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ABSTRACT 

Conditionally-replicating adenoviruses (CRAds) have generally demonstrated only modest 

therapeutic efficacy in human clinical trials, in part due to their poor ability to spread throughout 

a tumor mass. In these studies, I first examined whether inclusion of an intact early region 3 (E3) 

and the p14 fusion-associated small transmembrane (FAST) protein in a CRAd vector can enhance 

oncolytic efficacy by improving viral spread. E3 encodes the adenovirus death protein (ADP), 

which enhances virus progeny release from infected cells, while p14 FAST can allow spread of 

the virus through cell-cell fusion. I generated viruses with (CRAdRC109) or without 

(CRAdRC111) an intact E3 region, which encoded the p14 FAST gene between the fiber coding 

sequence and E4 region of their viral genomes. In the A549 human lung cancer cell line, both 

CRAdRC109 and CRAdRC111 expressed p14 FAST at very low levels when compared to 

CRAdFAST, a similar virus that expressed the protein from within the E3 deletion, and thus had 

a relatively poor ability to mediate cell-cell fusion. Although inclusion of E3/ADP in CRAdRC109 

did result in larger plaques and increased virus spread relative to CRAdRC111, neither virus 

showed improved oncolytic activity relative to CRAdFAST. I subsequently developed 

CRAdRC116, in which the E3 region of the viral genome was replaced with a bicistronic 

expression cassette containing the p14 FAST and ADP coding sequences separated by a self-

cleaving 2A peptide sequence. This virus co-expressed p14 FAST and ADP and caused extensive 

cell-cell fusion in A549 cells. However, expression of ADP from CRAdRC116 did not increase 

cancer cell killing nor virus spread, and thus did not enhance oncolytic efficacy relative to 

CRAdFAST. These studies suggest that p14 FAST and ADP do not exhibit synergy when co-

expressed from a CRAd vector. Future studies should instead focus on combining other methods 

of improving viral spread in conjunction with expression of ADP or FAST proteins from CRAd. 
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CHAPTER 1: Introduction 

1.1. Cancer: a devastating disease of growing prevalence 

Cancer is a leading cause of morbidity and mortality worldwide and is responsible for 

millions of deaths each year. Unfortunately, the negative impact that cancer has on human health 

is steadily growing as its prevalence is predicted to increase by roughly 75% over the next 20 years 

(1). It encompasses numerous diseases, all of which are characterized by rapid and/or uncontrolled 

growth of abnormal cells, which can subsequently invade surrounding tissues.  

Hanahan and Weinberg delineate the “hallmarks of cancer” through a series of distinct and 

integral biological capabilities; of which, sustaining cell proliferation is debatably the most 

fundamental (2, 3). Cancer cells must also resist cell death, evade growth suppressors, and achieve 

replicative immortality in order to survive and proliferate. Additionally, tumors  induce 

angiogenesis to fuel their growth, and disease progression can lead to invasion of local tissue and 

metastatic dissemination to distant sites. More recently, deregulating cellular metabolism and 

avoiding destruction by the immune system have emerged as core components of cancer 

pathogenesis, while genomic instability and inflammation have been defined as enabling 

characteristics in disease progression. The tumor microenvironment, which includes cancer cells, 

tumor stroma, blood vessels, immune cells, and other associated tissue, also plays a significant 

role in tumor progression (3, 4). 

Conventional treatments for cancer include chemotherapy, radiation therapy, and surgery 

(5); however, approximately 50% of all cancer patients will ultimately die from the disease (1), 

clearly illustrating the need for new and more effective therapeutics. In recent years, treatment 

strategies such as immunotherapy, targeted therapy, stem cell transplants, and precision medicine 

have shown great promise in improving our ability to treat, and in some cases, cure cancer. 
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1.2. Oncolytic virotherapy for cancer treatment 

Oncolytic virotherapy is an emerging cancer treatment that uses replication-competent 

viruses, either native or genetically engineered, to selectively infect, replicate in, and kill cancerous 

tissue, while leaving healthy tissue relatively unharmed (6). Killing of cancer cells by oncolytic 

viruses can occur through several different mechanisms, including direct virus-mediated cancer 

cell lysis, disruption of the tumor microenvironment, and induction of a systemic anti-tumour 

immune response (7, 8). Additionally, genetically engineered oncolytic viruses can be “armed” 

with therapeutic transgenes to enhance anti-tumor efficacy (9, 10).    

The potential of viruses as anti-cancer therapeutics was first recognized during the late 

19th-century upon serendipitous observations of tumor regression coinciding with natural virus 

infection or following vaccination (7, 11, 12). Over the next few decades, several viruses were 

tested for their ability to infect and replicate in cancer cells. The first clinical studies employing 

viruses as anti-cancer therapeutics were conducted during the 1950s-70s and included agents such 

as hepatitis B virus, West Nile virus, adenovirus, and mumps virus (11). The viruses in these early 

studies, which were wild-type or attenuated in nature, were often eradicated by the immune system 

and had minimal or no therapeutic efficacy (8). While instances of tumor regression were observed 

in some cases, the inherent safety risks associated with viral pathogenesis and the inability to 

restrict viral replication to cancerous tissue rendered the future of oncolytic viruses as useful cancer 

therapeutics doubtful (13).      

Major progress in the field of oncolytic virotherapy was somewhat limited until the 1990s, 

when researchers began using recombinant DNA technology to modify viral genomes to develop 

targeted, replication-selective viruses, ushering in a new era of genetically-engineered oncolytic 

viruses with enhanced cancer-selectivity and reduced pathogenicity (11, 12). Some of the first 
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genetically engineered oncolytic viruses included herpesvirus, paramyxovirus, poxviruses, and 

adenoviruses (11, 14-17).  

A diverse array of oncolytic viruses has shown promise in preclinical studies and many 

have recently progressed to clinical trials, including adenoviruses, coxsackieviruses, 

herpesviruses, paramyxoviruses, parvoviruses, reoviruses, and poxviruses (18-25). As of August 

2018, oncolytic viruses are currently listed in 76 clinical trials on clinicaltrials.gov, of which 26 

are completed, 28 are recruiting, and 11 are active but not recruiting (26). Three oncolytic viruses 

have completed clinical trials and been approved for the treatment of cancer. RIGVIR, a wild-type 

picornavirus ECHO-7, was approved in Latvia in 2004 for treatment of melanoma (27). Following 

this was Oncorine, an adenoviral vector approved in China in 2005 for the treatment of head and 

neck cancer (28). Most recently, ImlygicTM (T-VEC or talimogene laherparepvec), a modified 

herpes simplex virus type 1 (HSV-1) encoding granulocyte-macrophage colony-stimulating factor 

(GM-CSF), was approved in the USA, Europe, and Australia for the treatment of advanced 

melanoma (13, 29, 30).   

As previously mentioned, oncolytic viruses preferentially infect, replicate in, and kill 

cancer cells. These viruses exert their anti-cancer activity primarily through tumor-selective viral 

replication resulting in direct cancer cell lysis and by stimulating an anti-tumor immune response 

(6). Ensuring selective replication of oncolytic viruses in cancerous tissue and limiting their 

pathogenicity to surrounding healthy tissue is crucial for their development as safe and effective 

anti-cancer therapeutics. Cancer cells frequently exhibit deficiencies in antiviral immune response 

pathways and are thus naturally susceptible to viral infection (9), however, tumor-selectivity can 

be further increased through several approaches. Viruses that exploit cellular machinery to mediate 

viral replication can be engineered to contain tumor-specific promoters regulating essential viral 
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genes, such that viral replication is restricted to cancerous tissue in which the tumor-specific 

promoter is present (10). Alternatively, essential viral genes can be mutated or deleted such that 

replication is inhibited or highly attenuated in normal cells, but not in cancerous cells, where the 

functions of these genes are no longer essential due to inherent changes (i.e. cell cycle deregulation, 

deficient antiviral response) that occur during carcinogenesis. Tumor-selectivity has also been 

achieved by engineering oncolytic viruses to target tumor-associated antigens for viral entry, thus 

restricting viral tropism to cancerous tissue (8, 31).   

Translation from the lab to the clinic has revealed that, in most patients, oncolytic viruses 

exhibit only modest clinical efficacy as monotherapies (32-34). This limited efficacy is likely the 

result of a variety of factors, including inefficient systemic delivery, poor intratumoral spread, and 

the immunosuppressive tumor microenvironment. As such, current research is focusing on 

developing “armed” oncolytic viruses that are engineered to express therapeutic transgenes with 

the aim of improving their efficacy as anti-cancer agents (35, 36). Importantly, armed oncolytic 

viruses have the potential to mediate high-level tumor-specific expression of therapeutic 

transgenes, allowing maximal activity within the tumor microenvironment and while minimizing 

impact on healthy tissue (10). A variety of transgenes have been investigated for their potential to 

augment oncolytic activity, including those that encode cytokines, chemokines, antibodies, 

checkpoint inhibitors, co-stimulatory receptors, bispecific T cell engagers (BiTEs), secreted 

toxins, prodrug convertases, enzymes targeting the tumor microenvironment, fusogenic membrane 

glycoproteins, and pro-apoptotic proteins (9, 32, 35, 37). These transgenes ultimately function to 

enhance viral growth, intratumoral spread, anti-tumor immunity, and/or targeting of the tumor 

microenvironment of oncolytic viruses (8). Indeed, clinical efficacy has been achieved with armed 
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oncolytic viruses, including T-VEC (HSV-1) and ONCOS-102 (adenovirus), both of which encode 

the cytokine GM-CSF (38).  

1.3. Oncolytic adenovirus for cancer treatment  

1.3.1. Adenovirus biology  

Human adenoviruses (Ads) are nonenveloped double-stranded DNA viruses classified 

within the genus Mastadenovirus, family Adenoviridae (39). Initially isolated from adenoid tissue 

in the early 1950s (40), Ads are ubiquitous pathogens that typically cause mild and/or self-limiting 

illness (41). However, severe disease can occur in pediatric, geriatric, and immunosuppressed 

populations (42). Clinical manifestations of Ad infection include acute respiratory disease (i.e. 

bronchitis, pneumonia), conjunctivitis, and gastrointestinal illness.  

The Ad virion is characterized by a nonenveloped icosahedral capsid, 70-100 nm in 

diameter, surrounding a linear double-stranded DNA viral genome of approximately 30-40 kb 

(43). The icosahedral capsid comprises 252 capsomeres formed from 3 major proteins: II (hexon), 

III (penton base), and IV (fiber) (44). Trimers of hexon form the 240 nonvertex capsomeres 

(hexons), whereas pentamers of penton base joined to trimers of fiber protein comprise the 12 

vertex capsomeres (pentons) (45). There are also five minor proteins, IIIa, IVa2, VI, VIII, and IX, 

which mainly function to stabilize the capsid (42, 46). Contained within the Ad virion is the 

nucleoprotein core which consists of viral DNA bound to protein VII, V, and Mu (42, 47-49).  

1.3.2. The adenovirus genome and life cycle 

Human Ad C serotype 5 (HAdV-5) is one of the most extensively characterized Ads (43). 

While the following paragraphs specifically refer to the genome and life cycle of HAdV-5, much 

of this information is generally true for most Ad serotypes. Its ~36kb genome (Figure 1.1) encodes 

over 40 proteins and is divided into early and late regions, which are expressed before or after viral  
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Figure 1.1: The human adenovirus C serotype 5 genome. The early regions include E1-E4. The 

major late promoter (MLP) drives expression of the major late transcription unit (MLTU), 

consisting of viral late regions L1-L5. ITR denotes the inverted terminal repeats and Ψ represents 

the packaging element.  The genome map is not shown to scale. 
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DNA replication, respectively (42, 50). Inverted terminal repeats (ITR) located at either end of the 

Ad genome serve as origins of replication, and the viral packaging sequence is positioned adjacent 

to the left ITR. The early regions E1A, E1B, E2, E3, and E4 encode ~25 proteins that are 

maximally expressed shortly after the viral DNA enters the nucleus to ~6 hours post-infection (hpi) 

(51). The early proteins have 3 main functions: 1) induce S-phase entry and render the cell 

permissive for viral DNA replication, 2) mediate viral DNA replication, and 3) suppress host 

antiviral immune responses (50, 52). Ad late gene expression is regulated by the major late 

promoter (MLP), which is minimally active during the early stages of infection (53) and only fully 

activated following the onset of viral DNA replication (~8 hpi) (54, 55). The MLP drives 

expression of the major late transcription unit (MLTU) which through alternative splicing leads to 

the production of five families of mature mRNAs with co-terminal 3’-ends, designated L1 to L5 

(55). The Ad late genes primarily encode structural capsid proteins as well as proteins involved in 

virion assembly and genome packaging. There are also two non-coding virus-associated RNAs, 

VA RNA I and II, which are expressed during the late stages of infection and disrupt various 

cellular processes, including the innate antiviral immune response and microRNA biogenesis (56). 

Lastly, structural protein IX and the IVa2 protein, which are expressed at intermediate time points 

(i.e. after early gene expression but before late gene expression), are involved in capsid assembly 

and packaging of viral DNA into virions (57, 58).  

The Ad life cycles takes 24-36h to complete and can lead to the production of ~10,000 

progeny virions per infected cell (59). Viral infection and entry begin with binding of the Ad fiber 

protein to the coxsackie-adenovirus receptor (CAR) on the cell surface (60), followed by 

interactions between the Ad penton base and cellular integrins (61). Viral internalisation occurs 

through receptor-mediated endocytosis followed by escape from the early endosome (62). 
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Subsequent disassembly of the Ad virion occurs during transport to the nucleus via the microtubule 

network (62, 63). The Ad DNA eventually enters the nucleus via the nuclear pore, where viral 

DNA replication and virion assembly occur. Finally, host cell lysis during the late stages of 

infection allows for release of viral progeny (52).    

1.3.3. Evolution of conditionally-replicating adenoviruses 

 Oncolytic or conditionally-replicating Ads (CRAds) have been intensively studied  for their 

use as anti-cancer therapeutics and have shown tremendous promise in preclinical models of 

cancer (14, 64-67). Ad is well-suited for use as an oncolytic virus for many reasons. For example, 

Ad has been thoroughly characterized both genetically and biochemically, its double-stranded 

DNA genome is very stable and can be modified relatively easily through recombinant DNA 

technology, and large-scale clinical-grade vector stocks can be grown and purified to high titers 

(68). Furthermore, Ad can infect a wide range of cell types, both dividing and non-dividing (69), 

and thus has the potential to treat many different forms of cancer. As previously mentioned, up to 

10,000 progeny virions can be produced from a single infected cell upon completion of one viral 

life cycle (70). Progeny virions can then spread to neighbouring cells upon lysis and release, 

effectively amplifying the therapeutic potential with each round of viral replication (71). 

Therefore, Ad replication and dissemination of progeny virions should theoretically continue until 

the tumor has been completely eliminated (14, 72). Ad vectors are also relatively safe as they 

typically cause mild and/or self-limiting illness in humans and rarely integrate into the genome 

(73). Taken together, these characteristics clearly illustrate the therapeutic potential of CRAd for 

the treatment of cancer. 

 Ensuring tumor-specific replication is of considerable importance in the development of 

CRAd vectors and has been primarily achieved through two main approaches (74, 75). The first 
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involves placing expression of E1A, which is required for S-phase entry of the infected cell and 

transactivation of the viral and cellular machinery necessary for productive viral infection (76), 

under regulation by tumor-specific promoters. In the second approach, tumor-specific replication 

can be achieved through the deletion of gene regions, or entire genes, that are essential for viral 

replication in normal cells, but dispensable in cancer cells.  

Replacement of endogenous Ad promoters by tumor- or tissue-specific promoters has been 

thoroughly investigated as a mechanism to achieve transcriptional regulation of oncolytic Ad 

replication (75, 77). As previously mentioned, this approach typically involves replacement of the 

E1A promoter with a heterologous tumor-specific promoter, such that viral replication occurs 

preferentially in cancer cells in which the heterologous promoter is active (78). For example, 

insertion of a prostate-specific antigen (PSA) promoter/enhancer sequence upstream of the E1A 

gene restricted viral replication preferentially to prostate cancer cells expressing PSA (79). Other 

examples of tumor-specific promoters that have been used to regulate oncolytic Ad replication 

were reviewed by Toth et al. (78) and include, but are not limited to, a-fetoprotein (AFP) (80), 

estrogen response element (ERE) (81), E2F-1 (82), hypoxia inducible factor-1 (HIF-1) (83), and 

telomerase reverse transcriptase (TERT) promoters (84).  

Tumor-specific replication of CRAd vectors has also been achieved by abolishing gene 

functions that are necessary for replication in normal cells, but are dispensable in cancer cells (75). 

