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Abstract 
Oncolytic viruses (OVs) are promising cancer therapeutics because they can selectively 

infect and kill tumor cells while also stimulating anti-tumor immune responses. However, 

the efficacy of many OVs in solid tumors is limited by poor intratumoral spread, often 

resulting in incomplete tumor destruction. Conditionally replicating adenoviruses (CRAds) 

are a well-characterized OV platform that can be engineered to selectively replicate in 

tumor cells and express therapeutic transgenes. One strategy to improve OV spread and 

local tumor cell killing is to arm vectors with fusogenic proteins, which promote cell-cell 

fusion and extend cytopathic effects beyond initially infected cells. Fusion-associated small 

transmembrane (FAST) proteins are small, non-structural fusogenic proteins encoded by 

fusogenic reoviruses and represent attractive candidates for incorporation into human 

adenovirus (HAdV)-based vectors. However, their fusogenic activity can also complicate 

vector production by inducing premature syncytium formation and producer cell toxicity. 

Therefore, identifying an optimal FAST protein and developing strategies to regulate 

transgene expression during vector production are important steps toward improving 

FAST-armed adenoviral platforms. In this thesis, I first compared the fusogenic capacity 

and cytotoxic effects of three FAST proteins, p10, p14, and p15, in vitro. FAST proteins 

were expressed in HEK293 cells by either plasmid transfection or HAdV infection, and 

their effects were assessed using fluorescence microscopy, image-based fusion 

quantification, and metabolic activity assays. Among the FAST proteins tested, an untagged 

version of the p14 FAST protein induced the highest level of syncytium formation and the 

strongest reduction in metabolic activity, whereas p10 showed limited fusogenic activity 

and p15 produced an intermediate phenotype. I next evaluated two regulatory strategies to 
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suppress transgene expression from HAdV vectors. A miRNA-based system was tested 

using HAdV vectors expressing reporter genes targeted by a corresponding miRNA, while 

a LacI/LacO-based system was tested using LacI-expressing producer cells and HAdV 

vectors containing LacO sequences within the transgene expression cassette. These two 

systems successfully reduced transgene expression from HAdV; however, further 

optimization is required to minimize their effects on vector yield. Together, these studies 

identify untagged p14 FAST as the most fusogenic candidate among the FAST proteins 

tested and provide foundational data on two regulatory strategies that may be adapted to 

improve the production of cytotoxic transgene-armed HAdV vectors. 
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Chapter 1: Introduction 
1.1 Cancer Burden and Current Therapeutic Strategies 

Cancer remains one of the most significant global health challenges. Worldwide, 

cancer accounted for approximately 20 million new cases and 9.7 million deaths in 2022, 

and the global cancer burden is projected to continue increasing in the coming decades1. In 

Canada, cancer represents a major public health burden, with hundreds of thousands of new 

cases diagnosed each year and an estimated 42% of people expected to receive a cancer 

diagnosis during their lifetime2. For 2026, approximately 254,100 new cancer cases and 

87,900 cancer deaths are projected nationally3. 

Cancer is not a single disease, but rather a broad group of disorders characterized 

by the acquisition of biological capabilities that enable malignant cells to proliferate, 

survive, invade surrounding tissues, and adapt to selective pressures4. The Hallmarks of 

Cancer framework describes cancer through nine acquired functional capabilities: 

sustained proliferative signaling, inactivation of growth suppressors, resistance to 

programmed cell death, replicative immortality, induction or access to vasculature, 

invasion and metastasis, deregulated cellular metabolism, immune evasion, and phenotypic 

plasticity4. However, these capabilities are not driven by malignant cells alone. They are 

also influenced by interactions with non-malignant cells within the tumor 

microenvironment, including cancer-associated fibroblasts, endothelial cells, immune 

cells, and other stromal components4,5. Overall, these interactions can support tumor 

growth, promote immune evasion, and contribute to therapeutic resistance4,5. The 

biological complexity of cancer is reflected by the existence of hundreds of distinct cancer 

types and subtypes, each with unique genetic, molecular and cellular features4,6. Many of 
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the most common adult cancers arise as solid tumors, including cancers of the lung, breast, 

colorectum, prostate, stomach, and liver1. This is particularly relevant because solid tumors 

present several therapeutic challenges, including heterogeneous cell populations, abnormal 

vasculature, poor therapeutic penetration, and complex tumor microenvironments5-7. As a 

result, treatment responses can vary widely depending on the tissue of origin, tumor 

location, stage of disease, and extent of dissemination. These challenges highlight the need 

for therapeutic strategies capable of improving tumor cell targeting and treatment 

distribution within solid tumor masses. 

Current cancer treatments commonly include surgery, radiation therapy, 

chemotherapy, targeted therapy, and combinations of these modalities8. Surgery and 

radiation therapy can be effective for localized tumors, but their use may be limited by 

tumor location, invasiveness, and the potential for damage to surrounding healthy tissue9,10. 

Chemotherapy remains an important systemic treatment option, particularly for 

disseminated cancers, but its lack of specificity can result in substantial toxicity to rapidly 

dividing healthy cells11. Targeted therapies have improved outcomes for cancers driven by 

specific molecular alterations, but their efficacy can be limited by tumor heterogeneity, 

resistance mechanisms, and the absence of actionable targets in some patients12. In recent 

years, immunotherapy has emerged as a promising treatment strategy by harnessing the 

patient’s immune system to recognize and eliminate malignant cells13,14. Immune 

checkpoint inhibitors, adoptive cell therapies and cancer vaccines have produced durable 

responses in many patients and have reshaped the therapeutic landscape for several cancer 

types14. However, the clinical benefit of immunotherapy remains limited in some patients 

due to primary or acquired resistance, immune-related toxicities and variability in tumor 
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immunogenicity15. These challenges have encouraged continued investigation into 

alternative or complementary strategies capable of directly killing tumor cells while also 

promoting anti-tumor immune responses. 

1.2 Oncolytic Virotherapy as an Anti-Cancer Therapeutic Strategy 

Oncolytic virotherapy is a cancer treatment strategy that uses viruses that 

selectively replicate in tumor cells, ultimately leading to tumor cell death16. Oncolytic 

viruses (OVs) are of particular interest because they combine direct tumor cell killing with 

the capacity to stimulate anti-tumor immune responses and alter the tumor 

microenvironment17. As such, they represent a promising platform for the development of 

novel cancer therapeutics. In oncolytic virotherapy, viral vectors can be engineered to 

deliver genes encoding therapeutic anti-cancer proteins, selectively replicate in cancer cells 

and induce tumor cell lysis18. More specifically, the anti-tumor effects of OVs can occur 

through several mechanisms. Direct virus-mediated cell lysis involves the replication of 

oncolytic viruses in tumor cells, eventually leading to the rupture of the cell membrane18,19. 

OVs can also trigger innate and adaptive immune-mediated destruction by promoting the 

release of tumor-associated antigens, enhancing the visibility of the tumor to the immune 

system20. Some OVs can also disrupt the tumor vasculature, limiting the supply of oxygen 

and nutrients required for tumor growth21. Furthermore, OVs can be engineered to deliver 

various therapeutic transgenes to tumor cells, inducing diverse effects that enhance their 

overall therapeutic potential18,22.  

The potential of viruses for cancer treatment has been recognized since the mid-

1800s, where tumor regression was observed coinciding with natural virus infection23,24. 

The first clinical trials investigating viruses as anti-cancer therapeutics began in the 1950s, 
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with early studies using wild-type or attenuated viruses, including hepatitis B virus, West 

Nile virus, adenovirus, and mumps virus24,25. However, these early viral agents were often 

rapidly eliminated by the immune system and produced limited therapeutic benefit24. In 

addition, concerns regarding safety and the inability to reliably restrict viral replication to 

cancer cells raised questions about the clinical potential of oncolytic virotherapy24. As a 

result, despite substantial activity in the 1950s and 1960s, interest in oncolytic virotherapy 

declined during the 1970s and 1980s24. The field was later revitalized in the 1990s by 

advances in molecular biology and reverse genetics, which enabled the development of 

genetically engineered oncolytic viruses with improved tumor specificity and oncolytic 

potency24,25. Currently, a wide range of oncolytic viruses have shown significant potential 

in both pre-clinical and clinical studies, including herpesvirus, reovirus, vaccinia virus, 

adenovirus and others26,27. The first oncolytic virus to receive approval by a regulatory 

agency was Oncorine (H101), approved in 2005 by the Chinese State Food and Drug 

Administration28,29. Oncorine is a recombinant human adenovirus type 5 approved for the 

treatment of head and neck cancer28. In 2015, the U.S. Food and Drug Administration 

approved talimogene laherparepvec (T-VEC), a modified herpes simplex virus type 1 

(HSV-1), for the treatment of advanced melanoma30,31. Due to its demonstrated clinical 

benefit, T-VEC has since received approval in a number of other regions, including Europe 

and Australia31. More recently, Delytact, also known as teserpaturev or G47Δ, became the 

first oncolytic virus approved in Japan for the treatment of malignant glioma32. Delytact is 

a genetically engineered HSV-1-based oncolytic virus and received conditional approval 

from the Japanese Ministry of Health, Labour and Welfare in 202132. 
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A major consideration in the development of OVs is ensuring that viral replication 

and cytotoxicity are preferentially restricted to tumor cells. In some cases, tumor selectivity 

can occur naturally because cancer cells often contain defects in antiviral signaling 

pathways, making them more permissive to viral infection and replication33. However, 

tumor selectivity can also be enhanced through genetic engineering. For example, viral 

replication can be restricted by placing essential viral genes under the control of tumor-

specific promoters, deleting or modifying viral genes that are required for replication in 

normal cells but dispensable in cancer cells, or modifying viral tropism to enhance entry 

into tumor cells18,34. These strategies have contributed to the development of safer and more 

selective OVs with improved therapeutic potential. 

Although OVs have demonstrated clinical promise, their efficacy as monotherapies 

can be limited by several factors, including inefficient delivery to tumor sites, antiviral 

immune clearance, poor intratumoral spread, and the immunosuppressive tumor 

microenvironment18,35,36. As a result, considerable effort has focused on developing 

“armed” OVs that express therapeutic transgenes to enhance anti-tumor activity37-39. The 

therapeutic transgenes incorporated into armed OVs can vary widely depending on the 

intended mechanism of action. These transgenes may encode cytokines, chemokines, 

immune checkpoint inhibitors, prodrug-converting enzymes, or pro-apoptotic proteins22,40. 

In this way, armed OVs can be designed to enhance viral growth, improve intratumoral 

spread, stimulate anti-tumor immunity, or directly increase tumor cell killing. By 

combining tumor-selective replication with local therapeutic transgene expression, armed 

OVs provide a versatile platform to increase tumor cell killing while limiting systemic 
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toxicity. This strategy is particularly relevant for solid tumors, where limited therapeutic 

distribution within the tumor mass remains a major barrier to treatment efficacy41-43. 

1.3 Adenovirus Biology and Applications 

Among the various oncolytic viruses explored, human adenovirus (HAdV) vectors 

have emerged as a particularly versatile and promising platform. Adenoviruses (Ads) are 

non-enveloped, double-stranded DNA viruses with well-characterized biology and a 

genome that can be readily manipulated to alter viral replication, tropism and transgene 

expression44. These properties have made HAdV vectors widely used in gene therapy, 

vaccination and cancer therapeutics28,45-47. In the context of oncolytic virotherapy, Ads are 

especially attractive because they can be engineered to selectively replicate in tumor cells 

while also serving as delivery vehicles for therapeutic transgenes34. Despite these 

advantages, the clinical efficacy of oncolytic HAdV remains limited in some solid tumors, 

in part due to inefficient intratumoral spread and restricted therapeutic distribution 

following local administration48,49. Therefore, understanding the biology, engineering 

strategies, clinical applications and limitations of HAdV-based vectors is essential for 

developing improved oncolytic Ad platforms. 

The following sections will first provide an overview of Ad biology and genome 

organization, followed by a discussion of their use as gene delivery platforms, their 

development as oncolytic agents and the current barriers limiting their therapeutic efficacy 

in solid tumors. 

1.3.1 Adenovirus Biology and Genome 

Ads are non-enveloped icosahedral viruses containing a linear double stranded 

DNA, belonging to the Mastadenovirus genus within the Adenoviridae family50. They were 
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first isolated from human adenoid tissue in the 1950s and are now recognized as common 

human pathogens51,52. In most healthy individuals, Ad infections are mild and self-limiting; 

however, more severe disease can occur in young children, older adults and 

immunocompromised individuals53-55. Depending on the viral type and site of infection, 

Ads can cause a range of clinical manifestations, including respiratory disease, 

conjunctivitis and gastroenteritis56,57. 

The Ad virion consists of an icosahedral capsid shell approximately 70-100 nm in 

diameter that encloses a linear double-stranded DNA genome of approximately 30-40 

kb58,59. The capsid is primarily composed of three major structural proteins: hexon, penton 

base, and fiber59,60. Hexon proteins form the majority of the capsid surface, whereas penton 

base and fiber proteins are located at the vertices of the capsid and are important for viral 

attachment and entry61. The capsid also possesses five minor polypeptides, IIIa, IVa2, VI, 

VIII, and IX which contribute to capsid stability59,61. Within the capsid, the viral genome 

is packaged with core-associated proteins, including proteins V, VII, and Mu (μ), which 

help organize and condense the viral DNA59,62-64. 

Human adenovirus type 5 (HAdV-C5), a member of species C, is one of the most 

extensively characterized Ads and has served as a major platform for vector development59. 

The HAdV-C5 genome is approximately 36 kb in size which encodes approximately 40 

proteins expressed in two main phases: early and late (Figure 1.1)64-66. The early 

transcriptional regions, including E1A, E1B, E2, E3 and E4, are expressed prior to viral 

DNA replication and encode proteins involved in creating a cellular environment that 

supports viral replication. The E1A proteins play a central role by promoting cell cycle 

progression into S phase and activating the expression of other viral genes, thereby 



 8 

initiating the viral replication program65,67. The E1B proteins primarily function to support 

productive viral replication, in part through regulation of p53 and host antiviral responses68. 

The E2 proteins mediate viral DNA replication, whereas E3 and E4 proteins contribute to 

modulation of host immune responses, cell signaling and other processes that support 

productive infection69,70. Together, these early gene products promote viral gene 

expression, drive viral DNA synthesis and counteract host antiviral defenses. Following 

the onset of viral DNA replication (~8 hpi), Ad late gene expression becomes strongly 

activated71,72. Late gene expression is primarily driven by the major late promoter (MLP), 

which regulates transcription of the major late transcription unit (MLTU)72. Through 

alternative splicing, this transcription unit gives rise to five groups of late mRNAs, 

designated L1 to L573. These late regions encode many of the structural proteins required 

for capsid assembly, genome packaging and production of infectious virions74. In addition, 

four small products are expressed at intermediate or intermediate-late times of infection, 

after early gene expression but before full activation of late gene expression75. These 

include protein IX (pIX) and IVa2, which contribute to capsid assembly and viral genome 

packaging75. Ads also express virus-associated RNAs, VA RNA I and VA RNA II, which 

are non-coding RNAs involved in modulating host antiviral responses and cellular RNA-

processing pathways76,77. Finally, the Ad genome is flanked by inverted terminal repeats 

(ITRs), which function as origins of viral DNA replication, and contains a packaging 

sequence near the left end of the genome that is required for packaging viral DNA into 

newly assembled virions59. 

The Ad life cycle begins with attachment of the viral fiber protein to a primary 

cellular receptor, such as the coxsackievirus and adenovirus receptor (CAR) for many 
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Figure 1.1 Genome of the human adenovirus C serotype 5. Early transcription regions 
include E1-E4. L1–L5 are late transcription regions within the major late transcription unit 
(MLTU), which is expressed from the major late promoter (MLP). The inverted terminal 
repeats (ITRs) are located at both ends of the genome. The packaging element is denoted by 
the symbol Ψ. Elements of the genome are not shown to scale. Schematic created with 
BioRender.com. 
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species C Ads78. Internalisation of the virion is then initiated by interactions between the 

penton base proteins and cellular integrins79. These interactions trigger clathrin-mediated 

endocytosis, allowing the virion to enter the cell79,80. Following internalization, partial 

capsid disassembly exposes the viral protein VI, which functions as a membrane-lytic 

protein that disrupts the endosomal membrane and facilitates the release of the partially 

disassembled capsid into the cytoplasm81. Once in the cytoplasm, the capsid recruits 

cytoplasmic dynein through interactions with hexon and is transported along microtubules 

toward the nuclear pore complex82,83. Docking at the nuclear pore complex promotes 

further capsid disassembly and the import of the viral genome into the nucleus, where viral 

transcription, DNA replication, and virion assembly occur84,85. At late stages of infection, 

newly assembled virions are released following virus-induced cell lysis, allowing spread 

to neighboring cells86. The Ad replication cycle is completed within approximately 24-36 

h59,60. 

1.3.2 HAdV as Therapeutic Vector Platforms  

For several decades, HAdV vectors have been extensively used in biomedical 

research and therapeutic development due to their ability to efficiently deliver transgenes 

and drive high-level gene expression in mammalian cells45. In the most recent published 

update of the Gene Therapy Clinical Trials Worldwide database, which included trials up 

to March 2023, Ad vectors represented the most commonly used viral vector system in 

human gene therapy clinical trials, accounting for 14.7% of all vectors used (n = 574)87. 

This widespread use is largely due to several advantageous features of HAdVs as vector 

platforms. HAdVs have been extensively characterized and their molecular biology, 
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genome organization, and structural components are well understood44. They are also 

capable of efficiently transducing a broad range of cell types, including both dividing and 

non-dividing cells, making them suitable for diverse therapeutic applications88,89. In 

addition, their large double-stranded DNA genome provides a relatively high cloning 

capacity, allowing the insertion of therapeutic transgenes or regulatory elements through 

recombinant DNA engineering59,90. These features make HAdV vectors highly adaptable 

platforms for gene delivery, vaccination, and cancer therapy. 

The most commonly used HAdV gene therapy vectors are first-generation 

replication-defective vectors, in which the E1 region is deleted45,91. As described above, 

the E1 region encodes proteins required to initiate the viral replication program, including 

activation of viral gene expression and induction of a cellular environment that supports 

viral DNA replication65,67. Therefore, deletion of E1 prevents productive viral replication 

in most cell types, while still allowing the vector to deliver its DNA cargo to transduced 

cells. The E3 region is also frequently deleted because it is not essential for vector 

production or vector-mediated gene delivery, and its removal increases the available 

cloning capacity for foreign expression cassettes45,90. Together, deletion of the E1 and E3 

regions allows E1/E3-deleted vectors to accommodate approximately 8 kb of foreign 

DNA90. Since E1 is required for productive viral replication, E1-deleted vectors are 

propagated in E1-complementing producer cell lines, such as the widely used HEK293 cell 

line92.   

Several HAdV-based vectors have advanced into clinical use, highlighting the 

versatility of this platform. For example, Gendicine is a replication-defective HAdV vector 

encoding the tumor suppressor p53 and was approved in China for the treatment of head 
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and neck squamous cell carcinoma93. Similarly, Adstiladrin is a non-replicating HAdV 

vector designed to deliver the human interferon α-2b gene to the bladder epithelium for the 

treatment of high-risk non-muscle-invasive bladder cancer94. Beyond cancer gene therapy, 

Ad vectors have also been widely developed as vaccine platforms, including vectors used 

to deliver antigen-encoding transgenes for infectious disease vaccination95-97. These 

examples illustrate the broad utility of Ad vectors across therapeutic areas, from gene 

replacement and cancer therapy to vaccination. While these approaches often use 

replication-defective vectors, Ads can also be designed for replication-competent 

strategies, forming the foundation for oncolytic HAdV vectors. 

1.3.3 Oncolytic Adenoviral Vectors for Cancer Treatment 

Ad vectors are among the most widely used viral platforms in oncolytic virotherapy 

clinical trials98.	 In contrast to replication-defective Ad vectors used primarily for gene 

delivery, oncolytic Ad vectors are designed to retain replicative capacity while restricting 

productive replication preferentially to cancer cells34. These vectors, also referred to as 

conditionally replicating adenoviruses (CRAds), exploit molecular differences between 

normal and malignant cells to achieve tumor-selective replication and cancer cell lysis34,99. 

Tumor-selective replication can be achieved through several genetic engineering 

strategies. One method involves placing essential Ad genes, most commonly E1A, under 

the control of tumor or tissue specific promoters100-102. Since E1A is required to initiate the 

viral replication program, restricting its expression to cells in which the selected promoter 

is active can limit viral replication to specific tumor types. Examples of promoters used for 

this purpose include prostate-specific antigen regulatory elements for prostate cancer, α-

fetoprotein regulatory elements for hepatocellular carcinoma, and human telomerase 
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reverse transcriptase regulatory elements100-102. A second strategy involves deleting or 

modifying viral genes that are required for efficient replication in normal cells but become 

dispensable in cancer cells due to oncogenic pathway alterations. One example is the 

E1AΔ24 mutation, which consists of a 24-bp deletion in conserved region 2 of E1A103. 

During wild-type Ad infection, E1A binds to retinoblastoma (Rb) proteins, disrupting Rb-

mediated repression of E2F-dependent transcription104,105. This promotes the expression of 

genes required for S-phase entry and viral DNA replication104,105. The E1AΔ24 mutation 

impairs the ability of E1A to bind Rb proteins106,107. Therefore, in normal cells with an 

intact Rb pathway, E1AΔ24 limits the ability of the virus to drive S-phase entry, thereby 

restricting efficient viral replication106,107. In contrast, many cancer cells have defects in the 

Rb pathway, resulting in deregulated E2F activity108. As a result, E1AΔ24-containing Ads 

can preferentially replicate in malignant cells where E2F-dependent transcription and cell 

cycle progression are already dysregulated107,108. Similarly, deletion of E1B-55K was used 

in early oncolytic Ads such as ONYX-015, which was originally designed to replicate 

selectively in p53-deficient tumor cells109, although the actual mechanism of action for this 

virus may be more complex110,111. 

Several oncolytic Ad vectors have been developed using these design principles. 

ONYX-015 was one of the earliest and most extensively studied CRAd and contains a 

deletion in the E1B-55K region109. H101, also known as Oncorine, is a related oncolytic 

HAdV vector that was approved in China for the treatment of head and neck cancer in 

combination with chemotherapy28. Similar to ONYX-015, H101 contains a deletion in the 

E1B-55K region, which was intended to restrict viral replication to tumor cells with 

defective p53-mediated antiviral responses28. Although these early vectors demonstrated 
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clinical safety, their anti-tumor efficacy as monotherapies was generally limited, 

highlighting the need for further vector optimization112,113. 

