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Abstract 

Cancer immunotherapy has evolved as an effective platform for the treatment of a variety of cancer 

types by enhancing and/or modulating the functionality of the immune system to target cancer 

cells and consequently mitigate tumour growth. Within the last decade, self-assembled viral-

derived protein complexes, known as virus-like particles (VLPs), have been extensively studied 

for their application toward cancer immunotherapy. These structural viral-mimicking particles 

possess the capability to engender potent immune responses, and in doing so, combat the 

immunosuppressive tumour microenvironment. VLP-based vaccines have been commercialized, 

however, VLPs encoded as a genetic sequence, such as a DNA-VLP strategy, for delivery and 

subsequent in vivo formation, has not been licensed to date. This would enable transcription and 

translation of the introduced genetic sequence into viral structural proteins, assembly of the 

expressed proteins to form VLPs, and successive immune response stimulation, characterizing this 

type of treatment modality as both an immunotherapeutic and gene therapeutic. Delivery of VLPs 

encoded as a genetic sequence, opposed to conventional VLP delivery, enables viral structural 

protein expression and assembly into VLPs directly within cancer and immune cells, promoting 

enhanced cell-mediated immune responses, which can contribute to a greater extent towards 

tumour eradication.  

Here, we are seeking to apply this concept toward the design of a DNA-VLP gene cassette to 

produce human papillomavirus (HPV) 16 VLPs as a gene therapy-based cancer 

immunotherapeutic. The DNA-VLP gene cassettes were designed to encode the major capsid 

protein of HPV16, known as L1, along with an inserted peptide. This peptide, known as VGB, is 

characterized as an anti-angiogenic molecule that has previously demonstrated active reduction of 
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cancer cell proliferation and tumour growth. Transfection of the designed DNA-VLP gene 

cassettes was conducted within mammalian cells, which successfully encoded the HPV16 L1 

protein, in addition to possible in vitro assembly of VGB-displaying HPV16 L1 VLPs. This was 

validated via western blot analysis, enzyme-linked immunosorbent assay experimentation, and 

visualization using transmission electron microscopy. Potential display of the VGB peptide within 

surface exposed regions of the VLPs was observed by increased binding towards VGB’s targeted 

receptor, VEGFR. The prospective for cell lysis contributed by the accumulation of VLPs within 

mammalian cells was not validated, as decreased cell growth and viability subsequent to 

transfection were not observed.  Overall, the characterization of VGB-displaying HPV16 L1 VLPs 

encoded within the designed DNA-VLP gene cassettes, promotes further investigation to employ 

this as a potential gene therapy-based cancer immunotherapeutic for future clinical applications.    
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  1. Introduction 

1.0 Perspective 

In Canada, cancer is the leading cause of death (Figure 1; Canadian Cancer Statistics, 

2019)  imparting negative social and emotional implications on society and an increased economic 

burden on the healthcare system (D. R. Brenner et al., 2022). Conventional cancer therapeutic 

modalities employed today include chemotherapy, radiotherapy, and surgery. These therapeutic 

strategies have demonstrated limited successful outcomes in the past, and present some 

predominant challenges due to 1) the development of drug resistance; 2) negative effects towards 

non-cancerous cells; and 3) challenges related to drug tumour penetration (Chakraborty & 

Rahman, 2012; Chidambaram et al., 2011; H. Wang et al., 2016). Therefore, it is imperative that 

more effective methods of cancer treatment are developed and comprehensively tested (Pucci et 

al., 2019). 

 

 

 

 

 

 

 

 

 

 

Figure 1. Death percentages in Canada attributed to cancer and other causes. The percentage 

of deaths caused by cancer makes up the highest proportion of deaths in Canada (~ 30%) (Taken 

from Canadian Cancer Statistics, 2019).  
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Several treatment modalities have been investigated to overcome the aforementioned limitations 

of conventional cancer therapy by exploiting the inherent ability of the human body’s immune 

system to attack foreign entities, and in particular, viruses (Hemminki et al., 2020). This includes 

the use of oncolytic viruses, which possess the ability to promote the onset of strong immune 

responses while simultaneously lysing cancer cells. However, these particles constitute the 

category of replicative viruses, which limits their safety profile and applicability in clinical settings 

(Buijs et al., 2015; Vähä-Koskela et al., 2007). Potential risks associated with this type of treatment 

include non-selective viral replication, reversion to a wild-type viral state, and administration 

toxicity (Buijs et al., 2015; Goldufsky et al., 2013; Hemminki et al., 2020).  

In contrast, virus-like particles (VLPs), which have been extensively studied over the last few 

decades as a form of immunotherapy against cancer, do not contain viral genomes, rendering them 

unable to produce viral progeny and therefore, represent a safer alternative to replicative viral 

treatment (Caldeira et al., 2020; Grgacic & Anderson, 2006; Mohsen et al., 2020). VLPs mimic 

the structural formation of a representative authentic virus, enabling them to stimulate powerful 

immune responses (Mohsen & Bachmann, 2022; Ong et al., 2017). Direct application of VLP 

vaccines for the preventative treatment of hepatitis B virus (HBV) and human papillomavirus 

(HPV) have been commercialized (Zepeda-Cervantes et al., 2020). Studies have shown the 

assembly of VLPs within cells when delivered as a gene or a combination of genes encoding the 

structural proteins required for VLP formation, (Leder et al., 2001; Rayner et al., 2021; Szécsi et 

al., 2009; Young et al., 2004), however, this type of vaccine has not been licensed to date (Tariq 

et al., 2022; Uddin et al., 2019). Furthermore, VLPs can be engineered to display specific 

peptides/proteins on their surface (Rohovie et al., 2017). However, not all VLPs are created 
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equally; nor are all able to display proteins/peptides (Frietze et al., 2016). Therefore, a major 

milestone in moving this project forward is the selection of a suitable virus for VLP formation. 

This project aims to design a gene cassette encoding a human papillomavirus (HPV) 16 L1 gene 

for the expression and formation of HPV16 L1 VLPs in mammalian cells. Furthermore, we will 

attempt to display a peptide of interest on the surface of the VLPs to enhance the anti-cancer 

properties of this anticipated treatment. Successful formation of HPV16 L1 VLPs displaying the 

peptide of interest will support the evaluation of the designed DNA-VLP gene cassettes contained 

within a mammalian expression plasmid, as a potential gene-based immunotherapeutic vaccine.   

1.1 Cancer immunotherapy 

Cancer immunotherapy is a form of cancer treatment that artificially stimulates the immune system 

to constructively fight cancer and inhibit tumour progression (Esfahani et al., 2020). Many cancer 

immunotherapies predominantly induce T-cell adaptive immune responses to fight cancer, 

however, both adaptive and innate immune responses are fundamental components of anti-tumour 

immunity and work in concert to promote this process (Moynihan & Irvine, 2017). This section 

will briefly outline and visualize a simplified overview of key anti-cancer immune responses 

(Figure 2), in addition to immune responses within the tumour microenvironment (TME) that are 

downregulated due to the advancement of immune evasion strategies (Tang et al., 2016). 

Understanding these facets of anti-cancer immunity is essential for the development of successful 

cancer immunotherapeutics which can encompass antibody (Ab) therapy, immune checkpoint 

inhibitor therapy, and adoptive T-cell transfer, including chimeric antigen receptor (CAR) T-cell 

therapy, which in recent years, has proved to be highly efficacious (Koury et al., 2018; M. Liu & 

Guo, 2018; Tang et al., 2016). 
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1.1.1 Important anti-cancer immune responses 

The adaptive immune response (aka acquired immune response) progressively activates over time 

and is predominantly characterized by immune responses instigated by antigen presentation via 

major histocompatibility complex (MHC) I and II molecules towards T- and B-cells (Bonilla & 

Oettgen, 2010). T-cells play an integral role in anti-cancer immunity. There are two major types 

of T-cells: CD8+ cytotoxic T-cells and CD4+ T-helper (Th) cells (Waldman et al., 2020). CD8+ 

cytotoxic T-cells are most effective at directly killing cancer cells and destroying tumours 

(Martínez-Lostao et al., 2015). In this process, dendritic cells (DCs), which are antigen-presenting 

cells (APCs), present MHC class I molecules displaying foreign antigens to CD8+ T-cells to induce 

the production of effector CD8+ T-cells, known as cytotoxic T lymphocytes (CTLs)  (Farhood et 

al., 2019; Gotwals et al., 2017). CTLs then invade the TME and impart their effect by directly 

killing cancer cells and promoting apoptosis (Maher & Davies, 2004). To promote apoptosis, CTLs 

induce the production of pores within cell membranes via the use of a protein known as perforin, 

promoting the importation of proteins, including granzyme B, for cellular destruction 

(Voskoboinik et al., 2015; Weigelin et al., 2021). Additionally, the infiltration of high densities of 

CTLs within tumours has been shown to be associated with the killing of cancer cells by the 

activation of cytotoxic cytokines, including interferon-γ (IFN-γ) and tumour necrosis factor (TNF) 

(Tosolini et al., 2011; Weigelin et al., 2021). CD4+ Th cells interact with MHC class II molecules 

displaying foreign antigens, inducing the secretion of the aforementioned cytotoxic cytokines, 

including a variety of interleukin (IL) factors (2, 4, 5, 13, etc), which consequently reinforces the 

stimulation of CD8+ cytotoxic T-cell activity (Farhood et al., 2019; García-Foncillas et al., 2019; 

Kershaw et al., 2013). Th cells also recruit B-cells which promote their differentiation into plasma 

cells, memory B cells, and the secretion of Abs which can lead to Ab-dependent cellular 
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cytotoxicity and complement-dependent cytotoxicity (Janeway, 2001; Spurrell & Lockley, 2014). 

Subsets of Th cells impart their anti-tumour effects differentially within tumours (H.-J. Kim & 

Cantor, 2014). TNF-α and IFN-γ cytokines specifically produced from Th1 cells have been shown 

to induce cancer cell death, in addition to the activation of macrophages, which will be outlined in 

more detail in the following paragraph (Hsu et al., 2010; H. L. Lee et al., 2019). Other subsets of 

Th cells have been shown to promote both anti- and pro-tumour responses (H.-J. Kim & Cantor, 

2014). This includes Th2 cells and Th17 cells, among others. Th2 cells primarily impart their anti-

cancer effects by the production of IL-4, in addition to the recruitment of innate immune cells 

toward tumours (Ellyard et al., 2007; Modesti et al., 1993; Nishimura et al., 1999). Th17 cells have 

been shown to induce the recruitment of DCs, which subsequently instigates the onset of anti-

tumour CTL responses (R. Wang et al., 2018).   

The innate immune response is an immediate reaction to the introduction of foreign entities into 

the body. This type of immune response also exemplifies a critical role in the development of anti-

tumour immunity (Munhoz & Postow, 2016). In general, the innate immune response 

complements the adaptive immune response and can aid in the enhancement of CD8+ T-cell 

immune responses (Y. Liu & Zeng, 2012). Natural killer (NK) cells are important innate immune 

cells that respond to stress ligands emitted by tumours and can kill cancer cells via the release of 

cytotoxic granules. This can lead to the release of cytokines including IFN-γ, which constitutes a 

variety of anti-tumour properties (Lanier, 2008; Moynihan & Irvine, 2017; Qin et al., 2003; S.-R. 

Woo et al., 2015). Stimulation of macrophages can also assist in the eradication of tumours via 

Ab-dependent cellular phagocytosis or  through the secretion of nitric oxide species (Klug et al., 

2013; M. Singh et al., 2014; Weiskopf & Weissman, 2015). Tumour-infiltrating neutrophils 

reinforce T-cell responses and proliferation in a positive-feedback loop, highlighting its anti-
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tumour potential (Eruslanov et al., 2014; Musiani et al., 1996). Eosinophils enhance anti-tumour 

immunity via the release of granzyme B, an effective pro-apoptotic protein, in addition to the 

recruitment of T-cells towards the TME  (Carretero et al., 2015; Moynihan & Irvine, 2017). 

Overall, these innate immune cells work together to engender strong immune signals within 

tumours, signifying their fundamental role in the development of anti-cancer immunity and cancer 

cell lysis (Labani-Motlagh et al., 2020). 
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Figure 2. Anti-cancer immune responses. The activation of CD8+ and CD4+ T-cells via antigen 

presentation from MHC I and II molecules into effector cells promotes tumour eradication. The 

recruitment of innate immune cells promotes the adaptive immune response and cancer cell lysis. 
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1.1.2 TME immune suppression  

The TME is characterized as a highly heterogenous and dynamic entity composed of a combination 

of proliferating malignant cells, non-malignant cells, extracellular matrix proteins, infiltrating 

immune cells, vasculature, and associated tissues (Chowell et al., 2018; Labani-Motlagh et al., 

2020). Tumours progressively evolve over the course of their growth and can acquire the ability 

to evade the immune system, hence permitting tumour survival and excessive growth over time 

(Chowell et al., 2018; Gonzalez et al., 2018; Tran et al., 2016). Their ability to evade the immune 

system is notably influenced by molecular mechanisms and interactions within the TME (Balkwill 

et al., 2012; Whiteside, 2008). Within the TME, anti-cancer immune responses imparted by NK 

cells, CD8+ T-cells, CD4+ T-cells, DCs, etc., are counteracted primarily by T-regulatory (Treg) 

cells.  These cells are a subset of CD4+ T-cells that markedly suppress the immune response to 

maintain immune homeostasis (J.-H. Kim et al., 2020). They can inhibit CD8+ T-cell, IFN-γ 

secreting T-cell, and NK cell immune responses by the production of IL-10 and transforming 

growth factor β (TGF-β)  (Jarnicki et al., 2006). They can additionally inhibit DC function by the 

expression of cytotoxic T-lymphocyte associated protein 4 (CTLA-4) on Treg cells (Chen, Du, et 

al., 2017). Overall, the effects of Treg cells intercept the recognition of tumours by the immune 

system and NK-cell mediated immune surveillance, accordingly prohibiting tumour eradication 

(Balkwill et al., 2012; Labani-Motlagh et al., 2020). 

Tumours also employ other molecular mechanisms to evade the immune system. This can involve 

the upregulation of immune system checkpoints on Treg cells within the TME, which are 

characterized as molecules involved in mitigating immune responses as a means to avoid the onset 

of autoimmunity (Pardoll, 2012). Upregulation of immune checkpoint receptors, which are 

recognized by immune checkpoints, further inhibits immune response stimulation against tumours 
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(Schadendorf et al., 2017; Wherry & Kurachi, 2015). Immunosuppressive leukocytes can also be 

recruited to the TME, combatting the effectiveness of some anti-tumour immune responses 

(Ferrone & Dranoff, 2010). Some cancer cells also lose MHC I antigen presentation machinery, 

rendering these cells unable to effectively present antigens to CD8+ T-cells for their activation 

(Campoli & Ferrone, 2008). Overall, one of the major hurdles facing the efficacy of cancer 

immunotherapy is characterized by the immunosuppressive TME. Therefore, it is critical that 

cancer immunotherapeutics overcome immune evasion strategies contributing to the evolvement 

of the immunosuppressive TME in order to successfully eradicate and treat tumours (Sun et al., 

2020).  

1.1.3 Immuno-oncology therapies 

This section outlines the different types of immuno-oncology treatments that have been studied 

in clinical trials and approved for medicinal use. The predominant forms of immune-oncology 

treatments include monoclonal Abs (mAb), checkpoint inhibitors, and T-cell based therapies. A 

table briefly summarizing the information reported in this section is presented in the table 

below.  

Table 1. Overview of immuno-oncology therapies 

Type of 

Treatment 

Name of 

Treatment 

Primary use How it works   Reference 

 

 

 

 

mAbs Against 

Growth 

Factors 

-Cetuximab 

-Pantimumab 

-metastatic 

colorectal cancer 

and head and neck 

cancer (Cetuximab)  

-colorectal cancer 

(Pantimumab) 

-blocks the 

binding of ligands 

to EGFR 

Garcia-

Foncillas et 

al., 2019 

-Ramucirumab 

-Bevacizumab  

-gastric cancer 

(Ramicirumab) 

-metastatic 

colorectal cancer 

(Bevacizumab)  

-blocks the 

binding of ligands 

to VEGFR   

Javle et al., 

2014 
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Checkpoint 

Inhibitor 

-Ipilimumab  -melanoma   -blocks the 

binding of CTLA-

4 to its ligand, 

enabling T-cell 

activation  

Wolchok et 

al., 2013 

-Pembrolizumab 

-Dostarlimab 

-melanoma 

(Pembrolizumab) 

-endometrial cancer 

(Dostarlimab) 

-blocks the 

binding of PD-1 to 

its ligand, 

enabling T-cell 

activation 

Deeks et al., 

2016 

 

 

 

T-Cell 

Transfer  

-Tisagenlecleucel 

-Acisabtagene 

ciloleucel  

-B-cell acute 

lymphoblastic 

leukemia  

-T-cells that 

recognize and 

bind to CD19, 

enabling T-cell 

activation 

Halford et 

al., 2021;  

-Idecabtagene 

vicleucel 

-multiple myeloma  -T-cells that 

recognize and 

bind to BCMA, 

enabling T-cell 

activation 

Munshi et 

al., 2021 

Ab: antibody; BCMA: B-cell maturation antigen; CTLA: cytotoxic T-lymphocyte associated 

antigen; CD: cluster of differentiation; EGFR: epidermal growth factor receptor; mAb: 

monoclonal antibody; PD: programmed cell death protein; VEGFR: vascular endothelial growth 

factor receptor 

1.1.3.1 Targeted Ab treatments 

Monoclonal antibodies (mAbs) are effective at inhibiting cancer cell growth by recognition and 

neutralization of Ab-specific antigens. Monoclonal Ab immunotherapy is a well-established, 

highly specific treatment that has been applied toward several cancer types and constitutes a major 

portion of standard cancer treatments (García-Foncillas et al., 2019). A more advanced form of Ab 

treatment is the use of bispecific Abs (biAbs), which are directed towards two targets as opposed 

to one, by merging the variable domains of the mAbs of interest into a single structure (Thakur & 

Lum, 2010). The dual-specificity of biAbs can be imparted by the configuration of one construct 

that binds to tumour antigens presented directly on tumour cells, and another construct that targets 

receptors on immune effector cells (Fendly et al., 1990; Grosse-Hovest et al., 2003; Thakur & 

Lum, 2010).  
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This category of cancer treatment has been designed to target a wide assortment of molecules 

including tumour antigens, oncogenic signalling molecules, and growth factors (GFs)/growth 

factor receptors (GFRs) (Zahavi & Weiner, 2020).  GFRs are a collection of surface proteins that 

are involved in an array of fundamental cellular functions including cell growth, survival, and 

angiogenesis (Harris, 1991; Tiash & Chowdhury, 2015). The overexpression of some of these 

GFRs in different cancer types promotes dysregulation of cellular signalling, driving cells to 

multiply and grow at accelerated rates and evade apoptosis (Witsch et al., 2010). Considering many 

cancer types are exemplified by the overexpression of these types of receptors, there are currently 

several clinically approved mAbs that specifically target GFs, GFRs and their associated signalling 

molecules (Yamaoka et al., 2018). 

Epidermal growth factor receptor (EGFR) is a cell surface receptor that is over-expressed in cancer 

cells and is significantly involved in the growth and survival of epithelial tumours when bound to 

its corresponding ligand, epidermal growth factor (EGF) (Zaczek et al., 2005). Clinically approved 

mAb drugs targeted against EGFR include cetuximab and panitumumab, which target the 

extracellular domain of this receptor and can be used alongside chemotherapy treatments (García-

Foncillas et al., 2019). Vascular endothelial growth factor receptor (VEGFR) is also a cell surface 

receptor that binds to vascular endothelial growth factor (VEGF), and is overexpressed in cancer 

cells and  primarily involved in the formation of blood vessels (termed angiogenesis), a process 

that is pivotal for tumour formation (Duffy et al., 2013). Overall, VEGFR plays a critical role in 

both the evolution and conservation of tumours (Duffy et al., 2013). Ramucirumab was recently 

approved in 2014 for the treatment of gastric cancer. It consists of a humanized immunoglobulin 

(Ig) G1 mAb that effectively targets VEGFR to inhibit its activation. In doing so, this obstructs the 

upregulation of downstream signalling pathways that further advance angiogenesis (Javle et al., 
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2014). Supplementary studies outlining other effective anti-angiogenic therapeutics that target 

VEGF and VEGFR will be outlined in Section 1.2. 

1.1.3.2 Checkpoint inhibitors 

As previously described, tumours can evade the immune system via dysregulation of immune 

checkpoints, fabricating an immunosuppressive TME (Schadendorf et al., 2017). Checkpoint 

inhibitors constitute a class of anti-cancer drugs that also generally takes the form of mAbs which 

specifically block the receptors that immune checkpoints recognize for their activation. This 

prevents inhibitory signalling toward T-cells, thereby enabling T-cell activation and T-cell-

mediated immune responses (Koury et al., 2018). T-cell activation then promotes the production 

of effector cells that enhance the immunogenicity of tumour antigens, consequently promoting the 

recognition of tumours by the immune system and mitigating the tumour immunosuppressive 

environment (Chmielewski et al., 2013; S. Singh et al., 2020). Several Food and Drug 

Administration (FDA) approved mAb checkpoint inhibitors are currently on the market, including 

Ipilimumab and Pembrolizumab, for the treatment of melanoma (S. Singh et al., 2020). These 

drugs target CLTA-4 and PD-1, respectively, which are integral immune checkpoint receptors that 

efficiently downregulate immune responses (Deeks, 2016; Lipson & Drake, 2011; Wolchok et al., 

2013). Recently, a PD-1 checkpoint inhibitor drug, known as dostarlimab, was used for a clinical 

trial for the treatment of rectal cancer and demonstrated successful cancer remission for all patients 

in the trial. However, it is worth noting that the  trial only consisted of 12 patients and further 

confirmatory testing is required (Cercek et al., 2022). This drug was previously approved for the 

treatment of endometrial cancer (Oaknin et al., 2022), however, considering the results obtained 

from the aforementioned study (Cercek et al., 2022), its indication is now being expanded for the 

treatment of rectal cancer. All patients participating in this recent trial had a condition known as 
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mismatch repair deficiency (Cercek et al., 2022). Individuals with this condition cannot repair 

errors introduced into the chromosome during DNA replication by methylation-based recognition, 

rendering frequent mutations during cell divisions (Olave & Graham, 2022). In the past, mismatch 

repair-deficient colorectal cancer patients have been shown to be responsive to PD-1 checkpoint 

inhibitors (André et al., 2020). Accordingly, this type of treatment was applied in the 

aforementioned recent clinical trial for the treatment of rectal cancer (Cercek et al., 2022). Based 

on the studies indicated above, the versatility of this platform is highly attractive making it a 

popular form of cancer treatment (Fan et al., 2021). However, systemic administration of immune 

checkpoint-blocking Abs can be limited by low response rates (Fan et al., 2021). A recent study 

investigated the use of an enhanced tumour-targeted delivery system for this Ab treatment by 

fusing the immune checkpoint inhibitor with a tumour-homing ligand, promoting augmented 

tumour-specific inhibitory effects (Fan et al., 2021). 

1.1.3.3 Adoptive T-Cell transfer 

Adoptive T-cell transfer treatments encompass the infusion of different cell types into the body, 

including tumour-infiltrating lymphocytes (TILs) and chimeric antigen receptor (CAR) T-cells (J. 

C. Yang & Rosenberg, 2016). IL-2 is a cytokine signalling molecule that is known to promote T-

cell growth and is commonly employed with these types of treatment for in vitro cell expansion 

(Rosenberg, 2014). TILs possess the ability to invade tumours and have been shown to induce 

IFN-γ secretion and exert tumour-killing activity (Jiang et al., 2015; Markel et al., 2009). Infusion 

of these cells in melanoma patients has conferred successful outcomes, with response rates of 50% 

and greater (S. Lee & Margolin, 2012; Rosenberg et al., 2011). CAR T-cells are genetically 

engineered cells expressing artificial receptors that promote T-cell activation (Almåsbak et al., 

2016). These cells consist of an extracellular single-chain variable fragment derived from an Ab, 
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a transmembrane domain, and an intracellular CD3ζ domain for T-cell recognition and subsequent 

activation (Koury et al., 2018). Tisagenlecleucel is a CAR T-cell treatment that was approved by 

the FDA in 2017 for the treatment of relapsed/refractory B-cell acute lymphoblastic leukemia (Y. 

