated from healthy volunteers under 

the ethical approval approved by the University of Auckland Human Participants Ethics 

Committee - reference number 2008/312.  

50 or 100 mL of whole blood was collected from volunteers into 50-mL Falcon tubes with 

addition of 100 µL of 10 mg/mL Heparin Sodium Sulphate (Sigma). 15 mL of RT 

Lymphoprep™ (Axis-Shield) solution was added to Leucosep® tubes (Greiner bio-one) and 

centrifuged at 1000g for 1 minute. The whole blood was diluted 1:2 with RPMI medium and 

divided into leukosep tubes by adding 33 mL into each. The blood samples were then 

centrifuged at 800g for 15 minutes at room temperature with the centrifuge brake off using 

Heraeus Multifuge X3R (Thermo Scientific). 

The plasma fraction was removed to about 1cm above the interface and discarded. The 

interface containing PBMCs was harvested and combined. The PBMCs was added to 50 

mLwith PBS and spun down at 250 g for 10 minutes. The cell pellet was washed with 10 mL 

PBS 2 times with centrifuging at 250g for 10 minutes in between. During the last round of 

washing the cells were counted. Following washing, the cells were resuspended at 1x10
6
/mL 

in RF10 for PBMC culture, or in appropriate isolation buffer for subsequent cell isolation. 

2.2.3.2 Monocyte isolation and culture 

Monocytes were isolated by negative selection of CD14
+
 cells using the Dynabead® 

Untouched Human monocyte kit (Invitrogen) as per manufacturer’s instructions. All 

solutions were pre-chilled, and all centrifugation and incubation steps were carried out at 4 
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ºC. The method below described the standard procedure for isolating monocytes from 5x10
7
 

PBMCs, with the actual volumes adjusted to the starting number of PBMCs for each 

experiment. 

PBMCs were resuspended in 500 µL isolation buffer in 15-mL tubes. 100 µL blocking 

reagent and 100 µL antibody mix were added followed by mixing of the cells and incubation 

at 4ºC for 20 minutes. The cells were washed with 10 mL of isolation buffer and centrifuged 

at 350 g for 8 minutes. The supernatant was removed and the cells were resuspended in 500 

µL isolation buffer with 500 µL of pre-washed Depletion Dynabeads. The mixture was 

incubated for 15 minutes on a gentle rocker. The cells were resuspended vigorously by 

pipetting 10 times using a 5 mL serological pipette. 5 mL of isolation buffer was added to the 

mixture and the tube was put on the DynaMagTM-15 Magnetic Particle Concentrator 

(Invitrogen) for 2 minutes for magnetic separation. After 2 minutes, the supernatant was 

transferred to a new tube. 5 mL of isolation buffer was added to the bead/cell mixtures, and 

the mixtures were incubated on the magnetic separator for 2 minutes again. Supernatants 

from the two rounds of separation were combined. To further remove the magnetic beads, the 

supernatant was put on the magnetic stand for another 2 minutes and harvested again. 

The isolated cells were washed with 10 mL RPMI twice by centrifugation at 300g for 10 

minutes. Following monocytes isolation, monocytes were counted and resuspended at10
6
/mL 

in RF10 and seeded at 10
6
 cells per well in a 24-well tissue culture plate. Purity of isolated 

monocytes was analyzed by staining with CD14 antibody and FACs. FACs analysis showed 

that monocytes isolated by this method were 80% CD14
+
, suggesting high purity of the 

monocyte isolation. 

During the differentiation of monocytes into DCs, RF10 was supplemented with 100 ng/mL 

GM-CSF and 50 ng/mL IL-4 and the media replenished by replacing half the total volume 

with fresh media every two days. After 6 days of culture the phenotype of the cells was 

analysed by staining with antibodies against CD14, CD83, CD86 and HLA-DR followed by 

flow cytometry. 
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2.2.3.3 Isolation of T cells. 

T cells were isolated from PBMCs using the pan T cell isolation kit (Miltenyi Biotec). 

PBMCs were counted, pelleted at 300g for 10 minutes and the supernatant was aspirated. The 

cell pellet was resuspended in 40 µL of MACs buffer per 10
7
 total cells. 10 µL of Pan T cell 

Biotin-antibody cocktail was added per 10
7
 cells and the cells were incubated for 5 minutes at 

4 ºC. This was followed by the addition of 30 µL of MACs buffer and 20 µL of Pan T cell 

microbead per 10
7
 cells. The mixture was incubated for another 10 minutes at 4 ºC and 

resuspended in 500 µL MACS buffer. The cells were passed through a LS column and 

washed with 3 mL buffer and the cells were collected. 

2.2.3.4 CD45RO
-
CD8

+
 T cell isolation 

CD45RO
-
CD8

+
 T cells were isolated using the MACs CD8

+
 T isolation kit and the LS 

column, followed by CD45RO depletion using CD45RO antibody labeling kit and the LD 

column (Miltenyi Biotec) according to the manufacturer’s instructions.  

CD8
+
 selection (protocol for isolation of CD8

+
 T cells from 1x10

7
 PBMCs): 

PBMCs were counted and resuspended in 40 µL MACs buffer, with the addition of 10 µL of 

CD8
+
Biotin-Antibody Cocktail, the mixture was incubated at 4 ºC for 10 minutes, followed 

by the addition of 30 µLMACS buffer and 20 µL of Anti-Biotin Microbeads. The samples 

were then incubated for an additional 15 minutes at 4 ºC and washed by adding 2 mL of 

MACS buffer, followed by centrifugation at 300 g for 5 minutes. The supernatant was 

removed completely and the cells were resuspended in 1 mL MACS buffer. CD8
+
 T cells 

were separated by letting the sampleflow through a LS column on a magnetic separator. The 

column was washed 3 times with 1 mLMACS buffer and the entire effluent was counted and 

resuspended in desired volume for CD45RO depletion.  

CD45RO
+
 T cells depletion (protocol for isolation of CD8

+
 T cells from 1x10

7
 cells): 

CD8
+
 T Cells were counted and resuspended in 80 µL MACs buffer, with the addition of 20 

µL of CD45RO microbeads. The mixture was incubated at 4 ºC for 15 minutes, followed by 

the washing with 2 mL of MACS buffer and centrifuged at 300 g for 5 minutes. The 

supernatant was removed completely and the cells were resuspended in 500 µL MACS 

buffer. CD45RO
+
 T cells were depleted by letting the sampleflow through a LD column on a 
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magnetic separator. The column was washed 3 times with 1 mLMACS buffer and the entire 

effluent was collected. 

After the collection of CD45RO
-
CD8

+
 T cells, cells were counted and resuspended at 

2x10
6
/mL with the addition of IL-7 at 5 ng/mL and incubated overnight. The purity of the 

cells were confirmed by staining for CD45RO, CD45RA, CD8 and analyzed by flow 

cytometry. 

2.2.3.5 Maintenance of the MART-1 specific CD8
+
 T cell clones 2D10 and C8. 

The HLA-A2-restricted, MART-1 specific CD8
+
 T cell clones were provided by Professor 

Rod Dunbar, University of Auckland and maintained in RF10 at a cell density of 5-

10x10
6
/mL with the addition of IL-15 at 5 ng/mL in a 24-well plate. Cultures were fed every 

3 days by replenishing half of the media with new RF10 supplemented with IL-15 at a final 

concentration of 5 ng/mL.  

2.2.3.6 Transduction of monocyte, monocyte-derived DC, PBMC 

For transduction of mono-DCs, day 6 DCs were harvested, counted and resuspended in 

sRPMI and seeded at 100,000 cells in 50 µL total volume per well in a flat-bottom 96-well 

tissue culture plate. Viruses were added at appropriate MOI in sRPMI to top up to 100 µL 

and the cells were incubated at 37 ºC for 1.5 hours. After incubation, cells were centrifuged at 

1200 g for 8 minutes at room temperature (RT) and the virus-containing supernatant was 

removed, followed by the addition of 100µL RF10 with GM-CSF and IL-4. The cells were 

incubated for the indicated times before analysis.  

2.2.3.7 Antibody staining for flow cytometric analysis 

Cells were harvested, centrifuged to pellet and resuspended in 50 µL ice-cold FACs buffer. 

Antibodies were added at the optimal dose previously determined by titration. Following the 

addition of antibodies, the cells were kept on ice for 30 minutes then washed two times in 1 

mL FACs buffer. Finally the cell pellets were resuspended in 100 µL FACs buffer before 

flow cytometry. For cell viability staining, 7-AAD was used for analysis on the FACs 

Calibur
TM 

(BD Biosciences), whereas DAPI was used for analysis on the FACs Aria
TM 

(BD 

Biosciences). If the samples were analyzed at a later time point, cells were fixed by adding 
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equal volume of ice-cold 4% PFA, and kept in dark at 4 ºC until analysis. All analysis was 

performed within 1 week. 

2.2.3.8 ELA pentamer staining 

Prior to using the pentamer for the first time, the ELA pentamer was titrated to determine the 

optimal dose. Briefly, 1x10
6
 PBMCs were spiked with MART-1 specific CD8

+
 T cells at a 

10:1 ratio and stained with the ELA-pentamer at 3 different doses: 0.3 µL, 1 µLand 3 µL. The 

samples were analyzed by flow cytometry to determine the best dose that gave a clear 

population of the stained C8 clone among PBMCs with minimal smeared non-specific 

staining. The optimal dose determined was 0.3 µL. 

Prior to staining, the ELA-pentamer was centrifuged at maximum speed for 2 minutes to 

remove dye aggregates. Cells were harvested, resuspended in 50 µL RF10 and stained with 

0.3 µL pentamer for 30 minutes at 37 ºC. 1ml pre-warmed FACS buffer was added and the 

samples were centrifuged at 1300 rpm for 5 minutes at room temperature. The supernatant 

was removed and the cells were resuspended in 50 µL FACs buffer. Samples were stored on 

ice and followed by staining with the appropriate antibodies. 

2.2.3.9 Flow cytometry 

Flow cytrometry was performed on either the FACs Calibur
TM

 or the FACs Aria
TM 

(BD 

Biosciences). For multi-colour analysis, compensation was set up using the comp beads (BD 

Biosciences) stained with antibodies with the corresponding fluorophores. Data were 

analyzed using the Flowjo software (Treestar). Live cells were first gated based on the 

Forward scatter (FSC) vs the Side scatter (SSC), then live cells were selected by comparing 

viability marker stained sample with unstained control and excluding those showing positive 

staining of 7-AAD or DAPI. 

2.2.3.10 Cell Proliferation staining 

For cell proliferation assay, cells were labeled using the CellTrace
TM

 CFSE cell proliferation 

kit (Invitrogen).  



62 
 

Prior to staining, lyophilized CFSE was reconstituted with 18 µL of molecular grade DMSO 

to generate a stock concentration of 5 mM CFSE. The cells were counted, washed with RPMI 

to ensure removal of serum, resuspended at 2x10
6
/mL in pre-warmed filtered-sterile PBS. An 

intermediate stock of CFSE of 500µM was made by diluting 1 µL of the stock with 9 µL of 

warm PBS. 0.5 µL of the intermediate stock CFSE was added to each ml of PBS, with 1ml 

PBS required per 2x10
6
 cells. The PBS containing CFSE was then mixed with the cell 

suspension to achieve a final cell density of 1x10
6
/mL and the CFSE concentration of 

0.125µM. The mixture mixed gently by pipetting to ensure proper mixing of the dye and 

cells. The staining mixture was incubated at 37 ºC for exactly 10 minutes, after which the 

stain was quenched by the addition of ice-cold RF10 at 5x labeling volume. The mixture was 

incubated on ice for 5 minutes, and pelleted by centrifuging at 1300rpm for 5 minutes. The 

cells were washed twice with 5 mL RPMI and counted, and finally resuspended in RF10 at 

2x10
6
/mL. For maintenance of labeled T cells, cells were supplemented with IL-15 at 5 

ng/mL and fed with fresh media + IL-15 every 3 days. 

2.2.3.11 Allogeneic mixed lymphocyte reaction 

Allogeneic mixed lymphocyte reactions were set up in 96-well U bottom plates. Mono-DCs 

were used as stimulator cells and were seeded at DC: T ratio of 1:10 and 1:50, with 1000 DCs 

per well for 1:10 ratio and 5000 DCs per well for 1:50 ratio. Cell proliferation dye-labeled 

naïve T cells were added at 50,000 per well. The total volume was topped up to 150 µL with 

RF10. Unlabeled T cells were also used as control.  

The DC:T cultures were maintained in RF10 over 5 days in 37ºC, with addition of new RF10 

on day 3. After 5 days of co-culture, cells were harvested and analyzed by flow cytometry. 

2.2.3.12 Stimulation of MART-1-specific T cell clone 

a. Using the melanoma cell line TROMBELLI: 

TROMBELLI cells were seeded at 50,000 cells per well in a flat-bottomed 96-well plate in 

sRPMI 4 hours prior to transduction. For transduction, OAdV7 were added at a MOI of 1000 

IU per cell for 1.5hours in sRPMI. After incubation, media were removed and replenished 

with 100 µL RF10. The cultures were kept at 37ºC for 3 days. On day 3, TROMBELLI was 

counted and co-cultured with the HLA-A2-restricted MART-1 specific CD8
+ 

T cell clones 

C8 or 2D10 at a ratio of 2:1 in a total volume of 500 µl RF10. 24 hours later, cells were 
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harvested and stained for surface expression of CD8 and CD137, and analyzed by flow 

cytometry. 

b. Using mono-DCs: 

Mono-DCs were seeded at 200,000 cells per well in 100 µL sRPMI just before transduction. 

Mono-DCs were transduced with OAdV7 at a MOI of 1000 IU per cell for 1.5 hours at 37ºC. 

After incubation with OAdV7, virus-containing media were removed, and 100 µLRF10 

supplemented with GM-CSF (100 ng/mL) and IL-4 (50 ng/mL) was added to each well. 48 

hours later, mono-DCs were harvested and counted before co-culture with the MART-1 

specific CD8
+
 T cell clone C8 at a ratio of 2:1 and 1:1 in a total volume of 500 µl RF10. 24 

hours later, cells were harvested and stained for CD8 and CD137 followed by analysis by 

flow cytometry. 

c. using SK-MEL-23: 

SK-MEL-23 were seeded at 100,000 cells per well in 100 µL RF10 followed by the addition 

of the MART-1 specific CD8
+
 T cell clones 2D10 or C8 at a 2:1 ratioin a total volume of 500 

µl RF10. 

2.2.3.13 Cytokine measurement 

Cytokine measurements in supernatants from DC cultures were performed using the 

Cytometric bead array (BD Biosciences) according to manufacturer’s instructions. A standard 

of cytokines (with starting concentration at 5000 pg/mL) was prepared by mixing 10µl of 

each standard stock (50000 pg/mL) with the assay diluent to a final volume of 100 µL. Then 

the standards were serially diluted in assay diluent by a factor of 2 with concentration range 

5000 pg/mL – 10 pg/mL.25 µL of the standards or the samples were added to each well in a 

U-bottomed 96-well plate prior to the addition of the capture bead reaction mix. 

For setup of the capture bead reaction mix, (0.25 x no. of reactions) µL of the Capture beads 

reaction mix for each bead was added together and the total volume was added to (25 x no. of 

reactions) µL with capture bead diluent. The capture beads reaction mix was mixed 

thoroughly by vortexing prior to the addition of 25 µL of the reaction mixture to each well. 

The plate was vortexed for 5 minutes at 500 rpm then incubated for 1 hour at room 

temperature in dark. During the incubation period, PE detection mix was prepared by 
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mixing(0.25 x no. of reactions) µL PE detection reagent for each corresponding bead and 

adding the detection reagent diluent to a total volume of (25 x no. of reactions) µL. 25 µl of 

PE Detection reagent was added to each well after incubation, and the plate was vortexed 

again for 5 minutes at 500rpm, and incubated in dark at room temperature for 2 hours. After 

incubation, the plate was spun at 1300 rpm for 5 minutes, and the supernatant was removed 

by carefully pipetting from the top. The beads were resuspended in 75 µL wash buffer and 

transferred to FACs tubes (BD Biosciences) for analysis on the FACs Aria
TM

. 

2.2.3.14 Autologous expansion of MART-1 specific CD8
+
 T cells 

Autologous expansion of MART-1-specific CD45RO
-
 CD8

+
 T cells from PBMCS ex vivo 

was based on the protocol described previously (Wölfl, Merker et al. 2011). As shown in Fig 

2.1, monocytes were isolated from the donors 3 days prior to treatment. The isolated 

monocytes were kept in culture in RF10 in the presence of GM-CSF (100 ng/mL) and IL-4 

(50 ng/mL) as described in previous section. 3 days later, cells were harvested and treated 

with viral vectors at indicated MOI or pulsed with the ELA peptide at 2.5 µg/mL overnight. 

On the day of DC treatment, autologous CD45RO
-
CD8

+
 T cells were isolated and incubated 

in RF10 with IL-7 (5 ng/mL) overnight. The next day, DCs were washed three times in 200 

µl cold PBS, followed by resuspension in 100 µl RF10. T cells were co-cultured with DCs at 

a ratio of 1:5, with 500,000 T cells added to 100,000 DCs in a 48-well tissue culture plate. 

The cells were kept in a total volume of 250 µl RF10 with the addition of IL-21 (30ng/ml). 

DC-T cell co-cultures were incubated for 11 days with media replenishment and addition of 

IL-7 and IL-15, both at final concentration of 5ng/ml every 2 days. After 11 days of co-

culture, cells were stained for ELA-pentamer
+
CD8

+
 T cells and analysed by flow cytometry. 
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Fig 2. 1. Flow chart for autologous expansion of MART-1-specific CD8
+
 T cells. 

2.2.4 Vaccination of mice with OAdV7 

2.2.4.1 DC isolation, transduction and flow cytometry 

Bone marrow was isolated from hind legs of BALB/c mice as described previously(Prins, 

Wang et al. 2013). Red blood cells were removed by ammonium chloride lysis and the 

remaining cells were cultured in DMEM supplemented with Arginine, Asparagine, L-

glutamine, folic acid, streptomycin, penicillin, 5% fetal calf serum, 50 μM β-mercaptoethanol 

and 20 ng/μL of recombinant murine GM-CSF. On day 3 half of the medium was replenished 

with freshly supplemented DMEM. For transduction experiments, mBMDCs were harvested 

on Day 5 and seeded in DMEM at a concentration of 1x10
6
 cells/ml in each well of a 24-well 

tissue culture plate. mBMDCs were incubated with WT or recombinant viral vectors at 37°C 

for 1.5 hours followed by the removal of medium containing unbound viruses and 

reconstitution with supplemented DMEM. For lipopolysaccharide (LPS) controls, LPS was 

added at a final concentration of 5 μg/mL to mBMDCs in supplemented DMEM. mBMDCs 

were cultured for 48 hours prior to analysis. 

For flow cytometry of mBMDCs, cells were stained with fluorophore-conjugated antibodies 

for the following markers: CD11c (mouse mAb clone HL3) CD40 (clone 3/23), CD80 (clone 

16010A1), CD86 (clone GL-1), MHC Class I H2-Kb (clone AF6-88.5) and MHC Class II 

1A+1E (clone M5/114.15.2) (Becton Dickinson). Cells were stained for 30minutes on ice, 

followed by 2 rounds of washing in FACs buffer (PBS +1% FCS). Surface staining was 
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analyzed on the FACSCalibur flow cytometer (Becton Dickinson) using the Cell Quest 

software. A minimum of 10,000 events were recorded for each analysis. 

2.2.4.2 Cytokine analysis 

mBMDCs were treated with viral vectors as described above and supernatant samples were 

taken from the culture medium after 48 hours. Medium from untreated mBMDCs was used as 

negative control. Supernatants were analyzed for presence of IL-10 and IL-12 p40/p70 using 

a sandwich ELISA. Flat-bottomed 96-well plates were coated with 50 μL/well of primary 

anti-cytokine capture antibodies (4 μg/mL) (BD Pharmingen) overnight. Plates were washed 

with PBS+ 0.05% Tween 20 and blocked with 200 μL/well of PBS+ 1% BSA and incubated 

at room temperature for 2 hours followed by a second wash and addition of supernatants or 

cytokine standards and incubation at room temperature for 4 hours. After incubation, the 

appropriate biotin-conjugated detection antibody (BD Pharmingen; 100 μL/well) was added 

at a concentration of 2 μg/mL. After a 30 minute incubation at 37°C, the plates were washed 

and Streptavidin/horse radish peroxidase (Zymed, San Francisco, CA, USA) diluted 1/3000 

in PBS+1% BSA was added at 100 μL per well, before a final wash and addition of 100 

μL/well of 3,3′,5,5′-tetramethyl-benzidine as substrate. The reaction was stopped by addition 

of 50 μL/well of 1N H2SO4. Optical density readings were measured at 450nm. Cytokine 

concentrations were analyzed using standard curves constructed with recombinant cytokines 

at 2-fold dilutions from 10000 pg/mL to 10pg/mL.  For cytokine analysis from splenocyte 

cultures, supernatants were sampled on Day 2 and analyzed using the Bioplex Cytokine 

Assay (Biorad, USA) according to manufacturer’s instructions. In brief, 50 µl of bead 

setswith antibodies specific for different cytokines were added to a 96-well flat-bottomed 

filter plate. Plate was washed with 100 µl of the Bio-Plex wash buffer and 50 µl of the 

standard or sample was added.  The plate was then incubated for 30 minutes, washed three 

times with 100 µl of the wash buffer and 25 µl of the secondary antibody cocktail was added 

to each well for a further 30 minutes. The plates were washed and 50 µl of 1/100 dilution of 

streptavidin/PE was added per well.  The plates were incubated for a further 10 minutes at 

room temperature before being re-washed and 100 µL/well of assay buffer added.  The plate 

was placed in a BioPlex reader (Biorad, USA) that determined the concentration of cytokine 

bound to the bead. The standards ranged from 5000 pg/mL to 0 pg/mL. 
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2.2.4.3 Co-culturing of mBMDCs with OT-1 cells 

Splenocytes isolated from the OT-1 mice were seeded at 2 x 10
6
 cells/mL in a 96-well round 

bottomed plate, co-cultured with untreated mBMDCs, mBMDCs treated with OAdV7-WT or 

OAdV7-OVA at MOI 100 at DC:T ratio of 1:5 in supplemented DMEM for 72 hours before 

proliferation of OT-1 cells was measured using a thymidine uptake proliferation assay. 

2.2.4.4 Thymidine-uptake proliferation assay 

After 3 days of in vitro culture, cells were pulsed with 1µCi of 
3
[H]-thymidine (NEN, Lot# 

3106-496) for 16 hours. The cells were harvested and incorporation of 
3
[H]-thymidine was 

measured using a liquid scintillation counter, model 1450 Microbeta Plus (Wallac, Turku, 

Finland). 

2.2.4.5 Mice and immunizations 

6-10 week old C57BL/6 mice and transgenic OT-1 mice were housed under specific 

pathogen-free conditions at the Department of Microbiology and Immunology (University of 

Otago, Dunedin, New Zealand). All experiments in this study were reviewed and approved 

by the University of Otago Animal Ethics Committee (AEC 2/10).  Mice were immunized 

intramuscularly with viral vectors diluted in PBS or PBS only. A total volume of 25 μL was 

injected to each mouse.  