OBP-301, also known as Telomelysin, is an example of a promoter-regulated 

CRAd. In this vector, the human telomerase reverse transcriptase (hTERT) promoter 

regulates expression of E1A and E1B, thereby linking viral replication to hTERT promoter 

activity, which is elevated in many tumors but limited in most normal differentiated adult 

cells114. In a multicenter phase II study, OBP-301 was evaluated in combination with 

pembrolizumab in patients with advanced gastroesophageal adenocarcinoma115. Patients 

received direct intratumoral injections of OBP-301 together with pembrolizumab, and 

treatment was reported to be well tolerated. Among 16 enrolled patients, two patients 

achieved a partial response and one patient achieved a complete response. OBP-301 

remains under clinical and regulatory development, including evaluation for potential 

approval in Japan. 

DNX-2401, also known as Delta-24-RGD or tasadenoturev, is an E1AΔ24-based 

CRAd with enhanced tumor cell infectivity116. In addition to the E1AΔ24 mutation, DNX-

2401 contains an RGD-4C motif in the fiber H-loop, which promotes viral entry through 

αvβ3 and αvβ5 integrins. In a phase I trial in recurrent malignant glioma, DNX-2401 was 

administered by direct intratumoral injection and was well tolerated, with no dose-limiting 

toxicities observed117. Evidence of viral replication was detected in post-treatment tumor 

specimens, and three patients showed ≥95% reduction in tumor volume, supporting both 

direct oncolytic and immune-mediated anti-tumor activity. 

ICOVIR-7 is another E1AΔ24-based CRAd designed to improve both tumor 

selectivity and infectivity. In this vector, tumor-selective replication is mediated by the 
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E1AΔ24 mutation together with a modified E2F promoter controlling E1A expression, 

while an RGD-4C modification in the fiber HI-loop enhances entry into tumor cells118,119. 

In a clinical study of 21 patients with advanced and refractory solid tumors, ICOVIR-7 

treatment was generally well tolerated, with mainly mild to moderate adverse symptoms119. 

Objective evidence of anti-tumor activity was observed in 9 of 17 evaluable patients, 

including one partial response, two minor responses, and two cases of stable disease by 

radiological assessment.  

Collectively, these clinical studies show that oncolytic Ad vectors are a feasible 

therapeutic platform for several cancer types, with generally acceptable safety profiles and 

evidence of anti-tumor activity. However, the clinical benefit observed with unarmed 

CRAds has often been limited, particularly when used as monotherapies18,113. This suggests 

that replication-mediated oncolysis alone may be insufficient to fully eliminate tumors, 

especially in the context of advanced or solid malignancies. As a result, continued 

development of oncolytic Ads has focused on improving viral potency, enhancing 

intratumoral spread, and incorporating therapeutic transgenes to augment anti-tumor 

efficacy120,121. 

1.3.4 Limitations of CRAd Therapy and Strategies to Improve Efficacy 

Although CRAds have shown promise as cancer therapeutics, several biological 

and physical barriers continue to limit their clinical efficacy. One major challenge is the 

complexity of the tumor. Solid tumors often contain dense stromal tissue, abundant 

extracellular matrix components, abnormal vasculature, and elevated interstitial 

pressure43,122. These features can act as physical barriers that prevent viral particles from 

distributing evenly throughout the tumor mass123. In addition, regions of poor perfusion 
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and hypoxia may further limit productive Ad replication124,125. As a result, following local 

administration, viral infection can remain concentrated near the injection site, leaving 

distant regions of the tumor insufficiently infected49. Consistent with this, a phase I trial 

evaluating intratumoral administration of an Ad-p53 vector in recurrent glioma found that 

transduced cells were located within only ~5 mm of the injection site, highlighting the 

limited distribution of HAdV vectors following local delivery126. This limited intratumoral 

dissemination reduces the ability of CRAds to amplify throughout the tumor and can 

contribute to incomplete tumor destruction126. 

The tumor microenvironment can also suppress anti-tumor immune responses that 

would otherwise contribute to CRAd efficacy. Tumor cells and stromal cells can produce 

factors such as TGF-β, IL-10, IL-6, VEGF, GM-CSF and other inflammatory mediators 

that promote the recruitment and activity of immunosuppressive cell populations127,128. 

These include myeloid-derived suppressor cells (MDSCs), M2 macrophages, and 

regulatory T cells, which can inhibit dendritic cell maturation and suppress cytotoxic T 

lymphocyte activity127,128. As a result, although CRAds can directly lyse infected cancer 

cells and promote immunogenic cell death, the development of a durable anti-tumor 

immune response may be weakened by the suppressive conditions present within many 

solid tumors129.  

To overcome these limitations, several strategies have been explored to improve 

CRAd potency, spread, and immune activation. One major strategy involves arming 

CRAds with therapeutic transgenes38,130,131. Rather than relying solely on viral replication 

and direct oncolysis, armed CRAds are engineered to express therapeutic transgenes that 

can increase tumor cell killing, promote viral release, remodel the tumor 



 17 

microenvironment, and/or stimulate anti-tumor immune responses38,130,131. These 

transgenes may encode cytotoxic or pro-apoptotic proteins, prodrug-converting enzymes, 

extracellular matrix-modifying proteins, cytokines, immune co-stimulatory molecules, or 

other immunomodulatory factors40. Several armed CRAds have been developed to express 

defined therapeutic transgenes. For example, CG0070 is an HAdV-C5 based CRAd 

regulated by an E2F-responsive promoter and armed with GM-CSF, which is intended to 

enhance anti-tumor immune activation132. TILT-123 is a CRAd vector expressing TNF-α 

and IL-2, and is being evaluated in clinical trials for multiple solid tumors133. Other 

examples include LOAd703, which encodes CD40L and 4-1BBL to promote immune co-

stimulation, and VCN-01, which expresses hyaluronidase to degrade extracellular matrix 

components and improve viral penetration through solid tumors38,134. Together, these 

examples illustrate how therapeutic transgenes can be selected to enhance distinct aspects 

of CRAd activity, including immune activation, direct tumor cell killing, and intratumoral 

spread. When designing armed replication-competent Ad, the size of the transgene, its 

insertion site, and the timing of expression must be carefully considered to avoid impairing 

viral replication and/or genome packaging59. 

The E3 region is frequently used as a site for transgene insertion because it contains 

genes that are not essential for viral replication and can provide additional cloning 

capacity38,69. Transgene expression can be regulated either by exogenous promoters 

inserted into the viral genome or by endogenous Ad regulatory elements131. In CRAd 

vectors, late transgene expression is often desirable because it links transgene production 

to productive viral replication. The Ad major late promoter is weakly active during early 

infection but becomes strongly activated after the onset of viral DNA replication72.  
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Therefore, transgenes placed under MLP control are expected to be expressed primarily at 

late stages of infection and mainly in cells that support Ad replication135. This provides an 

additional level of tumor selectivity by coupling therapeutic transgene expression to the 

same cellular context in which the CRAd replication program is active. Late transgene 

expression can be achieved by incorporating a splice acceptor sequence upstream of the 

transgene, allowing the transgene to be expressed as part of the major late transcription 

unit135,136. This design is particularly relevant for therapeutic proteins that may be cytotoxic 

or otherwise harmful if expressed too early or in non-target cells. 

As previously mentioned, poor intratumoral spread remains a major limitation of 

CRAd therapy, as with other oncolytic viruses49,126. To address this limitation, several 

armed vectors have been designed to modify the extracellular matrix, enhance intratumoral 

spread, and/or increase local tumor cell killing.	For example, relaxin-expressing oncolytic 

Ads have been shown to decrease tumor collagen content, improve viral distribution, and 

enhance anti-tumor efficacy in vivo137,138. Similarly, hyaluronidase-expressing Ads, such 

as ICOVIR17, degrade hyaluronan within the extracellular matrix, resulting in improved 

viral spread and increased tumor regression139. Decorin-expressing Ads have also been 

shown to remodel extracellular matrix components, improve tumor penetration, and 

enhance the therapeutic efficacy of replicating Ads140. 

In addition to extracellular matrix-remodeling strategies, fusogenic proteins 

represent another method to enhance intratumoral spread and/or local tumor cell killing141. 

This strategy will be discussed in the following section.  

1.4 Fusogenic Proteins as Anti-Cancer Therapeutics 

1.4.1 Fusogenic Proteins as Therapeutic Transgenes in Oncolytic Vectors 
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Fusogenic proteins have emerged as promising therapeutic transgenes for 

improving the anti-tumor activity of oncolytic viruses142. Many enveloped viruses use viral 

fusion proteins to mediate fusion between the viral envelope and the host cell membrane 

during entry143. However, some viral fusion proteins can also mediate cell-cell fusion when 

expressed on the surface of infected cells142. In this context, the fusion protein is transported 

to the plasma membrane of an infected cell, where it interacts with receptors on 

neighboring cells and induces membrane fusion142. This results in the formation of large, 

multinucleated cells known as syncytia, thereby improving the spread of the virus and 

extending cytopathic effects beyond the initially infected cell144-146. 

This mechanism may provide several advantages over non-fusogenic OVs. By 

promoting direct cell-to-cell spread, fusogenic proteins can enhance local tumor cell killing 

without relying exclusively on the release and extracellular diffusion of mature virions142. 

This is particularly relevant in solid tumors, where extracellular matrix barriers, high 

interstitial pressure, and heterogeneous viral distribution can limit the spread of OVs123. 

OVs encoding fusogenic proteins can therefore increase the area of tumor destruction 

initiated by a relatively small number of infected cells147. In addition, syncytium formation 

may enhance anti-tumor immune activation. Fusion-mediated cell death can promote the 

release of tumor antigens, viral products, and damage-associated signals that support 

antigen uptake and presentation by dendritic cells144,148. Syncytia can also release exosome-

like particles, termed syncytiosomes, which have been shown to promote dendritic cell 

activation and cross-presentation of tumor antigens to cytotoxic T cells144,148. Therefore, 

fusogenic proteins may enhance oncolytic vector efficacy by increasing direct fusion-
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mediated tumor cell killing while also promoting immune-mediated anti-tumor 

responses142,144,148. 

Several viral platforms have been engineered to express fusogenic proteins in 

preclinical cancer models, including herpes simplex virus, vesicular stomatitis virus, 

vaccinia virus, paramyxovirus-based vectors, and Ad vectors142. Oncolytic herpes simplex 

virus (HSV) vectors expressing the gibbon ape leukemia virus (GALV) fusogenic 

glycoprotein showed enhanced tumor cell killing and improved anti-tumor 

activity compared with a non-fusogenic control HSV vector in preclinical tumor models149. 

Similarly, vesicular stomatitis virus (VSV) vectors expressing modified fusion proteins 

from Newcastle disease virus or measles virus exhibited increased syncytium formation, 

enhanced cytotoxicity, and improved therapeutic activity compared with non-fusogenic 

controls150,151. 

1.4.2 Adenovirus Vectors Armed with Fusogenic Proteins 

Several studies have evaluated the use of fusogenic proteins to improve the anti-

tumor activity of HAdV vectors141. Dewar et al. generated an E3-deleted replication-

competent HAdV vector expressing the HIV-1 envelope glycoprotein, known as 

Ad5env152. Subsequent work showed that syncytium formation induced by the HIV-1 

envelope glycoprotein enhanced viral release and promoted dispersion of viral particles 

through tumor cell cultures146. These findings provided proof-of-concept that expression 

of a fusogenic protein from a replication-competent HAdV vector could enhance aspects 

of viral spread and cytotoxicity. 

A more direct example is the development of GALV-armed Ad vectors. Guedan et 

al. generated AdwtRGD-GALV, a replication-competent HAdV vector expressing a 
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hyperfusogenic GALV envelope glycoprotein under control of the Ad major late 

promoter153. This design was intended to delay expression of the cytotoxic fusogenic 

protein until later stages of infection, thereby limiting premature syncytium formation 

during early viral replication. AdwtRGD-GALV formed large, fused cell structures and 

showed increased cytotoxicity compared with the non-fusogenic parental virus153.  

Fusogenic proteins have also been evaluated in replication-defective Ad vectors. 

For example, Hoffmann et al. generated an E1/E3-deleted Ad vector expressing the 

respiratory syncytial virus fusion protein, Ad.RSV-F, and tested it in syngeneic colorectal 

cancer mouse models145. Intratumoral administration of Ad.RSV-F reduced tumor growth 

and also promoted regression of contralateral, untreated tumors, suggesting the induction 

of systemic anti-tumor immunity145. 

Despite these promising results, incorporating fusogenic proteins into replication-

competent Ads presents important design challenges. Fusogenic proteins derived from 

enveloped viruses are relatively large and their incorporation can complicate vector 

construction within Ad genome packaging constraints59,90. 

1.4.3 Arming Adenovirus Vectors with Fusion Associated Small Transmembrane (FAST) 

Proteins  

Fusion-associated small transmembrane proteins (FAST) are a group of small viral 

non-structural (i.e. not part of the mature virion) proteins first identified by the laboratory 

of Dr. Roy Duncan (Dalhousie University, NS, CAN)154,155. Unlike enveloped viral 

fusogenic membrane glycoproteins, FAST proteins are not involved in virus-cell fusion 

during viral entry. Instead, they are expressed in infected cells and promote cell-cell fusion, 

leading to the formation of multinucleated syncytia155,156. FAST proteins were originally 
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characterized in fusogenic reoviruses, including members of the Orthoreovirus and 

Aquareovirus genera156. The best-characterized FAST proteins are those encoded by 

fusogenic reoviruses and include p10, p13, p14, p15, p16, and p22156. However, more 

recently, FAST or FAST-like proteins have been identified in a broader range of viruses. 

NSP1-1 proteins encoded by rotavirus species B, G, and I have been shown to function as 

FAST proteins, with fusion activity that can vary depending on cell type157. In addition, 

putative FAST proteins have been described in the Pistolviridae virus family, including 

CLuTLV p10 and SBTLV p11158. The PMCV, GSTLV-1, and CCTLV-1 viruses of the 

Pistolviridae family have shown predicted FAST-like regions within the C-terminal 

portions of their ORF3-encoded proteins158. FAST-like proteins have also been reported in 

avian deltacoronaviruses159. 

Although reovirus FAST proteins,	including p10, p13, p14, p15, p16, and p22, have 

limited sequence similarity, they share several general structural features156. These proteins 

are small, single-pass membrane proteins that typically contain an N-terminal ectodomain, 

a transmembrane domain, and a C-terminal cytoplasmic endodomain156.  All three regions 

contribute to the fusion process, although the specific fusion mechanisms and functional 

motifs differ between FAST proteins156. 

Within the reovirus FAST protein family, p10, p14, and p15 are among the most 

extensively characterized. The p10 FAST protein is encoded by avian reovirus and is 

approximately 10 kDa160. Its small ectodomain contains a hydrophobic patch that has 

membrane-destabilizing properties and is thought to function in a manner similar to fusion 

peptides found in enveloped viral fusion proteins160. The p14 FAST protein, encoded by 

reptilian reovirus, is approximately 14 kDa and contains a myristoylated N-terminal 



 23 

ectodomain with a hydrophobic patch that contributes to membrane fusion activity161. The 

p15 FAST protein, encoded by baboon reovirus, is approximately 15 kDa and contains a 

highly compact N-terminal ectodomain in which both myristoylation and a polyproline 

type II helix are required for membrane fusion162.  

Reovirus FAST proteins are synthesized within infected cells and traffic through 

the endoplasmic reticulum (ER)–Golgi pathway, where they gradually accumulate before 

being transported to the plasma membrane155. During the pre-fusion stage, FAST proteins 

accumulate at the cell surface and help bring adjacent cellular membranes into close 

proximity. The fusion stage then involves membrane merger, beginning with hemifusion, 

in which the outer leaflets of the two membranes mix, followed by fusion pore formation155. 

Finally, during the post-fusion stage, the fusion pore expands, allowing the cytoplasms of 

adjacent cells to merge and form mature multinucleated syncytia155.  

Previous studies have explored p14 FAST as a fusogenic transgene in VSV-based 

platforms. Brown et al. expressed p14 FAST from a recombinant VSV backbone to 

determine whether FAST-mediated syncytium formation could enhance viral 

dissemination163. In cell culture, VSV/FAST induced large syncytia without impairing viral 

replication compared with a VSV/GFP control163. However, in vivo, VSV/FAST showed 

increased dissemination and neuropathogenesis in BALB/c mice, including higher viral 

titers in the brain and increased clinical signs following intranasal infection163. The 

therapeutic potential of p14 FAST was later evaluated in an interferon-sensitive oncolytic 

VSVΔM51 platform. Le Boeuf et al. generated VSV-p14 and showed that it enhanced viral 

dissemination, increased oncolytic activity in breast cancer spheroids, reduced 4T1 breast 

tumor growth, and prolonged survival in primary and metastatic tumor models compared 
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with a VSV-GFP control164. VSV-p14 also increased activation of CD4 and CD8 T cells, 

NK cells, and NKT cells, suggesting that p14 FAST can enhance oncolytic virotherapy 

through both increased cytolytic activity and immune stimulation164. 

Our laboratory has also evaluated p14 FAST expression in HAdV-based vectors. 

Wong et al. first generated AdFAST, a non-replicating E1/E3-deleted HAdV expressing 

p14 FAST from the CMV promoter165. AdFAST induced extensive syncytium formation 

in vitro, reduced metabolic activity, increased membrane permeability, and induced 

caspase-3 cleavage in A549 cells165. However, AdFAST did not significantly reduce tumor 

burden or improve survival in an A549 xenograft model in immunodeficient mice, 

suggesting that p14 FAST expression from a non-replicating HAdV vector was insufficient 

for therapeutic efficacy in vivo165. In a subsequent study, Wong et al. evaluated AdFAST 

in an immunocompetent 4T1 mammary carcinoma model to determine whether FAST-

mediated effects could promote anti-tumor activity in the presence of an intact immune 

system166. In vitro, AdFAST produced only modest effects in 4T1 cells, including limited 

fusion and reduced metabolic activity. However, these effects did not translate in vivo, as 

AdFAST did not reduce tumor growth, improve survival, or induce detectable tumor cell 

fusion166.  These studies suggest that p14 FAST expression from a replication-defective 

HAdV vector is insufficient to provide therapeutic benefit in both immunodeficient and 

immunocompetent tumor models. To address this limitation, Del Papa et al. later developed 

CRAdFAST, a conditionally replicating oncolytic HAdV expressing p14 FAST from the 

E3 region through a splice acceptor linked to the Ad major late transcription unit167. 

Compared with the control CRAd vector, CRAdFAST enhanced syncytium formation and 

cancer cell killing in vitro167. In an immunodeficient A549 xenograft model, CRAdFAST 
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induced tumor cell fusion, generated large acellular regions within tumors, and reduced the 

rate of tumor growth167. However, despite this improvement, substantial viable tumor 

tissue remained, indicating that further optimization is required to enhance the therapeutic 

effect of FAST-armed CRAds.  

1.5 Production Challenges and Regulatory Strategies for Cytotoxic Transgene-Armed 

Viral Vectors 

1.5.1 Production Challenges Associated with Cytotoxic Transgene-Armed Viral Vectors 

The development of armed viral vectors requires balancing therapeutic potency 

with efficient vector production. Although cytotoxic transgenes can improve anti-tumor 

activity, their expression during vector amplification can be detrimental to producer 

cells142. Transgenes that induce apoptosis, membrane disruption, immune activation, or 

cell-cell fusion may reduce producer cell viability, interfere with viral replication, and 

decrease final vector yield153. This issue is particularly relevant for fusogenic proteins, 

since premature expression during production could induce syncytium formation and cell 

death before sufficient viral titers are generated153. For example, Guedan et al. reported that 

previous attempts to generate Ad vectors encoding the GALV fusogenic glycoprotein were 

difficult, likely because premature cell fusion interfered with virus replication153. Even 

when GALV expression was delayed by placing it under the control of the Ad major late 

promoter, syncytium formation still reduced total virus production under low-MOI 

conditions, despite increasing cytotoxicity153. This issue is also relevant to FAST-armed 

vectors, as our lab has observed that viruses encoding FAST proteins can be difficult to 

propagate, likely due to premature fusion and producer cell toxicity. 
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1.5.2 Strategies to Improve the Production of Cytotoxic Transgene-Armed Viral Vectors 

Several regulatory strategies have been developed to limit unwanted transgene 

expression during viral vector production or to restrict transgene activity to target 

cells. One strategy is the use of tissue or tumour specific promoters, which place transgene 

expression under the control of regulatory elements that are preferentially active in specific 

cell types. In cancer gene therapy, promoters such as prostate-specific antigen (PSA), 

human telomerase reverse transcriptase, or other tumour-associated promoters have been 

used to restrict viral gene expression or therapeutic transgene expression to malignant 

cells101,168,169.  

An alternative strategy involves the use of inducible promoters, which allow the 

expression of transgenes to be activated only under specific conditions or in the presence 

of an inducer.	Massie et al. developed a Tet-Off Ad expression system in which transgene 

expression was driven by the tetracycline-controlled transactivator (tTA) and repressed in 

the presence of tetracycline170.  Using this system, they generated an HAdV vector 

expressing a toxic truncated HSV-2 ribonucleotide reductase protein that could otherwise 

not be rescued using constitutive expression systems170. Similar regulatory concepts have 

also been applied to fusogenic transgenes. Brade et al. used a modified human HSP70b 

heat-inducible promoter to regulate expression of the GALV fusogenic membrane 

glycoprotein171. This promoter had low basal activity at 37°C but was strongly induced 

following mild hyperthermia, allowing GALV-mediated syncytium formation to be 

selectively activated after heat treatment171.  

In addition to promoter-based regulation, transgene expression can be controlled 

following transcription. miRNA-based regulation can suppress transgene expression by 



 27 

placing miRNA target sequences within the viral transcript172. In cells expressing the 

miRNA, the transcript is recognized by the miRNA-silencing machinery and is degraded 

and/or translationally repressed172. Transcription can also be inhibited through steric 

interference. In the LacI/LacO system, LacI binds to LacO sequences inserted within the 

transgene expression cassette173,174. When positioned near the promoter or within the 

transcribed region, bound LacI can act as a physical barrier to RNA polymerase, reducing 

transgene transcription during vector production in LacI-expressing producer cells173,174. 