Liu et al., 2017). These engineered T-cells are able to specifically recognize the CD19 

transmembrane glycoprotein expressed on healthy and malignant B-cells, promoting T-cell 

activation and the induction of anti-tumour responses (Halford et al., 2021). Another CAR T-cell 

treatment known as, Axicabtagene ciloleucel, is similarly a CD19-directed treatment and was 

investigated as a second-line therapy for large B-cell lymphoma. The administration of this drug 

demonstrated enhanced response and survival rates compared to a standard care treatment 

(chemotherapy followed by stem-cell transplantation) (Locke et al., 2022). Indecabtagene 

vicelucel T-cells expressing a receptor for BCMA (B-cell maturation antigen), a member of the 

tumour necrosis factor superfamily, is another CAR T-cell treatment that has been investigated 

(Munshi et al., 2021). Studies have shown that BCMA is expressed on the surface of malignant 

plasma cells in individuals with multiple myeloma and is markedly involved in maintaining cell 

survival (Carpenter et al., 2013; Roex et al., 2020; Timmers et al., 2019). The application of this 

treatment in a Phase 2 study demonstrated the induction of strong anti-tumour immunity (Munshi 

et al., 2021). The efficacy of this treatment promoted its FDA approval in 2021 for the treatment 

of multiple myeloma (Sharma et al., 2022). The recent breakthroughs of this therapy instigated its 

approval for the aforementioned cancer types, although, there are still some concerns limiting its 

widespread application. This includes the induction of some severe toxicities, in addition to its 

inability to fully overcome the negative repercussions imparted by the evolvement of the 

immunosuppressive TME (Sterner & Sterner, 2021). 
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1.2 Cancer and GFRs  

Cancer is caused by mutations that promote two distinctive types of responses: activation of 

oncogene expression or deactivation of tumour suppressor genes. The successive accumulation of 

these genetic alterations consequently leads to uncontrolled cell growth and eventually tumour 

formation (Sarkar et al., 2013). Some oncogenes encode for GFRs, which as aforementioned, are 

overexpressed in many cancer types and promote cancer cell growth at extensive rates (Witsch et 

al., 2010).  

Many GFRs are categorized within a subclass of kinase proteins, known as receptor tyrosine 

kinases (RTKs). These receptors contain four characteristic structural components including an 

extracellular ligand binding domain, juxta membrane domain, tyrosine kinase domain 

and carboxyl-terminal tail (Du & Lovly, 2018). On the surface of cells, RTKs receive information 

from their surroundings in the form of GFs, which are glycoprotein polypeptides that specifically 

bind to RTKs (Witsch et al., 2010). GFs bind to the extracellular domain of RTKs, subsequently 

inducing dimerization of the receptor which leads to autophosphorylation and activation of kinase 

activity. This triggers the recruitment and binding of downstream signalling proteins that institute 

the stimulation of cellular signalling pathways for the onset of essential biological functions 

(Pawson, 2002; Yamaoka et al., 2018). Anti-cancer drugs impart their effects against GFRs 

through a variety of mechanisms, including mAb neutralization (as aforementioned), inhibition of 

protein kinases, and cellular signalling protein antagonism (Tiash & Chowdhury, 2015). 

This section will outline an integral RTK, known as VEGFR, which binds to VEGF (Duffy et al., 

2013). VEGF and VEGFR overexpression characterizes many cancer types, including lung, colon 

and breast cancers (Costache et al., 2015; Giatromanolaki et al., 2007; S. Guo et al., 2010). Anti-
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cancer treatments targeting VEGF/VEGFRs will also be discussed, including the use of VEGF 

anti-angiogenic isoforms and peptides. 

1.2.1 VEGFR 

VEGFR is an RTK that binds to VEGF and is expressed on many types of healthy cells, in addition 

to tumour cells (Duffy et al., 2013). Once receptor-bound, downstream signalling pathways are 

initiated that promote angiogenesis (Morabito et al., 2006). Angiogenesis, the process of blood 

vessel formation, is crucial for the development of tumours as they require high demands of oxygen 

and nutrient levels for continual growth, in addition to the output of metabolites and waste products 

- a system extensively mediated by the vascular network (Nishida et al., 2006). Accordingly, most 

solid tumours show upregulated VEGF/VEGFR expression to compensate for their aberrantly 

rapid metabolic processes (Brown et al., 1993; Hicklin & Ellis, 2005; Ohta et al., 1996). In normal 

healthy tissues, the vascular network is highly organized and characterized by evenly distributed 

and hierarchically ordered blood vessels.  However, within cancerous tissue, the vascular network 

is severely disorganized and exemplified by vessels that are twisted, hyper-branched, and prone to 

leakage, creating  areas that are exposed to nutrients and oxygen at significantly diverse levels (De 

Bock et al., 2011; Khawar et al., 2015; Maione & Giraudo, 2015). Overall, the imbalance of pro-

angiogenic and anti-angiogenic molecules and dysregulation of VEGFR-signaling drives tumour 

angiogenesis, conferring disordered vascular network formation within tumours (Folkman, 2002).  

The GFs that constitute the VEGF family include, VEGF-A, VEGF-B, VEGF-C, VEGF-D and 

placental growth factor (PIGF), that bind to one or more of three VEGFR subtypes (VEGFR-1, 

VEGFR-2 and VEGFR-3) (Takahashi, 2011). VEGF belongs to the platelet-derived growth factor 

supergene family characterized by eight conserved cystines and functions as a homodimer 

structure (Shibuya, 2011). VEGF-A is highly conserved and plays the most predominant role in 
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angiogenesis within its family, imparting its function by binding to either VEGFR-1 or VEGFR-2 

(Gong et al., 2004; Holmes & Zachary, 2005). VEGFR-1 and VEGFR-2 are both highly involved 

in the regulation of angiogenesis, in addition to endothelial cell migration and vascular 

permeability (Fong et al., 1995; Hiratsuka et al., 2001; Morabito et al., 2006), while VEGFR-3 is 

primarily implicated in the formation of lymphatic vessels (aka lymphangiogenesis) upon binding 

to VEGF-C and D (Alitalo & Carmeliet, 2002). PIGF binds to VEGFR-1 and has been shown to 

be involved in the stimulation of pathological angiogenesis promoted by VEGF-A (De Falco et 

al., 2002; Ferrara et al., 2003). 

1.2.2 VEGFR in cancer therapy 

The discovery of the critical role of VEGF/VEGFR for the growth and perpetuation of tumours 

has led to the extensive development of anti-cancer drugs that target this receptor-ligand pair and 

its signaling pathways (Kieran et al., 2012). These drugs counteract angiogenesis through a variety 

of mechanisms, thereby constraining the supply of nutrients and oxygen delivery that is required 

for tumour formation (Zirlik & Duyster, 2018). A well-known clinically approved anti-cancer 

drug,  Bevacizumab, is a VEGF humanized mAb that effectively inhibits VEGF-A, and 

consequently it’s binding towards VEGFR (Des Guetz et al., 2006; Foekens et al., 2001; Seto et 

al., 2006). Ramucirumab is another well-known anti-cancer mAb that specifically targets VEGFR-

2, as previously mentioned (Javle et al., 2014). Another category of drugs, known as tyrosine 

kinase inhibitors, similarly targets VEGFR by blocking its adenosine triphosphate (ATP) binding 

site (Gotink & Verheul, 2010). Under normal conditions, the phosphorylation of the tyrosine 

kinase domain within RTKs occurs using ATP for subsequent activation and stimulation of 

intracellular signaling pathways. However, tyrosine kinase inhibitors block this site, preventing 

autophosphorylation and leading to the inhibition of RTK activation (Gotink & Verheul, 2010).  
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Another well-known drug, Aflibercept, is a decoy VEGFR that binds to VEGF-A, VEGF-B and 

PIGF at elevated levels, but is structurally unable to induce the signalling required for angiogenesis 

to persist. This drug contains portions of the extracellular domains of two VEGFRs, VEGFR-1 

and VEGFR-2, that are fused to the constant region of IgG1 (Holash et al., 2002). This chimeric 

fusion enables high-affinity binding towards the aforementioned VEGF ligands compared to other 

commercially available Abs (de Lima Farah et al., 2018).  

1.2.3 VEGF anti-angiogenic isoforms and peptides 

Anti-angiogenic isoforms and peptides have been investigated for their application towards 

preventing angiogenesis within tumours via VEGFR targeting (Rosca et al., 2011). These synthetic 

and native molecules can be advantageous, attributed to their low levels of associated toxicity and 

heightened specificity towards targeted receptors (Nakamura & Matsumoto, 2005; Saladin et al., 

2009). An anti-angiogenic isoform, known as VEGF165b, is a differentially spliced variant of 

VEGF-A that is composed of 165 amino acids (aa) (Woolard et al., 2004). VEGF165b is expressed 

in normal cells, however, it was initially demonstrated by Bates et al. (2002) to be significantly 

downregulated in renal tumours, suggesting its involvement in anti-angiogenesis (Bates et al., 

2002). Differential splicing of exon 8 of VEGF-A governs its pro-angiogenic and anti-angiogenic 

states (Dehghanian et al., 2014). In its pro-angiogenic form (VEGF165a), exon 8 is made up of 18 

bases which encode for 6 aa residues, CDKPRR. However, in its anti-angiogenic form (VEGF165b), 

exon 8 encodes for SLTRKD, comprising of increased neutrally charged aa residues (Harper & 

Bates, 2008; Woolard et al., 2004). Conformational alterations of this isoform structure renders it 

unable to bind to neuropilin-1, a co-receptor of VEGFR-2 (Parker et al., 2012; Peach et al., 2018). 

While it still holds the capacity to bind to VEGFR-2, its binding induces less efficient 

autophosphorylation, thereby preventing stimulation of VEGFR-2 downstream signaling 
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pathways (Harper & Bates, 2008; Kawamura et al., 2008; Woolard et al., 2004). Woolard et al., 

(2004) demonstrated that the VEGF165b isoform inhibits angiogenesis in rabbit cornea and 

mesentery, in addition to reducing tumour growth, compared to VEGF165 expressing tumours.  

A synthetically designed peptide, known as VGB, has also been shown to confer anti-angiogenic 

properties as an antagonist against VEGF-A and VEGF-B. This peptide is composed of 14 aa 

residues from the VEGF-A ligand and contains three binding sites specific for VEGFR-2 and two 

binding sites specific for VEGFR-1. The peptide structure was previously predicted de novo and 

is illustrated in Figure 3 (Sadremomtaz, Kobarfard, et al., 2018). Opposed to the targeting of one 

receptor, this peptide is able to target both VEGFR-1 and VEGFR-2 (Sadremomtaz, Kobarfard, et 

al., 2018; Sadremomtaz, Mansouri, et al., 2018), conferring enhanced efficacy and limiting the 

development of resistance (Gille et al., 2007). The binding of this peptide towards VEGFR-1 and 

VEGFR-2  has been shown to suppress the phosphorylation of VEGF/VEGFR signaling 

molecules, including P13K/ AKT and MAPK/ERK 1/2, which  consequently limits the activation 

of downstream signaling pathways required for the formation of blood vessels (Sadremomtaz, 

Kobarfard, et al., 2018). ERK1/2 and AKT signalling pathways are involved in diverse cellular 

processes including cell proliferation, migration, and vascular permeability (Koch & Claesson-

Welsh, 2012; Pettersson et al., 2000). Administration of VGB inhibited VEGF-induced 

proliferation and migration within human umbilical vein endothelial cells, 4T1 mammary 

carcinoma tumour cells, and U87 glioblastoma cells. Additionally, treatment with VGB promoted 

the impediment of metastatic mediators including epithelial-cadherin and nuclear factor-kB.  It 

also inhibited tumour growth within a mammary carcinoma murine model by 

~80%  (Sadremomtaz, Kobarfard, et al., 2018; Sadremomtaz, Mansouri, et al., 2018). A similar, 



20 

 

but alternative peptide, known as VGB4, works in a comparable manner to VGB, as shown in 

Figure 5, although it is slightly longer in length (23 aa residues) (Farzaneh Behelgardi et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Structural representation of the VGB peptide. The colours indicated on the structure 

represent the amino acids indicated in letters on the lefthand side of the image (Taken from 

Sadremomtez, Kobarfard, et al., 2018).   

 

Figure 4. VEGF/VEGFR pathways that are inhibited by VGB4 binding towards VEGFR. 

VGB4 acts as an antagonist towards VEGF ligands preventing P13K/AKT and MAPK/ERK1/2 

signalling pathways from occurring (Taken from Farenzah Behelgardi et al., 2020).  
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1.3 Gene therapy for cancer  

Gene-therapy is a broad-based term that encompasses the use of genetic material (DNA and/or 

RNA) for expression within cells to aid in the curing of a disease of interest (Scheller & Krebsbach, 

2009). One of the most prominent determining factors that characterizes the efficacy of gene 

therapy-based treatments is the choice of gene-delivery vehicle, which enables the gene/genes of 

interest to bypass the cell membrane and subsequently transfer into the nucleus for transcription, 

followed by translation in the cytoplasm of the cell (Begum et al., 2019). To deliver genes into 

cells, an array of vectors have been employed including non-viral vectors, characterized by their 

increased safety profile but lower gene-delivery efficiency, and viral vectors, characterized by their 

decreased safety profile but higher gene-delivery efficiency (Gardlík et al., 2005).  

Particularly, for cancerous diseases, the transcription and translation of specified genes can alter 

tumour cells by a variety of mechanisms, including increasing the expression of apoptotic and 

tumour suppressor genes and decreasing the expression of oncogenes (Cross & Burmester, 2006; 

DAS et al., 2015). Furthermore, gene therapy can also be used for the expression of genes 

that  enhance the immunogenicity of tumours to promote immune cell recognition (DAS et al., 

2015), which is the fundamental basis of the cancer immunotherapy platform approach designed 

and investigated in this study. Cancer immunotherapy constitutes a large portion of cancer gene 

therapy by the exploitation of genes to express molecules within cells that redirect the immune 

system toward tumours for their eradication (Cross & Burmester, 2006). In general, there are three 

predominant ways gene therapy can be administrated, specifically in regard to cancer 

immunotherapy applications (Figure 5; Cross & Burmester, 2006). First, cancer cells can be 

directly isolated from patients, injected with immunostimulant genes, harvested, and subsequently 

lysed to release their cellular contents for the generation of vaccines (Cross & Burmester, 2006; 
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Kowalczyk et al., 2003). Second, immunostimulant genes can also be directly injected into the 

tumour for subsequent uptake and expression within cancerous cells in vivo (Cross & Burmester, 

2006; Nawrocki et al., 2001). This gene therapy administration approach is anticipated for the 

future application of the DNA-VLP gene cassettes investigated in this study. Third, immune cells 

isolated from patients can be altered by injection of immunostimulant genes, which can then be 

incorporated into tumours for consequent immune system activation (Cross & Burmester, 2006; 

Kikuchi, 2006).  
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Figure 5. Gene therapy-based cancer immunotherapy application. Methods of gene 

administration for cancer immunotherapy includes A) addition of immunostimulant genes to 

patients' cancer cells for subsequent lysis and incorporation into a vaccine; B) direct administration 

of immunostimulant genes to tumours; C) addition of immunostimulant genes to immune cells for 

subsequent administration to tumours (Taken from Cross & Burmester, 2006).  
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1.4 VLP Immunotherapy 

VLPs are rapidly emerging as an effective platform for cancer immunotherapy (Mohsen et al., 

2020; Tornesello et al., 2022). VLPs are constructed using essential viral structural proteins that 

self-assemble into non-enveloped or enveloped hollow particles resembling the virus from which 

they were derived from (Grgacic & Anderson, 2006). Non-enveloped VLPs are composed solely 

of a native virus’ structural proteins enabling a simpler characterization process, while enveloped 

VLPs contain an additional lipid membrane (envelope) around its structure that is formed via 

budding from the host membrane, thereby incorporating some of the host’s cellular proteins into 

its structure (Dai et al., 2018). This additional envelope layer imparts a more complex VLP 

composition contributed by uncertainty in regards to the integrated host membrane components, 

rendering enveloped VLPs more challenging to characterize (Dai et al., 2018; Naskalska & Pyrć, 

2015). In general, the production of VLPs within both eukaryotic and prokaryotic cell types 

including yeast, plant, bacteria, insect, and mammalian cells, highlights the versatility of 

production for this platform (Tornesello et al., 2022).  

The application of viruses for the treatment of cancer is advantageous as infection and immune 

response stimulation can impart inhibitory effects toward tumours, promoting decreased survival 

and progression (Hemminki et al., 2020; Pyeon et al., 2020). Oncolytic viruses have been 

developed as a potential means of treating cancer by stimulating potent immune responses, in 

addition to directly killing cancer cells (Buijs et al., 2015). However, compared to oncolytic 

viruses, VLPs confer increased safety considering they do not contain a viral genome, preventing 

them from inducing adverse effects that are normally associated with native viral infection and 

replication (Donaldson et al., 2018). Some characteristic features of VLPs render the use of these 

particles as an ideal platform for cancer immunotherapy. Firstly, considering VLPs mimic the 
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structural order of an authentic virus, they are able to engender an effective immune response 

which can help overcome the immunosuppressive TME (Mohsen et al., 2020; Ong et al., 2017). 

Secondly, different antigens and peptides of interest can be displayed on the surface of VLPs via 

genetic or chemical fusion. This can promote the stimulation of more broad immune responses 

against the peptide/antigen of interest, enable VLP targeting of specific receptors, and induce 

specific anti-tumour immune responses (Lin et al., 2014; Shirbaghaee & Bolhassani, 2016). 

Thirdly, considering some non-enveloped viruses exit the cell via cell lysis or bursting from cells 

(Bird & Kirkegaard, 2015; Zepeda-Cervantes et al., 2020), this may provide VLPs with the 

capacity to impart oncolytic effects. Within insect cell expression systems, some VLPs have been 

shown to leave the cell via cell lysis or budding (Arevalo et al., 2016; Zepeda-Cervantes et al., 

2020).  This section will expand upon anti-cancer immune responses that are instigated by VLPs 

and how this relates to overcoming the immunosuppressed TME, in addition to outlining the use 

of preventative and therapeutic VLP vaccines against different types of diseases and more 

specifically, cancer.  

1.4.1 VLP immune response induction 

VLPs are capable of simultaneously stimulating both arms of the immune system, encompassing 

the innate and adaptive immune response, in addition to presenting self-adjuvant effects. The size 

and surface conformation of VLPs enable efficient recognition and recruitment of innate immune 

cells (Mohsen et al., 2017). VLPs are able to induce a more enhanced innate immune response 

given their repetitive structural organization and conformational epitopes compared to single 

protein/polypeptide treatments (Jegerlehner et al., 2002; Roldão et al., 2010). Administration of 

VLPs in mice has been shown to induce the infiltration of innate immune cells including 

macrophages, neutrophils, and DCs (K.-H. Kim et al., 2018; Raghunandan, 2011). The recruitment 



25 

 

of innate immune cells towards the TME can assist in cancer cell killing, in addition to the 

induction of anti-tumour adaptive immune responses, which ideally can help to overcome the 

immunosuppressive TME (Labani-Motlagh et al., 2020; Mohsen et al., 2020; Ong et al., 2017). 

Pathogen-associated structural patterns (PASPs) on VLPs can be directly detected by pattern 

recognition receptors (PRRs), including toll-like receptor (TLR)-2 and 4 on the surface of DCs 

(Boehme & Compton, 2004; Compton et al., 2003; Zepeda-Cervantes et al., 2020). This interaction 

can promote the maturation of DCs which advances the adaptive immune response (Dzopalic et 

al., 2012; Schiller & Lowy, 2012). Additionally, recognition of VLPs by DCs can also lead to the 

production of pro-inflammatory cytokines which consequently increases the recruitment of APCs 

(Fiebiger et al., 2001; Nooraei et al., 2021). 

VLPs have virally encoded Th cell-recognized epitopes which, via MHC II on professional APCs, 

are presented to CD4+ Th cells leading to their activation. This activation subsequently enhances 

the stimulation of B-cells, T-cells, and macrophages (Chackerian et al., 2008; Yadav et al., 2019). 

VLPs can also be taken up by CD8+ DCs which are highly effective at cross-presenting peptides 

on MHC class I molecules (Mohsen et al., 2020). Presentation of VLP epitopes towards CD8+ T-

cells induces their activation and killing of cancer cells (Crisci et al., 2012; Zepeda-Cervantes et 

al., 2020). Additionally, strong B-cell responses and secretion of Abs in response to VLP 

administration have been detected via the cross-linking of specific receptors on B-cells 

(Jegerlehner et al., 2002; Roldão et al., 2010). In general, VLPs are capable of inducing a similar 

level of humoral immunity as the virus from which they are derived (Mohsen et al., 2017). IgM or 

IgG Ab binding towards VLP surface proteins has been shown to activate the complement cascade, 

which can lead to tumour cell killing (Caldeira et al., 2020; Roumenina et al., 2019). Overall, the 

induction of these types of immune responses against VLPs has the capacity to overcome the 
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tumour immunosuppressive microenvironment and effectively minimize cancer cell growth (Ong 

et al., 2017).  

1.4.2 VLP vaccines 

VLP-based vaccines can categorized as both prophylactic (aka preventative) and therapeutic in 

nature (Mohsen et al., 2020; Ong et al., 2017; Tornesello et al., 2022). Prophylactic-based vaccines 

work to build a competent immune force towards a specific virus prior to infection to prevent the 

onset of infection and/or severe symptoms of infection (Sela & Hilleman, 2004). The first 

commercially available VLP vaccine was against the hepatitis B virus (HBV) using its surface 

antigen produced in yeast cells (McAleer et al., 1984). This vaccine demonstrated 95% 

effectiveness in preventing HBV infection (Buonaguro et al., 2011). Currently, there are three 

HPV VLP vaccines that are commercially available against HPV-induced cervical cancer which 

are known as, Gardasil-9, Cervarix, and Gardasil-4 (Buonaguro et al., 2011; Yadav et al., 2019). 

The VLPs for HPV are formed by the expression of HPVs major capsid protein, L1, as reviewed 

by Yadav et al. (2019). The successful outcomes of these vaccines instigated the development and 

study of new VLP preventative-based vaccines including those targeted against influenza. 

Individuals immunized with an insect cell-derived H1N1 influenza VLP vaccine demonstrated 

persistent Ab production that was detected up to 24 months post-vaccination (Valero-Pacheco et 

al., 2016). The commercially available VLP-based vaccine against Malaria, known as Mosquirix, 

consists of the circumsporozoite protein of Plasmodium falciparum, the parasite that causes 

malaria, fused to the HBV surface antigen (Kingston et al., 2019; Mohsen et al., 2017; Tariq et al., 

2022). A Phase III study showed the induction of expressive levels of Abs and CD4+ T-cells 

against the circumsporozoite protein (RTS,S Clinical Trials Partnership et al., 2012). Several other 

preventative VLP vaccines have been studied to protect against infection including those against 
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norovirus, chikungunya virus, and human immunodeficiency virus (HIV) (Mohsen et al., 2017, 

2020; Tariq et al., 2022). VLP-based applications have recently been expanded towards non-

infectious diseases including Alzheimer’s. Bacteriophage-based VLPs were designed to display 

the amyloid-β peptide which specifically aggregates in individuals with Alzheimer’s, and 

demonstrated the effective induction of amyloid-β-specific T-cell responses and prolonged Ab 

titers (Farlow et al., 2015).  

1.4.3 VLPs in cancer therapy  

Several VLPs have been investigated for their application towards a variety of cancers including 

melanoma, breast cancer, pancreatic cancer, cervical cancer, and hepatocellular carcinoma 

(Caldeira et al., 2020; Mohsen et al., 2020; Tornesello et al., 2022). These types of VLP-based 

vaccines are therapeutic in nature and confer active immunotherapy by redirecting the host’s 

immune response against tumours (Tornesello et al., 2022). Therapeutic-based vaccines are 

administered to diseased individuals as a means to simultaneously treat and eradicate the targeted 

disease, and thus, makes up a large portion of cancer immunotherapeutic vaccines that have been 

studied (C. Guo et al., 2013). Polyomavirus, Qβ bacteriophage, and cowpea mosaic virus (CPMV) 

VLPs have been evaluated for the treatment of melanoma (Mohsen et al., 2020). A clinical trial of 

a Qβ bacteriophage VLP vaccine was conducted and demonstrated the induction of significant 

tumour-specific CD8+ T-cell responses (Goldinger et al., 2012; Schwarz et al., 2005). Moreover, 

high levels of IFN-γ secreting CD8+ T-cells were observed, indicative of effector CTL formation 

(Speiser et al., 2010). CPMV VLPs, which were administered via inhalation into a lung metastatic 

B16F10 melanoma murine model, demonstrated the activation and inflation of neutrophils in the 

lungs, in addition to decreased tumour burden (Lizotte et al., 2016; Mohsen et al., 2019). MS2 and 

AP205 bacteriophages have been investigated for the treatment of breast cancer. MS2 VLPs have 
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been shown to induce a substantial increase of lung infiltrating NK cells and CD8+ T-cells (Bolli 

et al., 2017; Rolih et al., 2020). AP205 VLPs displaying the Her2 GFR was applied as a type of 

vaccine-based mAb therapy and stimulated potent anti-Her2 autoantibody responses, in addition 

to inhibiting tumour growth in wild-type mice with mammary carcinoma cells expressing Her2 

(Palladini et al., 2018). Simian human immunodeficiency virus (SHIV) VLPs have been studied 

for the treatment of pancreatic cancer with incorporated human mesothelin, a protein that is highly 

involved in tumour adhesion and dissemination (Rump et al., 2004; S. Zhang et al., 2013). 

Vaccination of this VLP inhibited the progression of orthopedic pancreatic tumours in mice and 

increased CTL activity, while also decreasing immunosuppressive Treg cells (Li et al., 2008; S. 

Zhang et al., 2013). Studies employing HPV VLPs displaying the E7 protein for the treatment of 

cervical intraepithelial neoplasia, also demonstrated effective CTL responses against the L1 

protein and the E7 protein,  in addition to the induction of high Ab titers (Jentschke et al., 2020; 

Kaufmann et al., 2007).  