2.2.4.6 Isolation of splenocytes 

Splenocytes harvested from dissected spleens of naïve mice were resuspended in PBS+5% 

FCS and passed through a cell strainer to generate single-cell suspension. Red blood 

cells(RBC) were removed by ammonium chloride RBC lysis buffer. Cells were cultured in 

supplemented DMEM. 

2.2.4.7 In vivo assay for cytotoxic lymphocytes.  

Mice were vaccinated intra-muscularly with either PBS, 10
8 

IU OAdV7-WT or 10
8 

IU 

OAdV7-OVA. Seven days later an in vivo cytotoxicity assay was performed based on a 

protocol described previously ((Ritchie, Hermans et al. 2000). Target cells were prepared 

using splenocytes from donor C57BL/6 mice. Isolated splenocytes were harvested into 
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PBS+5% FCS and were depleted of RBCs. The cell suspension was divided in two, each part 

containing approximately 4 × 10
7
 cells/mL. One suspension was pulsed for 2 hours at 

37 °C in 10% CO2 by incubating with 30 µg/mL of SIINFEKL peptide; the other was not 

pulsed. Cells were then washed three times with PBS+5%FCS to remove the excess peptide. 

Pulsed and control splenocyte suspensions (4 × 10
7
 cells/mL) were labeled with the 

fluorescent dye, carboxyfluorescein succinimidyl ester (CFSE), by incubating for 8 minutes 

at room temperature at two different doses: high dose 1: 2000 (pulsed) and low dose 1:16,000 

(control). An equal volume of FCS was immediately added to each suspension and cells were 

washed three times with PBS. The control and pulsed splenocytes were mixed at a 1:1 ratio 

and mice received 2 × 10
7
 cells in a 200 µL volume by intravenous injection into the lateral 

tail vein. 48 hours later, splenocytes from these mice were isolated and washed three times in 

PBS+5% FCS; the CTL-mediated elimination of the SIINFEKL-pulsed splenocytes was 

detected by the flow cytometric analysis. Specific cytotoxicity of peptide-pulsed cells was 

calculated using the following equations:  

Ratio = Percentage of CFSE
lo

 splenocytes/Percentage of CFSE
hi

 splenocytes. 

Percentage of specific lysis = (1 – Ratio unprimed/Ratio primed) x 100 

2.2.4.8 In vitroantigen re-stimulation 

Splenocytes were isolated from groups of mice (n=5) immunized with 10
7
, 10

8
 or 10

9
 IU of 

OAdV7-OVA, 10
9
 IU of OAdV-WT, or PBS 3 weeks following immunization and seeded at 

2x10
6
 cells/mL in 96-well, round-bottomed plates in sDMEM. Cells were stimulated in vitro 

with OVA (100 μg/mL). 
3
[H]-thymidine was added for the last 16 hours of a 4 day culture to 

assay proliferation by thymidine uptake. Supernatant samples were taken on Day 2 and 

analyzed for the presence of IFN-γ, TNF-α, IL-2, IL-4, IL-5 and IL-10 using the BioPlex 

Cytokine Assay. 

2.2.4.9 Tumour trials 

For therapeutic tumour trials, groups of mice (n=10) were injected sub-cutaneously in the left 

flank with 10
5
 B16-OVA cells. 4 days later mice were immunized intramuscularly with either 

10
8
 IU of OAdV7-OVA, OAdV7-WT, or PBS. For prophylactic trials, groups of mice (n=10) 

were immunized with either 10
8
 IU of OAdV7-OVA, OAdV7-WT or PBS 3 weeks prior to 

subcutaneous injection of 10
5
 B16-OVA cells into the left flank. Tumour growth was 



69 
 

monitored every 2 days for 70 days using an electronic caliper. Mice were sacrificed once the 

tumour size reached 1.5 cm
2
 in accordance with ethical guidelines.   

2.2.4.10 Statistical analysis.  

Statistical analysis of data was performed in GraphPad Prism 5, using unpaired Student's t-

test and survival analysis. 
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Chapter 3. Production of recombinant 

adenoviral vectors 

3.1 Introduction 

Recombinant adenoviral vectors (rAdVs) have been extensively characterized as potential 

gene delivery and vaccine vectors (Tatsis and Ertl 2004; Volpers and Kochanek 2004). 

Production of vector stock with high purity and titre is required for research and clinical 

applications. Different procedures for rAdV construction, production and purification have 

been described (Kamen and Henry 2004). The choice of method depends on various factors 

including the availability of packaging cell lines, simplicity of the method, ease of scaling up 

the vector production, the particular serotype, as well as the generation of rAdVs being 

produced. 

Currently, the most commonly used method for the construction of rAdV genome involves 

homologous recombination between the shuttle plasmid carrying the transgene casette and 

the AdV vector plasmid with adenoviral sequence in bacteria (Chartier, Degryse et al. 1996). 

This method takes advantage of the highly efficient recombination machinery in bacteria, 

using a recA-positive strain E.coli BJ5183. The high frequency of recombination in BJ5183 

makes it more efficient than homologous recombination in mammalian cells. A shuttle 

plasmid is employed, containing the left region of the viral genome, including the left ITR, 

the packaging signal and the transgene flanked by overlapping sequence to the vector 

plasmid. The vector plasmid contains the AdV sequence with the appropriate deletions. The 

two plasmids are co-transformed into E.coli BJ5183. Homologous recombination between the 

overlapping sequence of the shuttle vector and the AdV vector plasmid results in generation 

of the rAdV genome with the transgene cassette inserted into the appropriate region. After 

screening of the colonies and isolation of the recombinant plasmid, the recombinant plasmid 

is used to transfect packaging cells for viral production.  

First generation HAdV5 vectors carry a deletion in the E1, or both the E1 and E3 regions, 

with the transgene inserted in place of the deleted regions. The E1 protein, which is essential 

for replication, is provided in trans by a packaging cell line (e.g. HEK293, 911, and PER.C6). 

The E3 region encodes genes associated with host immune-defense mechanism, therefore it is 
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dispensable for viral propagation in vitro. Fig 3.1 illustrates the replication of defective rAdV 

in an E1-expressing, complementing cell line. Traditionally, first generation recombinant 

HAdV5 vectors are produced in HEK293 cell line as the packaging cell line (Kovesdi and 

Hedley 2010). HEK293 cells are derived from human embryonic kidney origin and are stably 

transfected with sheared HAdV5 genome. The HEK293 cells carry the insertion of the E1 

region of HAdV5 from nucleotides 1 to 4344, into chromosome 19 at 19q13.2. For transient 

transfection of the rAdV genome into the HEK293 cells, different methods have been 

described including the use of cationic reagents Lipofectamine and polyethylenimine (PEI) 

(Durocher, Pham et al. 2007). 

 

Fig 3.1. Production of recombinant AdVs using trans-complementing cell line. 

With the E1 gene product supplied in trans, replication of rAdVs occurs in sequential steps involving replication 

of viral nucleic acid, encapsidation and maturation of viral particles. Viral particles accumulate in the cells as 

early as 24hr post-infection with a maximum titre usually around 48hr post-infection in the setting of an 

optimized infection (Kamen et al, 2004). 

 

Following vector production in the HEK293 cells, cells are harvested and lysed to release the 

vectors. The most commonly used method for purification of rAdVs is two rounds of 

ultracentrifugation using cesium chloride density gradients which allow the separation of the 

intact vector away from the cell lysate and empty capsids (Croyle, Anderson et al. 1998). 

Following ultracentrifugation, the vectors are dialysed to minimize the concentration of 
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residual cesium chloride.The use of column chromatography has been recently characterized 

as an alternative method for purification of rAdVs (Burova and Ioffe 2005). 

rAdVs can be titrated by various methods for different qualitative measures and the methods 

are broadly divided into physical measurement and biological measurement. Physical 

quantity of viral particles can be determined using electron microscopy, or optical density 

measurement using absorbance reading at 260nm (Maizel Jr, White et al. 1968). Biological 

measurements include infectivity assays such as the plaque assay, the end-point dilution 

infectivity assay, and the transduction quantification using reporter gene expression analysis. 

Viral genomes can also be measured using Real Time PCR (Thomas, Lichtenstein et al. 

2007). 

Production of OAdV7 requires cells permissive to OAdV7 infection, such as the fetal ovine 

lung cell line CSL503 (Both, Cameron et al. 2007). Similar to production of HAdV5, the 

viral genome is constructed by homologous recombination between shuttle vector for OAdV7 

and the genomic plasmid for OAdV7 in bacteria, followed by transient transfection of the 

packaging cell line with the vector genome. 

The OAdV7 and HAdV5 vectors obtained from Broadvector for this project encode different 

transgene constructs (Fig 3.2). The OAdV7 vector encodes the transgene cassette RSV-OVA-

IRES-eGFP, with the gene sequence for the whole chicken ovalbumin (OVA) protein under 

the regulation of the Rous Sarcoma Virus (RSV) promoter, followed by the internal 

ribosomal entry site (IRES) signal derived from encephalomyocarditis virus, and the 

enhanced green fluorescent protein (eGFP). The HAdV5 vector encodes the transgene 

cassette EF1-eGFP, which has expression of the enhanced green fluorescent protein driven by 

the elongation factor 1 (EF1) promoter. Although both vectors encode the eGFP reporter 

gene, the promoters driving the reporter gene are different, which may render comparison of 

transduction efficiency between the two vector inaccurate due to the intrinsic difference 

between the two transgene constructs. 

This chapter describes the attempts to generate OAdV7 and HAdV5 vectors with equivalent 

transgene expression cassette to permit a more accurate comparison of transfection 

efficiency. In addition, OAdV7 encoding a relevant tumour antigen, the MART-derived 

antigenic ELA peptide was generated for in vitro T cell stimulation. 
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Firstly, an attempt to generate HAdV5 encoding RSV-OVA-Ub-eGFP is described. This 

allows the generation of HAdV5 with the same reporter gene construct as the OAdV7 vector 

obtained from Broadvector. The HAdV5/RSV-OVA-Ub-eGFP was generated, but the virus 

was found to replicate inefficiently, sufficient titres of the virus were only obtained after 6 

passages. The prolonged propagation of the virus allowed accumulation of a contaminating 

replication-competent adenovirus (RCA) in the vector stock, rendering it unsuitable for use. 

Secondly, a transgene cassette RSV-eGFP-Ub-ELA was cloned into the shuttle vector for 

OAdV7. This allows the generation of OAdV7 vectors with eGFP expression being directly 

regulated by the RSV promoter. In addition, a tumour antigen, the MART-1 derived antigenic 

peptide ELA was cloned to be expressed as part of the fusion construct with eGFP. While the 

cloning of the transgene cassette was successful, production of OAdV7 viral vectors with 

RSV-eGFP-Ub-ELA failed. The reason remains unclear but previous failure to produce 

OAdV7 vector encoding transgene CMV-eGFP at Broadvector seem to suggest that high 

level of the eGFP reporter gene is detrimental to the packaging cells (Gerry Both, personal 

communication, November, 27, 2011). This has led to limitation in designing the reporter 

construct encoding eGFP with OAdV7. Lastly, a new transgene cassette RSV-OVA-Ub-

ELA-IRES-eGFP was cloned into the OAdV7 shuttle vector. This allows modification of the 

transgene cassette in the original OAdV7 obtained from Broadvector, with the addition of 

Ub-ELA at the 3’end of OVA sequence. The addition of the Ub-ELA at the 3’end of OVA 

allows expression of the ELA peptide with the OVA gene and permit T cell stimulation 

assays using the ELA peptide as the cognate antigen. Cloning, production and 

characterization of the HAdV5/RSV-OVA-IRES-eGFP was done in the author’s lab. Cloning 

of the RSV-eGFP-Ub-ELA and RSV-OVA-Ub-ELA-IRES-eGFP into the OAdV7 shuttle 

vector was done in the author’s lab, but propagation and characterization of the OAdV7 

vectors were done by Broadvector. 
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Fig 3.2. Transgene constructs designed for expression in human and ovine adenovirus vectors. 

A. The viral vectors obtained from Broadvector; B. The viral vectors described in this chapter. The orange 

boxes indicate promoters and the other boxes indicate gene sequences. RSV – Rous Sarcoma Virus; EF1 – 

Elongation factor 1; OVA – Ovalbumin; IRES – Internal ribosomal entry site, eGFP – enhanced green 

fluorescent protein; ELA – the ELAGIGILTVantigenic peptide sequence. 
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3.2 Results. 

3.2.1 Construction of the HAdV5/RSV-OVA-IRES-eGFP genome 

A recombinant HAdV5 vector designed to express the OVA-IRES-eGFP transgene was 

constructed using the AdEasy system (He, Zhou et al. 1998). This method represents an 

improved version of an earlier protocol involving homologous recombination in bacteria 

(Chartier, Degryse et al. 1996). Two plasmids were used (Fig 3.3). The first, pAdEasy-1, 

contains all HAdV5 sequences except nucleotide 1-3533 (encompassing the E1 gene) and 

nucleotide 28,130 – 30,820 (encompassing the E3 gene). The second plasmid, pShuttle, is a 

shuttle plasmid with a multiple cloning site for insertion of the transgene. As pShuttle does 

not supply a promoter upstream of the insertion site, this allows insertion of the transgene 

cassettes with a promoter of choice. The multiple cloning site is surrounded by adenoviral 

sequences that are denoted as “left arm” and “right arm”. The left arm contains HAdV5 

nucleotides 34,931 – 35,935, with inverted terminal repeat and packaging signal sequences. 

The right arm contains HAdV5 nucleotides 3,534 – 5,790. The left and right arm mediates 

homologous recombination between pShuttle and the vector plasmid pAdEasy-1. The 

pAdEasy-1 and pShuttle contain antibiotics resistance gene to Ampicillin, and Kanamycin, 

respectively. pAdEasy-1 can be  stably incorporated into E.coli BJ5183 cells, therefore 

subsequent transformation of this strain with pShuttle containing the desired transgene 

facilitates generation of the recombinant vector genome. The recombinant vector can be used 

to transfect packaging cells e.g. HEK293 cells for vector propagation. 

A. 

 

B. 

 

C. 
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Fig 3.3. The AdEasy-1 system. 

pAdEasy-1; B. pShuttle; C. Homologous recombination between the shuttle plasmid and pAdEasy-1 generates 

the rAdV genome (modified from  Agilent Technologies, Inc. 2010 ). 
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The RSV-OVA-IRES-GFP transgene cassette was amplified from the plasmid 263 (OAdV7 

shuttle vector with transgene cassette RSV-OVA-IRES-eGFP) using primer pair 263_NotI-

cas-F and 263_XbaI-cas-R with restriction sites NotI and XbaI at the 5’end of the forward 

and the reverse primer, respectively. The amplified RSV-OVA-IRES-eGFP fragment was cut 

with NotI and XbaI, followed by ligation into pShuttle cut with the same restriction enzymes. 

Fig 3.4 illustrated the recombinant pShuttle with the RSV-OVA-IRES-eGFP cassette. 

Generation of the recombinant pShuttle/RSV-OVA-IRES-eGFP was confirmed by restriction 

digest with enzymes NotI and XhoI. NotI cuts at the 5’end of the RSV-OVA-IRES-eGFP 

cassette, whereas XhoI cuts inside the transgene cassette at the 3’end of the OVA sequence. 

Digestion of the recombinant pShuttle/RSV-OVA-IRES-eGFP with NotI/XhoI generated two 

bands of expected length (Fig 3.3B.), suggesting the transgene cassette was cloned into 

pShuttle. 

A.  

 

B.  

 

Fig 3.4. Generation of the recombinant pShuttle/RSV-OVA-IRES-eGFP. 

A. Map of pShuttle/RSV-OVA-IRES-eGFP. B. Confirmation of the recombinant pShuttle/RSV-OVA-IRES-

eGFP by NotI/XhoI digestion. NotI and XhoIsites are located at position 365bp and 1991bp on pShuttle/RSV-

OVA-IRES-eGFP, respectively. Digestion with NotIand XhoI was expected to generate two fragments of 

1626bp and 8332bp. The 1.6kb of the 1kb plus ladder used in the DNA gel is indicated by the red arrow. 
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The pShuttle/RSV-OVA-IRES-eGFP was then used to transform E.coli strain BJ5183 

containing pAdEasy-1 for homologous recombination. Colonies were selected on 

Kanamycin, which is encoded on pShuttle. Two types of transformants will grow: those that 

have taken up pShuttle but have not undergone homologous recombination with pAdEasy-1; 

and those that have taken up pShuttle but having a recombinant pAdEasy-1/RSV-OVA-

IRES-eGFP due to homologous recombination between pShuttle and pAdEasy-1. To reduce 

the background colonies with the intact pShuttle but have not undergone homologous 

recombination, pShuttle was linearized with PmeI prior to transformation. 

Since the colonies that have undergone homologous recombination have a much bigger 

plasmid (pShuttle+pAdEasy-1) than pShuttle itself, their growth is expected to be 

significantly slower and the colonies should appear smaller on the plate. Therefore, following 

transformation, the colonies were visually screened by picking the smallest colonies for 

plasmid isolation. Following plasmid isolation, supercoiled plasmid DNA was 

electrophoresed on an agarose gel and compared to supercoiled DNA ladder (Fig3.5). Out of 

10 colonies tested, eight appeared to have a much bigger plasmid, indicative of the 

recombinant plasmid pAdEasy-1/RSV-OVA-IRES-eGFP, while the rest have a supercoiled 

10kb plasmid, indicative of pShuttle. Colonies with the larger plasmid were selected for 

plasmid isolation, and the isolated plasmid was digested with PacI and analysed by gel 

electrophoresis to confirm that recombination had taken place (Fig 3.5C). Digestion with 

PacI should release a large fragment of approximately 30kb and a smaller fragment of either 

3kb or 4.5kb, depending on the sites of homologous recombination. Two possible scenarios 

of homologous recombination could occur. pShuttle shares overlapping sequence with 

pAdEasy-1 for the left arm, right arm as well as the origin of replication. The 3kb fragment is 

generated by homologous recombination between the right and the left arm, and the 4.5kb 

fragments results from homologous recombination between the right arm and the origin of 

replication between the two plasmids. Both recombinant plasmids are capable of producing 

recombinant HAdVs. As shown in Fig3.5C, a 4.5kb fragment was generated following PacI 

digestion of pAdEasy-1/RSV-OVA-IRES-eGFP, suggesting recombination took place at the 

right arm and the origin of replication for pAdEeasy-1.
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A. 

 

B.  

 

C.  

 

Fig 3. 5. DNA gel showing the recombinant pAdEasy-pShuttle-OVA-IRES-eGFP cassette 

A. Eight out of 10 colonies showed a large band indicating the large supercoiled plasmid pShuttle/pAdEasy-1. 

Band indicating the 10kb pShuttle plasmid is indicated by the red arrow. B. Map of pAdEasy-1/OVA-IRES-

eGFP. C. PacI digestion of pAdEasy-1/RSV-OVA-IRES-eGFP. The 4.5kb band is indicated by the red arrow. 

 

For long-term storage and large-scale preparation of pAdEasy-1/RSV-OVA-IRES-eGFP, the 

plasmid was then re-transformed into competent E.coli strain DH5α. The DH5α strain has the 
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added advantage of increasing the yield of plasmid DNA because strain BJ5183 gave low 

plasmid yields. To prepare a large quantity of pAdEasy-1/RSV-OVA-IRES-eGFP DNA for 

transfection, pAdEasy-1/RSV-OVA-IRES-eGFP was purified from 100ml culture of DH5α. 

3.2.2 Optimization of transfection conditions. 

Before large-scale propagation of HAdV5, small-scale transfection experiments of HEK293 

with pAdEasy-1/RSV-OVA-IRES-eGFP were performed using lipofectamine reagent 

LF2000 and PEI. Both are cationic compounds that form complex with DNA and have been 

routinely used for transfection of mammalian cell cultures. LF2000 is a polycationic lipid 

which, following formation of the lipid/DNA complex, fuses with the cell membrane due to 

its hydrophobic nature (Hirko, Tang et al. 2003). PEI is a cationic polymer but unlike 

Lipofectamine, does not have a hydrophobic moiety and mediates uptake of the DNA/PEI 

complex via binding to cell surface proteoglycans. Due to its excessive positive charge, PEI 

was proposed to act as a proton sponge in the acidic environment of the endosome, and 

induce swelling and osmolysis of the endosome for delivery of DNA into the cytoplasm 

(Akinc, Thomas et al. 2005). Prior to transfection of HEK293 cells, pAdEasy-1/RSV-OVA-

IRES-eGFPP was cut with PacI. Linearization with PacI prior to transfection is important as 

the intact recombinant plasmid gives only transient reporter gene expression and fails to 

generate viruses (He, Zhou et al. 1998). 

Various parameters are known to influence the transfection of target cells and the resultant 

yield of vector. For transient transfection of HEK293 cells, experiments were carried out to 

optimize the DNA concentration, the DNA to transfection reagent ratio, and the amount of 

transfection reagent. Starting values for these parameters were identified from the literature 

using Lipofectamine 2000 (LF2000) and PEI (Ciccarone, Chu et al. 1999; Durocher, Pham et 

al. 2007). As shown in Fig 3.6, PEI gave a lower transfection efficiency than LF2000. The 

highest transfection efficiency was achieved with 2µg DNA and a DNA:LF2000 ratio of 2:3. 
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Fig 3. 6.Optimization of transient transfection of HEK293 cells. 

HEK293 cells were seeded at 0.5x10
6
 per well in a 12-well plate 24hours prior to transfection.  

1). Transfection using PEI: DNAwas diluted in 150mM NaCl, and mixed with different amount of PEI indicated 

in 150mM NaCl, the transfection complex was incubated at room temperature for 15 minutes before being 

added drop-wise to the cells. 

A – No DNA, 2µg PEI; B – 1µg DNA, 2µg PEI; C – 2µg DNA, 2µg PEI; D – 3µg DNA, 2µg PEI;E – No DNA, 

3µg PEI; F – 1µg DNA, 3µg PEI; G – 2µg DNA, 3µg PEI; H – 3µg DNA, 3µg PEI; 
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2). Transfection using LF2000: DNA and LF2000 was diluted separately in DMEM without serum, left to 

incubate at room temperature for 5 minutes, then combined and left to incubate for 20 minutes for complex 

formation. The transfection complex was then added drop-wise to the cells. 

A – No DNA, 2µl LF; B – 1µg DNA, 2µl LF; C - 2µg DNA, 2µl LF; D - 3µg DNA, 2µl LF; E – No DNA, 3µl 

LF; F – 1µg DNA, 3µl LF; G - 2µg DNA, 3µl LF; H - 3µg DNA, 3µl LF; 

For both experiments the eGFP expression was assessed on Day 3 post transfection. 

 

To confirm that the transgene expression is stable, the cells were monitored over 10 days. 

Comet-like clusters of fluorescent cells appeared in HEK293 cells transfected with LF2000 

on Day 10 (Fig 3.7). Such comet-like plaques have been described previously for adenovirus 

production and are indicative of viral replication (He, Zhou et al. 1998). 

 

   

Fig 3. 7. Progression of the eGFP fluorescence in HEK293 transfected with pAdEasy1/RSV-

OVA-Ub-ELA-IRES-eGFP 

 

3.2.3 Propagation of recombinant HAdV5 

To set up larger scale viral production, the optimized protocol was used to transfect HEK293 

in a T25 flask. Transfected cells were monitored over14 days. Virus production was 

confirmed by the appearance of the comet-like clusters, indicative of viral replication. The 

clusters were small in size and the numbers of clusters were consistently low, ranging from 

two to five per flask. The low number of comet-like clusters despite high transfection 

efficiency was also reported in He et al (1998). This could be due to degradation of the DNA, 

instability of the large plasmid or other unknown factors. 