This approach largely relies on exploiting the deregulated cell cycle and cell death programs of 

cancer cells (78). As illustrated by Seymour and Fisher, the “hallmarks of cancer” (3), which define 

the cellular changes associated with carcinogenesis, are undoubtedly similar to the “hallmarks” of 

Ad infection (10). For example, carcinogenesis and Ad infection both involve avoiding immune 

destruction, subverting cell death programs, deregulating cellular metabolism, and deregulating 
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cell cycle checkpoints. Thus, deletion and/or mutations of viral genes necessary for these functions 

can impair replication in normal cells, while allowing replication in cancer cells in which these 

functions are transcomplemented (10). ONYX-015 (dl1520) was the first CRAd to employ this 

gene-deletion approach (64). This vector was designed to selectively replicate in p53-deficient 

tumor cells through the deletion of the Ad gene encoding the E1B-55kD protein. The rationale for 

tumor-selectivity in this vector was based on the fact that the E1B-55kD protein functions to bind 

and inhibit p53, effectively preventing apoptosis of infected cells (78). As the p53 tumor 

suppressor gene is typically deleted or mutated in most human cancers, this vector should, in 

theory, only achieve productive replication in p53-deficient cells, but lead to apoptosis or abortive 

infection in cells with functional p53 (78). Deletions within the Ad E1A region have also been 

used by several groups to achieve tumor-specific replication (65, 66, 85). Conserved regions 1 

(CR1) and 2 (CR2) of the E1A protein function to bind and sequester retinoblastoma protein (pRb) 

(76). This binding of pRb by E1A causes dissociation of pRb-E2F complexes, which in turn allows 

E2F to transactivate the viral and cellular genes necessary for the induction of S-phase and viral 

replication (50, 78). Specifically, a 24 base-pair (bp) deletion within the CR2 domain of the E1A 

protein abrogates pRb-binding, and thus these vectors replicate poorly in normal cells with an 

intact G1-S phase checkpoint, but replicate efficiently in cancer cells in which the pRb pathway is 

frequently inactive and cell cycle checkpoints are deregulated (65, 66).    

 Replication-competent Ad vectors can promote cancer cell death through several 

mechanisms (75). The Ad E1A proteins have demonstrated potent anti-tumor effects in a range of 

tumor types through various mechanisms, including inhibition of metastasis, sensitization to tumor 

necrosis factor alpha (TNF-α), and induction of apoptosis (86). Other Ad proteins are also directly 

cytotoxic; the E4ORF4 protein can induce p53-independent cell death selectively in cancer cells 
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(87), while the adenovirus death protein (ADP) improves cancer cell lysis and viral release (52, 

85). Additionally, viral replication and cell lysis may stimulate a systemic anti-tumor immune 

response (6).  

1.3.4. Cancer clinical trials with unarmed CRAd 

 CRAd vectors have been extensively studied for their use as anti-cancer therapeutics and 

represent the most commonly used oncolytic vectors in clinical trials worldwide (38, 71). Results 

from these studies have illustrated that CRAds have exceptional safety in the clinic; no dose-

limiting toxicity has been reported and adverse events were typically mild (78, 88). However, these 

studies also generally show that, as a stand-alone therapy, CRAd has limited anti-tumor efficacy. 

Despite this, the first approved oncolytic virus therapy was H101, a CRAd similar to ONYX-015, 

which has been available in China for the treatment of head and neck squamous cell carcinoma in 

combination with chemotherapy since 2005 (28).  The most recent clinical advancements in 

oncolytic adenoviruses for treatment of cancer have been review by Pol et al. (34). 

 ONYX-015 (dl1520) (64) was the first, and is the most extensively studied, CRAd used in 

human clinical trials (24, 78, 89, 90). As previously mentioned, this vector contains an E1B-55kDa 

gene-deletion and was shown to selectively replicate in and kill p53-deficient cancer cells (64). 

ONYX-015 has been evaluated in over 18 phase I-II clinical trials since 1996 for the treatment of 

various cancers, including head and neck, hepatocellular, ovarian, prostate, colorectal, lung, 

pancreatic, and brain cancers (71, 91). Routes of administration included intratumoral, 

intravenous, intra-arterial, and intraperitoneal injection. ONYX-015 demonstrated excellent safety 

and was well tolerated at doses of up to 2 x 1012 virus particles (VP) delivered via intratumoral, 

intraperitoneal, intra-arterial, and intravenous routes of administration (24). Phase I/II trials 

showed a lack of clinically significant toxicity; adverse events from treatment were generally mild 
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and most commonly included flu-like symptoms (75). Proof-of-concept for selective viral 

replication and/or infection in human tumors was also obtained with ONYX-015 (92-94). 

However, the local tumor regression response rate was only 14% in a phase II trial of intratumoral 

injection of ONYX-015 in patients with recurrent head and neck cancer (95). No objective 

responses were observed following intratumoral injection in pancreatic cancer patients (phase I/II) 

(96), intraperitoneal injection in ovarian cancer patients (phase I) (97), or intravenous 

administration in patients with metastatic carcinomas (phase I) (92). Thus, results from several 

clinical studies illustrated that ONYX-015 has limited anti-tumor efficacy (<15% response rate) 

as a monotherapy. Replication of ONYX-015 is greatly attenuated compared to wild-type Ad (98), 

which could in part explain the lack of efficacy observed for this virus in human clinical trials. 

Additionally, the tumor-selectivity of ONYX-015 has been heavily disputed (99), with several 

studies finding no correlation between p53 status and the extent of viral replication of E1B-55kD-

deleted Ads in a range of cancer cell lines (98, 100-103). Results from one study suggested that 

tumor-selective replication depends on late viral mRNA transport rather than p53 status (104). 

Collectively, the results obtained with ONYX-015 demonstrated that improved vector design was 

required to enhance the tumor-selectivity and anti-tumor efficacy of CRAd as a monotherapy, and 

prompted the discovery and evaluation of other Ad genome mutations that confer tumor-selective 

replication without attenuating potency (105).     

 Several groups have explored modulating the expression of E1A in CRAd vectors in an 

attempt to achieve enhanced anti-tumor efficacy and stringent tumor-selective replication in cancer 

clinical trials (106-113). OBP-301, a CRAd in which a human telomerase reverse transcriptase 

(hTERT) promoter drives expression of E1A and E1B linked through an internal ribosome entry 

site (IRES), was evaluated in a phase I trial in 9 patients with advanced solid cancer (107). Dose-
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limiting toxicity was not observed upon intratumoral injection with up to 1 x 1012 VP of OBP-301. 

Disease stabilization was achieved in all patients, with a 6.6-34% reduction in tumor size observed 

in 6 patients.  

CV706 (also referred to as CG7060, CN706), a CRAd in which E1A expression is 

regulated by the PSA promoter/enhancer, was evaluated in a phase I trial for recurrent prostate 

cancer (106). Intraprostatic injection with up to 1 x 1013 VP of CV706 was well tolerated in all 20 

patients, with a ≥50% reduction in PSA levels observed in 5 patients. Evidence of tumor-specific 

replication was also detected by post-treatment biopsy. CG7870, a similar vector in which the rat 

probasin promoter drives expression of E1A and the PSA promoter/enhancer drives expression of 

E1B, was evaluated in a phase I trial for the treatment of metastatic prostate cancer (112). Mild to 

moderate flulike symptoms and transient hypotension were  observed among the 23 patients 

administered 6 x 1012 VP of CG7870 via intravenous injection. A serious adverse event involving 

grade 3 fatigue was reported, yet was transient and resolved completely. Partial or complete PSA 

responses were not observed, however, 5 patients had decreases in PSA levels of 25-49%. 

 A triple modified oncolytic Ad, Ad5/3-Cox2L-D24, which contains an E1AΔ24 mutation, 

cyclooxygenase 2 (COX-2) promoter regulating E1A expression, and human Ad B serotype 3 fiber 

knob to enhance transduction, was evaluated in 18 patients with metastatic and refractory solid 

tumors (111). Grade 1-2 flu-like symptoms were common amongst patients treated with Ad5/3-

Cox2L-D24. Grade 3 ileus was observed in one patient. Virus persisted in serum for up to 5 weeks 

post-treatment and some evidence of anti-tumor efficacy was observed in 11/18 (61%) of patients. 

Treatment with Ad5/3-Cox2L-D24 showed very promising results in a six-year-old patient with 

refractory metastatic neuroblastoma (110). Intratumoral injection of 1 x 1011 VP lead to a 71% 

regression of the primary tumor and a reduction of tumor cells detected in the bone marrow.  
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ICOVIR-7, a CRAd in which an insulator element, modified E2F promoter, and E1AΔ24 

deletion confer tumor-selectivity, was evaluated in 21 patients with advanced and refractory solid 

tumors (109). This vector also contains an RGD-4C modification of the fiber to enhance tumor 

transduction. Treatment with up to 1 x 1012 VP was generally well tolerated. Evidence of anti-

tumor activity was reported in 9/17 evaluated patients, with disease stabilization or tumor 

shrinkage reported in 5 of 12 patients that had undergone radiological evaluation.  

 DNX-2401, a CRAd containing the E1AΔ24 mutation for tumor-selectivity and an RGD 

fiber modification for enhanced transduction, was recently evaluated in a phase I trial in patients 

with recurrent malignant glioma (108). Dose-escalation studies were conducted on one group of 

25 patients receiving intratumoral injections of DNX-2401 in recurrent tumors (group A), while a 

second group of 12 patients received intratumoral injection via permanently implanted catheter 

followed by en bloc resection 14 days post-treatment (group B). No dose-limiting toxicities were 

reported at doses up to 3 x 1010 VP delivered intratumorally. In group B, viral replication was 

observed in 6/11 (55%) tumor samples at 14 days post-treatment. Tumor shrinkage was reported 

in 18/25 (72%) patients in group A. Five patients (20%) in group A had >3 years survival, with a 

≥95% reduction in the enhancing tumor observed in 3 patients.  

 Taken together, results from these clinical studies illustrate that oncolytic Ad represents a 

feasible treatment approach for many types of cancer. Unfortunately, these studies also 

demonstrate that unarmed CRAds are largely ineffective as monotherapies and suggest that 

replication-mediated viral oncolysis (cancer cell lysis) alone does not fully eliminate tumors (91).  

1.3.5. Limitations of CRAd and strategies to overcome them 

 A number of physical and immunological factors within the tumor microenvironment can 

contribute to the limited anti-tumor efficacy of CRAd vectors in the clinic (38, 67, 71, 91). Physical 
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barriers such as dense stromal tissue, abundant extracellular matrix proteins, increased hydrostatic 

pressure, and abnormal vascularization can hinder viral spread throughout tumors, while tumor 

hypoxia can impair Ad replication (38). The tumor microenviroment is also frequently 

immunosuppressive; elevated levels of cytokines such as transforming growth factor beta (TGF-

β) and interleukin 10 (IL-10) recruit myeloid-derived suppressor cells (MDSCs), regulatory T cells 

(T-regs), and M2 macrophages, which counteract the anti-tumor immune response (114).  

 One broad strategy to enhance the anti-tumor efficacy of CRAd is the development of 

vectors armed with therapeutic transgenes which function to improve oncolysis, viral release, 

intratumoral spread, and/or anti-tumor immune responses (38, 74, 91). When constructing armed 

CRAd vectors, it is important to ensure that the location in which an exogenous transgene is 

inserted, and/or its function, does not disrupt viral replication (74). It is also important to consider 

the cloning capacity of Ad vectors. The genome of HAdV-5 is approximately 36kb. Bett et al. 

showed that genomes of up to 38kb (105%) were stable and efficiently packaged into capsids, 

while larger genomes were genetically unstable and led to impaired virus growth, thus defining a 

cloning capacity of approximately 2kb of exogenous DNA (115). Regions nonessential for viral 

replication, such as the E3 region, can be deleted to further increase cloning capacity.  

There are two main approaches for achieving transgene expression from armed CRAd 

vectors, as described by Cody and Douglas (74). The first involves placing transgene expression 

under regulation by endogenous viral promoters, which can be achieved by replacing non-essential 

viral genes with transgenes while retaining the flanking regulatory elements, or by fusing 

transgenes to viral genes via IRES or 2A peptide sequences which results in co-expression from a 

single transcript. Alternatively, transgene expression can be regulated through incorporation of 

exogenous promoters within the viral genome. This approach also typically requires deleting non-
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essential viral genes to allow for incorporation of larger expression cassettes. The location at which 

transgenes are inserted within the viral genome also greatly impacts the kinetics of their 

expression, which can be exploited to achieve temporal control over expression. For example, 

expression of transgenes during the early stages of infection can be achieved by fusing transgenes 

to E1A via IRES or 2A peptide sequences (116). With the exception of ADP, substitution of E3 

genes can also allow for early transgene expression (117). In the context of CRAd, transgenes are 

more commonly expressed during the late stages of infection to ensure replication-dependent, 

tumor-specific expression and thus minimize toxicity to healthy tissue. Late expression can be 

achieved by placing the transgene under regulation by the MLP, which drives expression of the 

MLTU (118). Inclusion of a splice acceptor sequence upstream of the transgene (118, 119), or 

fusing the transgene to Ad late genes via IRES (116, 120) or 2A peptides (121), allows for 

expression as a part of the MLTU.   

 As mentioned previously, CRAds, like many other oncolytic viruses, have a relatively poor 

ability to spread throughout a tumor mass (122-124). Following intratumoral injection, CRAd 

typically only diffuses a few millimeters from the injection tract, leaving much of the tumor 

unaffected (122). Additionally, viral distribution was shown to be uneven and patchy upon 

intratumoral injection of wild-type Ad in an A549 xenograft mouse model of cancer, suggestive 

of poor viral spread (123). As a result, CRAd vectors have shown limited therapeutic efficacy in 

human clinical trials and rarely mediate complete tumor regression (67, 96, 125). Arming CRAds 

with transgenes that function to enhance oncolysis and viral spread throughout the tumor has been 

explored as a means to improve overall vector efficacy (38, 67, 77, 78). 

 Several groups have developed CRAd vectors armed with transgenes targeting the tumor 

stroma to improve viral spread (126-130). CRAds expressing relaxin, a hormone which decreases 
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synthesis of extracellular matrix (ECM) proteins, exhibited enhanced viral spread and anti-tumor 

efficacy compared to non-relaxin-expressing CRAds in xenograft mouse models of cancer (127, 

129). Expression of hyaluronidase, an ECM-degrading enzyme, was also shown to enhance 

intratumoral spread and anti-tumor efficacy of CRAd in a melanoma xenograft mouse model 

(128). Expression of decorin, which regulates ECM production and assembly, from a CRAd vector 

was shown to decrease ECM components within the tumor, which improved viral spread and anti-

tumor efficacy (126).   

 Other strategies that have been used to enhance the intratumoral spread of CRAd include 

overexpression of the adenovirus death protein (ADP) (131) and heterologous expression of 

fusion-inducing proteins (132). These will be discussed in the following sections.  

1.4. CRAd expressing the E3 region and/or adenovirus death protein  

The Ad E3 proteins, reviewed by Lichtenstein et al., primarily function to suppress the 

antiviral immune response and prevent premature killing of infected cells (133). The E3 

transcription unit encodes seven proteins: E3-12.5K, E3-6.7K, E3-gp19K, ADP, receptor 

internalization and degradation protein α (RIDα), RIDβ, and E3-14.7K (133). The E3-gp19K 

protein inhibits transport of major histocompatibility complex (MHC) class I proteins to the cell 

surface, which thus prevents killing of infected cells by cytotoxic T cells (134). The RID complex, 

formed by RIDα and RIDβ, promotes internalization and degradation of proapoptotic receptors 

such as Fas and TNF-related apoptosis-inducing ligand (TRAIL) receptors (135-137). The E3-

6.7K protein also downregulates TRAIL receptors, while E3-14.7K inhibits both TNF- and 

TRAIL-mediated apoptosis (135, 138). Lastly, ADP is required for efficient virus release during 

the late stages of infection, while the function of E3-12.5K remains unknown (52, 133).  
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To increase the cloning capacity of Ad vectors, many are deleted of the E3 region, which 

is not required for replication in tissue culture. However, previous work has shown that inclusion 

of the E3 region can improve the oncolytic efficacy of CRAd vectors (139-142). For example, 

inclusion of the E3 region in a prostate-specific CRAd increased vector efficacy in vitro in 

metabolic activity and plaque assays, and in vivo in the LNCaP mouse xenograft model of prostate 

cancer (140). E3+ CRAdΔ24 vectors have also exhibited improved cell killing in vitro in A549, 

Hs 766T, and SKOV-3 cell lines, and had greater in situ propagation and tumor growth inhibition 

in vivo compared to E3-deleted vectors in an A549 xenograft mouse model (142). The 

immunoregulatory properties of the E3 proteins allow CRAd to persist for longer periods within 

the tumor and could thereby increase viral replication prior to cell killing (141).  