The following sections will expand on miRNA and LacI/LacO systems as methods 

for silencing cytotoxic transgenes during viral vector production. 

1.5.3 miRNA-Based Strategies to Suppress Cytotoxic Transgene Expression During 

Vector Production 

miRNAs are part of a broader group of RNA-silencing pathways that use small 

RNA molecules to regulate gene expression in a sequence-specific manner. This broader 

category, known as RNA interference, includes small interfering RNAs (siRNAs), short 

hairpin RNAs (shRNAs), and microRNAs (miRNAs)175. These three RNA-silencing 

systems differ in their origin, structure, and processing, but they all function to reduce gene 

expression175. The following paragraphs focus specifically on the use of miRNA-based 

regulation to suppress cytotoxic transgene expression during viral vector production. 

miRNAs are endogenous, short non-coding RNAs that naturally regulate gene 

expression in eukaryotic cells. In the canonical pathway, miRNAs are typically transcribed 

as longer primary miRNA transcripts, which are processed by Drosha-DGCR8 and Dicer 

to generate mature miRNA duplexes176. One strand of the duplex is loaded into an 

Argonaute-containing silencing complex and guides the complex to complementary 
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sequences in target mRNAs176. The complementary sequences are most commonly within 

the 3’ untranslated region (UTR) of the target mRNA176. This leads to reduced protein 

expression through translational repression and/or mRNA destabilization176. This pathway 

can be adapted for viral vector regulation by inserting artificial miRNA target sites into the 

transgene transcript, allowing expression to be reduced in cells that express the 

corresponding miRNA172. 

miRNA-based regulation has been applied to Ad vectors to restrict viral gene 

expression or replication in specific cellular contexts. For example, Ylösmäki et al. inserted 

six complementary target sites for miR-122, a liver-specific miRNA, into the 3′ UTR of 

the Ad E1A gene177. This modification strongly suppressed Ad replication in normal 

human liver tissue where miR-122 is typically highly enriched. However, in tumour cells 

with low or absent miR-122 expression, E1A is not targeted for miRNA-mediated 

repression, allowing viral replication to proceed. A similar strategy was applied by Palmer 

et al. during the production of CRISPR/Cas9-expressing helper-dependent Ad vectors178. 

In this system, miRNA target sequences were inserted into the Cas9 3′ UTR to reduce Cas9 

mRNA during vector production and limit unwanted vector self-cleavage. 

1.5.4 LacI/LacO-Based Strategies to Regulate Cytotoxic Transgene Expression During 

Vector Production 

The lactose repressor (LacI) is a bacterial DNA-binding protein encoded by 

the lacI gene of the Escherichia coli (E. coli) lactose operon179. In its natural context, LacI 

regulates lactose metabolism by binding to lac operator (LacO) sequences located near the 

lac promoter, where it acts as a physical barrier to RNA polymerase and prevents 

transcription of the downstream genes required for lactose metabolism179,180. When lactose 
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or an inducer such as isopropyl β-D-1-thiogalactopyranoside (IPTG) is present, LacI 

undergoes a conformational change that reduces its affinity for LacO, allowing 

transcription to proceed180. This inducible and reversible DNA-binding system has been 

adapted from bacteria for use in mammalian gene regulation, including viral vector 

production173,174. By incorporating LacO sequences into an expression cassette and using 

producer cells that express LacI, transgene expression can be repressed during vector 

amplification. This strategy is particularly useful for vectors encoding cytotoxic or 

difficult-to-produce transgenes, where reducing expression in producer cells may improve 

vector rescue, propagation, and final yield. 

This bacterial regulatory system has therefore been adapted for vector silencing 

methods. Matthews et al. developed a 293-derived LacI-expressing cell line, termed 

293LAP13, to produce Ad vectors encoding rabies virus glycoprotein, which had been 

difficult to rescue in standard 293 cells173. In this system, a single LacO sequence was 

inserted immediately downstream of the transcription start site, allowing LacI to repress 

transgene expression during vector production by physically blocking passage of the RNA 

polymerase173. This improved vector rescue, plaque formation, and viral titers in LacI-

expressing producer cells173. Edholm et al. used a related strategy to reduce leaky 

expression from an inducible Ad vector174. They inserted three LacO sequences into the β-

globin intron of the expression cassette and used LacI-expressing 293 cells to block 

transcriptional elongation174. Combining inducible promoter control with LacI/LacO-

mediated repression reduced basal transgene expression, supporting this system as a 

method to improve production of Ad vectors encoding toxic or growth-inhibitory 

proteins174.  
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1.6 Rationale, Hypothesis, and Objectives 

Although CRAds are promising cancer therapeutics, their efficacy in solid tumors 

is limited in part by poor intratumoral spread and incomplete tumor destruction49,126. 

Arming CRAds with fusogenic proteins may help overcome this limitation by promoting 

cell-cell fusion, thereby extending cytopathic effects beyond initially infected cells and 

enhancing local tumor cell killing. FAST proteins are attractive fusogenic transgenes 

because they are small, non-structural proteins that induce cell-cell fusion155,156. Previous 

work from our lab showed that p14 FAST can enhance syncytium formation and improve 

tumor cell destruction in vivo167. Despite this, substantial viable tumor tissue remained 

following CRAdFAST treatment, suggesting that further optimization is required167. Since 

FAST proteins differ in their structural features and mechanisms of membrane fusion, 

comparing p10, p14, and p15 may identify a more suitable candidate for future HAdV-

based vector development156,160-162. A second challenge is that FAST-mediated fusion may 

complicate vector production. Premature expression of fusogenic transgenes during viral 

amplification can induce syncytium formation and producer cell death, reducing viral 

yield153. Therefore, regulatory systems that suppress transgene expression during 

production may improve the feasibility of generating FAST-armed CRAds170,173,174,178. I 

hypothesize that p10, p14, and p15 FAST proteins differ in their fusogenic activity and 

cytotoxic effects, with one FAST protein demonstrating greater potential for incorporation 

into HAdV-based vectors. I further hypothesize that miRNA-mediated silencing and 

LacI/LacO-mediated repression can reduce HAdV-encoded transgene expression, 

supporting their potential use as regulatory systems for the production of cytotoxic 

transgene-armed CRAds. My objectives include:  
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1. Evaluate the relative fusogenic capacity and cytotoxic effects of p10, p14 and p15 

FAST proteins in vitro.  

2. Investigate the efficacy of a miRNA-based system in silencing the expression of 

proteins expressed from HAdV.  

3. Investigate the efficacy of a Lac repressor-based system in silencing the expression 

of proteins expressed from HAdV. 
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Chapter 2: Materials and Methods  
2.1 Cell culture 

Human embryonic kidney 293 cells (HEK-293)92, 293 suspension cells 

(293N3S)181 and adenocarcinomic human alveolar basal epithelial cells (A549)182 were 

maintained in Minimum Essential Medium (MEM) (Sigma Aldrich, Oakville, ON, 

Canada) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Corning, Corning, NY), 

2 mM GlutaMAX (Gibco, Grand Island, NY) and 1X Antibiotic-Antimycotic (Gibco). 

Cells were incubated at 37°C with 5% CO2. Two additional cell lines were engineered from 

HEK-293 cells. 293:eYFP-miFluc was generated by transfecting a plasmid expressing a 

micro-RNA targeting firefly luciferase (Fluc) located within the 3’ untranslated region 

(UTR) of an eYFP reporter gene. This cassette was a kind gift from Dr. Maxime Rousseau 

(University of Ottawa, ON, CAN). 293:mCherry-LacI was similarly generated by 

transfecting a plasmid expressing a fusion protein of the Lac repressor and the mCherry 

reporter, which was obtained from Dr. Joan L. Betz (Regis University, Denver, CO). 

Plasmids contained a hygromycin resistance gene linked to the reporter cassette through an 

internal ribosome entry site (IRES) and cells were selected for the highest reporter signal 

at 200 µg/mL of hygromycin B (Invitrogen, Waltham, MA). Cells were maintained at the 

same conditions as regular HEK-293 but kept under selection with 200 µg/mL of 

hygromycin B (Invitrogen) to ensure stable expression of the transgene. 293 and 293 N3S 

cells were a kind gift from Dr. Frank Graham (McMaster University, ON, CAN). A549 

cells were obtained from the American Type Culture Collection (ATCC) (CCL-185, ATCC, 

Manassas, VA).  

2.2 Adenoviral constructs and adenovirus purification 
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 Schematic representations of HAdV used are in Figure 3.3, 4.2 and 5.2. Viruses are 

based on adenovirus serotype 5 (HAdV-C5) and generated through traditional and RecA-

mediated cloning183. AdFAST-HA (AdCW103) is a non-replicating HAdV deleted of the 

E1 and E3 regions and possesses the p14 FAST HA-tagged gene under regulation by the 

human cytomegalovirus (CMV) immediate early enhancer/promoter as well as the bovine 

growth hormone polyadenylation sequence (BGHpA) replacing the E1 region. This virus 

has been previously described in Wong et al.165. A similar virus, AdFAST (AdRP2872), 

contains the same genetic elements as AdFAST-HA but lacks the HA tag, and has been 

previously described165. AdEmpty (AdRP2014) is a HAdV lacking any transgenes and is 

deleted of the E1 and E3 regions and has been previously described165. 

AdNlucFluc (AdRP3285) is a replication incompetent HAdV which expresses 

NanoLuc luciferase (Nluc) in the E1 region and Fluc in the E3 region. Expression of both 

transgenes is driven by the CMV immediate-early enhancer/promoter, providing 

constitutive protein expression. AdNlucSAFluc (AdGA102) is similar in structure to 

AdNlucFluc but instead possesses a splice acceptor (SA) site-Fluc expression cassette in 

the E3 region, which places the Fluc gene under regulation by the viral major late promoter 

(MLP). The MLP is greatly activated following the onset of viral DNA replication (~8 

hpi)71,72, linking expression of the Fluc gene to viral replication and ensuring that the 

protein is expressed only in cells permissive to viral replication. This construct more 

closely resembles the architecture of an oncolytic HAdV as described in Del Papa et al.167. 

AdNluc (AdRP3279) possesses a CMV-Nluc expression in the E1 region and is devoid of 

any transgenes in the E3 region.  
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AdLacONlucFluc (AdRP3510) is a E1/E3 deleted HAdV-based vector with a 

similar structure to AdNlucFluc but with the addition of 16 tandem repeats of a synthetic 

Lac operator (LacO) sequence (5’-AATTCCACATGTGGAATTGTGAGCGGATAACA 

ATTTGTGG-3’)184 positioned between the CMV promoter and the Nluc gene in the E1 

region. This synthetic LacO sequence was obtained from Dr. Joan L. Betz (Regis 

University, Denver, CO) and is based on the natural LacO sequence from the E. coli lac 

operon, with additional EcoRI-compatible flanking sequences to facilitate cloning of 

tandem LacO repeats184. In E. coli, LacO is located within the lac operon and serves as the 

binding site for the Lac repressor (LacI), which represses transcription of downstream 

genes responsible for the metabolism of lactose179. In our viral construct, the LacO 

sequence repeats should enable LacI-mediated steric repression of Nluc transcription in 

cells where the LacI is present. AdNlucLacOFluc (AdRP3511) possesses the same genetic 

elements but in this configuration, the 16 tandem repeats of the LacO sequence are inserted 

between the Nluc gene and the bovine growth hormone polyadenylation sequence 

(BGHpA) in the E1 region. AdFlucSANlucLacO (AdGA130) contains a CMV-Fluc 

expression cassette in the E1 region and a SA-Nluc cassette followed by 16 repeats of the 

LacO site positioned downstream of the Nluc gene in the E3 region. AdFlucSANluc 

(AdGA133) shares the same overall design but does not contain the LacO repeats. Viruses 

were grown on 293 and 293N3S cells, then purified and titered as previously described in 

Ross et al.185. 

2.3 Viral infection  

Cells were infected at varying multiplicities of infection (MOIs) with a volume of 

200 µL or mock infected with phosphate buffered saline (PBS; Sigma Aldrich, Oakville, 
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ON, Canada) for 1 h at 37°C, with gentle rocking every 15 mins to redistribute the virus 

evenly across the bottom of the well. Fresh media was then added to each well. For burst 

size titer assays, wells were washed once with PBS to remove unbound virus prior to the 

addition of fresh medium. 

2.4 Luciferase assay 

293 cells were seeded in 6-wells plates at density of 6 x 105 cells per well or in 12-

well plates at a density of 3 x 105 cells per well. Twenty-four hours after seeding, cells were 

infected with corresponding virus at an MOI of 1. Cells were subsequently harvested at 8 

hours post-infection (hpi) or 24 hpi with 200 µL (6-well plates) or 150 µL (12-well plates) 

of 1x passive lysis buffer (PLB; diluted from 5x Passive Lysis Buffer, E1941, Promega, 

Madison, WI) and stored at −20°C. Luciferase assays were conducted using the Nano-Glo 

Dual Luciferase Reporter Assay kit (N1630, Promega, Madison, WI) according the 

manufacturer’s protocol. Luciferase activity was recorded using a 20/20 luminometer 

(Turner Biosystems, Sunnyvale, CA).  

2.5 Immunoblot 

Cells in 35 mm dished were lysed with 200 µL of 2x Laemmli buffer (LB, 0.125M 

Tris HCl pH 6.8, 20% glycerol, 4% SDS, 0.004% Bromophenol Blue, 5% 2-

mercaptoethanol) and stored at −20°C. Luciferase assay samples in 1x passive lysis buffer 

were mixed at a 1:1 ratio with 2x LB. All samples were boiled at 100°C for 10 mins prior 

to protein separation by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE). Proteins were transferred to an Immobilon-P polyvinylidene difluoride 

(PVDF) membrane (Millipore, Burlington, MA). Membranes were blocked for 1 h at room 

temperature (RT) or overnight with Intercept (PBS) Blocking Buffer (927-70001, LI-COR 
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Biosciences, Nebraska). Membranes were then probed with the following primary 

antibodies diluted in blocking buffer supplemented with 0.2% Tween 20: ⍺-Tubulin 

(1:10000 for 1 h at RT, 05-829, Millipore, Burlington, MA), β-Tubulin (1:10000 for 1 h at 

RT, ab6046, Abcam, Cambridge, UK), FLAG (1:5000 overnight at 4°C, F1804, Sigma), 

RFP (1:3000 overnight at 4°C, ab62341, Abcam), GFP (1:5000 for 1 h at RT, A11122, 

Invitrogen), Nluc (N700A, Promega, Madison, WI), Fluc (1:1000 overnight at 4°C, L0159, 

Sigma), Adenovirus Type 5 (1:1000 overnight at 4°C, ab6982, Abcam). Subsequent to 

primary antibody incubation, membranes were washed three times with PBS containing 

0.1% Tween 20 (PBST) and probed with the following fluorescently labelled secondary 

antibodies diluted in blocking buffer supplemented with 0.2% Tween 20 and 0.01% SDS: 

IRDye goat anti-mouse 680 (926-68070, LI-COR), IRDye goat anti-mouse 800 (925-

32210, LI-COR), IRDye goat anti-rabbit 680 (925-68071, LI-COR), and IRDye goat anti-

rabbit 800 (926-32211, LI-COR). Membranes were developed using the Odyssey CLx 

infrared fluorescence detection system (LI-COR Biosciences, Nebraska) and visualized 

with the LI-COR Image Studio 4.0 software.  

2.6 Fluorescence microscopy and image quantification 

293 cells were seeded in 6-well plates with coverslips at a density of 6 x 105 cells 

per well. The following day, cells were transfected with plasmids encoding the indicated 

FAST proteins, each co-expressing an mCherry reporter: p10, p10-HA, p14, p14-HA, p15, 

and p15-HA. An empty plasmid expressing mCherry alone was included as a control. To 

allow quantification of the fusion events, plasmids were diluted 1:10 with empty pcDNA3 

vector prior to transfection. Therefore, each transfection contained 0.2 µg of corresponding 

plasmid and 1.8 µg of empty pcDNA3, for a total of 2 µg of plasmid DNA. This dilution 
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was used to reduce the extent of fusion and prevent widespread fusion of the entire cell 

monolayer, which would make image-based quantification difficult. Transfections were 

performed in plain MEM using 4 µL of Lipofectamine 2000 (Invitrogen, Waltham, MA) 

per 2 µg of plasmid DNA or mock transfected with PBS. Twenty-four hours post 

transfection (hpt), media was removed and cells were rinsed 3 times with PBS and fixed 

with 4% paraformaldehyde (PFA) in PBS for 10 min at RT. Cells were subsequently 

washed 3 times with PBS and stained with Hoechst 33342 at a concentration of 1 µg/mL 

(H3570, Invitrogen, Waltham, MA) in PBS for 5 mins. Coverslips were then mounted onto 

slides with Dako Fluorescence Mounting Medium (S3023, Agilent, Santa Clara, CA) and 

imaged with a Zeiss Axio Imager upright microscope using the ZEN imaging software. 

Images were processed using FIJI Image J. Quantification of fluorescence signal was 

conducted using CellProfiler (version 4.2.8). 

 2.7 MTS metabolic activity assays 

293 cells were seeded in 96-well plates at a density of 3 × 10⁴ cells per well. The 

following day, cells were transfected with plasmids expressing the indicated FAST 

proteins, including p10, p10-HA, p14, p14-HA, p15, and p15-HA, or with an empty 

pcDNA3 plasmid. Transfections were performed using 4 µL of Lipofectamine 2000 per 2 

µg of plasmid DNA or mock transfected with PBS. For metabolic activity assays involving 

AdFAST and AdFAST-HA, 293 or A549 cells were seeded at densities of  3 x 104 cells per 

well and 4 x 104 cells per well respectively. The following day, 293 cells were infected at 

an MOI of 10, whereas A549 cells were infected at varying MOIs (1, 10, 50, and 100). 

Cellular metabolic activity was measured at various time points using the CellTiter 96 

AQueous Non-Radioactive Cell Proliferation Assay (G5430, Promega, Madison, WI). 
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Cells were incubated with 15 µL of MTS reagent [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium] added directly to the culture 

medium for 1 h at 37°C. Absorbance values were measured at 490nm measured using a 

SpectraMax 190 plate spectrophotometer (Molecular Devices, San Jose, CA).  

2.8 Assessment of HAdV Growth Kinetics 

Growth kinetics assays were performed to assess whether the indicated regulatory 

cell lines affected HAdV amplification over time. In this context, growth kinetics refers to 

the relative amount of virus produced following infection of different producer cell lines 

with the same input virus dose and harvesting at defined time points post-infection. 

Parental 293 cells and the corresponding regulatory cell line were seeded at a 

density of 6 × 10⁵ cells per well in 35 mm dishes. For the miRNA-based system, 293 cells 

and 293:eYFP-miFluc cells were infected with AdNluc at an MOI of 1 and AdNlucSAFluc 

at an MOI of 0.1. For the LacI/LacO-based system, 293 cells and 293:mCherry-LacI cells 

were infected with the at an MOI of 3. Infections were performed for 1 h at 37°C, with 

rocking every 15 min. Following infection, cells were rinsed with PBS and fresh medium 

was added. At 4, 24, or 48 hpi, cells were harvested directly into the culture medium, 

supplemented with 4% sucrose, and stored at −80°C. Samples were then subjected to two 

rounds of freeze-thaw to release progeny virions. 

For the miRNA-based system, relative virus growth was assessed using a NanoLuc 

luciferase-based readout. Harvested virus-containing lysates from 293 and 293:eYFP-

miFluc cells were used to infect parental 293 cells. At 24 hpi, NanoLuc luciferase activity 

was measured as a surrogate readout of viral amplification. For the LacI/LacO-based 

system, viral growth was assessed by plaque assay. Harvested virus-containing lysates from 
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293 and 293:mCherry-LacI cells were serially diluted and used to infect parental 293 cells. 

Viral titers were determined by plaque counting 10 days post infection (dpi)185.  

2.9 Statistical analysis 

All statistical analyses were performed using GraphPad Prism version 10.5.0. The 

specific type of test performed is indicated within the figure legends. One asterisk (*) 

represents p<0.05, two asterisks (**) represent p<0.01, three asterisks (***) represent 

p<0.001, and four asterisks (****) represent p<0.0001.  
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Chapter 3: Evaluating the fusogenic capacity and cytotoxic 
effects of p10, p14, and p15 FAST proteins in vitro 
3.1 Introduction  

Previous work from our lab has demonstrated the effectiveness of an HA-tagged 

version of the p14 FAST protein at inducing cell fusion and apoptosis in vitro165. However, 

when a replication-defective HAdV expressing p14-HA was delivered in a xenograft 

mouse model harbouring subcutaneous A549 tumors, its therapeutic potential was limited, 

inducing minimal fusion and no reduction in tumor size165. More recent work from our lab 

showed that a conditionally replicating HAdV expressing p14-HA FAST induced 

syncytium formation in A549 tumors in vivo and showed evidence of nuclear 

fragmentation, an early marker of apoptosis167. Despite these findings, the virus had limited 

impact on tumour size reduction. These observations suggest that while p14-HA FAST 

retains fusogenic activity, its efficacy in vivo may be suboptimal. The HA tag was originally 

included to facilitate detection of FAST protein expression, as antibodies against native 

FAST proteins are not commercially available. Although epitope tags are widely used and 

often assumed to have minimal impact on protein function, some studies have shown that 

they can affect protein folding, localization, and activity186,187. This may be particularly 

relevant for FAST proteins, as they are small membrane fusogens whose activity depends 

on interactions between their ectodomain, transmembrane domain, and cytoplasmic 

endodomain156. Given the limitations observed with the p14-HA FAST expressing vectors, 

I evaluated the potential of other FAST proteins (p10 and p15 FAST) at inducing fusion 

and apoptosis. In addition, I examined whether the addition of the HA tag to the protein 

reduces fusion capacity.  
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3.2 Results 

3.2.1 Untagged p14 FAST induces the highest level of fusion in HEK293 cells 

Our lab previously attempted to generate HAdV vectors expressing p10 and p15, 

however, this proved difficult and achieving high titers of the virus was unsuccessful. Thus, 

we hypothesized that these proteins may exhibit greater cytotoxicity than p14 FAST and 

induce increased fusion. We first evaluated their fusogenic capacity following plasmid 

transfection in HEK293 cells. To initially examine the fusogenic capacities of p10, p14, 

and p15 FAST proteins, as well as their HA-tagged counterparts, we generated six 

plasmids: one for each untagged FAST protein and one for each corresponding HA-tagged 

version. Each plasmid also co-expresses an mCherry reporter. The plasmids were then 

transfected at a 1:10 dilution with an empty pcDNA3 plasmid into 35mm dishes of 

HEK293 cells. This dilution was used to reduce the extent of fusion and prevent complete 

fusion of the cell monolayer, allowing fusion events to be more accurately quantified by 

image analysis. For controls, an mCherry plasmid lacking any FAST expression cassette 

was also transfected along with a mock (PBS) treatment. At 24 hours post-transfection 

(hpt), cells were fixed, stained with Hoechst and mounted to slides.	 Fluorescence 

microscopy showed that cells transfected with untagged p14 FAST exhibited the highest 

level of fusogenic activity compared with the other FAST proteins tested (Figure 3.1A). To 

gain a better understanding of the amount of fusion induced by the different FAST proteins, 

we quantified the microscopy images with the use of the CellProfiler software. To achieve 

this, the experiment was repeated once more resulting in two biological replicates overall. 