Day 3 
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After 10 days, transfected cells were harvested and lysed by four rounds of freeze-thawing 

between a dry ice/ethanol bath and a 37°C water bath. The viral lysate was used to infect a 

new T25 flask with cells at 30% confluency. Use of cells at low seeding confluency in the 

initial stage of vector production where viral titre is low is to ensure that the cells are in the 

state of active metabolism to support viral propagation. The F1 flask was monitored for 10 

days. At this stage, the number of eGFP
+
 cells were low (<50). This likely reflects a very low 

titre of virus. Additionally, the eGFP transgene was expressed under the IRES signal which 

reduces the level of its expression. After 10 days of incubation, the F1 flask was harvested 

and the lysate was used to infect F2 passage. 

Three days after infection of the F2 flask, eGFP expression became apparent (Fig 3.8). After 

five days, comet clusters were also visible, with about five clusters per flask. By day 10, the 

number of fluorescent clusters increased to an average of 50 per flask. In the centre of the 

comet cluster, a localized cytopathic effect (CPE) was visible. The cells were harvested by 

freeze-thaw cycles and the cell lysate was used for subsequent propagation.  

 
 

  

Fig 3. 8. Progression of eGFP and development of CPE in the HEK293 infected with the 2nd 

passage (F2) of HAdV5/RSV-OVA-IRES-eGFP. 

BF - Bright Field. 
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The F2 viral lysate was used to inoculate an F3 passage for viral amplification. In the F2 

passage, only 50 infective loci were observed, whereas in F3, significantly more cells became 

fluorescent indicative of an increase in virus titre. F3 cells were harvested to inoculate 

subsequent F4-F6 passages for scaling up. Fig 3.9 illustrates the scale of each passage for 

viral amplification. For the initial stage of vector production in T25 flasks (F1 – 3), cells were 

seeded at low confluency (~30%) to support viral growth over longer incubation period, 

whereas at later stages (F4 – 6), when a synchronous infection may be expected, cells were 

seeded at high confluency (~70-90%) to maximize the virus yield.The initial passages were 

performed in T25 flask (F1-4) and the later passages were performed in T75 flasks. 

 

Fig 3.9. Propagation of HAdV5/RSV-OVA-IRES-eGFP in HEK293 cells 
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3.2.4 HAdV5/RSV-OVA-IRES-eGFP is a slow replicating virus 

During the F6 passage, following infection of 20 T75 flasks, cells showed delayed onset of 

lysis and complete CPE did not develop until 10 days post inoculation.This indicates that the 

virus is of low titre or is replicating inefficiently. This is consistent with the observation 

during the initial stages of viral propagation, with slow appearance of eGFP
+
 cells in the F1-3 

passages. To estimate the viral titre, the viral lysates of the F5 and F6 passages were used for 

a TCID50 assay.Fig 3.10 shows the average viral titre of the F5 and F6 passages. There is an 

approximately 2 log increase in the viral titre from the F5 passage to F6. The viral yield for 

the F6 passage is 10
8.8

 ip per T75 flask. Using a similar scale of cell culture system, Park et al 

(2004) reported the yield for a different construct, HAdV5/CMV-eGFP to be 10
10

 pfu/flask 

(Park, Lee et al. 2004). This suggests that HAdV5/RSV-OVA-IRES-eGFP might be  

replicating relatively inefficiently. 
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Fig 3.10. Viral titre of the viral lysates from F5 and F6 passage 

Infected HEK293 cells from the F5 and F6 passage were harvested, resuspended in 3 ml PBS and lysed by four 

cycles of freeze-thaw between -80C and 37C. The cell lysates were centrifuged to remove cell debris and the 

crude lysates were titred by the TCID50 assay (described in Chapter 2.Section 2.2.2.6). 

 

To check whether the inefficient amplification of the HAdV5 was intrinsic to the 

HAdV5/RSV-OVA-IRES-eGFP construct, replication of this construct was compared with 

HAdV5-KS99, a strain obtained from Broadvector that is known to replicate to high titre. 

HAdV5-KS99 is also a first generation, E1 and E3-deleted HAdV5, but carries a different 

transgene cassette EF1-eGFP. A single round of infection of HEK293 was set up using cell 
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density at 70% confluency and MOI of 1, with the two viruses in parallel for comparison. 

Following infection, cells were harvested at 48 hours post infection and the titres of HAdV5 

in the viral lysate were determined. As shown in Fig 3.11, HAdV5 KS99 was found to 

generate significantly higher titre than the HAdV5/RSV-OVA-IRES-eGFP construct in a 

single round of infection. 
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Fig 3.11. The HAdV5/RSV-OVA-IRES-eGFP is replicating slower than HAdV5/KS99. 

HEK293 cells were seeded at 70% confluency and infected with HAdV5/RSV-OVA-IRES-eGFP or 

HAdV5/KS99 at a MOI of 1 in a T75 flask. 48 hours later, cells were harvested and the HAdV5 in the viral 

lysates were titred using the TCID50 assay. *P=0.0120, calculated using the student’s t test. 

 

3.2.5 Replication-competent adenovirus contamination of  HAdV5/RSV-OVA-

IRES-eGFP vector preparation 

Following the F6 passage, the viral lysates were harvested and the vector was purified by 

CsCl density gradient ultracentrifugation. A single, opaque band following two rounds of 

ultracentrifugation representing HAdV5 was obtained (Fig 3.12C). This band was then 

extracted in minimal volume and dialysed to remove the CsCl. 

* 
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A. 

 

B. 

 

C. 

 

Fig 3. 12. HAdV5 purification by the CsCl density gradient ultracentrifugation. 

Infected cells of the F6 passage were harvested, lysed by four rounds of freeze-thaw cycles and the viral lysate 

was used for purification using CsCl gradient ultracentrifugation. 5ml of the viral lysate was loaded onto a step 

gradient consisting of 2.5ml of 1.25gm/cc and 1.35gm/cc CsCl on a cushion of 2ml of 1.5gm/cc CsCl. The 

gradient was spun at 35,000 rpm in a SW40 rotor for 1.5 hours at 4C. The viral band indicative of HAdV5 (the 

white arrow) was carefully harvested by pipetting (with volume minimized to 1ml) and loaded onto a second 

CsCl gradient – an isopycnic gradient of 1.34gm/cc and spun for 18 hours at 35,000 rpm in a SW40 rotor. A. 

The first CsCl gradient before the centrifugation; B. Separation of viral particles from the cell lysate after the 

first centrifugation; C. Purification of the virus after the second centrifugation. The red, white and blue arrow 

indicates the band correspond to the cell lysate, the HAdV5 and the empty capsids, respectively. 

 

The TCID50 assay was used for the determination of the infectious titre of the HAdV5/RSV-

OVA-IRES-eGFP preparation. Table 3.1 shows the titre of the HAdV5/RSV-OVA-IRES-

eGFP produced. 

One problem associated with rAdV production in HEK293 cells is thegeneration of 

replication-competent adenovirus (RCA). This occurs because most of the first-generation 

rAdVs retains significant homology with the AdV sequence in the HEK293 allowing for 

double crossover recombination and the generation of wild type AdV genomic DNA 

(Kovesdi and Hedley 2010). Such RCA can be rescued and rapidly become dominant over 

replication-defective, recombinant AdVs during viral propagation. The occurrence of RCA is 

rare during initial passage but chances accumulate over serial passage. 

For this reason, the propagation of rAdV to higher passage number is not recommended due 

to the increasing possibility that recombinant virus stocks are contaminated with RCA. To 

ascertain if the recombinant adenovirus described here was contaminated with RCA, 
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HeLacells were inoculated with serial dilutions (10
1
-10

10
) of the purified F6 stock and the 

presence of CPE was monitored. HeLa cells are non-permissive for replication-deficient 

rAdVs but permissive to RCA. CPE was observed in Hela cells suggesting the presence of 

RCA. TCID50 titre of the RCAs in the HAdV5/RSV-OVA-IRES-eGFP preparation was 

calculated and compared to the TCID50 titre of the construct calculated in HEK293.  

HAdV5 TCID50 titre RCA TCID50 titre Frequency of RCA 

RSV-OVA-IRES-eGFP 1.12x10
10  

ip/ml 6222 ip/ml 1 per 1x10
6.25 

ip 

Table 3. 1. RCA contamination in the HAdV5/RSV-OVA-IRES-eGFP preparation. 

 

Currently, the recommended limit for RCA contamination in a rAdV vector preparation is 

suggested to be >1 per 3x10
10

 ip for in vivo applications (Food and Drug Administration 5 

April 2001). In this study, the recombinant HAdV5/RSV-OVA-IRES-eGFP is designed for in 

vitro experiments on human mono-DCs. However, a previous study has shown that human 

DCs are susceptible to infection with wild type HAdV5 (Smith, Woodruff et al. 1996). 

Therefore, the presence of RCAs renders the HAdV5/RSV-OVA-IRES-eGFP preparation 

unsuitable for DC experiments. 

3.2.6 Cloning of OAdV7/RSV-eGFP-Ub-ELA 

This section describes the cloning of the OAdV7 construct RSV-eGFP-Ub-ELA, in which the 

eGFP gene is expressed under the regulation of the RSV promoter and the ELA antigenic 

peptide is expressed as a fusion protein with the eGFP gene linked by a Ubiquitin residue 

with a K48R mutation. The sequence eGFP-Ub-ELA was available in plasmid pAAV/CAG-

eGFP-Ub-ELA in the author's lab. The use of the Ubiquitin fusion protein expression system 

allows cleavage by the ubiquitin-specific proteases (USPs) after the C-terminal glycine of 

ubiquitin resulting in eGFP-Ub and free ELA peptide inside the cell (Matentzoglu and 

Scheffner 2009). The use of the Ubiquitin fusion protein to co-express genes of interest has 

been described previously (Baker 1996).The K48R mutation in the Ubiquitin prevents poly-

ubiquitination of the eGFP-Ub fusion protein (Wilkinson 1999). 

The cloning procedure is illustrated in Fig 3.13. Two plasmids were used. p236 is a shuttle 

vector for OAdV7 with the multiple cloning site between the RSV promoter and the bovine 

growth hormone (BGH) polyadenylation (PolyA) sequence. p268 contains homologous 
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sequences with the OAdV7 genome, allowing for homologous recombination with the 

OAdV7 genomic plasmid in bacteria.  

The fragment eGFP-Ub-ELA was initially cloned into p236, followed by excision of the 

transgene casette RSV-eGFP-Ub-ELA into p268.Cloning of the transgene cassette RSV-

eGFP-Ub-ELA into p268 was confirmed by restriction digest and gel electrophoresis (Fig 

3.13.B). The plasmid p268/RSV-eGFP-Ub-ELA was sent to Broadvector for OAdV7 

production.  

Despite transduction of some sheep fibroblast cells, no cluster of fluorescent cells suggestive 

of a viral replication centre was seen and no cytopathic affect (CPE) was observed (Gerry 

Both, personal communication, November, 27, 2011). The failure to rescue viable viruses 

suggests that the transgene cassette may be toxic to the propagating sheep fibroblast cells. It 

remains unknown which part of the transgene cassette interfered with viral growth, but 

previous failure to generate OAdV7 expressing a transgene cassette CMV-eGFP seemed to 

suggest it was the early, high level of eGFP expression that was toxic to the cells. It is 

possible that the lower IRES-mediated eGFP expression in the original OAdV7 vector 

OAdV7/OVA-IRES-eGFP was less toxic to the CSL503 cells and therefore the viral vector 

was amplified successfully. 
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Fig 3.13. Cloning of the RSV-eGFP-Ub-ELA transgene casette into the OAdV7 shuttle vectors. 

A. p236 is a shuttle plasmid with the multiple cloning site located between the RSV promoter and the BGH 

PolyA signal. The fragment eGFP-Ub-ELA was amplified from pAAV/CAG-eGFP-Ub-ELA using primers 

eGFP_EcoRV_F and ELA_XbaI_R. Following EcoRV/XbaI digest of p236 and the eGFP-Ub-ELA PCR 

product, the fragment eGFP-Ub-ELA was ligated onto p236 and transformed into E.coli. The transgene casette 

RSV-eGFP-Ub-ELA was excised from p236/RSV-eGFP-Ub-ELA using enzymes SbfI and BlpI and ligated onto 

p268. Following transformation into E.coli, colonies with the recombinant 268/RSV-eGFP-Ub-ELA were 

selected on chloramphenicol. B. Gel electrophoresis of SbfI/NotI digestion of 268/RSV-eGFP-Ub-ELA. SbfI 

cuts at the 5' end of the transgene cassette RSV-eGFP-Ub-ELA and NotI cuts inside the eGFP-Ub-ELA 

fragment. SbfI/NotI digest of 268/RSV-eGFP-Ub-ELA released a fragment of approximately 1.8kb, confirming 

the insertion of the transgene. The 1.6kb of the 1kb plus ladder is indicated by the red arrow. 
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3.2.7 Cloning of OAdV7/RSV-OVA-Ub-ELA-IRES-eGFP 

The failure to rescue OAdV7 virus using a construct in which eGFP is expressed under a 

constitutive promoter led to limitation in designing the reporter gene construct. This section 

describes cloning of the construct OAdV7/RSV-OVA-Ub-ELA-IRES-eGFP, which is 

modified based on the original OAdV7 vector from Broadvector with an insertion of Ub-ELA 

at the 3'end of OVA. 

The construct encodes a fusion peptide of the mutated OVA protein (with mutation of a 

cysteine residue to a serine residue near the C terminal and deletion of the last three amino 

acids), a linker sequence consists of four glycine residues, a single ubiquitin protein (human 

ubiquitin B) and the sequence encoding the ELA peptide (Fig 3.14). The replacement of the 

cysteine residue by the serine residue in OVA generates a new BglII site in the 3’end. The 

other restriction site used for the insertion of Ub-ELA into the 3’end of OVA was the XhoI 

site located just after the stop codon of OVA. Insertion of the Ub-ELA sequence in between 

the BglII and the XhoI site resulted in deletion of the last three amino acids of OVA. The 

Ubiquitin was also mutated to remove a BglII site near the 5’ end, results in mutation of a 

codon ATC to ATA. The mutation of codon ATC to ATA in Ubiquitin does not alter the 

amino acid residue.  

The OAdV7-OVA-Ub-ELA-eGFP vector was constructed using p263 as the shuttle vector, 

which contains the transgene cassette RSV-OVA-IRES-eGFP. Site directed mutagenesis of 

p263 was performed to introduce a new restriction site BglII at the 3’end of OVA. A detailed 

description of the cloning procedure is described in Fig 3.15. The Ub-ELA sequence is 

amplified from pAAV2/6 eGFP-Ub-ELA using primers Ub_BglII_F and ELA_XhoI_R. The 

PCR product is then cut with BglII and XhoI and ligated onto the p263. The entire expression 

cassette RSV-OVA-Ub-ELA-IRES-eGFP was then cut out of p263 using rare cutters SbfI and 

NotI and ligated into p268. The constructed recombinant p268 was then sent to Broadvector 

for homologous recombination with the OAdV7 genome and subsequent viral production. 

The recombinant OAdV7 viruses were successfully rescued and propagated in CSL503 cells 

to high titre (4.2x10
10

ip/ml). 
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A. 

OAdV7-OVA-Ub-ELA-IRES-eGFP 

 

 

 

B. 

 
C. 

>OVA_Ub_ELA 

 

ATGGGCTCCATCGGTGCAGCAAGCATGGAATTTTGTTTTGATGTATTCAAGGAGCTCAAAGTCCACCATGCCAAT

GAGAACATCTTCTACTGCCCCATTGCCATCATGTCAGCTCTAGCCATGGTATACCTGGGTGCAAAAGACAGCACC

AGGACACAGATAAATAAGGTTGTTCGCTTTGATAAACTTCCAGGATTCGGAGACAGTATTGAAGCTCAGTGTGGC

ACATCTGTAAACGTTCACTCTTCACTTAGAGACATCCTCAACCAAATCACCAAACCAAATGATGTTTATTCGTTC

AGCCTTGCCAGTAGACTTTATGCTGAAGAGAGATACCCAATCCTGCCAGAATACTTGCAGTGTGTGAAGGAACTG

TATAGAGGAGGCTTGGAACCTATCAACTTTCAAACAGCTGCAGATCAAGCCAGAGAGCTCATCAATTCCTGGGTA

GAAAGTCAGACAAATGGAATTATCAGAAATGTCCTTCAGCCAAGCTCCGTGGATTCTCAAACTGCAATGGTTCTG

GTTAATGCCATTGTCTTCAAAGGACTGTGGGAGAAAGCATTTAAGGATGAAGACACACAAGCAATGCCTTTCAGA

GTGACTGAGCAAGAAAGCAAACCTGTGCAGATGATGTACCAGATTGGTTTATTTAGAGTGGCATCAATGGCTTCT

GAGAAAATGAAGATCCTGGAGCTTCCATTTGCCAGTGGGACAATGAGCATGTTGGTGCTGTTGCCTGATGAAGTC

TCAGGCCTTGAGCAGCTTGAGAGTATAATCAACTTTGAAAAACTGACTGAATGGACCAGTTCTAATGTTATGGAA

GAGAGGAAGATCAAAGTGTACTTACCTCGCATGAAGATGGAGGAAAAATACAACCTCACATCTGTCTTAATGGCT

ATGGGCATTACTGACGTGTTTAGCTCTTCAGCCAATCTGTCTGGCATCTCCTCAGCAGAGAGCCTGAAGATATCT

CAAGCTGTCCATGCAGCACATGCAGAAATCAATGAAGCAGGCAGAGAGGTGGTAGGGTCAGCAGAGGCTGGAGTG

GATGCTGCAAGCGTCTCTGAAGAATTTAGGGCTGACCATCCATTCCTCTTCTGTATCAAGCACATCGCAACCAAC

GCCGTTCTCTTCTTTGGCAGATCTGGAGGCGGAGGAATGCAGATATTCGTGAAAACCCTTACCGGCAAGACCATC

ACCCTTGAGGTGGAGCCCAGTGACACCATCGAAAATGTGAAGGCCAAGATCCAGGATAAGGAAGGCATTCCCCCC

GACCAGCAGAGGCTCATCTTTGCAGGCAGGCAGCTGGAAGATGGCCGTACTCTTTCTGACTACAACATCCAGAAG

GAGTCGACCCTGCACCTGGTCCTGCGTCTGAGAGGTGGTGAGCTCGCTGGGATCGGCATCCTGACAGTGTAA 

 

Fig 3.14. The OVA-Ub-ELA sequence. 

A. The RSV-OVA-Ub-ELA-IRES-eGFP construct. B. The mutated sequence at the 3’end of OVA and the 

beginning of Ubiquitin (Ub). Red letters indicate mutated sequences. C. The complete sequence of OVA-Ub-

ELA. The start codon was shown in red with the remainder OVA sequqence in black, the glycine linker in blue, 

the Ubiquitin in orange and the ELA peptide in Purple. 

 

RSV OVA IRES eGFP Ub ELA 
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Fig 3.15. Cloning of the RSV-OVA-Ub-ELA-IRES-eGFP transgene cassette into the OAdV7 

shuttle vectors. 

A. p263 is a shuttle plasmid with the transgene cassette RSV-OVA-IRES-eGFP. The fragment Ub-ELA is 

amplified from pAAV/CAG-eGFP-Ub-ELA using primers Ub_BglII_F and ELA_XhoI_R. Following 

BglII/XhoI digest of p263 and the Ub-ELA PCR product, the fragment Ub-ELA is ligated onto p263 and 

transformed into E.coli. The transgene casette RSV-OVA-Ub-ELA-IRES-eGFP is excised from p263/RSV-

OVA-Ub-ELA-IRES-eGFP using enzymes SbfI and NotI and ligated onto p268. Following transformation into 

E.coli, colonies with the recombinant 268/RSV-OVA-Ub-ELA-IRES-eGFP is selected on chloramphenicol.B. 

Gel electrophoresis of p268/OVA-Ub-ELA-IRES-eGFP by BglII digestion. BglII cuts at base position 2474 and 

4156 on p268/OVA-Ub-ELA-IRES-eGFP and generates two fragments of 1682bp and 7900bp. The 1.6kb band 

of the 1kb plus ladder is indicated by the red arrow. 
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3.3 Discussion 

Production of rAdVs in vitro has been a critical step to generate large quantity of rAdVs for 

in vitro and in vivo applications. The most commonly used protocol for generating rAdV has 

been the method described by He et al, using the AdEasy system (He, Zhou et al. 1998). This 

system bypasses the need to undertake plaque purification and allows efficient generation of 

first generation rAdVs. 

To generate the HAdV5/RSV-OVA-IRES-eGFP construct, the Adeasy system was adopted. 

Despite initial success of transfection, the virus appeared to amplify inefficiently. The initial 

infections produced very low number of eGFP
+ 

cells, with synchronized infection not 

achieved until the F3 passsage. For later stages of amplification, cells exhibited delayed onset 

of CPE and prolonged lysis, eventually showing inefficient amplification. The low titre of the 

HAdV5/RSV-OVA-IRES-eGFP suggests that the virus has low replicative ability, with a 

final virus titre of 1.12x10
10  

ip/ml after F6 passage. Comparison of the viral titres following 

one round of infection of HEK293 cells with HAdV5/RSV-OVA-IRES-eGFP to that of 

HAdV5 KS99, a fast-replicating strain, showed that the HAdV5/RSV-OVA-IRES-eGFP 

vector replicated at a significantly slower rate. Therefore, it is possible that the HAdV5/RSV-

OVA-IRES-eGFP virus affects cell machinery and this effect is intrinsic to the construct. 

One of the possibilities that may hinder viral replication is inefficient packaging, usually due 

to the virus carrying gene cassette that exceeds the total packaging capacity of the capsid. The 

RSV-OVA-IRES-eGFP construct was within the recommended limit suggested (Bett, Prevec 

et al, 1993). Another possibility is that expression of the transgene affected viral replication. 

This phenomenon known as “the transgene effect” was described in other studies, including 

in constructs where transgenes are not generally considered toxic and the reason behind the 

lower viral production for a particular construct is unclear (Gall, Lizonova et al. 2007; Wang, 

Qi et al. 2009; Cottingham, Carroll et al. 2012). A study by Wang et al (2009) showed that 

the expression of a non-toxic gene negatively affected rAdV replication by inducing nutrient 

limitation (Wang, Qi et al. 2009). It was suggested that the expression of certain transgene, 

particularly those driven by a potent promoter exhausts nutrient and interferes with 

metabolism and growth of packaging cell and the virus progeny.  
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As the HAdV5/RSV-OVA-IRES-eGFP construct exhibited slow replicative ability, the virus 

production did not reach sufficient titre until the F6 passage. Unfortunately, during the final 

passage, RCAs was evident. The presence of RCA has been a common problem associated 

with large-scale HAdV5 production when the viral propagation is carried to high passage and 

presented major problem in the effort to generate sufficient HAdV5 viruses for in vitro 

experiments.  

The attempt to generate the OAdV7/RSV-eGFP-Ub-ELA construct encountered similar 

problems, in which the viral production was abrogated in the packaging cells due to potential 

toxicity of the transgene expression. The problem with the OAdV7 construct occurred early 

in viral production, with no evidence of viral replication.  