Table 2. Overview of therapeutic VLPs studied for cancer therapy 

Virus-Like 

Particle  

Primary 

Cancer 

Application   

Stage of 

Approval  

VLP Design   Reference 

Bacteriophage 

Qβ 

-melanoma  -Phase I 

and II 

-loaded with TLR ligands 

(RNA or CpG motifs)  

(Goldinger et 

al., 2012; 

Schwarz et al., 

2005) 

Bacteriophage 

MS2 

-breast cancer -Preclinical  -inserted with the sixth 

and third extracellular 

domain of human xCT 

protein (protein over 

expressed in breast cancer 

cells) 

(Bolli et al., 

2017; Rolih et 

al., 2020) 

Acinetobacter 

Phage 

-breast cancer  -Preclinical -covalently displaying the 

Her2 protein  

(Palladini et 

al., 2018) 

CPMV -melanoma -Preclinical  -inserted with a tetanus 

toxoid epitope and 

displaying the LCMV-

(Lizotte et al., 

2016; Mohsen 

et al., 2019) 



29 

 

gp33 peptide (as an 

additional Th cell epitope) 

SHIV -pancreatic 

cancer 

-Preclinical  -incorporated human 

mesothelin (involved in 

tumour adhesion and 

dissemination) into SHIV 

VLPs  

(Rump et al., 

2004; S. 

Zhang et al., 

2013) 

SIV -pancreatic 

cancer 

-Preclinical  -incorporated Trop2 

(glycoprotein 

overexpressed in 

pancreatic cancer) into the 

surface of SIV VLPs 

(Cubas et al., 

2011) 

HPV -cervical 

intraepithelial 

neoplasia 

-Phase I -incorporated the E7 

protein into the C-terminal 

of the L1 capsid protein  

(Jentschke et 

al., 2020; 

Kaufmann et 

al., 2007) 

CPMV: cowpea mosaic virus; gp: glycoprotein; HPV: human papilloma virus; LCMV: 

lymphocytic choriomeningitis; RNA: ribonucleic acid; SIV: simian immunodeficiency virus; 

SHIV: simian human immunodeficiency virus; Th: T helper; VLP: virus-like particle; TLR: toll-

like receptor. 

 

1.5 HPV 

HPV is a non-enveloped virus that contains a double-stranded DNA genome and infects cutaneous 

and mucosal epithelial cells. Its infection leads to warts, juvenile respiratory papillomatosis, 

epithelial lesions, and cancer (Burd & Dean, 2016). Cervical cancer is the most common HPV-

related disease (Okunade, 2020). There are over 100 HPV types that have been identified to date, 

however, only 19 of these are categorized as high-risk types. Specifically, HPV16 and 18 

contribute to the highest number of HPV-related cancers worldwide (Tumban, 2019).  

The genome of HPV encodes early and late genes (Figure 6). The early genes (E1, E2, E4, E5, E6, 

and E7) are primarily involved in genome replication and transcription-related processes, and the 

late genes (L1 and L2) encode capsid proteins which make up the structural composition of the 

virus (Ferreira et al., 2020; J. W. Wang & Roden, 2013). Expression of the L1 gene post-infection, 

which encodes for the major capsid protein, leads to the arrangement of this protein into 72 
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pentamers that assemble within the nucleus into T = 7 icosahedral capsids (Figure 7) containing 

360 copies of the L1 protein (Zhao et al., 2014). The L2 protein, also known as the minor capsid 

protein, is located at the vertices of L1 pentamers and assists in the encapsulation of the viral 

genome (Holmgren et al., 2005; J. W. Wang & Roden, 2013). Once the viral genome is 

encapsulated, the subsequent release of newly formed viral particles occurs by disruption of the 

cytoskeleton and the rupture of infected cells within the upper layers of the epithelium (Doorbar 

et al., 1991; Humans, 2007; Pinidis et al., 2016).  

 

 

 

 

 

 

 

 

 

Figure 6. HPV genome. Outline of the major viral proteins encoded within the double-stranded 

DNA genome of HPV. The functions of each of the proteins encoded by the HPV genome are 

indicated on the right side of the image (Taken from Ferreira et al., 2020). 
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Figure 7. HPV 16 capsid structure. Atomic structure of the HPV16 capsid formed from L1 

pentamers (Taken from Zhao et al., 2014). 

1.5.1 HPV VLPs 

Assembly of L1 into VLPs was first reported for bovine papillomavirus type 1 in 1992, followed 

by studies demonstrating the self-assembly of HPV VLPs using L1 or the co-expression of L1 and 

L2 (Hagensee et al., 1993; Kirnbauer et al., 1992; Schiller & Lowy, 2012). The VLP vaccines 

currently licensed for HPV protect against HPV16 and 18, in addition to a few other HPV types 

(Tumban, 2019). As aforementioned, these vaccines are known as Gardasil-9, Cervarix, and 

Gardasil-4, which are produced from the L1 major capsid protein within yeast and insect cells, as 

reviewed by Yadav et al. (2019). Human codon optimization of the L1 protein of HPV16 and 

HPV11 for expression in mammalian cells and administration in mice was previously conducted 

to test the use of VLPs delivered as a DNA vaccine for in vitro and in vivo assembly (Leder et al., 

2001; Mossadegh et al., 2004; Sakauchi et al., 2021). 

The highly ordered and repetitive assembly of L1 proteins that form icosahedral HPV VLPs, 

confers the induction of potent innate immune responses (Lenz et al., 2005; Stanley et al., 2012). 

This was demonstrated in patients after HPV VLP administration via the activation of DCs which 

produced significant levels of type 1 IFN-α (Lenz et al., 2005). IFN-α has the ability to induce 
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macrophage and NK cell cytotoxicity, in addition to enhancing T-cell survival and promoting 

humoral immunity (Belardelli & Gresser, 1996). HPV VLPs are also able to induce the cytotoxic 

activity of IL-15 DCs against HPV-positive cervical cancer cells (Van den Bergh et al., 2014). 

Additionally, stimulation of pro-inflammatory cytokines including IL-1β and TNF-α have been 

observed upon HPV VLP administration (Van den Bergh et al., 2014), which are cytokines 

involved in enhancing Th1-mediated immunity against cancer (Haabeth et al., 2015).  

Studies show strong and durable Ab production in response to HPV VLP vaccine administration 

(Nicoli et al., 2020; Stanley et al., 2012). This response could be attributed to the stimulation of 

long-lived plasma cells which produce antigen-specific Abs at a continual rate (Amanna & Slifka, 

2010; Schiller & Lowy, 2012). Results of clinical trials of HPV VLP vaccines also demonstrate 

virtually 100% seroconversion (Stanley et al., 2012; Villa et al., 2006).  

Cell-mediated immune responses have also been detected following HPV VLP vaccine 

administration including the activation of CD4+ T-cells into effector T-cells, which in turn 

stimulates the maturation of B cells, as well as cytotoxic CD8+ T-cells (Toh et al., 2015). In a 

Phase II trial, the induction of notable levels of both CD8+ and CD4+ proliferating T-cells were 

observed (Pinto et al., 2003). A previous study evaluated CD4+ and CD8+ T lymphocyte responses 

by stimulation of peripheral blood lymphocytes of cervical cancer patients with L1 VLP-loaded 

DCs.  Strong type 1 L1-specific CD4+ and CD8+ T-cell responses were observed and the 

production of L1 VLP specific CD8+ T lymphocytes effectively induced the lysis of autologous 

tumour cells (Bellone et al., 2009). 

1.5.2 HPV L1 protein and VLP specific Abs 

The production of HPV16 L1 protein and VLPs can be validated by the specific binding of L1 and 

L1 VLP-specific Abs. Camvir-1 is a well-known Ab that binds to  HPV16  L1 proteins by 
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recognition of a specific linear epitope of the L1 protein (between aa 204 to 210) (Carter et al., 

2003). A linear epitope is a region of a protein that is of primary structure and can be recognized 

by an Ab as a sequence of aa residues for a protein of interest (Deng et al., 2018). Since Camvir-1 

recognizes a sequence of aa residues within the L1 protein, it can be used to detect for L1 proteins 

using western blot analysis (Carter et al., 2003). During the conduction of this technique, proteins 

are denatured and fractionated on a polyacrylamide gel during sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and immobilized onto a membrane (Mahmood 

& Yang, 2012). Transferred L1 proteins can be detected by binding towards Camvir-1 and 

visualized by the production of a coloured band for direct size comparison with protein molecular 

weight markers (Carter et al., 2003). On the other hand, conformationally dependent Abs bind to 

larger regions of proteins that form three-dimensional structures. Therefore, it is essential that the 

protein’s native conformation remains intact in order for these Abs to recognize the specific region 

of interest (Deng et al., 2018). As such, these Abs are not appropriate for L1 protein or L1 VLP 

detection subsequent to SDS-PAGE and western blot analysis, attributed to protein denaturation 

and destabilization during the conduction of these steps (Forsström et al., 2015). However, these 

Abs can be used for other types of experimental analysis to detect for conformational epitopes of 

the HPV L1 protein and VLPs, which will be described in later sections.  

There are a variety of conformationally dependent Abs against the HPV16 L1 protein including 

H16.V5, H16.E70, and H16.9A, all of which have neutralizing capabilities (Christensen et al., 

1996; Combita et al., 2002; Roden et al., 1997; Varsani et al., 2003, 2006; White et al., 1999). A 

previous study generated a specific Ab, known as H16.U4, against HPV16 L1 VLPs, which can 

be used to identify for VLP production (Carter et al., 2003; Christensen et al., 1996). This Ab is 

also characterized as a conformationally dependent Ab, but with a weak neutralizing capability, 
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and binds to aa residues between 422 to 445 of the C-terminal arm of the L1 protein, in between 

formed capsomers (Carter et al., 2003; Guan et al., 2015). Within a formed VLP, there are 360 

available binding sites for the H16.U4 Ab to recognize, however, the H16.U4 fragment antigen-

binding (Fab) only bound to the icosahedral five-fold vortex of the formed capsid structure.  This 

suggests that H16.U4 Ab binding is selective towards HPV16 L1 capsid formation and recognizes 

a specific conformational region of formed capsomeres (Guan et al., 2015). Guan et al., (2015) 

indicated that this Ab could potentially be used in the future to identify different stages of 

maturation of the HPV capsid by identifying for various conformational states that occur during 

this process.   

1.5.3 HPV VLP detection and visualization   

HPV VLPs have been visualized in previous studies using transmission electron microscopy 

(TEM) (Leder et al., 2001; Mossadegh et al., 2004; Patel et al., 2009; Sanchooli et al., 2020; Zahin 

et al., 2016), as displayed in Figure 8. TEM is one of the most common methods to visualize VLPs, 

however, during sample preparation there is a possibility for VLP deformation and destabilization 

to occur (Nooraei et al., 2021). To visualize for VLPs, the samples are stained using heavy metal 

salts; the most common include uranyl acetate, osmium tetroxide, and phosphotungstic acid (PTA) 

(González-Domínguez et al., 2020). The presence of heavy metals increases the density around 

the sample. This enables an image to be generated via differential electron scattering between the 

VLPs as an electron beam is directed toward the sample (Gulati et al., 2019). Previous studies have 

visualized the conformation of HPV16 VLPs within mammalian cells and other cell types using 

TEM, confirming their size to be within the range of 35 to 50 nm (Leder et al., 2001; Sanchooli et 

al., 2020; Zahin et al., 2016). It has been shown that at 72 hours (h) post-transfection with the L1 

capsid sequence, VLPs are contained within the nucleus of mammalian cells (Leder et al., 2001). 

https://www.zotero.org/google-docs/?ACeMwQ
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Cryo-TEM is a form of TEM that minimizes the disturbance of formed VLPs by imaging the 

sample in a frozen hydrated state, allowing visualization of the sample as it exists in solution 

(Stewart, 2017). A study conducted by Guan et al., (2015) performed cryo-TEM after complexing 

the VLP with the H16.U4 Ab Fab. Using this, 3D reconstructions of the particle (Figure 9) were 

generated, and densities of the H16.U4 Ab were visualized around the capsomeres of formed VLPs 

at each five-fold vortex.  

As outlined in the previous section, several Abs can be used to identify L1 protein formation, in 

addition to L1 VLPs. The enzyme-linked immunosorbent assay (ELISA) is a method that has been 

used to detect for the presence of HPV16 VLPs. If binding between the VLP and its corresponding 

Ab occurs, a chemical reaction can be induced for direct visualization of this binding (Alhajj & 

Farhana, 2022). Previous studies demonstrated that chimeric HPV16 L1 VLPs containing peptides 

inserted into different regions of the L1 protein bound towards linear and conformationally 

dependent Abs, including the VLP-specific H16.U4 Ab (Carter et al., 2003; Sanchooli et al., 2020; 

Varsani et al., 2003). This was conducted by performing an indirect ELISA by the coating of plates 

with chimeric HPV16 L1 VLPs and subsequently incubating with primary Ab. Later, a secondary 

Ab (directed towards the primary Ab) conjugated to a specific enzyme was added and an enzymatic 

reaction was induced by substrate addition to visualize for the presence of colour change, 

indicative of primary Ab binding towards the VLPs (Carter et al., 2003; Sanchooli et al., 2020; 

Varsani et al., 2003). 
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Figure 8. Transmission electron microscopy visualization of HPV16 L1 VLPs. The VLPs were 

negatively stained and visualized under a 100 V operating voltage (Taken from Patel et al., 2009). 

Based on the size marker indicated in the bottom right-hand corner (in nanometers (nm)), the VLPs 

were estimated to be approximately 35 - 50 nm in size.  

 

 

Figure 9. Model of HPV VLPs complexed with the H16.U4 antibody. Taken from Guan et al., 

(2015).  

1.5.4 HPV VLP purification  

Small-scale purification of the L1 protein has been predominantly conducted by ultracentrifugation 

using sucrose cushion or cesium chloride density gradients and size exclusion chromatography 

(Zahin et al., 2016). Considering VLPs are larger than most contamination particulates, VLPs are 

commonly purified in the same manner, however, in general, an additional step is required to 
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remove any remaining contaminants (H. J. Kim et al., 2010; Park et al., 2008; Schädlich, Senger, 

Kirschning et al., 2009). In general, density gradient centrifugation is a very common method to 

isolate biomolecules. It separates molecules based on their density within a specific solvent 

subsequent to sedimentation at high speeds of centrifugation. More dense molecules will sediment 

near the bottom of the gradient, whereas less dense molecules will float or sediment near the top 

of the gradient  (Density Gradient Ultracentrifugation, JoVe, 2022). For the large-scale 

purification of L1, employing density gradients is not ideal, as this method is extremely time-

consuming, costly, and not readily scalable, rendering chromatographic methods more suitable for 

industrial applications (Zahin et al., 2016). However, for the purposes of this study, generating 

large-scale quantities of HPV16 L1 VLPs was not necessary.  Previous studies have shown that 

ultracentrifugation using a 45% sucrose cushion gradient and a cesium chloride gradient 

demonstrated adequate purification of the L1 protein (Park et al., 2008; Sapp et al., 1998; M.-K. 

Woo et al., 2008; Zahin et al., 2016). Additionally, studies have also used ammonium sulfate 

precipitation prior to chromatographic or density gradient purification to remove initial 

contaminants within cell lysate samples, enhancing protein recovery and purity (H. J. Kim et al., 

2010; Zahin et al., 2016). Density gradients used for the purification of the L1 protein have also 

been generated using iodixanol subsequent to sucrose density application (Buck et al., 2005; Rao 

et al., 2011). The primary benefits of iodixanol includes the fact that it is non-ionic and non-toxic. 

Additionally, this solution is less viscous and particles can be purified under  iso-osmotic 

conditions which can assist in the preservation of viral particles (Gias et al., 2008; Hermens et al., 

1999). Moreover, the use of cesium chloride gradients for purification requires long centrifugation 

times and its removal after purification, which is not necessary when employing iodixanol 

gradients (Hermens et al., 1999).  

https://www.zotero.org/google-docs/?0f5haW
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1.5.5 HPV VLP peptide display  

Peptide display on the surface of HPV L1 VLPs have been studied for the purpose of enhancing 

and broadening the immune response across various HPV types (Yadav et al., 2019). Peptide 

display can also be employed to target VLPs toward specific receptors (Brunel et al., 2010; 

Kaltgrad et al., 2008). Most studies exhibit an effective display of peptides inserted within the DE 

loop region, the H4 helix region, and between the H4 helix region and βJ sheet (Table 3), which is 

visualized structurally in Figure 10. To validate for VLP formation with peptide insertions, studies 

assessed the binding of L1-specific conformationally dependent Abs including H16.V5, H16.E70, 

and H16.U4 towards peptide displaying HPV VLPs. Peptides inserted within the DE loop of the 

L1 protein consistently demonstrated the formation of VLPs, however, VLPs with peptides 

inserted into the H4 helix region and between the H4 helix region and βJ sheet, showed less 

consistent VLP formation (Huber et al., 2017; Varsani et al., 2003). Peptides inserted into the latter 

two regions occasionally formed capsomeres and aggregate formation (Boxus et al., 2016; 

McGrath et al., 2013; Pineo et al., 2013). However, H16.V5 and H16.E70 Abs showed limited 

binding to VLPs with peptides inserted into the DE loop (Huber et al., 2017; Varsani et al., 2003). 

This could be due to an altered Tyr-153-Ser-282 interaction that is critical for the binding of these 

L1-specific conformationally dependent Abs (Varsani et al., 2003). VLPs with peptides introduced 

in the H4 helix region and between the H4 helix region and βJ sheet generally showed binding 

toward most conformationally dependent Abs specific for the L1 protein. Peptides displayed in 

these regions also demonstrated effective induction and binding towards their corresponding Abs, 

suggesting successful display of peptides on the surface of the HPV VLPs (Chabeda et al., 2019; 

Varsani et al., 2003). Other regions including the CD loop, EF loop, and FG loop of the L1 protein 

generally did not show VLP formation (Table 3). Peptides inserted in the C-terminal region of L1 
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demonstrated VLP formation, however, in some studies low/no binding of display peptide Abs 

were detected, indicative of probable ineffective peptide display (Jochmus et al., 1999; W. J. Liu 

et al., 2000; Schäfer et al., 1999). 

 

 

    

 

 

 

 

 

Figure 10. HPV VLP structures containing peptide insertions within surface-exposed regions 

of the L1 protein. The green areas represent the VLP structural formation of L1 pentamers. The 

pink areas indicate the location of peptide display within the DE loop region of the L1 protein. The 

blue areas indicate the location of peptide display within the H4 helix region of the L1 protein. 

(Taken from Yadav et al., 2019).  

 

Table 3. Overview of HPV VLP peptide display studies 

Display 

Peptide 

Insertion 

Region 

VLP Formation Immunogenicity  

C-terminal 

truncated  

-Yes (Jochmus et al., 1999; Müller et 

al., 1997; Schäfer et al., 1999)  

-confirmed binding of 

conformationally dependent L1 

neutralizing Abs (Jochmus et al., 

1999; W. J. Liu et al., 2000; Müller 

et al., 1997)  

-no/low binding of display peptide 

Abs (W. J. Liu et al., 2000; Müller 

et al., 1997) 

-good anti-L1 immune responses in 

mice (Jochmus et al., 1999; W. J. 

Liu et al., 2000)  

DE Loop  -Yes (Chabeda et al., 2019; Chen, Liu, 

et al., 2017; Huber et al., 2017; 

-weak/no binding of some 

conformationally dependent L1 

neutralizing Abs (Chabeda et al., 
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Schellenbacher et al., 2009; Varsani et 

al., 2003)  

2019; Huber et al., 2017; Varsani et 

al., 2003) 

- good level of binding of display 

peptide Abs (Chen, Liu, et al., 2017; 

Huber et al., 2017; Schellenbacher 

et al., 2009, 2019; Varsani et al., 

2003)  

-good anti-L1 and display peptide 

responses in mice (Chen, Liu, et al., 

2017; Schellenbacher et al., 2009)  

H4 Helix   -Yes (Matić et al., 2011; McGrath et 

al., 2013; Pineo et al., 2013) - some 

capsomere and aggregate formation 

and some non-consistent VLP 

formation 

-No (Varsani et al., 2003) 

- confirmed binding of 

conformationally dependent L1 

neutralizing Abs (Matić et al., 2011; 

McGrath et al., 2013; Pineo et al., 

2013; Varsani et al., 2003)  

- good level of binding of display 

peptide Abs (Matić et al., 2011; 

McGrath et al., 2013; Pineo et al., 

2013; Varsani et al., 2003) 

-good anti-L1 and display peptide 

responses in mice (McGrath et al., 

2013; Pineo et al., 2013)  

Region 

Between H4 

Helix and βJ 

Sheet  

-Yes (Boxus et al., 2016; Chen et al., 

2018; Kondo et al., 2008; Matić et al., 

2011; Varsani et al., 2003)  - some 

capsomere and aggregate formation 

and some non-consistent VLP 

formation 

-No (Chabeda et al., 2019) 

-confirmed binding of 

conformationally dependent L1 

neutralizing Abs (Chabeda et al., 

2019; Chen et al., 2018; Kondo et 

al., 2008; Varsani et al., 2003)  

-strong binding of display peptide 

mAbs (Chen et al., 2018; Kondo et 

al., 2008; Matić et al., 2011; 

Varsani et al., 2003)  

EF Loop  -No (Varsani et al., 2003)  - 

CD Loop  -No (Varsani et al., 2003) - 

FG Loop  -Yes (Slupetzky et al., 2001) -weak binding of some 

conformationally dependent L1 

neutralizing Abs (Slupetzky et al., 

2001) 

Ab: antibody; VLP: virus-like particle 
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https://www.zotero.org/google-docs/?cT0Wi6
https://www.zotero.org/google-docs/?cT0Wi6
https://www.zotero.org/google-docs/?dP3aCP
https://www.zotero.org/google-docs/?dP3aCP


41 

 

2. Rationale, Hypothesis & Objectives 

2.1 Rationale 

The ineffectiveness of traditional cancer therapeutics is characterized by key limitations including 

low specificity, limited tumour penetration, and drug resistance development. Unfortunately, this 

has led to cancer recurrence and insufficient eradication of tumours (Chakraborty & Rahman, 

2012; Chidambaram et al., 2011; H. Wang et al., 2016). Many anti-cancer drugs available seek to 

target cancer cell growth and proliferation, and more specifically, blood vessel formation, as these 

vessels are extensively involved in the maintenance and survival of tumours (Du & Lovly, 2018).  

In general, cancer immunotherapy platforms show high specificity, long-term effectiveness, 

extensive adaptability, limited side effects, and enhanced immune system functionality, 

counteracting the aforementioned drawbacks of conventional cancer therapies (S. Tan et al., 2020). 

The use of VLPs as a form of cancer immunotherapy has shown immense potential in previous 

studies and demonstrates the ability to stimulate effective immune responses against tumours to 

overcome the immunosuppressive TME, while simultaneously conferring increased safety 

compared to the use of replicative viral treatment (Mohsen et al., 2020; Ong et al., 2017; Zepeda-

Cervantes et al., 2020). Furthermore, display of specific peptides/proteins on the surface of VLPs 

can be engineered, promoting the induction of tumour-specific immune responses and/or targeted 

binding towards specific receptors (Rohovie et al., 2017). It is for these reasons that the VLP 

platform was selected for this study.  

VLP vaccines have been previously licensed for preventative applications, however, genetic 

vaccination of VLP structural proteins encoded as a DNA sequence for in vivo formation, has not 

been licensed to date (Brisse et al., 2020; Mohsen & Bachmann, 2022). In doing so, this would 

merge two leading treatment modalities within the cancer therapeutic field – gene therapy and 
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immunotherapy (Rangel-Sosa et al., 2017). In this envisaged strategy, a gene, or combination of 

genes, would be applied to patients to encode for VLP structural proteins, characterizing the gene 

therapeutic facet of the intended treatment. Upon protein formation, in vivo assembly into VLPs 

would enhance the immunogenicity of tumours to promote immune cell recognition, 

characterizing the immunotherapeutic facet of the intended treatment (DAS et al., 2015; Rangel-

Sosa et al., 2017.). The administration of VLPs as a genetic sequence, such as a DNA-VLP 

strategy, for expression and assembly within cells, offers many benefits in comparison to 

conventional VLP administration. In terms of production, genetic vaccines are relatively easy to 

manufacture as they are less costly, convey simpler purification processes, and confer increased 

stability (Leitner et al., 1999). In terms of functionality, gene-based vaccines are characterized by 

the synthesis of proteins within cancer cells, in addition to directly within APCs, facilitating 

presentation by MHC molecules and effective priming of T-cell responses, in addition to humoral 

immune response induction (M. A. Liu & Ulmer, 2000; Wolff et al., 1990; B. Yang et al., 2015). 

Overall, this is the fundamental basis for the selection of the gene-based cancer immunotherapy 

platform approach designed and investigated in this study. 

For this project, we sought to design a DNA-encoded HPV16 L1 VLP displaying an anti-

angiogenic peptide (VGB), for formation, assembly, and characterization within mammalian cells. 