As previously mentioned, the E3 region encodes ADP, an 11.6 kDa nuclear membrane 

glycoprotein required for efficient cell lysis and release of progeny virions during the late stages 

of Ad infection (52). Although ADP is encoded within the E3 region, it is minimally expressed 

from the E3 promoter during early infection, but synthesized in abundance from the MLP during 

the late stages of infection (143). The exact mechanism by which ADP promotes cell lysis and 

progeny release remains unknown (131). Tollefson et al. showed that Ads expressing ADP began 

to lyse cells at 2-3 days post-infection (dpi), whereas cell lysis by mutants lacking ADP only began 

5-6 dpi (52, 144). Furthermore, ADP-deleted viruses had smaller plaques that developed at a 

slower rate, which is indicative of impaired cell lysis, progeny release, and spreading of virus to 

adjacent cells. These studies also showed that cells infected with ADP-expressing viruses exhibited 

decreased metabolic activity starting at 3 dpi and were completely dead by 5 dpi, whereas cells 

infected with ADP-deleted viruses retained 90% of their initial metabolic activity at 5 dpi. Thus, 
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retaining ADP expression, which naturally functions to promote cell lysis and Ad progeny release, 

would be desirable when trying to maximize cancer cell lysis and intratumoral spread of CRAd. 

Several studies have indeed shown that overexpressing ADP (in the absence of other E3 

proteins) enhances the oncolytic efficacy of CRAd (85, 145). Doronin et al. developed two CRAd 

vectors, KD1 and KD3, in which overexpression of ADP was achieved by deletion of the E3 region 

and reinsertion of solely the adp gene (85). In A549 human lung cancer cells, KD1 and KD3 lyse 

cells and spread from cell-to-cell with greater efficiency than wild-type Ad. Furthermore, tumors 

injected with KD1 or KD3 exhibited reduced growth compared to those injected with a control 

CRAd vector expressing ADP at wild-type levels. The same group obtained comparable results 

with two additional vectors overexpressing ADP, named VRX-006 and VRX-007 (145). VRX-

006 lacks all other E3 genes, whereas E3-12.5K is retained in VRX-007. VRX-006 and VRX-007 

had greater cytopathic effect (CPE), larger plaque size, increased cell lysis, and enhanced cell-cell 

spread in A549 cancer cell culture compared to viruses that do not overexpress ADP.  

Ramachandra et al. achieved ADP overexpression from a CRAd vector, termed 01/PEME, 

through insertion of an additional copy of the MLP within the E3 region immediately upstream of 

the adp gene (146). Compared to viruses that do not overexpress ADP, 01/PEME showed 

increased CPE in vitro in the DLD1 human colon cancer cell line, and exhibited enhanced 

antitumor efficacy in vivo in the PC3, FaDu, and A549 xenograft tumor models.  

Yun et al. developed two CRAd vectors, designated YKL-cADP and YKL-mADP, in 

which ADP overexpression was achieved by insertion of a CMV promoter or an extra copy of the 

MLP upstream of the adp gene, respectively (147). With the exception of E3-12.5K and ADP, all 

other E3 genes were deleted from both vectors. ADP expression from YKL-cADP was detected 

as early as 12 hpi in A549 cell culture, whereas ADP expression was only detected by 48 hpi in 
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cells infected with YKL-mADP. Importantly, overexpression of ADP from these vectors did not 

impair viral replication. Plaques formed by YKL-cADP were slightly larger than those formed by 

wild-type Ad, and substantially larger than plaques formed by YKL-mADP and YKL-1, an ADP-

deleted control vector. YKL-cADP also exhibited a 10 to 100-fold increase in CPE in various 

cancer cell lines compared to YKL-mADP and YKL-1. Additionally, YKL-cADP had enhanced 

anti-tumor efficacy relative to YKL-mADP and YKL-1 in the C33A cervical and Hep3B hepatoma 

xenograft tumor models.  

 These preclinical studies collectively illustrate that CRAd vectors encoding E3 and/or ADP 

show great promise as anti-cancer agents. They also provide rationale for evaluating whether ADP 

expression can increase cancer cell lysis, progeny release, viral spread, and overall anti-tumor 

efficacy of CRAd in human clinical trials.  

1.5. Fusogenic proteins as anti-cancer therapeutics 

1.5.1. Viral vectors expressing fusogenic proteins 

Many preclinical studies have shown that expression of fusogenic proteins can enhance the 

anti-tumor efficacy of viral vectors (148). Viral vectors encoding fusogenic proteins cause an 

infected cell to fuse with adjacent cells leading to the formation of multinucleated syncytia, thereby 

improving lateral spread of the virus and gene transfer throughout tumors (149-151). Additionally, 

fusogenic proteins can directly impact tumor viability by reducing cellular metabolic activity, 

inducing cell death, and promoting systemic anti-tumor immune responses through the release of 

exosome-like particles called syncytiosomes (149). These syncytiosomes contain tumor antigens 

and can efficiently prime dendritic cells, leading to cross presentation of tumor antigens and 

induction of a cancer-specific T cell response (149, 152). Expression of fusogenic proteins has 

been shown to increase therapeutic efficacy of various oncolytic viruses, including Ad, herpes 
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simplex virus (HSV), vesicular stomatitis virus (VSV), paramyxovirus, and vaccinia virus (VV) 

(148, 151, 153-157). 

 Expression of a modified gibbon ape leukemia virus (GALV) envelope fusogenic 

membrane glycoprotein from oncolytic HSV was shown to increase killing of Hep3B, U87-MG, 

and DU-145 cancer cells in vitro, and enhance anti-tumor efficacy in vivo in the Hep3B xenograft 

mouse model, relative to a control HSV vector expressing GFP (154). The presence of 

multinucleated syncytia was also observed in tumors injected with fusogenic HSV, suggesting that 

cell-cell fusion and syncytiogenesis contribute to the oncolytic effect.   

A fusogenic VSV vector expressing a modified fusion protein (F) from Newcastle disease 

virus (NDV), designated rVSV-NDV/F(L289A), exhibited enhanced oncolytic efficacy in 

preclinical models of hepatocellular carcinoma (HCC) (153). Infection of HCC cell lines with 

rVSV-NDV/F(L298A) in vitro led to the formation of large multinucleated syncytia and enhanced 

cytotoxicity relative to a non-fusogenic control vector. Treatment with rVSV-NDV/F(L298A) also 

caused syncytia formation within tumors and prolonged survival compared to a non-fusogenic 

control virus in an immunocompetent rat HCC model.   

An oncolytic paramyxovirus simian virus 5 (SV5) vector expressing a hyperfusogenic 

mutant F protein also exhibited enhanced oncolytic efficacy relative to the parental strain (155). 

The hyperfusogenic vector showed greater efficacy in killing prostate tumor cell lines in vitro and 

was more effective at reducing tumor burden in the LNCaP xenograft mouse model in vivo. 

1.5.2. Adenovirus vectors armed with fusogenic proteins 

Several groups have evaluated the use of Ads encoding fusogenic proteins to improve  

vector efficacy in preclinical models of cancer (132). Many of the fusogenic proteins examined to 

date are derived from enveloped viruses, including human immunodeficiency virus (HIV), gibbon 
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ape leukemia virus (GALV), measles virus (MV), respiratory syncytial virus (RSV), simian virus 

(SV5), and vesicular stomatitis virus (VSV) (150, 151, 158-163). The function of these proteins 

for the native virus is to mediate fusion of the virus envelope to the host cell membrane, thus 

allowing the virus to gain entry into the cell (164). In the context of cancer therapies, expression 

of these fusion-inducing proteins led to some therapeutic efficacy (i.e. enhanced viral spread, 

increased cancer cell killing and/or reduced tumor burden) in both replication-deficient and 

replication-competent Ad vectors (150, 151, 160, 161, 165).  

Dewar et al. developed an E3-deleted replication-competent Ad vector, designated 

Ad5env, which contains the HIV-1 envelope gene inserted downstream of the E3 promoter (158). 

The HIV envelope glycoproteins were expressed in Ad5env-infected HeLa cells at both early and 

late phases of the Ad life cycle, yet expression was highest during the late phase. Infection of Molt-

4 human T-lymphoblast cell culture with Ad5env led to syncytium formation beginning at 5 dpi. 

Li et al. later showed that, in addition to improving release of progeny virions, Ad5env-mediated 

syncytium formation also enhanced viral replication and spread relative to wild-type Ad5 in HeLa-

CD4+ cell culture (151). 

Guedan et al. developed a replication-competent fusogenic Ad vector, AdwtRGD-GALV, 

in which expression of a hyperfusogenic GALV envelope glycoprotein was regulated by the MLP 

(161). This construct allowed for replication-dependent expression of the fusogenic protein which 

resulted in extensive syncytia formation and enhanced killing of SK-Mel-28 melanoma and A549 

lung cancer cells in vitro. Interestingly, AdwtRGD-GALV replicated efficiently and had 

accelerated progeny release compared to non-fusogenic AdwtRGD when delivered at high 

multiplicity of infection (MOI), yet syncytia formation impaired replication and progeny 

production in cells infected at low MOI. The same group later developed ICOVIR16, another 
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CRAd vector expressing a hyperfusogenic GALV envelope glycoprotein (160). This vector 

contained an E1AΔ24 deletion as well as eight E2F-binding sites and one Sp1-binding site inserted 

into the E1A promoter to achieve tumor-specific replication. Expression of the fusogenic GALV 

envelope glycoprotein from this vector led to the formation of large syncytia in SK-Mel-28 

melanoma, A549 lung cancer, and NP-18 pancreatic cancer cell lines in vitro. ICOVIR16 also 

demonstrated enhanced killing of SK-Mel-28 and NP-9 cancer cells in vitro compared to the 

parental non-fusogenic CRAd vector ICOVIR15. Intratumoral or intravenous injection of 

ICOVIR16 led to significantly reduced tumor burden, or even complete tumor eradication in 

mouse xenograft tumor models of melanoma and pancreatic cancer. Furthermore, expression of 

the fusogenic GALV envelope glycoprotein was shown to enhance viral spread in ICOVIR16-

treated tumors.  

These studies illustrate that fusogenic proteins have tremendous potential in improving the 

anti-tumor efficacy of CRAd vectors. However, fusogenic proteins derived from enveloped viruses 

are fairly large and, due to Ad DNA packaging limits (115), somewhat difficult to incorporate into 

Ad vectors, especially in armed vectors encoding additional therapeutic transgenes. 

1.5.3. The fusion-associated small transmembrane proteins  

The fusion-associated small transmembrane (FAST) proteins, reviewed by Ciechonska and 

Duncan, are a unique group of non-structural (i.e. not a part of the mature virion) fusogenic 

proteins derived from several orthoreoviruses (166). Rather than mediating virus-cell fusion and 

subsequent viral entry, FAST proteins promote cell-cell fusion at later stages of infection, leading 

to increased viral dissemination, cell lysis, and release of progeny. FAST proteins range from 95-

198 amino-acids in size and are thus amenable for cloning into Ad vectors.  

Upon being expressed, FAST proteins are shuttled through the endoplasmic reticulum 
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(ER)-Golgi pathway and accumulate at the plasma membrane, where they multimerize into “fusion 

platforms” (166). The transmembrane domain of FAST proteins functions as a reverse signal 

anchor which directs their orientation into the membrane in a NexoplasmicCcytoplasmic topology (167). 

The process of FAST-mediated cell-cell fusion involves three main stages: pre-fusion, fusion, and 

post-fusion (166). In the pre-fusion stage, FAST proteins accumulate at the plasma membrane and, 

with the aid of cellular cofactors, mediate membrane binding and close membrane apposition. 

During the fusion stage, FAST proteins induce hemifusion (i.e. mixing of the membrane bilayers) 

and subsequent pore formation. Pore expansion during the post-fusion stage leads to the formation 

of multinucleated syncytia.  

The p14 FAST protein, a 125 amino acid type III transmembrane protein isolated from 

reptilian reovirus (168), is a promising candidate for enhancing the efficacy of oncolytic vectors. 

Expression of p14 FAST protein causes extensive syncytium formation and apoptosis-induced 

membrane instability (169). Previous studies demonstrated that expression of p14 FAST protein 

from oncolytic VSVΔ51 can improve oncolytic vector efficacy (156, 170). In wild-type VSV, the 

matrix (M) protein functions to inhibit interferon (IFN) production (171). The oncolytic variant 

VSVΔ51 harbours a deletion in the matrix (M) protein such that it is unable to inhibit IFN gene 

expression, resulting in a virus that replicates poorly in normal cells with an intact IFN response, 

but replicates with an efficiency similar to wild-type virus in IFN-deficient cancer cells (156, 171). 

Oncolytic VSVΔ51 expressing p14 FAST (VSV-p14) increased replication and spread of co-

infected double-deleted vaccinia virus, a genetically distinct oncolytic vector containing deletions 

in the viral thymidine kinase (TK) and VGF genes to confer tumor-selectivity, which led to 

enhanced oncolytic efficacy in vitro in the 786-O kidney cancer cell line and ex vivo in human 

colon tumor samples (156). Relative to VSVΔ51 encoding a GFP reporter gene (VSV-GFP), VSV-
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p14 also exhibited increased virus replication and cytolytic activity  in MCF-7 and 4T1 breast 

cancer spheroids in vitro, reduced primary tumor growth and prolonged survival in a syngeneic 

4T1 mouse model, prolonged survival in a 4T1 metastatic mouse model, and reduced lung 

metastases in a CT26 metastatic colon cancer mouse model (170). VSV-p14 also enhanced 

immune cell activation in the tumors, draining lymph nodes, and spleens of 4T1 tumor-bearing 

mice. Despite showing enhanced efficacy relative to VSV-GFP, complete tumor regression was 

not observed in any of the tumor-bearing mice treated with VSV-p14, thus illustrating the need for 

further improvements to achieve complete cure. From these studies, it is evident that the ability of 

p14 FAST to enhance efficacy of oncolytic viruses, along with its small size, make it an attractive 

candidate in the development of CRAd vectors armed with fusogenic proteins.  

1.6. Rationale, hypothesis, and objectives 

Previously, we described a non-replicating, E1-deleted Ad vector expressing p14 FAST 

protein, which we named AdFAST (172, 173). AdFAST caused cell-cell fusion, reduced metabolic 

activity and membrane stability, and induced apoptosis in A549 human lung cancer and 4T1 mouse 

breast cancer cells in vitro, but unfortunately did not show therapeutic efficacy in the A549 

xenograft nor 4T1 syngeneic mouse models of cancer in vivo. We subsequently developed a 

replication-competent CRAd vector, named CRAdFAST, in which the E3 region of the viral 

genome was removed and replaced with a p14 FAST expression cassette, which was placed under 

transcriptional regulation by the MLP (174). CRAdFAST was extremely efficient at fusing cancer 

cells, showed improved oncolytic activity compared to a non-fusogenic CRAd in A549 and 4T1 

cells in culture, and caused a statistically significant reduction in tumor growth rate in vivo, but the 

effect was only modest and did not improve mouse survival.  

The purpose of my studies is to investigate whether ADP expression can further enhance 
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oncolytic efficacy of a fusogenic CRAd vector encoding the p14 FAST protein. I hypothesize that 

co-expression of the ADP and p14 FAST protein from CRAd will enhance cancer cell killing and 

viral spread, thereby improving oncolytic efficacy. My objectives include: 

I) Develop CRAd vectors, both with and without the ADP gene, that encode the p14 

FAST protein. 

II) Evaluate the oncolytic activity of these vectors in vitro (i.e. viral replication, cell-cell 

fusion, virus spread, cancer cell killing).  
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CHAPTER 2: Materials and methods 

2.1. Cell culture  

293 (175), 293N3S (176) and A549 human lung adenocarcinoma cells (177) were grown 

in Minimum Essential Medium (MEM) (Sigma Aldrich) containing 10% (v/v) Fetal Bovine Serum 

(FBS) (Sigma Aldrich), 2mM GlutaMAX (Invitrogen) and 1x antibiotic-antimycotic (Invitrogen). 

All cells, including Ad-infected cells, were incubated at 37◦C in 5% CO2. 

2.2. Adenoviral constructs and adenovirus purification  

Viruses used in this study (depicted in Fig 3.1 and 4.1) are based on HAdV-5 and were 

generated through conventional and RecA-mediated cloning (178). All oncolytic or CRAd vectors 

are based on CRAdΔ24 and contain a 24-bp deletion in the conserved region 2 (CR2) of the E1A 

gene which encodes a region of the protein crucial for retinoblastoma (pRb) binding (65, 66). 