Each transfection in each of the biological replicates was done twice for a total technical 

replicate count of four. To obtain a more robust assessment of fusion, six images were  
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Figure 3.1 Untagged p14 FAST induces the highest level of fusion in HEK293 cells. 
Cells were transfected with plasmids encoding the indicated FAST proteins, each co-
expressing an mCherry reporter, diluted 1:10 with an empty pcDNA3 vector in plain 
MEM.  Mock-transfected cells (PBS) and cells transfected with a simple mCherry plasmid 
(pRP3164) served as controls. Cells were fixed and stained with Hoechst 24 hpt. A) Images 
were captured by fluorescence microscopy. Scale bar represents 200 µm. B) Quantified red 
signal from the images captured in panel A. Data is representative of two biological 
replicates (n=2), each biological replicate included two technical replicates, and six images 
were collected for each technical replicate. Statistical significance was assessed by one-
way ANOVA followed by Sidak’s multiple comparisons test. Two asterisks (**) indicate 
p<0.01, three asterisks (***) indicate p<0.001 and four asterisks (****) indicate p<0.0001. 
C) Immunoblot performed in parallel, cells were lysed and harvested with 2x Laemmli 
buffer. 
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captured from distinct fields of each coverslip, resulting in a total of 12 images per 

treatment group per biological replicate. As previously mentioned, each plasmid co-

expresses an mCherry reporter. Therefore, cells expressing the FAST protein also express 

mCherry. This construct allowed us to quantify fusion by measuring the total red 

fluorescent area in each image. Data was then averaged per biological replicate for each 

treatment group and plotted as the percentage of area occupied by the red signal (Figure 

3.1B). Untagged p14 FAST produced the highest level of red fluorescent area, occupying 

an average of 3.7% (± 0.07% SD) of the field of view (Figure 3.1B). This was significantly 

higher than the mock-transfected control, where no red signal was detected. In contrast, 

p10 and p15 FAST occupied average red fluorescent areas of 1.2% (± 0.7% SD) and 1.07% 

(± 0.4% SD), respectively, both of which were significantly lower than p14 FAST (p = 

0.0002 for both comparisons). p10 and p15 were also similar to the mCherry control 

(1.01% (± 0.1% SD)), indicating that they induced limited detectable fusion under these 

conditions. Furthermore, the addition of an HA tag substantially reduced the fusogenic 

activity of p14 FAST. Cells transfected with p14-HA occupied an average red fluorescent 

area of 1.4% (± 0.01% SD), compared with 3.7% (± 0.07% SD) for untagged p14 FAST (p 

= 0.0005) (Figure 3.1B). In contrast, HA tagging did not markedly affect p10 or p15 FAST, 

as p10-HA and p15-HA occupied average red fluorescent areas of 1.2% (± 0.02% 

SD) and 1.8% (± 0.08% SD) respectively. Together, these findings suggest that p14 FAST 

exhibits superior fusogenic activity relative to p10 and p15, and that addition of an HA tag 

specifically interferes with p14 FAST-mediated fusion. 

To confirm comparable transfection efficiency across all treatment groups, we 

performed an immunoblot in parallel. Since antibodies were not available for all FAST 
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proteins and only the HA-tagged constructs could be directly detected, mCherry expression 

was used as a surrogate marker of plasmid uptake and transgene expression. Each FAST 

expression plasmid co-expresses mCherry; therefore, similar mCherry levels across 

treatment groups would suggest comparable transfection efficiency. Qualitative analysis 

indicated that mCherry protein levels were consistent across all transfection groups, with 

tubulin serving as a stable control (Figure 3.1C).	This result suggests that the observed 

differences in fusion were not due to differences in plasmid uptake, but rather the result of 

differences in the fusogenic activity between the FAST proteins. However, because FAST 

protein levels were not directly measured for all constructs, this interpretation assumes that 

FAST protein expression generally followed the same pattern as mCherry expression from 

the corresponding plasmids. 

3.2.2 Untagged p14 FAST induces the most pronounced decrease in metabolic activity in 

HEK293 cells 

Syncytium formation caused by FAST proteins can activate apoptotic signaling 

pathways, resulting in decreased membrane integrity and cell viability188. Based on these 

findings, we evaluated the metabolic activity of cells expressing p10, p14 and p15 FAST 

and their HA-tagged counterparts. Through this analysis, we sought to confirm our 

previous findings that p14 FAST induces the highest level of fusion and that the addition 

of the HA tag impairs this activity, as reflected by changes in metabolic activity. Using the 

same plasmids described above, HEK293 cells were transfected and metabolic activity was 

measured at 24 and 48 h post-transfection (hpt) using an MTS-based assay.	At 24 hpt, 

metabolic activity remained relatively variable across treatment groups (Figure 3.2A). 

Although p10 FAST and p14 FAST showed average relative metabolic activity values of 
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Figure 3.2 Untagged p14 FAST induces a pronounced decrease in metabolic 
activity in HEK293 cells. Cells were transfected with plasmids encoding the indicated 
FAST proteins in plain MEM. Metabolic activity was measured 24 hpt (panel A) and 
48 hpt (panel B) by MTS assay. Values were normalized to mock transfected cells. Data 
is representative of three biological replicates (n=3) with three technical replicates per 
transfection. Statistical significance was assessed by one-way ANOVA followed by 
Tukey’s multiple comparisons test. One asterisk (*) indicates p<0.05, two asterisks (**) 
indicate p<0.01, three asterisks (***) indicate p<0.001 and four asterisks (****) 
indicate p<0.0001. 
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46% (± 26% SD) and 40% (± 21% SD) respectively, neither condition was significantly 

different from the pcDNA3 control. Therefore, FAST-specific effects on metabolic activity 

appeared limited at this early time point. By 48 hpt, the cytotoxic effect of untagged p14 

FAST became more pronounced (Figure 3.2B). Cells expressing untagged p14 FAST had 

a relative metabolic activity of 42% (± 6% SD) to that of mock transfected cells. This was 

lower than the pcDNA3 control (85% (± 12% SD)) and all the other FAST-expressing 

conditions. In contrast, the metabolic activity of cells expressing p10, p15, or the HA-

tagged FAST proteins was not significantly different from pcDNA3-treated cells. These 

results indicate that untagged p14 FAST was associated with the strongest reduction in 

metabolic activity in HEK293 cells at 48 hpt.	This delayed reduction in metabolic activity 

likely reflects the time required for syncytium formation to progress, consistent with the 

greater fusogenic activity of p14 FAST relative to p10, p15, and the HA-tagged 

versions. Taken together, these findings indicate that untagged p14 FAST not only drives 

the strongest fusion activity but is also associated with a larger decrease in metabolic 

activity relative to the other FAST proteins tested and their HA-tagged counterparts, 

consistent with a stronger cytotoxic phenotype. 

3.2.3 E1/E3-deleted HAdV expressing untagged p14 FAST induces a more pronounced 

decrease in metabolic activity than the HA-tagged version in HEK293 cells  

The results presented above demonstrate that untagged p14 FAST induces the 

highest level of fusion in HEK293 cells. Consistent with this observation, syncytium 

formation was associated with a significant reduction in metabolic activity relative to its 

HA-tagged counterpart and the other FAST proteins evaluated.	The experiments described 

above were performed using plasmid-based expression systems. Although this 
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experimental design enabled direct comparison of fusion among the different FAST 

proteins, it does not fully reflect the context of viral delivery. Having established that p14 

was the most fusogenic FAST protein in the plasmid-based system, subsequent experiments 

were conducted using HAdV vectors expressing either p14 or p14-HA to determine 

whether the HA tag similarly reduced p14 FAST activity following viral delivery. Although 

the vectors used in these experiments were replication-defective E1/E3-deleted HAdVs, 

HEK293 cells provide E1 in trans and therefore support their replication92. This experiment 

therefore provided a replication-permissive context to assess p14 FAST-mediated fusion 

and potential challenges associated with vector amplification. Schematics of viruses which 

were used can be found in Figure 3.3. AdFAST is a replication defective HAdV, deleted of 

the E1 and E3 regions, possessing a CMV-p14 FAST expression cassette in E1. AdFAST-

HA is identical to AdFAST with the addition of the HA tag to the p14 FAST protein. As a 

control, we used replication defective HAdV devoid of any transgenes in the E1 and E3 

region (AdEmpty). Including AdEmpty as a control allowed us to attribute any observed 

reductions in metabolic activity to the fusion activity of the FAST proteins rather than to 

viral replication. HEK293 cells were seeded into 96-well plates and then infected with 

either AdEmpty, AdFAST or AdFAST-HA at an MOI of 10. A mock infection using PBS 

was included as an additional control. Metabolic activity was then assessed at 24, 48 and 

72 hours post infection (hpi) using an MTS-based assay.  

At 24 hpi, there was no observed decrease in metabolic activity (Figure 3.4A).	

Interestingly, cells infected with AdEmpty or AdFAST-HA showed a modest increase in 

metabolic activity relative to the mock control, although these differences were not 

statistically significant (Figure 3.4A). At 48 hpi, cells infected with AdFAST showed a 
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Figure 3.3 Schematic representation of viruses used to compare p14 FAST and 
HA-tagged p14 FAST. AdEmpty is a replication-incompetent HAdV devoid of the E1 
and E3 region with no additional transgenes. AdFAST-HA is a E1 and E3 deleted vector 
expressing HA-tagged p14 FAST from the cytomegalovirus (CMV) immediate early 
enhancer/promoter in the E1 region. AdFAST is identical to AdFAST-HA with the 
removal of the HA tag from p14 FAST.  Schematics created with BioRender.com. 
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Figure 3.4 Untagged p14 FAST expressed from E1/E3-deleted HAdV induces a 
more pronounced decrease in metabolic activity than HA-tagged p14 FAST in 
HEK293 cells. Cells were infected at MOI of 10 with either AdEmpty, AdFAST 
(untagged p14 FAST) or AdFAST-HA (HA-tagged p14 FAST), with PBS used as mock 
control. Metabolic activity was measured 24 hpi (panel A), 48 hpi (panel B) and 72 hpi 
(panel C) by MTS assay. Statistical significance assessed by one-way ANOVA. Values 
were normalized to mock transfected cells. Data is representative of three biological 
replicates (n=3) with three technical replicates per infection. Panel D shows metabolic 
activity as a function of time. One asterisk (*) indicates p<0.05 and two asterisks (**) 
indicate p<0.01. 
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significant decrease in metabolic activity, with activity reduced to 40% (± 9% SD) of mock 

levels (Figure 3.4B). This was significantly lower than both mock-infected cells (p = 0.03) 

and AdEmpty-infected cells (114% (± 8% SD), p = 0.01). In contrast, AdFAST-HA did not 

significantly reduce metabolic activity, with levels remaining at 78% (± 40% SD) of mock 

levels. Similar trends were observed at 72 hpi, where AdFAST-infected cells showed a 

further decrease in metabolic activity to 35% (± 11% SD) of mock levels (Figure 3.4C). 

This was significantly lower than mock-infected cells (p = 0.002) and AdEmpty-infected 

cells (99% (± 25% SD), p = 0.003). Metabolic activity in AdFAST-HA-infected cells 

remained closer to control levels at 78% (± 5% SD) of mock levels and was significantly 

higher than AdFAST-infected cells (p = 0.025). When metabolic activity was plotted over 

time, AdFAST-infected cells showed a progressive decrease in metabolic activity from 24 

to 72 hpi, whereas mock, AdEmpty, and AdFAST-HA infected cells remained closer to 

baseline levels (Figure 3.4D). Together, these results indicate that untagged p14 FAST 

retains strong activity when expressed from an HAdV vector, whereas HA tagging limits 

p14 FAST-associated reductions in metabolic activity. 

3.2.4 E1/E3-deleted HAdV expressing untagged p14 FAST induces a more pronounced 

decrease in metabolic activity than the HA-tagged version in A549 cells  

The results described above characterize the fusion efficiency and potential 

cytotoxic effects of the untagged p14 FAST protein in HEK293 cells. While it is important 

to assess these effects in HEK293 cells, as this provides a relevant context for HAdV vector 

production, it is also necessary to determine whether similar cytopathic effects are observed 

in a cancer cell line model to better reflect the intended therapeutic context. Previous work 

from our lab showed that in vitro infection of A549 cells with an E1/E3-deleted HAdV 
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expressing untagged p14 FAST significantly reduced metabolic activity165. However, 

previous in vivo studies using mice bearing A549 xenograft tumors evaluated the HA-

tagged version of p14 FAST expressed from a conditionally replicating HAdV167. Building 

on these findings, we performed a comparative analysis in A549 cells to determine whether 

HA tagging alters the ability of p14 FAST to reduce metabolic activity. Cells were seeded 

into 96-well plates and then infected with either AdEmpty, AdFAST or AdFAST-HA 

(schematics in Figure 3.3). Unlike HEK293 cells, A549 cells do not express the E1A 

protein required for Ad replication and therefore do not support replication of E1/E3-

deleted HAdV vectors. Although the ultimate goal is to incorporate FAST proteins into 

CRAd vectors, the use of replication-defective HAdV allowed us to directly compare 

untagged p14 FAST and p14-HA in a cancer cell line without the added influence of viral 

amplification. In this context, differences in metabolic activity are expected to primarily 

reflect differences in transgene delivery and FAST protein activity rather than differences 

in viral replication. Therefore, this experiment served as an intermediate model to 

determine whether HA tagging alters p14 FAST-associated effects following Ad delivery.	

Since A549 cells do not support replication of these vectors, higher multiplicities of 

infection (MOIs) are typically required to increase transgene delivery and produce 

detectable FAST-associated effects on metabolic activity. Therefore, cells were infected at 

MOIs of 1, 10, 50, and 100 to ensure that differences between untagged p14 FAST and 

p14-HA could be detected across a range of viral inputs. Metabolic activity was assessed 

at 24, 48 and 72 hpi using an MTS-based assay.  

At 24 h post-infection, no decrease in metabolic activity was observed for any of 

the viruses at any MOI. Interestingly, metabolic activity was increased in virus-infected 
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cells relative to PBS-treated controls (Figure 3.5A). At 48 hpi, cells infected with AdFAST 

at an MOI of 50 showed the most pronounced reduction in metabolic activity, decreasing 

to approximately 53% (± 10% SD) of mock-treated cells (Figure 3.5B). Notably, at an MOI 

of 50, AdFAST-HA infection did not decrease metabolic activity relative to mock-treated 

cells, with levels remaining similar to those observed in AdEmpty-infected cells. At this 

same time point, cells infected with AdFAST at an MOI of 100 showed a similar reduction 

in metabolic activity to those infected at an MOI of 50, decreasing to approximately 54% 

(± 21% SD) of mock-treated cells (Figure 3.5B).	In contrast, AdFAST-HA infection at an 

MOI of 100 resulted in only a modest, non-significant decrease in metabolic activity at 48 

hpi, with levels decreasing to approximately 70% (± 35% SD) of mock-treated cells (Figure 

3.5B). At 72 hpi, cells infected with AdFAST at an MOI of 50 showed a marked reduction 

in metabolic activity, decreasing to approximately 22% (± 11% SD) of mock-treated cells 

(Figure 3.5C). At the same MOI and time point, AdFAST-HA decreased metabolic activity 

to approximately 58% ± [SD]% of mock-treated cells, although this reduction was not 

significant. At 72 hpi and an MOI of 100, both AdFAST and AdFAST-HA significantly 

decreased metabolic activity, with levels reduced to approximately 17% (± 10% SD) of 

mock-treated cells for AdFAST (p< 0.0001) and 29% (± 16% SD) for AdFAST-HA (p = 

0.0002) (Figure 3.5C). Notably, infection at MOIs of 1 and 10 did not result in any change 

in metabolic activity for any of the treatment groups relative to mock-infected cells, likely 

reflecting insufficient Ad genome copy numbers within the cells.	Collectively, these results 

demonstrate that untagged p14 FAST decreases metabolic activity more effectively than 

the HA-tagged version, with this decrease becoming more pronounced at higher MOIs, 

likely due to increased FAST protein expression with greater viral input. 
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Figure 3.5 Untagged p14 FAST expressed from E1/E3-deleted HAdV induces a 
more pronounced decrease in metabolic activity than HA-tagged p14 FAST in 
A549 cells. Cells were infected at varying MOIs (1, 10, 50 and 100) with either 
AdEmpty, AdFAST (untagged p14 FAST) or AdFAST-HA (HA-tagged p14 FAST), 
with PBS used as mock control. Metabolic activity was measured 24 hpi (panel A), 48 
hpi (panel B) and 72 hpi (panel C) by MTS assay. Statistical significance assessed by 
one-way ANOVA. Values were normalized to mock transfected cells. Data is 
representative of four biological replicates (n=4) with three technical replicates per 
infection. One asterisk (*) indicates p<0.05, two asterisks (**) indicate p<0.01, three 
asterisks (***) indicate p<0.001 and four asterisks (****) indicate p<0.0001. 
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3.3 Discussion 

In Chapter 3, we assessed the fusion efficiencies and potential cytopathic effects of 

three different FAST proteins, p10, p14, and p15, as well as their HA-tagged counterparts. 

Previous work from our lab demonstrated that an HA-tagged version of p14 FAST induced 

syncytium formation in mice bearing A549 tumors167. However, despite evidence of fusion, 

tumor size remained largely unchanged167. Therefore, we sought to evaluate the fusogenic 

and cytopathic properties of additional FAST proteins in hopes of identifying a more 

effective candidate for downstream anti-cancer therapeutic applications. In addition, our 

lab experienced difficulty generating and propagating HAdV vectors encoding p10 and p15 

FAST proteins. We hypothesized that expression of these FAST proteins may induce 

enhanced cytotoxicity and/or fusion during vector production, thereby impairing efficient 

viral propagation. Such knowledge is particularly important for the design of vectors used 

in oncolytic virotherapy, while also helping identify which FAST proteins are more 

cytopathic and may therefore present challenges during viral propagation. 

We observed that untagged p14 FAST was the most efficient fast protein at 

inducing syncytium formation in HEK293 cells relative to other FAST protein (Figure 3.1). 

The increased fusogenic activity of p14 FAST was evident from qualitative analysis of 

fluorescence microscopy images of HEK293 cells transfected with plasmids expressing the 

indicated FAST proteins (Figure 3.1A), as well as from quantified data from these images 

demonstrating a significant increase in fusion relative to the other FAST proteins (Figure 

3.1B). Previous research from the laboratory of Dr. Roy Duncan (Dalhousie University, 

NS, CAN) also demonstrated that p14 FAST induced considerably greater syncytium 

formation than p10 and p15 FAST proteins188,189. In particular, Salsman et al. showed that 
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p14 FAST mediated markedly more rapid syncytium formation than p10 and p15 following 

plasmid transfection, with p14-induced syncytia appearing as early as 4-6 h post-

transfection, whereas p10 and p15-mediated fusion occurred substantially slower188. 

Similarly, another study by Top et al. demonstrated that the p14 FAST endodomain 

exhibited greater syncytiogenic enhancement activity than the corresponding endodomains 

derived from p10 and p15 following co-expression with their respective full-length FAST 

proteins189. The enhanced fusogenicity that we and others have observed with p14 FAST 

may be attributed to structural and functional differences among FAST proteins. Previous 

studies have shown that p10, p14 and p15 possess distinct arrangements of structural motifs 

including differences in their ectodomains, transmembrane domains, hydrophobic regions 

and endodomains190,191. Despite originating from the same viral family, p10, p14 and p15 

FAST share no significant amino acid sequence identity to each other188,190,191. A possible 

factor contributing to the differences in fusogenic activity among the FAST proteins is the 

mechanism by which they mediate membrane fusion. All domains of the FAST protein 

contribute to the fusion process155. However, the ectodomain is a major determinant in the 

initiation of fusion events as it is primarily responsible for the initial membrane interaction 

and membrane destabilization steps required for cell-cell fusion160-162. More specifically, 

the ectodomain possesses a hydrophobic patch which interacts with the opposing 

membrane, destabilizes lipid bilayers, promotes lipid mixing and contributes to the fusion 

pore formation160-162. Given the substantial structural divergence among the FAST 

proteins, differences in the composition and organization of their ectodomains are possible 

contributors to the variability in fusogenic activity observed between p10, p14 and p15 

FAST proteins. The p10 ectodomain contains a cystine loop fusion peptide that exposes 



 56 

hydrophobic residues capable of destabilizing opposing lipid bilayers160. In contrast, p14 

contains a myristoylated proline-hinged loop that is thought to facilitate membrane 

insertion and induce extensive lipid mixing161,190. p15 utilizes a polyproline type II helix-

dependent fusion motif which is required to facilitate membrane interactions between 

neighboring cells and inducing fusion162. While serving similar functions, these structurally 

distinct fusion modules likely influence how efficiently each FAST protein destabilizes 

membranes and initiates fusion, thereby contributing to the differences in syncytium 

formation observed in this study. Additionally, differences in the processing or trafficking 

of p10, p14, and p15 FAST within the trans-Golgi network may also influence their 

delivery to the plasma membrane and contribute to the differences in fusogenic activity 

observed in this study. 