DNA-VLP gene cassettes encoding the L1 major capsid sequence of HPV16 fused to the VGB 

peptide sequence within a mammalian expression plasmid, was designed for in vitro VLP 

assembly to assess its potential use as a DNA immunotherapeutic vaccine.  HPV was chosen as 

the VLP of study for several reasons including its ease of characterization and production, potent 

immunostimulant properties, and peptide fusion tolerance (Appendix C; Table 8). VGB was 

chosen as the peptide of display as it simultaneously targets two VEGFR receptors (VEGFR-1 and 
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VEGFR-2) and has been shown to limit tumour formation attributed to its robust anti-angiogenic 

effects (Behelgardi, 2018; Farzaneh Behelgardi et al., 2020). Upon formation of VLPs within cells, 

their release and translocation towards VEGFR-1 and VEGFR-2, targeted by VGB, would ideally 

inhibit VEGF signalling required for the stimulation of angiogenesis, consequently limiting 

tumour formation. Evidently, this should also enable the targeted recruitment of immune cells 

toward the tumour vasculature to further augment the inhibition of cancer cell growth. This design 

highlights the dual applicability of this investigated gene and immunotherapy-based treatment, as 

both an immunostimulant and antagonistic, receptor-targeted VLP. 

2.2 Hypothesis  

The designed DNA-VLP gene cassettes will generate viable VGB-displaying HPV16 L1 VLPs in 

vitro in mammalian cells that will accumulate and lyse the host cells for their release into the 

extracellular environment to target VEGFR. 

2.3 Objectives  

The main objective of this project is to design the DNA-VLP gene cassettes to characterize the in 

vitro assembly and release of HPV16 L1 VLPs displaying VGB within mammalian cells. Specific 

objectives are: 

1. Identify and select the most suitable VLP for characterization in this study that addresses 

the main concerns of 1) ease of characterization/production; 2) immunogenicity; and 3) 

peptide fusion tolerance. 

2. Design the DNA-VLP gene cassettes encoding the HPV16 L1 capsid fused to the VGB 

peptide.   

3. Characterize the in vitro assembly of VGB-displaying HPV16 L1 VLPs via transfection of 

mammalian cells. 



44 

 

4. Characterize the accumulation and release of HPV16 L1 VLPs from mammalian cells.  

5. Demonstrate that VGB-displaying HPV16 L1 VLPs preferentially bind to VEGFR. 
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3. Materials and Methods 

3.1 Selection of HPV as the VLP of study  

Using the PubMed search engine, review articles (Caldeira et al., 2020; Mohsen et al., 2020; 

Mohsen & Bachmann, 2022; Ong et al., 2017; Tornesello et al., 2022) were selected to evaluate 

the applicability of different viruses for VLP characterization, and their ability to be 

operationalized for therapeutic vaccine applications. Key search terms included ‘VLP 

therapeutics’, ‘VLP vaccines’, ‘VLP cancer applications’, and ‘VLP immunogenicity’. Based on 

the reviewed studies, previously investigated viruses were selected to assess their application for 

VLP formation. With the feasibility and cancer-therapeutic directed clinical application in mind 

for this study, specified characteristics were evaluated in terms of ease of 

characterization/production, peptide fusion tolerance, and immunogenicity. Each of the evaluated 

VLPs was assigned a score based on their level of relevance towards these features, to select the 

most suitable VLP for characterization in this study.   

3.2 HPV16 L1 VLP sequences and plasmids 

The sections below outline the DNA-VLP sequences and plasmids designed and employed for 

the conduction of the experiments outlined in the remaining sections.  

3.2.1 HPV16 L1 VLP sequences 

The HPV16 L1 nucleotide sequence was codon optimized for Homo sapiens using the codon usage 

database from GenBank (https://www.kazusa.or.jp/codon/) from the HPV16 L1 protein sequence 

(accession no. CAC51367.1), which is 1518 nucleotide bases in length. This sequence was 

generated in a standard pUC57 vector by GenScript (New Jersey, USA) along with the addition of 

a PmeI restriction enzyme (RE) site (5’GTTTAAC3’) at the end of the L1 sequence and a NotI RE 

site (5’GCGGCCGC3’) at the beginning of the L1 sequence, as visualized (Figure 11). The 

https://www.kazusa.or.jp/codon/
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addition of the RE sites was conducted for the purposes of RE cloning into a mammalian 

expression plasmid for VLP production, which will be outlined in later sections.  

For VLP peptide display, a VEGF antagonist, known as VGB (Sadremomtaz, Kobarfard, et al., 

2018; Sadremomtaz, Mansouri, et al., 2018), was inserted into the L1 sequence. This 14 aa peptide 

(2HN-CIKPHQGQHICNDE-COOH) (Sadremomtaz, Kobarfard, et al., 2018; Sadremomtaz, 

Mansouri, et al., 2018), introduced in Section 1.2.3, was inserted within the DE loop (between aa 

136 and 137) and the H4 helix region (between aa 430 and 433) of the HPV16 L1 sequence. The 

peptide was flanked with GGC linker nucleotides at each end to ideally limit the disruption of L1 

capsid protein conformation and peptide display by providing domain separation (Evers et al., 

2006; J. Zhang et al., 2009). The procedure for insertion of the VGB sequence will be outlined in 

later sections. A basic visualization of VGB peptide insertion within the L1 sequence is illustrated 

in Figures 12A and B. The full DNA-VLP sequences can be found in Appendix A. 
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Figure 11. pUC57 L1 plasmid. The pUC57 L1 plasmid map containing the HPV16 L1 sequence. 

The pUC57 plasmid also contains a bacterial origin of replication (ori), ampicillin resistance 

marker (AmpR) and lac promoter. The NotI and the PmeI restriction enzyme sites were added to 

the 5’ and 3’ ends of the HPV16 L1 sequence, respectively, as identified in the image. The final 

size of the plasmid is ~ 4.3 kb.  

 

 

 

 

 

 

 

 

 

Figure 12. HPV16 L1 sequence with VGB insertions. The light blue bars represent the L1 

sequence, and the dark blue bars represent the VGB sequence fusion in the translational frame (not 

to scale) of the gene. The image depicts the general location of the VGB sequence within the A) 

DE loop and the B) H4 helix of the L1 sequence. 
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3.2.2 HPV16 L1 DNA-VLP and control plasmids 

The backbone of the pGL2-CMV-gfp plasmid, previously designed by Dr. Nafisseh Nafissi 

(Nafissi & Slavcev, 2012; Figure 13), was used for insertion of the DNA-VLP sequences, outlined 

in Table 4. Table 4 also outlines the strains used for the expression and storage of these plasmids. 

pGL2-CMV-gfp encodes for green fluorescent protein (GFP), which was used as a control to 

visually verify for transfection and measure transfection efficiency. The backbone (pGL2-CMV) 

of this plasmid was used to control the expression of the DNA-VLP sequences within mammalian 

cells, by replacement of the gfp gene. The pGL2-CMV-gfp plasmid contains a strong viral 

cytomegalovirus (CMV) promoter that is used extensively for ubiquitous transgene expression in 

mammalian cells (Xia et al., 2006). The super sequences (SS) contain polyomavirus simian virus 

(SV) 40 enhancer sequences that have been shown to facilitate nuclear translocation (Nafissi et al., 

2014). The polyadenylation (polyA) site is used for mRNA stability and translation (Gallie, 1991). 

This plasmid also contains an ampicillin resistance (AmpR) marker for antibiotic selection. 

Table 4. HPV16 L1 DNA-VLP plasmids, control plasmids, and cell strains 

Plasmids      
Gene  Encodes For DNA-VLP gene 

cassette (within the 

pGL2-CMV 

mammalian 

expression plasmid) 

Plasmid Name 

 
gfp 

(Control #1) 

-green fluorescent 

protein (GFP)  

ss-cmv-gfp-ss pGL2-CMV-gfp 

 
l1 

 (Control #2) 

-HPV16 L1 capsid 

protein (L1)  

ss-cmv-l1-ss pGL2-CMV-L1 

 
l1-vgb -de  -HPV16 L1 capsid 

protein with the 

VGB peptide 

inserted into the 

DE loop region of 

L1 (L1-VGB-DE) 

ss-cmv-l1-vgb-de-ss pGL2-CMV-L1-

VGB-DE 

 
l1-vgb-h4 -HPV16 L1 capsid 

protein with the 

ss-cmv-l1-vgb-h4-ss pGL2-CMV-L1-

VGB-H4 
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VGB peptide 

inserted into the H4 

helix region of L1 

(L1-VGB-H4) 

Strains     

 Name  Cell Type  Source Use 

 JM109 -Bacterial cell line 

(prokaryotic) 

 

NEB (Ipswich, USA) For the long-

term storage and 

extraction of 

plasmids  

 HEK 293T -Mammalian cell 

line (eukaryotic) 

ATCC (Manassas, 

USA) 

For the 

expression of 

the DNA-VLP 

plasmids  

ATCC: American Type Cell Culture Collection; CMV: cytomegalovirus; DNA: deoxyribonucleic 

acid; GFP: green fluorescent protein; HEK: human embryonic kidney; HPV: human 

papillomavirus; NEB: New England Biolabs; SS: super sequence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. pGL2-CMV-gfp plasmid. Mammalian expression vector which contains a ubiquitous 

cytomegalovirus (CMV) promoter for control of the expression of the green fluorescent protein 

(gfp) gene. This vector also contains super sequences (SS), a polyadenylation (polyA) tail, and an 

ampicillin resistance (AmpR) marker for antibiotic selection. The NotI and PmeI restriction 

enzymes sites at the 5’ end and the 3’ end of the gfp gene are identified in the image. The final size 

of the plasmid is ~ 5.3 kb.  
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3.3 Cloning of the HPV16 L1 DNA-VLP sequence into the mammalian expression plasmid 

This section outlines the steps taken to clone the sequence encoding the L1 capsid protein 

contained in the standard pUC57 vector, into the pGL2-CMV backbone using RE cloning to 

produce the final plasmid, pGL2-CMV-L1, identified in Table 4.  

3.3.1 RE digestion of plasmids 

The pUC57-L1 plasmid (Table 4; Figure 11), and the pGL2-CMV-gfp plasmid (Table 4; Figure 

13) were both digested with the same REs. These enzymes were NotI HF and PmeI, purchased 

from NEB (Ipswich, USA). In each reaction, 1 ug of plasmid DNA was digested with 10 units of 

each enzyme in a total reaction volume of 30 uL by incubating at 37◦C for 30 min. The reaction 

was then inactivated at 65◦C for 25 min and run on a 0.8% gel for ~ 1 h and 30 min at 88 volts (V) 

(Appendix D). The bands observed for the pGL2-CMV backbone (~ 4.5 kilobases (kb)) and the 

L1 sequence (~1.5 kb) were then gel extracted using the Qiagen (Hilden, Germany) QIAquick Gel 

Extraction Kit. The concentration and purity of gel-extracted DNA was measured using the 

Thermo Fisher Scientific (Waltham, USA) NanoDrop 2000. 

3.3.2 Ligation and transformation of plasmids 

The gel-extracted bands for the pGL2-CMV backbone and the L1 sequence were ligated using the 

NEB (Ipswich, USA) T4 DNA ligase, in a total reaction volume of 20 uL by incubating at 16◦C 

overnight. The reaction was then inactivated at 65◦C for 15 min. The vector: insert ratio used for 

the ligation reaction was 1:5 by using 50 ng of vector DNA (pGL2-CMV backbone) and ~ 87 ng 

of insert DNA (L1 sequence). The amount of insert DNA required for a vector: insert ratio of 1:5 

was calculated using the online NEBioCalculator tool.  

The next day, calcium competent JM109 E. coli cells (Table 4) were thawed on ice for 30 min. 

Subsequently, 5 uL of the ligation reaction was added to the competent cells for 30 min. The cells 
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were then transformed via heat shock at 42◦C for 90 seconds (sec) and placed on ice for 3 min. 900 

uL of Luria Burtani (LB) broth was added and the cells were kept within a 37◦C shaking incubator 

(at 250 revolutions per min (rpm)) for 1 h. The cells were then plated on LB agar plates containing 

ampicillin (Amp) (LB + Amp) and left overnight in a 37◦C incubator. Two negative control ligation 

reactions were also transformed into competent cells, including that which did not contain the 

addition of any DNA and that which contained only the addition of the backbone vector, and 

subsequently plated.  An additional negative control was plated using competent cells without the 

addition of the ligation reaction to detect for the presence of contamination. The next day the plates 

were observed for the growth of colonies (Appendix D).  

3.3.3 Confirmation of pGL2-CMV-L1 formation 

To confirm the ligation of the pGL2-CMV backbone and the L1 sequence to generate the final 

pGL2-CMV-L1 plasmid (Table 4), colonies that grew on LB + Amp agar plates were cultured in 

5 mL of LB + Amp broth overnight. Subsequently, a plasmid extraction was conducted using the 

NEB (Ipswich, USA) Monarch Plasmid Miniprep Kit and digested with the same REs used to 

digest the initial plasmids for cloning of the L1 sequence (PmeI and NotI HF). The restriction 

digestion was then run on a gel to confirm for DNA fragment lengths that corresponded to the size 

of the pGL2-CMV backbone (~ 4.5 kb) and the L1 sequence (~ 1.5 kb). Sequencing was also 

conducted to verify the insertion of the L1 sequence into the vector by sanger sequencing, 

conducted by the Sick Kids Centre for Applied Genomics TCAG Facility (Toronto, CA).  

3.4 VGB insertion into the L1 sequence 

This section outlines the steps conducted for insertion of the VGB sequence into the L1 sequence 

within the pGL2-CMV backbone vector using PCR amplification, ligation, and subsequent 

transformation into competent E. coli cells.  
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3.4.1 pGL2-CMV-L1 PCR amplification  

The primer sequences indicated in Table 5 include the forward and reverse primers used for VGB 

insertion into the L1 sequence. Each primer contains a GGC linker sequence, part of the VGB gene 

sequence, and an annealing sequence targeted towards a specific location of the L1 sequence. For 

PCR amplification, the Bio-Rad (Hercules, USA) C1000 Thermal Cycler was used. A PCR 

reaction was conducted using the pUC57 L1 plasmid (for insertion of the VGB sequence into the 

DE loop) and the pGL2-CMV-L1 plasmid (for insertion of the VGB sequence into the H4 

helix).  The PCR reaction contained 12.5 uL of the Thermo Fisher Scientific (Waltham, USA) 

Phusion Flash High Fidelity PCR Master Mix, 5 ng of plasmid DNA, 0.5 uM of forward and 

reverse primers, and sterile water within a final reaction volume of 25 uL. Table 6 outlines the 

settings applied for the conduction of the PCR cycle. The PCR amplified products were then run 

on a 0.8% gel for approximately 1 h and 30 min at 88 V (Appendix D) to verify for amplification 

of a ~ 6.1 kb sized fragment, and gel-extracted using the Qiagen (Hilden, Germany) QIAquick Gel 

Extraction Kit (Appendix D). The concentration and purity of gel-extracted DNA was measured 

using the Thermo Fisher Scientific (Waltham, USA) NanoDrop 2000.  

Table 5. Forward and reverse primers for VGB insertion into the L1 sequence 

Primer  Sequence 

VGB DE 

Forward 

5’GCCAGCACATCTGCAACGACGAGGGCgccaacgccggcgtggacaacag3’ 

VGB DE 

Reverse 

5’CCTGGTGGGGCTTGATGCAGGCggcgtaggcgctggcgttct3’ 

VGB H4 

Forward 

5’GCCCAGCACATCTGCAACGACGAGGGCccccccgcccccaaggag3’ 

VGB H4 

Reverse 

5’CTGGTGGGGCTTGATGCAGGCcttctggcaggcgatggcct3’  

1The text highlighted in yellow indicates the linker sequence which flanks the VGB sequence. The 

text highlighted in blue indicates the VGB sequence, in which each forward and reverse primer 

contains approximately half of the full sequence. The green highlighted text contains the annealing 

component of the primers which were designed to anneal within a specific location of the DE loop 

region or the H4 helix region of the L1 sequence. 
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Table 6. PCR steps for VGB insertion into the L1 sequence 

Cycle Step Temperature Time Number of 

Cycles 

Initial 

Denaturation 

98◦C 10 sec 1 cycle 

Denaturation 98◦C 5 sec  

 

 

35 cycles 

Annealing ● 70◦C (using VGB H4 

primers) 

●73◦C (using VGB DE 

primers) 

 

5 sec 

Extension 72◦C ● 92 sec (15 sec/kb; for the 

pGL2-CMV-L1 plasmid) 

● 65 sec (15 sec/kb; for the 

pUC57 L1 plasmid) 

Final Extension 72◦C 60 sec 1 cycle 

Incubation 4◦C Incubate N/A 
1The PCR cycle that was conducted using the primers listed in Table 5 for amplification of 

plasmid DNA for VGB insertion into the L1 sequence. 

3.4.2 Phosphorylation and cleanup of the PCR amplified product  

The gel-extracted bands of the amplified pGL2-CMV-L1 and pUC57 L1 plasmids, flanked with 

the VGB sequence, were then phosphorylated using the NEB (Ipswich, USA) T4 Polynucleotide 

Kinase (PNK) in a 50 uL final reaction volume. Each reaction contained ~ 250 ng of DNA, 1 uL 

of T4 PNK, 5 uL of 10X T4 PNK Buffer, 5 uL of 10 uM ATP, and remaining sterile water. This 

was conducted to provide an available 3’ phosphate group to the PCR amplified product at either 

end to enable successful ligation. The reaction was set on ice and then incubated at 37◦C for 30 

min. The reaction was then inactivated at 60◦C for 20 min. The phosphorylated DNA product was 

subsequently cleaned using the NEB (Ipswich, USA) Monarch PCR & DNA Cleanup kit.  

3.4.3 Ligation and transformation of the PCR amplified product  

The ends of the cleaned phosphorylated PCR amplified product (which contained the VGB 

sequence within the DE loop region or the H4 helix region) was ligated using the NEB (Ipswich, 

USA) T4 DNA ligase by incubating with 100 ng of DNA at 16◦C overnight. The reaction was then 
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inactivated at 65◦C for 15 min. The cells were then transformed in the same manner as outlined in 

Section 3.3.2.  

3.4.4 Confirmation of VGB sequence insertion 

To confirm the insertion of the VGB sequence into the L1 gene to generate the final plasmids 

named pGL2-CMV-L1-VGB-DE and pGL2-CMV-L1-VGB-H4, as outlined in Table 4, colonies 

that grew on LB + Amp agar plates were cultured in 5 mL of LB + Amp broth overnight. 

Subsequently, a plasmid extraction was conducted using the NEB (Ipswich, USA) Monarch 

Plasmid Miniprep Kit and digested with the same REs used to digest the original plasmids for 

cloning of the L1 sequence (PmeI and NotI HF). The restriction digestion was then run on a 

0.8% gel to confirm for DNA fragment lengths corresponding to the size of the pGL2-CMV 

backbone (~ 4.5 kb) and the L1 sequence with the VGB insertions in either the DE loop or the H4 

helix region (~ 1.55 kb). 

Additionally, primers surrounding the location of the VGB sequence were designed and used for 

PCR amplification to verify for VGB sequence insertion. This was also performed using the pGL2-

CMV-L1 plasmid (without VGB sequence insertion) to compare band sizes with the plasmids 

containing the VGB insertions within the L1 sequence (pGL2-CMV-L1-VGB-DE and pGL2-

CMV-L1-VGB-H4). For PCR amplification, the Bio-Rad (Hercules, USA) C1000 Thermal Cycler 

was used.  A PCR reaction was conducted using the NEB (Ipswich, USA) One-Taq 2X Master 

Mix with Standard Buffer.  Each reaction contained 12.5 uL of the One-Taq 2X Master Mix with 

Standard Buffer, 5 ng of plasmid DNA, 0.5 uM of forward and reverse primers, and sterile water 

within a final reaction volume of 25 uL. Table 7 outlines the settings applied for the conduction of 

the PCR cycle. The PCR amplified products were then run on a 3% gel for ~ 1 h and 30 min at 80 

V and visualized.  
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Plasmids extracted from colonies that showed correct DNA band lengths after RE digestion and 

PCR amplification were then sent to the Sick Kids Centre for Applied Genomics TCAG Facility 

(Toronto, CA) for sanger sequencing to verify for VGB sequence insertion.  

Table 7. PCR steps for verification of VGB insertion in the L1 sequence 

Cycle Step Temperature Time Number of Cycles 

Initial Denaturation 94◦C 30 sec 1 cycle 

Denaturation 94◦C 30 sec  

30 cycles Annealing 56-58◦C 60 sec 

Extension 68◦C 6-8 sec 

Final Extension 68◦C 5 min 1 cycle 

Incubation 4◦C Incubate N/A 

 

3.5 Mammalian cell line maintenance  

The cell line used for the testing of the DNA-VLP sequences (Table 4) were Human Embryonic 

Kidney cells (HEK). The specific strain used, HEK 293T, are adherent cells and was purchased 

from ATCC (Manassas, USA). The media used for HEK 293T cell maintenance was Dulbecco’s 

Modified Eagle Media (DMEM) (purchased from ATCC) + 10% fetal bovine serum (FBS). Cell 

maintenance of the HEK 293T cells was conducted within a Biosafety Cabinet.  

3.5.1 HEK 293T cell maintenance 

The purchased HEK 293T cells (Table 4) were stored in 1.5 mL of DMEM + 10% FBS within a 

liquid nitrogen tank. To thaw cells, they were quickly placed in a 37◦C water bath for 5 min. This 

was then added to 8.5 mL of pre-warmed DMEM + 10% FBS and mixed gently. The cells were 

then spun down using the Eppendorf (Hamburg, Germany) 0804 R Centrifuge for 6 min at 110 g. 

The supernatant was discarded, and the cells were then mixed with pre-warmed DMEM + 10% 

FBS. This was then transferred to a T-75 flask and placed in a 37◦C + 5% CO2 incubator.  

The cells were continually maintained in a T-75 flask for the duration of the experiments. To 

maintain cells, old media was first removed from the cells. The cells were then washed with 10 



56 

 

mL of sterile Dulbecco’s Phosphate-Buffered Saline (D-PBS) solution and trypsinized with 2.5 

mL of TripleE to detach the cells from the adherent side of the flask by incubating at 37◦C + 5% 

CO2 for 5 min.  Subsequently, 7.5 mL of pre-warmed DMEM + 10% FBS media was added and 

mixed with the cells. Around 0.5 mL of cells were aliquoted to check for cell size (μm), cell 

viability (%), and cell count (cells/mL) using the Thermo Fisher Scientific (Waltham, USA) 

Countess II FL Automated Cell Counter. The remaining portion of cells were centrifuged for 6 

min at 110 g. The supernatant was then discarded, and the cells were mixed with new pre-warmed 

DMEM + 10% FBS media. Based on the cell count, a specified number of cells was added to a T-

75 flask containing 10 mL of pre-warmed DMEM + 10% FBS for seeding at 1 x 106 cells.  The 

cells were then incubated at 37◦C + 5% CO2 and passaged every 3 days.  

3.6 Transfection efficiency of the pGL2-CMV-gfp plasmid 

This section outlines the steps taken to determine the transfection efficiency of the pGL2-CMV-

gfp plasmid using the SignaGen Laboratories (Maryland, USA) GenJetTM Plus transfection 

reagent, as a means to approximate the transfection efficiency using the same reagent for the DNA-

VLP plasmids (Table 4).   

3.6.1 Transfection of HEK 293T cells using the pGL2-CMV-gfp plasmid  

For transfection efficiency determination, HEK 293T cells were seeded onto 6-well plates at a 

concentration of ~ 1.5 x 106 cells/mL.  After 18-24 h, 1 ug of plasmid DNA (pGL2-CMV-gfp) 

(diluted in DMEM) was added subsequent to mixing with the GenJetTM plus transfection reagent 

(diluted in DMEM) and incubating at room temperature for 15 min. The ratio of transfection 

reagent: plasmid DNA was 3:1 for all wells, as suggested by the manufacturer of the reagent. After 

transfection, the cells were harvested at 24, 48, 72, 96, and 120 h. To harvest the cells, they were 

first washed twice with sterile D-PBS. Next, 1 mL of TripleE was added to the cells and incubated 
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at 37◦C + 5% CO2 for 5 min. 1 mL of prewarmed DMEM + 10% FBS was then added to inactivate 

the TripleE. 0.5 mL of each sample was aliquoted to check for cell viability (%), cell size (μm), 

and cell count (cells/mL). The remaining cells were centrifuged at 110 g at room temperature for 

6 min. The supernatant was discarded, and the pellet was kept for fixation.  

3.6.2 Flow cytometry analysis 

On the same day of cell harvesting, cells were fixed with 1 mL of 4% paraformaldehyde diluted 

in D-PBS and incubated at 4◦C for 1 h. The fixed cells were then run through the BD Biosciences 

(San Jose, CA, USA) FACSCalibur flow cytometer. Green fluorescence emitted by the GFP 

protein was detected using the FL1 detector. Non-transfected HEK 293T cells were also run 

through the flow cytometer as a control to detect for background signals. The flow cytometer 

settings were inputted to detect a maximum of 10 000 events (detectable cells) at a slow fluidic 

rate. Analysis of the number of events (cells), mean fluorescence intensity, and percent of 

fluorescent cells was carried out using the FlowJo Software (Ashland, USA) to measure 

transfection efficiency. Transfection efficiency was calculated as a percent of the number of cells 

emitting fluorescence divided by the total number of cells detected.  

3.7 Production and collection of HPV16 L1 VLPs 

This section outlines how the HPV16 L1 VLPs were produced within HEK 293T mammalian 

cells beginning from initial transfection to cell lysis and retrieval of lysate. 