CRAd is E3-deleted and has been described previously (65). CRAdFAST is also E3-deleted and 

contains the p14 FAST gene with an upstream splice acceptor site inserted within the E3 deletion, 

to allow for replication-dependent expression of the p14 FAST protein (174). Vectors containing 

the p14 FAST gene inserted in the engineered L6 region of the virus were constructed using an 

approach similar to (161, 179, 180), as follows. pRP2015 is an Ad genomic plasmid deleted of the 

E1 region but containing an intact E3 region.  pRP2015 was digested with XbaI, to generate a 

plasmid containing the right end of the HAdV-5 genome (nucleotides 30471 to 35938), designated 

pRC103. The p14 FAST gene was amplified from pCW102 (181) using synthetic oligonucleotides 

RC102F 5'-gcggaatt ctactaagcggtgatgtttctgatcaatggggagtggaccctctaatttcgtc-3’ and RC102R 5'-

gcggaattcaaaaataaatttatt aagcgtagtctgggacgtcgtatggg-3’, which places a splice acceptor site 

upstream of the p14 FAST gene containing a 3’hemagglutinin (HA)-epitope tag, all flanked by 

EcoRI restriction sites. The splice acceptor was derived from the Ad40 long fiber gene, as 
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described previously (119, 182). The resulting PCR fragment was digested with EcoRI, cloned 

into pGEM7, verified by sequencing, and designated pRC102.  The EcoRI fragment from pRC102 

was cloned into MfeI digested pRC103, which places the p14 FAST expression cassette 

downstream of the fiber gene at position 32826 bp of the conventional Ad genome, designated 

pRC105. pRC105 was recombined into pCW130 (181) to generate pRC111, an Ad genomic 

plasmid comprised of the E1AΔ24 mutation, E3-deletion, and p14 FAST-HA gene in the L6 

region. pRC111 was recovered as a virus in 293 cells, and designated CRAdRC111. A 5.8 kb NheI 

fragment from pRP2015 was cloned into NheI/XbaI digested pRC105, designated pRC107, which 

restores the E3 region and flanking sequence in its native position relative to fiber. pRC107 was 

recombined with pCW130, generating pRC109 an Ad genomic plasmid comprised of the E1AΔ24 

mutation, intact E3, and p14 FAST-HA gene in the L6 region. pRC109 was recovered as a virus 

in 293 cells, designated CRAdRC109.  

Vector encoding the p14 FAST and ADP genes, separated by a “self-cleaving” 2A peptide 

sequence from porcine teschovirus-1 (referred to as P2A) (183), in place of the E3 region was 

constructed as follows. The p14 FAST gene was amplified from pCW102 (181) using synthetic 

oligonucleotides CW100F 5’-ccgccatggggagtggacc-3’ and FAST-R 5’-

cacgtctccagcctgcttcagcaggctgaagttagtagctccgcttccagcgtagtctgggacgtcgtatggg-3’, which places an 

HA-epitope tag, a short Gly-Ser-Gly linker sequence, and approximately two-thirds of the 5-prime 

sequence encoding the P2A self cleaving peptide downstream of the p14 FAST gene. A second 

PCR reaction was performed with synthetic oligonucleotides ADP-F 5’-ttcagcctgctgaagca 

ggctggagacgtggaggagaaccctggacctatgaccaacacaaccaacgcggccgccg-3’ and ADP-R 5’-cggactagtcta 

cttatcgtcgtcatccttgtaatctccgcttcctactgtaagagaaaagaacatgtgtttcagtccg-3’, which adds approximately 

two-thirds of the 3-prime sequence encoding the P2A sequence onto the 5’ end of the HAdV-5 
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ADP gene (nucleotides 29491 to 29769 of the HAdV-5 genome), and a sequence encoding a 

FLAG-epitope tag onto the 3’ end of the ADP gene. The resulting PCR fragments were used as 

template in an overlap PCR reaction using synthetic oligonucleotide primers CW100F  and ADP-

R. The p14 FAST-HA/P2A/ADP-FLAG PCR fragment was digested with NcoI and SpeI and 

cloned into  NcoI/SpeI digested pCW102 to generate pRC112, which places the fusion gene 

downstream of the splice acceptor site derived from the Ad40 long fiber gene (119, 182). Plasmid 

integrity was verified by sequencing. The 928 bp PvuI fragment from pRC112 was cloned into 

PacI-digested pDC9 (182) to generate pRC114. The E3 expression cassette from pRC114 was 

recombined with pCW148 to generate pRC116, an Ad genomic plasmid comprised of the E1AΔ24 

mutation and a bicistronic p14 FAST-HA/P2A/ADP-FLAG expression cassette replacing the E3 

region. pRC116 was recovered as a virus in 293 cells, designated CRAdRC116. Large-scale 

purified Ad vector stocks were generated and titered using standard virological techniques (184). 

Vector titers in particles/millilitre were determined by the OD260 assay (184). Infectious titers in 

plaque-forming units (PFU)/millilitre were determined by plaque assay in 293 cells (184). 

2.3. Immunoblotting 

All immunoblots were developed with Immobilon Classico Western HRP substrate 

(MilliporeSigma, WBLUC0500). Densitometry of blots was performed using Image Studio ™ 

Lite (LI-COR Biosciences). 

2.3.1. Immunoblot analysis of purified Ad virions  

Ad virus particles (1x109-1x1010 VP) were mixed at a 1:1 ratio with 2 × SDS-PAGE protein 

loading buffer (62.5 mM Tris HCl pH 6.8, 25% glycerol, 2% SDS, 0.01% bromophenol blue, 5% 

β-mercaptoethanol), heated for 5 min at 95◦C, separated by electrophoresis on a 12% SDS-PAGE, 

and transferred onto a polyvinylidene fluoride (PVDF) membrane (MilliporeSigma, IPVH00010). 
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Membranes were blocked for 1h in 5% w/v non-fat dry milk (NFDM) in TBS-T, then probed with 

rabbit anti-Ad type 5 polyclonal antibody (pAb) (1:10 000, Abcam #ab6982) and horseradish 

peroxidase (HRP) conjugated goat anti-rabbit IgG secondary antibody (1:10 000, Bio-RAD 

#1706515). Membranes were also probed with monoclonal antibody (mAb) to Ad5 fiber (1:10 

000, mouse anti-fiber mAb, clone 4D2, Neomarkers) and goat anti-mouse IgG secondary antibody 

(1:10 000, Bio-RAD #1706515).  

2.3.2. Immunoblot analysis of viral protein expression in vitro  

A549 cells were seeded in 12-well plates at a density of 0.4x106 cells per well. The cells 

were infected the following day with CRAdFAST, CRAdRC111, CRAdRC109, or CRAdRC116 

at an MOI of 1 and 3 plaque-forming units (PFU)/cell for 1h. Whole cell lysates were collected at 

24 and 48 hpi in 2 × SDS-PAGE protein loading buffer, separated by 12% or 15% SDS-PAGE, 

and transferred to PVDF membrane as described above. Membranes were probed with rabbit anti-

Ad type 5 pAb (1:10 000, Abcam #ab6982) and horseradish peroxidase (HRP) conjugated goat 

anti-rabbit IgG secondary antibody (1:10 000, Bio-RAD #1706515) to analyze expression of 

capsid proteins. Membranes were also probed with mAb to Ad5 fiber (1:10 000, mouse anti-fiber 

mAb, clone 4D2, Neomarkers) and goat anti-mouse IgG secondary antibody (1:10 000, Bio-RAD 

#1706515) to assess viral replication. Expression of HA epitope-tagged p14 FAST protein was 

analyzed by probing with mouse anti-HA tag mAb (1:5000, Cell signaling #2367) and goat anti-

mouse IgG secondary antibody (1:10 000, Bio-RAD #1706515). Mouse anti-FLAG mAb (1:1000, 

Rockland #200-301-383S) and goat anti-mouse IgG secondary antibody (1:10 000, Bio-RAD 

#1706515) were used to probe for expression of FLAG epitope-tagged ADP. Membranes were 

also probed with anti-β-actin mouse mAb (1:10 000, Sigma-Aldrich #A1978) as a loading control.  
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2.4. Analysis of virus spread in vitro 

2.4.1. Plaque assays 

A549 cells were seeded at 1.0 x 106 cells per well in 6-well plates. The following day, the 

cells were infected with serial dilutions of HAdV-5, CRAd, CRAdFAST, CRAdRC111, 

CRAdRC109, or CRAdRC116 virus stocks for 1h. Plates were rinsed with phosphate-buffered 

saline (PBS) and 4mL of overlay medium was added to each well. Overlay medium was prepared 

as follows: 3% carboxymethylcellulose (CMC) (w/v) diluted in water was mixed with equal 

volumes of 2x MEM containing 20% (v/v) FBS, 4mM GlutaMAX and 2x antibiotic-antimycotic. 

At 7 dpi, overlay medium was aspirated and the cells were fixed with 4% paraformaldehyde (PFA) 

in PBS for 30 min and stained with 0.1% crystal violet (w/v) in water for 10 min. Plates were then 

rinsed with a gentle stream of cold tap water and left to dry overnight. Bright-field images of viral 

plaques were acquired with Zeiss Axiovert 200 M microscope (10 × objective) and ZEN imaging 

software (Zeiss).  

2.4.2. CPE assays 

A549 cells were seeded at 0.15 x 106 cells per well in 24-well plates. The cells were 

infected the following day with HAdV-5, CRAd, CRAdFAST, CRAdRC111, CRAdRC109, or 

CRAdRC116 at MOI ranging from 0.01-10 PFU/cell for 1h. Media was removed 7 dpi, at which 

time the cells were fixed with PFA and stained with crystal violet as described above.  

2.5. Microscopy  

Phase-contrast and bright-field images were acquired with Zeiss Axiovert 200 M 

microscope (10 × objective). Images were processed with ZEN imaging software (Zeiss) and 

figures were generated using Inkscape software (www.inkscape.org). 
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2.6. MTS metabolic activity assays  

A549 cells were seeded in 96 well plates at a density of 4x104 cells per well and infected 

the following day at an MOI of 1 and 10 PFU/cell with CRAd, CRAdFAST, CRAdRC111, 

CRAdRC109, or CRAdRC116 for 1h. Cellular metabolic activity was measured 24 and 48 hpi 

using the CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega, G5430). 

Infected cells were incubated with MTS reagent [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium] for 1h and absorbance at 490nm was 

measured using a SpectraMax 190 plate spectrophotometer (Molecular Devices).  

2.7. Statistical analysis  

Statistical analysis was performed using Graphpad Prism 6.0 (p=0.05). One-way ANOVA 

and Tukey’s multiple comparisons tests were conducted on log-transformed viral titer data and 

densitometric data generated from immunoblot analysis of purified virions. Two-way ANOVA 

and Tukey’s multiple comparisons tests were conducted for metabolic activity studies and 

densitometric analysis of p14 FAST protein expression. 
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CHAPTER 3: Evaluating the impact of the E3 region on oncolytic activity of fusogenic 

CRAd vectors expressing the p14 FAST protein in vitro 

3.1. Introduction 

Although we achieved efficient, replication-dependent p14 FAST protein expression from 

our CRAdFAST vector, in which a p14 FAST expression cassette replaced the E3 region (174), 

oncolytic activity was only modestly improved relative to an E3-deleted non-fusogenic CRAd. 

Previous studies have show that inclusion of the E3 region in CRAd can enhance efficacy of the 

vector (139-142); this effect is due in part to the ability of the E3-encoded ADP to enhance virus 

progeny release from the cell, which ultimately enhances virus spread (145). We thus proposed 

that expression of p14 FAST in an E3-encoding CRAd vector would further improve cell lysis and 

viral spread, thereby enhancing overall oncolytic efficacy. To test this hypothesis, we generated 

E3+ and E3- CRAd vectors encoding the p14 FAST protein and evaluated their oncolytic activity 

in vitro in A549 human lung cancer cells. 

3.2. Results  

3.2.1. Developing fusogenic CRAd vector with p14 FAST expression cassette in the viral late 6 

(L6) region  

Since our original CRAdFAST construct contained the p14 FAST gene within the E3-

deletion, we needed to redesign our construct to encode FAST within an alternative location. Due 

to its inherent cytotoxicity, we wished to retain replication-dependent expression of p14 FAST 

protein so that it was not expressed from the CRAd in cells in which the virus cannot replicate (i.e. 

in non-cancerous tissues). This is achieved by placing transgene expression under regulation of 

the endogenous MLP, which is minimally expressed before DNA replication (53) and only fully-

activated following the onset of Ad DNA replication (54, 55). Aside from within the E3 region (as 
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in CRAdFAST), several other positions have been identified for insertion of transgenes, including 

between the viral late 5 (L5) sequence, which encodes fiber, and the E4 coding region (refer to Fig 

1.1 for HAdV-5 genome structure) (117, 118). Indeed, insertion of expression cassettes after the 

L5 region has been used to achieve replication-dependent transgene expression driven by the MLP 

(51, 179, 180). Notably, this approach was used by Guedan et al. to express a hyperfusogenic 

GALV envelope glycoprotein from a replication-competent Ad vector (161). Thus, insertion of 

the p14 FAST gene downstream of L5 fiber could be a promising approach for the development 

of fusogenic CRAd vectors containing an intact E3 region.   

We first developed CRAdRC111, an E3-deleted CRAdΔ24 in which the p14 FAST gene 

and upstream splice acceptor were relocated to a position after the L5 region, which we will refer 

to as an L6 transcription unit (Fig 3.1). This vector would allow us to test p14 FAST expression 

from the L6 region relative to our original vector (CRAdFAST) that contained p14 FAST replacing 

the E3 region. Generation of viral stocks of CRAdRC111 in 293 cells resulted in a high particle 

yield of ~1.1x1013 VP/mL (Fig 3.2A). Interestingly, a plaque-forming assay in 293 cells revealed 

that the infectious titer of this virus preparation was only ~1.05x107 PFU/mL (Fig 3.2B), indicating 

that most of the virus particles in our stock were non-infectious. Typically, Ad vectors have a 

VP/PFU ratio of about 10 (185), and a ratio of between 1 and 100 is generally considered “normal”. 

In contrast, the average VP/PFU ratio for our CRAdRC111 preparation was ~1.2x106 to 1 (Fig 

3.2C). To ensure reproducibility of this unexpected result, a second transfection of pRC111 Ad 

genomic plasmid was performed to generate another preparation of CRAdRC111 vector stock. 

Titration of the second CRAdRC111 virus preparation revealed that it also had an abnormally high 

average VP/PFU ratio of ~4.6x104 to 1 (Fig 3.2C). Thus, in our hands, placement of the p14 FAST 

gene within the L6 region results in a dramatic reduction in the recovery of viable virus. 
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Figure 3.1: Viral genome structure of the adenovirus vectors used in chapter 3. HAdV-5 = 

wild-type human adenovirus C serotype 5. The E1AΔ24 mutation allows for preferential 

replication in cancer cells deficient in the Rb tumor-suppressor pathway. The E3 region in 

CRAdFAST is removed and replaced with an HA-tagged p14 FAST expression cassette. The 

presence of a splice acceptor (SA) DNA element upstream of the p14 FAST gene allows for 

replication-dependent expression of the protein. CRAdRC111 is E3-deleted, with an HA-tagged 

p14 FAST placed downstream of the L5 region, creating an L6 region. The p14 FAST gene 

contains an upstream SA for replication-dependent expression. CRAdRC109 contains E3 and an 

L6-encoded HA-tagged p14 FAST expression cassette identical to CRAdRC111. ITR denotes the 

inverted terminal repeats, MLP denotes the major late promoter, and Ψ represents the packaging 

element. The genome maps are not shown to scale.  
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Figure 3.2: CRAdRC111 vector stocks have low infectious titer due to deficiencies in fiber 

and penton base. Viral titers of purified vector stocks are shown in A) virus particles per mL and 

B) infectious units by plaque-forming units (PFU) per mL. ***p=0.0008, ****p<0.0001). C) Virus 

particle/mL to PFU/mL ratio of vector stocks. ****p<0.0001. Values graphed in panels A-C 

represent the average from three separate measurements for each stock (n=3), with error bars 

denoting standard deviation. Please note that the Y axis for graphs in panels A-C are in log10 scale. 