In addition to inducing the highest level of fusion, MTS cell viability assays 

revealed that untagged p14 FAST also induced a pronounced decrease in metabolic activity 

in HEK293 and A549 cells in vitro (Figure 3.2, 3.4, 3.5). These experiments were 

performed to provide insight into the relative cytotoxic effects mediated by the FAST 

proteins and which FAST protein may be the most effective at inducing cancer cell death 

in downstream therapeutic application. However, an important distinction to consider is 

whether the observed reduction in metabolic activity is mediated directly by p14 FAST 

expression itself or indirectly as a consequence of the extensive syncytium formation 

induced by the protein. Previous studies demonstrated that the reduction in membrane 

integrity occurred subsequently to the formation of syncytium which then triggered 

apoptotic signaling cascades, DNA fragmentation, chromatin condensation and membrane 

instability188. Furthermore, reducing the extent of syncytium formation through partial 
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deletion of the p10 ectodomain or antibody-mediated inhibition of p14 fusion diminished 

these downstream effects, suggesting that the observed cellular damage was linked to 

syncytiogenesis rather than an intrinsic membrane-lytic activity of the FAST proteins 

themselves188. Additionally, FAST protein-mediated fusion has been reported to be a 

relatively non-leaky process, in which membrane integrity remains largely preserved until 

the later stages of syncytium formation188. In the context of the present study, it is important 

to consider that the reduced metabolic activity observed following p14 FAST expression 

may not be due to the direct cytotoxic effects of the protein itself. Rather, the decrease in 

metabolic activity could result from altered metabolic activity within multinucleated 

syncytia and/or from a reduction in viable cell number due to syncytium-associated cell 

death. From a therapeutic perspective, either outcome may be beneficial as both would be 

expected to reduce tumor cell fitness. Additional assays such as membrane integrity 

measurements, apoptosis markers, or live/dead staining could help distinguish between 

reduced metabolic activity and direct cell death. 

When untagged p14 FAST was delivered using HAdV vectors, we similarly 

observed a reduction in metabolic activity in HEK293 cells (Figure 3.4). While the potent 

fusogenic and cytopathic properties of p14 FAST is desired for promoting tumor cell 

killing, these same properties may also negatively impact the viability of producer cells 

required for Ad amplification. Premature syncytium formation and cell death during vector 

production could impair efficient viral propagation and reduce overall viral yield. The 

reduction in metabolic activity observed following HAdV delivery of p14 FAST appeared 

to be time dependent. At 24 hpi, there was no observed reduction in metabolic activity 

despite detectable fusion as shown in Figure 3.1. This time point is relevant because the 
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HAdV replication cycle is typically completed within approximately 24-36 h59,60. 

However, MTS activity is only an indirect measure of cellular metabolic function and does 

not determine whether fused cells remain competent for viral replication. Tetrazolium 

reduction can be influenced by cellular glucose metabolism and can change independently 

of intracellular ATP levels or cell death192. Therefore, metabolic alterations associated with 

early syncytium formation could potentially maintain or transiently increase the MTS 

signal at 24 hpi, masking cytopathic effects that become more apparent at later time 

points. This distinction is important because previous work with a GALV-expressing Ad 

vector showed that syncytium formation can reduce total virus production under certain 

infection conditions, despite enhancing cytotoxicity153. It is therefore possible that early 

syncytium formation may disrupt cellular organization or interfere with processes required 

for viral genome replication, late protein expression, virion assembly, and/or progeny 

release before a measurable decrease in metabolic activity is detected. Although reductions 

in metabolic activity became apparent at 48 hpi and were more pronounced by 72 hpi, 

additional assays measuring viral genome replication, late protein expression, and/or 

infectious progeny production would be required to determine whether early fusion affects 

Ad replication and final virus yield. Taken together, these observations suggest that 

reduced metabolic activity alone does not fully define the impact of p14 FAST expression 

on Ad production. Even before metabolic activity declines, early syncytium formation may 

affect the ability of infected cells to support efficient virus amplification.  

In contrast, experiments in A549 cells were performed to assess p14 FAST activity 

in a cancer cell line that better reflects the intended therapeutic application. Although the 

ultimate goal is to incorporate FAST proteins into CRAd vectors, the vectors used in this 
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experiment were E1/E3-deleted replication-defective HAdVs. This allowed us to assess the 

effect of p14 FAST expression on metabolic activity in the absence of viral replication. 

Unlike HEK293 cells, A549 cells do not provide E1A in trans and therefore do not support 

replication of E1-deleted HAdV vectors. Thus, in this setting, FAST protein expression 

depends primarily on the amount of input virus delivered rather than amplification of the 

vector genome. The most pronounced decrease in metabolic activity mediated by untagged 

p14 FAST was observed at MOIs of 50 and 100 (Figure 3.5). p14 FAST did not induce a 

significant reduction in metabolic activity in A549 cells infected at an MOI of 1 or 10 at 

any time point examined (24, 48, or 72 hpi). However, at MOIs of 50 and 100, untagged 

p14 FAST induced a significant decrease in metabolic activity at 48 and 72 hpi. These 

findings are consistent with previous work from our laboratory demonstrating that 

expression of p14 FAST in A549 cells by replication-defective HAdV required both higher 

MOIs and longer incubation periods to induce extensive syncytium formation relative to 

HEK293 cells165. Specifically, infection of A549 cells with AdFAST at an MOI of 50 

resulted in a fusion index of approximately 97.5% at 72 hpi, whereas comparable levels of 

fusion in HEK293 cells occurred at substantially lower MOIs and earlier time points165. In 

the same study, A549 cells infected with E1/E3-deleted HAdV expressing p14 FAST at an 

MOI of 50 also exhibited increased lactate dehydrogenase (LDH) release into the 

supernatant at 72 hpi, indicating compromised membrane integrity and cell death following 

syncytium formation165. These observations support the idea that, when p14 FAST is 

delivered to A549 cells using a replication-defective HAdV, higher viral input is required 

for sufficient FAST protein accumulation to mediate extensive syncytiogenesis and 

downstream reductions in metabolic activity. However, increasing the MOI from 50 to 100 
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did not produce a proportional reduction in metabolic activity. One possible explanation is 

high-MOI viral interference, whereby infection of the same cell by multiple Ad particles 

may limit the efficient expression or processing of individual vector genomes. Thus, 

although a greater number of viral particles were delivered at an MOI of 100, interference 

among coinfecting particles may have prevented a proportional increase in p14 FAST 

expression and its downstream effects. However, because intracellular vector genome copy 

number and p14 FAST expression were not directly measured, this possibility remains 

speculative. Interestingly, we observed an increase in metabolic activity in cells infected 

with AdEmpty, AdFAST, and AdFAST-HA at 24 hpi across all MOIs, as well as at 48 and 

72 hpi at MOIs of 1 and 10 (Figure 3.5). The mechanism underlying this increase is unclear. 

One possible explanation is that Ad transduction itself may transiently alter cellular 

metabolism. Previous studies have shown that wild-type HAdV infection increases glucose 

uptake, glycolytic activity and expression of genes involved in cell growth and proliferation 

during the early phase of infection193. The metabolic changes observed during wild-type 

infection have been linked in part to viral proteins such as E4ORF1, which can regulate 

MYC-dependent expression of metabolic genes193. Although the vectors used in this study 

were E1/E3-deleted and therefore replication-defective in A549 cells, they retain the E4 

region. Thus, it is possible that early expression of E4-associated viral genes contributed 

to the transient increase in metabolic activity observed following infection. However, 

because E1/E3-deleted vectors cannot replicate in A549 cells, this effect cannot be directly 

equated with the metabolic reprogramming described during productive HAdV infection. 

At lower MOIs, FAST protein expression and syncytium formation may remain 

insufficient to overcome these early infection-associated increases in metabolic activity.   
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Interestingly, we observed a significant reduction in both fusogenic activity and 

cytopathic effects mediated by HA-tagged p14 FAST relative to the untagged protein. In 

Figure 3.1, the extent of syncytium formation induced by HA-tagged p14 FAST was 

significantly lower compared to the untagged version. Additionally, MTS cell viability 

assays revealed that untagged p14 FAST induced a significantly greater reduction in 

metabolic activity relative to the HA-tagged counterpart (Figures 3.2, 3.4, and 3.5). This 

effect was observed in both HEK293 cells (Figures 3.2 and 3.4) and A549 cells (Figure 

3.5). However, HA-tagged p14 FAST was still capable of reducing metabolic activity 

under certain conditions. In A549 cells, the HA-tagged construct induced a significant 

reduction in metabolic activity relative to mock and AdEmpty infected cells at later time 

points (48 and 72 hpi) and at higher MOIs (50 and 100) (Figure 3.5). However, the 

untagged p14 FAST consistently mediated a significantly greater reduction in metabolic 

activity under these same conditions. These findings suggest that while the addition of the 

HA tag does not completely abolish p14 FAST function, it substantially impairs its 

fusogenic and downstream cytopathic activity. In previous studies from the lab, p14 FAST 

was HA-tagged to facilitate protein detection, as commercial antibodies against native 

FAST proteins are not available. Epitope tags such as HA are commonly used for protein 

detection and are generally considered to have minimal effects on protein structure and 

function due to their small size194. However, several studies have demonstrated that epitope 

tagging can interfere with protein folding, intracellular localization, protein-protein 

interactions, and overall functional activity depending on the protein context and tag 

positioning187. Proper membrane localization and structural organization are particularly 

important for membrane proteins as even minor alterations may disrupt membrane 
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insertion, topology or interactions required for biological activity195. The importance of 

maintaining proper membrane organization may be especially relevant for FAST proteins, 

which are exceptionally small membrane fusogens whose activity depends on precise 

membrane interactions mediated by their endodomain, transmembrane domain, 

ectodomains and hydrophobic fusion motifs. In our constructs the HA tag is positioned at 

the C-terminal of the FAST protein which corresponds to the endodomain. While all 

domains of the FAST protein play a role in the fusion process155, previous studies have 

demonstrated that the endodomain functions as an syncytiogenic enhancer by promoting 

fusion pore expansion and mediating intracellular trafficking involved in membrane 

remodeling and actin dynamics required for efficient fusion189,196. In particular, the p14 

FAST endodomain has been shown to interact with the adaptor protein Grb2 to promote 

actin polymerization which contributes to membrane protrusion and syncytium 

formation196. Thus, the addition of the HA tag may interfere with the ability of the FAST 

protein to properly interact with host cellular factors and undergo appropriate intracellular 

trafficking to efficiently promote membrane fusion and syncytium formation. In contrast, 

p10 and p15 FAST were weakly fusogenic to begin with, so the addition of an HA tag did 

not produce an obvious further reduction in fusion or metabolic activity under these 

conditions (Figure 3.1, 3.2). A recent study using the rotavirus NSP1-1 FAST protein 

showed that epitope tag placement can affect FAST protein activity157. In this study, the 

authors identified several rotavirus NSP1-1 proteins as functional FAST proteins and 

showed that epitope tagging could impair their activity. N-terminal FLAG tagging 

prevented human rotavirus B NSP1-1-mediated syncytium formation, while C-terminal 

FLAG tagging reduced syncytium size for several NSP1-1 FAST proteins. These findings 



 63 

are of particular importance given that previous work from our laboratory evaluated only 

the HA-tagged version of p14 FAST in an A549 xenograft mouse model167. Although 

syncytium formation was observed within the tumors, the therapeutic effect remained 

limited, with tumor size remaining largely unchanged167. Based on the in vitro findings 

presented in this current study, it is possible that the reduced fusogenic and cytopathic 

activity associated with the HA-tagged construct contributed to the limited therapeutic 

efficacy observed in vivo. Therefore, use of the untagged p14 FAST protein may promote 

more extensive syncytium formation and enhanced tumor cell killing in future in vivo 

applications. 

These findings also highlight an important technical limitation for future studies. 

Since HA tagging reduces p14 FAST activity, then using the untagged protein may provide 

a more functionally relevant therapeutic candidate.	However, using the untagged protein 

introduces additional challenges for confirming protein expression and localization. Future 

studies using untagged p14 FAST would therefore require alternative detection strategies, 

such as obtaining antibodies against the native protein, generating new FAST-specific 

antibodies, or testing alternative tag placements that preserve fusogenic activity. Another 

alternative would be to evaluate a single FLAG epitope tag. Compared with the HA 

sequence, the FLAG tag is highly hydrophilic and negatively charged and may therefore 

have a lower tendency to engage in hydrophobic interactions with adjacent membrane or 

protein domains197. As a result, a single FLAG tag could potentially interfere less with p14 

FAST conformation and fusogenic activity than the HA tag. However, this would require 

direct experimental comparison with untagged and HA-tagged p14 FAST. In addition, 

FAST expression could be assessed indirectly using a linked reporter system. This includes 
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IRES- or 2A self-cleaving peptide-based construct which would allow expression to be 

tracked without directly modifying the FAST protein sequence198. These strategies have 

been widely used to co-express multiple proteins from a single transcript, although they 

would not directly confirm FAST protein expression or localization. 

Collectively, the findings presented in this chapter demonstrate that untagged p14 

FAST was the most potent FAST protein that we evaluated in terms of both fusogenic 

activity and reductions in metabolic activity in vitro. Relative to p10 FAST, p15 FAST and 

its HA-tagged counterpart, p14 FAST consistently mediated more extensive syncytium 

formation and cytopathic effects in both HEK293 and A549 cells. These findings suggest 

that the untagged version of p14 FAST may represent the most promising candidate for 

incorporation into FAST-armed oncolytic Ad vectors. 
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Chapter 4: Investigating the efficacy of a miRNA-based system 
in silencing the expression of proteins expressed from HAdV 
4.1 Introduction  

While the cytopathic effects induced by FAST proteins could be advantageous for 

enhancing the therapeutic efficacy of oncolytic vectors, it can present challenges during 

vector production. As previously described, p14 FAST induced extensive fusion and 

significantly reduced metabolic activity when expressed from a plasmid or virus. This 

presents a challenge when attempting to grow HAdV (E1-deleted or oncolytic vectors), as 

both our findings and those of others indicate that HEK293 cells infected with HAdV 

expressing cytopathic protein often undergo cell death before sufficient viral titers can be 

achieved153. This limitation is particularly important for downstream therapeutic 

applications, such as in vitro dose-response experiments and in vivo tumor studies, where 

high-titer viral stocks are typically required.	This issue is not unique to FAST proteins, but 

is a general challenge associated with the expression of cytotoxic transgenes from viral 

vectors, including non-replicating and conditionally replicating oncolytic vectors. Previous 

work described a miRNA-based method to silence Cas9 expression during the production 

of helper-dependent Ad vectors encoding CRISPR/Cas9178. In this system, miRNA target 

sequences were inserted into the Cas9 3′ UTR to reduce Cas9 mRNA levels during vector 

production and help prevent Cas9-mediated self-cleavage of the vector genome178. 

Additionally, miRNA-based regulation has been used to restrict Ad replication in specific 

tissues. Ylösmäki et al. inserted six complementary target sites for the liver-enriched 

miRNA miR-122 into the 3′ UTR of the Ad E1A gene177. This modification allowed for 

repressed Ad replication in normal human liver while preserving replication in tumour 

tissue177. To address the limitation regarding vector production, I sought to increase the 
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yield of FAST-expressing HAdV vectors by first investigating a miRNA-based strategy 

targeting a reporter transgene. The overall concept involves engineering HEK293 cells to 

express a miRNA that specifically targets a sequence present in the viral transgene 

transcript. During vector production, this miRNA would bind to complementary target sites 

in the transcript, thereby reducing transgene expression and allowing more efficient vector 

amplification. This system was first tested using Fluc as a reporter transgene and an 

HEK293 cell line which expresses a miRNA targeting Fluc.  

4.2 Results 

4.2.1 Generation of a HEK293 cell line with constitutive expression of a miRNA targeting 

firefly luciferase (Fluc) 

We first generated a HEK293 cell line constitutively expressing a microRNA 

(miRNA) targeting the Fluc gene. To do so, cells were transfected with a plasmid encoding 

the miRNA sequence within the 3′ untranslated region (UTR) of an enhanced yellow 

fluorescent protein (eYFP) reporter. This cell line is designated as 293:eYFP-miFluc. 

Following transfection, cells were placed under selection with 200 µg/mL of hygromycin 

B to establish a stable population expressing the construct. It should be noted that 

293:eYFP-miFluc represents a stable pooled cell population rather than an isolated clonal 

cell line. We validated the expression of the transgene by immunoblot analysis of eYFP. As 

the miRNA sequence is encoded within the 3′ UTR of the eYFP transcript, eYFP expression 

serves as a proxy for expression of the miRNA construct. Qualitative analysis revealed a 

strong eYFP protein signal, suggesting successful expression of the miFluc construct 

(Figure 4.1A). Fluorescence microscopy revealed robust eYFP expression in the selected 

cell population compared to parental HEK293 cells (Figure 4.1B). Together, these results  
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Figure 4.1 eYFP-miFluc expression in 293:eYFP-miFluc cells. A stable cell line was 
generated using a plasmid expressing a miRNA targeting Fluc (miFluc) which was 
positioned in the 3’ UTR of an eYFP reporter. eYFP serves as a marker for miFluc 
expression. 293:eYFP-miFluc cells were optimized and maintained under selection 
with 200 µg/mL. A) Immunoblotting assay conducted with proteins from 293 and 
293:eYFP-miFluc harvested 24 hours after seeding with a confluency of approximately 
80%. B) Cells stained with Hoechst and images captured by fluorescence microscopy. 
Scale bar represents 100 µm. 
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indicate successful establishment of a stable cell line suitable for evaluating miRNA-

mediated silencing. 

4.2.2 The 293:eYFP-miFluc cell line effectively reduces CMV-driven Fluc expression 

from adenoviral vectors 

Following successful generation of the cell line and confirmation of eYFP 

expression, we next sought to determine whether the miFluc construct was expressed and 

functional. To assess this, we performed a reporter-based functional assay using a HAdV 

vector expressing Fluc. If the miFluc construct was successfully expressed in the cell line, 

Fluc activity would be reduced. Schematics of viruses which were generated for this aim 

can be found in Figure 4.2. AdNlucFluc is a replication defective HAdV containing a CMV-

Nluc expression cassette replacing the E1 region and CMV-Fluc located within the E3 

region. CMV is a strong constitutive promoter derived from the immediate-early gene in 

cytomegalovirus and is commonly used for driving robust and sustained levels of gene 

expression199. The use of this promoter facilitates straightforward and quantitative 

assessment of miRNA-mediated silencing. In this construct, Nluc serves as an infection 

efficiency reporter, ensuring that any observed changes in Fluc activity are attributable to 

miFluc-mediated silencing rather than differences in infection efficiency between the cell 

lines. 293 and 293:eYFP-miFluc cells were infected with AdNlucFluc at an MOI of 1 or 

mock infected with PBS. Cells were harvested at 8 and 24 hpi and Nluc/Fluc activity was 

measured using a dual luciferase reporter assay. These time points were selected to 

determine whether miFluc-mediated silencing could reduce Fluc expression under 

conditions of low and high viral genome abundance. Specifically, 8 hpi represents a time 

point prior to DNA replication, where Fluc expression is expected to arise from relatively 
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Figure 4.2 Schematic representation of adenoviral vectors used to evaluate 
miRNA-mediated silencing. AdNlucFluc is a E1 and E3 deleted vector which contains 
a CMV-Nluc expression cassette replacing the E1 region and CMV-Fluc replacing the 
E3 region. AdNlucSAFluc is similar to AdNlucFluc with the addition of a splice 
acceptor (SA) site upstream of the Fluc gene in E3, placing Fluc expression under 
control of the adenoviral major late promoter (MLP) rather than CMV. AdNluc is a E1 
and E3 deleted vector which contains a CMV-Nluc expression cassette replacing E1 
and is devoid of any transgenes in the E3 region. Schematics created with 
BioRender.com. 
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low numbers of input viral genomes. By 24 hpi, viral DNA replication should have 

occurred, increasing viral genome copy number and RNA transcript abundance. This 

allowed us to assess whether miRNA-mediated silencing remained effective when Fluc 

expression was more abundant and potentially more difficult to suppress64,200. At 8 hpi, 

there was no significant difference in Nluc activity, indicating that cells were successfully 

infected with the same amounts of virus (Figure 4.3A). We observed a significant decrease 

in Fluc activity in 293:eYFP-miFluc cells infected with AdNlucFluc compared to parental 

293 cells, with Fluc activity decreasing approximately 3.7-fold from ~ 2.2 × 10⁵ relative 

light units (RLU) in 293 cells to ~ 5.9 × 10⁴ RLU in 293:eYFP-miFluc cells (Figure 4.3B). 