3.7.1 Transfection of HEK 293T cells with the HPV16 L1 DNA-VLP plasmids 

The HEK 293T cells, maintained in T-75 flasks, were seeded onto T-25 flasks at a cell count of ~ 

4 x 106 cells. After 18-24 h, 5 ug of DNA (diluted in DMEM) was added to the flasks after mixing 

with the GenJetTM Plus reagent (diluted in DMEM) and incubating at room temperature for 15 

min. The ratio of transfection reagent: plasmid DNA was 3:1, as suggested by the manufacturer of 
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the reagent.  The cells were transfected with the following plasmids: pGL2-CMV-gfp, pGL2-

CMV-L1, pGL2-CMV-L1-VGB-DE, and pGL2-CMV-L1-VGB-H4 (Table 4). The pGL2-CMV-

gfp and pGL2-CMV-L1 plasmids were used as negative and positive controls, respectively.  

3.7.2 Cell harvesting and lysis 

At 72 h post-transfection, the media from transfected HEK 293T cells was removed and stored at 

-20◦C. The adherent cells were then washed twice with sterile D-PBS. Subsequently, 1 mL of 

TripleE was added to the cells and incubated at 37◦C + 5% CO2 for 5 min. After this, 4 mL of pre-

warmed DMEM + 10% FBS was added to inactivate the TripleE and the cells were then transferred 

to 15 mL falcon tubes. 0.5 mL of each sample was aliquoted to check for cell viability (%), cell 

size (μm), and cell count (cells/mL). The tubes were then centrifuged at 110 g for 6 min. The 

supernatant was transferred to a new sterile falcon tube and stored at -20◦C. The cell pellet was 

also stored at -20◦C for subsequent lysis. 

To lyse the cells, lysis buffer was prepared using a modified recipe of the Thermo Fisher Scientific 

(Waltham, USA) RIPA Lysis and Extraction Buffer (Catalogue No. 89900), by omitting the 

addition of sodium deoxycholate and SDS to promote stabilization of the L1 protein. The altered 

RIPA buffer preparation was composed of 25 mM Tris HCl pH 7.6, 150 mM NaCl, and 1% NP-

50. Following the RIPA Lysis and Extraction Buffer protocol, for every 1 x 106 cells, 1 mL of 

RIPA buffer was added to the cell pellet. The RIPA buffer was gently mixed with the cells and left 

on ice with occasional gentle mixing for ~ 15 min. The mixture was then centrifuged at 4000 g for 

50 min to pellet the cell debris. The supernatant (cell lysate) was then transferred to a new 15 mL 

sterile falcon tube and stored at -20◦C.  
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3.8 Purification of HEK 293T-transfected cell lysates and protein quantification 

Purification of the HPV16 L1 VLPs from HEK 293T cell lysates was conducted using iodixanol 

(OptiPrepTM) density gradient ultracentrifugation, following a previously conducted protocol, 

specifically for HPV VLPs and pseudovirions (Buck et al., 2005). These steps will be briefly 

outlined in this section. Firstly, the iodixanol gradient was prepared. OptiPrepTM dilutions of 27%, 

33% and 39% dilutions were made from an initial 60% OptiPrepTM stock solution in D-PBS/0.8M 

NaCl. Subsequently, 1.4 mL of each dilution was transferred to a Beckman Coulter (Brea, USA) 

polystyrene thin-walled centrifuge starting with the lowest dilution (39%) to the highest dilution 

(27%). This was then kept at room temperature for 2 h to allow gradient diffusion to occur. During 

this incubation, salt extraction of the cell lysates was performed. The cell lysates were chilled on 

ice and then mixed with 0.17 volumes (850 uL for each 5 mL of cell lysate) of 5M NaCl. This was 

incubated on ice for ~ 10 - 20 min. The salt lysate was then clarified by centrifugation for 15 min 

at 2000 g and the supernatant was transferred to the gradient (2 h after incubation at room 

temperature).  This was then centrifuged using the Beckman Coulter (Brea, USA) Optima XPN-

100 Ultracentrifuge SW41 rotor at 40 000 rpm at 16◦C for 5 h. After ultracentrifugation, 12 

fractions (with a volume of ~ 1 mL each) were collected for each sample by puncturing a hole 

within the centrifuge tubes starting from the top of the tube to the bottom of the tube.  

To determine the amount of protein present in the purified fractions, the Thermo Fisher Scientific 

(Waltham, USA) Pierce BCA Protein Assay Kit was used. Following their protocol, the albumin 

protein standards were prepared at concentrations ranging from 2000 ug/mL to 0 ug/mL. Next, 10 

uL of the standards and samples were plated on Thermo Fisher Scientific (Waltham, USA) non-

treated Nunc 96 flat-well plates. 200 uL of working reagent (Reagent A and Reagent B at a 50:1 

ratio) was then added to each well, mixed with the samples, and incubated at 37◦C for 30 min. The 
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absorbances were subsequently read at 562 nm using the Biotek plate reader (Winooski, USA). 

The concentration of protein within the purified samples was calculated using the line of best-fit 

equation determined from the albumin protein standards.  

3.9 Characterization of HPV16 L1 VLPs 

This section outlines the steps taken to characterize the production of L1 protein with and without 

the insertion of the VGB peptide from the iodixanol density gradient purified fractions. Moreover, 

this section describes the experiments conducted to identify for the formation of L1 VLPs and to 

evaluate the display of the inserted VGB peptide. For all the experiments conducted in this section, 

a positive control was run alongside the experimental samples. This positive control was a 

recombinant HPV16 L1 protein purchased from Abcam (Cambridge, UK, Catalogue No. 

ab119880), which will be henceforth referred to as RL1.  

3.9.1 SDS-PAGE and western blot analysis 

The SDS resolving and stacking gels (1.0 mm and 1.5 mm) were prepared using the Bio-Rad 

(Hercules, USA) MINI PROTEAN TGX Stain-Free Precast Gel Kit. These solutions were then 

transferred to SDS gel plates and allowed to solidify. Approximately 10 ug of protein sample was 

mixed with the Bio-Rad (Hercules, USA) 4x Laemeli buffer (10 uL) and 2-mercaptoethanol in a 

total volume of 40 uL and subsequently heated at 95◦C for 5-10 min. The samples were then loaded 

into each well along with the Thermo Fisher Scientific (Waltham, USA) PageRulerTM Plus 

Prestained Protein Ladder (10 to 250 kilodaltons (kDa)). The gels were run at 80 V for 15 min and 

then at 200 V for ~ 45 min within 1X running buffer.  

The proteins on the gel were then transferred onto Bio-Rad (Hercules, USA) ImmunoBlot 

Polyvinylidene difluoride (PVDF) membranes using the Bio-Rad (Hercules, USA) Trans-Blot 

Turbo machine at a voltage of 25 V for 3 min, following the Turbo MP TGX Mini Protein Gel 
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Mixed MW protocol. Prior to this, PVDF membranes were placed within methanol and 1X transfer 

buffer (diluted from the Bio-Rad (Hercules, USA) 5X Turbo Transfer Buffer solution), to facilitate 

protein transfer. The membranes were then directly stained with ponceau stain to verify that the 

proteins within the samples successfully ran through the gel and transferred to the membrane, and 

subsequently washed with MilliQ water to remove the stain. The membranes were then blocked 

with blocking buffer (5% skim milk) for 1 h and washed three times with 1X wash buffer (1X 

Tris-HCl buffered saline/Tween 20 (TBS-T)) for 10 min each, while shaking. After this, the 

membranes were incubated with Novus Biologics (Centennial, USA) Camvir-1 (primary Ab) 

(Catalogue No. NB100-2732SS) at a concentration of 1 ug/mL (diluted in blocking buffer) and 

left overnight at 4◦C while spinning. The next day, the membranes were washed with 1X wash 

buffer three times (10 min each) while shaking. Secondary anti-mouse IgG (whole molecule) – 

horse radish peroxidase (HRP) Ab (Sigma Aldrich, St. Louis, USA, Catalogue No. SLCG4695) 

diluted in blocking buffer at a ratio of 1:10 000, was added to the membranes and incubated for 1 

h at room temperature while shaking. The membranes were then washed again three times (10 min 

each) with 1X wash buffer while shaking.  To visualize for the presence of the L1 protein, 15 mL 

of the Kernentec Solutions (Amherst, USA) tetramethylbenzidine (TMB) PLUS2 solution was 

added to each of the membranes, covered in foil, and incubated at room temperature for ~ 30 min 

while shaking.  The presence of L1 protein was verified by the observation of a blue band at ~ 56 

kDa.  

3.9.2 Non-denaturing PAGE and western blot analysis 

The same process outlined in Section 3.9.1 was conducted for this experiment, however, the 

composition of the stacking and resolving gels were altered (non-denaturing) to preserve the 

assembly of L1 VLPs. The non-denaturing gels did not contain SDS, and were composed of 0.375 
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M Tris HCl, pH 7.6, 30% acrylamide, ammonium persulfate (APS) and 

tetramethylethylenediamine (TEMED). These samples were run on non-denaturing gels in the 

same manner as outlined in Section 3.9.1, however, the samples were mixed with 4X Laemli 

Buffer in the absence of 2-mercaptoethanol, and not heated at 95◦C prior to loading onto the 

gel.  Protein transfer was conducted at 25 V for 25 min. Blocking and primary/secondary Ab 

incubation of the membranes, in addition to band visualization, was conducted as outlined in 

Section 3.9.1. However, an additional primary Ab was used (H16.U4), gifted from Dr. Neil D 

Christensen (Department of Pathology, The Pennsylvania State University College of Medicine, 

Hershey, Pennsylvania, USA), to detect for the formation of L1 VLPs. 

3.9.3 Indirect ELISA 

Samples were first diluted in 1X phosphate buffered saline (PBS) and plated at varying 

concentrations onto a Thermo Fisher Scientific (Waltham, USA) 96-well Immunol 2 High-Binding 

plate. The plates were then left overnight at 4◦C to allow for binding of the protein samples to the 

bottom of each well. The next day, the samples were removed and washed three times with 1X 

wash buffer (1X phosphate buffered saline/Tween 20 (PBS-T)) using the Biotek (Winooski, USA) 

50TM TS microplate washer. The plate was then blocked with 300 uL of blocking buffer (5% skim 

milk) for 1 h. The blocking buffer was removed and washed once with 1X wash buffer. 

The plate was then incubated with 100 uL of primary Ab (Camvir-1 and/or H16.U4) at a 

concentration of 1 ug/mL (diluted in blocking buffer) and kept at room temperature for 2 h. After 

this, the primary Ab was removed and washed three times with 1X wash buffer. Then, 100 uL of 

secondary anti-mouse IgG HRP Ab diluted in blocking buffer at a ratio of 1:10 000, was added to 

the plate and incubated for 1 h at room temperature. The secondary Ab was then removed and 

washed three times with 1X wash buffer. 100 uL of TMB PLUS2 (Kernentec Solutions, Amherst, 
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USA) substrate was then added to the plate and covered with aluminum foil and left for shaking 

at room temperature for 30 min. To stop the reaction, 100 uL of stop solution (0.3M H2SO4) was 

added to each well, inducing a colour change that was visually detected if binding of the L1 protein 

and/or L1 VLPs towards the primary Abs occurred.  Absorbance values of the colour changes were 

measured at 450 nm using the BioTek (Winooski, USA) plate reader.  

3.9.4 VEGFR ELISA  

To determine the binding capability of VGB-displaying VLPs to VEGFR, the Abcam (Cambridge, 

UK) recombinant human VEGFR-2 protein (Catalogue No. ab281825) was diluted in 1X PBS and 

coated onto a Thermo Fisher Scientific (Waltham, USA) 96-well Immunol 4 High Binding plate 

at a concentration of 5 ug/mL and incubated at 4◦C overnight. The next day, the plate was washed 

with 1X wash buffer (1X PBS-T) and subsequently blocked with 300 uL of blocking buffer (5% 

skim milk) in each well for 1 h at room temperature. Protein samples, diluted in 1X PBS, were 

added to the plate, and incubated at room temperature for 2 h. The plate was then washed three 

times with 1X wash buffer and incubated with 100 uL of the Camvir-1 Ab diluted in blocking 

buffer for 2 h at room temperature. The plate was then washed three times with 1X wash buffer 

and subsequently incubated with 100 uL of secondary anti-mouse IgG HRP Ab diluted in blocking 

buffer at a ratio of 1:10 000, for 1 h at room temperature. After a final wash, TMB PLUS2 

(Kernentec Solutions, Amherst, USA) substrate was added to each of the wells and the plate was 

subsequently covered with aluminum foil and incubated at room temperature for ~ 30 min while 

shaking. To stop the reaction, 100 uL of stop solution (0.3M H2SO4) was added to each well 

inducing a colour change that was visually detected if binding of the VBG-displaying VLPs 

towards VEGFR-2 occurred.  Absorbance values of the colour changes were measured at 450 nm 

using the BioTek (Winooski, USA) plate reader. The mean absorbance readings obtained from the 
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non-transfected control lysate sample was used to subtract absorbance values contributed by 

background signals. Statistical analysis was conducted using the two-sample t-test assuming 

unequal variances. For each sample group, the mean absorbance measurements were assessed for 

statistical significance compared to the non-transfected control lysate sample group. Additionally, 

the mean absorbance measurements were also assessed for statistical significance between VGB-

displaying VLP sample groups and non VGB-displaying VLP sample groups. Sample groups 

demonstrating statistical significance were visualized with an asterix symbol on the prepared 

graphs.  

3.9.5 TEM 

Fractions displaying the presence of the L1 protein, detected using western blot analysis (Section 

3.9.1), were used for visualization of potential VLP formation using TEM. To conduct this, a 

protocol outlined by Gulati et al., (2019) was employed and is briefly outlined in this section. 

Samples (20 uL each) were placed onto Electron Microscopy Sciences (Hatfield, USA) formvar 

carbon-coated copper grids (purchased from Thermo Fisher Scientific, Waltham, USA) and 

incubated for 1-2 min. The samples were then removed using Whatman Cellulose Filter Paper to 

soak up the sample solutions from the grid. To wash the grids, 40 uL of MilliQ water was added 

to each grid, incubated for 1 min, and removed using filter paper.  The grids were subsequently 

stained using 20 uL of 2% phosphotungstic acid for each sample. The stain was left for ~ 1 min 

and then removed using filter paper. The stain was removed by washing with 40 uL of MilliQ 

water five times, in the same manner as aforementioned.  The grids were finally left to air dry 

overnight, and subsequently imaged using the Phillips CM10 transmission electron microscope at 

a magnification of 64 000X.  
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3.10 Characterization of the accumulation and release of HPV16 L1 VLPs 

To determine if the VLPs were released from transfected HEK 293T cells, media was collected at 

24, 48, 72, 96, and 120 h post-transfection to detect for the presence of L1 protein via western blot 

analysis (outlined in Section 3.9.1). The cells were also collected (outlined in Section 3.7.2) for 

measurement of decreased cell viability (%) and cell counts (cells/mL) over the time periods 

previously indicated.  
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4. Results 

4.1 Comparative study of viruses for the selection of HPV as the VLP of study  

Candidate VLPs for this study were assessed based on collected background information (Section 

1.5) and subsequent comparative analysis (Table 8; Appendix C). VLPs were studied in terms of 

their ease of characterization/production, immunogenicity, and tolerance of peptide fusions. Based 

on these features, each VLP candidate was assigned a score (Table 8). According to this assessment 

rubric, HPV was ultimately selected as the VLP of study as it was given the highest score (+5). A 

more in-depth analysis outlining the reasoning behind the assigned scores can be found in 

Appendix C. Based on the reviewed papers, an extensive number of studies have been conducted 

for HPV VLPs considering the commercial availability of three licensed HPV VLP vaccines 

(Buonaguro et al., 2011). Clinical trials of these vaccines have been shown to induce both cellular 

and humoral immune responses in patients (Schiller & Lowy, 2012; Suzich et al., 1995), giving 

HPV VLPs an overall immunogenicity score of +1. Various studies have also confirmed the 

successful display of peptides on the surface of HPV VLPs, as aforementioned (Huber et al., 2017; 

Schellenbacher et al., 2009; Varsani et al., 2003), giving HPV VLPs an overall peptide fusion 

tolerance score of +1. Furthermore, HPV is easily characterizable given the fact that it is a non-

enveloped virus and only requires the expression of the L1 major capsid protein for VLP assembly 

(Hagensee et al., 1993; Kirnbauer et al., 1992; Schellenbacher et al., 2009), giving HPV VLPs an 

overall characterizable score of +3. Upon weighing all considerations, an L1-based HPV VLP was 

chosen for design and characterization for the purposes of this project, to assess its future potential 

as a DNA-VLP immunotherapeutic. 
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Table 8. Benefits and limitations of previously studied viruses for VLP applications 

Virus Ease of 

Characterization/ 

Production 

Immunogenicity Peptide 

Fusion 

Tolerance 

Final  

Score 

HPV + 3 +1 +1  +5 

AAV +1 -1  +1 +1 

HBV +2 +1  +1  +4 

IV -1 0 -1 -2 

CoV -4 +1  -1  -4 

CPMV -2 +2  +1  +1 

HIV 0  0  +1  +1 

AAV: adeno-associated virus; CoV: coronavirus; CPMV: cowpea mosaic virus; HBV: hepatitis B 

virus; HIV: human immunodeficiency virus; HPV: human papillomavirus; IV: influenza virus 

1The scores ((+) = positive attribute; (-) = negative attribute) indicate the level of the major features 

(ease of characterization/production, immunogenicity, and peptide fusion tolerance) that are 

characteristic of each virus listed for VLP formation based on their benefits and limitations 

outlined in previous studies. 

4.2 Generation of DNA-VLP plasmids 

The selection of HPV16 L1 VLPs for this study led to the design and genetic engineering of the 

DNA-VLP plasmids including the L1 capsid sequence. The maps of the cloned DNA-VLP 

plasmids will be outlined along with agarose gels to visually verify the successful construction of 

these plasmids. The agarose gels presented in this section demonstrate the cloning of the L1 capsid 

sequence into the pGL2-CMV mammalian expression backbone vector and the insertion of the 

VGB sequence into the L1 gene.   

4.2.1 Generation of the pGL2-CMV-L1 plasmid 

The pGL2-CMV-L1 plasmid was generated after cloning the L1 sequence (~ 1.5 kb) into the 

pGL2-CMV backbone vector (~ 4.5 kb) (Figure 14; Table 4).  
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Figure 14. pGL2-CMV-L1 plasmid. DNA-VLP plasmid containing the HPV16 L1 sequence in 

the pGL2-CMV vector backbone. The pGL2-CMV backbone contains a ubiquitous 

cytomegalovirus (CMV) promoter for control of the expression of the L1 gene. This vector also 

contains super sequences (SS), a polyadenylation (polyA) tail, and an ampicillin resistance 

(AmpR) marker for antibiotic selection. The NotI and PmeI sequences at the 5’ and 3’ ends of the 

L1 gene are identified in the image. The final size of the plasmid is ~ 6 kb.  

Confirmation of insertion of the L1 gene into the pGL2-CMV backbone to produce the pGL2-

CMV-L1 plasmid, was conducted using RE analysis, which demonstrated the expected fragments 

at ~ 4.5 kb (pGL2-CMV backbone) and ~ 1.5 kb (L1 gene) in lane 2 (Figure 15). The bands in lane 

4 demonstrate the digested original pGL2-CMV-gfp plasmid with one band visualized as the size 

of the pGL2-CMV backbone vector at ~ 4.5 kb, and the other band visualized as the size of the gfp 

gene at ~ 0.75 kb (as outlined in the map in Figure 13). The gfp gene in Lane 4 at ~ 0.75 kb 

demonstrated successful replacement with the L1 sequence indicated in Lane 2 at ~ 1.5 kb (Figure 

15).  However, RE analysis alone cannot adequately confirm the insertion of the gene of interest. 

Therefore, sequencing of the cloned L1 sequence was conducted by the Sick Kids Centre for 

Applied Genomics and demonstrated successful insertion within the pGL2-CMV backbone vector. 
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Figure 15. Confirmation of pGL2-CMV-L1 plasmid generation using restriction enzyme 

digestion. Plasmids extracted from transformed cells were digested with NotI HF and PmeI and 

subsequently run on a 0.8% gel for ~ 1 h and 30 min at 88 V. Lane 1: 1kb DNA FroggoBio 

(Concord, CA) Ladder (Catalogue No. DM010-R500). The size of the DNA ladder bands is 

indicated on the left side of the image in kb; Lane 2: pGL2-CMV-L1 restriction digest 

reaction; Lane 3: Uncut pGL2-CMV-L1 plasmid; Lane 4: pGL2-CMV-gfp restriction digest 

reaction; Lane 5: Uncut pGL2-CMV-gfp plasmid. 

4.2.2 Generation of the pGL2-CMV-L1 plasmid with VGB sequence insertion  

Upon cloning of the HPV16 L1 sequence into the pGL2-CMV backbone, the VGB sequence was 

inserted into the DE loop and H4 helix region of L1. The pGL2-CMV-L1-VGB-DE and pGL2-

CMV-L1-VGB-H4 plasmids were generated, containing the L1-VGB-DE (Table 4) and L1-

VGB-H4 (Table 4) sequences (~ 1.55 kb) within the pGL2-CMV backbone (~ 4.5 kb) (Figures 

16A and B).  
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Figure 16. pGL2-CMV-L1 plasmids with VGB sequence insertions. A) pGL2-CMV-L1-VGB-

DE plasmid. The HPV16 L1-VGB-DE sequence labelled on the image contains the 42 base pair 

(bp) VGB sequence inserted in the DE loop of L1 indicated by the grey coloured box. B) pGL2-

CMV-L1-VGB-H4 plasmid. The HPV16 L1-VGB-H4 sequence labelled on the image contains 

the 42 bp VGB sequence inserted in the H4 helix of L1 indicated by the grey coloured box. Both 

plasmids contain the pGL2-CMV backbone which consists of the ubiquitous cytomegalovirus 

(CMV) promoter for control of the expression of the L1-VGB-DE and L1-VGB-H4 genes. This 

vector also contains super sequences (SS), a polyadenylation (polyA) tail, and an ampicillin 

resistance marker (AmpR) for antibiotic selection. The final size of the plasmids are ~ 6.1 kb.  
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The newly constructed plasmids demonstrated typical banding patterns when run on agarose gel 

and a similar banding pattern compared to the previously generated pGL2-CMV-L1 plasmid, as 

three distinct high molecular weight bands (Figure 17A). This promoted the confirmation of pGL2-

CMV-L1-VGB-DE and pGL2-CMV-L1-VGB-H4 plasmid formation. The banding pattern 

observed is attributed to the different forms of plasmids that naturally exist, including covalently 

closed circular DNA (supercoiled), open circle DNA (nicked) and linear DNA. The contrasting 

shapes and structures of these three major plasmid forms causes them to migrate through agarose 

gels at alternative rates. Moreover, accurate DNA fragment sizes (~ 4.5 kb and ~ 1.55 kb) 

subsequent to digestion with NotI HF and PmeI REs was observed, similar to the previously 

constructed pGL2-CMV-L1 upon RE digestion (Figure 17B). This further validated the insertion 

of the L1-VGB-DE and L1-VGB-H4 sequences into the pGL2-CMV backbone. For the plasmids 

containing the VGB sequence within L1, the L1 sequence displayed a slight increase in size (~ 

1.55 kb) in comparison to the control L1 sequence (~ 1.5 kb), due to the increase in the number of 

bases contributed by the inserted VGB sequence, which was expected (Figure 17B).   

To additionally confirm for VGB insertion, primers designed outside of the DE loop and H4 helix 

region were used to amplify the area of interest, which verified for sequence insertion upon running 

on agarose gels based on the band size of the amplified products (Figure 18). For VGB sequence 

insertion into the DE loop region and the H4 helix region, a band size of ~ 128 bp (lane 2) and ~ 

136 bp (lane 4), respectively, was observed, as expected. For the control L1 sequence (without 

VGB insertion), amplification using the designed primers demonstrated a smaller band on the 

agarose gel, due to the absence of the inserted VGB sequence, at a size of ~ 80 bp (lane 3) within 

the DE loop region and ~ 88 bp (lane 5) within the H4 helix region. Considering the control L1 

plasmid, pGL2-CMV-L1, did not contain the VGB sequence, the amplified product should be ~ 
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50 bp less than the plasmids containing the VGB insertion in the L1 sequence (pGL2-CMV-L1-

DE and pGL2-CMV-L1-H4), which was observed (Figure 18). In general, these combined 

methods (plasmid banding pattern analysis, RE digestion analysis, and PCR amplification) cannot 

completely verify for VGB insertion into the L1 sequence. Therefore, sequencing was conducted 

to validate this, which verified the intended outcome.           