This led to the generation of OAdV7/RSV-OVA-Ub-ELA-IRES-eGFP construct, in which 

the ELA antigenic peptide is fused to the ovalbumin protein. This introduced changes based 

on the original transgene construct OAdV7/RSV-OVA-IRES-eGFP and the new construct 

was successfully amplified to sufficient titre.  

In conclusion, this chapter describes the attempts to generate HAdV5 and OAdV7 with 

equivalent reporter gene construct but the OAdV7/RSV-eGFP-Ub-ELA did not replicate and 

the HAdV5/RSV-OVA-IRES-eGFP did not replicate efficiently. It remains unknown how the 

constructs described in this chapter interfered with viral growth but it is similar to the 

“transgene effect” described in some previous studies. One way to rectify the problem would 

be to regulate transgene expression during viral replication. Using siRNA that knockdown the 

transgene expression, Wang et al (2009) was able to improve the viral production, shown by 

an increase in viral titre by at least 10-fold. Another major challenge in the production of 

rAdVs in HEK293 cells is the presence of RCAs due to homologous recombination between 

the rAdV sequence with the adenoviral sequence in the HEK293 cells.For clinical studies and 

applications, RCA should be absent or kept to a minimum in rAdV viral stocks. For this 

purpose, alternative cell lines that express E1A and E1B but with minimal overlapping 

sequences to prevent homologous recombination have been developed, such as cell line 

PER.C6 (Kovesdi and Hedley 2010). An additional approach to enhance viral production is 

the use of a suspension cell culture system. It confers advantages over adherent culture 

including homogenous concentration of cells, nutrients, metabolites and products, allowing 

for more accurate monitoring and appropriate up-scaling production (Kamen and Henry 
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2004). Moreover, a perfusion system of AdV production in bioreactor has been described, 

which overcomes the problems associated with accumulation of inhibitory metabolites and 

nutrient depletion and significantly increased volumetric AdV (Cortin, Thibault et al. 2004). 
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Chapter 4. OAdV7 transduces and 

activates human DCs 

4.1 Introduction 

Antigen presenting cells (APC) act as the sentinels of the immune system andthe link 

between the innate and the adaptive immune response. Dendritic cells (DC) are the most 

important class of APCs, characterized as having high capacity to capture, process, and 

present antigens (Banchereau and Steinman 1998). DCs play a central role in dictating the 

course of a T cell response. They are necessary for the initiation of T cell response as well as 

shaping the quality of immune responses.  

In response to stimulation by environmental signals e.g. via recognition of PAMPs DCs 

undergo an activation process and acquire a mature phenotype. Maturation of DCs is typified 

by change in the expression of a range of cell surface markers involved in antigen-

presentation, T-cell activation and cell migration (Reis e Sousa 2006). This is accompanied 

by reduced antigen uptake, formation of dendrites and production of soluble factors including 

cytokines and chemokines. Maturation of DCs is required for optimal T cell induction to 

provide sufficient co-stimulation and cytokines, as immature DCs were shown to stimulate a 

tolerogenic T cell response (Mahnke, Schmitt et al. 2002; Reis e Sousa 2006). 

Analysis of DCs from the blood, thymus and lymph node revealed a high level of 

heterogeneity between distinct DC populations. Distinct subsets of DCs have been identified 

that differ in their surface phenotype, anatomical location, migratory pathways and variable 

capability to stimulate T cell responses and secrete cytokines. There are two main categories 

of DCs: conventional DCs and non-conventional DCs. Conventional DCs can be further 

divided into two major subsets (Wu and Liu 2007). The first are the resident DCs in the 

lymphoid tissue including splenic marginal zone DCs, T cell zone-associated interdigitating 

DCs, germinal centre DCs and thymic DCs (Wu and Liu 2007). The second subset are 

migratory DCs because they differentiate from precursors in peripheral tissue and travel to 

the lymph node (Kushwah and Hu 2011). Migratory DCs include dermal DC from the skin 

and blood, mucosa-associated DCs and interstitial DCs. Non-conventional DCs are DCs that 
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are usually not seen in a steady state, but arise in response to inflammation, such as 

plasmacytoid DCs (pDC) (Kushwah and Hu 2011). 

Blood DC subsets are phenotypically identified by the expression of HLA-DR and the lack of 

antigen specific to other leukocyte lineages (e.g. CD3, 14, 15, 19, 20 and 56) and the 

expression of blood DC antigens (BDCA) (Jongbloed, Kassianos et al. 2010). Blood-derived 

DCs are broadly divided into two groups: CD11c
-
CD123

+
 plasmacytoid DCs (pDC) and 

CD11c
+
CD123

-
 myeloid DCs (mDC) (Jongbloed, Kassianos et al. 2010). pDCs and mDCs 

exhibit differential expression of pathogen recognition receptors. For example, pDCs express 

high level of TLR 7 and 9 whereas mDCs express TLR 1 to 8 and 10 (Schreibelt, Tel et al. 

2010). pDCs are capable of generating a rapid response to viral infection, with their potent 

capacity to produce Type I IFNs.  

Isolation of primary DCs from human tissue presents a challenging task due to their low 

abundance. In blood, DCs typically comprise ~1% of circulating PBMCs (Jongbloed, 

Kassianos et al. 2010). This leads to difficulty in isolation of primary DC with high 

abundance and purity. Therefore, much research has focused on generating DCs in vitro from 

their precursor cells. Generation of DCs from CD14
+
 monocytes in peripheral blood 

represents a well characterized and reproducible system for in vitro studies of human DCs 

(Chapuis, Rosenzwajg et al. 1997). 

Monocytes are early progenitor cells that give rise to DCs upon differentiation in culture 

medium supplemented with cytokines GM-CSF and IL-4. Monocytes were reported to have a 

mean frequency of 11% in peripheral blood mononuclear cells (PBMCs) from healthy 

individuals, approximately ten times higher than DCs (Erdmann, Dörrie et al. 2007; Yu, 

Babiuk et al. 2008). Monocyte-derived DCs (mono-DCs) are the best characterized DCs in 

vitro. Because monocytes isolated from blood presents a rich source to generate DCs with 

numbers compatible for therapeutic applications, mono-DCs generated ex vivo are frequently 

evaluated and used for immunotherapy (Grassi, Dezutter-Dambuyant et al. 1998; Waeckerle-

Men, Scandella et al. 2004). Therefore, mono-DCs are considered a standard model APCs for 

the study of APC function in vitro. 

Upon differentiation, mono-DCs down-regulate CD14 expression and express CD1a, a 

marker expressed on Langerhans cells and some dermal DCs. They undergo maturation upon 
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stimulation with inflammatory stimulus such as LPS, viruses and maturation cytokines 

(Grassi, Dezutter-Dambuyant et al. 1998).  

Viral vectors have emerged as a potent vaccine delivery tool due to their superior 

transduction efficiency and ability to activate innate immunity, enabling better targeting and 

stimulation of the DCs to initiate an effective T cell response. An increasing number of 

adenoviruses has been examined for their ability to transduce and activate DCs, with the 

susceptibility and activation of DCs varying on the source of cells as well as the adenovirus 

serotypes (Rea, Schagen et al. 1999; Varnavski, Schliengrer et al. 2003; Loré, Adams et al. 

2007). DCs do not express CAR, the principal receptor for HAdV5 entry, therefore efficient 

transduction of these cells relies on the use of higher MOIs, typically ≥ 1000 infectious 

particles per cell (Lundqvist, Choudhury et al. 2002; Varnavski, Schliengrer et al. 2003). 

Alternative adenovirusesshowed more efficient transduction of human DCs, in particular the 

Group B adenoviruses, which utilize CD46 for cell entry (Loré, Adams et al. 2007). 

Despite previous studies that reported the ability of OAdV7 to mount a T cell response in 

animal studies, the interaction between OAdV7 and human DCs has not been characterized. 

Therefore, the research in this chapter investigated the ability of OAdV7 to transduce and 

activate human APCs, predominantly mono-DCs. The subsequent experiments sought to 

analyse the ability of OAdV7-transduced human DCs to stimulate antigen-specific T cells. 

The viral vectors used for the experiments described in this chapter are illustrated in Fig 

4.1.OAdV7-OVA-eGFP encodes a single mRNA transcript under the control of a strong 

RousSarcoma virus (RSV) promoter. This transcript encodes the model antigen Ovalbumin 

(OVA) and a second open reading frame (ORF) encoding eGFP downstream of a viral 

IRES.OAdV7-OVA-ELA-eGFP is identical to OAdV7-OVA-eGFP apart from an in-frame 

addition of a sequence encoding a single ubiquitin molecule and a 9 amino acid T cell epitope 

from the tumour antigen Melanoma Antigen Recognized by T-Cells 1 (MART-1), designated 

as ELA, at the carboxy terminus of the OVA gene. This vector was used to examine the 

ability of transduced DCs to stimulate MART-1-specific T cells in vitro. A HAdV5 vector 

encoding the eGFP gene was used to compare the ability of the OAdV7 vector to transduce 

and activate DCs.  The expression cassette in the HAdV5 vector differs from OAdV7 in that 

eGFP transcription is regulated by the Elongation factor 1 (EF1) promoter without co-

expression of OVA. 



100 
 

A. 

 

B. 

OAdV7-OVA-eGFP 

 

 

OAdV7-OVA-ELA-eGFP 

 

 

HAdV5-eGFP 

 

 

 

Fig 4.1. The genetic composition of the viral vectors used in this study. 

A, The transgene cassettes were inserted into the insertion site III on the OAdV7 genome (modified from Both, 

2004). Horizontal arrows indicate open reading frames.B, The transgene cassettes encoded by the OAdV7 and 

HAdV5 vectors. Promoters are shown in orange boxes whereas the transgenes are shown in black boxes. RSV, 

Rous sarcoma virus promoter; OVA, Ovalbumin; IRES, Internal ribosomal entry site; eGFP, enhanced green 

fluorescent protein; Ub, Ubiquitin; EF1, Elongation factor 1 promoter. 

4.2 Results 

4.2.1Human mono-DCs as model APCs 

Human monocytes were isolated from healthy volunteers and allowed to differentiate in vitro 

in the presence of GM-CSF and IL-4 for up to 6 days. Day 6 mono-DCs showed reduced 

RSV OVA IRES eGFP 

RSV OVA IRES eGFP Ub ELA 

EF1 eGFP 
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expression of CD14 and up-regulated expression of CD1a, suggesting differentiation of 

CD14
+
 monocytes into DCs (Fig 4.2). Expression of CD83, the DC maturation marker and 

CD86, a co-stimulatory marker were both low on day 6 mono-DCs, suggesting the DCs 

retained an immature phenotype. 

A. 

 

 

 

Fig 4.2. Day 6 mono-DCs showed expression of DC markers. 

Monocytes were isolated from healthy donors and cultured in vitroin the presence of GM-CSF (100ng/ml) and 

IL-4 (50ng/ml) for 6 days. Day 0 monocytes and day 6 mono-DCs were harvested, and cell surface expression 

of various markers were analysed by flow cytometry. A. Representative dot plots showing gating of the mono-

DCs. Firstly, the population of mono-DCs (R1) was gated based on the FSC and SSC scatter plot. R2 represents 

the lymphocyte population. Secondly, the cells in the R1 gate were gated based on the viability stain 7AAD, 

with 7AAD
+
 (dead) cells identified by comparing to the unstained control. Thirdly, a Boolean gate was created 

to gate the cells in the R1 population that are 7AAD
-
. B. Expression of CD14 on freshly isolated day 0 

monocytes. Shade represents unstained control. Number on the histogram showed that the percentage of CD14
+
 

cells was 98%. C. Expression of markers associated with DC differentiation on day 6 mono-DCs. Number on 

the histogram plots represents the mean fluorescence intensity (MFI). 
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The following experiments sought to determine whether OAdV7 could transduce human 

APCs, including monocytes, mono-DCs as well as distinct cell types present in the PBMCs.  

4.2.2 OAdV7 transducesmono-DCs more efficiently than monocytes 

Adenovirus has been previously shown to transduce monocytes, therefore the ability of the 

OAdV7 to transduce monocytes and differentiated mono-DCs was examined (Huang, Endo et 

al. 1995; Lyakh, Koski et al. 2002; Loré, Adams et al. 2007). Fig 4.3 shows transduction of 

monocytes in comparison to day 6 mono-DCs from the same individuals. Significantly lower 

transduction of monocytes by OAdV7was observed compared to mono-DCs differentiated 

from monocytes from the same donor. 
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A. 

 

B. 

 

Fig 4.3. Transduction of monocytes compared to mono-DCs (3 donors). 

Day 0 CD14
+
 monocytes or day 6 mono-DCs were exposed to OAdV7-OVA-eGFP at MOI 1000 IU/cell for 

48hrs followed by the analysisof eGFP expression by flow cytometry. A. Mean transduction efficiency of 

duplicate samples (+/- Standard error) from a single experiment is shown.  The transduction of the same cells 

from the same donors was repeated two times with similar results.  Transduction efficiencies between 
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monocytes and mono-DCs of the same donor were compared using unpaired student’s t test. **P<0.01. B. 

Representative dot plots showing transduction of mono-DCs. Donor 2 and donor 3 were shown. 

To further assess the ability of OAdV7 to transduce human mono-DCs, mono-DCs were 

incubated with variable amounts of either OAdV7 or HAdV5, each of which encodes an 

eGFP reporter gene. The DCs were harvested for analysis of transduction 48hrs later. Fig 4.4 

shows the percentage of eGFP
+
 cells over a range of MOI 10-10000 IU/cell.   In this 

experiment the maximum level of transduction of mono-DCs by HAdV5 was 69.74±7.32% at 

MOI 10000. OAdV7 exhibited a lower transduction efficiency with mean frequency of 

eGFP
+
 cells 4.51±1.39% and 12.33±5.12%, using vector MOI of 1000 and 10000, 

respectively. Of note in these experiments was the large degree of variation in the 

transduction of cells from individual donorsirrespective of which vector was used.The results 

presented in Fig 4.4 confirmed that human mono-DCs can be transduced by OAdV7 albeit 

with variable efficiency.  HAdV5 appears to transduce mono-DCs more efficiently than 

OAdV7 but a direct comparison of transduction efficiency using these two vectors is not 

possible due to differences in the level of eGFP expression reflecting the different promoter 

and other cis-acting sequences (see Fig 4.1). 
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Fig 4.4.Transduction of human mono-DCs by OAdV7 and HAdV5. 

Day 6 mono-DCs were either untreated, or exposed to OAdV7-OVA-eGFP or HAdV5-eGFP, at various MOIs 

for 48hr at which time transduction efficiency was measured by flow cytometry. Each data point represents the 

transduction efficiency from one individual, measured as mean transduction efficiency of duplicate samples 

from a single experiment. The transduction experiment of the mono-DCs from the each individual was 

performed two times with similar results. The horizontal bar represents mean transduction efficiency at each 

MOI. 

 

Viral vector OAdV7 HAdV5 

MOI  10 100 1000 10000 10 100 1000 10000 

% Transduction 0.08± 

0.03 

1.02± 

0.42 

4.51± 

1.39 

12.33± 

5.12 

0.26± 

0.04 

1.89± 

0.35 

19.82± 

3.81 

69.74± 

7.32 

Table 4.1. Mean transduction efficiencies of mono-DCs by OAdV7 and HAdV5 
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4.2.3 OAdV7 transduces PBMCs inefficiently 

Apart from DCs, other cells types have the ability to function as APCs, including 

macrophages and B cells (Underhill, Bassetti et al. 1999). To assess the ability of OAdV7 to 

transduce different immune cell subsets, freshly isolated PBMCs were exposed to OAdV7 at 

a MOI of 1000 IU/cell for 48hrs. Cells were stained for various lineage markers to distinguish 

between cell types and analysed by flow cytometry to measure eGFP
+
 cells. Transduction of 

all cell subsets was consistently low ( <1%), irrespective of the transduction efficiency of 

mono-DCs across different donors (Table 4.2). 

Donor T cells NK cells NKT cells B cells Monocytes  

and macrophages 

transduction of 

mono-DCs pure 

culture 

A 0.15± 

0.02 

0.43± 

0.04 

0.91± 

0.36 

0.54± 

0.36 

0.89± 

0.66 

1.58± 

0.07 

B 0.09± 

0.1 

0 0.03±0.28 0.98± 

0.9 

0.39± 

0.09 

9.63± 

0.62 

C 0.06± 

0.10 

0.48± 

0.50 

0 0.02± 

0.02 

1.19± 

0.2 

12.95± 

0.41 

Table 4.2. Human PBMCs were not susceptible to OAdV7 transduction. 

PBMCs were exposed to OAdV7-OVA-eGFP at MOI 1000 for 48hrs followed by staining with cell surface 

markers to distinguish between cell types. Transduction efficiency was measured as a percentage of eGFP
+
 cells.  

Data represent mean transduction efficiencies ± standard errors. For comparison, transduction efficiencies 

measured with pure cultures mono-DCs from the same donor is shown. Data represents mean of experimental 

duplicates. 
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4.2.4 Activation of mono-DCs by OAdV7 

4.2.4.1 OAdV7 induces dose-dependent maturation of mono-DCs 

To assess whether exposure of mono-DCs to OAdV7 could trigger maturation of DCs, 

phenotypic changes associated with maturation of DCs following exposure to OAdV7 were 

assessed. Day 6 mono-DCs were exposed to OAdV7 at MOI of either 100 or 1000 IU/cell for 

48hrs and the expression of maturation markers measured by flow cytometry. OAdV7 

induced a dose-dependent upregulation of CD86, CD80, CD83 and HLA-DR, with CD86 

being the most significantly up-regulated (Fig 4.5).These results suggest that OAdV7 triggers 

the activation of mono-DCs.  

 

Fig 4.5. OAdV7 induces a dose-dependent activation of mono-DCs. 

Mono-DCs were untreated (UT), or exposed to OAdV7-OVA-eGFP at a MOI of either 100 or 1000, followed 

by analysis of cell surface marker expression 48 hrs later. Vehicle (media) control was used for the untreated 

sample. The shaded areas represent the expression profile of each marker in untreated cells.Values indicate 

mean fluorescent intensity (MFI). A representative result of experimental duplicates from a single donor is 

shown. Similar results were obtained in mono-DCs isolated from 3 donors. 
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Upon exposure to various stimuli including TNFα, Bacillus Calmette-Guérin (BCG) and anti-

CD43 antibodies, DC cultures were shown to acquire a distinct morphology in vitro, 

characterized by the aggregation of cells leading to formation of loose clusters (Thurnher, 

Ramoner et al. 1997; Sato, Nagayama et al. 1999; Delemarre, Hoogeveen et al. 2001). 

Formation of cell clusters was described as a correlate of DC maturation (Zhou and Tedder 

1996; Delemarre, Hoogeveen et al. 2001). Mono-DC exposed to OAdV7 showed a typical 

mature morphology in culture compared to untreated DCs, with significant formation of cell 

clusters (Fig 4.6) 

 

A. 

 

B. 

 

 

Fig 4.6. Mono-DCs exposed to OAdV7 showed formation of cell clusters in culture, indicative of 

mature status. 

DCs were untreated or exposed to OAdV7-OVA-eGFP at MOI 1000 for 48 hrs before microscopic analysis. A, 

Untreated DCs; B, DCs exposed to OAdV7. 
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4.2.4.2 OAdV7 is a more potent maturation stimulus of mono-DCs than HAdV5 

A comparison between the ability HAdV5 and OAdV7 to stimulatemono-DCs was carried 

out after exposure of the cells to an equivalent infectious dose of each virus. Cells were 

treated at a MOI of 1000 IU/cell and the immunophenotype of the DCs was analysed 48 hrs 

later. Exposure of mono-DCs to HAdV5 did not result in strong upregulation of all DC 

markers compared to the untreated control (Fig 4.7). There appeared to be a moderate level of 

DC maturation induced by HAdV5 in donor 4, with the DC markers expressed at a higher 

level compared to the untreated but lower to that of mono-DCs exposed to OAdV7. Exposure 

of mono-DCs to OAdV7 led to the highest induction in co-stimulatory marker CD86, with 

approximately 3-7 fold increase compared to untreated controls. CD80 was also up-regulated 

in all 4 donors tested. 3 out of 4 donors showed significant upregulation of CD83 and HLA-

DR compared to the untreated. When compared to treatment with HAdV5, all 4 donors 

showed significantly higher expression of CD80, 3 out of 4 donors showed significantly 

higher expression of CD86,  and 1 out of 4 donors showed significantly higher expression of 

CD83 and HLA-DR. This suggests OAdV7 induced maturation of mono-DCs more potently 

than HAdV5. The higher induction of DC maturation of OAdV7-treated DCs is observed 

across all 4 donors tested, including donors that exhibit low susceptibility to OAdV7 as well 

as donors that showed high level of transduction by OAdV7 (Figure 4.7 C).  
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A. 

 

B. 
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C. 

Transduction efficiency of the donors 

Donor OAdV7 HAdV5 

Donor 1 9.63±0.62% 12.8±0.05% 

Donor 2 1.58±0.07% 9.75±0.46% 

Donor 3 12.95±0.41% 24.5±0.58% 

Donor 4 2.27±0.39% 40.4±2.6% 
 

  

Fig 4.7. OAdV7 activates human mono-DCs more potently than HAdV5. 

Day 6 mono-DCs were either left untreated or exposed to either OAdV7-OVA-eGFP or HAdV5-eGFP at a MOI 1000 for 48 hours followed by analysis of DC 

immunophenotype. A, A representative result (donor 3 is shown). UT – vehicle (media) control; B, Fold induction of DC markers. Fold induction was calculated by dividing 

the MFI of samples exposed to vectors by the untreated controls.  Error bars represent standard errors. Grey – vehicle (media) control; hatched – HAdV5; black – OAdV7. C, 

Transduction efficiency of mono-DCs by OAdV7-OVA-eGFP and HAdV5-eGFP.Statistical significance was calculated with raw MFI values using unpaired student’s t test.* 

indicates statistical significance between the OAdV7-treated sample and untreated control; indicates statistical significance between the OAdV7-treated and HAdV5-treated 

samples. * P <0.05; ** P< 0.01; ***P<0.001;P<0.05; P<0.01; P<0.001. Similar results were obtained when the experiment was performed two times using mono-

DCs from the same individuals. 
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4.2.4.3 OAdV7 triggers maturation of mono-DCs in transduced and untransduced 

cells. 

Adenoviruses are able to activate DCs via both transduction-dependent and independent 

pathways (Loré, Adams et al. 2007). Activation of blood-derived pDCs by HAdV5 and rAdV35 

led to higher maturation in transduced cells, whereas activation of mDCs by both viruses led to 

comparable activation in both transduced and untransduced cells.  Therefore the 

immunophenotype of mono-DCs exposed to OAdV7 was examined in cells that were eGFP
+
 

(transduced) and compared to the immunophenotype in eGFP
-
 cells (untransduced). As shown in 

Fig.4.8, both transduced and untransduced DCs exhibit up-regulation of all four markers but 

expression of CD86 is markedly higher in transduced cells compared with untransduced cells. In 

contrast the expression of CD83 in transduced cells was lower than untransduced DCs.  