CRAdRC111-1 and CRAdRC111-2 denote two independent preparations of purified CRAdRC111 

vector stocks. D) Immunoblot analysis of 1x109 virus particles of CRAdFAST and two 

independent vector stocks of CRAdRC111 was conducted to measure expression of viral capsid 

proteins. Fiber and penton base signals are markedly reduced in CRAdRC111 virions relative to 

CRAdFAST virions. E) Densitometric analysis showing reduction of fiber signal intensities in 

CRAdRC111 virions relative to CRAdFAST virions. Fiber signal intensity was normalized to 

hexon signal intensity. Averages and standard deviation are shown (n=2). **p<0.006 F) 

Immunoblot analysis of A549 cells 24 hpi with CRAdFAST or CRAdRC111 at an MOI of 3 

PFU/cell. G) Densitometric analysis showing reduction of fiber signal intensity in CRAdRC111-

infected cells relative to CRAdFAST-infected cells. Fiber signal intensity was normalized to hexon 

signal intensity.  
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3.2.2. CRAdRC111 has reduced infectivity due to deficiencies in fiber and penton base 

To begin to elucidate why CRAdRC111 had an extremely high VP/PFU ratio, 1.0x109 

purified virus particles of each CRAdRC111 preparation and our original CRAdFAST vector were 

analyzed by immunoblot.  As shown in Fig 3.2D, this analysis revealed that both penton base and 

fiber appeared to be under-represented in CRAdRC111 relative to CRAdFAST virions. Indeed, 

the quantity of fiber incorporated into the CRAdRC111 virions was only ~10-20% of that present 

in CRAdFAST (Fig 3.2E). These data indicate that virions of CRAdRC111 showed reduced 

incorporation of Ad penton base and fiber, which results in aberrantly high recovery of non-

infectious virions in virus stocks. We subsequently analyzed structural protein expression in 

CRAdRC111-infected cells. A549 cells were infected with CRAdFAST or CRAdRC111 at an 

MOI of 3 PFU/cell and harvested at 24 hpi for immunoblot analysis. As shown in Fig 3.2F and 

3.2G, fiber expression was drastically reduced in CRAdRC111-infected cells compared to 

CRAdFAST-infected cells, when normalized to hexon expression. Of note, penton base does not 

appear to be aberrantly expressed within the cell. During virion assembly within the cell, trimers 

of fiber attach to pentamers of penton base to form penton capsomere complexes in the cytoplasm, 

which are then shuttled into the nucleus (186, 187). Reduced expression of fiber likely results in 

reduced formation of penton capsomeres within the cell, leading to reduced availability for virion 

assembly. Thus, inclusion of the p14 FAST expression cassette in the L6 region of CRAdRC111 

led to reduced expression of the L5-fiber protein, resulting in reduced incorporation of the penton 

capsomeres in the progeny virions and a high proportion of non-infectious particles in our vector 

preparations. 
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3.2.3. p14 FAST protein is poorly expressed from the L6 region of CRAd  

Despite its high VP/PFU ratio, we proceeded to evaluate replication and p14 FAST protein 

expression of CRAdRC111 in cancer cells. A549 cells were infected with either CRAdFAST or 

CRAdRC111 at an MOI of 1 and 3 PFU/cell. Of note, an MOI of 1 infectious particle (PFU) per 

cell corresponds to ~72 and ~46,000 total particles (i.e. infectious and non-infectious particles) per 

cell for CRAdFAST and CRAdRC111, respectively. Immunoblot analysis of cell lysates harvested  

24 and 48 hpi confirmed that both viruses replicate in A549 cells, as indicated by the expression 

of fiber, a structural viral protein expressed only after viral DNA replication (Fig 3.3). Levels of 

fiber protein appear elevated in A549 cells infected with CRAdRC111 at an MOI of 3 relative to 

cells infected with CRAdFAST at the same dose. When normalized to expression of the abundant 

capsid protein hexon, however, fiber expression in CRAdRC111-infected cells was markedly 

reduced relative to CRAdFAST-infected cells (data not shown), consistent with our results from 

Fig 3.2. Unexpectedly, expression of the p14 FAST protein was drastically reduced in cells 

infected with CRAdRC111 relative to those infected with CRAdFAST (Fig 3.3). Indeed, under 

conditions in which p14 FAST protein was readily detectable in cells infected with CRAdFAST, 

the protein was not detectable in CRAdRC111-treated cells. However, upon longer exposure, we 

could detect expression of p14 FAST protein in the CRAdRC111-treated cells, although at a level 

less than 50-fold below that observed for CRAdFAST. Thus, relocation of the p14 FAST gene 

from the E3 region in CRAdFAST to the L6 region in CRAdRC111 resulted in a dramatic 

reduction in the expression level of the protein. 
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Figure 3.3: CRAdRC111 has reduced p14 FAST expression relative to CRAdFAST. A549 

cells were infected with CRAdFAST or CRAdRC111 at an MOI of 1 and 3 PFU/cell, or mock-

treated with PBS. Whole cell lysates were collected at 24 and 48 hpi and analyzed via immunoblot. 

Samples were probed for fiber, HA epitope-tagged p14 FAST, and actin as loading control. 

Expression of p14 FAST is drastically reduced in CRAdRC111-infected cells compared to 

CRAdFAST-infected cells. *CRAdFAST samples were diluted 50x.
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3.2.4. Restoring the E3 region improves recovery of functional virus but does not improve 

expression of L6-encoded p14 FAST protein  

Previous studies have shown that the “context” of Ad genes can impact their expression. 

For example, although a codon-optimized Ad fiber protein was expressed more efficiently in 

mammalian cells during plasmid-based transient transfection assays, when incorporated into a 

virus, the codon optimized fiber was expressed with poor efficiency (188). Moreover, the codon 

optimized fiber gene impacted/reduced expression of an L6-encoded transgene, similar to what we 

observed when p14 FAST was relocated from the E3 region to the L6 region of the viral genome. 

Since our ultimate goal was to examine potential synergy between p14 FAST and co-expression 

of E3 proteins, which would in part place fiber in a more natural context within the virus, we 

generated a new CRAd vector that restored the E3 region and contained p14 FAST within the L6 

region, designated CRAdRC109 (Fig 3.1). A high yield of ~4.4x1012 VP/mL was obtained upon 

large-scale virus purification (Fig 3.4A). Plaque-forming assay in 293 cells revealed a relatively 

high infectious titer of ~2.1x1011 PFU/mL (Fig 3.4B), giving an average VP/PFU ratio of ~23 (Fig 

3.4C), consistent with what is normally observed for Ad vector stocks. Immunoblot analysis of 

purified virions showed that incorporation of penton base and fiber protein was improved in 

CRAdRC109 compared to CRAdRC111 (Fig 3.4D and 3.4E). An analysis of fiber expression in 

CRAdRC109- and CRAd111-infected cells showed that inclusion of the E3 region improved fiber 

expression (Fig 3.4F and 3.4G). Thus, restoration of E3 in our CRAd containing the L6-FAST 

expression cassette appeared to restore fiber expression and normal virus viability. 

To determine whether including the E3 region in CRAdRC109 would improve expression 

of the L6-encoded p14 FAST protein, A549 cells were infected with CRAdFAST, CRAdRC111, 

or CRAdRC109 at an MOI 1 and 3 PFU/cell, and immunoblot analysis was conducted on whole  
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Figure 3.4: Restoring E3 region in CRAdRC109 improves recovery of functional virus. Viral 

titers of purified vector stocks in A) Virus particles per mL B) Infectious units by plaque-forming 

units (PFU) per mL. ***p=0.0005, ****p<0.0001. C) Virus particle/mL to PFU/mL ratio. 

***p=0.0008, ****p<0.0001. Values graphed in panels A-C represent the average from three 

separate measurements for each virus stock (n=3), with error bars denoting standard deviation. 

Please note that the Y axis for graphs in panels A-C are in log10 scale. D) Immunoblot analysis of 

1x1010 virus particles of CRAdRC111 and CRAdRC109 was conducted to measure expression of 

viral capsid proteins. Fiber and penton base signal intensities are increased in CRAdRC109 virions 

relative to CRAdRC111. E) Densitometric analysis showing a ~4-fold increase in fiber signal 

intensity of CRAdRC109 virions relative to CRAdRC111 virions. Fiber signal intensity was 

normalized to hexon signal intensity. F) Immunoblot analysis of A549 cells 24 hpi with 

CRAdFAST, CRAdRC111, or CRAdRC109 at an MOI of 3 PFU/cell. G) Densitometric analysis 

showing fiber expression is improved in CRAdRC109-infected cells relative to CRAdRC111-

infected cells. Fiber signal intensity was normalized to hexon signal intensity.
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cell lysates harvested at 24 and 48 hpi (Fig 3.5). Of note, a slight decrease in fiber was observed 

at the 48 hpi timepoint for CRAdFAST-infected cells with an accompanying decrease in actin, 

likely due to cell loss resulting from FAST-mediated CPE at this time point. As observed 

previously (Fig 3.3), p14 FAST protein expression was drastically reduced in CRAdRC111-

infected lysates, compared to CRAdFAST. Although inclusion of the E3 region was able to restore 

expression of the fiber protein in CRAdRC109 (Fig 3.4D and 3.4E), it did not improve expression 

of p14 FAST protein encoded in the downstream L6 region, as demonstrated by the absence of a 

detectable signal in Fig 3.5A. To more accurately determine the relative decrease in protein 

expression when the p14 FAST expression cassette was relocated from the E3 region to the L6 

region of the viral genome, whole cell lysates of A549 cells infected with CRAdFAST at an MOI 

of 3 PFU/cell were diluted 100x-800x and compared to undiluted samples of A549 cells infected 

with CRAdRC111 or CRAdRC109 at the same MOI (Fig 3.5B). Comparison of signal intensities 

shows that expression of p14 FAST protein was reduced approximately 400-fold in CRAdRC111 

and  CRAdRC109-infected cell lysates at 24 hpi, and 100 to 200-fold by 48 hpi relative to 

CRAdFAST. Thus, in our constructs, placement of p14 FAST within the L6 region led to 

dramatically lower expression of the protein compared to virus expressing the gene from the E3 

region.  

3.2.5. CRAds expressing p14 FAST protein from the L6 region show a reduced ability to 

mediate cell-cell fusion  

Since both CRAdRC109 and CRAdRC111 express reduced levels of the p14 FAST 

protein, we would expect these vectors to have a reduced ability to cause cell-cell fusion relative 

to CRAdFAST. As shown in Fig 3.5C, infection of A549 cells with CRAdFAST at an MOI of 3 

PFU/cell resulted in complete monolayer fusion as early as 24 hpi. In contrast, no cell fusion was  
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Figure 3.5: CRAdRC111 and CRAdRC109 have reduced fusogenic properties in A549 cells 

compared to CRAdFAST. A) A549 cells were infected with CRAdFAST, CRAdRC111, or 

CRAdRC109 at an MOI of 1 and 3 PFU/cell, or mock-treated with PBS. Whole cell lysates were 

collected at 24 and 48 hpi and analyzed via immunoblot. Two independent experiments were 

performed (n=2) and representative results are shown. B) Whole cell lysates of A549 cells infected 

with CRAdFAST at an MOI of 3 PFU/cell were diluted 100x-800x. Undiluted samples of A549 

cells infected with CRAdRC111 or CRAdRC109 at an MOI of 3 PFU/cell were compared against 

diluted CRAdFAST samples via immunoblot to determine the relative decrease in p14 FAST 

expression. Expression of p14 FAST protein was reduced approximately 400-fold in CRAdRC111 

and CRAdRC109-infected cells at 24 hpi, and 100 to 200-fold at 48 hpi relative to CRAdFAST-

infected cells. Two independent experiments were performed (n=2) and representative results are 

shown. C) Phase-contrast microscopy images of A549 cells 24 and 48 hpi with CRAdRC109, 

CRAdRC111, or CRAdFAST at an MOI of 3 PFU/cell. CRAdFAST-infected monolayers are 

extensively fused at 24 hpi and exhibit complete cytopathic effect at 48 hpi. In contrast, small 

fusion spots are rarely observed at 48 hpi in CRAdRC111 and CRAdRC109-infected cells. Two 

independent experiments were performed (n=2) and representative results are shown.
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evident at 24 hpi in cells treated with CRAdRC109 or CRAdRC111, but small regions of fused 

cells were observed at 48 hpi. Taken together, these results show that although the p14 FAST 

protein is poorly expressed from the L6 position, this level of expression is sufficient to promote 

cell fusion, albeit much less efficiently than our original CRAdFAST vector.  

3.2.6. Inclusion of the E3 region in CRAdRC109 improves viral lysis and cell-cell spread 

relative to E3-deleted CRAd and CRAdRC111  

Several studies have shown that inclusion of the E3 region in CRAd can enhance vector 

efficacy relative to vector lacking E3 (139-142).  This effect is due in part to the ability of the E3-

encoded ADP to enhance virus progeny release from the cell, which ultimately enhances virus 

spread (145). To determine whether inclusion of E3 alters virus spread for our constructs, we first 

examined plaque morphology. A549 cells were infected for 1 hr with serial dilutions of HAdV-5, 

CRAd, CRAdFAST, CRAdRC111, or CRAdRC109, and the infected cells were overlayed with 

semi-viscous CMC overlay media to limit viral spread to immediately adjacent cells, allowing 

plaque formation (189). At 7 dpi, overlay media was removed and cells were stained with crystal 

violet to aid in visualization of the viral plaques. Consistent with previous studies (52, 85, 144), 

HAdV-5 and CRAdRC109, which contain the entire E3 region, form large comet-shaped plaques 

in A549 cells, whereas the E3-deletion mutants CRAd, CRAdFAST, and CRAdRC111 have a 

small plaque phenotype (Fig 3.6A). We also examined plaque morphology at higher magnification. 

HAdV-5 showed a large plaque morphology, whereas CRAd, which lacks E3, showed a small 

plaque morphology (Fig 3.6B).  CRAdFAST formed atypical syncytial plaques consisting of 

regions of fused cells surrounded by acellular regions reminiscent of conventional viral plaques 

(Fig 3.6B), similar to what was observed for a fusogenic oncolytic herpesvirus (190). Relocating 

the p14 FAST gene to L6 in CRAdRC111, which resulted in a significant reduction in the level of  
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Figure 3.6: Inclusion of E3/ADP in CRAdRC109 increases viral plaque size compared to E3-

deleted vectors. A) Plaque-forming assay of Ad vectors under carboxymethylcellulose (CMC) 

overlay. A549 cells were infected with ten-fold serial dilutions of various Ad vectors. Infected 

cells were fixed and stained with crystal violet 7 dpi. Plaque sizes (depicted by unstained regions) 

were notably larger in cells infected with human adenovirus C serotype 5 (HAdV-5) or 

CRAdRC109, which encode E3/ADP. B) Bright-field microscopy images of viral plaques showing 

increased plaque size of E3-encoding vectors at 7 dpi. CRAdFAST formed syncytial plaques.
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p14 FAST protein expression, caused this virus to no longer produce syncytial plaques, but instead 

produce small plaques similar to CRAd. In contrast, the E3+ CRAdRC109 produced large plaques 

similar to HAdV-5. Syncytial plaques were very rarely observed in CRAdRC111 and 

CRAdRC109-infected monolayers. Thus, for CRAdRC111 and CRAdRC109, in which the p14 

FAST protein is poorly expressed, plaque size and morphology is dictated by the presence or 

absence of E3.  

We next evaluated vector efficacy through an in vitro CPE assay, which provides a measure 

of viral lysis, progeny release, and cell-cell spread. At high MOI (i.e. 10 PFU/cell), all cells in the 

monolayer are infected, resulting in complete CPE after a single round of replication (85). At low 

MOI, multiple rounds of viral replication, cell lysis, release of progeny, and re-infection of 

neighbouring cells are required to achieve complete monolayer CPE. In this assay, the efficiency 

of virus spread is reflected in the quantity of virus required to achieve complete CPE. A549 cells 

were infected with HAdV-5, CRAd, CRAdFAST, CRAdRC111, or CRAdRC109 at MOI ranging 

from 0.01-10 PFU/cell and overlayed with liquid medium to permit maximal virus diffusion and 

spread. Seven days later, the monolayers were with stained with crystal violet to qualitatively 

evaluate the extent of virus-induced CPE. As shown in Fig 3.7, virus containing E3 (HAdV-5 and 

CRAdRC109) showed significant CPE at an MOI of 0.1, and almost complete CPE at an MOI of 

1. CRAdRC111, which lacks E3, required approximately a 10-fold higher amount of virus to 

achieve complete CPE. The efficient expression of p14 FAST protein from our CRAdFAST vector 

allowed this virus to mediate complete CPE with only very small amounts of virus (MOI = 0.1), 

despite the lack of E3.   
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Figure 3.7: Inclusion of E3/ADP in CRAdRC109 improves cell-cell spread relative to CRAd 

and CRAdRC111, but not CRAdFAST. In vitro cytopathic effect (CPE) assay in A549 cells. 