A)           1              2              3             4             B)         1                2                3              4 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Confirmation of pGL2-CMV-L1-VGB-DE and pGL2-CMV-L1-VGB-H4 plasmid 

generation. The plasmids and restriction enzyme digest reactions with NotI HF and PmeI were 

run on 0.8% gels for ~ 1 h and 30 min at 88 V. A) Undigested DNA-VLP plasmids. Lane 1: 1 kb 

FroggoBio (Concord, CA) DNA Ladder (Catalogue No. DM010-R500). The size of the DNA 

ladder bands is indicated on the left side of the image in kb; Lane 2: Undigested pGL2-CMV-L1 

plasmid; Lane 3: Undigested pGL2-CMV-L1-VGB-DE plasmid; Lane 4: Undigested pGL2-

CMV-L1-VGB-H4 plasmid. B) Digested DNA-VLP plasmids. Lane 1: 1kb DNA FroggBio 

(Concord, CA) Ladder (Catalogue No. DM010-R500). The size of the DNA ladder bands is 

indicated on the left side of the image in kb; Lane 2: Digested pGL2-CMV-L1 plasmid; Lane 3: 

Digested pGL2-CMV-L1-VGB-DE plasmid; Lane 4: Digested pGL2-CMV-L1-VGB-H4 

plasmid.  
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Figure 18. Confirmation of VGB sequence insertion using PCR. The PCR reactions were run 

on a 3% gel for ~ 1 h and 30 min at 82 V. Lane 1: NEB (Ipswich, USA) Quick-Load Purple Low 

Molecular Weight DNA Ladder (Catalogue No. N-557S). The size of the DNA ladder bands are 

indicated on the left side of the image in bp; Lane 2: pGL2-CMV-L1-DE plasmid PCR reaction 

with primers around the VGB sequence in the DE loop region of the L1 sequence; Lane 3: pGL2-

CMV-L1 PCR reaction with primers in the DE loop region of the L1 sequence; Lane 4: pGL2-

CMV-L1-H4 PCR reaction with primers around the VGB sequence in the H4 helix region of the 

L1 sequence; Lane 5: pGL2-CMV-L1 PCR reaction with primers in the H4 helix region of the L1 

sequence; Lane 6: Control PCR reaction with no template DNA.  

 

4.3 Increased fluorescence intensity and stabilized transfection efficiency of the pGL2-

CMV-gfp plasmid 

Prior to transfection with the generated DNA-VLP plasmids, HEK 293T cells were transfected 

with the control pGL2-CMV-gfp plasmid and run through the flow cytometer to evaluate 

transfection efficiency. The mean fluorescence intensity values were calculated for duplicates of 

transfected and non-transfected HEK 293T cells at each time point (24, 48, 72, 96, and 120 h) and 

increased gradually over time, indicating that increased lengths of time upon plasmid transfection 
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promoted enhanced GFP expression (Figure 19). The mean percent (%) of fluorescent cells 

(transfection efficiency) stayed relatively consistent over time at percentage values generally 

within the range of 40 - 60%, indicating that within the first 24 h, most of the plasmid DNA was 

taken up by the HEK293T cells, however, not evenly by all cells (Figure 20).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Fluorescence intensity of HEK 293T cells transfected with pGL2-CMV-gfp. Data 

is presented as mean fluorescence intensity +/- standard error of the mean (SEM) for duplicate 

samples (10 000 events (cells) per sample) at each time point (24, 48, 72, 96, and 120 h) for pGL2-

CMVgfp-transfected cells (represented as blue bars) and control non-transfected cells (represented 

as orange bars).  

   

 

 

 

 

 

 



75 

 

0

10

20

30

40

50

60

70

24 48 72 96 120

M
ea

n
 P

er
ce

n
t 
o

f 
F

lu
o

re
sc

en
t 
C

el
ls

 (
%

)

Time (hours)

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Percent of fluorescent HEK 293T cells transfected with pGL2-CMV-gfp. Data is 

presented as the mean percent (%) of fluorescent cells +/- standard error of the mean (SEM) for 

duplicate samples (10 000 events (cells) per sample) at each time point (24, 48, 72, 96, and 120 h) 

for pGL2-CMV-gfp-transfected cells (represented as blue bars).  

 

4.4 Detection of HPV16 L1 protein expression from purified fractions   

Confirmation of transfection efficiency led to the transfection of HEK 293T cells using the DNA-

VLP plasmids and subsequent purification. VLPs were purified using an iodixanol density gradient 

and all fractions were assayed for L1 protein expression by denaturing SDS-PAGE and western 

blot analysis using the Camvir-1 linear epitope-specific Ab. The results outlined in this section 

verified L1 protein expression (with and without inserted VGB sequences) within HEK 293T cells. 

4.4.1 HPV16 L1 protein with and without VGB insertions was expressed in HEK 293T cells 

L1 protein expression was confirmed by the Camvir-1 linear epitope-specific Ab by western blot 

analysis (Figures 21A-C) by the presence of bands at ~ 56 kDa, primarily in fraction 11, and faintly 
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in fractions 8-10 and 12. This confirms that the L1 protein was successfully produced from the 

control construct. The presence of VGB in either site (DE loop and H4 helix) of the L1 capsid did 

not alter the linear specificity for the Camvir-1 Ab, regardless of the site of insertion (Figures 21B 

and C). This was expected as the sites of insertion for VGB are not within the determinant sequence 

identified by Camvir-1. The RL1 protein also showed a more prominent band at ~ 56 kDa, 

however, some smearing above and below this band can be observed (Figure 21A). Control (non-

transfected) cell lysate from HEK 293T cells exhibited no indication of L1 protein expression, as 

expected, considering no L1 protein was expressed in these cells (Figures 21A-C). 
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Figure 21. Western blot detection of HPV16 L1 protein production with and without VGB 

insertions. A) Western blot of iodixanol density gradient purified L1 fractions 1 – 12. Lane 1: 

Prestained PageRulerTM Protein Ladder (Catalogue No. PI26616). The protein ladder sizes are 

indicated to the left of the image in kDa; Lane 2: Fraction 1; Lane 3: Fraction 2; Lane 4: Fraction 

3; Lane 5: Fraction 4; Lane 6: Fraction 5; Lane 7: Fraction 6; Lane 8: Fraction 7; Lane 9: Fraction 

8; Lane 10: Fraction 9; Lane 11: Fraction 10; Lane 12: Fraction 11; Lane 13: Fraction 12; Lane 

14: RL1 protein (ab119880); Lane 15: Non-transfected HEK 293T cell lysate. B) Western blot of 

iodixanol density gradient purified L1-VGB-DE fractions 1 - 12. Lane 1: Prestained PageRulerTM 

Protein Ladder (Catalogue No. PI26616). The protein ladder sizes are indicated to the left of the 

image in kDa; Lane 2: Fraction 1; Lane 3: Fraction 2; Lane 4: Fraction 3; Lane 5: Fraction 4; Lane 

6: Fraction 5; Lane 7: Fraction 6; Lane 8: Fraction 7; Lane 9: Fraction 8; Lane 10: Fraction 9; Lane 

11: Fraction 10; Lane 12: Fraction 11; Lane 13: Fraction 12; Lane 14: Non-transfected HEK 293T 

cell lysate. C) Western blot of iodixanol density gradient purified L1-VGB-H4 fractions 1 - 12. 

Lane 1: Prestained PageRulerTM Protein Ladder (Catalogue No. PI26616). The protein ladder sizes 

are indicated to the left of the image in kDa; Lane 2: Non-transfected HEK 293T cell lysate; Lane 

3: Fraction 1; Lane 4: Fraction 2; Lane 5: Fraction 3; Lane 6: Fraction 4; Lane 7: Fraction 5; Lane 

8: Fraction 6; Lane 9: Fraction 7; Lane 10: Fraction 8; Lane 11: Fraction 9; Lane 12: Fraction 10; 

Lane 13: Fraction 11; Lane 14: Fraction 12. For all western blots, protein was detected using the 

Camvir-1 Ab.  

4.5 Detection of HPV16 L1 VLP formation from purified fractions 

Next, we sought to investigate whether the expressed L1 proteins could spontaneously form VLPs. 

To evaluate this, a combination of western blot analysis and ELISA experimentation was 

conducted using the conformationally dependent H16.U4 Ab. Additionally, visualization of VLPs 

was observed using TEM. The results obtained suggested potential VLP assembly within HEK 

293T cells.  

4.5.1 HPV16 L1 trimer formation with and without VGB insertions was observed using 

non-denaturing PAGE and western blot analysis  

The non-denaturing gel and subsequent western blot analysis using the H16.U4 primary Ab was 

not sufficient to confirm for VLP formation within fraction 11 of the purified samples, as the 

molecular weight of the VLP would be considerably higher than the largest molecular weight band 

of the protein ladder. This was confirmed by the absence of notable bands on the western blot 

(Figure 22A). However, potential configuration/interaction of multiple L1 proteins was observed 
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when the same experiment was conducted using the Camvir-1 Ab, which demonstrated bands on 

the western blot with a molecular weight above 130 kDa, for all purified samples (L1, L1-VGB-

DE and L1-VGB-H4) (Figure 22B). This is approximately three times the molecular weight of the 

L1 protein in monomer form (~ 56 kDa), which could possibly be indicative of trimerization of 

the L1 proteins in non-denaturing form. No bands were observed after incubation with H16.U4 

and Camvir-1 Abs for both of the negative controls (pGL2-CMV-gfp transfected lysate and non-

transfected lysate samples), as expected, considering no L1 protein was expressed in these cells 

(Figures 22A and B).  
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Figure 22. Western blot from a non-denaturing gel for detection of non-denatured HPV16 

L1 protein with and without VGB insertions. A) Non-denaturing gel-based western blot using 

the H16.U4 Ab. Lane 1: Prestained PageRulerTM Protein Ladder (Catalogue No. PI26616). The 

protein ladder sizes are indicated to the left of the image in kDa; Lane 2: L1 fraction 11; Lane 3; 

L1-VGB-DE fraction 11; Lane 4: L1-VGB-H4 fraction 11; Lane 5: pGL2-CMV-gfp transfected 

HEK 293T cell lysate; Lane 6: non-transfected HEK 293T cell lysate B) Non-denaturing gel-based 

western blot using the Camvir-1 Ab. Lane 1: Prestained PageRulerTM Protein Ladder (Catalogue 

No. PI26616). The protein ladder sizes are indicated to the left of the image in kDa; Lan e2: L1 

fraction 11; Lane 3: L1-VGB-DE fraction 11; Lane 4: L1-VGB-H4 fraction 11; Lane 5: pGL2-

CMV-gfp transfected HEK 293T cell lysate; Lane 6: non-transfected HEK 293T cell lysate. 

 



80 

 

4.5.2 HPV16 L1 VLPs with and without VGB insertions were detected using indirect 

ELISA experimentation 

Using indirect ELISA experimentation to supplementarily confirm for HPV16 L1 VLP formation, 

it was demonstrated that within purified and non purified cell lysate samples, VLP assembly did 

occur (Figures 23 A-C). The presence of L1 protein and VLP formation within these samples was 

successfully detected by binding towards Camvir-1 and H16.U4 Abs, respectively, indicated by 

increased absorbance readings for all samples, including those with VGB insertions (Figures 23A-

C). This suggests that VGB peptide insertion did not prohibit the formation of L1 VLPs and did 

not disrupt the conformational epitope that the H16.U4 Ab specifically recognizes (between aa 

422 and 445 of the L1 protein) (Carter et al., 2003; Guan et al., 2015). Wells coated with pGL2-

CMV-gfp transfected HEK 293T cell lysate (gfp lysate) and non-transfected HEK 293T cell lysate 

(ctl lysate), in addition to non-coated wells, demonstrated low absorbance values in comparison to 

wells coated with the RL1 protein (positive control), fraction 11 of L1, L1-VGB-DE, and L1-

VGB-H4, and non-purified L1 lysate samples (Figures 23A-C), indicative of the absence of L1 

protein and VLP formation, as expected. Furthermore, it can be noted that non-purified L1 lysate 

samples (Figure 23A) demonstrated lower binding towards both Abs in comparison to the purified 

samples (Figure 23C) and the RL1 positive control sample (Figure 23B), suggesting that the 

purified samples exemplified increased availability and exposure towards the primary Abs applied 

for consequent recognition and binding. 
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Figure 23. Indirect ELISA detection of HPV16 L1 protein and VLP assembly with and 

without VGB insertions. A) Detection of L1 protein and VLP assembly from cell lysate. L1 lysate 

represents lysate collected after pGL2-CMV-L1 transfection. GFP lysate, ctl lysate and non-

coated, represents lysate collected after pGL2-CMV-gfp transfection, non-transfected cell lysate, 

and wells that were not incubated with protein/VLP samples, respectively, as negative controls. 

The bars represent mean absorbance values of duplicate samples +/- standard error of the mean 

(SEM) at 450 nm after incubation with either the Camvir-1 or H16.U4 Ab, as labelled in the graph. 

B) Detection of L1 protein and VLP assembly from RL1. RL1 represents the positive control 

(purchased recombinant HPV16 L1 protein; Catalogue No. 119880). Non-coated, RL1 without 

2◦Ab, and RL1 without 1◦ Ab, represents wells not incubated with protein/VLP samples, the RL1 

protein coated onto wells but not incubated with secondary Ab, and the RL1 protein coated onto 

wells but not incubated with primary Ab, respectively, as negative controls. The bars represent 

absorbance values at 450 nm after incubation with either the Camvir-1 or H16.U4 Ab, as labelled 

in the graph C) Detection of L1 protein and VLP assembly from iodixanol density gradient purified 

fractions (fraction 11). L1, L1-VGB-DE and L1-VGB-H4 represent fraction 11 of purified L1 

protein, L1 protein with the VGB peptide inserted in the DE loop, and L1 protein with the VGB 

peptide inserted in the H4 helix, respectively. Non-coated, gfp lysate, and ctl lysate, represent wells 

not incubated with protein/VLP samples, lysate collected after pGL2-CMV-gfp transfection, and 

non-transfected cell lysate, respectively, as negative controls. The bars represent absorbance 

values at 450 nm after incubating with the Camvir-1 or H16.U4 Ab, as labelled in the graph. For 

each graph, the legend indicates the concentration of samples (from 2.5 to 20 ug/mL) coated onto 

wells indicated by differentially coloured bars.  
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4.5.3 HPV16 L1 VLP-like structures with and without VGB insertions were observed using 

TEM   

The next step was to visually determine if the binding of the conformationally dependent H16.U4 

Ab toward the purified fractions was targeting existent VLPs. Images of the purified L1 fractions 

(L1, L1-VGB-DE, and L1-VGB-H4) and positive control (RL1 protein), were observed as hollow 

geometric circular VLP-like structures around 35 – 50 nm in size (Figures 24A, C, E, and F), 

indicative of potential VLP formation. Additionally, dark-coloured geometric circular structures 

were observed within the L1 purified fraction (Figure 24D). Considering HPV VLPs are generally 

observed as hollow circular structures, these structures may be attributed to artifacts in the 

background of the TEM grid. For the RL1 sample, clusters of very lightly outlined circular 

structures were observed (Figure 24B), however, this could also be attributed to the background 

of the TEM grid opposed to actual VLP formation. The negative controls (fraction 1 of the purified 

L1 fractions, and non-transfected cell lysate) in general, did not demonstrate as visually convincing 

VLP-like structures, as expected. Some VLP-like structures were observed for fraction 1 of the 

purified L1 fraction (Figure 24G), however, these structures were not as geometrically defined. 
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Figure 24. TEM of purified HPV16 L1 fractions. A) TEM image of RL1 (positive control); B) 

TEM image of RL1 (positive control); C) TEM image of fraction 11 of the purified L1 sample; D) 

TEM image of fraction 11 of the purified L1 sample; E) TEM image of fraction 11 of the purified 

L1-VGB-DE sample; F) TEM image of fraction 11 of the purified L1-VGB-H4 sample; G) TEM 

image of non-transfected HEK 293T cell lysate; H) TEM image of fraction 1 of the purified L1 

sample. All images were obtained at a magnification of 64 000X. Bar size: 100 nm.  
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4.6 HPV16 L1 VLPs with VGB insertions potentially bind to VEGFR 

Upon evaluation of HPV16 L1 VLP assembly using indirect ELISA experimentation, VGB-

displaying VLP samples (L1-VGB-DE and L1-VGB-H4) demonstrated increased absorbance 

signals upon incubation with VEGFR compared to non-VGB-displaying samples (L1 and RL1 

samples) (Figure 25). The other negative controls (gfp lysate, ctl lysate, L1-VGB-DE without 2◦ 

Ab, L1-VGB-DE without 1◦ Ab, and non-coated) all demonstrated low absorbance measurements, 

suggesting the lack of specificity of these samples towards VEGFR-2 (Figure 25). However, upon 

conduction of a two-sample t-test assuming unequal variances between each of the sample groups 

compared to the negative ctl lysate sample group, significant difference was detected for the L1 

and RL1 samples, which was not expected. This decreases the validity of VGB-displaying VLP 

preferential binding towards VEGFR-2, considering the non-VGB displaying sample mean 

absorbance levels (L1 and RL1) were statistically different compared to the negative ctl lysate 

sample mean.  Furthermore, for the VGB-displaying samples, only the L1-VGB-H4 sample 

demonstrated a significantly different mean absorbance measurement compared to the ctl lysate 

sample group. Significant differences were also not observed between non-VGB displaying 

samples (RL1 and L1) and the VGB-displaying samples (L1-VGB-DE and L1-VGB-H4), further 

decreasing the statistical support of VEGFR targeted binding by the VGB-displaying VLPs.   
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Figure 25. Indirect ELISA detection of potential binding specificity of VGB-displaying 

HPV16 L1 VLPs toward VEGFR. L1, L1-VGB-DE, and L1-VGB-H4 represents iodixanol 

density gradient purified L1 protein (fraction 11), L1 protein with the VGB peptide inserted in the 

DE loop (fraction 11), and L1 protein with the VGB peptide inserted in the H4 helix (fraction 11), 

respectively. The positive control represents the RL1 (purchased recombinant HPV16 L1 protein). 

GFP protein lysate, ctl lysate, and non-coated, represents HEK 293T cell lysate collected after 

pGL2-CMV-gfp transfection, non-transfected HEK 293T cell lysate, and wells not incubated with 

protein/VLP samples, respectively, as negative controls. L1-VGB-DE without 2o Ab and L1-VGB-

DE without 1o Ab represents L1-VGB-DE plated onto VEGFR-2 coated wells and incubated 

without 2o Ab and L1-VGB-DE plated onto VEGFR-2 coated wells and incubated without 1oAb, 

respectively, as negative controls. The bars represent mean absorbance values (subtracted with the 

mean ctl lysate absorbance value) of triplicate samples +/- standard error of the mean (SEM) at 

450 nm after incubation with Camvir-1. Statistical significance was determined using the two-

sample t-test assuming unequal variances by comparing the mean values of each of the sample 

groups to the ctl lysate sample group (non-transfected HEK 293T cell lysate) and indicated by the 

asterix symbol on the graph.  

 

4.7 HPV16 L1 VLPs do not release from HEK 293T cells 

Upon confirming for the potential presence of HPV16 L1 VLP assembly, overviewed in Section 

4.5, release of these particles from HEK 293T cells was evaluated post-transfection with the 

control pGL2-CMV-L1 plasmid at specific points of time. At each time point, the cell count 

(cells/mL) was recorded and demonstrated a general increase from ~ 1.5 x 106 cells/mL to ~ 3.5 x 
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106 cells/mL for all samples (L1, Ctl with reagent and Ctl) that did not considerably differ from 

one another (Figure 26). The viability of cells was also measured at each time point and 

demonstrated a slight decrease over time from 95% to around 85% for all samples (L1, Ctl with 

reagent and Ctl) that also did not considerably differ from one another (Figure 27). These results 

suggest that the production of L1 protein and L1 VLP formation had a limited effect on the growth 

and viability of the cells, inferring the absence of the induction of cell lysis.    

To further evaluate for the release of HPV16 L1 VLPs, the media of pGL2-CMV-L1 transfected 

HEK 293T cells was collected at specific points of time, which did not verify for the presence of 

L1, indicated by the absence of bands at ~ 56 kDa upon western blot analysis (Figure 28). This 

indicates that the L1 VLPs likely did not release from the cells into the surrounding media. Media 

collected from non-transfected HEK 293T cells at each of the specified time points, similarly, did 

not show L1 protein expression, as expected. 
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Figure 26. Increased cell counts for pGL2-CMV-L1 transfected HEK 293T cells. L1 

represents HEK 293T cells transfected with the pGL2-CMV-L1 plasmid using a transfection 

reagent. Ctl with reagent represents HEK 293T cells applied with transfection reagent in the 

absence of DNA. Ctl represents HEK 293T cells that were not applied with transfection reagent 

and DNA. The legend indicates these samples (L1, Ctl with Reagent and Ctl) differentiated by 

coloured lines. The cell count values (cells/mL) are presented as mean +/- standard error of the 

mean (SEM) from quadruplicate samples at each time point for each sample type.  
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Figure 27. Minimal decrease of cell viability for pGL2-CMV-L1 transfected HEK 293T cells. 

L1 represents HEK 293T cells transfected with the pGL2-CMV-L1 plasmid using a transfection 

reagent. Ctl with reagent represents HEK 293T cells applied with transfection reagent in the 

absence of DNA. Ctl represents HEK 293T cells that were not applied with transfection reagent 

and DNA. The legend indicates these samples (L1, Ctl with Reagent and Ctl) differentiated by 

coloured lines. The cell viability values (%) are presented as mean +/- standard error of the mean 

(SEM) from quadruplicate samples at each time point for each sample type.  
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Figure 28. Western blot detected the absence of L1 protein within media from pGL2-CMV-

L1 transfected HEK 293T cells. Lane 1: Prestained PageRulerTM Protein Ladder (Catalogue No. 

PI26616). The protein ladder sizes are indicated to the left of the image in kDa; Lane 2: media 

from pGL2-CMV-L1 transfected cells at 24 h; Lane 3: media from pGL2-CMV-L1 transfected 

cells at 48 h; Lane 4: media from pGL2-CMV-L1 transfected cells at 72 h; Lane 5: media from 

pGL2-CMV-L1 transfected cells at 96 h; Lane 6: media from pGL2-CMV-L1 transfected cells at 

120 h; Lane 7: N/A; Lane 8: media from non-transfected cells at 24 h; Lane 9: media from non-

transfected cells at 48 h; Lane 10: media from non-transfected cells at 72 h; Lane 11: media from 

non-transfected cells at 96 h; Lane 12: media from non-transfected cells at 120 h. 
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5. Discussion        

The application of VLPs as a treatment modality for cancer therapeutic administration is currently 

being advanced at an unprecedented rate, primarily attributed to the ability of VLPs to generate 

potent cell-mediated immune responses without the added risks that characterize the use of 

replicative viral treatment (Mohsen et al., 2020; Ong et al., 2017; Tornesello et al., 2022). The 

ability of these particles to undergo surface modifications to present a variety of peptides and/or 

ligands further renders them a strong platform for more specific and targeted therapy (Mohsen et 

al., 2020). The success of preventative VLP vaccine studies led to their FDA approval in the late 

1980s (HBV) and the early 2000s (HPV), which was pivotal in branching the use of these particles 

for therapeutic applications, and more specifically, cancer immunotherapy (Caldeira et al., 2020; 

Mohsen et al., 2020; Tornesello et al., 2022). Moreover, the success of gene-based vaccine studies 

in the past has promoted the study of DNA-encoded VLP vaccines (Leder et al., 2001; Rayner et 

al., 2021; Szécsi et al., 2009; Young et al., 2004), exploiting the benefits of both gene therapy and 

immunotherapy. 

This study included the design of an engineered HPV16 L1 VLP, encoded as a DNA sequence 

within a eukaryotic expression plasmid, displaying an anti-angiogenic peptide known as, VGB, 

for the purpose of characterization within mammalian cells (HEK 293T). This peptide prevents 

downstream signaling pathways for blood vessel formation and has been shown to significantly 

reduce cancer cell proliferation and tumour growth within mice (Sadremomtaz, Kobarfard, et al., 

2018; Sadremomtaz, Mansouri, et al., 2018). Ideally, this VLP was designed to actuate two major 

anti-cancer responses including the induction of anti-cancer immune responses targeted towards 

the tumour vasculature, and antagonism of VEGFR signalling, to effectively mitigate tumour 
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growth. Through molecular genetic engineering, the insertion of the VGB sequence within the L1 

capsid sequence was successfully inserted and confirmed. Additionally, we observed that the 

engineered L1 gene with the inserted VGB sequence was successfully translated to form protein 

and potentially assembled into VLPs within mammalian cells. The future implications of these 

findings suggest that this could be employed as a potential immunotherapeutic DNA-VLP vaccine, 

which has not been licensed to date.  

5.1 VLPs can be delivered as a DNA-encoded sequence within a eukaryotic expression 

plasmid for production in mammalian/human cells  

For the purpose of this study, HEK 293T adherent cells were used to express and produce the 

designed HPV16 L1 VLPs. HEK 293T cells are human embryonic kidney cells and daughter cells 

of the original HEK 293 cell line, which was generated ~ 40 years ago (Thomas & Smart, 2005; 

Yuan et al., 2018). In general, HEK 293 cells have been widely used for cell biology 

experimentation and the production of recombinant proteins for therapeutic and medicinal 

applications. HEK 293 cells are also highly attractive as they are easy to maintain, grow at 

accelerated rates compared to other mammalian cells, are highly transfectable, and demonstrate 

increased levels of genome stability over time (Hu et al., 2018; Stepanenko & Dmitrenko, 2015). 

Plasmids containing CMV promoters, the promoter used for the  expression of the L1 VLPs 

investigated in this study,  in addition to many others promoter types,  are able to effectively 

employ HEK 293’s machinery to successfully transcribe and subsequently translate introduced 

genetic sequences into stabilized protein (Thomas & Smart, 2005). Furthermore, a characteristic 

feature of these cells includes the fact that they are able to conduct human-like post-translational 

modifications of proteins, promoting ideal protein formation, conformation and biological activity 

(Stepanenko & Dmitrenko, 2015; Thomas & Smart, 2005). These combined factors promoted the 
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selection of HEK 293T cells for expression of the VLPs for this study. Moreover, considering 

HPV is a virus that inherently infects humans (Humans, 2007), the production of the L1 protein 

and VLP formation within this human cell line was expected and is a suitable option. Previous 

studies have also validated the successful production of the L1 protein, in addition to VLP 

formation within HEK 293 adherent and suspension cells (Leder et al., 2001; Sakauchi et al., 

2021). Furthermore, the data obtained from this study supports the finding that L1 protein and 

VLPs were produced within these cells, which signifies the ability to use DNA-encoded VLPs for 

expression and assembly within human cells (Figures 21-24). These results will be more explicitly 

analyzed in later sections.  