At 24 hpi, no significant difference in Nluc activity was observed between the two cell 

lines (Figure 4.3C). In contrast, Fluc activity was significantly reduced in 293:eYFP-

miFluc cells compared to parental 293 cells, decreasing approximately 2.7-fold from ~ 1.7 

× 10⁶ RLU in 293 cells to ~ 6.3 × 10⁵ RLU in 293:eYFP-miFluc cells (Figure 4.3D). Figure 

4.3E depicts Fluc activity normalized to Nluc and subsequently to values from 293 cells to 

obtain the percentage of Fluc activity in 293:eYFP-miFluc cells relative to 293 cells. Data 

from both 8 hpi and 24 hpi were plotted on the same graph to enable direct comparison of 

knockdown efficiency across the two time points. We observed no significant difference 

between the knockdown of Fluc at the two time points, with Fluc activity reduced to 

approximately ~ 34% relative to 293 levels at 8 hpi and ~ 39% at 24 hpi. Taken together, 

this data suggests that the miFluc construct is expressed and functional, as it significantly 

reduced Fluc expression from the HAdV vector. Additionally, the knockdown capacity of 

the miRNA was comparable at 8 and 24 hpi, suggesting that miFluc-mediated silencing 

remains effective in the context of a replicating HAdV vector. 
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Figure 4.3 Fluc activity is significantly reduced in 293:eYFP-miFluc cells infected 
with AdNlucFluc. 293 and 293:eYFP-miFluc were infected with AdNlucFluc at an 
MOI of 1 or mock infected with PBS. Cells were harvested 8 and 24 hpi, Nluc and Fluc 
activity was then measured with the Nano-Glo Dual Luciferase Reporter Assay kit. 
Data is representative of three biological replicates (n=3) with two technical replicates 
per infection. Statistical significance assessed by two-way ANOVA followed by 
Sidak’s multiple comparisons test. A) Nluc activity 8 hpi. B) Fluc activity 8 hpi. C) 
Nluc activity 24 hpi. D) Fluc activity 24 hpi. E) Comparison of normalized Fluc activity 
at 8 and 24 hpi in 293:eYFP-miFluc cells infected with AdNlucFluc. Fluc activity was 
normalized to Nluc activity and then to values in 293 cells. Statistical significance was 
assessed by unpaired t-test. Three asterisks (***) indicate p<0.001 and four asterisks 
(****) indicate p<0.0001. 
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4.2.3 The 293:eYFP-miFluc cell line effectively reduces MLP-driven transgene expression 

in an oncolytic-like adenoviral vector 

We showed that the miRNA construct was effective at silencing Fluc expressed 

from a vector in which the Fluc gene was driven by the CMV promoter (Figure 4.3). While 

this experiment confirmed that the miFluc construct was expressed and functional, CMV-

driven expression does not fully reflect the transcriptional context used for therapeutic 

transgene expression in armed replicating HAdV vectors. In these vectors, therapeutic 

genes are commonly inserted into the E3 region of the virus genome complete with a splice 

acceptor site upstream of the transgene201,202. This configuration allows transgene 

expression to be driven by the endogenous Ad major late promoter, thereby linking 

expression to viral replication. As previously mentioned, the MLP is strongly activated 

during late stages of infection, only after viral DNA replication has occurred71,72. During 

the late phase of infection, the MLP produces a long transcript referred to as the major late 

transcription unit (MLTU), which can then be spliced at the splice-acceptor site 

immediately upstream of the inserted transgene. Linking transgene expression to viral 

replication is particularly important for cytopathic transgenes, such as FAST proteins, 

where expression in normal cells could cause unwanted toxicity. In CRAd vectors, placing 

the transgene in the E3 region downstream of a splice acceptor would ensure that in normal 

cells, there would be little to no FAST expression.	However, in cancer cells where viral 

replication is permitted through the previously described E1Δ24 mutation, robust transgene 

expression would be expected. In contrast, a CMV-driven expression cassette could result 

in transgene expression following vector entry in both normal and cancer cells, potentially 

leading to unwanted toxicity. To better model this transcriptional configuration, we 
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generated a replication-defective HAdV vector containing a CMV-driven Nluc expression 

cassette replacing the E1 region and a Fluc gene preceded by a splice acceptor site in the 

E3 region. This virus is designated as AdNlucSAFluc (Figure 4.2). Although this vector is 

not oncolytic, it models the splice acceptor-dependent E3 expression strategy used to link 

therapeutic transgene expression to virus replication in armed oncolytic HAdV vectors. As 

a control vector, we generated AdNluc, an E1/E3 deleted vector which contains a CMV-

Nluc expression cassette in the E1 region and is devoid of transgenes in the E3 region 

(Figure 4.2). 293 and 293:eYFP-miFluc were infected with AdNlucSAFluc and AdNluc at 

an MOI of 1. Cells were harvested at 8 and 24 hpi and Nluc/Fluc activity was measured 

using a dual luciferase reporter assay. At 8 hpi, there was no significant difference in Nluc 

activity produced from the virus between the cell lines (Figure 4.4A).  We observed a 

significant decrease in Fluc activity in 293:eYFP-miFluc cells infected with 

AdNlucSAFluc compared to parental 293 cells, with Fluc activity decreasing 

approximately 8.3-fold from ~ 3.5 x 105 RLU in 293 cells to ~ 4.2 x 10⁴ RLU in 293:eYFP-

miFluc cells (Figure 4.4B). At 24 hpi, Nluc activity remained consistent between the cell 

lines (Figure 4.4C). In contrast, Fluc activity significantly decreased in 293:eYFP-miFluc 

cells infected with AdNlucSAFluc, decreasing approximately 4.6-fold from ~ 5.1 × 10⁷ 

RLU in 293 cells to ~ 1.1 × 10⁷ RLU in 293:eYFP-miFluc cells (Figure 4.4D). Fluc activity 

in 293:eYFP-miFluc cells infected with AdNlucSAFluc at both time points was then 

normalised to Nluc and subsequently normalised to values from 293 cells. Data showed 

that there was no significant difference between the knockdown of Fluc at the two time 

points, with Fluc activity reduced to approximately ~ 10% relative to 293 levels at 8 hpi 

and ~ 14% at 24 hpi (Figure 4.4E). This suggests that miRNA-mediated silencing remained  
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Figure 4.4 Fluc activity is significantly reduced in 293:eYFP-miFluc cells infected with 
AdNlucSAFluc. 293 and 293:eYFP-miFluc were infected with AdNlucSAFluc or AdNluc 
at an MOI of 1, or mock infected with PBS. Cells were harvested 8 and 24 hpi, Nluc and 
Fluc activity was then measured with the Nano-Glo Dual Luciferase Reporter Assay kit. 
Data is representative of four biological replicates (n=4) with two technical replicates per 
infection. Statistical significance assessed by two-way ANOVA followed by Sidak’s 
multiple comparisons test. A) Nluc activity 8 hpi. B) Fluc activity 8 hpi. C) Nluc activity 
24 hpi. D) Fluc activity 24 hpi. E) Comparison of normalized Fluc activity at 8 and 24 hpi 
in 293:eYFP-miFluc cells infected with AdNlucSAFluc. Fluc activity was normalized to 
Nluc activity and then to values in 293 cells. Statistical significance was assessed by 
unpaired t-test. F) Immunoblot from samples collected 8 hpi. G) Immunoblot from samples 
collected 24 hpi. Four asterisks (****) indicate p<0.0001. 
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effective even at 24 hpi, when viral DNA replication has occurred and increased viral 

genome copy number is expected to result in higher Fluc transcript abundance. 

To further validate these finds, we conducted immunoblot assays with the samples 

harvested at 8 and 24 hpi. Qualitative analysis of the immunoblot of samples from 8 hpi 

showed a strong decrease in the Fluc protein intensity in 293:eYFP-miFluc cells infected 

with AdNlucSAFluc relative to 293 cells (Figure 4.4F). Nluc protein intensity remained 

consistent throughout cells infected with AdNlucSAFluc and AdNluc, supporting the 

luciferase data described in Figure 4.4A-B. Blots were also probed for hexon, an Ad capsid 

protein expressed at later stages of infection. As anticipated, hexon protein was not detected 

at 8 hpi considering this is a time point before the onset of viral DNA replication and late 

viral protein expression (data not shown).The immunoblot with samples from 24 hpi, 

showed a modest decrease in the Fluc protein intensity in 293:eYFP-miFluc cells infected 

with AdNlucSAFluc relative to 293 cells (Figure 4.4G). Interestingly, this decrease was 

less pronounced than the reduction observed in the luciferase activity assay in Figure 4.4D. 

Here, Nluc protein intensity also remained consistent throughout cells infected with 

AdNlucSAFluc and AdNluc. Probing with hexon showed consistent protein levels across 

all infection conditions. As previously mentioned, in the AsNlucSAFluc virus, Fluc is 

insterted into the E3 region of the genome which is in part transcribed as part of the major 

late transcription unit. This transcript is also responsible for the expression of several Ad 

late proteins, including hexon, penton, and fiber73. Therefore, we wanted to assess whether 

miRNA-mediated targeting of Fluc could disrupt late viral protein expression. Although 

Fluc expression is expected to arise from splicing of the MLTU to the splice acceptor site 

upstream of the Fluc sequence, it was important to determine whether this configuration 
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broadly affected late viral protein expression. Consistent hexon levels across conditions 

suggest that miFluc-mediated targeting of Fluc did not broadly disrupt late viral gene 

expression, at least based on hexon protein abundance. However, this does not necessarily 

reflect proper genome packaging and productive virion formation. Overall, this data 

suggests that the 293:eYFP-miFluc cell line can effectively reduce transgene expression 

from an HAdV with a genomic structure more closely resembling that of armed CRAd 

vectors, without broadly disrupting late viral protein expression. 

4.2.4 AdNlucSAFluc virus production from 293:eYFP-miFluc cells is reduced at 24 hpi 

but recovers by 48 hpi 

Data presented in Figure 4.4 shows that the miRNA system can effectively reduce 

transgene expression from an armed HAdV vector with a transgene in the E3 region under 

regulation of the MLP. Transgenes regulated by the MLP are expressed from the major late 

transcription unit, which also gives rise to the structural Ad proteins required for virion 

formation. Although the SA sequence positioned upstream of the transgene is intended to 

enable splicing of the transgene-containing transcript from the major late transcription unit, 

miRNA-mediated targeting could still potentially reduce the abundance of the common 

pre-spliced transcript. If this occurred, expression of Ad structural proteins could be 

impaired, ultimately reducing the production of infectious virions. While the data in Figure 

4.3 did not show a reduction in hexon expression, this does not determine whether viral 

genomes are successfully packaged or whether infectious virions are produced. Therefore, 

it was important to assess whether miRNA-mediated silencing of Fluc negatively affects 

the formation of infectious virions. To assess this, viruses were first infected in either 293 

or 293:eYFP-miFluc and then used to reinfect 293 cells. Nluc activity was measured after 



 77 

reinfection and used as a surrogate readout of infectious virus production from the 

originally infected cells. This approach allowed infectious virus production to be assessed 

indirectly, since only infectious virions generated during the initial infection would be able 

to enter the second set of 293 cells and drive Nluc expression. Since Fluc is not a cytopathic 

protein, we would not expect Fluc knockdown to increase virus yield. Rather, we wanted 

to determine whether virus production was comparable between parental 293 and 

293:eYFP-miFluc cells.  

293 and 293:eYFP-miFluc cells were infected with AdNluc or AdNlucSAFluc. 

AdNluc infections were performed at an MOI of 1, whereas AdNlucSAFluc infections were 

performed at an MOI of 0.1 due to the lower titer of the AdNlucSAFluc stock. Since Nluc 

activity from each virus produced in 293:eYFP-miFluc cells was normalized to the 

corresponding values obtained from parental 293 cells, this difference in MOI was not 

expected to affect interpretation of the relative virus production from each cell line. 293 

and 293:eYFP-miFluc cells were infected for 1 h, after which the inoculum was removed. 

Cells were then washed once with PBS, and fresh media was added. Infected cells were 

harvested at 24 and 48 hpi, and virus harvests from both cell lines were used to reinfect 

parental 293 cells. Reinfected cells were harvested at 24 hpi, after which Nluc activity was 

measured. 

At 24 hpi, relative Nluc activity was below parental 293-derived levels for both 

viruses, reaching approximately 25% for AdNluc and 31% for AdNlucSAFluc (Figure 4.5). 

Since both viruses showed a similar reduction in recovery from the 293:eYFP-miFluc cell 

line at this time point, this decrease is unlikely to be specifically caused by miFluc-

mediated targeting of Fluc. By 48 hpi, relative Nluc activity increased for both viruses 
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compared to 24 hpi. AdNluc reached approximately 72% of parental 293-derived levels, 

whereas AdNlucSAFluc reached approximately 124% of parental 293-derived levels 

(Figure 4.5). Although the difference between the two viruses was statistically significant 

at this time point (p = 0.006), both viruses showed a similar overall trend. Infectious virus 

recovery from 293:eYFP-miFluc cells was reduced at 24 hpi but improved by 48 hpi, 

approaching levels observed in parental 293 cells. Taken together, results indicate that both 

viruses showed a similar pattern of infectious virus recovery from 293:eYFP-miFluc cells. 

Since reduced recovery was also observed with AdNluc at 24 hpi, the decrease in virus 

production is unlikely to be specifically attributable to miFluc-mediated targeting of Fluc. 

Additionally, virus recovery from 293:eYFP-miFluc cells appeared to be delayed relative 

to parental 293 cells but improved with extended incubation, approaching parental 293-

derived levels by 48 hpi. 
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Figure 4.5 AdNlucSAFluc virus recovery from 293:eYFP-miFluc cells is reduced 
at 24 hpi but reaches 293-derived levels by 48 hpi. 293 and 293:eYFP-miFluc cells 
were infected with AdNluc at an MOI of 1 or AdNlucSAFluc at an MOI of 0.1. Cells 
were harvested at 24 and 48 hpi, and virus harvests were used to reinfect parental 293 
cells. Reinfected 293 cells were harvested at 24 hpi, and Nluc activity was measured 
using a NanoLuc luciferase assay as a surrogate readout of infectious virus 
production. Nluc activity from viruses harvested from 293:eYFP-miFluc cells was 
normalized to the corresponding values obtained from parental 293 cells for each 
virus. Data is representative of three biological replicates (n=3) with two technical 
replicates per infection. Statistical significance was assessed by two-way ANOVA 
followed by Sidak’s multiple comparisons test. Two asterisks (**) indicate p<0.01. 
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4.3 Discussion 

In the previous chapter, we evaluated the efficacy of three different FAST proteins; 

p10, p14, and p15 FAST, as well as their HA-tagged counterparts. Results demonstrated 

that untagged p14 FAST mediated the greatest extent of fusion, as observed by the 

increased formation of syncytia and the induced reduction in metabolic activity relative to 

the other FAST proteins. While these properties are desirable for maximizing tumor cell 

killing in downstream therapeutic applications, they may be detrimental during viral 

production. Extensive FAST protein-mediated syncytium formation can trigger cellular 

stress, apoptotic signaling and membrane instability188. As syncytia enlarge and become 

increasingly dysregulated, these downstream effects may impair the cellular environment 

required for efficient Ad replication, assembly and/or release. Similar observations have 

previously been reported with Ad vectors expressing other fusogenic membrane 

glycoproteins. Guedan et al. demonstrated that extensive syncytium formation mediated by 

a replication-competent HAdV expressing the GALV fusogenic glycoprotein reduced viral 

production at low MOIs while simultaneously enhancing cytotoxicity153. Interestingly, the 

authors further showed that viral DNA did not efficiently spread between nuclei within 

syncytia, suggesting that many nuclei within fused cells were unable to contribute to 

productive viral replication153. Consistent with this, our laboratory has repeatedly observed 

that generating high titers of FAST-expressing viruses is challenging, often resulting in 

insufficient viral yields for downstream in vivo studies. This issue may become even more 

pronounced with the development of HAdV expressing untagged p14 FAST as the findings 

presented in this study demonstrated that the untagged version induces substantially greater 

syncytium formation and cytotoxicity relative to the HA-tagged construct. Consequently, 
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the enhanced fusogenic and cytopathic activity of untagged p14 FAST may further 

compromise producer cell viability during viral amplification and reduce overall viral 

yield. 

 To address this issue, we evaluated two strategies aimed at transiently silencing 

transgene expression from HAdV specifically during vector production: miRNA-mediated 

silencing and the LacI/LacO regulatory system. In this chapter, we focused on evaluating 

the efficacy of miRNA-mediated silencing at suppressing transgene expression from 

HAdV. Similar miRNA-mediated regulatory strategies have previously been explored in 

Ad vectors. In helper-dependent Ad vectors, miRNA target sites have been used to suppress 

Cas9 expression during vector production and prevent CRISPR/Cas9-mediated self-

cleavage178. In oncolytic Ads, miRNA-mediated suppression of E1A has also been used to 

restrict Ad replication in liver cells while maintaining replication in tumour cells177. 

Firstly, we generated a HEK293 cell which stably expresses a miRNA targeting 

Fluc (293:eYFP-miFluc). The miRNA sequence was incorporated into the 3′ untranslated 

region (UTR) of an eYFP reporter gene, allowing eYFP expression to serve as an indicator 

of miFluc expression within the cells. As shown in Figure 4.1, strong eYFP expression was 

observed by both fluorescence microscopy and immunoblot analysis, confirming stable 

expression of eYFP and suggesting that the miRNA is likely also being expressed. Ideally, 

miFluc expression would have been confirmed directly, such as by RT-PCR based detection 

of the mature miRNA. However, the combination of strong eYFP expression and the 

functional knockdown of Fluc observed in subsequent experiments supports that the 

miFluc sequence was expressed and functional in these cells. Stable miRNA expression 

within producer cells would theoretically allow suppression of cytotoxic transgenes during 
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vector amplification while permitting transgene expression to be restored following 

infection of target tumor cells lacking the miRNA. Thus, this system provides a potential 

strategy to improve production yields of cytopathic FAST-armed HAdV vectors without 

permanently altering transgene function.  

We showed that the miRNA construct was able to successfully reduce expression 

of Fluc from AdNlucFluc (Figure 4.3). Importantly, this reduction in Fluc activity occurred 

without any significant changes in Nluc expression at either 8 or 24 hpi, suggesting that 

the observed decrease in Fluc expression was not due to reduced transgene delivery or  

impaired viral replication, but rather resulted from sequence-specific miRNA-mediated 

silencing. Furthermore, comparable levels of knockdown were observed at both 8 and 24 

hpi, indicating that the silencing effect was maintained over time from early to late stages 

of infection. However, an important consideration when utilizing miRNA-mediated 

silencing in Ad systems is the ability of virus-associated RNAs (VA RNAs) to interfere 

with cellular RNA interference activity. VA RNAs are small non-coding RNAs expressed 

at high levels during Ad infection and play an important role in viral replication. In 

particular, VA RNAs promote efficient viral growth by inhibiting protein kinase R (PKR) 

activation, thereby preventing global translational shutdown and supporting late viral 

protein synthesis203,204. However, VA RNAs can also interfere with cellular miRNA 

activity. Previous studies have demonstrated that VA RNAs can impair pri-miRNA 

processing through competitive interactions with key components of the miRNA 

biogenesis pathway, including Drosha, Exportin-5, Dicer, and Argonaute proteins205. 

Specifically, VA RNAs have been shown to bind and sequester Drosha, thereby impairing 

maturation of pri-miRNAs into functional mature miRNAs76. Consequently, Ad infection 
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itself may reduce the efficiency of miRNA-mediated transgene silencing. Despite these 

known inhibitory effects, we were still able to observe knockdown of Fluc expression in 

our system, suggesting that the miRNA construct retained sufficient activity to mediate 

transgene suppression in the context of Ad infection. 

We next evaluated whether miRNA-mediated silencing could also be achieved in 

the context of Ad vectors which are more representative of oncolytic HAdV systems, in 

which transgene expression is linked to the major late promoter (Figure 4.4). Unlike the 

constitutively active CMV promoter used in AdNlucFluc, the MLP is activated 

predominantly during the late phase of Ad infection following the onset of viral DNA 

replication and is responsible for driving high-level expression of late viral genes71,72. This 

configuration ensures that transgene expression is largely restricted to cells in which the 

virus can replicate. Therefore, this structure more accurately models late viral gene 

expression from oncolytic CRAd vectors. A previous study reported stronger CMV-driven 

expression than MLP-driven expression using E1-deleted, replication-defective Ad vectors 

encoding luciferase or lacZ206. These vectors were tested in cultured rheumatoid arthritis-

derived synoviocytes and in the synovium of rhesus monkeys with collagen-induced 

arthritis206. However, because those vectors were replication-defective, MLP-driven 

expression would not have been amplified by viral DNA replication. In contrast, the present 

study used HEK293 cells, which support Ad replication. We found that Fluc activity was 

approximately 6.3-fold higher when Fluc expression was linked to the MLP, as shown with 

AdNlucSAFluc (Figure 4.4), compared to when Fluc was driven by the CMV promoter, as 

shown with AdNlucFluc (Figure 4.3). Despite these differences in transcriptional 

regulation, the miFluc construct remained capable of suppressing Fluc expression from 
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AdNlucSAFluc at both 8 and 24 hpi (Figure 4.4). Overall, these findings demonstrate that 

miRNA-mediated silencing remains effective in an Ad vector configuration that more 

closely resembles conditionally replicating oncolytic HAdV, supporting its potential use 

for transiently suppressing cytotoxic transgenes during vector production. 

Although the miRNA-based system effectively reduced expression of the targeted 

Fluc transgene, this did not determine whether the 293:eYFP-miFluc cell line could still 

support the production of infectious Ad particles. In Figure 4.4, hexon protein levels were 

maintained in the miRNA-expressing cell line, suggesting that late viral protein expression 

was not impaired. However, this does not necessarily indicate whether viral genomes were 

successfully packaged or that infectious virions capable of reinfecting cells were produced. 

Therefore, it was important to assess infectious virus recovery from 293:eYFP-miFluc 

cells. To assess this, 293 and 293:eYFP-miFluc cells were infected with AdNlucSAFluc 

AdNluc.	Cells were harvested at 24 and 48 hpi, and the resulting virus-containing lysates 

were used to reinfect parental 293 cells. Since only successfully produced infectious 

virions would be able to reinfect 293 cells and drive Nluc expression,	Nluc activity was 

measured as a surrogate readout of infectious virus output. At 24 hpi, infectious virus 

output from 293:eYFP-miFluc cells was reduced for both viruses with Nluc expression 

down 25% for AdNluc and 31% for AdNlucSAFluc (Figure 4.5). The similar decrease in 

Nluc activity observed for both AdNluc and AdNlucSAFluc suggests that this effect does 

not appear to be specific to miFluc-mediated targeting. By 48 hpi, infectious virus recovery 

from 293:eYFP-miFluc cells was improved. Notably, AdNlucSAFluc reached levels 

comparable to and even slightly higher than virus recovered from parental 293 cells. 

However, Nluc activity from AdNluc harvested from 293:eYFP-miFluc cells remained 
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moderately lower, reaching approximately 72% of parental 293-derived levels. The reason 

for this difference between the two viruses at 48 hpi is unclear. However, because Nluc 

activity from AdNlucSAFluc did not remain reduced at 48 hpi, these results suggest that 

miFluc-mediated targeting of the Fluc-containing transcript was not associated with a 

sustained defect in infectious virus recovery.  

The reduced infectious virus recovery observed at 24 hpi may reflect delayed or 

less efficient virus production in the miRNA-expressing cells rather than a specific effect 

of miRNA targeting, since both viruses were reduced at this time point. An important 

consideration for the AdNlucSAFluc construct is that Fluc is position in the E3 region 

which is transcribed as part of the MLTU by the endogenous Ad MLP. The insertion of the 

SA site upstream of Fluc is expected to allow processing of a Fluc-containing mRNA from 

this larger transcript. However, if miFluc-mediated targeting occurs before or during 

transcript processing, it could potentially affect the abundance or stability of late viral 

RNAs (e.g. those encoding hexon, penton or fiber) before the Fluc mRNA is fully 

processed. This limitation can potentially explain the reduced virus recovery observed at 

the 24 hpi time point. While hexon protein levels from AdNlucSAFluc remained consistent 

in the miRNA-expressing cell line relative to parental 293 at 24 hpi (Figure 4.4),	it would 

be beneficial to examine additional late viral proteins, such as fiber and penton. In addition, 

examining proteins involved in capsid assembly and genome packaging could help 

determine whether later stages of virion production are delayed or impaired in the miRNA-

expressing cell line. These include pIIIa, pVI, pVIII, pIX, IVa2, and the core-associated 

proteins V, VII, and μ, could help determine whether later stages of virion assembly are 

delayed or impaired in the miRNA-expressing cell line. Assessing these same proteins at 
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48 hpi would also help determine whether delayed late protein recovers over time, 

potentially explaining the improved infectious virus recovery observed at this later time 

point. Finally, these findings should be confirmed using a true plaque assay to directly 

quantify infectious virus output.  