A549 cells were infected with HAdV-5, CRAd, CRAdFAST, CRAdRC111, or CRAdRC109 at an 

MOI of 0.01-10 PFU/cell. Infected cells were fixed and stained with crystal violet 7 dpi. Vectors 

containing E3/ADP (HAdV-5 and CRAdRC109) cause extensive CPE, which is indicative of cell 

death, at low MOI. Evidence of virus-induced CPE was reduced ~10-fold in cells infected with 

CRAd and CRAdRC111, which lack E3/ADP. CRAdFAST causes extensive CPE at low MOI, 

despite lacking E3/ADP, likely due to its fusogenic properties. Three independent experiments 

were performed (n=3) and representative results are shown.
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3.2.7. Inclusion of E3 in CRAd expressing p14 FAST from the L6 region does not enhance cell 

killing relative to CRAdFAST 

We have previously shown that treatment of A549 cells with non-replicating AdFAST or 

replication-competent CRAdFAST vectors caused significantly greater decreases in cellular 

metabolic activity compared to non-fusogenic control vectors (173, 174). The reduction in 

metabolic activity was associated with induction of apoptosis and death of the cancer cells. We 

asked whether our new CRAd vectors that express p14 FAST from the L6 region with 

(CRAdRC109) or without (CRAdRC111) the E3 region also impact metabolic activity of cancer 

cells. A549 cells were infected at an MOI of 1 and 10 PFU/cell with a non-fusogenic CRAd, 

CRAdFAST, CRAdRC111, or CRAdRC109, and metabolic activity was measured 24 and 48 hpi 

by MTS assay (Fig 3.8). At 24 hpi, all virus-treated cells showed similar metabolic activity relative 

to mock-treated cells, regardless of dose. At 48 hpi, both CRAd and CRAdFAST showed a 

significant reduction in metabolic activity, with a trend towards a greater decline in cells treated 

with CRAdFAST relative to CRAd at the lower MOI; both viruses were able to reduce metabolic 

activity to a similar extent at the higher MOI of 10. A549 cells treated with CRAdRC111 or 

CRAdRC109 also showed a reduction in metabolic activity at 48 hpi, at both vector doses, but the 

effect was statistically less than that observed for CRAdFAST. No statistically significant 

differences in metabolic activity were observed between CRAd- and CRAdRC111-infected cells 

at 48 hpi. CRAd-infected cells did, however, show statistically greater decreases in metabolic 

activity relative to CRAdRC109-infected cells at 48 hpi, but only at an MOI of 10. Metabolic 

activity of CRAdRC111- and CRAdRC109-infected cells did not statistically differ from one 

another at any given time point or dose. Thus, in the context of CRAd expressing p14 FAST from 

the L6 region, the presence of an intact E3 region can enhance cancer cell lysis, progeny release, 
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and virus spread after several rounds of viral replication (i.e. 7 dpi), but does not enhance cancer 

cell killing at earlier time points (i.e. 24-48 hpi). 
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Figure 3.8: CRAdRC111 and CRAdRC109 are less cytotoxic than CRAdFAST. Metabolic 

activity of A549 cells was measured 24 and 48 hpi with CRAd, CRAdFAST, CRAdRC111, or 

CRAdRC109 by MTS assay. Values were normalized to mock-infected cells. Three independent 

experiments (n=3) were performed in triplicate. The values graphed represent the average with 

error bars denoting standard deviation. *p<0.05, **p=0.0022, ***p=0.0001.
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3.3. Discussion 

In chapter 3 we developed two CRAds, designated CRAdRC111 (E3-) and CRAdRC109 

(E3+), in which the p14 FAST gene was located downstream of the L5 region of the viral genome, 

creating an L6 transcription unit (Fig 3.1). The p14 FAST expression cassette contained an 

upstream splice acceptor site to allow for replication-dependent gene expression driven by the 

MLP, an approach that worked very well for our original CRAdFAST construct (174). Comparing 

CRAdRC111 and CRAdRC109 vectors to CRAdFAST provided valuable insight regarding the 

design and construction of “armed” CRAd vectors, in which therapeutic genes are co-expressed 

from the CRAd with the hope of further improving efficacy. Such knowledge is of particular 

importance when designing vectors where there is a specific need for higher or lower transgene 

expression levels, or temporal control of expression. 

We observed aberrantly high VP/PFU ratios for our CRAdRC111 virus preparations (Fig 

3.2C), indicating that most of the recovered virus was non-infectious. The capsid proteins fiber 

and penton base were under-represented in the CRAdRC111 purified virus preparations and fiber 

expression was also decreased in CRAdRC111-infected A549 cells (Fig 3.2D–3.2G). During 

formation of new virions within the cell, newly synthesized fiber and penton base proteins self-

associate in the cytoplasm into trimers and pentamers, respectively, before assembling into the 

intact penton capsomere that is imported into the nucleus (186, 187). Thus, a reduction in the levels 

of fiber protein in the cytoplasm may have led to less penton capsomere available to complete the 

virion, resulting in the excess of defective particles obtained in our virus preparations. It is possible 

that insertion of the p14 FAST gene as an L6 transcription unit adversely affected expression of 

the adjacent upstream fiber protein. Previous work has shown that transgene insertion can 

significantly impact the expression and activity of adjacent viral genes, and that these effects can 
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vary between different insertions sites within the Ad genome (116). In the case of our CRAdRC111 

construct, the L6-encoded p14 FAST protein appeared to be a contributing factor in the substantial 

reduction of fiber expression. Insertion of the p14 FAST expression cassette could have impacted 

mRNA splicing and/or stability within the Ad MLTU, leading to reduced expression of the fiber 

protein.  

Previous studies in which the expression of L6-encoded transgenes was regulated by the 

MLP did not observe reductions in fiber expression or overall viral replication of their Ad vectors 

(161, 179). For example, insertion of a hyperfusogenic GALV envelope glycoprotein expression 

cassette in the L6 region of the fusogenic Ad vector developed by Guedan et al. did not impair 

effective virus production, as both the fusogenic Ad and a non-fusogenic control vector were 

efficiently propagated in 293 cells and had similar infectious titers (161). Fiber expression was 

also unaffected, as no differences in capsid proteins were detected between purified virions of the 

fusogenic Ad and the non-fusogenic control vectors. Viral replication in 293 cells was also 

unchanged between an Ad vector expressing an L6-encoded thymidine kinase and a wild-type 

control virus (179). As the impact on adjacent viral genes can depend on the nature of the 

nucleotide sequence of the transgene itself (116), the decrease in fiber expression observed for our 

CRAdRC111 vector could be specific to the p14 FAST sequence, but not L6-encoded transgenes 

in general. It is also important to note that the vectors in both of the aforementioned studies 

contained intact E3 regions upstream of the fiber coding sequence, whereas our CRAdRC111 

vector was E3-deleted. As the E3 region is located within the MLTU (191), its presence or absence 

could potentially have a significant impact on Ad late gene expression. Similar to our CRAdRC111 

construct, virus preparations of an E3-deleted CRAd vector containing an L6-encoded 

immunoRNase also exhibited aberrantly high proportions of defective particles (51). Thus, it is 
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evident that Ad gene expression can be affected by both upstream and downstream genomic 

elements flanking the fiber gene, and that there may be some undescribed interplay between the 

two.  

Interestingly, we observed a recovery in fiber expression and a normal VP/PFU ratio for 

our CRAdRC109 vector, in which the E3 region was reintroduced upstream of the fiber coding 

sequence and the p14 FAST gene retained in the downstream L6 region (Fig 3.4). This suggests 

that the decrease in fiber expression for CRAdRC111 was not specific to the p14 FAST nucleotide 

sequence, but perhaps due to the combined impact of the upstream E3-deletion and the downstream 

L6-encoded transgene. Inclusion of the E3 region in CRAdRC109 thus provided a genomic context 

which restored proper fiber expression and improved recovery of infectious virus particles.  

Characterization of CRAdRC111 and CRAdRC109 vectors in A549 human lung cancer 

cells revealed that p14 FAST protein expression was drastically reduced in both viruses relative to 

CRAdFAST and, as a result, these viruses had a relatively poor ability to cause cell-cell membrane 

fusion and syncytia formation (Fig 3.5). This observation suggests that relocating p14 FAST from 

within the E3-deletion in CRAdFAST to the L6 region of the viral genome in CRAdRC111 and 

CRAdRC109 negatively impacted transgene expression, emphasizing the importance of transgene 

location on protein expression and overall vector efficacy. These results also show that although 

reinsertion of the E3 region in CRAdRC109 was able to improve fiber expression and overall viral 

replication, it had no impact on expression of the L6-encoded p14 FAST protein. Efficient 

expression from the MLP for transgenes inserted between the L5 fiber and E4 coding regions, 

including GFP (180), thymidine kinase (179), and a hyperfusogenic GALV envelope glycoprotein 

(161), has been previously achieved via inclusion of adenoviral splice acceptor sequences 

upstream of the transgene, similar to the structure of our viruses. Heterologous splice acceptors 
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(51) and promoters (192) have also been used to achieve expression from this region. In the context 

of fusogenic Ad vectors, insertion of the Ad IIIa splice acceptor and a hyperfusogenic GALV 

envelope glycoprotein gene within the L6 region resulted in transgene expression levels that were 

sufficient to mediate extensive cell-cell fusion in 293 cells (161), however, it is possible that 

GALV can cause cell fusion at lower concentrations than p14 FAST. In the case of our 

CRAdRC111 and CRAdRC109 vectors, p14 FAST protein expression from the L6 region might 

be improved by “fusing” the p14 FAST sequence to the fiber gene via IRES or “self-cleaving” 2A 

peptides, such that both proteins are co-expressed from a single polycistronic mRNA (116, 121). 

The use of alternative splice acceptor sequences (117) or  inclusion of a heterologous promoter 

might also improve p14 FAST protein expression (192). Alternatively, insertion of the p14 FAST 

gene at other positions within the Ad MLTU may allow for superior protein expression (118). 

These cloning strategies will be important to consider when developing future fusogenic CRAd 

vector constructs. 

As previously mentioned, CRAdRC109 and CRAdRC111 caused minimal cell-cell fusion 

in A549 cancer cells, due to poor p14 FAST protein expression from the L6 region in these vectors 

(Fig 3.5). These observations are consistent with the results obtained with our non-replicating 

AdFAST vector construct, which only caused fusion of A549 cells at relatively high MOI (173), 

suggesting that a certain threshold of p14 FAST expression is required for cell-cell membrane 

fusion and syncytia formation. The p14 FAST protein oligomerizes into homomultimeric “fusion 

platforms” (166, 193), which could potentially explain why relatively high-level protein 

expression is required for efficient cell-cell fusion and syncytia formation. 

Plaque-forming assays in A549 cells revealed that vectors containing the E3 region had 

notably larger plaque-sizes than E3-deleted vectors at 7 dpi (Fig 3.6). CRAdRC109 also exhibited 
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increased oncolytic activity relative to the E3-deleted CRAd and CRAdRC111 in a CPE assay (Fig 

3.7). These results indicate that inclusion of the E3 region did improve viral lysis and cell-cell 

spread in A549 cancer cells at later time points. It is important to note that, aside from ADP, 

proteins encoded by the E3 region have immunomodulatory properties (133), and should thus only 

significantly impact vector efficacy in an immunocompetent cancer model. As some of the E3 

proteins can affect the innate antiviral immune response of infected cells (134), we cannot 

completely exclude that E3 proteins other than ADP also contribute to increased viral lysis and 

cell-cell spread in A549 cell culture. However, our findings are consistent with previous work 

showing that the small plaque phenotype is specific to ADP-deletion mutants (144), and is also 

consistent with studies in which overexpression of ADP in the absence of other E3 proteins 

improved the efficacy of oncolytic Ad vectors (85, 145). Therefore, the improved viral spread and 

cancer cell killing of CRAdRC109 relative to CRAd and CRAdRC111 are likely attributed to the 

expression of ADP from this vector. As previously mentioned, ADP is required for efficient virus-

mediated cell lysis, release of progeny, and subsequent spreading to neighbouring cells (52). Ads 

containing ADP lyse cells beginning at 2-3 dpi, whereas cells infected with ADP-deleted vectors 

began to lyse only at 5-6 dpi (52, 144), which is consistent with the reduced cytotoxicity of our 

ADP-deleted vectors CRAd and CRAdRC111 at 7 dpi. Despite lacking ADP and having a smaller 

plaque size, CRAdFAST exhibited superior efficacy in CPE assays, suggesting that extensive cell-

cell fusion and syncytia formation causes greater cytotoxicity to cancer cells than ADP expression.  

We have previously shown that treatment of A549 cells with CRAdFAST results in 

significant reductions in cellular metabolic activity (174). In this study, CRAdRC111 and 

CRAdRC109 were significantly less effective at reducing metabolic activity of A549 cells than 

CRAdFAST (Fig 3.8). These results illustrate that the effects of our fusogenic CRAd vectors on 
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cellular metabolic activity are largely determined by the level of p14 FAST protein expression and 

the extent of virus-mediated cell-cell fusion. Furthermore, we show that the E3-encoded proteins 

did not significantly impact metabolic activity of infected cells, at least at time points ≤ 48 hpi. 

Other studies have shown that A549 cells infected with Ad vectors encoding E3 and/or ADP 

exhibit greater decreases in metabolic activity compared to those infected with E3- and/or ADP-

deleted vectors, however, only at very late time points (≥ 3 dpi) (52, 141, 142). Suzuki et al. 

showed that A549 cells infected with E3+ vectors exhibited greater decreases in metabolic activity 

at 9 dpi than those infected with E3-deleted vectors (142). Tollefson et al. showed that A549 cells 

infected with ADP-expressing viruses exhibited decreased metabolic activity starting at 3 dpi and 

were completely dead by 5 dpi, whereas cells infected with ADP-deleted viruses retained 90% of 

their initial metabolic activity at 5 dpi (52). Additionally, Zou et al. reported that treatment of A549 

cells with Ad vectors overexpressing ADP caused greater reductions in cellular metabolic than 

wild-type or ADP-deleted vectors at 5-6 dpi (194). Consistent with these studies, the impact of E3 

and/or ADP expression on the oncolytic activity of our vectors was apparent at 7 dpi in plaque-

forming (Fig 3.6) and CPE assays (Fig 3.7), but not during analysis of cellular metabolic activity 

at 1-2 dpi (Fig 3.8). Thus, while ADP expression improves oncolytic activity at later time points, 

it appears that extensive cell-cell fusion and syncytia formation mediated by p14 FAST expression 

provides a faster and superior oncolytic effect.  

Our results described in chapter 3 illustrate how the context in which viral genes are placed 

greatly impacts their expression and overall vector efficacy. Specifically, we showed that L6-

encoded transgenes had substantially reduced expression relative to transgenes inserted within the 

E3-deletion. In the context of our CRAdRC111 and CRAdRC109 vectors, poor expression of the 

L6-encoded p14 FAST protein led to a substantial decrease in the ability of these viruses to fuse 
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cells, which thereby reduced overall vector efficacy relative to CRAdFAST. However, we 

observed that inclusion of the E3 region in CRAdRC109 significantly improved viral lysis and 

spread relative to the E3-deleted CRAdRC111 and non-fusogenic CRAd vectors, and therefore 

increased overall oncolytic activity; an effect which was likely attributed to the expression of ADP. 

Thus, improved vector design is required to achieve efficient co-expression of both p14 FAST and 

ADP from CRAd in order to truly evaluate potential synergistic efficacy, which we explore in the 

following chapter.  
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CHAPTER 4: Evaluating the oncolytic efficacy of an E3-deleted CRAd vector co-

expressing p14 FAST and ADP in vitro 

4.1. Introduction 

 Studies have shown that overexpression of ADP from oncolytic Ad vectors (in the absence 

of other E3 proteins) improves cancer cell lysis, release of progeny virions, and viral spread, which 

ultimately enhances oncolytic vector efficacy (85, 145). As p14 FAST protein was efficiently 

expressed from our CRAdFAST vector (174), we hypothesized that a similar vector construct 

encoding both p14 FAST and ADP within the E3-deletion would allow for efficient co-expression 

of both proteins, and lead to enhanced vector efficacy. We thus developed a CRAd vector encoding 

a bicistronic p14 FAST/ADP  expression cassette in place of the E3 region and evaluated its 

oncolytic activity in the A549 human lung cancer cell line. 

4.2. Results 

4.2.1. Developing a fusogenic CRAd vector with a bicistronic expression cassette encoding p14 

FAST and ADP within the E3-deletion   

In an attempt to achieve efficient co-expression of ADP and p14 FAST from a CRAd 

vector, we developed CRAdRC116, a fusogenic CRAd vector in which the E3 region of the viral 

genome was removed and replaced with a bicistronic expression cassette containing HA epitope-

tagged p14 FAST and FLAG epitope-tagged ADP coding sequences separated by a “self-cleaving” 

P2A peptide sequence derived from porcine teschovirus-1 (Fig 4.1). The “self-cleaving” 2A 

peptides were first identified in viral polyproteins from picornaviruses and range from 18-22 amino 

acids in length (183, 195). Studies have shown that 2A peptides function through a ribosomal-

skipping mechanism, in which formation of the Gly-Pro peptide bond at the C-terminus of the 2A 

peptide is impaired, causing the ribosome to “skip” to the next codon and continue downstream  
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Figure 4.1: Viral genome structure of the adenovirus vectors used in chapter 4. HAdV-5 = 

wild-type human adenovirus C serotype 5. The E1AΔ24 mutation allows for preferential 

replication in cancer cells deficient in the Rb tumor-suppressor pathway. The E3 region in 

CRAdFAST is removed and replaced with an HA-tagged p14 FAST expression cassette. The 

presence of a splice acceptor (SA) DNA element upstream of the p14 FAST gene allows for 

replication-dependent expression of the protein. The E3 region in CRAdRC116 is removed and 

replaced with a bicistronic expression cassette containing HA-tagged p14 FAST and FLAG-tagged 

ADP genes, separated by a “self-cleaving” P2A peptide. The bicistronic expression cassette also 

contains an upstream SA for replication-dependent expression. ITR denotes the inverted terminal 

repeats, MLP denotes the major late promoter, and Ψ represents the packaging element. The 

genome maps are not shown to scale.
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translation, effectively “cleaving” the upstream and downstream peptides (196). Although internal 

ribosome entry sites (IRES) have been extensively used in multigene expression systems, they are 

fairly large (>500 bp in length), and expression of the gene downstream of the IRES is considerably 

lower relative to the upstream gene (183). We chose to use a 2A peptide instead of an IRES as 

they are much smaller in size (~60-70 bp), have a cleavage efficiency of nearly 100%, and allow 

equimolar expression of the flanking proteins (197). Several groups have also used 2A peptides to 

achieve multigene expression from Ad vectors (121, 198, 199). 