 

Upregulation of all-four markers is seen in both transduced and un-transduced DCs. However, 

this does not provide direct evidence as to whether OAdV7 activate DCs irrespective of 

transduction. The activation of untransduced DCs is likely to be mediated by transduced DCs via 

the secretion of cytokines. To elucidate the mechanism behind the DC activation by OAdV7 and 

transduction, it is important to use an OAdV7 virus that is unable to transduce DCs. Such 

experiments have been done for HAdV5 using a temperature sensitive mutant HAdV5 which is 

unable to penetrate the endosome and enter the cytoplasm (Barlan, Griffin et al. 2011). The cell 

entry pathway for OAdV7 is currently unknown, therefore construction of OAdV7 mutant 

defective of transduction is an area of further study. Alternatively, it would be useful to sort the 

DCs following treatment with OAdV7 into transduced and untransduced populations. However, 

the eGFP transgene encoded by the OAdV7 construct takes two days to be fully expressed (data 

not shown), render sorting of DCs based on eGFP expression not suitable. 
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Fig 4.8. Both transduced and untransduced mono-DCs were activated by OAdV7. 

Mono-DCs were exposed to OAdV7-OVA-eGFP at MOI 1000, followed by assessment of the immunophenotype of 

the cells at 48hrs following viral treatment (n=4). Viable (7AAD
-
) cells were gated into transduced (eGFP

+
) and 

untransduced (eGFP
-
) populations. A,  Scatter plot of eGFP vs CD86/80/83/HLA-DR; B, Histograms indicating 

fluorescence level of each marker for transduced (eGFP
+
) and untransduced (eGFP

-
) cells. Numbers indicate 

MFI.Data represents results from 3 donors.  
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4.2.5 OAdV7 induces production of pro-inflammatory cytokines 

In addition to the up-regulation of cell surface maturation makers, activated DC also secrete a 

variety of soluble factors, such as pro-inflammatory cytokines and chemokines (Reis e Sousa 

2006). Cytokines are necessary for T cell induction, as they provide an essential signal for T cell 

priming (Curtsinger and Mescher 2010).Supernatants from mono-DCs treated with OAdV7 were 

analysed for cytokine production (Fig 4.9). In a donor with the highest transduction efficiency 

(Donor 1), a time course analysis showed OAdV7 induced significant secretion of TNFα and IL-

12/23p40, IL-6 and low levels of IL-12 p70. Secretion of TNFα peaked as early as 6 hours post 

treatment. Levels of IL-6, IL-12/23p40 and IL-12 p70 accumulated more slowly. No IL-10 was 

detected (data not shown). In donors with low transduction efficiencies, OAdV7 induced 

secretion of IL-6 and IL-12/23 p40 only (donor 2 and 3). Treatment of DCs with HAdV5 did not 

induce significant production of any cytokines tested, except for the production of IL-6 in donor 

2.   

The effect of OAdV7 on TNFα and IL-12/23p40 secretion from DCs was significant in donor 1, 

which has the highest transduction efficiency of 14%, but not in donor 1 and 2, which have a 

lower transduction of 3% and 1.58%, respectively. In contrast, similar level of IL-6 was induced 

by OAdV7 from all donors. It is possible that the induction of TNFα and IL-12/23p40 from 

mono-DCs by OAdV7 depends on transduction, whereas the induction of IL-6 by OAdV7 

utilizes a distinct pathway that is transduction-independent. The data provided limited evidence 

that suggests treatment of mono-DCs with OAdV7 induced secretion of pro-inflammatory 

cytokines where a sufficient level of transduction is achieved. However, to confirm the role of 

OAdV7 in cytokine induction in DCs, a larger sample size is needed to permit analysis of more 

donors with different level of transduction. 
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Donor 1: OAdV7 - 14%; HAdV5 – 8.09% 

 

Donor 2: OAdV7 – 3%; HAdV5 – 1.56%  
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Donor 3: OAdV7 – 1.58%; HAdV5 – 19.85% 

 

 

 

Fig 4.9. OAdV7-treated DCs secreted pro-inflammatory cytokines. 

Mono-DCs were either untreated, or exposed to HAdV5-eGFP or OAdV7-OVA-eGFP at MOI 1000. Cell 

supernatant was taken at individual time points following treatment and used for cytokine measurements. 

Percentages indicate transduction efficiency of the mono-DCs. Bars represent the means of duplicate measurements, 

with error bars representing standard errors. Means were compared using unpaired student’s t test. * P <0.05, ** P< 

0.01, ***P<0.001. 
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4.2.6 OAdV7-treated DCs stimulate proliferation of allogeneic T cells 

The previous experiment suggests that OAdV7 may induce a greater level of DC activation 

compared to HAdV5.  To compare the T-cell stimulatory capacity of OAdV7 and HAdV5-

treated DCs, an allogeneic mixed lymphocyte reaction (MLR) was performed. Majority of the 

studies that characterized the allostimualtory capacity of AdV-treated DCs measured the 

proliferative response of the whole CD3
+
 T cell population without dissecting the CD4

+
 and 

CD8
+
 T cell subsets (Nishimura, Nishioka et al. 2001; Lyakh, Koski et al. 2002; Newton, Sala-

Soriano et al. 2008). However, in vitro studies showed that CD4
+
 and CD8

+
 T cells respond 

differently in a mixed lymphocyte reaction (MLR). CD8
+
 T cells produced IFN early and 

enhanced the percentage of Th1 cells in the CD4
+
 T cell population (Noble, Leggat et al. 2003). 

LPS-treated mono-DCs stimulated proliferation of CD8
+
 T cells independent of CD4

+
 T cells 

(Lemoine, Velge-Roussel et al. 2010). Analysis of T cell proliferation by flow cytometry allows 

staining for distinct T cell population, therefore the CD4
+
 and CD8

+
 T cells were analyzed 

separately in this study.  

T cell proliferation was analysed following stimulation with either untreated DCs or DCs 

exposed to OAdV7 or HAdV5 at MOI 1000 IU/cell. DCs exposed to OAdV7 induced a greater 

level of both CD4
+
 and CD8

+
 T cell proliferation than untreated DCs or DCs exposed to HAdV5 

(Fig 4.10). DCs treated with HAdV5 were not significantly more stimulatory than untreated DCs.  

DCs matured upon stimulation with LPS have been shown previously to induce higher 

proliferation of CD8
+
 T cells in allogeneic MLR (Lemoine, Velge-Roussel et al. 2010). The 

result of MLR in this study showed the T cell stimulatory capacity was consistent with the results 

obtained in the DC activation study, as OAdV7-treated DCs induced a stronger T cell 

proliferation than untreated or DCs treated with HAdV5. Both CD4
+ 

and CD8
+
 T cells showed 

greater proliferation upon stimulation by OAdV7-treated DCs than untreated or HAdV5-treated 

DCs. CD8
+
 T cells showed a greater proliferative response than CD4

+
 T cells, which may be due 

to the presence of higher frequency of alloreactive CD8
+
 T cells, or the CD8

+
 T cells responded 

more efficiently than the CD4
+
 T cells in the MLR experiments in this study. 
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Fig 4.10. OAdV7-matured DCs induced a greater proliferation of allogeneic T cells in a mixed 

lymphocyte reaction than DCs exposed to HAdV5. 

Day 6 mono-DCs were exposed to OAdV7-OVA-eGFP or HAdV5-eGFP at MOI 1000. 48hours later, DCs were 

counted and seeded with CFSE-labelled T cells at 1:50 ratio. After 4 days of co-culture, T cell proliferation was 

analysed as loss of the CFSE dye. The cells were gated based on CFSE fluorescence, with the gate on the left 

indicates CFSElow (proliferated) T cells, and the gate on the right indicates CFSEhigh (unproliferated) T cells. 

Numbers indicate percentage of T cells in the corresponding gate. This is representative data of two separate 

experiments using mixed lymphocytes from different donors. 

4.2.7 OAdV7-transduced melanoma cells and DCs induce activation of antigen-

specific CD8
+
 T cell clones 

The ability of OAdV7-transduced cells to present a MHC-I restricted epitope derived from a 

relevant tumour-associated antigen (TAA) was assessed. MART-1 (Melanoma Antigen 

Recognised by T-cells), also known as melan-A, was chosen as the target antigen. MART-1 is a 

melanocytic differentiation marker and is expressed on normal melanocytes as well as most 

malignant melanomas. It is one of the most frequently recognized tumour antigens in HLA-

A2*0201 melanoma patients. High precursor frequencies of MART-1-specific naïve T cells have 
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been reported in healthy HLA-A2 individuals. Therefore, it is a candidate tumour antigen for the 

development of tumour vaccines.  

Evidence of inefficient processing of the MART-1 protein by activated antigen presenting cells 

due to expression of the immunoproteasome has been reported (Anderson, Zeng et al. 2011). It 

was shown that professional antigen presenting cells such as DC and B cells upregulate the 

expression of the immunoproteasome upon activation. The switch from the standard proteasome 

to the immunoproteasome results in changes in the cleavage patterns of certain TAAs including 

MART-1. As a result, the immunodominant peptides of those TAAs are not produced. This 

would cause problems in the design of a tumour vaccine using TAA that may be inefficiently 

processed by the immunoproteasome, and has led to the suggestion that the antigenic peptides, 

rather than the entire protein are more suitable for vaccine development (Chapiro, Claverol et al. 

2006). For this reason, an OAdV7 vector was designed to encode an immunogenic peptide from 

MART-1, rather than the whole protein. The immunodominant peptide MART-126–

35(EAAGIGILTV) with a mutation of A to L at position 2, designated as the ELA peptide, was 

fused toOvalbumin (OVA) linked by an Ubiquitin molecule. This allows dual expression of the 

two antigens and excision of the short ELA peptide from OVA by proteosomal cleavage. The 

OAdV7-OVA-eGFP vector was used as a control vector that does not encode the ELA peptide. 

Preliminary T-cell stimulation experiments were done using melanoma cell lines. OAdV7 were 

used to transduce the MART-1 negative HLA-matched melanoma cell line TROMBELLI for 

72hours, before addition of MART-1 specific T cell clones C8 and 2D10.  The cells were co-

cultured for 24hrs followed by measurement of CD137, a marker of T cell degranulation 

indicative of the early steps of activation. As a positive control, SK-MEL-23, a melanoma cell 

line that constitutively expresses MART-1, was used to stimulate T cells. 

OAdV7 transduced TROMBELLI inefficiently, with only 1.19% of the cells showing evidence 

of being eGFP
+
 (Fig 4.11). Despite the low level of transduction, OAdV7 transduced 

TROMBELLI activated ELA-specific T cell clones with 65.4% of clone 2D10 and 76.9% of 

clone C8being measured as CD8
+
CD137

+
. Stimulation with the positive control, the MART-1 

positive SK-MEL-23 cells generated the highest level of activation, as indicated by both 

percentage and MFI of CD137
+
 for both clones. 
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C 

 

Fig 4.11. Melanoma cells transduced by OAdV7-ELA present antigen to and activate CD8
+
 T cells. 
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A, Transduction of TROMBELLI by OAdV7. Cells were transduced with OAdV7-OVA-ELA-eGFP at 1000. 72hrs 

later, cells were harvested by trypsinization and the percentage of eGFP
+
 cells was determined by flow cytometry. B, 

Activation of MART-1-specific CD8
+
T cell clone 2D10 after incubation with OAdV7 transduced melanoma cells.  

TROMBELLI cells were seeded at 50,000 cells per well, transduced with OAdV7 at MOI 1000 for 72hrs followed 

by co-culture with the HLA-A2-restricted MART-1-specific CD8
+
 T cell clones at a ratio of 2:1 (TROMBELLI: T 

cells).  For SK-MEL-23 control, SK-MEL-23 was seeded prior to addition of the T cells and co-cultured with the 

MART-1-specific CD8
+
 T cells at 2:1 ratio. 24hrs later, cells were harvested and stained for surface expression of 

CD137 and CD8, and analyzed by flow cytometry. The upper panel is the CD8 vs CD137 scatter plot, the bottom 

panel is the histogram of fluorescence intensity of CD137 in CD8
+
 cells. On the CD8 vs CD137 scatter plot, 

numbers indicate the percentage of cells; on the CD137 histogram, the number indicates MFI. Shaded area 

represents untreated control.  C, As for B (above) but OAdV7-transduced TROMBELLI cells were incubated with 

clone C8. 

 

Microscopic analysis showed a significant disappearance of adherent cells in wells containing 

the C8 T cell clone and TROMBELLI transduced with OAdV7-OVA-ELA-eGFP, suggesting 

killing of melanoma cells by the activated CTL (Fig 4.12). These data confirmed that OAdV7-

transduced cells can present antigenic peptides to CD8
+
 T cells resulting in the activation of 

functional cytotoxic T cells 
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A. 

 

B. 

 

C. 

 

 

Fig 4.12.Apparent cytotoxic effect of MART-specific CD8
+ 

T cells incubated with OAdV7-OVA-

ELA-eGFP transduced melanoma cells. 

TROMBELLI cells were seeded at 50,000 cells per well, transduced with OAdV7 at MOI 1000 for 72hrs followed 

by co-culture with the HLA-A2-restricted ELA-specific CD8 T cell clone C8 at a ratio of 2:1.  Images were taken at 

24hrs following co-culture. A, Untreated TROMBELLI; B, TROMBELLI transduced with OAdV7-OVA-eGFP, the 

control vector and co-cultured with C8 and C, TROMBELLI transduced with OAdV7-OVA-ELA-eGFP and co-

cultured with C8.  
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To assess the ability of OAdV7 to deliver antigen to professional APCs, mono-DCs were used to 

activate the T cells. As the MART-1 antigen is HLA-A2 restricted, donors were selected based 

on their HLA haplotype. Mono-DCs from the HLA-A2 donors used in these experiments 

exhibited a low level of transduction by OAdV7 (Fig 4.13).  Measurement of CD137 expression 

showed that clone C8 was activated by DCs transduced with OAdV7-OVA-ELA-eGFP, although 

the level of activation was lower than with OAdV7-transduced melanoma cells.Clone C8 was not 

significantly stimulated by untreated DCs or by DCs transduced by a control OAdV7 virus 

vector that did not encode the ELA peptide.  

It is unclear why the level of activation of the MART-1 specific T cell clone was lower upon 

stimulation with mono-DC compared to stimulation with TROMBELLI, as both cells exhibited 

similar transduction efficiency by OAdV7. The difference in the level of CTL stimulation 

observed with mono-DCs and TROMBELLI cells could be due to the different level of antigen 

presentation, dictated by the number of ELA
+
 cells, as well as the abundance of the MHCI:ELA 

complexes on the cell surface. Although similar numbers of TROMBELLI and DCs were seeded 

initially, TROMBELLI is a fast-growing melanoma cell lines with the ability to double 

overnight. Therefore, the fast-growing melanoma cells may have a higher rate of protein 

synthesis, leading to higher level of antigen expression. In contrast, mono-DCs have a limited 

lifespan in culture. Mono-DCs were transduced on day 6, harvested and co-cultured with T cells 

on day 8. The viability of mono-DCs declined significantly after day 8 (data not shown).  This 

could be the reason of the apparent lower stimulation of MART-1 specific T cells by mono-DCs. 

A direct correlation between the level of T cell activation with a higher DC:T ratio in co-culture 

was observed, suggesting that thelevel of antigen presentationis most likely the limiting factor in 

T cell activation by OAdV7-transduced mono-DCs. 
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A. 

 

B. 

 

Fig. 4.13. Mono-DCs transduced by OAdV7-OVA-ELA-eGFP present antigen to and activate 

MART-1-specific CD8
+
 T cells. 

DC: T = 1:1 

DC: T = 2:1 
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A, Transduction of mono-DCs by OAdV7. Cells were transduced with OAdV7 at 1000. 48 hrs later, cells were 

harvested and the percentage of eGFP
+
 cells was determined by flow cytometry. B, Activation of CD8

+
 MART-1-

specific T cell clone C8 after incubation with OAdV7 transduced DCs.  DCs were seeded at 100,000 per well 

andtransduced with OAdV7 at MOI 1000. 48 hrs later, DCs were harvested and cultured with the HLA-A2-

restricted MART-1-specific CD8
+ 

T cell clones at DC:T cell ratio of 1:1 and 2:1.  For DC:T cell ratio of 1:1,  50,000 

DCs were added to 50,000 T cells; for DC:T cell ratio of 2:1, 100,000 DCs were added to 50,000 T cells. 24hrs later, 

cells were harvested and stained for surface expression of CD137 and CD8, and analyzed by flow cytometry. The 

upper panel is the CD8 vs CD137 scatter plot, the bottom panel is the histogram of fluorescence intensity of CD137 

in CD8
+
 cells. On the CD8 vs CD137 scatter plot, numbers indicate percentage of cells; on the CD137 histogram, 

the number indicates MFI. Shaded area represents untreated control. Data represents similar results from 3 HLA-A2 

donors. 
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4.2.8 OAdV7-transduced DCs prime naïve MART-1-specific T cells in PBMCs. 

Stimulation of the CTL clones showed that despite the low level of transduction, OAdV7-

transduced DCs were able to stimulate CTL in an antigen-specific manner. A vaccine vector 

should be able to transduce APCs and stimulate naïve antigen-specific T cells in a specific 

manner where the precursor cells represent a low frequency of total T cells. A final set of 

experiments sought to determine whether DCs transduced by OAdV7 are able to stimulate naïve 

T cells in autologous PBMCs. For transduction, Day 3 mono-DCs were treated with OAdV7 for 

24 hours before co-culture with T cells. 

Isolated naïve Purified CD45RO
-
CD8

+
 T cells were stimulated with autologous mono-DCs 

transduced with OAdV7-OVA-ELA-eGFP as described previously (Wölfl, Merker et al. 2011). 

As controls, CD45RO
-
CD8

+
 T cells were also stimulated with untreated DCs or DC pulsed with 

the ELA peptide. Cultures were analysed 11 days after stimulation for the presence of A2/ELA-

pentamer
+
CD8

+
 T cells.  

Expansion of MART-1 specific T cells stimulated with peptide-pulsed DCs was observed, with 

20.7% and 16.5% of cells being A2/ELA-pentamer
+
CD8

+
 T cells in donor 1 and 2, respectively 

(Fig 4.14). The frequencies of A2/ELA-pentamer
+
CD8

+
 T cells stimulated with peptide-pulsed 

DCs in this study were slightly lower than the frequencies of A2/ELA-pentamer
+
CD8

+
 T cells 

reported in Wolfl et al (2011), which ranged between 20-75%(Wölfl, Merker et al. 2011).  

Stimulation of naïve CD8 T cells with DCs transduced with OAdV7-OVA-ELA-eGFP also 

showed significant MART-1 specific T cell expansion, with 7.76% and 9.03% of A2/ELA-

pentamer
+
CD8

+
 T cells detected in donor 1 and 2, respectively. The HLA-A2 donorsused in the 

autologous stimulation weretransduced inefficiently with OAdV7, with transduction efficiency 

of approximately 2.58% and 0.94% for donor 1 and donor 2, respectively, suggesting that 

transduction of a low number of DCs was sufficient for the autologous stimulation of MART-1 

specific T cells. 
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Donor 1  Transduction efficiency – 2.58% 

 

Donor 2 Transduction efficiency – 0.94% 

 

Fig 4.14. OAdV7-ELA transduced mono-DCs stimulate expansion of naïve MART-1 specific CD8
+
T cells. 

Day 3 mono-DCs were either untreated or transduced with OAdV7-OVA-ELA-eGFP at MOI 1000. Where indicated, DCs were pulsed with the ELA peptide at 

2.5µg/ml overnight. AutologousCD45RO
-
CD8

+
 T cells were isolated on the day of mono-DC transduction and incubated with IL-7 (5ng/ml) overnight. The next 

day, T cells were co-cultured with DCs at a ratio of 1:5, with the addition of IL-21 (30ng/ml). DC-T cell co-cultures were incubated for 11 days with media 

replenishment and addition of IL-7 and IL-15, both at final concentration of 5ng/ml every 2 days. After 11 days of co-culture, cells were stained for ELA-

pentamer
+
CD8

+
 T cells. Gates represent A2/ELA pentamer

+
CD8

+
 T cells, numbers indicate percentage of A2/ELA pentamer

+
CD8

+
cells.

CD8 

ELA pentamer 
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4.3 Discussion 

Given the pivotal role of DCs in generating a cytotoxic T cell response, there is an increasing 

effort to study the effect of vaccine vectors on the function of DCs. Adenoviruses have been 

previously studied extensively in their ability to transduce DCs, induce DC maturation and 

stimulate T cells in vitro (Rea, Schagen et al. 1999; Lundqvist, Choudhury et al. 2002; 

Varnavski, Schliengrer et al. 2003; Loré, Adams et al. 2007; Newton, Sala-Soriano et al. 

2008). While transduction and activation of DCs were commonly seen with adenoviruses, the 

efficiencies of DC transduction and activation were different between serotypes. The 

experiments described in this chapter sought to assess the effect of OAdV7 on DC in terms of 

antigen delivery, DC maturation as well as T-cell stimulatory capacity. 

The first analysis was the transduction of human immune cells including monocytes, mono-

DCs, and PBMCs, using OAdV7 encoding the eGFP reporter gene as part of the RSV-OVA-

IRES-eGFP cassette. While human PBMCs were not susceptible to OAdV7 transduction, 

monocytes and mono-DCs could be transduced, with differentiated mono-DCs more 

susceptible to OAdV7 transduction. In parallel, transduction analysis using a HAdV5 vector, 

was assessed. At a high MOI of 10000 IU/cell, an average transduction efficiency of 69.74%, 

was achieved. The transduction efficiency of mono-DCs by HAdV5 was in line with what 

has been reported in the literature, with mono-DCs being transduced at high MOI of greater 

than or equal to 1000 plaque forming unit (pfu)/cell (Lundqvist, Choudhury et al. 2002; 

Varnavski, Schliengrer et al. 2003). 

A significant limitation to these studies is the difference in the vectors that influences the 

level of expression of the eGFP reporter.  Specifically in the OAdV7 vector translation of the 

eGFP is initiated by a viral IRES signal whereas the HAdV5 vector encodes the gene as a 

monocistronic capped mRNA. Genes positioned downstream of an IRES signal have been 

shown to exhibit significantly lower levels of expression compared to genesupstream of the 

IRES whose translation is initiated by the recognition of the 5’methyl guanoside cap structure 

by the ribosome (Mizuguchi, Xu et al. 2000). Comparative analysis of gene expression level 

in several cultured cell lines and in mouse liver in vivo showed the level of  IRES-dependent 

second gene expression was significantly lower than the first, cap-dependent gene in the same 

bi-cistronic vector, with the majority of the expression levels of the IRES-mediated genes 

being 20 and 50% of the first gene (Mizuguchi, Xu et al. 2000).  
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Therefore, the OAdV7-OVA-eGFP vector may give an underestimation of its transduction 

efficiency compared to HAdV5 due to a reduced level of reporter expression.  It remains 

unknown whether the lower transduction of mono-DCs by OAdV7 compared to HAdV5 is 

due to the true difference in the level of transduction or reduced expression of eGFP in the 

OAdV7 construct. OAdV7 has been shown previously to use a receptor that is distinct from 

HAdV5 for cell entry (Xu and Both 1998). Human mono-DCs lack the expression of CAR, a 

high affinity attachment receptor for HAdV5 (Adams et al, 2009). MHCI and ανintegrins 

have been suggested as putative receptors for HAdV5 entry into mono-DCs (Huang, Kamata 

et al. 1996; Hong, Karayan et al. 1997; Varnavski, Schliengrer et al. 2003). The receptor 

utilized by OAdV7 for cell entry remains to be identified. The low transduction efficiency of 

mono-DCs by OAdV7 suggests that the receptor for OAdV7 is absent or expressed at a low 

level on mono-DCs. OAdV7 may use alternative pathways for cell entry. For example, 

macropinocytosis is required for entry of HAdV5 into DCs. The suggestion that OAdV7 also 

require macropinocytosis is consistent with the observation that DCs were being transduced 

by OAdV7 but not other lymphocytes, as DCs exhibit a high level of macropinocytosis 

(Falcone, Cocucci et al. 2006). Transduction of DCs by adenovirus involves binding to 

receptor, uptake by endocytosis and release of viral particles into the cytoplasm. Therefore 

the variation in transduction efficiency between donors may reflect the abundance of 

receptors, activity of macropinocytosis and cellular pathways that interfere with viral entry. 