Overall, these findings demonstrate that miRNA-mediated targeting can selectively 

reduce expression of the targeted transgene. The 293:eYFP-miFluc cell line successfully 

reduced Fluc activity from both CMV-driven and MLP-linked transgene cassettes without 

affecting activity of the untargeted Nluc reporter positioned in the E1 region. Although 

infectious virus recovery from 293:eYFP-miFluc cells was reduced at 24 hpi, recovery 

improved by 48 hpi, suggesting that virus production in the miRNA-expressing cell line 

may be delayed rather than substantially impaired. With further refinement of this cell line 

and optimization of production conditions, miRNA-mediated silencing represents a 

promising strategy to improve the production of Ad vectors expressing cytotoxic 

transgenes. Importantly, because Fluc is not cytotoxic, future experiments using FAST-

armed Ad vectors will be necessary to determine whether miRNA-mediated suppression 

can improve viral yield when transgene expression directly compromises producer cell 

viability. 
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Chapter 5: Investigating the efficacy of a Lac repressor-based 
system in silencing the expression of proteins expressed from 
HAdV 
5.1 Introduction  

As described in the previous chapter, the production of HAdV expressing cytotoxic 

proteins is challenging, often leading to premature cell death before high titers of virus can 

be obtained. In chapter 4, I explored a miRNA-based system at reducing transgene 

expression from HAdV in order to increase viral titers. In parallel, I explored an alternative 

system based on the Lac repressor (LacI) and Lac operator (LacO). This system originates 

from the E. coli lac operon, where LacI binds to the LacO DNA sequence to repress 

transcription of the downstream genes responsible for the metabolism of lactose179,180. 

When allolactose, a metabolite of lactose, binds to LacI, it induces an allosteric 

conformational change that reduces its affinity for the LacO DNA sequence179,180. In the 

absence of this inducer, LacI binds with high affinity to the LacO sequence which 

physically obstructs RNA polymerase binding and/or transcriptional elongation, thus 

repressing expression of downstream genes179,180. A previous study had utilized the 

LacI/LacO system to reduce basal transgene expression from inducible promoters in HAdV 

by blocking transcriptional elongation174. This approach was primarily applied to address 

promoter leakiness rather than to regulate expression of cytotoxic transgenes in Ad 

vectors174. Another study demonstrated that the LacI/LacO system can repress expression 

of rabies virus glycoprotein transgene during Ad vector production which allowed for high 

titer vector recovery173. Building on this work, I sought to assess whether the LacI/LacO 

system could repress transgene expression from HAdV vectors and to compare its 

effectiveness with the miRNA-based silencing system described in Chapter 4. 
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5.2 Results 

5.2.1 Generation of a HEK293 cell line with constitutive expression of the Lac repressor 

protein 

In order to transiently silence transgene expression from HAdV, we first generated 

a HEK293 cell line which constitutively expresses the LacI protein. To do so, cells were 

transfected with a plasmid encoding an mCherry-LacI fusion protein under the control of 

the CMV promoter. The mCherry-LacI coding sequence was linked to a hygromycin 

resistance gene through an internal ribosome entry site, allowing for selection of stably 

transfected cells with hygromycin. To do so, cells were transfected with a plasmid encoding 

a fusion protein of the LacI protein with an mCherry reporter. This cell line is designated 

as 293:mCherry-LacI. Following transfection, cells were placed under selection with 200 

µg/mL of hygromycin B to establish a stable pooled cell population expressing the 

construct. We then validated the expression of the transgene by immunoblot analysis of 

mCherry. Qualitative analysis revealed a strong protein signal of mCherry-LacI at ~ 65 kDa 

(Figure 5.1A). Fluorescence microscopy revealed robust mCherry expression in the 

selected cell population compared to parental HEK293 cells (Figure 5.1B). Together, these 

results confirmed the generation of a stable 293:mCherry-LacI producer cell population 

suitable for evaluating LacI/LacO-mediated transgene repression. 
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Figure 5.1 mCherry-LacI expression in 293:mCherry-LacI cells. The Lac repressor 
(LacI) is fused with the mCherry protein. mCherry serves as marker for LacI 
expression. 293:mCherry-LacI cells were selected and maintained under selection with 
200 µg/mL hygromycin to support optimal transgene expression. A) Immunoblotting 
assay conducted with proteins from 293 and 293:mCherry-LacI harvested 24 hours 
after seeding with a confluency of approximately 80%. B) Cells stained with Hoechst 
and images captured by fluorescence microscopy. Scale bar represents 100 µm. 
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5.2.2 The 293:mCherry-LacI cell line effectively reduces CMV-driven transgene 

expression from adenoviral vectors 

 To initially assess the functionality of the 293:mCherry-LacI cell line at effectively 

reducing transgene expression, we generated viruses which encode bioluminescent protein 

driven by the CMV promoter with LacO sequence positioned either downstream or 

upstream of the transgene. Schematics of viruses which were generated for this aim can be 

found in Figure 5.2. AdLacONlucFluc is a replication defective HAdV which contains the 

Nluc gene regulated by the CMV promoter with 16 tandem repeats of the LacO sequence 

placed between the promoter and Nluc in the E1 region, and CMV-Fluc in the E3 region. 

Binding of LacI to the LacO sequences is expected to inhibit transcription of Nluc by 

obstructing the progression of the RNA polymerase. AdNlucLacOFluc contains the same 

genetic elements, however, the LacO sequences have been positioned downstream of the 

Nluc coding sequence. In this configuration, LacI binding may interfere with proper 

processing of the 3′ end of the transcript, leading to transcript instability and reduced 

transgene expression. AdNlucFluc has been previously described and was utilised as a 

control, where Nluc expression should remain consistent in both 293 and 293:mCherry-

LacI cells. In these constructs, Fluc serves as an infection efficiency reporter, ensuring that 

any observed changes in Nluc activity are attributable to LacI-mediated silencing rather 

than differences in infection efficiency between the cell lines. 293 and 293:mCherry-LacI 

cells were infected with AdLacONlucFluc, AdNlucLacOFluc and AdNlucFluc at an MOI 

of 1 or mock infected with PBS. Cells were harvested at 8 and 24 hpi and Nluc/Fluc activity 

was measured using a dual luciferase reporter assay. At 8 hpi, Fluc activity remained 

unchanged between 293 and 293:mCherry-LacI cells for all viruses tested (Figure 5.3A). 
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Figure 5.2 Schematic representation of adenoviral vectors used to evaluate 
LacI/LacO-mediated silencing. AdLacONlucFluc is a E1 and E3 deleted vector 
which contains a CMV–Nluc expression cassette replacing the E1 region with 16 Lac 
operator (LacO) repeats inserted between the promoter and coding sequence, as well 
as a CMV–Fluc cassette replacing the E3 region. AdNlucLacOFluc is similar to 
AdLacONlucFluc except that the LacO repeats are positioned downstream of the Nluc 
gene, between the gene and the poly(A) signal. AdFlucSANlucLacO contains a CMV-
Fluc expression cassette replacing E1 and an Nluc gene followed by 16 LacO repeats 
replacing E3, with a splice acceptor (SA) site upstream of Nluc that places its 
expression under control of the adenoviral major late promoter (MLP). AdFlucSANluc 
is similar to AdFlucSANlucLacO but lacks the LacO sites. Schematics created with 
BioRender.com. 
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Figure 5.3 Nluc activity is significantly reduced in 293:mCherry-LacI cells 
infected with AdNlucLacOFluc. 293 and 293:mCherry-LacI cells were infected with 
AdNlucFluc, AdLacONlucFluc or AdNlucLacOFluc at an MOI of 1, or mock infected 
with PBS. Cells were harvested 8 and 24 hpi, Nluc and Fluc activity was then measured 
at 8 hpi or 24 hpi with the Nano-Glo Dual Luciferase Reporter Assay kit. Data is 
representative of three biological replicates (n=3) with two technical replicates per 
infection. Statistical significance assessed by two-way ANOVA followed by Sidak’s 
multiple comparisons test. A) Fluc activity 8 hpi. B) Nluc activity 8 hpi. C) Fluc activity 
24 hpi. D) Nluc activity 24 hpi. E) Comparison of normalized Nluc activity at 8 and 24 
hpi in 293:mCherry-LacI cells infected with AdNlucLacOFluc. Nluc activity was 
normalized to Fluc activity and then to values in 293 cells. Statistical significance 
assessed by unpaired t-test.  One asterisk (*) indicates p<0.05, two asterisks (**) 
indicate p<0.01, three asterisks (***) indicate p<0.001 and four asterisks (****) 
indicate p<0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 93 

In contrast, placement of the LacO sites between the Nluc gene and the poly(A) signal in 

AdNlucLacOFluc resulted in a significant reduction in Nluc activity in 293:mCherry-LacI 

cells, corresponding to an approximately 16-fold decrease relative to parental 293 cells 

(Figure 5.3B).	 When the LacO sites were positioned upstream of the Nluc gene in 

AdLacONlucFluc, Nluc activity was near background levels even in parental 293 cells, 

suggesting that this configuration impaired Nluc expression independently of LacI 

expression.	At 24 hpi, Fluc activity again remained largely unchanged between the two cell 

lines, although an increase was observed in 293:mCherry-LacI cells infected with 

AdLacONlucFluc (Figure 5.3C). Nluc activity from AdNlucLacOFluc remained 

significantly reduced in 293:mCherry-LacI cells, corresponding to an approximately 4-fold 

decrease relative to parental 293 cells (Figure 5.3D). Similar to the 8 hpi time point, 

AdLacONlucFluc produced near-background levels of Nluc activity in parental 293 cells 

at 24 hpi. Nluc activity in 293:mCherry-LacI cells infected with AdNlucLacOFluc was 

normalized to Fluc activity and then expressed relative to values from parental 293 cells. 

This analysis showed that Nluc activity was reduced to ~ 6.5% of 293 levels at 8 hpi and ~ 

25% at 24 hpi, indicating that repression was strongest at the earlier time point (Figure 

5.3E). Taken together, this data highlights the effectiveness of the LacI at repressing CMV-

driven transgene expression from HAdV, specifically when LacO sites are positioned 

downstream of the gene.  

5.2.3 The 293:mCherry-LacI cell line effectively reduces MLP-driven transgene 

expression in an oncolytic-like adenoviral vector 

 The data presented in Figure 5.3 demonstrated that LacI effectively repressed 

CMV-driven transgene expression from an HAdV vector when the LacO sites were 
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positioned downstream of the transgene. Although this experiment confirmed the 

functionality of the cell line and viral constructs, it did not assess the system in a context 

representative of oncolytic Ad vectors. Therefore, new HAdV constructs were generated to 

more closely resemble the genomic architecture of armed oncolytic CRAd vectors, where 

transgenes are inserted into the E3 region. AdFlucSANlucLacO is an E1/E3-deleted HAdV 

vector containing the Nluc gene replacing the E3 region, in which a splice acceptor (SA) 

site has been positioned upstream of the Nluc gene and 16 tandem repeats of the LacO 

sequence are inserted downstream of the coding sequence (Figure 5.2). In addition, a CMV-

driven Fluc cassette is present in the E1 region. As previously described, this places Nluc 

expression under the control of the Ad major late promoter, which is strongly activated at 

later stages of infection following the onset of viral DNA replication71,72. AdFlucSANluc 

possesses the same genetic elements with the absence of the LacO sites and was used as a 

control. We did not generate an HAdV construct with LacO sequences positioned upstream 

of the transgene, as previous data indicated that transgene expression was impaired even in 

parental 293 cells (Figure 5.3). 293 and 293:mCherry-LacI cells were infected with 

AdFlucSANlucLacO or AdFlucSANluc at an MOI of 1 or mock infected with PBS. Cells 

were harvested at 8 and 24 hpi and Nluc/Fluc activity was measured using a dual luciferase 

reporter assay.  

At 8 hpi, similar levels of Fluc activity were observed between the two cell lines 

for all viruses tested (Figure 5.4A). In contrast, Nluc activity from AdFlucSANlucLacO 

was significantly reduced in 293:mCherry-LacI cells, decreasing from ~2.8 × 10⁷ RLU in 

293 cells to ~6.9 × 10⁵ RLU in 293:mCherry-LacI cells, corresponding to an approximately 

41-fold reduction (Figure 5.4B). No reduction in Nluc activity was observed for the control 



 95 

Figure 5.4 Nluc activity is significantly reduced in 293:mCherry-LacI cells infected 
with AdFlucSANlucLacO. 293 and 293:mCherry-LacI cells were infected with 
AdFlucSANluc or AdFlucSANlucLacO at an MOI of 1, or mock infected with PBS. Cells 
were harvested 8 and 24 hpi, Nluc and Fluc activity was then measured at 8 hpi or 24 hpi 
with the Nano-Glo Dual Luciferase Reporter Assay kit. Data is representative of four 
biological replicates (n=4) with two technical replicates per infection. Statistical 
significance assessed by two-way ANOVA followed by Sidak’s multiple comparisons test. 
A) Fluc activity 8 hpi. B) Nluc activity 8 hpi. C) Fluc activity 24 hpi. D) Nluc activity 24 
hpi. E) Comparison of normalized Nluc activity at 8 and 24 hpi in 293:mCherry-LacI cells 
infected with AdFlucSANlucLacO. Nluc activity was normalized to Fluc activity and then 
to values in 293 cells. Statistical significance assessed by unpaired t-test. F) Immunoblot 
from samples collected 8 hpi. G) Immunoblot from samples collected 24 hpi. Two asterisks 
(**) indicate p<0.01 and three asterisks (***) indicate p<0.001. 
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virus, AdFlucSANluc, suggesting that the decrease observed with AdFlucSANlucLacO 

was likely due to LacI binding at the LacO sites. At 24 hpi, Fluc activity remained similar 

between the two cell lines for both viruses tested (Figure 5.4C). Consistent with the 8 hpi 

data, Nluc activity from AdFlucSANlucLacO was significantly reduced in 293:mCherry-

LacI cells, decreasing from ~7.5 × 10⁸ RLU in 293 cells to ~3.9 × 10⁸ RLU in 293:mCherry-

LacI cells, corresponding to an approximately 2-fold reduction (Figure 5.4D). Nluc activity 

in 293:mCherry-LacI cells infected with AdFlucSANlucLacO at both time points was then 

normalised to Fluc and subsequently normalised to values from 293 cells. The data 

demonstrates a time-dependent difference in Nluc knockdown efficiency. At 8 hpi, 

normalized Nluc activity was reduced to ~1.8% of 293 levels, whereas by 24 hpi, it had 

increased to ~ 40% (Figure 5.4E). This difference suggests that LacI/LacO-mediated 

repression was strongest during early stages of infection, where fewer viral genome copies 

are present.  

To further validate these finds, we conducted immunoblot assays with the samples 

harvested at 8 and 24 hpi. Qualitative analysis of the immunoblot of samples from 8 hpi 

showed a significant decrease in the Nluc protein signal from AdFlucSANlucLacO in 

293:mCherry-LacI cells relative to 293, while Fluc protein levels from AdFlucSANluc 

remained consistent across both cell line (Figure 5.4F). At 24 hpi, Nluc protein intensity 

was reduced in 293:mCherry-LacI cells infected with AdFlucSANlucLacO relative to 293 

cells, although the difference was less pronounced than at 8 hpi (Figure 5.4G). Fluc protein 

intensity from both viruses remained consistent across 293 and 293:mCherry-LacI cells. 

Hexon protein levels from both viruses at 24 hpi was also assessed and remained consistent 

across both cell lines. In contrast, fiber protein intensity appeared reduced in 293:mCherry-
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LacI cells infected AdFlucSANlucLacO, relative to 293 cells. In HAdV, the fiber coding 

sequence is located within the L5 region of the major late transcription unit. In 

AdFlucSANlucLacO, insertion of the Nluc-LacO sequence within the E3 region places the 

LacO sites upstream of the L5 fiber coding sequence. This raises the possibility that LacI 

binding to the LacO sites may interfere with efficient transcription or accumulation of fiber 

mRNA. This is important consideration because reduced fiber expression could impair 

virion assembly or production. Together, data from luciferase assays and immunoblot 

analyses demonstrate that LacI effectively reduces MLP-driven transgene expression when 

LacO sites are positioned downstream of the transgene, without affecting expression from 

the E1 transgene expression cassette or hexon protein levels. However, the observed 

reduction in fiber protein intensity suggests that LacI/LacO-mediated repression may also 

affect downstream late gene expression in the LacO-containing virus.  

5.2.4 Adenoviral vector yield is reduced in 293:mCherry-LacI cells 24 hpi 

The data presented in Figure 5.4 demonstrates that the LacI/LacO system can 

effectively mediate knockdown of transgene expression from HAdV. In the context of 

FAST-expressing HAdV, the goal of this system is to suppress FAST protein expression in 

producer cells while still allowing efficient production of infectious viral particles. 

Therefore, it was important to determine whether 293:mCherry-LacI cells could support 

Ad vector production comparably to parental 293 cells. This was particularly important 

considering fiber protein intensity appeared reduced specifically in 293:mCherry-LacI cells 

infected with AdFlucSANlucLacO. 293 and 293:mCherry-LacI cells were infected with 

AdFlucSANlucLacO or AdFlucSANluc at an MOI of 3. Cells were harvested at 4 and 24 

hpi and subsequently titered on 293 cells. The 4 hpi time point was used to assess residual 
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input virus from the inoculum prior to substantial viral replication, providing an indication 

of whether similar amounts of virus were present in each condition. At 4 hpi, there was no 

significant difference in viral titers, suggesting that infection efficiency was consistent 

across both 293 and 293:mCherry-LacI cells (Figure 5.5A). However, at 24 hpi, viral titers 

were significantly reduced for both viruses in 293:mCherry-LacI cells compared to parental 

293 cells (Figure 5.5B). Viral titers at 24 hpi from 293:mCherry-LacI cells were normalized 

to the corresponding titers obtained from 293 cells and plotted on the same graph to 

determine the percentage of viral titer yield relative to 293 (Figure 5.5C). This allowed us 

to assess whether the observed decrease in viral titer was virus specific, resulting from LacI 

binding to LacO affecting viral replication and/or packaging, or instead reflected a general 

limitation of 293:mCherry-LacI cells in supporting Ad replication.	Although the difference 

between the two viruses was not statistically significant, AdFlucSANlucLacO showed a 

trend toward lower viral titers than AdFlucSANluc when produced in 293:mCherry-LacI 

cells. Titers were reduced to approximately 15% and 1.7% of parental 293 levels for 

AdFlucSANluc and AdFlucSANlucLacO, respectively. These results suggest that although 

LacI efficiently reduces transgene expression from HAdV, viral yield from 293:mCherry-

LacI cells is reduced compared to parental 293 cells. The reduction observed for both 

viruses suggests that this may partly reflect a general limitation of the 293:mCherry-LacI 

cell line. However, AdFlucSANlucLacO showed a greater reduction in viral titer than 

AdFlucSANluc. Together with the reduced fiber protein intensity observed in Figure 5.4, 

this raises the possibility that LacI binding to LacO sites may further impair production of 

the LacO-containing virus by affecting downstream late gene expression and/or virion 

assembly. 
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Figure 5.5 Viral titers of AdFlucSANluc and AdFlucSANlucLacO are significantly 
reduced 24 hpi in 293:mCherry-LacI cells compared to 293 cells. 293 and 
293:mCherry-LacI were infected with AdFlucSANluc or AdFlucSANlucLacO at an 
MOI of 3. Cells were harvested at 4 and 24 hpi then titered on 293 cells. Data is 
representative of three biological replicates (n=3) with two technical replicates per 
infection. A) Viral titers from samples harvested at 4 hpi. Statistical significance 
assessed by two-way ANOVA followed by Sidak’s multiple comparisons test. B) Viral 
titers from samples harvested at 24 hpi. Statistical significance assessed by two-way 
ANOVA followed by Sidak’s multiple comparisons test. C) Comparison of titer 
reduction between AdFlucSANluc and AdFlucSANlucLacO from 293:mCherry-LacI 
cells 24 hpi.	Titer values were normalized to those obtained from parental 293 cells. 
Statistical significance assessed by unpaired t-test. Two asterisks (**) indicate p<0.01. 
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5.2.5 Adenoviral yield improves 48 hpi but remains reduced in 293:mCherry-LacI cells 

Given the reduced viral titers observed in 293:mCherry-LacI cells at 24 hpi, we 

next assessed whether extending the harvest time to 48 hpi could improve recovery of 

infectious virus.	 This was important because the reduction in fiber protein intensity 

observed in AdFlucSANlucLacO-infected 293:mCherry-LacI cells suggested that 

downstream late gene expression may be affected, which could impair infectious virion 

production. Therefore, the 48 hpi time point was used to determine whether the reduced 

viral yield reflected a persistent production defect or whether virus recovery improved with 

additional time. 293 and 293:mCherry-LacI cells were infected with AdFlucSANlucLacO 

or AdFlucSANluc at an MOI of 3. Cells were harvested 48 hpi and subsequently titered on 

293 cells. We observed a significant decrease in viral titers for both viruses in 

293:mCherry-LacI cells relative to parental 293 cells (Figure 5.6A). To better understand 

the extent of reduction in viral titers from 293:mCherry-LacI cells between the two viruses, 

viral titers from the LacI cell line were normalized to the corresponding titers obtained 

from 293 cells and plotted on the same graph (Figure 5.6B). Results showed statistical 

difference in the reduction of viral titer yield between AdFlucSANluc and 

AdFlucSANlucLacO in 293:mCherry-LacI cells, with titers reduced to approximately 60% 

and 40%, respectively, relative to those in 293 cells. Although viral titers increased at 48 

hpi compared to 24 hpi, they remained lower than those observed in 293 cells. These 

findings suggest that 293:mCherry-LacI cells are capable of producing infectious Ad 

particles but do so less efficiently than parental 293 cells. Additionally, the lower titer 

recovery observed for the LacO-containing virus is consistent with the reduced fiber 

protein intensity observed in Figure 5.4. This supports the possibility that LacI binding to  
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Figure 5.6 Viral titers of AdFlucSANluc and AdFlucSANlucLacO are significantly 
reduced 48 hpi in 293:mCherry-LacI cells compared to 293 cells. 293 and 
293:mCherry-LacI were infected with AdFlucSANluc or AdFlucSANlucLacO at an 
MOI of 3. Cells were harvested at 48 hpi then titered on 293 cells. Data is representative 
of three biological replicates (n=3) with two technical replicates per infection. A) Viral 
titers from samples harvested at 48 hpi. Statistical significance assessed by two-way 
ANOVA followed by Sidak’s multiple comparisons test. B) Comparison of titer 
reduction between AdFlucSANluc and AdFlucSANlucLacO from 293:mCherry-LacI 
cells 48 hpi. Titer values were normalized to those obtained from parental 293 cells. 
Statistical significance assessed by unpaired t-test. One asterisk (*) indicates p<0.05 
and four asterisks (****) indicate p<0.0001. 
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the LacO sites may affect downstream late gene expression. 