CRAdRC116 was easily rescued upon transfection of 293 cells with linearized plasmid 

containing the genomic viral DNA. Large-scale purification of CRAdRC116 generated a vector 

stock with an infectious titer of 5.4x109 plaque-forming units (PFU) per mL and VP/PFU ratio of 

79, which was sufficient for in vitro characterization.  

4.2.2. CRAdRC116 efficiently replicates in A549 cells and co-expresses p14 FAST and ADP  

To investigate viral replication and transgene expression of CRAdRC116, A549 cells were 

infected with CRAdFAST or CRAdRC116 at an MOI of 1, cell lysates were harvested 24 and 48 

hpi and subjected to immunoblot analysis. As shown in Fig 4.2, expression of fiber, a viral 

structural protein expressed only after viral DNA replication, was detected in both CRAdFAST 

and CRAdRC116-infected cells and increased from 24 to 48 hpi. Fiber protein levels were slightly 

elevated in CRAdRC116-infected cells relative to CRAdFAST-infected cells at both time points, 

which could be due to small differences in the titers of the two virus stocks, or could indicate that 

CRAdRC116 replicates with greater efficiency compared to CRAdFAST. When normalized to 

fiber expression, expression of p14 FAST protein was reduced approximately 12- and 4.5-fold in 

CRAdRC116-infected cells relative to CRAdFAST-infected cells at 24 and 48 hpi, respectively.  

Importantly, the increase in molecular weight of the p14 FAST signal observed in CRAdRC116- 
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Figure 4.2: CRAdRC116 efficiently replicates in A549 cells and co-expresses both p14 FAST 

and ADP. A) A549 cells were infected with CRAdFAST or CRAdRC116 at an MOI of 1 PFU/cell, 

or mock-treated with PBS. Immunoblot analysis was conducted on whole cell lysates harvested at 

24 and 48 hpi. Samples were probed for fiber, HA epitope-tagged p14 FAST, FLAG epitope-

tagged ADP, and actin as a loading control. Expression of p14 FAST is reduced in CRAdRC116-

infected cells relative to CRAdFAST-infected cells. Expression of ADP from CRAdRC116 is 

detectable by 48 hpi. Uncleaved p14 FAST/ADP fusion protein was not detected. Two independent 

experiments were performed (n=2) and representative results are shown. *In order to obtain a 

detectable signal, blots probed for FLAG epitope-tagged ADP were loaded with twice as much 

sample relative to blots probed for fiber, actin, and HA-tagged FAST. B) Densitometric analysis 

showing decreased p14 FAST expression from CRAdRC116 relative to CRAdFAST. p14 FAST 

signal intensities were normalized to fiber signal intensities. ***p=0.0005, **p=0.001.
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infected cells likely results from the addition of residual P2A peptide onto the C-terminus of p14 

FAST, suggesting that the P2A peptide is indeed “cleaving” at its C-terminal Gly-Pro peptide 

bond. Previous studies have shown that although ADP has a predicted size of 10.5kDa in HAdV-

5 (200), it undergoes extensive post-translational modification (i.e. glycosylation) resulting in 

protein products that migrate as higher molecular weight bands of ~20-30kDa on SDS-PAGE 

(201). Expression of the FLAG-tagged ADP from our CRAdRC116 construct was detectable by 

48 hpi at a molecular weight of ~20-25kDa, which is consistent with its cleavage from the upstream 

p14 FAST protein via the P2A peptide and subsequent post-translational modification. These 

results confirm that our CRAdRC116 vector can replicate efficiently in A549 cancer cells, and that 

the bicistronic expression cassette permits co-expression of both p14 FAST protein and ADP. 

4.2.3. Bicistronic expression of p14 FAST and ADP from CRAdRC116 alters the kinetics of 

cell-cell fusion compared to CRAdFAST 

Expression of p14 FAST protein from CRAdRC116 was reduced relative to CRAdFAST 

(Fig 4.2), which could negatively impact the fusogenic activity of the virus. As shown in Fig 4.3, 

both CRAdFAST and CRAdRC116 were able to induce cell-cell fusion and syncytia formation in 

A549 cells at an MOI of 1 PFU/cell, although the kinetics of fusion differed between the two 

viruses. CRAdFAST-infected monolayers were extensively fused by 24 hpi and exhibited 

complete cytopathic effect by 48 hpi. In contrast, small regions of fusion were observed in 

CRAdRC116-infected cells at 24 hpi, and while CRAdRC116-infected cells were extensively 

fused by 48 hpi, syncytia were still largely intact and adherent to the plate at this time point. 

Complete cytopathic effect (CPE) was, however, achieved in CRAdRC116-infected cells by 72 

hpi (data not shown). These results are consistent with the observed decrease in p14 FAST protein  
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Figure 4.3: Bicistronic expression of p14 FAST and ADP from CRAdRC116 alters the 

kinetics of cell-cell fusion compared to CRAdFAST. Phase-contrast microscopy images of 

A549 cells 24 and 48 hpi with CRAdFAST or CRAdRC116 at an MOI of 1 PFU/cell, or mock-

treated with PBS. CRAdFAST-infected monolayers were extensively fused by 24 hpi and 

exhibited complete cytopathic effect by 48 hpi. In contrast, minimal fusion was observed in 

CRAdRC116-infected cells at 24 hpi. Extensive fusion and syncytia formation were observed by 

48 hpi in CRAdRC116-infected cells, however, syncytia remained intact and adherent at this time 

point. Two independent experiments were performed (n=2) and representative results are shown.
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expression from CRAdRC116 relative to CRAdFAST (Fig 4.2), and also suggest that expression 

of ADP from CRAdRC116 did not cause any marked increase in CPE of infected cells. In 

summary, p14 FAST protein was expressed less efficiently from the bicistronic p14 FAST-P2A-

ADP expression cassette of CRAdRC116 relative to CRAdFAST, which reduced the rate of cell-

cell fusion and syncytia formation in A549 cell culture, and co-expression of ADP did not appear 

to have a noticeable effect on vector efficacy in this assay. 

4.2.4. ADP expression does not improve cell-cell spread of fusogenic CRAd encoding the p14 

FAST protein 

Several studies have shown that overexpression of ADP enhances oncolytic Ad vector 

efficacy (85, 145, 194). ADP improves lysis and release of progeny virions from infected cells, 

which ultimately enhances viral spread (52). To determine whether expression of ADP improves 

viral spread of our CRAd vectors, plaque assays were conducted in A549 cells infected with 

HAdV-5, CRAd, CRAdFAST, or CRAdRC116. Infected cells were overlayed with semi-viscous 

CMC overlay media to limit viral spread to adjacent cells, thus allowing plaque formation (189).  

Consistent with our results from chapter 3, and several other studies (52, 85, 144), the ADP-

expressing human Ad C serotype 5 (HAdV-5) formed large comet-shaped plaques at 7 dpi in A549 

cells, whereas the ADP-deleted, non-fusogenic CRAd exhibited a small plaque phenotype (Fig 

4.4). Unexpectedly, ADP expression did not impact plaque morphology in the context of our 

fusogenic CRAd vectors, as both CRAdFAST and CRAdRC116 formed relatively small plaques 

at 7 dpi in A549 cells (Fig 4.4A). Analysis of plaque morphology at higher magnification by bright-

field microscopy showed that both CRAdFAST and CRAdRC116 formed syncytial plaques of 

relatively similar morphology and size (Fig 4.4B). Results from this assay  demonstrate that ADP 

increases plaque size of non-fusogenic Ad when expressed at wild-type levels, but has no impact  
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Figure 4.4: CRAdFAST and CRAdRC116 have similar plaque morphology. A) Plaque-

forming assay of Ad vectors under carboxymethylcellulose (CMC) overlay. A549 cells were 

infected with ten-fold serial dilutions of various Ad vectors. Infected cells were fixed and stained 

with crystal violet 7 dpi. Only HAdV-5 formed large comet-shaped plaques. B) Bright-field 

microscopy images of viral plaques showing that ADP expression increase plaque size of non-

fusogenic Ad, but does not impact syncytial plaque morphology of the fusogenic CRAdFAST or 

CRAdRC116. 
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on plaque morphology of fusogenic CRAd in which p14 FAST is co-expressed at levels sufficient 

to induce syncytia formation, at least at the level of ADP expression achieved with CRAdRC116. 

 We further  examined the impact of ADP expression on virus spread through an in vitro 

CPE assay. A549 cells were infected with HAdV-5, CRAd, CRAdFAST, or CRAdRC116 at MOI 

ranging from 0.01-10 PFU/cell, overlayed with liquid medium, followed by crystal violet staining 

at 7 dpi. When delivered at low MOI, Ad must undergo multiple cycles of infection, replication, 

lysis, and spread to adjacent cells in order to achieve complete CPE of the monolayer, whereas 

complete CPE can be achieved after one round of replication at high MOI (85). This assay thus 

measures cell lysis, progeny release, and virus spread by identifying and comparing the dose at 

which complete monolayer CPE is obtained between various vectors. At an MOI of 1, HAdV-5 

caused significant CPE and exhibited greater potency than the ADP-deleted non-fusogenic CRAd 

in A549 cells (Fig 4.5). CRAdFAST (ADP-) was able to mediate complete CPE of the monolayer 

at an MOI of 0.1. CRAdRC116, which expresses both p14 FAST and ADP, achieved complete 

monolayer CPE at an MOI of 1.  At an MOI of 0.1, the monolayer in CRAdRC116-infected cells 

remained largely intact, yet appeared extensively fused when examined by phase-contrast 

microscopy (data not shown). Thus, while co-expression of ADP and p14 FAST from 

CRAdRC116 improves virus spread relative to non-fusogenic HAdV-5 (ADP+) and CRAd (ADP-

), it does not improve virus spread relative to CRAdFAST, which only encodes p14 FAST.  

  



80 
 

 

14



81 
 

Figure 4.5: ADP expression does not improve cell-cell spread of CRAdRC116 relative to 

CRAdFAST. In vitro CPE assay in A549 cells. A549 cells were infected with HAdV-5, CRAd, 

CRAdFAST, or CRAdRC116 at an MOI of 0.01-10 PFU/cell. Infected cells were fixed and stained 

with crystal violet 7 dpi. Evidence of virus-induced cytopathic effect was ~10-fold lower in cells 

infected with ADP-deleted CRAd, relative to cells infected with ADP-expressing HAdV-5. 

CRAdFAST caused complete CPE of the monolayer at an MOI of 0.1, whereas the monolayer in 

CRAdRC116-infected cells is mostly adherent at this dose. Three independent experiments were 

performed (n=3) and representative results are shown. 
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4.2.5. ADP expression does not enhance cytotoxicity of fusogenic CRAd encoding p14 FAST  

Our lab previously reported that treatment of A549 cells with a non-replicating Ad vector 

encoding p14 FAST (i.e. AdFAST) led to significant reductions in cellular metabolic activity 

(173). We subsequently showed that replication-competent CRAdFAST decreased metabolic 

activity of A549 cells to a significantly greater extent than non-fusogenic CRAd (174). To 

determine if expression of ADP would enhance cytotoxicity of a fusogenic CRAd vector in which 

p14 FAST is expressed at levels sufficient to induce extensive cell-cell fusion and syncytia 

formation, we treated A549 cells with non-fusogenic CRAd, CRAdFAST, or CRAdRC116 at an 

MOI of 10 PFU/cell, and measured metabolic activity at 24, 48 and 72 hpi via MTS assay. As 

shown in Fig 4.6, no significant decreases in metabolic activity were observed in any of the 

infected cells relative to mock-treated cells at 24 hpi. By 48 hpi, CRAdFAST-infected cells 

exhibited the greatest decrease in metabolic activity at ~23% relative to mock-treated cells, which 

was significantly lower than the relative metabolic activity of CRAd- and CRAdRC116-infected 

cells, which were ~68% and ~74%, respectively. By 72 hpi, metabolic activity of all infected cells 

was less than 30% relative to mock-treated cells, with no statistically significant differences 

observed between any of the three viruses. These results illustrate that inclusion of ADP does not 

further improve cytotoxicity of a CRAd vector with modest fusogenic activity mediated by p14 

FAST expression. 
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Figure 4.6: ADP expression does not increase cytotoxicity of CRAdRC116 relative to 

CRAdFAST. Metabolic activity of A549 cells was measured by MTS assay at 24 and 48 hpi with 

CRAd, CRAdFAST, or CRAdRC116 at an MOI of 10 PFU/cell. Values were normalized to mock-

infected cells. Three independent experiments (n=3) were performed in triplicate. The values 

graphed represent the average with error bars denoting standard deviation. ****p<0.0001. 
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4.3 Discussion 

 In chapter 4, we developed an oncolytic Ad vector, designated CRAdRC116, in which the 

E3 region of the viral genome was removed and replaced with a bicisctronic expression cassette 

containing the p14 FAST and ADP genes separated by a “self-cleaving” P2A peptide. Similar to 

our CRAdFAST construct (174), a splice acceptor sequence was included at the 5’ end of the 

bicistronic expression cassette in CRAdRC116 to allow for replication-dependent gene expression 

regulated by the MLP. Results from this study provide general insight regarding the molecular 

design of “armed” CRAd vectors and illustrate that replication-dependent, multigene expression 

can be achieved from within an E3-deletion through the use of expression cassettes containing a 

splice acceptor and 2A peptides.   

 Although replication-dependent co-expression of p14 FAST and ADP was achieved from 

our CRAdRC116 vector construct (Fig 4.2), p14 FAST protein expression was notably reduced 

relative to our original CRAdFAST construct. Furthermore, CRAdRC116 induced cell-cell 

membrane fusion and syncytia formation in A549 cancer cells, yet with a somewhat poorer 

efficiency (i.e. at a slower rate) than CRAdFAST (Fig 4.3). This observation demonstrates that the 

altered kinetics of fusion in CRAdRC116-infected cells are likely attributable to reduced p14 

FAST expression from this virus. These findings are consistent with our previous work in which 

the fusogenic activity of p14 FAST was tightly correlated with the level of its expression. In A549 

cells, our E1-deleted, replication-defective AdFAST vector only caused fusion of A549 cells at 

relatively high MOI (173).  Similarly, minimal cell-cell fusion was observed in A549 cells treated 

with our replication-competent CRAdRC111 and CRAdRC109 vectors described in chapter 3, in 

which p14 FAST was poorly expressed from the L6 region (Fig 3.5). This suggests that p14 FAST 

protein functions in a stoichiometric manner, which is in accordance with the theory that a certain 
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threshold of expression is required to induce cell-cell membrane fusion and syncytia formation. 

Previous work has shown that the p14 FAST-mediated fusion pathway involves oligomerization 

of p14 FAST protein into homomultimeric "fusion platforms"(166, 193). Perhaps the formation of 

these p14 FAST protein complexes and their ability to mediate cell-cell fusion requires relatively 

high concentrations of p14 FAST protein. 

 It is unclear why p14 FAST protein was expressed with lower efficiency from 

CRAdRC116 relative to CRAdFAST. The p14 FAST gene is encoded within the same position of 

the viral genome (i.e. the E3-deletion) and expressed as a part of the major late transcription unit 

(MLTU), which is regulated by the MLP, in both vectors. Furthermore, the p14 FAST gene in both 

constructs is preceded by an upstream Ad40 long fiber splice acceptor sequence, which should 

ensure efficient splicing in both constructs. ADP activity could have negatively impacted p14 

FAST expression, as Tollefson et al. showed that Ad late protein synthesis declined ~2 dpi and 

was undetectable by ~3 dpi in wild-type Ad-infected cells which express endogenous levels of 

ADP, whereas late protein synthesis was still increasing at ~3 dpi in cells infected with an ADP-

deleted Ad vector (52). In our studies, reduced expression of p14 FAST from CRAdRC116 was 

observed at 24 hpi (Fig 4.2), which is well before the decline in late protein synthesis observed by 

Tollefson et al. Additionally, fiber expression in CRAdRC116-infected cells increased from 24 to 

48 hpi, illustrating that late protein synthesis was still increasing at these time points. Unsuccessful 

ribosomal-skipping in 2A peptide constructs can lead to the production of a fusion protein (202), 

which in our case could account for the reduced detection of a discrete p14 FAST protein product. 

However, we did not detect any uncleaved p14 FAST/ADP protein products in our studies, 

suggesting that unsuccessful cleavage and production of FAST/ADP fusion protein is not a 

contributing factor. Therefore, it is likely that the inherent properties of the bicistronic expression 
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cassette strategy employed in CRAdRC116 are responsible for the reduction in p14 FAST protein 

expression. Perhaps mRNA stability or translation efficiency of the bicistrionic p14 FAST-P2A-

ADP mRNA is reduced relative to the monocistronic p14 FAST mRNA, which led to decreased 

p14 FAST protein expression from the former.  