This may affect its efficacy in a clinical setting, as patients who are more susceptible to 

transduction with OAdV7 may exhibit more beneficial clinical outcome. However, it remains 

unknown how critical it is for DCs to be directly transduced by OAdV7, this remains an area 

for future study. 

To permit a more accurate comparison of DC transduction between the two adenoviruses 

several attempts were made during the course of this study to generate an OAdV7 construct 

that encodes eGFP as a mono cistronic mRNA but no viable viruses were rescued (data not 

shown). Conversely an attempt was made to generate a HAdV5 vector that encodes the RSV-

OVA-IRES-eGFP construct, equivalent to the OAdV7 vector. Recombinant HAdV5  vectors 

were isolated using the AdEasy system but these viruses exhibited low replicative ability and 

failed to propagate to high titre before becoming contaminated with replication-competent 

adenovirus beyond passage 6 (data not shown). However, while an accurate comparison of 

DC transduction efficiency was not possible the data clearly indicate that OAdV7 can 
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transduce human mono-DCs successfully.  The degree of variation in transduction levels 

using the ovine vector was no greater than that observed using HAdV5. 

The effect of HAdV5 on DC maturation has been studied previously. HAdV5 was shown to 

induce an intermediate level of activation compared to CD40 ligation, with mono-DCs 

showing a moderate upregulation of costimulatory markers (Rea, Schagen et al. 1999; 

Lundqvist, Choudhury et al. 2002; Varnavski, Schliengrer et al. 2003). In this study, exposure 

of mono-DCs to HAdV5 did not lead to activation in 3 of the 4 donors. One difference that 

may explain the inconsistency between these results and previous studies is the difference in 

the level of transduction. Most published reports cite transduction levels of mono-DCs by 

HAdV5 close to 90% (Rea et al, 1999; Schumacher et al, 2004; Varnavski et al, 2003). For 

example, in Rea et al (1999), which reported partial maturation of mono-DC by HAdV5, a 

transduction efficiency of greater than 96% was achieved. Similarly, Schumacher et al (2004) 

reported upregulation of CD83, CD86, HLA-DR in mono-DCs treated with HAdV5 at a 

transduction level of higher than 90%. In this study, mono-DCs from one donor (donor 4) 

exhibited a moderate level of activation, with partial upregulation of CD86, CD80, CD83 and 

HLA-DR. This donor showed the highest level of transduction among the donors tested, with 

a transduction efficiency of 40.4%. Mono-DCs from the other 3 donors had the level of 

transduction below 25%. Therefore, it remains possible that the low or insignificant level of 

mono-DC maturation was due to an insufficient level of transduction compared to other 

studies.  

The ability of HAdV5 to induce cytokine production from mono-DCs has also been 

examined in several studies. Lundvist et al (2002) reported the induction of TNFα and 

IL12p70 production from HAdV5-treated DCs. In contrast, in the study by Rea et al (1999), 

although HAdV5 induced DC maturation as measured by the upregulation of CD80, CD86, 

CD40 and HLA-DR, no IL-12 was detected. A study by Varnavski et al (2003) reported the 

secretion of IFNα and IL-6 but not IL-12 or TNFα from mono-DCs exposed to HAdV5. The 

discrepancies in the HAdV5’s effect on cytokine production cannot be explained by the level 

of transduction alone, as all the studies mentioned above reported high levels of transduction. 

In this study, exposure to HAdV5 did not induce significant production of IL-12/23p40, IL-

12 p70 and TNFα. There was some apparent secretion of IL-6 in one donor but the level of 

IL-6 produced was very low and did not reach statistical significance. The absence of IL-12 

and TNFα secretion from mono-DCs exposed to HAdV5 was consistent with findings from 



131 
 

Rea et al (1999) and Varnavski et al (2003). HAdV5 was shown to reduce secretion of IL-10 

from mono-DCs but no IL-10 was detected even in untreated DCs (Schumacher, Ribas et al. 

2004). Additional reasons that may account for the inconsistencies between studies could be 

the method of mono-DC isolation as different protocols used to isolate and differentiate 

mono-DCs have been shown to affect their response to stimulation with LPS (Elkord, 

Williams et al. 2005). Mono-DCs isolated by plate adherence were shown to secrete higher 

amount of cytokines upon LPS stimulation than mono-DCs isolated by positive magnetic 

bead isolation. In this study, mono-DCs were prepared by negative selection magnetic bead 

isolation, therefore it remains unknown how the functions of the DCs used in this study 

compared to DCs isolated by plate adherence or positive selection by magnetic beads, which 

were used in other studies (Lundqvist, Choudhury et al. 2002).   

Another important factor to consider is the presence of non-infectious viral particles in the 

viral inoculum. Most of the studies on HAdV5 reported the MOI based on the infectious titre, 

with no indication on the ratio of viral particles to infectious titre (Rea, Schagen et al. 1999; 

Lundqvist, Choudhury et al. 2002). Recombinant adenovirus preparations have a typical vp to 

ip ratio range of 10-30 and the exact ratio differs between different batches of viral 

preparations (Green, Pina et al. 1967). The HAdV5 capsid has been shown to activate innate 

immunity (Morelli, Larregina et al. 2000; Chintakuntlawar, Zhou et al. 2010). Therefore, the 

presence of non-infectious HAdV5 particles is likely to affect maturation of DCs and 

production of inflammatory cytokines.  

HAdV5 was compared to OAdV7 in their DC-stimulatory capacity. Although the two vectors 

carry different transgene cassettes, the differences in transgene cassettes should not affect the 

immunogenicity of the viral vectors. The HAdV5 and the OAdV7 preparations used in this 

study have similar ratio of viral particles to infectious titre, with the HAdV5 and OAdV7 

having vp to IU ratio of 7.8:1 and 7.5:1, respectively. This implies that at a MOI of 1000 

IU/cell, DCs were exposed to 7800 and 7500 viral particles of HAdV5 and OAdV7, 

respectively. Despite being exposed to more viral particles of HAdV5, DCs were more 

potently activated by OAdV7.  

Potent activation of DCs by alternative adenovirus serotypes has been reported (Loré, Adams 

et al. 2007). Exposureof myeloid and plasmacytoid DCs isolated from blood to HAdV5 

showed limited or no DC maturation, but potent activation upon exposure to rAdV35, a 
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species B adenovirus. Adenoviruses were recognized by a range of cellular receptors of 

innate immunity, with different subcellular localizations (reviewed in Chapter 1). Differential 

ability of adenoviruses to activate DCs could be due to different receptor usage for viral 

uptake, kinetics of uptake/endosomal escape as well as composition of the viral capsid and 

their genetic content.  

OAdV7-treated DCs showed activation in both transduced and untransduced DCs, with each 

population exhibiting differential expression level of activation markers. Although the level 

of transduction measured could be an underestimation, there were two distinct populations of 

cells based on their immunophenotype. Compared to untransduced DCs, transduced DCs 

showed higher expression of CD86 but lower expression of CD83. The differences in the 

expression of CD83 and CD86 between transduced and untransduced DCs were observed in 

all 3 donors tested. The two cell populations may have displayed differential kinetics of 

activation. The presence of viral particles could activate DCs without transduction. For 

example, it has been shown that infection of mouse macrophages with HAdV5 induced IL-1α 

gene expression independent of membrane penetration (Di Paolo, Miao et al. 2009). 

Untransduced DCs could also be matured by cytokine secretion from transduced DCs. In 

murine bone marrow-derived DCs, HAdV5 induced expression of TNFα, which induced DC 

maturation in an autocrine fashion (Philpott, Nociari et al. 2004). It is possible that both 

events occurred in OAdV7-mediated DC activation. In line with the second scenario, DCs 

from donor with high transduction efficiency by OAdV7 secreted TNFα as early as 6hr post-

infection. There was also high level of IL-12/23p40 and low level of IL-12 p70 from the 

donor with high transduction efficiency by OAdV7. Secretion of IL-6 did not appear to be 

transduction dependent, as similar level of IL-6 induced by OAdV7 was produced from 

mono-DCs from all three donors tested. 

The immune-stimulatory effect of OAdV7 on DCs was translated into an enhanced T cell 

response in an allogeneic MLR. Direct evidence of OAdV7-mediated antigen presentation 

was provided by stimulation of MART-1 specific clone.  MART-1 specific T cell clones 

exposed to the MART-1 negative melanoma cell line TROMBELLI transduced with the 

OAdV7 expressing the ELA peptide showed antigen-specific activation by 24hrs, with 

evidence of induced cytotoxic function. Despite the low transduction efficiency, OAdV7-

OVA-ELA-eGFP treated TROMBELLI still activated the majority of the T cells. A similar 

effect was observed when the MART-1 specific CTL clone was stimulated using mono-DCs 
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transduced with OAdV7, although the level of activation was lower than stimulation with 

TROMBELLI. 

The T-cell stimulatory ability of OAdV7-trasnduced DC was further demonstratedin an 

autologous T-cell priming experiment. In two HLA-A2 donors, transduction of mono-DCs by 

OAdV7 encoding the ELA peptide resulted in a significant expansion of A2/ELA pentamer
+
 

CD8
+
 T cells, with 7.76% and 9.03% of A2/ELA-pentamer

+
CD8

+
 T cells detected in donor 1 

and 2, respectively. A similar study by Valmori et al (2000) reported expansion of MART-1 

specific CD8
+
 T cells using DCs transduced with a poxvirus vector (MVA) encoding the 

ELA peptide, with expansion of antigen-specific T cells to 4.9% ELA pentamer
+
CD8

+
 T cells 

(Valmori et al, 2000). 

Schmacher et al (2004) demonstrated expansion of alpha-fetoprotein-specific CD8
+
 T cells 

upon stimulation with DCs transduced with HAdV5. One interesting finding in the study was 

that DCs transduced with HAdV5 encoding the antigen stimulated more antigen-specific 

IFN-producing T cells than DCs pulsed with the peptides (Schumacher, Ribas et al. 2004). 

Later analysis showed this was not due to the maturation effect of the HAdV5, leading to the 

suggestion that the continued antigen synthesis in HAdV5-transduced DCs was superior to a 

single peptide pulse of the DCs in T cell priming. The autologous stimulation described in 

this study gave a contrasting result as DCs pulsed with the ELA peptide stimulated more 

MART-1 specific CD8
+
 T cells than OAdV7-tranduced DCs. This could be explained by the 

difference in the level of transduction between OAdV7 and HAdV5. In the study by 

Schmacher et al (2004), close to 100% of mono-DCs were transduced by HAdV5. Despite 

the apparent inefficient transduction of mono-DCs by OAdV7 in this study, antigen-specific 

CD8
+
 T cells can be stimulated and expanded. A larger sample size is needed to confirm the 

reproducibility of this result in the wider population, but this data presents direct evidence of 

the T cell priming ability of OAdV7-transduced DCs. 

The work described in this chapter revealed the potential of OAdV7 as a vaccine vector, with 

high DC-stimulatory capacity, resulting in rapid up-regulation of DC markers. This is 

translated into a higher T cell proliferative response in an allogeneic MLR. Targeting of DCs 

with OAdV7 led to antigen presentation to cognate T cells, shown by activation of antigen-

specific CTL clone in vitro and expansion of antigen-specific naïve CD8 T cells ex vivo. 

OAdV7 was shown to be superior than HAdV5 in inducting DC maturation. Further 
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characterization of OAdV7 should include elucidation of the mechanisms behind its potent 

innate immune stimulation. Additionally, the phenotypic profile/functionality of antigen 

specific T cells primed by OAdV7-transduced DCs would provide insights into how the 

vector stimulate, and polarize a T cell response. 
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Chapter 5. Potent anti-tumour activity of 

OAdV7 in vaccinated mice 

5.1 Introduction 

The development of effective tumour immunotherapies relies on the generation of antigen-

specific cytotoxic T lymphocytes (CTL) that have the potential to kill cancerous cells.  

Activation of endogenous CTL in vivo requires the presentation of tumour-associated antigen 

in the context of major histocompatability complex class I (MHC-I) on professional APCs 

such as dendritic cells (DC).  In addition to antigen presentation by DCs (signal 1), the 

induction of CTL requires the expression of co-stimulatory molecules at the DC surface 

(signal 2) together with the production and secretion of pro-inflammatory cytokines (signal 

3), through the activation of one or more innate immune signaling pathways.  

Adenovirus-derived vectors have been studied as vaccine vectors for a variety of infectious 

diseases e.g. HIV, HBV, HCV and various malignancies. The majority of vaccine studies 

have used HAdV5, with E1 or paired E1 and E3 deletions. Immunization with HAdV5 

vectors induces broad, long-lasting immunity to transgene products encompassing both the 

cellular and humoral responses (Molinier-Frenkel, Le Boulaire et al. 2000; Santra, Seaman et 

al. 2005). T cells induced by HAdV5 encompass both the CD4
+
 and CD8

+
 subsets. Studies in 

mice revealed the appearance of antigen specific CD8
+
 T cells as early as day 4 post-

immunization with HAdV5 (Yang, Dayball et al. 2003). Immunization with HAdV5 induced 

strong in vivo cytotoxicity as early as 3 days post-immunization and reached approximately 

100% killing efficiency on day 6. Antigen specific CD8
+
T cells accumulated rapidly in the 

spleen and peaked on day 11. This is followed by a rapid contraction to day 14, and slow loss 

of antigen specific CD8
+
 T cells over time. 

In animal models, vaccine vectors based on adenovirus have been shown to break 

immunological tolerance to tumor antigens (Osada, Yang et al. 2004; Salucci, Mennuni et al. 

2006). A single intramuscular injection of HAdV5 encoding Human papilloma virus type 16 

E5 protein into syngeneic mice reduced the growth of the E5-expressing tumour (Liu, Tsao et 

al. 2000). The HAdV5-mediated tumour protection was shown to depend on a CTL response. 
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Similarly, mice vaccinated via footpad injection with HAdV5 encoding a truncated version of 

Wilm’s tumor protein (WT1) induced both cell mediated and humoral immune response 

(Osada, Woo et al. 2009). Vaccination induced WT1-specific cytotoxic T cells and conferred 

protection against challenge with a leukemia cell line as well as reduced tumour growth in 

mice with established tumour. In a B16F10 subcutaneous melanoma mice model, intra-

dermal immunization with HAdV5 encoding TRP-2, a melanoma antigen, successfully 

induced immune destruction of the melanocytes (Hangalapura, Oosterhoff et al. 2011). This 

led to protection of immunized mice from subcutaneous growth of B16F10 melanoma cells 

and lung metastasis. The efficacy of the vaccine correlated with the induction of antigen-

specific T cells response, with antigen-specific CD8
+
 T cells detectable in blood up to 29 

days post-vaccination. 

However, immunization with HAdV5 in the presence of pre-existing immunity is less 

effective. In animal models, pre-exposure to HAdV5 significantly hampered the induction of 

both T cell responses and antibody production (Fitzgerald, Gao et al. 2003; McCoy, Tatsis et 

al. 2007). This has encouraged the development of vaccine vectors based on serotypesof non-

human origin. In mice, HAdV5 antibody markedly abolished the ability of HAdV5 to induce 

a HCV-specific T cell response. Importantly, T cell response to HCV mediated by OAdV7 

was unaffected (Wüest, Both et al. 2004). 

In a recent vaccination study, intramuscular administration of a recombinant OAdV7 vector 

was highly immunogenic, induced polyfunctional T cell responses against vector-encoded 

antigen and reduced titres of a challenge virus in immunized mice (Bridgeman, Roshorm et 

al. 2009). In this chapter, the utility of OAdV7 in the setting of tumour immunotherapy was 

explored, using a murine model of tumour cell growth in which ovalbumin (OVA) is 

expressed as a heterologous tumour antigen. The ability of OAdV7 to transduce and activate 

murine DCs, as well as priming an anti-tumour T cell response, was examined. 
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5.2 Results 

5.2.1 OAdV7 transduces mBMDCs at low efficiency 

To assess the ability of the OAdV7 vector to transduce and activate murine DCs, mBMDCs 

were incubated with OAdV7-OVA-eGFP or OAdV7-WT at a MOI of 100 IU/cell and 1000 

IU/cell and the percentage of eGFP
+
 mBMDCs was determined after 48 hours as a measure 

of transduction. FACS analysis of OAdV7-OVA-eGFP treated mBMDCs failed to detect 

signficant eGFP
+
 cells (Fig 5.1), suggesting that the transduction efficiency of mBMDCs by 

the OAdV7-OVA-eGFP vector was low in vitro and/or that at 48hr post-infection eGFP 

expression from the IRES was too weak to detect. 

 

Fig 5.1. OAdV7 transduces BMDCs inefficiently. 

mBMDCs were either untreated, or exposed to OAdV7-WT or OAdV7-OVA-eGFP at MOI of 100 or 

1000IU/cell for 48hr at which time transduction efficiency was measured by flow cytometry. Data presents 

results from experimental duplicates. Transductions of the same cells were performed two times with similar 

results. 

Given the low expression of the eGFP which may render transduced cells undetectable, a 

more sensitive assay was used to investigate whether any mBMDCs had been transduced. 

Splenocytes were isolated from OT-1 mice and co-cultured with mBMDC treated with 

OAdV7 vectors to measure stimulation of the OT-1 cells (Fig 5.2). OT-1 cells cultured with 

eGFP 

Cell number 
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OAdV7-OVA-eGFP-treated mBMDCs showed increased proliferation compared to mBMDC 

treated with OAdV7-WT suggesting that a sufficient level of transduction occurred to prime 

the proliferation of OT-1 cells. 

 

 

Fig 5.2. BMDCs transduced with OAdV7 stimulated OT-1 T cell proliferation. 

Splenocytes isolated from OT-1 mice were co-cultured with untreated mBMDCs, mBMDCs treated with 

OAdV7-WT or OAdV7-OVA-eGFP at MOI of 100 IU/cell for 3 days at DC to T cell ratio of 1:5. The cells 

were cultured for another 18hours before thymidine uptake was assayed. Error bars represent standard error. 

Data represents two individual experiments. ** P<0.01 
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5.2.2 OAdV7 induces maturation of mBMDCs in vitro 

Despite the apparently low transduction efficiency of mBMDCs by OAdV7 in vitro, exposure 

to the vector resulted in a significant up-regulation of the co-stimulatory markers CD80, 

CD86 and MHC II in a dose-dependent manner (Fig 5.3). The simplest interpretation is that 

this was due to direct transduction of cells with the extent of transduction by eGFP 

expression having been underestimated. Alternatively, maturation of mBMDCs induced by 

OAdV7 could be transduction-independent.The activation of mBMDCs was independent of 

the transgene, being equally evident in cells exposed to wild-type OAdV7.   

The activation of DCs can result in secretion of cytokines that influence the activity and 

functionality of T cells.  For example, the production of IL-12 by DCs is critical for a Th1 

polarization of CD4
+
 T cell function, whereas IL-10 production can inhibit the induction of a 

primary immune response by DCs.  HAdV5 has previously been shown to enhance IL-12 

production in treated mBMDCs (Hirschowitz, Weaver et al. 2000). To investigate the 

cytokine profile of mBMDCs treated with OAdV7, supernatants of vector-treated mBMDCs 

were collected and analyzed for the production of IL-12 p40/p70 and IL-10 (Fig 5.4). 

OAdV7-treated mBMDCs produced low levels of IL-10 but significantly greater amounts of 

IL-12 p40/p70 relative to an untreated control. Taken together, these data showed that despite 

the apparent low transduction efficiency of mBMDCs in vitro, OAdV7 induced maturation of 

mBMDCs and production of IL-12 p40/p70 but not IL-10. 
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Fig 5.3. Activation of mBMDCs by OAdV7. 

mBMDCs treated with: Untreated control; LPS, OAdV7-WT MOI100; OAdV7-WT MOI 1000; OAdV7-OVA-

eGFP MOI100;or OAdV7-OVA-eGFP MOI1000 for 48hours. Cells were harvested, stained with antibodies to 

the following DC markers: CD40, CD80, CD86, MHC I and MHC II, followed by flow cytometry analysis. 

Shade represents isotype control. Gate indicates percentage of positive cells, number on top represents 

Geometric MFI. 

 

       UT       LPS                  100         1000  100  1000 

     OAdV7-WT   OAdV7-OVA-eGFP 
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Fig 5.4. OAdV7 induced IL-12 p40/p70 production from mBMDCs but not IL-10. 

Cytokine production in 48hr supernatant from untreated mBMDCs, mBMDCs treated with OAdV7-WT or 

OAdV7-OVA-eGFP at MOI 100 and 1000. Supernatants were analyzed for presence of IL-10 and IL-12p40/p70 

using a sandwich ELISA. Error bars represent standard errors. Data are representatives of 2 experiments. * P 

<0.05, ** P< 0.01.  
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5.2.3 OAdV7-OVA-eGFP immunized mice show an early memory response to 

antigen recall in vitro 

Next, the ability of OAdV7 encoding OVA as a model antigen to induce a T-cell response 

was assessed. Induction of an antigen-specific T cell response is typified by antigen-specific 

proliferation and IFN-γ production several weeks post-vaccination. Groups of mice (n=5) 

were vaccinated with PBS, OAdV7-WT at 10
9
IU/animal or increasing doses of OAdV7-

OVA-eGFP (10
7
-10

9
 IU/animal), followed by the removal of splenocytes for in vitro antigen 

re-stimulation three weeks post-immunization. Splenocytes stimulated in vitro in the presence 

of OVA antigen were assayed for proliferation and the profile of secreted cytokines was 

measured. Mice immunized with OAdV7-OVA-eGFP exhibited a dose-dependent increase in 

proliferative response to stimulation with OVA in vitro compared with mice immunized with 

PBS and OAdV7-WT (P=0.0094) (Fig 5.5).  Cytokine analyses for IL-2, IL-4, IL-5, IL-6, IL-

10, TNFα and IFNγ were performed. A dose-dependent increase in the secretion of IFNγ by 

splenocytes from OAdV7-OVA-eGFP vaccinated mice following stimulation with OVA was 

observed. At the maximum dose, the production of IFNγ from this group was significantly 

enhanced compared to OAdV7-WT immunized mice (P=0.022).  A dose-dependent increase 

in IL-2 production was also observed although it was not statistically significant (P=0.1724). 

Secretion of other cytokines tested was not significantly higher than control groups receiving 

PBS, or OAdV7-WT. Taken together, these data showed that OAdV7-OVA-eGFP induced 

dose-dependent early memory T cell formation 3 weeks after initial immunization, with 

splenocytes from vaccinated mice showing greater proliferation and IFNγ (and possibly IL-2) 

production in response to antigen re-stimulation in vitro compared to the controls. 
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Fig 5.5. Proliferative and cytokine responses of splenocytes to antigen-restimulation in vitro. 