5.3 Discussion 

In the previous chapter, we assessed the efficacy of a miRNA-based strategy for 

repressing transgene expression from HAdV.	In parallel, we also evaluated an alternative 

regulatory strategy based on the LacI/LacO system to address the challenges associated 

with generating and propagating FAST-expressing Ad vectors. The LacI/LacO system is a 

naturally occurring gene regulatory system found in E. coli that controls the expression of 

genes involved in lactose metabolism179,180. In the absence of lactose, the LacI protein binds 

to the LacO sequence present in the Lac operon region and prevents transcription of 

downstream genes. In the presence of allolactose, a metabolite of lactose, LacI undergoes 

a conformational change that reduces its affinity for the LacO sequence, thereby allowing 

transcription to proceed179,180. Because of its well-characterized and reversible regulatory 

properties, the LacI/LacO system has been widely adapted as a tool in eukaryotic systems. 

Early work by Hu and Davidson demonstrated that the LacI/LacO system could function 

in mammalian cells, with LacI repressing expression of a transfected MSV-CAT reporter 

when LacO sequences were inserted near the promoter region207. Beyond regulating gene 

expression, LacI/LacO has been used to label and visualize DNA in living cells, where 

fluorescent LacI fusion proteins bind tandem LacO repeats to mark specific chromosomal 

loci208,209. This strategy has enabled live-cell analysis of chromosome dynamics, chromatin 

organization, and gene activity in mammalian cells and yeast208,210. Previous studies have 

used the LacI/LacO system in the context of Ad vector production, where LacI-mediated 

repression improved the rescue and propagation of vectors expressing cytotoxic 
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transgenes173,174. Therefore, we investigated whether this system could be applied to 

transiently repress FAST transgene expression during Ad vector production. 

 We first generated a HEK293 cell line which stably expresses a fusion protein of 

the LacI and an mCherry reporter (293:mCherry-LacI) (Figure 5.1). In this construct, 

mCherry served as an expression marker for LacI. We observed strong mCherry expression 

from this cell line as observed by both fluorescence microscopy and immunoblot analysis, 

confirming stable expression of the LacI. In principle, stable LacI expression in producer 

cells would allow repression of LacO-containing transgenes during viral amplification, 

while permitting transgene expression to be restored following infection of target cells that 

do not express LacI. Therefore, this system may provide a strategy to improve the 

production of Ad vectors encoding highly fusogenic or cytotoxic transgenes, such as FAST 

proteins. 

 To assess the efficacy of this system, we examined the silencing of Nluc via the 

LacI protein. The viruses generated for this aim possessed 16 repeats of the LacO sequence 

positioned either between the CMV promoter and the Nluc gene (AdLacONlucFlluc) or 

placed downstream of the Nluc gene, before the polyA signal (AdNlucLacOFluc). This 

design allowed us to compare whether LacI-mediated repression was more effective when 

LacO sequences were placed upstream of the coding sequence, where they may interfere 

with transcriptional initiation/elongation or downstream of the transgene, where they may 

interfere with transcript processing or stability. In the latter configuration, polymerase 

stalling or premature dissociation could reduce the production of properly cleaved and 

polyadenylated transcripts, resulting in unstable or incompletely processed RNA and 

reduced Nluc expression. Effective silencing of Nluc expression was observed when LacO 
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sites were positioned downstream of the transgene (Figure 5.3). Interestingly, when the 

LacO sites were positioned between the promoter and the transgene, Nluc activity was not 

detected even in parental 293 cells. Previous work by Matthews et al. demonstrated that 

insertion of a LacO sequence immediately downstream of the transcription start site 

allowed LacI-mediated repression of rabies virus glycoprotein expression and enabled 

efficient rescue of recombinant Ads that could not be generated in parental 293 cells173. In 

that study, however, only a single LacO sequence was inserted downstream of the 

transcription start site, whereas our construct contained 16 tandem LacO repeats positioned 

upstream of the Nluc coding sequence. The use of 16 LacO repeats was intended to 

maximize the number of available LacI-binding sites and thereby increase the likelihood 

of efficient repression. We initially hypothesized that insertion of the 16 LacO repeats 

upstream of the transgene may have disrupted the Nluc open reading frame, resulting in 

expression of a non-functional protein. Each LacO repeat contains an ATG sequence, which 

could potentially act as an upstream start codon and interfere with initiation at the correct 

Nluc start site. However, sequencing of the viral genome confirmed that the Nluc gene 

remained in frame despite the presence of upstream ATG sequences within the LacO 

repeats (data not shown). Although the Nluc gene remained within the open reading frame, 

the presence of the upstream LacO repeats may still interfere with Nluc translation. 

Previous studies have shown that repetitive sequences in the 5’UTR can promote the 

formation of secondary structures in the mRNA which interfere with ribosome preinitiation 

complex assembly or ribosome scanning, ultimately impairing translation211,212. In 

addition, previous studies have shown that upstream AUG sites within the 5′ UTR can 

reduce translation of the main open reading frame by limiting the number of ribosomes that 
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reach the intended start codon213. In this context, translation of Nluc would primarily 

depend on ribosomes bypassing upstream AUGs through leaky scanning or reinitiation at 

the downstream Nluc start codon213. Despite these limitations, Nluc expression was 

successfully repressed when the LacO repeats were positioned downstream of the 

transgene, before the polyadenylation signal. Therefore, we moved forward with this 

configuration to further assess its potential as a LacI-mediated regulatory strategy for 

suppressing transgene expression during Ad vector production. Interestingly, repression of 

Nluc expression was stronger at 8 hpi than at 24 hpi, with Nluc activity reduced 

approximately 16-fold and 4-fold, respectively. This difference in knockdown suggests that 

the effectiveness of the LacI/LacO system may decrease as infection progresses. This is an 

important consideration for future vector design, as incomplete repression at later stages of 

infection may still allow expression of highly fusogenic or cytotoxic transgenes during 

production. Nevertheless, the ability of the downstream LacO configuration to 

substantially reduce Nluc expression supports the potential use of this system as a strategy 

to transiently repress transgene expression during Ad vector amplification. 

 Similar to the miRNA-mediated strategy, we assessed the effectiveness of the LacI 

at repressing transgene expression from an oncolytic-like vector where Nluc expression is 

under regulation by the MLP (Figure 5.4). Consistent with our previous findings, 

positioning the LacO sites downstream of the transgene resulted in a significant reduction 

in Nluc expression at both 8 and 24 hpi. Repression was more pronounced at 8 hpi than at 

24 hpi, with Nluc activity reduced by approximately 41-fold and 2-fold, respectively. An 

important consideration is that as	Ad replication progresses, viral genome copy number 

increases, thereby increasing the number of LacO-containing DNA templates requiring 
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LacI binding. This may exceed the repressive capacity of the available LacI protein and 

could explain why repression was reduced at 24 hpi compared to 8 hpi. Despite this 

limitation, these findings demonstrate that downstream LacO placement can mediate 

transgene repression in the context of MLP-regulated expression, supporting its potential 

utility for transiently suppressing cytotoxic transgenes from oncolytic HAdV.  

 While we determined that the 293:mCherry-LacI cell line can effectively repress 

transgene expression from HAdV, this does not directly address whether the system 

improves vector yield. The ultimate goal of developing this regulatory strategy is to 

increase viral production by suppressing cytotoxic transgenes that would otherwise be 

expressed in producer cells and impair viral amplification. Therefore, the next step was to 

compare viral yields generated from parental 293 cells and 293:mCherry-LacI cells. In the 

present study, however, the target transgene was a bioluminescent reporter, which is not 

expected to be cytotoxic. As a result, comparable viral yields would be expected between 

the two cell lines, as repression of Nluc should not substantially improve producer cell 

viability or viral propagation. However, results indicated that viral yields were significantly 

reduced in 293:mCherry-LacI cells at 24 hpi for both AdFlucSANlucLacO and the control 

virus AdFlucSANluc, which lacks LacO sites (Figure 5.5). This suggests that the reduced 

viral yield is not solely due to LacI binding to LacO sequences or repression of the target 

transgene but may also reflect a broader limitation of the 293:mCherry-LacI cell line in 

supporting Ad production. Although this cell line was generated from a pooled population 

of transformed cells, it still represents a selected subset of the parental 293 cell population 

and may therefore differ from parental 293 cells in ways that affect Ad amplification. These 

differences could include altered metabolism, viral permissiveness, growth kinetics, or 
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cellular stress associated with stable transgene expression. In addition, the 293:mCherry-

LacI cell line was maintained under hygromycin B selection, which may impose additional 

selective pressure and could potentially affect growth rate, metabolic activity, or viral 

amplification capacity. 

In addition to the general reduction in viral yield observed for both viruses, 

AdFlucSANlucLacO showed lower recovery than control virus lacking LacO sites. At 24 

hpi, AdFlucSANlucLacO titers were reduced to approximately 1.7% of those obtained 

from parental 293 cells, whereas AdFlucSANluc titers were reduced to approximately 15% 

(Figure 5.5). Although recovery improved at 48 hpi, AdFlucSANlucLacO remained lower 

than the non-LacO control, with titers reaching approximately 40% and 60% of parental 

293 levels, respectively (Figure 5.6). This lower recovery of the LacO-containing virus is 

consistent with the reduced fiber protein intensity observed in Figure 5.4. In the 

AdFlucSANlucLacO construct, the E3 region is replaced with an SA-Nluc-LacO 

expression cassette, placing the LacO sites upstream of the fiber coding sequence. 

Therefore, while LacI binding to the LacO sites successfully reduced Nluc activity, LacI 

occupancy at the LacO sites may also impede RNA polymerase progression past this 

region. This could reduce production or accumulation of the full major late transcript and 

downstream late mRNAs. Reduced fiber expression could impair the recovery of infectious 

virions, as fiber forms the capsid projections involved in receptor binding and efficient 

infection214. Fiber-deficient Ads have been shown to retain the ability to assemble and form 

virions, but these particles exhibit severely reduced infectivity215. It is also possible that 

LacI binding to the viral genome may affect DNA replication216. If LacI remains tightly 

bound to the LacO sites during infection, it could potentially interfere with progression of 
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the viral DNA polymerase across the genome, thereby reducing viral genome replication 

and limiting the production of infectious virus. This could be tested by performing qPCR 

to measure viral genome accumulation over time in infected cells. Overall, reduced viral 

yield from the LacO-containing virus could reflect impaired viral DNA replication, reduced 

downstream late gene expression, defective virion assembly, or a combination of these 

effects. 

Another important consideration is whether LacI remains associated with LacO-

containing viral genomes during virion assembly or genome packaging. Although LacI 

binding is desirable during vector production because it can repress transgene expression 

in producer cells, persistent association of LacI with packaged viral genomes could be 

problematic after infection of target cells. For FAST-expressing vectors, the goal is to 

suppress FAST expression only during production, while allowing FAST expression to be 

restored in cancer cells. If LacI-bound genomes are packaged into virions, LacI could 

potentially remain bound after infection of target cells and continue to repress downstream 

viral gene expression, including the therapeutic FAST transgene. This could ultimately 

reduce the effectiveness of the vector, even if infectious particles are successfully produced. 

To assess if LacI remains associated with packaged viral genomes, purified virions could 

be examined by immunoblot. Detection of LacI in purified AdFlucSANlucLacO particles 

would suggest that LacI remains associated with the LacO-containing viral genome during 

virion assembly or packaging. Additionally, IPTG could be used to test whether LacI 

binding functionally contributes to reduced transgene expression or virus recovery. IPTG 

is a non-metabolizable lactose analog that mimics allolactose, the natural inducer of the 

LacI/LacO system, by binding to LacI and inducing a conformational change that reduces 
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its affinity for LacO217. Previous studies have shown that IPTG can relieve LacI/LacO-

mediated repression in Ad vector systems. Matthews et al. used a 293-derived LacI-

expressing cell line to repress rabies virus glycoprotein expression from LacO-containing 

Ad vectors, with repression at least partly relieved by IPTG173. Similarly, Edholm et al. 

inserted LacO sites downstream of an ASF/SF2 transgene in an Ad vector and showed that 

IPTG restored expression from the LacO-containing virus in 293-LacI cells174. In the 

context of this study, IPTG could therefore be used to determine whether reduced Nluc 

expression, reduced fiber protein intensity, and/or reduced recovery of 

AdFlucSANlucLacO is directly related to LacI binding. If IPTG restores these readouts, 

this would support the possibility that persistent LacI/LacO interaction contributes to the 

reduced performance of the LacO-containing virus. 

Collectively, the findings presented in this chapter demonstrate that the LacI/LacO 

system can repress transgene expression from HAdV when LacO sequences are positioned 

downstream of the transgene. This repression was observed in both CMV-driven and MLP-

regulated expression contexts, suggesting that this strategy can function in Ad vectors that 

more closely resemble conditionally replicating oncolytic HAdV.	 These findings are 

relevant to the broader goal of improving the production of FAST-expressing HAdV 

vectors, as transient repression of highly fusogenic or cytotoxic transgenes during 

amplification may help preserve producer cell viability and improve viral propagation. 

However, the reduced viral yields observed in 293:mCherry-LacI cells indicate that this 

system requires further optimization before it can be used to improve vector production. In 

addition, the lower recovery of the LacO-containing virus, together with the reduced fiber 

protein intensity observed by immunoblotting, suggests that LacI binding to LacO sites 
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within the viral genome may also interfere with downstream late gene expression, viral 

DNA replication, genome packaging, or virion assembly. Overall, while the LacI/LacO 

system shows promise as a regulatory strategy for repressing transgene expression during 

Ad vector production, further refinement will be required to determine whether it can 

effectively improve yields of highly cytotoxic FAST-armed oncolytic Ads. 
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Chapter 6: Conclusions and Future Directions 
Oncolytic Ads represent a promising anti-cancer therapeutic. However, as with all 

oncolytic viruses their efficacy is often limited by poor spread following intratumoral 

injection49. To address this limitation, this work explored FAST proteins as fusogenic 

transgenes with the potential to enhance tumour cell killing by comparing the fusion 

profiles and effects on metabolic activity of p10, p14, and p15 FAST. However, the same 

fusogenic and cytopathic properties that make FAST proteins ideal therapeutic transgenes 

can also impair viral production by inducing premature fusion and cell death in producer 

cells. Therefore, this work aimed to identify a potent FAST protein candidate for oncolytic 

Ad therapy and to evaluate regulatory strategies capable of suppressing transgene 

expression during vector production.  

In Chapter 3, we demonstrated that untagged p14 FAST was the most fusogenic 

and cytopathic FAST protein tested, inducing the greatest levels of syncytium formation 

and reductions in metabolic activity in both HEK293 and A549 cells. Importantly, the 

addition of an HA tag substantially reduced the activity of p14 FAST, suggesting that 

untagged p14 FAST-expressing vectors may produce improved therapeutic outcomes in 

future in vivo studies. In Chapters 4 and 5, we evaluated two regulatory systems designed 

to transiently repress transgene expression during Ad production. Both miRNA-mediated 

silencing and the LacI/LacO system were capable of reducing reporter transgene 

expression from HAdV, including in vector configurations that more closely resemble 

oncolytic Ad systems. However, both systems would require further optimization to 

improve vector recovery. Together, these findings support the use of producer cell-specific 
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regulatory strategies to improve the production of Ad vectors encoding highly fusogenic or 

cytotoxic transgenes. 

Luciferase assay results showed that both miRNA-mediated silencing and the 

LacI/LacO system reduced reporter transgene expression from HAdV vectors. However, 

the two systems differed in their effects on vector recovery. In the miRNA system, Fluc 

expression was reduced at both 8 and 24 hpi without affecting expression of the untargeted 

Nluc reporter, indicating selective silencing of the targeted transcript (Figure 4.4). 

Infectious virus recovery from the 293:eYFP-miFluc cell line was reduced at 24 hpi but 

improved by 48 hpi, suggesting that virus production in this cell line may be delayed but 

not permanently impaired under the conditions tested (Figure 4.5). In contrast, LacI/LacO-

mediated repression reduced reporter expression (Figure 5.4), but infectious virus recovery 

remained reduced even at 48 hpi, suggesting a more sustained effect on vector production 

(Figure 5.6). Additionally, the ability of the two systems to reduce transgene expression at 

24 hpi differed. In the miRNA system, transgene repression was maintained from 8 to 24 

hpi. In contrast, LacI/LacO-mediated repression was reduced by 24 hpi, suggesting that 

this system was less able to maintain transgene suppression at later stages of infection. This 

reduced LacI/LacO-mediated repression at later time points may reflect saturation of 

available LacI protein as viral genome replication increases the number of LacO-containing 

templates. This limitation is an important consideration because cytotoxic transgene 

repression would likely need to be sustained throughout vector amplification to prevent 

premature producer-cell toxicity. Notably, virus recovery was assessed differently for the 

two systems. For the miRNA system, Nluc activity following reinfection was used as a 

surrogate readout of infectious virus output, whereas infectious titers were measured 
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directly for the LacI/LacO system. Future studies should compare virus recovery from both 

strategies using the same experimental design to more accurately evaluate and compare 

their effects on HAdV vector production. 

Future work should also focus on optimizing both regulatory producer cell systems 

and determining why vector recovery was reduced under certain conditions. For the 

miRNA-based system, infectious virus recovery from 293:eYFP-miFluc cells was reduced 

at 24 hpi but improved substantially by 48 hpi, suggesting that virus production in this cell 

line may be delayed rather than severely impaired. Further analysis of late viral protein 

expression, genome packaging, and virion assembly at both 24 and 48 hpi would help 

confirm whether virus production is delayed in this cell line. In addition, alternative 

miRNA target site placement could be explored to further optimize transgene silencing 

while minimizing the possibility that miRNA-mediated targeting affects the processing or 

stability of late viral transcripts. For the LacI/LacO system, transgene repression was less 

effective at 24 hpi. Therefore, future work could involve screening additional LacI-

expressing producer cell lines and optimizing LacI expression levels to determine whether 

stronger LacI expression improves repression at later stages of infection. In addition, vector 

yield was reduced at both 24 and 48 hpi. Future LacO designs should aim to repress the 

cytotoxic transgene without interfering with transcription of downstream Ad late genes.  

 The work presented in this study provides foundational insight into which FAST 

protein may be most beneficial for incorporation into HAdV, as well as the ability of the 

regulatory systems to suppress transgene expression. However, future work should 

evaluate whether these regulatory systems can specifically repress FAST protein 

expression during Ad production. Although reporter genes such as Fluc and Nluc provided 
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useful models for assessing regulatory activity, the ultimate goal of this work is to suppress 

the expression of fusogenic FAST proteins during vector production in order to generate 

higher viral titers for downstream therapeutic applications. We have generated and 

recovered FAST-expressing HAdV vectors containing regulatory elements. These include 

vectors containing miRNA target sites within the 3′ UTR of the FAST transgene, as well as 

vectors containing LacO regulatory elements positioned downstream of the FAST-coding 

sequence. However, their functionality remains to be evaluated. These vectors should be 

used to assess whether FAST expression and syncytium formation are reduced in the 

corresponding regulatory producer cell lines. Once an optimized regulatory system is 

identified, the next major step will be to determine whether it enables the production of 

high-titer untagged p14 FAST-expressing oncolytic HAdV vectors. This will be 

particularly important because the results presented in this thesis suggest that untagged p14 

FAST has substantially greater fusogenic and cytopathic activity than the HA-tagged 

version. Therefore, successful production of high-titer vectors expressing untagged p14 

FAST could allow this more potent fusogen to be evaluated in relevant cancer models.  

Future work could also expand beyond the FAST proteins evaluated in this thesis. 

Although this study focused on p10, p14, and p15 FAST, additional FAST proteins have 

recently been identified. Rotavirus NSP1-1 proteins from species B, G, and I were shown 

to induce syncytium formation in primate-derived cells157. Putative FAST-like proteins 

have also been identified in viruses of the family Pistolviridae, although these remain 

largely sequence-based predictions and require functional validation158. In addition to 

testing newly identified FAST proteins, future studies could evaluate engineered FAST 

variants. For example, previous work has shown that by combining the p14 ectodomain 
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with the p15 endodomain, fusion activity greatly increased155. Therefore, comparing p14 

FAST with newly identified or engineered FAST proteins may help identify candidates 

with stronger fusion activity and improved potential for incorporation into oncolytic 

CRAds vectors. 

Ultimately, by using these silencing mechanisms, future studies should evaluate the 

therapeutic efficacy of untagged p14 FAST-armed oncolytic CRAds in vivo. Previous 

studies using HA-tagged p14 FAST demonstrated syncytium formation within tumors but 

limited effects on tumor size167. Given the reduced activity of HA-tagged p14 FAST 

observed in this thesis, it will be important to determine whether untagged p14 FAST can 

promote more extensive tumor cell fusion and enhance tumor cell killing in animal models. 

Overall, the findings presented in this thesis provide a strong foundation for the 

development of improved FAST-expressing oncolytic CRAd vectors and supports the 

continued optimization of regulated expression systems to overcome current barriers in 

vector production. With further refinement, these strategies may improve the production 

and feasibility of oncolytic CRAds encoding cytotoxic or otherwise challenging 

transgenes, supporting their long-term development as a more versatile therapeutic 

platform for cancer treatment. 
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