Several studies have shown that ADP enhances oncolytic Ad vector efficacy (85, 145, 194), 

however, this was not observed in our CRAdRC116 construct. As there are no antibodies 

commercially-available for ADP, we attached a FLAG epitope to the C-terminus of ADP in 

CRAdRC116 to allow for its detection by immunoblot. Addition of a FLAG epitope to the C-

terminus of ADP could have negatively impacted protein function, which would explain why we 

did not observe any enhanced vector efficacy from ADP expression in CRAdRC116. ADP is a 

NendoCexo nuclear membrane glycoprotein, with the N-terminal half of the protein residing in the 

lumen, and the C-terminal half residing in the cytoplasm/nucleoplasm (143). Mutation studies have 

shown that viruses containing deletions within the cytoplasmic-nucleoplasmic domain of ADP 

typically retain their lytic capacity, whereas mutations in the lumenal domain greatly reduced cell 

lysis (203). We strategically placed the FLAG epitope at the C-terminus of ADP in our construct 

to minimize any potential impact on cell lysis. However, ADP containing mutations within the 

cytoplasmic-nucleoplasmic domain can exhibit aberrant subcellular localization (203). Thus, we 

cannot exclude that the addition of a FLAG epitope to the C-terminus of ADP in our construct 

impacted subcellular localization and/or protein activity. Placing the ADP gene downstream of the 

P2A peptide sequence in our construct results in the C-terminal proline of the P2A peptide being 

incorporated on to the N-terminus of ADP. This N-terminal proline might impact the function of 

ADP, yet this is unlikely as there are no previous reports of deleterious effects resulting from this 

addition in 2A peptide-sequence containing constructs developed by other investigators (197).  
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The order in which p14 FAST and ADP are arranged in our bicistronic 2A expression 

cassette may have impaired ADP function by impacting its subcellular localization. An effect 

known as “slipstreaming” can occur in 2A constructs, in which targeted proteins containing a 

signal sequence, when encoded upstream of the 2A peptide sequence, lead to aberrant shuttling of 

the downstream protein through the ribosome-translocon complex formed by the N-terminal signal 

sequence (197). For example, a polycistronic construct containing a protein with an N-terminal 

signal sequence encoded upstream and protein without signal sequence positioned downstream of 

the 2A peptide sequence resulted in both proteins being translocated into the endoplasmic 

reticulum (ER) (204).  Despite lacking a cleavable N-terminal signal peptide, the transmembrane 

domain of FAST proteins serves as a reverse signal anchor and directs insertion into ER membrane 

in an NexoCcyto orientation (205), which may cause mislocalization of downstream proteins in the 

context of a bicistronic 2A construct. ADP is a NendoCexo integral membrane protein and has been 

shown to localize to the Golgi apparatus and ER, where it undergoes extensive post-translational 

modification (143). From >30 hpi, ADP accumulates at the nuclear membrane, where it is thought 

to exert its function in promoting cell death (52). Therefore, it is possible that in the context of our 

bicistronic 2A expression cassette, p14 FAST is negatively impacting the localization and/or post-

translational processing of ADP, ultimately preventing its ability to promote cell lysis. In support 

of this, cells infected with ADP mutants which had aberrant post-translational processing and/or 

localization also frequently exhibited altered kinetics of cell lysis (203). While switching the gene 

order in our construct such that ADP is positioned upstream of the 2A peptide sequence may rescue 

ADP function, it may similarly reduce p14 FAST function and fusogenic activity of the vector. 

Alternatively, the lack of enhanced oncolytic efficacy in our CRAdRC116 construct 

relative to CRAdFAST could be due to insufficient expression of ADP. Although expression of 
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p14 FAST was detected in CRAdRC116-infected cells at 24 hpi, FLAG-tagged ADP was only 

detected at 48 hpi (Fig 4.2), which might indicate that ADP is inefficiently expressed from the 

bicistronic p14 FAST-P2A-ADP expression cassette of our CRAdRC116 construct. While 2A 

peptides are typically described as providing stoichiometric or equimolar expression of flanking 

proteins (197), one of the possible outcomes of the 2A peptide-mediated cleavage process is 

translation of the upstream protein and successful ribosomal skipping, but subsequent ribosomal 

dissociation and discontinued translation of the downstream sequence (202). This could explain 

why expression of p14 FAST, but not ADP, is detected at 24 hpi. Indeed, a systematic comparison 

of 2A peptides conducted by Liu et al. found that proteins positioned downstream of the 2A peptide 

sequence exhibited reductions in expression of 70-95% relative to the upstream protein (202). 

 In wild-type Ad, ADP is produced in small amounts from the E3 promoter during the early 

stages of infection, yet synthesized abundantly from the MLP during the late stages of infection 

(52), and is thus thought to function in a stoichiometric manner (203). This suggests that relatively 

high levels of ADP expression are required to promote cell lysis and progeny release. Due to a 

lack of commercially-available antibody for ADP, we do not know how ADP expression from 

CRAdRC116 compares to HAdV-5, which represents a major limitation of our studies. We are 

currently developing a wild-type HAdV-5 vector containing a FLAG-epitope tagged ADP to 

address this issue. 

Tollefson et al. showed that ADP expression was detected in abundance by 20-25 hpi 

through immunoprecipitation and immunoblot analyses of KB cells infected with rec700, a wild-

type-like recombinant HAdV-5 which contains the HAdV-2 version of ADP (201). However, the 

KB cells in this study were infected at very high MOI (50-200 PFU/cell), whereas the A549 cells 

in our study were infected with our CRAdRC116 construct at much lower MOI (1 PFU/cell). 
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Doronin et al. later showed that expression of ADP was detectable by immunoblot at 24 hpi in 

A549 cells infected with CRAd vectors KD1 and KD3, which overexpress ADP relative to wild-

type Ad, however, cells in this study were also infected at high MOI (50 PFU/cell) (85). It is also 

important to note that in both of the aforementioned studies (85, 201), and several other studies 

(143, 145, 147, 194, 206), ADP expression was probed with a rabbit polyclonal antibody raised 

against ADP from HAdV-2. In contrast, ADP in our CRAdRC116 construct was FLAG-

conjugated to allow for detection with mouse anti-FLAG monoclonal antibody. Thus, differences 

in antibody specificity and/or sensitivity may account for the observed variability in detecting ADP 

expression by immunoblot in our study relative to previous work.   

In agreement with our results, Yun et al. showed that ADP expression was detected at 48 

hpi, but not at 24 hpi, in A549 cells infected with YKL-mADP, a CRAd vector in which ADP 

expression was achieved by insertion of an extra copy of the MLP promoter upstream of the ADP 

gene. With the exception of E3-12.5K and ADP, all other E3 genes were deleted from this vector. 

Furthermore, plaques formed by YKL-mADP were much smaller than those formed by wild-type 

Ad, which is consistent with the results obtained for CRAdRC116 in our plaque assays (Fig. 4.4) 

and provides additional evidence that ADP must be expressed in abundance to achieve efficient 

cell lysis, progeny release, and virus spread.  

It is also possible that the extensive syncytia formation induced by expression of p14 FAST 

from CRAdRC116 abrogates the lytic activity of ADP, which would also explain why ADP 

expression did not improve vector efficacy. In support of this, we previously showed in chapter 3 

that ADP expression did improve the oncolytic efficacy of CRAdRC109, which only expressed 

p14 FAST at relatively low levels and thus caused minimal cell-cell fusion. 
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In summary, while expression of fusogenic proteins or the ADP have been independently 

shown to enhance the oncolytic efficacy of CRAd vectors, our results  demonstrate that expression 

of the fusogenic p14 FAST protein from the ADP-deleted CRAdFAST provided greater oncolytic 

effect than co-expression of both ADP and p14 FAST protein from CRAdRC116.  We showed 

that this is partly due to a reduction in p14 FAST protein expression from CRAdRC116, and a 

resulting decrease in the fusogenic activity of this vector, relative to CRAdFAST. Additionally, 

the bicistronic p14 FAST-P2A-ADP expression cassette in CRAdRC116 may have led to 

relatively poor expression, alterations in post-translational processing, and/or aberrant subcellular 

localization of ADP, which would also explain why ADP expression did not enhance oncolytic 

efficacy of this vector.  
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CHAPTER 5: Conclusions and future directions 

Taken together, the results from our studies illustrate that ADP expression, in the context 

of fusogenic CRAd vectors encoding FAST proteins, enhanced oncolytic efficacy when FAST was 

expressed at lower levels (i.e. CRAdRC109 vs CRAdRC111), however, it did not enhance 

oncolytic efficacy when FAST was expressed at levels sufficient to mediate extensive cell-cell 

fusion and syncytia formation (i.e. CRAdRC116 vs CRAdFAST). Furthermore, while the newly 

developed vectors described in this study, namely CRAdRC111, CRAdRC109, and CRAdRC116, 

had improved oncolytic efficacy relative to non-fusogenic CRAd, none exhibited further 

improvements in efficacy when compared to our original CRAdFAST construct.  

It is possible that the mechanisms by which we achieved co-expression of FAST and ADP 

from our various vectors either did not allow for sufficient expression of both proteins, or perhaps 

negatively impacted their activity, such that they did not further enhance oncolytic activity relative 

to CRAdFAST. If this is true, future studies should focus on improving vector design in order to 

achieve efficient co-expression of ADP and FAST from CRAd, while ensuring that the function 

of these proteins is not impaired. This could involve placing FAST and ADP in alternate regions 

of the viral genome and/or using different approaches to achieve protein co-expression, such as 

IRES or inclusion of heterologous promoters.  

Alternatively, it could be that ADP and FAST proteins simply do not act synergistically,  

in terms of enhancing oncolytic efficacy, when co-expressed from CRAd vectors.  For example, 

FAST-mediated cell-cell fusion and syncytia formation might impair the ability of ADP to enhance 

cell lysis, progeny release, and virus spread. Similarly, expression of ADP might impair the 

fusogenic activity of FAST proteins. If this is indeed the case, future studies should perhaps focus 

on combining other methods of improving efficacy of oncolytic Ad, including the use of CRAd 
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vectors encoding extracellular matrix-degrading enzymes, junction-opening peptides, or pro-

apoptotic proteins (124, 132), in conjunction with ADP or FAST protein expression.   
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CONTRIBUTION OF COLLABORATORS 

Certain plasmids listed in the appendix were cloned by Dr. Robin Parks or previous 

students of the Parks lab. The FAST protein cDNA was obtained from the pVSV-FAST plasmid 

provided by Dr. John Bell (Ottawa Hospital Research Institute, Ottawa, ON).  
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Ryan Clarkin 

EDUCATION 

Sept. 2016 – Oct. 2018  Master of Science 

    Biochemistry – Specialization in Human and Molecular Genetics 

    University of Ottawa, Ottawa, ON   

Sept. 2011 – May 2016 Honours Bachelor of Science  

Biopharmaceutical Sciences – (Genomics option) (Co-op) (Cum 

laude) 

University of Ottawa, Ottawa, ON  

 

ACADEMIC RESEARCH EXPERIENCE 

Sept. 2016 – Oct. 2018   

Graduate Research Student 

Ottawa Hospital Research Institute, Ottawa, ON 

Regenerative Medicine Program – Dr. Robin Parks Laboratory 

• Used traditional and Rec-A mediated molecular cloning to develop adenoviral vector 

DNA constructs, including replication-defective gene therapy vectors and replication-

competent oncolytic vectors.   

• Generated large-scale purified virus stocks using standard virological techniques. 

• Cultured and maintained mammalian cell culture in Biosafety Level 2 environment.  

• Evaluated anti-cancer efficacy of oncolytic adenovirus vectors armed with therapeutic 

transgenes in cancer cell culture through biochemical, molecular biological, and 

virological techniques (i.e. immunoblotting, microscopy, cellular metabolic activity 

assay, cytopathic effect assay, plaque assay). 

• Prepared 2 manuscripts for publication. 

Sept. 2015 – May 2016  

Undergraduate Research Student 

University of Ottawa, Ottawa, ON 

Department of Biology – Dr. Linda Bonen Laboratory 

• Completed Honours project on mapping mRNA termini and RNA editing of 

mitochondrial mRNAs in plants. 

• Techniques used include DNA/RNA purification, molecular cloning, PCR, agarose 

gel electrophoresis, DNA/cDNA sequence analysis. 
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LABORATORY SKILLS 

• Cellular metabolic activity assay (MTS) 

• Cytopathic effect assay (crystal violet staining) 

• DNA sequence analysis 

• Immunoblotting 

• Mammalian cell culture 

• Microscopy (phase-contrast, bright-field, fluorescence) 

• Molecular cloning 

• Polymerase chain reaction  

• SDS-PAGE 

• Virus propagation, purification, transduction 

• Viral plaque assay 

 

SCHOLARSHIPS & AWARDS 

Graduate awards: 

• Excellence Scholarship, uOttawa (2016-2018) 

• Queen Elizabeth II Graduate Scholarship in Science and Technology (2016-2017) 

• Ontario Graduate Scholarship (2017-2018) 

• Ranked 2nd place in MSc Biochemistry category for oral presentation at BMI Seminar 

Day (2018).  

 

Undergraduate awards: 

• Dean’s Honour List for the Faculty of Science 2013-2014, 2014-2015, and 2015-2016. 

 

CONFERENCES  

• 4th Ottawa International Conference on Neuromuscular Disease and Biology (Ottawa, 

ON, Canada – September 2017).  

• BMI Scientific Symposium (Montebello, QC, Canada – May 2018).  

• CSV 2018: the 2nd symposium of the Canadian Society for Virology (Halifax, NS, 

Canada - June 2018). 
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POSTER PRESENTATIONS 

• Ryan Clarkin, Josh Del Papa, and Robin J. Parks. Enhancing oncolytic adenovirus 

efficacy by improving viral spread. Presented at CSV 2018: the 2nd symposium of the 

Canadian Society for Virology, June 2018. (Halifax, NS, Canada).  

• Ryan Clarkin, Josh Del Papa, and Robin J. Parks. Enhancing oncolytic adenovirus 

efficacy by improving viral spread. Presented at The Ottawa Hospital Department of 

Medicine Research Day, June 2017. (Ottawa, ON, Canada). 

• Ryan Clarkin and Robin J. Parks. Enhancing adenovirus replication for treatment of 

cancer. Presented at Ottawa Hospital Research Institute Research Day, November 2017. 

(Ottawa, ON, Canada). 

• Ryan Clarkin and Robin J. Parks. Enhancing adenovirus replication for treatment of 

cancer. Presented at The Ottawa Hospital Department of Medicine Research Day, June 

2017. (Ottawa, ON, Canada). 

• Ryan Clarkin and Robin J. Parks. Enhancing adenovirus replication for treatment of 

cancer. Presented at uOttawa BMI Poster Day, May 2017. (Ottawa, ON, Canada). 

ORAL PRESENTATIONS 

• Enhancing oncolytic adenovirus efficacy by improving viral spread. Presented at uOttawa 

BMI Scientific Symposium, May 2018. (Montebello, QC, Canada). 

• Enhancing oncolytic adenovirus efficacy by improving viral spread. Presented at uOttawa 

BMI Seminar Day, February 2018. (Ottawa, ON, Canada). 

 

EMPLOYMENT 

May 2016 – Aug. 2016  

Biosafety Risk Analyst (FSWEP work-term) 

Centre for Biosecurity, Public Health Agency of Canada 

• Worked within the Biosafety Risk Assessment team in the Centre for Biosecurity. 

• Contributed to the development of pathogen risk assessments on various microorganisms, 

including bacteria, viruses, fungi, protozoa/protists, parasites, and other biological agents, 

such as cell lines. 

• Learned and applied knowledge of risk factors such as pathogenicity/virulence, pre- and 

post-exposure measures, communicability, and host range. 

• Contributed to the development of Pathogen Data Safety Sheets; technical documents 

that describe the hazardous properties of human and animal pathogens and the biosafety 

recommendations for working with these agents in a laboratory setting. 
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May 2015 – Aug. 2015  

Biosafety Risk Analyst (Co-op work-term) 

Centre for Biosecurity, Public Health Agency of Canada 

Sept. 2014 – Dec. 2014  

Lab Technician (Co-op work-term) 

Acarology Lab, Agriculture and Agri-Food Canada 

• Research program involves studying the diversity and characterization of plant-feeding 

mites of North America. 

• Assessed diversity, distribution, and host preferences of phytophagous mites through 

morphological (using dissecting microscope) and molecular-based identification. 

• Processed plant samples (extraction and sorting of mite specimens from samples; basic 

identification of mites to family level). 

• Preparation of specimens for DNA extraction. 

• Participated in molecular analysis of mite specimens (DNA extraction, PCR, agarose gel 

electrophoresis, sequence analysis). 

 

Feb. 2014 – Aug. 2014  

 

Product Submission Coordinator (Co-op work-term) 

Natural and Non-prescription Health Products Directorate, Health Canada 

• Performed licensing/refusal/withdrawal of Natural Health Product (NHP) applications. 

• Engaged in correspondence with NHP license applicants (answered inquiries, relayed 

issues, and issued information requests). 

• Updated NHP databases and file tracking programs. 

• Supervised and trained new student employees. 