Groups of mice (n=5) were vaccinated using a single intramuscular injection of OAdV7-OVA-eGFP (10
7
-

10
9
IU/animal), 10

9
IU of OAdV7-WT, or PBS. A total volume of 25µl was injected to each mouse. 3 weeks 

later, splenocytes were harvested for in vitro antigen re-stimulation. Harvested splenocytes were stimulated in 

vitro in the presence of the OVA antigen (100µg/ml), proliferation was assayed by thymidine uptake and 
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cytokine production was measured using Bioplex assays. 
3
[H]-thymidine was added for the last 16 hours of 4 

day culture to assay proliferation by thymidine uptake. Supernatant samples were taken on Day 2 and analyzed 

for the presence of IFN-, TNF-α, IL-2, IL-4, IL-5 and IL-10 using the BioPlex Cytokine Assay.* P<0.05, ** 

P<0.01 

5.2.4 Vaccination with OAdV7-OVA-eGFP primes an efficient CTL response in 

vivo 

The next experiment sought to assess the ability of OAdV7 to induce antigen-specific CTL 

invivo. As shown previously, intramuscular injection of 10
8
IU was sufficient to induce high 

numbers of IFNγ-secreting antigen-specific T cells (Bridgeman, Roshorm et al. 2009). 

Consistently, in vitro antigen recall experiments revealed that a similar dose of vector 

induced a high level of IFNγ secretion and T-cell proliferation.Therefore this dose was 

chosen to prime mice in advance of an in vivo cytotoxicity assay. Groups of mice (n=5) were 

injected with either OAdV7-WT or OAdV7-OVA-eGFP at 10
8
IU/animal. One week 

following immunization, in vivo cytotoxic killing was determined 48 hours after the adoptive 

transfer of target cells labeled with the OVA-derived antigenic peptide SIINFEKL. 

Splenocytes harvested from mice immunized with 10
8
 OAdV7-OVA-eGFP showed high 

killing efficiency, with an average reduction of 75.12% of target cells compared to mice 

injected with 10
8
 OAdV7-WT (Figure 5.6). These data confirm that despite an apparent low 

transduction efficiency measured in vitro, OAdV7-OVA-eGFP induced an OVA-specific 

CTL response in vivo. 
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A. 

 

B. 

 

C. 

 

Fig 5.6. Immunization with OAdV7-OVA-eGFP mounted a potent cytotoxic response. 

Groups (n=5) of mice were vaccinated intra-muscularly with either PBS, 10
8 
IU OAdV7-WT or 10

8 
IU OAdV7-

OVA. Seven days later an in vivo cytotoxicity assay was performed using target cells prepared from donor 

C57BL/6 mice. Isolated splenocytes were divided in two. One suspension was pulsed with 30 µg/mL of 

SIINFEKL peptide; the other was not pulsed. Pulsed and control splenocyte suspensions (4 × 10
7
 cells/mL) 
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were labeled with CFSE at two different doses: high dose 1: 2000 (pulsed) and low dose 1:16,000 (control). The 

control and pulsed splenocytes were mixed at a 1:1 ratio and mice received 2 × 10
7
 cells in a 200 µL volume by 

intravenous injection into the lateral tail vein. 48 hours later, splenocytes from these mice were isolated and the 

CTL-mediated elimination of the SIINFEKL-pulsed splenocytes was detected by the flow cytometric analysis. 

A. Dot plots showing gating of CFSE-labelled cells. B. Representative dotplots from OAdV7-WT and OAdV7-

OVA vaccinated mice. C. The percentage of specific killing. To account for spontaneous loss of CFSE
hi

 cells, 

the number of CFSE
hi

 cells was normalized to CFSE
lo

 cells across all samples. Each point represent data 

collected from individual mice, with horizontal bar represent mean percentage of killing. Error bars represent 

standard errors. Average specific killing efficiency = 75.12%. *** P<0.0001  

5.2.5 Induction of protective anti-tumour immunity by immunization with 

OAdV7-OVA-eGFP 

A recent study has reported the systemic persistence of antigen expression in OAdV7-

vaccinated mice (Fraser, Diener et al. 2010). Previous studies indicate that persistent 

presentation of CTL epitopes can lead to defective memory formation and ineffective 

protection in tumour challenge despite the presence of co-stimulation and generation of 

efficient CTL during priming (den Boer, Diehl et al. 2001). Therefore it is important to 

examine whether prophylactic or therapeutic immunization with OAdV7-OVA-eGFP could 

generate robust induction of memory cells to mediate long-term protection. Tumour 

challenge experiments were set up using mice challenged with an OVA-expressing B16 

melanoma tumour. Since 10
8
IU of OAdV7-OVA-eGFP was sufficient to generate an efficient 

CTL response, this vaccine dose was selected for tumour protection studies. 

In the therapeutic model of vaccination, B16-OVA cells were inoculated 4 days before 

immunization with a single intramuscular injection of 10
8
IU of OAdV7-OVA-eGFP, 

OAdV7-WT, or PBS. All mice were monitored for tumour growth over a course of 70 days. 

Vaccination with OAdV7-OVA-eGFP retarded growth of B16-OVA tumors compared to 

vaccination with PBS or OAdV7-WT (Figure 5.7.A). Most of the animals in the control 

groups died of their tumours or had to be sacrificed by day 40.  However, OAdV7-OVA-

eGFP improved the survival rate of immunized mice. At the end of the trial, 40% of 

immunized mice in this group remained tumour-free, compared to 10% in the group that 

received PBS (P=0.0016).   

To assess whether OAdV7-OVA-eGFP immunization can generate sufficient OVA-specific 

memory cells to protect against tumour growth, mice receiving 10
8
IU of OAdV7-OVA-

eGFP, OAdV7-WT or PBS were challenged with B16-OVA 3 weeks following 

immunization. Vaccination with OAdV7-OVA-eGFP significantly reduced growth of B16-
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OVA tumours as evident from the increased survival of mice; 90% of the OAdV7-OVA-

eGFP immunized mice remained tumour-free, compared to 10% of mice receiving the same 

dose of OAdV7-WT (Figure 5.7.C, P=0.0003). These data showed that a single, 

intramuscular injection of 10
8
IU of OAdV7-OVA-eGFP was sufficient to generate an 

effective CTL response which greatly improved survival. At the same dose of vector, better 

protection was conferred in the prophylactic compared to the therapeutic setting. 

Six of the 9 surviving mice from the prophylactic tumour trial were re-challenged with B16-

OVA tumour cells and monitored over a course of 70 days. Five animals were completely 

protected from tumour growth and 1 animal developed a slow-growing tumour which did not 

appear until 50 days after challenge (data not shown), suggesting the generation of a long-

lasting memory response. 
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Fig 5.7. OAdV7-OVA-eGFP vaccination retarded tumour growth in both therapeutic (A, B) and prophylactic (C, D) tumour trials. 

Groups (n=10) of mice were unimmunized (B16-OVA), or immunized with a single dose of 10
8
IU of OAdV7-WT (B16-OVA + WT), OAdV7-OVA-eGFP (B16-OVA + 

OVA), or PBS alone (B16-OVA + PBS). For the therapeutic trial, B16-OVA was inoculated 4 days before immunization; for prophylactic trial, B16-OVA was inoculated 3 

weeks following immunization. Growth of B16-OVA tumours was monitored for 70 days. A, C – average tumour size; B, D – percent survival. Data from culled mice were 

retained for subsequent data analysis until all mice of the vaccinated group have been culled. Statistical significance of the survival curves were analyzed using the Log-rank 

(Mantel-Cox) test.
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5.3 Discussion 

Clinical use of adenoviral vectors may be limited by pre-existing immunity in the human 

population. To address this obstacle, adenoviral isolates of non-human origin have been 

developed as vectors for use in gene and immunotherapy. Here the use of ovine adenovirus 

OAdV7, the prototype of the atadenovirus genus, as a vaccine for tumor immunotherapy was 

evaluated.  The experiments revealed that despite the apparently inefficient transduction of 

mBMDC by OAdV7 in vitro, a single vaccination with the vector resulted in efficient 

induction of antigen-specific CD8
+
 T cells in vivo. Thus, the efficiency with which DCs could 

be transduced in vitro by the vector was not predictive of its efficacy in vivo. Several possible 

mechanisms could explain the potent induction of CD8
+
 T cell response by OAdV7 in vivo 

despite its low transduction of BMDCs in vitro. Transduction of a trace amount of DCs could 

be sufficient in priming the T cell response. The transduction efficiency could be under-

estimated due to the low eGFP expression from the dual cassette in the vector (as discussed in 

Chapter 3). Alternatively, transduction of DCs by OAdV7 could be enhanced by in vivo co-

factors. For example, lactoferrin has been suggested to facilitate entry of HAdV5 to human 

DC in vivo (Adams, Bond et al. 2009). 

Another possible mechanism in the OAdV7-induced CD8
+
 T cell response is cross-priming. 

Cross priming was shown to be important in HAdV5 immunization. Hangalapure et al (2011) 

failed to detect any transduced DCs in the draining lymph node of mice following intradermal 

immunization with HAdV5. Despite failure to detect transduced DCs, vaccination with 

HAdV5 mounted a strong antigen-specific CD8
+
 T cell response and mediated an efficient 

anti-tumour response (Hangalapura, Oosterhoff et al. 2011). Analysis of in vivo transduced 

cells in the injected skin and lymph node showed they are MHCII and CD11c negative, and 

their localization and morphology appear to be predominantly of fibroblast origin. Using a 

recombinant HAdV5 encoding the influenza A virus nucleoprotein under the control of 

tissue-specific promoters, Prasad et al (2001) showed limiting transgene expression to cells 

that are non-professional APCs did not abolish the ability the of HAdV5 to prime a CD8
+
 T 

cell response, suggesting an important role of cross-priming of CD8
+
 T cells in adenovirus 

vaccination (Prasad, Norbury et al. 2001).  

In this study, successful delivery of the antigen to DCs could be mediated by transduction of 

muscle cells after intramuscular injection, followed by cross-presentation to MHC I in DCs. 
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OAdV7 was previously shown to mediate efficient gene delivery to skeletal muscle in vivo 

(Löser et al, 2000). Furthermore, adenoviruses are capable of activating potent innate 

immunity resulting in an acute inflammatory response targeted at transduced tissues, 

including production of multiple chemokines and inflammatory cytokines from a wide range 

of cell types (Liu, Rich et al. 1998; Bowen, Borgland et al. 2002).  This response may recruit 

DC to the site of immunization, thereby activating DC that capture the antigen (Liu and 

Muruve 2003).   

mBMDCs exhibited enhanced maturation upon exposure to OAdV7 as evident by an increase 

in surface expression of co-stimulatory molecules, particularly CD80, CD86 and MHC II.  

The simplest interpretation is that this occurred in the population of DCs that was directly 

transduced, assuming that the estimate of transduction based on the eGFP expression was 

low.  However, because of the low eGFP expression, it cannot be ruled out that DC activation 

was transduction-independent. Cytokine secretion from directly transduced DCs may also 

mediate bystander activation of non-transduced cells. 

Alternatively, interaction of OAdV7 with pattern recognition receptors (PRR) could induce 

maturation of DCs without transduction. The immunogenicity of the OAdV7 capsid is 

unknown. The capsid of OAdV7, including the fiber, penton base, hexon and LH3 proteins is 

distinct in structure and sequence from HAdV5  and the receptors utilized by OAdV7 for 

infection are unidentified (Vrati, Boyle et al. 1995; Xu and Both 1998). OAdV7 may activate 

PRR on the cell surface or in the endosomal compartment.  

TLRs appear to play a prominent role in adenovirus-mediated T cell responses in vivo. 

Several studies showed significant reduction in the antigen specific CD8
+
 T cell responses 

following adenovirus immunizations in MyD88
-/-

 mice (Lindsay, Darrah et al. 2010; 

Hangalapura, Oosterhoff et al. 2011; Rhee, Blattman et al. 2011). However, there is minimal 

effect on adenovirus-induced CD8
+
 T cell responses in TRIF

-/-
 or TLR3

-/- 
mice (Rhee, 

Blattman et al. 2011).Individual TLR knockout including TLR2, TLR4, TLR5, TLR6, TLR7 

and TLR9 appeared to have minimal effect on adenovirus-induced cellular immune response, 

suggesting a redundancy in the usage of TLRs. Inhibition of Type I IFN, IL-12, pDC, or 

components of the inflammasome did not significantly abolish the adenovirus-induced CD8 

T cell responses (Lindsay, Darrah et al. 2010). However, the effect of individual pathways of 

innate signaling on adenovirus-mediated immune activation may differ depending on the 
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route of administration, the dosage of the virus as well as the nature of the antigen. In this 

study, OAdV7 appeared to be a potent activator of innate immunity, the precise mechanism 

by which OAdV7 activates the innate immune responserequires further investigation. 

An ideal vaccine vector should not perturb the main function of antigen-presenting cells. 

Certain viruses are known to evade the host immune system by down-regulating antigen 

presentation pathways. For example, E3-19k, a gene product of many adenovirus serotypes 

including HAdV5, prevents transportation of the MHC I molecules, thus blocking their 

surface expression (Burgert and Kvist 1985). The E3 region is not found in the OAdV7 

genome and no functional homologues of E3-19k have been identified in OAdV7 (Vrati, 

Boyle et al. 1995). Consistently, results from DC analysis in this study showed that OAdV7 

did not down-regulate expression of either MHC I or MHC II markers in mBMDCs.  

In addition to antigen presentation and co-stimulation by DCs, the cytokine environment 

during T cell priming, strongly influences the induction of T cells and their differentiation 

into effector populations, such as Th1. Such cells are characterized by the production of 

IFNγ, which is capable of activating macrophages and facilitating generation of CTLs.  

Therefore a Th1-dominant response is important for the induction of antitumour immunity. 

DCs are capable of directing a T cell response towards a Th1 or Th2 profile via production of 

cytokines such as IL-12 and IL-10 (Macatonia, Hosken et al. 1995; Liu, Rich et al. 1998).  

Th1 differentiation of human T cells in vitro and murine T cells in vitro and in vivo was 

directed by IL-12 (Manetti, Parronchi et al. 1993; McKnight, Zimmer et al. 1994).  IL-10 has 

been shown to inhibit DC migration and IL-12 production by DC in draining lymph nodes, 

thus antagonizing the effect of IL-12 on T cells (Demangel, Bertolino et al. 2002). Therefore, 

an important determinant of T cell differentiation is the balance between IL-12 and IL-10 

during T cell priming.  Previous studies showed that HAdV5 up-regulated expression of IL-

12 in mBMDCs (Korst, Mahtabifard et al. 2002). The data on mBMDCs described in this 

chapter showed that OAdV7-treated mBMDC produced significantly higher IL-12 p40/p70 

while IL-10 levels did not vary significantly. In addition to its role in Th1/2 differentiation, 

IL-12 has been shown to be critical in activating CD8
+
 T cells, as cells that expanded in vitro 

in the absence of IL-12 failed to develop cytolytic effector function (Curtsinger, Lins et al. 

2003). Therefore, OAdV7-induced IL-12 p40/p70 production is likely to contribute to the 

efficient CTL function that we observed in vivo after OAdV7 immunization. Analysis of 
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splenocytes from vaccinated mice showed these cells produced high levels of antigen-specific 

IFNγ and low levels of IL-4, indicative of a Th1 response. 

Finally, our study showed that a single, intra-muscular injection of 10
8
IU of OAdV7-OVA-

eGFP was sufficient to induce efficient CTL with an average specific cell kill of 75% 

achieved in the in vivo cytotoxicity assay. This is consistent with Bridgeman et al (2010), 

who showed high frequency induction of antigen-specific T cells in mice one week following 

intra-muscular injection with 10
7
IU of OAdV7-HIVA (Bridgeman, Roshorm et al. 2009). A 

recent study by Fraser et al (2010) reported that immunization with OAdV7-OVA-eGFP led 

to a relatively weak CTL response (Fraser, Diener et al. 2010). Using an in vitro cytolytic 

assay, they showed immunization with 10
9
IU of OAdV7-OVA-eGFP resulted in 35% 

specific killing, whereas immunization with a recombinant fowlpox virus encoding the same 

antigen generated 70% specific killing. This contrast with findings in this study, which 

showed immunization with OAdV7-OVA-eGFP induced a potent CTL response, evident by 

an average of 75% killing of antigenic-peptide labeled T cells. The difference between these 

findings may be attributed to different route of immunization, dose of viral vector used, 

difference between in vitro and in vivo assay, and timing of the assay. Fraser et al conducted 

in vitro CTL assay 12 days following immunization, whereas assay in this study was 

performed on day 7. We believe in vivo killing experiments are a more accurate measure of 

CTL induced by OAdV7 immunization and the tumour challenge models are truer test of the 

potency of the OAdV7 to induce protective T cell response. In both assays, OAdV7 was 

shown to be a potent vaccine vector with high efficacy. High level of CTL induction was also 

observed in immunization with HAdV5, this likely to reflect the strong ability of adenovirus 

to prime a CTL response (Yang, Dayball et al. 2003). 

A successful vaccine needs to effectively prime T cells at the effector phase and induce the 

formation of long-lasting T cell memory. Factors such as the duration of antigen exposure, 

conditions of antigen presentation (such as APC function) and the presence of co-stimulation 

during T cell priming strongly influence the development of immunity and concomitant 

memory responses. This study showed that the OAdV7 vaccine up-regulated DC activation 

and this is likely to have translated into a strong T cell response. Whilst the phenotype of 

memory cell generated in response to the OAdV7 vaccine was not measured, generation of 

the early recall response in immunized mice was examined by in vitro antigen re-stimulation 
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experiments.  T cells from these animals showed a greater antigen-specific proliferative 

response and production of IFNγ to re-stimulation with OVA.  

Epitope-spreading, a phenomenon in which T cell response generated against antigens not 

initially present in the vaccination has been described (el-Shami, Tirosh et al. 1999). 

Vaccination induced antigen-specific T cell response initiates an inflammatory cascade and 

results in tissue destruction. This is followed by cross-presentation of additional antigens to 

enhance the diversity of the T cell responses. B16 melanoma also contains other endogenous 

melanoma antigens such as gp100 and TRP-2, for which T-cell immune responses can be 

generated (Mendiratta, Thai et al. 2001). While the recall response of T cells from the 

vaccinated mice to these endogenous antigens was not assessed; as the vaccinated animals 

produced such a strong immune response against the tumour and resisted rechallenge with 

this tumour, it is possible that the vaccination with OAdV7 could have induced a secondary 

response to these endogenous antigens, in addition to that seen with OVA. 

To assess the efficacy of the tumour vaccine, immunization with 10
8
IU of OAdV7-OVA-

eGFP was tested in a therapeutic trial. Consistent with the in vivo cytotoxicity assay, a single 

intramuscular injection of 10
8
IU of OAdV7-OVA-eGFP reduced growth of B16-OVA 

tumour cells in immunized mice and prolonged survival, compared to controls.  Induction of 

a memory response was further confirmed in a prophylactic tumour model, which showed 

that immunization with OAdV7-OVA-eGFP three weeks prior to inoculation of tumour cells 

successfully prevented tumour development in 9 out of 10 mice. The memory response 

observed in these studies is consistent with a previous study in which an antigen-specific T 

cell response was observed 70 days after primary immunization (Wüest, Both et al. 2004).   

In this study, administration of OAdV7-OVA in a prophylactic setting worked more 

effectively than in a therapeutic setting, possibly due to a lower tumour burden in the former 

situation and a greater likelihood of immune escape by the tumour in the latter. In both 

therapeutic and prophylactic trials, some protection was provided initially in the vaccinated 

mice, shown by the absence of tumour in the early stages and the appearance of tumour cells 

later on followed by tumour growth. For example, in the mice group that received the 

prophylactic vaccine, tumour growth did not appear until day 30 post tumour challenge. The 

delay in the tumour appearance in the vaccinated mice could be attributed to two reasons. 

Firstly, the tumour growth was monitored by manual measurement using a calliper, therefore 
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in the early stages of tumour measurement, some tumour cells may be present but the size 

was below the detection limit. Secondly, as tumour grows, it antagonizes the immune 

response against the tumour by establishing an immunosuppressive environment. The 

induction of immune-suppression by tumour cells reduces the anti-tumour immunity and 

further enhances tumour growth. In a clinical setting, an optimal regimen should combine 

vaccination with the use of therapeutics that antagonize strategies utilized by tumour cells for 

immune escape, such as the use of adjuvants. Additionally, OAdV7 vectors could also be 

used in heterologous prime-boost vaccination in conjunction with existing adenoviral and 

other vectors to induce even more effective cell-mediated and humoral immunity. Studies 

that characterize the utility of OAdV7 in a prime-boost setting have begun (Bridgeman, 

Roshorm et al. 2009; Fraser, Diener et al. 2010). 

In summary, this study reports the first use of a recombinant OAdV7 vector as a tumour 

vaccine and demonstrates the capability of the vector to be a potent inducer of antigen-

specific cytotoxic T cells and an anti-tumour memory response. The data highlight the 

potential of OAdV7 vectors in vaccination for tumour immunotherapy which is consistent 

with their demonstrated utility as infectious disease vaccines (Wüest, Both et al. 2004; 

Bridgeman, Roshorm et al. 2009).  

Future studies could be done to investigate the kinetics of T cell response induced by 

OAdV7, and in direct comparison with HAdV5, the standard adenoviral vector. Testing the 

immunogenicity of OAdV7 vaccine in a tolerogenic mice model would provide insights into 

the strength of OAdV7-derived vaccine. This together with an increased understanding of the 

biology of this novel ovine adenovirus will allow its further development as a vaccine. 

 



155 
 

 

Chapter 6. Summary and Perspectives. 

6.1 OAdV7 as a novel vaccine vector 

Recombinant adenoviruses have emerged as one of the most commonly utilised viral vectors 

for vaccine development. Adenoviruses mediate efficient gene delivery to both dividing and 

non-dividing cells, with minimal risk of genomic insertional mutagenesis. Their large cloning 

capacity allows the insertion of large transgene cassettes, enabling inclusion of multiple 

antigens or the addition of genes encoding adjuvants. Vaccines based on adenoviruses elicit 

broad antibody and potent T cell responses, that encompass both the CD4
+
 and CD8

+
 T cell 

subsets (Sun, Bailer et al. 2009). Adenovirus-derived vaccines have been explored for 

infectious disease as well as malignancies (Koblin, Casapia et al. 2011; Tamminga, Sedegah 

et al. 2011; Barnes, Folgori et al. 2012). Tumour vaccines based on adenovirus have been 

used in phase I clinical trials for human cancers (Rosenberg, Zhai et al. 1998; Lubaroff, 

Konety et al. 2009; Diaz, Chiappori et al. 2013) 

The problem with the pre-existing immunity to prevalent human adenoviruses has made them 

less favourable in vaccine design. This, in turn, has sparked a quest for novel adenoviral 

isolates that are resistant to pre-existing immunity induced by human adenoviruses. To date, 

Adenoviruses derived from chimpanzees have been the most abundant and best characterized 

among non-human isolates, with serotype ChAdV3 being used in phase I study of HCV 

vaccine in patients, and ChAdV63 used in clinical trials for Malaria (Barnes, Folgori et al. 