A distinguishing feature that differentiates HEK293 cells and HEK 293T cells is the presence of 

an  additional temperature-sensitive allele of the SV40 T antigen, which imparts HEK 293T cells 

with the capability to enhance and increase recombinant protein expression using vectors that 

specifically contain the SV40 ori (Yuan et al., 2018). The expression of the T-antigen enhances 

replication of the plasmid containing the SV 40 ori, which in turn augments transcription and 

translation of introduced genetic sequences into protein (DuBridge et al., 1987; E. Tan et al., 2021). 

However, for this study, the pGL2-CMV backbone vector was used, which does not contain the 

SV40 ori. Therefore, the added benefit of using this cell line was not fully exploited. Nonetheless, 

in future studies, the use of mammalian expression plasmids containing the SV40 ori can be 

conducted and directly compared to the plasmid employed for this study (pGL2-CMV), to analyze 

the amount of L1 protein and VLP production within HEK 293T cells. 

Although the use of mammalian cells for the expression of VLPs is favourable, as they are able to 

produce and assemble more complex protein and VLP structures, protein expression levels are 

considerably lower than other cell types, such as bacterial and yeast cells (Fuenmayor et al., 2017; 
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Zhu, 2012). This could explain the low levels of VLP-like structures observed via TEM (Figure 

24), which will also be more explicitly analyzed in later sections. According to a review 

(Fuenmayer et al., 2017), bacterial and yeast cells generally can produce proteins within the range 

of 0.75 to 700 ug of protein/mL of cell culture (Leavitt et al., 1985; Schädlich, Senger, Kirschning 

et al., 2009). This is notably higher than what has been observed using mammalian cells, which 

generally produce proteins within the range of 0.1 to 18 ug of protein/L of culture (Holzer et al., 

2018; Taube et al., 2005). After purification of the L1 proteins using iodixanol density gradient 

ultracentrifugation in this study, the protein concentrations within fractions containing the 

potentially formed L1 VLPs (fraction 11) were within the range of 75 to 100 ug/mL. However, 

free L1 protein or L1 capsomere formation may migrate to different locations within the iodixanol 

gradient, as previous studies demonstrate the migration of L1 capsomeres and HPV pseudoviruses 

towards different density levels compared to VLPs (Buck et al., 2005; Müller et al., 1997). This 

could also contribute to higher protein concentrations of the L1 capsid produced within the HEK 

293T cells.  Based on the results obtained, L1 protein concentrations in this study were higher than 

the aforementioned general protein amounts for VLP formation within mammalian cells (Holzer 

et al., 2018; Taube et al., 2005). However, the presence of other contaminating proteins within the 

collected fractions could contribute to the increased protein concentration levels observed. Hence, 

employing mammalian cells for the industrial large-scale production of VLPs may not be suitable 

(Fuenmayor et al., 2017; Zhu, 2012), and possibly limited the potential industrial application of 

this study. Although, the use of mammalian cells grown as suspension cultures, opposed to 

adherently cultured, can compensate for this. Increasing the scalability of production using 

adherent cells is generally time consuming and not preferentially employed (McCarron et al., 2016; 

Rout-Pitt et al., 2018; E. Tan et al., 2021). Considering this, serum free suspension mammalian 
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cell cultivation for large-scale production purposes have been investigated and used for 

recombinant AAV production (Ansorge et al., 2009; Nguyen et al., 2021; Segura et al., 2007; E. 

Tan et al., 2021). A previous study demonstrated that HEK 293 suspension cells have the capability 

to generate greater than 1 x 105 vector genome containing particles/cell when harvested 48 h post-

transfection (Grieger et al., 2016). Considering for this study a DNA-VLP strategy is being 

investigated for future gene delivery into tumours, further applicational studies should employ a 

mammalian tumour cell model to determine how the VLPs grow within these cell types and their 

anti-tumour efficacy. If proven successful, HEK 293 suspension cells could subsequently be used 

for their amplification and production in the large-scale setting. 

The choice of mammalian expression plasmid and design of the DNA-VLP sequences (Appendix 

A; Table 4) was carefully considered in order to achieve maximal L1 protein production and VLP 

assembly within mammalian cells. In a previous study, the pGL2 (Promega, Madison, WI) vector 

derivative was constructed to express gfp under the control of an SV40 promoter (pNN7). SV40 

enhancer sequences (SS) were also inserted into this plasmid upstream of the SV40 promoter and 

downstream of the polyA sequence to enhance the nuclear translocation of the gene of interest 

(Nafissi et al., 2014; Nafissi & Slavcev, 2012). It was shown that transfection efficiency with 

plasmids containing SV40 enhancer sequences is significantly greater in comparison to plasmids 

not containing these sequences in HEK 293 cells, in addition to a cancer cell line (OVCAR-3).  

Furthermore, increasing the number of SV40 enhancer units within vectors was also shown to 

increase the transfection efficiency (Nafissi et al., 2014; Nafissi & Slavcev, 2012). Based on this 

information, the presence of these sequences within the DNA-VLP plasmids should ideally allow 

for enhanced nuclear translocation and transcription of plasmid DNA, and consequently greater 

L1 protein production and VLP formation. To assess for the influence of these enhancer units, 
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plasmids could be designed containing DNA-VLP gene cassettes in the absence of these sequences 

to evaluate for differences in L1 protein production and L1 VLP formation. Additionally, to 

promote higher protein production and assembly of VLPs, different promoters, enhancer elements, 

and delivery systems could be investigated for comparative analysis.  

In summary, the information assessed in this section signifies that HPV16 L1 VLPs can be 

delivered as a DNA sequence for formation within human cells. The use of the adherent HEK 

293T cell line for characterization of the VLPs was successful, however for large-scale production 

in the future, expression within suspension cells may be more suitable. Moreover, to enhance the 

quantity of protein and VLPs produced, variations of the design of the eukaryotic expression 

cassette can be further investigated.  

5.2 HPV16 L1 DNA-VLP sequences assemble into potential functional VLPs, but do not 

induce cell-lysing effects   

The production of L1 protein, in addition to L1 protein with VGB insertions was confirmed 

(Figures 21A-C), as expected, considering previous studies have shown the expression of the L1 

protein within the HEK 293 cell line (Leder et al., 2001; Sakauchi et al., 2021). This was also 

expected as earlier studies have additionally demonstrated the expression of the L1 protein with 

peptides inserted within the DE loop and H4 helix region (Boxus et al., 2016; Huber et al., 2017; 

McGrath et al., 2013; Pineo et al., 2013; Varsani et al., 2003). Additionally, the L1 VLPs were 

expected to migrate towards the bottom of the gradient, at a density level between ~ 1.25 to 1.29 

g/cm3 (Buck et al., 2005; Sapp et al., 1998; Touze et al., 1998; Zahin et al., 2016), which was 

observed as the L1 protein was detected primarily in fraction 11 (Figures 21A-C). However, as 

aforementioned, free L1 protein or L1 capsomere formation may migrate to different locations 

within the iodixanol gradient (Buck et al., 2005; Müller et al., 1997). However, this was not 
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observed, as the L1 protein was not detected in earlier fractions (Figures 21A-C). Considering this, 

chemiluminescence detection of the L1 protein from all fractions obtained from the gradients may 

have verified the presence of the L1 protein contained within earlier fractions, as this method for 

protein detection is highly sensitive (Mathews et al., 2009).  

According  to the western blot images visualized, a faint additional band ~ 35 kDa was observed 

for the L1, L1-VGB-DE and L1-VGB-H4 purified fractions (Figures 21A-C), which could be 

attributed to partial degradation of the samples over time after being subject to  freeze/thaw events 

over the course of the conduction of these experiments (Jain et al., 2021). The RL1 protein 

additionally demonstrated a considerable amount of smearing (Figure 21A), also likely attributed 

to degradation of the protein over time (Jain et al., 2021). Another possible explanation for the 

presence of additional bands on the presented western blots could be contributed by differentially 

spliced variants of the L1 protein (Hitzeroth et al., 2018; Wu et al., 2017), producing altered protein 

sizes, while keeping the linear epitope that the Camvir-1 Ab binds to intact. Moreover, some 

proteins of HPV are subject to cleavage subsequent to production. The minor capsid protein of 

HPV, known as, L2, as aforementioned,  gets cleaved by furin at the N-terminus region of the 

protein to expose a binding site for a secondary receptor (Buck et al., 2013; Cerqueira & Schiller, 

2017; Cruz et al., 2015). The L1 capsid protein gets cleaved by kallikrein-8, a secreted serine 

protease, on its C-terminal arm, which facilitates HPV infection (Cerqueira & Schiller, 2017; 

DiGiuseppe et al., 2017). However, both the capsid proteins of HPV (L1 and L2) are cleaved 

extracellularly, prior to entry into host cells (Cerqueira & Schiller, 2017; Cruz et al., 2015; 

DiGiuseppe et al., 2017). Therefore, this cleavage step is an unlikely explanation for the presence 

of the additional band at ~ 35 kDa on the western blots presented in Figures 21A-C, considering 

the L1 protein in this study was produced intracellularly. Another possible explanation for the 
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presence of an additional band within the fractions could be attributed to the specificity of the 

Camvir-1 Ab. As aforementioned, this Ab binds to a linear epitope of the L1 protein, however, the 

aa sequence that it binds to (residues 204 to 210) does not span a large section of the protein (Carter 

et al., 2003). Conformationally dependent Abs on the other hand, depend on both the linear 

sequence of aa residues in addition to the tertiary structure of the protein, thereby making it more 

specific compared to linear-epitope binding Abs and less likely to bind to undesirable non-specific 

proteins (Najar et al., 2017). Based on this information, this could increase the probability that 

other present proteins within the fraction samples collected prior to and subsequent to purification 

bound to the linear-epitope binding Camvir-1 Ab, due to the presence of a similar/same set of aa 

residues. This may explain the presence of the additional faint banding pattern observed on the 

western blots. However, it is worth noting that the likelihood of this is quite low as Camvir-1 is a 

mAb, which generally exemplify low levels of cross-reactivity compared to polyclonal Abs 

(Frank, 2002).  

The verification of L1 protein production within HEK 293T cells, as previously outlined, suggests 

that the formed L1 proteins would spontaneously assemble into VLPs (Buck et al., 2013), which 

was observed in this study. No L1 VLPs were detected using the H16.U4 Ab after running on a 

non-denaturing gel (Figure 22A), as expected, as the HPV16 capsid contains 360 copies of the L1 

protein arranged in pentamer formation (Buck et al., 2005). This causes the VLPs to confer a high 

molecular weight that would render it non-detectable using the gels and protein ladders employed 

in this study. Additionally, the detection of the VLPs using this method would likely disrupt the 

conformation of the VLPs, potentially attributed to the unstable nature of VLPs in solution (Zahin 

et al., 2016). Therefore, the absence of VLP detection on the western blot is likely not due to the 

absence of HPV16 L1 VLP formation. However, it should be noted that high molecular weight 
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bands (above 130 kDa) were observed on the western blots obtained from the non-denaturing gel 

when incubated with Camvir-1 (Figure 22B), which could be indicative of VLP formation.  A 

previous study observed that HPV VLPs run on non-reducing gels demonstrate a distinct banding 

pattern with ~ 50% of L1 migration as monomers (displaying a band at ~ 50 kDa) and ~ 50% of 

L1 migration as trimer oligomers (displaying a band at ~ 150-160 kDa) (Sapp et al., 1998). 

Therefore, Figure 22B could be indicative of potential VLP formation, as the aforementioned study 

concluded that trimerization of L1 is required for VLP assembly (Sapp et al., 1998). This was 

observed as the mutation of specifically conserved cysteine residues prevented trimerization, and 

consequently, VLP construction (Sapp et al., 1998). Therefore, based on the results, it is possible 

that trimerization of the L1 protein is occurring and remained stabilized throughout the conduction 

of the experiment. In addition to this, it is worth noting that additional bands around 280 kDa (5 

times the molecular weight of the L1 protein) was not detected, which could have potentially 

confirmed for L1 capsomere formation. However, it is likely that if present, L1 capsomere 

formation did not remain intact (Schädlich, Senger, Gerlach et al., 2009), or was not able to be 

detected due to non-suitable gel percentage conditions and difficulties during transfer onto the 

membrane, which is characteristic of high-molecular weight proteins (Bolt & Mahoney, 1997). 

To further evaluate for L1 VLP formation, a less invasive method in compared to western blot 

analysis was employed (indirect ELISA experimentation) (Figures 23A-C). The Camvir-1 Ab 

bound more significantly to the transfected cell lysate samples compared to the H16.U4 Ab at all 

protein concentrations, and slightly more to the purified samples (L1, L1-VGB-DE and L1-VGB-

H4), which was expected. This was expected as 100% of L1 protein produced within the cells 

would likely not assemble into VLPs, which is generally what has been previously observed (Sapp 

et al., 1998). The presence of increased free L1 protein opposed to assembled VLPs could 
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potentially be attributed to several plausible reasons. First, in general, the lack of the presence of 

a viral genome renders VLPs less stable, making them more prone to disassembly during 

downstream processing events (Dai et al., 2018; Vicente et al., 2011). Additionally, the expression 

level of proteins also determines how efficiently and readily available the proteins are to assemble 

into VLPs (Dai et al., 2018). A previous study indicated that in order for efficient levels of HPV 

L1 VLPs to form, a critical L1 protein level needs to be attained within cells (Senger et al., 2009).  

Furthermore, HPV VLP formation requires the production of stabilized disulphide binding 

interactions between L1 proteins which needs to be kept intact for VLPs to remain in proper 

conformation (Palucha et al., 2005; Sapp et al., 1998).  In general, these factors limit the 

conservation of VLP assembly in comparison to free individual protein formation.  

Previous studies generally show more consistent formation of VLPs when peptides are inserted 

into the DE loop region (Huber et al., 2017; Varsani et al., 2003), as opposed to the H4 helix region 

(Boxus et al., 2016; McGrath et al., 2013; Pineo et al., 2013; Varsani et al., 2003). A comparison 

could be made to determine the level of VLP formation based on the level of binding of the H16.U4 

Ab by the level of absorbance measured subsequent to substrate addition. It was observed that a 

slightly higher level of binding towards H16.U4 was detected for  L1-VGB-DE samples compared 

to L1-VGB-H4 samples (Figure 23C), which was expected, considering VLPs with peptides 

inserted in the DE loop region of L1 show more consistent VLP formation (Huber et al., 2017; 

Pineo et al., 2013; Schellenbacher et al., 2009; Varsani et al., 2003), as aforementioned. However, 

the level of binding that occurred towards the L1-VGB-DE sample was also higher compared to 

the control non-altered L1 sample (Figure 23C), which was not expected, indicating that the 

indirect ELISA conducted may not be an accurate method to estimate relative levels of VLP 
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formation. More suitable methods for VLP quantification have been conducted including 

nanoparticle tracking analysis and size exclusion chromatography (Steppert et al., 2017). 

It is important to note that the H16.U4 Ab is targeted towards the region of VGB peptide insertion 

within the H4 helix (at aa residues between 422 to 445) (Carter et al., 2003; Guan et al., 2015), 

hence, it would be expected that insertion of a peptide within the H4 helix would disrupt the 

conformational epitope that this Ab binds to. Although, based on the results obtained, despite VGB 

peptide insertion into the H4 helix, it is likely that the L1 pentamers assembled into VLPs and 

maintained the structural configuration required for the H16.U4 Ab to bind to the VLP in between 

formed L1 capsomers. This was additionally observed in a previous study assessing chimeric HPV 

L1 VLP binding towards conformationally dependent Abs (Varsani et al., 2003).  

We observed by TEM that the RL1 protein, L1, L1-VGB-DE and L1-VGB-H4 samples all 

displayed similar VLP-like structures (Figure 24). Based on previously imaged L1 VLPs 

negatively stained using 2% PTA, 35 - 50 nm circular formations characterized by a dark outer 

lining and inner lighter area were visualized (Olcese et al., 2004; D. Wang et al., 2020; Zahin et 

al., 2016). This structure is generally observed for viruses and VLPs, as the negative stain solution 

coats the TEM grid to surround the particle without infiltrating the capsid structure, generating a 

dark border, outlining its geometrical circular shape (Blancett et al., 2017; S. Brenner & Horne, 

1959; González-Domínguez et al., 2020; Monninger et al., 2016). Similar structures were 

visualized for the RL1 protein, L1, L1-VGB-DE and L1-VGB-H4 samples (Figure 24A, C, E, and 

F), suggesting potential VLP formation. However, it should be noted that the VLP-like structures 

were observed as single particles rather than as clusters, differentiating these images to what has 

been predominantly examined in previous studies and suggesting low levels of VLP formation 

(Zahin et al. 2016; Wang et al., 2016; Leder et al., 2001). This could be attributed to low levels of 
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produced VLPs within the HEK 293T cell line, or possibly deformation of the VLPs during TEM 

sample preparation (Nooraei et al., 2021). Only one of the samples (RL1 protein samples) (Figure 

26B) displayed clusters of circular structures, although, these structures were very lightly defined, 

and could be contributed by the background of the grid.  Some similar VLP-like structures were 

observed within the samples without L1 protein expression; however, the structures were not as 

symmetrically geometric and well-defined compared to what has previously been observed 

(Olcese et al., 2004; Zahin et al., 2016). One of the L1 transfected samples (Figure 24D) 

additionally illustrated clusters of circular structures, however, the negative stain appears to have 

infiltrated the particle, which should not generally occur with negatively stained viruses (Blancett 

et al., 2017; S. Brenner & Horne, 1959; Monninger et al., 2016). Therefore, what was observed in 

Figure 24D could be artifact structures within the background of the grids, although the circular 

symmetrical geometric shape is characteristic of VLPs (González-Domínguez et al., 2020). 

Moreover, the size of VLP-like structures was also between 35 - 50 nm, which is specifically 

characteristic of HPV16 L1 VLPs (Leder et al., 2001; Sanchooli et al., 2020; Zahin et al., 2016). 

Accordingly, it can be concluded that the images observed potentially display HPV16 L1 VLP 

structures. However, due to the presence of some similar geometric VLP-like structures observed 

for samples without L1 VLPs, it is important to verify that the VLP-like structures observed for 

the purified VLP samples was not debris or other artifacts contributed by the grid. In order to 

validate this, samples stained with L1-specific primary Ab and gold-labelled secondary Ab, can 

be visualized on the TEM grid as dark black dots specifically within the vicinity of the L1 

VLP/protein formations (Lucocq, 2008). 

The potential assembly of VLPs based on western blot analysis, ELISA experimentation and 

visualization via TEM was observed, and therefore, the possibility for the accumulation of VLPs 
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within cells promoting subsequent cell lysis, was assessed. Non-enveloped VLP accumulation and 

release into the extracellular environment has not been significantly investigated to date based on 

previous review papers (Dai et al., 2018; Fuenmayor et al., 2017). Generally, non-enveloped VLPs 

remain intracellular. For their production and collection within cells, a cell lysis step is conducted 

to release the VLPs (Dai et al., 2018). In general, studies investigating L1 VLPs apply lysis 

treatment 72 h post-transfection, which provides enough time for the VLPs to collect within the 

cell to a certain degree without greatly diminishing the viability of the transfected cells (García-

Piñeres et al., 2009; Leder et al., 2001; Mossadegh et al., 2004; Sakauchi et al., 2021). Based on 

this, it was hypothesized that allowing the VLPs to form post 72 h (96 to 120 h) would enable the 

VLPs to accumulate and in doing so, potentially burst the mammalian cells or induce cell lysis for 

their release, however, this did not occur. This was not inferred as a decrease in cell viability and 

cell growth did not occur after transfection with the DNA-VLP plasmid (Figures 26 and 27), in 

addition to the absence of L1 protein detection within the cell culture media (Figure 28). In spite 

of this, it is important to be aware that the trypan blue assay can overestimate the level of viable 

cells, considering it depends on the fact that live cells contain intact cell membranes, while dead 

cells do not (Strober, 2015). This does not necessarily always occur as apoptotic cells may still 

maintain an intact cell membrane (Strober, 2015), which could have contributed to the minimal 

decrease in cell viability that was observed.   

In general, previous studies have shown a significant reduction in cell viability upon viral particle 

formation over time (Aucoin et al., 2006; Mena et al., 2007). Therefore, it was expected that this 

would occur post-transfection with the DNA-VLP plasmids. Furthermore, release of the L1 VLPs 

was also expected to occur considering during the normal life cycle of HPV, the virus gets released 

from host cells subsequent to assembly into virions. The actual mechanism of release of HPV 
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virions has not yet been fully characterized, however, it has been stated that certain cytoskeletal 

rearrangements in the cell are required for this to occur (Pinidis et al., 2016), which likely did not 

occur within the HEK 293T cells to enable VLP release. Moreover, it has been shown that HPV 

VLPs assemble within the nucleus subsequent to L1 protein expression in the cytoplasm, which 

infers an additional barrier for accumulation of VLPs in the cytoplasm, potentially limiting the 

cell-lysing inducibility of these VLPs (Leder et al., 2001). Overall, these results suggest that the 

VLPs likely did not accumulate to a high enough degree to induce cell lysis, and thus did not affect 

the viability and growth of the HEK 293T cells considerably.   

In summary, the information assessed in this section signifies that the insertion of the VGB peptide 

within the L1 protein did not prevent L1 protein and potential L1 VLP formation within human 

cells. Although, the display of the VGB peptide on the surface of the VLPs still requires further 

validation. Furthermore, the stability of VLPs can be greatly influenced by handling and 

preparation procedures (Dai et al., 2018), which may have promoted the observation of low VLP-

like structures visualized by TEM. This promotes the increased need for proper techniques and 

handling procedures during the conduction of these processes for enhanced VLP collection. 

Considering the accumulation of the VLPs within the cells did not impact cell viability and growth 

to a considerable degree, inferring the absence of cell lysis, different methods should be taken into 

consideration to increase the delivery of the DNA-VLP gene cassettes to promote increased 

amounts of L1 VLP formation within cells. This could further enhance the impact of this treatment 

as an oncolytic-based treatment.  
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5.3 VGB insertions within the assembled HPV16 L1 VLPs could enable preferential binding 

towards VEGFR 

The specificity of the VGB-displaying HPV VLPs towards VEGFR was assessed using an indirect 

ELISA. As aforementioned, VGB specifically binds toward VEGFR1 and VEGFR2 

simultaneously and individually (Sadremomtaz, Kobarfard, et al., 2018; Sadremomtaz, Mansouri, 

et al., 2018). L1-VGB-DE and L1-VGB-H4 samples demonstrated increased absorbance levels 

upon incubation with VEGFR-2 compared to the negative controls (L1, RL1, control lysate and 

gfp lysate) (Figure 25), which could be indicative of specific binding of the VGB-displaying VLPs 

towards VEGFR-2. Nevertheless, it should be noted that the standard error of the mean for the L1-

VGB-DE and L1-VGB-H4 samples was higher compared to the other sample groups tested. This 

suggests the need for further confirmatory testing to validate the binding specificity of VGB-

displaying VLPs towards VEGFR-2.  Moreover, non-VGB-displaying samples (L1 and RL1) 

demonstrated a significant difference in absorbance means compared to the negative ctl lysate 

group (Figure 25). However, based on this information, it cannot be concluded that the VGB-

displaying VLPs do not preferentially bind towards VEGFR, as the VGB-displaying VLP samples 

showed higher absorbance readings compared to all other sample groups (Figure 25).  Although 

the L1 and the RL1 samples demonstrated statistically significant mean absorbance levels in 

comparison to the ctl lysate, this could be attributed to insufficient washing subsequent to sample 

incubation and primary/secondary Ab incubation, or non-specific binding of the Camvir-1 Ab. To 

more definitively confirm for VEGFR-2 targeted binding of the VGB-displaying VLPs and the 

validity of this assay, a positive control sample needs to be tested. This positive control ideally 

should be a purchased VGB peptide or a native VEGF ligand, which specifically binds to VEGFR-

2. Furthermore, additional DNA-VLP gene cassettes could be generated which would contain the 
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L1 sequence with scramble peptide sequence insertions to help eliminate the possibility of non-

VGB-specific binding towards VEGFR-2. A concentration range of samples could also be 

employed to evaluate the relationship between sample concentration and VEGFR-2 targeted 

binding. In summary, the information assessed in this section signifies the possible use of the 

designed VLPs as an anti-angiogenic treatment, however, further confirmatory testing is still 

required to validate this.  
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6. Conclusions and Future Research 

The main objective of this project was to characterize the in vitro assembly and release of HPV16 

L1 VLPs displaying VGB within mammalian cells via transfection with DNA-VLP plasmids. The 

DNA-VLP sequences were designed and successfully cloned into a mammalian expression 

plasmid (pGL2-CMV), confirmed by RE digestion, PCR, and sequencing.  Following this, 

transfection of the plasmids containing the DNA-VLP gene cassettes was conducted using HEK 

293T cells and analyzed for L1 protein expression. The L1 protein and modified L1 proteins 

containing VGB insertions within the DE loop or the H4 helix region, transcribed and translated 

from the DNA-VLP plasmids, were produced within HEK 293T cells, verified by western blot 

analysis and ELISA experimentation.  