2012; O’Hara, Duncan et al. 2012) . 

The virus OAdV7 is the prototype of the Atadenovirus genus (Both 2004). Its potential to be 

used as a vaccine vector was apparent following the observation that the transgene delivered 

by OAdV7 was rapidly cleared in vivo, suggesting induction of a transgene-specific T cell 

response (Löser, Hillgenberg et al. 2000). OAdV7 was not neutralized by the pre-existing 

immunity to HAdV5 and mediated efficient gene delivery in vivo. (Hofmann, Löser et al. 

1999). Moreover, OAdV7 exhibits distinct biological features in terms of tropism, antigen 

delivery as well as immunogenicity. The research described in this thesis sought to 

investigate the suitability of OAdV7 as a tumour vaccine by examining the transduction and 

stimulation of human APCs, and the ability of OAdV7-transduced APCs to engage 
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autologous human T cells in vitro, and additionally to investigate the anti-tumour efficacy of 

OAdV7 in vivo in a tumour challenge mouse model. 

Results from this study indicate that OAdV7 is a promising vaccine vector. This conclusion is 

supported by its ability to transduce and activate human mono-DCs. Its anti-tumour efficacy 

was demonstrated in tumour challenge models under both prophylactic and therapeutic 

settings. This study provides the first evidence to support the use of OAdV7 as a vaccine for 

tumour immunotherapy. However, this study also highlighted several open questions that 

need to be addressed by further studies. The following sections discuss the insights this study 

has generated and propose future experimental work that can be undertaken to further 

evaluate the feasibility of OAdV7 as a human vaccine. 

6.2 Transduction of APCs 

OAdV7 transduces human mono-DCs in vitro, shown by the presence of eGFP
+
 cells 

following transduction. The transduction efficiency of mono-DCs by OAdV7 was low, with 

an average transduction of 4.51% at a MOI of 1000. Transduction levels of more than 10% 

were achieved in 2 out of 7 donors tested. One limitation in this study is the use of IRES-

mediated eGFP reporter construct, as the IRES was previously shown to lead to lower gene 

expression compared to cap-dependent gene in the same bi-cistronic vector(Mizuguchi, Xu et 

al. 2000). It is therefore uncertain whether the apparent lower transduction of mono-DC by 

OAdV7 compared to the HAdV5 vector used in this study was due to inefficient transduction 

or the lower expression of the reporter gene delivered by the OAdV7 vector. It is therefore 

likely that the IRES-based expression of eGFP rendered transduction by the OAdV7 vector 

less sensitive compared to the HAdV5 vector. Nonetheless, melanoma cells that exhibited 

only 1% transduction by OAdV7 were able to activate MART-1 specific CTL clones, with 

76.9% of the C8 clone being CD8
+
CD137

+ 
(Chapter 3; Fig 3.11) Mono-DCs that exhibited a 

low level of transduction were also able to expand MART-1 specific CD8
+
 T cells from a 

pool of naïve CD8
+
 T cells (Chapter 3; Fig 3.14). Similarly, transduction of BMDCs by 

OAdV7 appeared to be more inefficient as no more than 1% eGFP
+ 

cells were detectable by 

FACs analysis (Chapter 4 Fig 4.1). However, immunization of mice with OAdV7-OVA 

mounted a potent T cell response. 
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Another possibility that may explain the ability of OAdV7 to prime a T cell response in vivo 

despite inefficient transduction of DCs is the cross-presentation of antigen by other cells that 

take up the vector.  Results from studies in mice showed the importance of direct transduction 

of DCs depends on the route of administration following HAdV5 immunization (Lindsay, 

Darrah et al. 2010; Hangalapura, Oosterhoff et al. 2011). CD11c
+
 DCs are the major APCs to 

be transduced by HAdV5 following intramuscular and subcutaneous injection, and were 

indispensable for priming a transgene-specific CD8
+
  T cell response(Lindsay, Darrah et al. 

2010). In contrast, intradermal delivery of HAdV5 vaccine did not lead to transduction of 

skin CD11c
+
 DCs, but immunization with HAdV5 mounted a potent melanoma-specific 

CD8
+
 T cell response, suggesting the importance of cross-priming following intradermal 

immunization with HAdV5 (Hangalapura, Oosterhoff et al. 2011).   

In addition to priming of a T cell response, there is evidence suggesting a role for non-

professional APCs in maintenance of T cell memory following immunization with HAdV5 

(Bassett, Yang et al. 2011). It was suggested that the CD8
+
 T cell response induced by AdVs 

was defined by co-operation between professional APCs in the lymph node and non-

professional APCs in the periphery.  

It remains unknown whether direction transduction of OAdV7 is critical for the induction of a 

T cell response. Measurement of DC transduction in vitro is commonly performed for 

evaluation of vaccine vectors ( Hirschowitz, Weaver et al. 2000; Loré , Adams et al. 2007; 

Tan, Beutelspacher et al. 2005). Transduction of DC by OAdV7 was inefficient in vitro. 

However, previous studies using intramuscular immunization of OAdV7 showed induction of 

cellular immunity. This suggests the possibility of cross-presentation. Therefore it is 

important to test the strength of T cell induced by OAdV7 in this route of immunization. In 

this study, intramuscular immunization with OAdV7 induced a potent cell-mediated 

response. It is highly likely that the myocytes were transduced and the antigens were cross 

presented by the DCs. This suggests that the measurement of DC transduction in vitro may 

not be an accurate prediction of a vaccine vector’s efficacy in vivo, especially when the route 

of immunization favours cross presentation. Further experiments are needed to address the 

mechanism of antigen presentation, such as in vitro cross-presentation assay using DCs and 

myocytes and staining of transduced cells in vivo following immunization. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Lor%C3%A9%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17641038
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Another limitation in this study is the utilization of human mono-DCs rather than primary 

DCs for study on transduction and maturation. Mono-DCs differentiated from CD14
+
 

monocytes display characteristics similar to the myeloid blood CD11c
+
 DCs, with similarities 

in surface expression of HLA-DR and co-stimulatory molecules (Osugi, Vuckovic et al. 

2002). However, it has been demonstrated  that CD11c
+
 mDCs are more potent than mono-

DCs in T cell stimulation(Osugi, Vuckovic et al. 2002). Moreover, methods of isolation and 

culture conditions in vitro affect the behaviour of the differentiated mono-DCs including their 

activation status, cytokine production and response to stimulation (Elkord, Williams et al. 

2005). This introduces additional inconsistencies into assays using in vitro differentiated 

DCs.   

Common immunization methods administer vaccine to the skin, subcutaneous fat or muscle, 

therefore the vaccine is usually processed by APCs present in the skin or muscle tissue. In the 

skin, several types of APCs have been described, including epidermal Langerhan cells and 

dermal Langerin negative DCs, which can be further classified into CD1a
+
 and CD14

+
 dermal 

DCs (Romani, Flacher et al. 2012). Conventional DCs (cDC) and mono-DCs were both 

present in steady-state muscle and following intramuscular immunization (Langlet, 

Tamoutounour et al. 2012). Although the exact roles of different types of DCs in inducing an 

immune response are still under investigation, some functional divisions were apparent. For 

example, Langerhans cells in human skin were suggested to be specialized for inducing 

cytotoxic T cell response whereas CD14
+
 dermal DCs seem to promote antibody production 

(Romani, Flacher et al. 2012). It has been shown that freshly isolated mDC, dermal DCs and 

Langerhans cells were transduced by rAdV35 and HAdV5, while pDCs were susceptible to 

HAdV35 only (Loré, Adams et al. 2007). Therefore, analyzing transduction of those DCs by 

OAdV7, would be important. 

To improve the clinical utility of the adenovirus as vaccine vectors, methods have been 

developed to engineer the virus to enhance transduction of DCs. Current methods to improve 

DC transduction by adenovirus largely involve modification of the fiber on the viral capsid, 

e.g. by genetic engineering of the virus to express fiber from other serotypes, or by addition 

of domains that facilitates DC transduction (Ophorst, Kostense et al. 2004; Worgall, Busch et 

al. 2004; Hsu, Boysen et al. 2005). Additionally, adaptive molecules to link the viral fiber to 

receptors on DC have been developed for adenoviral vectors (Pereboev, Nagle et al. 2004; 

Sapinoro, Maguire et al. 2007). However, data from the existing literature has shown that 
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enhanced transduction of DCs in vitro by modified adenovirus does not always translate to a 

higher immune response in vivo (Ophorst, Kostense et al. 2004; Worgall, Busch et al. 2004; 

Hsu, Boysen et al. 2005) . HAdV5 pseudotyped with fiber from Subgroup B AdV16 and 

Subgroup D AdV37 enhanced transduction of mBMDCs in vitro but failed to enhance  

immunogenicity upon vaccination (Hsu, Boysen et al. 2005). Modification of the viral fiber 

can result in significant change in virus tropism and bio-distribution, and therefore may 

greatly influence the outcome of immunization. Thus extra considerations must be taken 

when the virus tropism is being modified. 

6.3 Activation of DCs 

Activation was evident in both human mono-DCs and murine BMDCs upon exposure to 

OAdV7. Both transduced and un-transduced DCs were activated, suggesting multiple 

pathways that may be utilized by OAdV7 to mature DCs. In mono-DCs, transduced cells and 

non-transduced cells showed differential kinetics of activation, with transduced cells having 

higher expression of CD86 and lower expression of CD83 than non-transduced cells. 

Secretion of cytokines from mono-DCs exposed to OAdV7 showed more variation between 

donors. One donor with a high level of transduction by OAdV7 induced secretion of TNFα, 

IL-12/23p40 and a very low level of IL-12 p70. The level of IL-6 secretion was not 

significantly different between donors that exhibited different levels of transduction by 

OAdV7. A larger number of individuals need to be studied to investigate the effect of 

OAdV7 on cytokine production from mono-DCs. OAdV7 transduced BMDCs poorly, but 

activation was observed in BMDCs upon exposure to OAdV7. Despite the low level of 

transduction, BMDCs exposed to OAdV7 secreted IL-12 p40/p70. The mechanisms that 

govern the effect of OAdV7 on DCs will be an area of future study. 

This study showed that HAdV5 did not activate human mono-DCs potently, evident by lack 

of strong up-regulation of DC markers (Chapter 3; Fig 3.7). The difference in the lack of DC 

activation by HAdV5 stands in contrast to findings from some previous studies which 

reported activation of mono-DCs by HAdV5.  A careful examination of the data presented in 

other studies suggests the different level of DC activation by HAdV5 may be attributed to 

different level of transduction. In previous studies, HAdV5 was used at a dose required to 

achieve maximum transduction of mono-DCs, with transduction levels of 40-90% upon 

exposure to HAdV5 (Rea, Schagen et al. 1999; Lundqvist, Choudhury et al. 2002; 
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Schumacher, Ribas et al. 2004). In contrast, the DC analysis reported in this study used 

HAdV5 at MOI1000 which only achieved an average transduction of 19.82%.  

The results based on DC maturation markers suggest OAdV7 is more potent than HAdV5 in 

inducing DC activation.  Although the transduction efficiencies between OAdV7 and HAdV5 

cannot be directly compared due the intrinsic difference in the reporter gene construct, mono-

DCs exposed to OAdV7 showed stronger up-regulation of DC markers including CD86, 

CD80, CD83 and HLA-DR and have more stimulatory capacity in allogeneic MLR compared 

to mono-DCs exposed to HAdV5 at the same MOI. One limitation of the study is that the 

viral vectors were not tested for the level of endotoxin, this should be addressed in future 

studies. 

In the study by Loré et al (2007), the ability of HAdV35 to induce activation of pDC and 

mDC was compared to that of HAdV5. Using the viral vectors with equivalent reporter 

construct, the level of transduction of DCs were equalized by adjusting the doses of the two 

vectors, and DCs exposed to HAdV35 exhibited more maturation than DCs exposed to 

HAdV5 at the same transduction level. Using OAdV7 and HAdV5 expressing equivalent 

reporter gene construct would allow similar analysis to be done in order to compare the two 

viral vectors in their ability to induce DC activation. 

6.4 Activation of other innate immune cells. 

Studies on macrophage activation provided insights into the apparent lack of innate immune-

stimulatory effect of HAdV5 in vitro. Exposure of macrophage and epithelial co-culture by a 

HAdV5-derived helper-dependent adenovirus induced macrophage activation and 

cytotoxicity, secretion of pro-inflammatory cytokines and chemokines and activation of 

inflammatory transcription factors (Lee, Kushwah et al. 2010). However, this inflammatory 

response is absent or much weaker upon stimulation of macrophage mono-culture by 

HAdV5. This suggests a synergistic effect between epithelial cells with macrophages that 

may underlie the inflammatory response observed with HAdV5 in vivo. The ability of 

epithelial cells to respond to HAdV5 can be explained by the high-abundance of CAR, the 

principle receptor for HAdV5, on epithelial cells (Cohen, Shieh et al. 2001). 
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In addition to macrophages, adenoviruses were also shown to activate NK cells (Pahl, 

Verhoeven et al. 2012). Treatment of PBMCs with HAdV5 and HAdV35 resulted in the up-

regulation of the activation marker CD69 on NK cells, with NK cells exhibiting enhanced 

cytolytic activity. Activation of NK cells also requires other cells such as T cells and pDCs. 

Following treatment with rAdV35, a reciprocal interaction between pDCs and NK cells 

enhanced activation on both cell types (Pahl, Verhoeven et al. 2012). Taken together, the 

ability of HAdV5 to induce an innate immune response in vivo appears to rely on the 

interaction with multiple cells types, including cells of the innate immune system such as 

macrophages, DCs, NKs; as well as epithelial cells, which HAdV5 primarily infects. This 

highlights the complexity of HAdV5-induced innate immune signalling in vivo, where 

distinct cell types in the inflammatory environment cross-talk with each other, results in an 

initiation and amplification of the immune response.  

Future studies should examine the effect of OAdV7 on other innate immune cells including 

macrophages and NK cells. Additionally, the ability of OAdV7 to trigger the innate immune 

system in vivo, should be studied and compared with that of HAdV5. 

6.5 Antigen persistence and induction of T cell memory 

This study showed that a single, intra-muscular injection of 10
8
 IU of OAdV7-OVA was 

sufficient to induce efficient CTL with an average specific cell killing ability of 75% in the in 

vivo cytotoxicity assay. Similarly high level of in vivo killing have been reported in mice that 

received 10
8
 pfu of HAdV5 encoding SINFEKL fused with the luciferase reporter gene 

(Yang, Dayball et al. 2003). This suggests that OAdV7 induces a strong Th1 response, a 

typical feature of adenovirus-derived vaccine. One limitation of the tumour challenge assay 

in this study is the use of OVA as the tumour antigen. While tumour cells often express self 

antigens that have induced immuno-tolerance, the use of foreign antigen such as OVA does 

not truly mimic the immunological nature of a spontaneous tumour. Study by Bellone et al 

(2000) compared the efficacy of three vaccine modalities, including a peptide vaccine, a 

DNA vaccine and a peptide pulsed DC vaccine in two different tumour challenge models 

(Bellone, Cantarella et al. 2000). While all three vaccines were shown to be effective in the 

B16-OVA tumour model, the DNA and peptide vaccine failed to provide anti-tumour 

protection when a tumour model using self antigen was used. Consistently, human data from 

clinical trials showed that vaccinations with DNA and peptide vaccines were poorly 
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immunogenic and failed to achieve significant clinical benefit (Lee, Wang et al. 1999; Coban, 

Kobiyama et al. 2011). These studies emphasize the importance of using relevant tumour 

antigen to more accurately test the efficacy of tumour vaccines. Another disadvantage of 

using transplantable tumours such as B16-OVA melanoma is that they show faster growth 

rate and therefore do not resemble a spontaneous tumour formation (Zips, Thames et al. 

2005). Future studies should test the ability of OAdV7 to induce T cell response to a relevant 

tumour antigen, and the ability of OAdV7 to break tolerance to self-antigens in tolerogenic 

mice models. Comparison of the immunogenicity of OAdV7 to that of HAdV5, and other 

alternative adenoviral serotypes currently in exploration, would be important. Compared to 

another study that also used the B16-OVA tumour challenge, prophylactic vaccination with 

OAdV7 induced protection to a similar extent to vaccination with DCs but induced a greater 

protective effect than vaccine derived from rabbit hemorrhagic disease virus like particles, 

although the timing of tumour challenge is one week following vaccination in the other study 

as opposed to three weeks in this study (Peacey, Wilson et al. 2008). 

Vaccination with adenovirus delivers a high level of antigen expression with long duration 

(Tatsis, Fitzgerald et al. 2007). Following immunization with ChAdV68, the vector sequence 

was found in the inoculated muscle for at least 360 days and this persistence antigen 

expression induced antigen specific T cell expansion 4 months after immunization (Tatsis, 

Fitzgerald et al. 2007). The prolonged expression of antigen in vivo conferred by adenovirus 

dictates the phenotypes of memory T cells generated. Comparison of memory phenotypes 

following vaccination with vaccinia virus vectors and HAdV5 showed distinct differences in 

memory T cell formation. CD8
+
 T memory generated by HAdV5 typically underwent less 

contraction, with cells being predominantly CD62L
-
, indicative of effector memory 

phenotype. In contrast, vaccination with a vaccinia virus vector induced predominantly 

CD62L
+
 cells, typical of central memory phenotype (Tatsis, Fitzgerald et al. 2007; Pillai, 

Kannanganat et al. 2011). Antigen persistence mediated by adenovirus-derived vaccinein vivo 

was shown to maintain memory T cells in the effector memory phase, while allowing for 

slow formation of central memory over time.  

Current investigations suggest adenoviruses programme T cells differently depending on the 

serotypes (Penaloza-MacMaster, Provine et al. 2013; Tan, Jin et al. 2013). While HAdV5 

induced memory T cells of a partially exhausted phenotype, alternative adenoviruses such as 

AdV26, AdV35 and AdV48 induced memory T cells with enhanced expansion and cytokine 

expression upon re-challenge. The differences in the cell tropism and receptor usage by 
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alternative serotypes may have contributed to the differences in their immune activation and 

T cell induction. 

Previous studies showed T cells induced by OAdV7 differ to HAdV5 in terms of both 

priming kinetics and antigen persistence (Bridgeman, Roshorm et al. 2009). Mice immunized 

with the same dosage (10
7
 IU) of OAdV7 and HAdV5 showed differential induction of CD8

+
 

T cells.  CD8
+
 T cells induced by OAdV7 showed greater proliferation than HAdV5 in early 

time point (within 6 days following vaccination). However, antigen expression induced by 

OAdV7 was cleared within 2 weeks, whereas HAdV5 drove antigen persistence that 

continued to drive T cell expansion for at least 4 weeks following immunization. The lack of 

antigen persistence by OAdV7 immunization compared to HAdV5 led to hypothesis that 

immunization with OAdV7 will induce more central memory T cells than HAdV5. However, 

in the study, both OAdV7 and HAdV5 were administered at low dosage (10
7
 IU), 10-fold 

lower than this study have used for tumour challenge experiments. Immunization with a high 

dose of 10
9
 IU of OAdV7-OVA  was reported to induce a systemic antigen persistence for at 

least seven days following immunization(Fraser, Diener et al. 2010). The duration of antigen 

persistence over a longer time period was not tested and the phenotypes of the memory T 

cells induced by OAdV7 immunization were not studied. Therefore, future studies that 

characterize T cells induced by OAdV7 following vaccination, in terms of their phenotypes 

and functionality, and how they correlate with the protective anti-tumour effect in the 

tumour-challenge demonstrated in this study are warranted.  

6.6 Summary 

Despite many years of research, a cure for cancer remains to be found. The failure of current 

cancer vaccines to confer tumour protection in therapeutic setting could be attributed to low 

immunogenicity of the vaccine in vivo and immunosuppression by tumour escape 

mechanisms. The optimal tumour vaccine is likely to be a carefullydesigned treatment 

regimen that encompasses the design of TAA, choice of viral vector, use of prime-boost 

strategies and adjuvants, and combinations of other anti-tumour treatment, with the aim to 

enhance immunogencity of the vaccine as well as reducing immunosuppression in vivo.  

The use of viral vectors as vaccine for tumour immunotherapy has constituted an active area 

in cancer research. The advantage of using vaccine vectors compared to cell-based 
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immunotherapy is the possibility to generate a universal, off-the-shelf vaccine without the 

need to isolate, culture and manipulate cells, which can be labour-intensive, expensive and 

time-consuming. The use of viral vectors supersedes other vaccine modalities in their high 

transduction efficiency and immunogenicity. Among the viral vectors studied, adenoviral 

vectors are the most popular candidates due to their broad tropism, large cloning capacity, 

ease of manipulation and a low rate of integration. 

This study has identified OAdV7 as a novelalternative serotype with potential as vaccine 

vector due to its ability to transduce and activate human DCs. Its anti-tumour efficacy was 

demonstrated in mice models. These results compare OAdV7 favourably with many other 

alternative adenovirus-derived vaccines being developed, including two chimpanzee-derived 

adenoviruses that have made their way into clinical trials for vaccine studies (Barnes, Folgori 

et al. 2012; O’Hara, Duncan et al. 2012). Without a direct comparison, it is unknown which 

serotype is superior in terms of immunogenicity and safety. However, the distinct biological 

features of OAdV7, in terms of receptor utilization as well as genome organization, offer 

features that may be beneficial in the design of a novel vaccine.  

One disadvantage of viral vector is the potential adverse reactions generated in response to 

virus-mediated immune response. Immunization with adenoviral vectors is generally well-

tolerated in both pre-clinical and clinical trials. However, there is evidence of liver-toxicity 

upon intravenous administration of high dose (>1x10
12

 vp/kg) of first-generation adenoviral 

vectors in animal model (Morral et al, 2002; Lozier et al, 2002). Use of HAdV5-derived 

adenoviral vector has resulted in induction of acute, systemic inflammatory response 

followed by death of one patient in a gene therapy trial (Raper et al, 2003). This has led to 

concerns over the use of adenoviral vectors for human trials. The bio-distribution of HAdV5 

is liver-dominant following systemic immunization and the liver toxicity was mediated by the 

host immune response to the viral vectors by the liver cells (Lieber et al, 1997;Morral et al, 

2002; Lozier et al, 2002). In contrast, systemic administration of OAdV7 in mice induce a 

distinct biodistribution that is not liver-dominant, with equal dissemination of the vector in all 

organs (Hoffman et al, 1999). This reduces the likelihood of liver-targeted adverse reaction in 

human upon systemic administration of OAdV7. Another limitation regarding the use of viral 

vectors is the induction of vector-specific immune memory following immunization, renders 

the secondary immunization with the same vector ineffective. Therefore, it is more beneficial 
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to use OAdV7 in conjunction with other vaccine modalities in a heterologous prime-boost 

setting where multiple immunizations are necessary. 

 

To be used as a vaccine in clinical trials, pre-clinical testing using OAdV7 must be 

conducted. The OAdV7 vector has gained approval to enter a phase I clinical trial for prostate 

cancer as a gene therapy vector, therefore it has met the safety requirement for use of this 

vector in humans. A cell bank using good manufacturing practice and procedures for scaling 

up vector production was developed and assays for quality control of the vector production 

were established and documented (Both, 2004). This together with data reporting the 

immunogenicity of OAdV7 from this study, will pave the way for OAdV7 to enter phase I 

clinical trial as a vaccine in the future. 
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