Assembly and formation of VGB-displaying HPV16 L1 VLPs was observed via ELISA 

experimentation using a conformationally-dependent and VLP-specific Ab known as, H16.U4. 

TEM was additionally used to confirm VLP formation. The images indicate possible VLP 

formation as circular geometric structures were observed at comparable sizes to what has 

previously been observed (35 - 50 nm) upon TEM visualization. The display of VGB on the surface 

of HPV16 L1 VLPs was assessed by evaluating its specificity towards VEGFR. The VLPs 

demonstrated potential preferential binding towards VEGFR-2, however, further testing is 

required to infer statistically significant VEGFR-2 binding specificity.  

The release of VLPs, indicative of potential VLP-induced cell lysis, was assessed by collecting 

culture media at varied points of time post-transfection. However, based on the results, it can be 

concluded that the accumulation of HPV16 L1 VLPs within HEK 293T cells does not induce their 

release into the extracellular environment, as no L1 protein was detected. 
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The outcomes of this project suggest that the in vitro assembly of VGB-displaying HPV16 L1 

VLPs occurs within HEK 293T cells subsequent to transfection with the designed DNA-VLP 

plasmids.  However, the VLPs were not released from the HEK 293T cells, which would have 

ideally further enabled targeting toward VEGFRs within growing tumours, subsequent to patient 

treatment application. Nevertheless, the designed HPV16 L1 DNA-VLP plasmids could still be 

applied as potential DNA immunotherapeutic vaccines for in vivo assembly within humans. 

Moreover, this could also be applied as a VLP immunotherapeutic by direct application of the 

VGB-displaying HPV16 L1 VLPs to solid tumours. This would still enable the impartation of 

dual-anti-cancer promoting outcomes via the targeting of VEGFRs expressed on the tumour 

vasculature and immune response stimulation. 

The future of this study requires repetition of all the aforementioned experiments within a tumour 

cell model to compare the degree of VLP formation and direct influence on cancer cell growth. 

The application of assembled VLPs and DNA-VLP plasmids toward a 3D spheroid cancer cell 

model, as opposed to a 2D cancer cell line, could additionally be conducted. These 3D spheroid 

cancer cell models more accurately represent the TME architecture and in vivo cellular 

environment (Barbosa et al., 2021). Therefore, this would permit an enhanced and more accurate 

analysis of the effectiveness of the designed treatment on cancer cell growth.  

Further testing needs to be conducted to confirm the specificity of VGB-displaying VLPs toward 

VEGFR, as briefly outlined in the discussion. In order to do so, a positive control needs to be 

employed to confirm the validity of the indirect ELISA assay. Additionally, insertion of scramble 

peptides within the DE loop and H4 helix region of the L1 protein needs to be conducted to 

eliminate the possibility of non-specific binding towards VEGFR. Upon confirmation and 

assessment of the binding affinity of VGB-displaying VLPs toward VEGFR, application toward 
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tumour cell lines specifically over-expressing VEGFR could also be completed to evaluate the 

anti-cancer enhancing ability of these VLPs in comparison to non-VGB-displaying VLPs.  This 

could be assessed by the conduction of cell proliferation assays, in addition to assays evaluating 

the formation of blood vessels, including tube formation and collagen-cytodex angiogenesis 

assays, which were previously conducted using the VGB peptide (Sadremomtaz, Kobarfard, et al., 

2018; Sadremomtaz, Mansouri, et al., 2018).  

Upon characterization and evaluation of the VLPs within tumour cell models, investigation of the 

delivery of the DNA-VLP plasmids should be conducted to enhance L1 protein production and 

consequently, VLP formation within cells. Bacteriophages, which are bacterial viruses, have been 

studied extensively for their application as vectors for gene therapy, as their coat proteins are able 

to protect encapsulated genomes from degradation (Hosseinidoust, 2017). Additionally, they are 

also safe for human application considering they are present in many compartments of the human 

body (Huh et al., 2019). Other forms of targeted gene delivery systems could also be investigated 

to maximize the delivery and production of VLPs.  

In future clinical applications of this treatment, trials within in vivo tumour animal models needs 

to be conducted to test for its safety and efficacy. Real-time visualization of blood vessels within 

the tumours of animal models upon treatment administration would enable validation of the anti-

angiogenic ability of the VGB-displaying VLPs (Xing & Zhang, 2012). 
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Appendices 

Appendix A 

HPV L1 DNA-VLP sequences  

atgagcctgtggctgcccagcgaggccaccgtgtacctgccccccgtgcccgtgagcaaggtggtgagcaccgacgagtacgtggcca

gaaccaacatctactaccacgccggcaccagcagactgctggccgtgggccacccctacttccccatcaagaagcccaacaacaacaag

atcctggtgcccaaggtgagcggcctgcagtacagagtgttcagaatccacctgcccgaccccaacaagttcggcttccccgacaccagct

tctacaaccccgacacccagagactggtgtgggcctgcgtgggcgtggaggtgggcagaggccagcccctgggcgtgggcatcagcg

gccaccccctgctgaacaagctggacgacaccgagaacgccagcgcctacgccgccaacgccggcgtggacaacagagagtgcatca

gcatggactacaagcagacccagctgtgcctgatcggctgcaagccccccatcggcgagcactggggcaagggcagcccctgcaccaa

cgtggccgtgaaccccggcgactgcccccccctggagctgatcaacaccgtgatccaggacggcgacatggtggacaccggcttcggc

gccatggacttcaccaccctgcaggccaacaagagcgaggtgcccctggacatctgcaccagcatctgcaagtaccccgactacatcaag

atggtgagcgagccctacggcgacagcctgttcttctacctgagaagagagcagatgttcgtgagacacctgttcaacagagccggcgcc

gtgggcgagaacgtgcccgacgacctgtacatcaagggcagcggcagcaccgccaacctggccagcagcaactacttccccaccccca

gcggcagcatggtgaccagcgacgcccagatcttcaacaagccctactggctgcagagagcccagggccacaacaacggcatctgctg

gggcaaccagctgttcgtgaccgtggtggacaccaccagaagcaccaacatgagcctgtgcgccgccatcagcaccagcgagaccacc

tacaagaacaccaacttcaaggagtacctgagacacggcgaggagtacgacctgcagttcatcttccagctgtgcaagatcaccctgaccg

ccgacgtgatgacctacatccacagcatgaacagcaccatcctggaggactggaacttcggcctgcagcccccccccggcggcaccctg

gaggacacctacagattcgtgaccagccaggccatcgcctgccagaagcacaccccccccgcccccaaggaggaccccctgaagaagt

acaccttctgggaggtgaacctgaaggagaagttcagcgccgacctggaccagttccccctgggcagaaagttcctgctgcaggccggc

ctgaaggccaagcccaagttcaccctgggcaagagaaaggccacccccaccaccagcagcaccagcaccaccgccaagagaaagaa

gagaaagctgtga 

 

Figure A.1 HPV16 L1 human codon optimized capsid sequence 
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atgagcctgtggctgcccagcgaggccaccgtgtacctgccccccgtgcccgtgagcaaggtggtgagcaccgacgagtacgtggcca

gaaccaacatctactaccacgccggcaccagcagactgctggccgtgggccacccctacttccccatcaagaagcccaacaacaacaag

atcctggtgcccaaggtgagcggcctgcagtacagagtgttcagaatccacctgcccgaccccaacaagttcggcttccccgacaccagct

tctacaaccccgacacccagagactggtgtgggcctgcgtgggcgtggaggtgggcagaggccagcccctgggcgtgggcatcagcg

gccaccccctgctgaacaagctggacgacaccgagaacgccagcgcctacgccggctgcatcaagccccaccagggccagcacatctg

caacgacgagggcgccaacgccggcgtggacaacagagagtgcatcagcatggactacaagcagacccagctgtgcctgatcggctgc

aagccccccatcggcgagcactggggcaagggcagcccctgcaccaacgtggccgtgaaccccggcgactgcccccccctggagctg

atcaacaccgtgatccaggacggcgacatggtggacaccggcttcggcgccatggacttcaccaccctgcaggccaacaagagcgaggt

gcccctggacatctgcaccagcatctgcaagtaccccgactacatcaagatggtgagcgagccctacggcgacagcctgttcttctacctg

agaagagagcagatgttcgtgagacacctgttcaacagagccggcgccgtgggcgagaacgtgcccgacgacctgtacatcaagggca

gcggcagcaccgccaacctggccagcagcaactacttccccacccccagcggcagcatggtgaccagcgacgcccagatcttcaacaa

gccctactggctgcagagagcccagggccacaacaacggcatctgctggggcaaccagctgttcgtgaccgtggtggacaccaccaga

agcaccaacatgagcctgtgcgccgccatcagcaccagcgagaccacctacaagaacaccaacttcaaggagtacctgagacacggcg

aggagtacgacctgcagttcatcttccagctgtgcaagatcaccctgaccgccgacgtgatgacctacatccacagcatgaacagcaccat

cctggaggactggaacttcggcctgcagcccccccccggcggcaccctggaggacacctacagattcgtgaccagccaggccatcgcct

gccagaagcacaccccccccgcccccaaggaggaccccctgaagaagtacaccttctgggaggtgaacctgaaggagaagttcagcgc

cgacctggaccagttccccctgggcagaaagttcctgctgcaggccggcctgaaggccaagcccaagttcaccctgggcaagagaaag

gccacccccaccaccagcagcaccagcaccaccgccaagagaaagaagagaaagctgtga 

 

Figure A.2 HPV16 L1 human codon optimized capsid sequence with the VGB sequence 

inserted into the DE loop region. The highlighted region indicates the inserted VGB sequence. 

The GGC bases that are coloured in red are linker sequences placed before and after the inserted 

VGB sequence.   
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atgagcctgtggctgcccagcgaggccaccgtgtacctgccccccgtgcccgtgagcaaggtggtgagcaccgacgagtacgtggcca

gaaccaacatctactaccacgccggcaccagcagactgctggccgtgggccacccctacttccccatcaagaagcccaacaacaacaag

atcctggtgcccaaggtgagcggcctgcagtacagagtgttcagaatccacctgcccgaccccaacaagttcggcttccccgacaccagct

tctacaaccccgacacccagagactggtgtgggcctgcgtgggcgtggaggtgggcagaggccagcccctgggcgtgggcatcagcg

gccaccccctgctgaacaagctggacgacaccgagaacgccagcgcctacgccgccaacgccggcgtggacaacagagagtgcatca

gcatggactacaagcagacccagctgtgcctgatcggctgcaagccccccatcggcgagcactggggcaagggcagcccctgcaccaa

cgtggccgtgaaccccggcgactgcccccccctggagctgatcaacaccgtgatccaggacggcgacatggtggacaccggcttcggc

gccatggacttcaccaccctgcaggccaacaagagcgaggtgcccctggacatctgcaccagcatctgcaagtaccccgactacatcaag

atggtgagcgagccctacggcgacagcctgttcttctacctgagaagagagcagatgttcgtgagacacctgttcaacagagccggcgcc

gtgggcgagaacgtgcccgacgacctgtacatcaagggcagcggcagcaccgccaacctggccagcagcaactacttccccaccccca

gcggcagcatggtgaccagcgacgcccagatcttcaacaagccctactggctgcagagagcccagggccacaacaacggcatctgctg

gggcaaccagctgttcgtgaccgtggtggacaccaccagaagcaccaacatgagcctgtgcgccgccatcagcaccagcgagaccacc

tacaagaacaccaacttcaaggagtacctgagacacggcgaggagtacgacctgcagttcatcttccagctgtgcaagatcaccctgaccg

ccgacgtgatgacctacatccacagcatgaacagcaccatcctggaggactggaacttcggcctgcagcccccccccggcggcaccctg

gaggacacctacagattcgtgaccagccaggccatcgcctgccagaagggctgcatcaagccccaccagggccagcacatctgcaacg

acgagggcccccccgcccccaaggaggaccccctgaagaagtacaccttctgggaggtgaacctgaaggagaagttcagcgccgacct

ggaccagttccccctgggcagaaagttcctgctgcaggccggcctgaaggccaagcccaagttcaccctgggcaagagaaaggccacc

cccaccaccagcagcaccagcaccaccgccaagagaaagaagagaaagctgtga 

 

Figure A.3 HPV16 L1 human codon optimized capsid sequence with the VGB sequence 

inserted into the H4 helix region. The highlighted region indicates the inserted VGB sequence. 

The GGC bases that are coloured in red are linker sequences placed before and after the inserted 

VGB sequence.   
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Appendix B 

Media and buffer compositions  
Table B.1 Composition of media and buffers used for experiments 

 

Media/Buffer Name Composition  

LB Broth  12.5 g of LB (containing tryptone, yeast extract, and NaCl) in 500 

mL of MilliQ water 

LB Agar 12.5 g of LB (containing tryptone, yeast extract, and NaCl), 6.5 g 

of agar in 500 mL of MilliQ water 

DMEM + 10% FBS 6.7 g of DMEM powder and 50 mL of FBS, in 500 mL of MilliQ 

water  

1X Wash Buffer (TBS-

T) 

20 mM Tris HCl (pH = 7.4), 150 mM NaCl, and 0.1% (w/v) 

Tween 20 in 1L of MilliQ water 

1X Wash Buffer (PBS-

T) 

137 mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, 1.8 mM KH2PO4, 

and 0.1% (w/v) Tween 20 in 1L of MilliQ water 

Blocking Buffer (5% 

skim milk) 

5 g of skim milk in 100 mL of TBS-T or PBS-T 

10X Running Buffer 30 g Tris base, 144 g glycine, and 10 g SDS in 1L of MilliQ water 

10X Running Buffer 

(non-denaturing) 

30 g Tris base and 155 g glycine in 1L of MilliQ water 

RIPA Buffer 25 mM Tris HCl pH 7.6, 150 mM NaCl, and 1% NP-50 in 100 mL 

of MilliQ water  

DMEM: Dulbecco’s Modified Eagle Medium; FBS: fetal bovine serum; LB: Luria Burtani; PBS-

T: phosphate-buffered saline/tween; SDS: sodium dodecyl sulfate; TBS-T: tris-buffered 

saline/tween 
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Appendix C 

Comparative study for VLP selection 

Table C.1 Comparative study for VLP selection with scoring rubric  

Virus Ease of Characterization/ 

Production 

Immunogenicity Peptide 

Fusion 

Tolerance 

Final  

Score 

HPV -non-enveloped - easier to 

characterize, produce and 

purify (Buonaguro et al., 2011; 

Naskalska & Pyrć, 2015) (+2) 

-single protein (L1 capsid 

protein) required for VLP 

assembly (+2) 

-well characterized VLP 

(Deschuyteneer et al., 2010; 

Zhao et al., 2014) (+1) 

-generally, HPV L1 proteins 

don’t assemble into VLPs in 

bacterial cells (Bang et al., 

2016) (-1)  

-in mammalian cells high 

concentration of L1 is required 

for VLP production 

(Mossadegh et al., 2004) (-1) 

-induces high humoral 

and cellular immune 

responses (Bellone et al., 

2009; D. M. Harper et 

al., 2006; Toh et al., 

2015; Villa et al., 2006) 

(+1) 

-HPV VLP vaccines 

extensively studied for 

immunogenicity and 

safety in patients 

(Buonaguro et al., 2011) 

(+1) 

-some pre-existing 

neutralizing Abs against 

HPV in humans (J. W. 

Wang & Roden, 2013) (-

1)  

-L1 protein can 

be easily fused 

to peptides for 

VLP display 

(Huber et al., 

2017; Varsani 

et al., 2003; 

Yadav et al., 

2019) (+1) 

  

 

Score + 3 + 1 +1  +5 

AAV -non-enveloped - easier to 

characterize, produce and 

purify (Backovic et al., 2012; 

Naskalska & Pyrć, 2015) (+2) 

-stable and can form over a 

variety of pH and temperatures 

(Nieto et al., 2012; Xie et al., 

2002) (+1) 

-requires co-expression with an 

associated protein (encoded 

within a different frame of the 

right ORF) for VLP production 

and expression without the 

associated protein resulted in 

less efficient production (Le et 

al., 2019) (-1) 

-VP3 alone can form VLPs but 

requires a nuclear localization 

-requires high doses to 

stimulate a potent 

immune response (-1) 

-wide pre-existing 

immunity in humans  

(-1) 

-strong Ab response 

induction and enhances 

Ab response against 

display peptides 

(Manzano-Szalai et al., 

2014) (+1)  

-successful 

VLP display 

using the VP3 

protein have 

been shown 

(Manzano-

Szalai et al., 

2014; Nieto et 

al., 2012) (+1) 

-peptide 

insertions at aa 

position 587 

and 588 of 

AAV2 has 

been well 

studied 

(Boucas et al., 

2009; 
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signal fusion (Hoque et al., 

1999) (-1) 

Manzano-

Szalai et al., 

2014)   
Score +1  -1 +1  +1 

HBV -non enveloped – easier to 

characterize, produce and 

purify (Naskalska & Pyrć, 

2015; Spice et al., 2020) (+2)  

-single protein required for 

VLP production (HBV core 

antigen) (Miyanohara et al., 

1986) or the HBV surface 

antigen (Bayer et al., 

1968) (+2) 

-HBV surface antigen VLP 

licensed however HBV core-

based vaccine has not been 

licensed (Buonaguro et al., 

2011) (+1) 

-HBV core VLPs can be 

produced in a variety of 

expression systems including 

Escherichia coli (E. coli) 

(Pumpens & Grens, 2001; 

Zeltins, 2013) (+1) 

- concerns regarding particle 

instability (Lu et al., 2015) (-2) 

-HBV core not used to existing 

without encompassing nucleic 

acid which could explain its 

instability (Lu et al., 2015) (-2) 

-HBV core protein can 

increase the 

immunogenicity against 

display peptides 

(Geldmacher et al., 2004; 

J. Guo et al., 2019) (+1) 

-HBV surface antigen 

less immunogenic 

compared to core protein 

(J. Guo et al., 2019) (-1) 

-commercially available 

HBV vaccines based on 

the surface antigen show 

induction of potent 

immune responses 

(Buonaguro et al., 2011; 

West & Calandra, 1996) 

(+1) 

  

-effective 

peptide display 

within the 

major 

immunodomi-

nant region 

and c-terminal 

of the core 

protein (Aston-

Deaville et al., 

2020) (+1) 

  

 

Score +2 +1 +1 +4 

IV -enveloped – harder to 

characterize and produce, and 

contains host membrane 

proteins (Buonaguro et al., 

2011; Dai et al., 2018; 

Naskalska & Pyrć, 2015) (-2) 

-can be produced using one 

protein (D’Aoust et al., 2010) 

(+2), however, most use a 

combination of more than one 

protein (McCraw et al., 2018) 

(-1)  

-wide pre-existing 

immunity in humans due 

to infection and previous 

vaccination (M.-C. Kim 

et al., 2014) (-1) 

-demonstrates protective 

effects, cross reactive 

responses, and high 

serum Ab levels (Bright 

et al., 2007; Buonaguro 

et al., 2011; Quan et al., 

2007) (+1)  

-presence of 

host membrane 

proteins in 

enveloped 

VLPs can 

influence 

display of 

fusion peptides 

(Buonaguro et 

al., 2011; Dai 

et al., 2018; 

Naskalska & 

Pyrć, 2015)  

(-1) 
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Score -1 0 -1 -2 

CoV -enveloped – harder to 

characterize and produce, and 

contains host membrane 

proteins (Buonaguro et al., 

2011; Dai et al., 2018; 

Naskalska & Pyrć, 2015) (-2) 

-more than one protein 

required for VLP assembly 

(varied combinations of the 

spike, membrane, envelope and 

nuclear proteins) in previous 

studies (Siu et al., 2008) (-2)  

-coronavirus strains show 

oncolytic activity and can 

induce anti-tumour 

immune responses 

(Verheije et al., 2006; 

Würdinger et al., 2003; 

Würdinger et al., 2005) 

(+1)  

-presence of 

host membrane 

proteins in 

enveloped 

VLPs can 

influence 

display of 

fusion peptides 

(Buonaguro et 

al., 2011; Dai 

et al., 2018; 

Naskalska & 

Pyrć, 2015) 

(-1) 

 

Score -4 +1 -1 -4 

CPMV -non enveloped – easier to 

characterize, produce and 

purify (Naskalska & Pyrć, 

2015; Spice et al., 2020) (+2) 

-CPMV VLPs cannot be 

produced in E. coli or yeast. 

Only insect or plant cells can 

be used (Rohovie et al., 2017; 

Saunders et al., 2009; 

Steinmetz et al., 2011) 

-coat proteins cannot be 

obtained in sufficient quantities 

(Rohovie et al., 2017; Saunders 

et al., 2009; Steinmetz et al., 

2011) (-1) 

-complex requirements for 

VLP formation – efficient 

production of VLP only when 

L and S proteins are released 

from RNA-2 polyproteins or 

VP60 (Saunders et al., 2009)  

(-2) 

-can stimulate anti-

tumour immunity that 

promotes 

oncolysis (Albakri et al., 

2020; Lizotte et al., 

2016; Shukla et al., 

2020) (+1) 

-plant-based virus makes 

it safe for human 

application (Steinmetz et 

al., 2011) (+1) 

-successful 

display of 

ligands on its 

surface 

(Rohovie et al., 

2017) (+1)  

 

Score -2 +2 +1 +1 

HIV -enveloped – harder to 

characterize and produce, and 

contains host membrane 

proteins (Buonaguro et al., 

2011; Dai et al., 2018; 

Naskalska & Pyrć, 2015) (-2) 

-HIV gag matrix protein 

could trigger nonspecific 

immune responses and 

cause unwanted side 

effects (Nika et al., 2019) 

(-1) 

-successful 

peptide/protein 

display (Nika 

et al., 2017, 

2019) (+1)  
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-single protein required for 

VLP assembly (gag matrix 

protein, pr55 gag protein) 

(Deml et al., 2005; Nika et al., 

2017, 2019) (+2) 

-able to induce 

maturation of DCs and 

macrophages, and 

increase production of 

cytokines and activated T 

and B-cells (Sailaja et al., 

2007) (+1) 

Score 0 0 +1 +1 

aa: amino acid; AAV: adeno-associated virus; CPMV: cowpea mosaic virus; CoV: coronavirus; 

DC: dendritic cell; HBV: hepatitis B virus; HIV: human immunodeficiency virus; HPV: human 

papillomavirus; IV: influenza virus; ORF: open reading frame; VLP: virus-like particle 

1 The scores ((+) = positive attribute; (-) = negative attribute) indicate the level of the major 

features (ease of characterization/production, immunogenicity, and peptide fusion tolerance) that 

are characteristic of each VLP listed based on their benefits and limitations outlined in previous 

studies. 
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Appendix D 

Cloning data for DNA-VLP plasmid construction  

A)         1                    2                     3             B)         1                         2                       3 

                        

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.1. Agarose gel of restriction enzyme digestion reactions. The pGL2-CMV-gfp and 

pUC57-L1 plasmids were digested with NotI HF and PmeI and subsequently run on a 0.8% gel 

for 1 h and 30 min at 88 V.  A) Agarose gel of the digested pGL2-CMV-gfp plasmid. Lane 1: 1kb 

DNA FroggoBio (Concord, CA) Ladder (Catalogue No. DM010-R500). The size of the DNA 

ladder bands is indicated on the left side of the image in kb; Lanes 2 and 3: pGL2-CMV-gfp 

restriction digest reactions. B) Agarose gel of the digested pUC57 L1 plasmid. Lane 1: 1kb Plus 

DNA FroggoBio (Concord, CA) Plus Ladder (Catalogue No. DM015-R500). The size of the DNA 

ladder bands is indicated on the left side of the image in kb; Lanes 2 and 3: pUC57 L1 restriction 

digest reactions. 
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Figure D.2. Transformation of competent JM109 E. coli cells with ligation reactions. A) LB 

+ Amp agar plate of transformed competent JM109 cells with a ligation reaction containing the 

backbone vector (pGL2-CMV) and insert (L1); B) LB + Amp agar plate of transformed competent 

JM109 cells with a ligation reaction of the cut backbone vector (pGL2-CMV); C) LB + Amp agar 

plate of competent JM109 cells; D) LB + Amp agar plate of transformed competent JM109 cells 

with a ligation reaction containing no DNA.  
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A)      1             2               3           4              5         B)    1              2          3            4         5 

 

 

 

 

 

 

 

 

 

 

 

Figure D.3. Agarose gels of pGL2-CMV-L1 PCR amplification with VGB primers. The PCR 

reactions and gel extractions were run on a 0.8% gel for ~ 1 h and 30 min at 88 V. A) pGL2-CMV-

L1 PCR amplification reaction with VGB H4 forward and reverse primers (Table 5). Lane 1: 1kb 

FroggoBio (Concord, CA) DNA ladder (Catalogue No. DM010-R500). The size of the DNA 

ladder bands is indicated on the left side of the image in kb; Lanes 2 and 3: PCR reaction containing 

no plasmid DNA; Lanes 4 and 5: PCR reaction of pGL2-CMV-L1 plasmid amplified with VGB 

H4 forward and reverse primers. B) Gel extraction of pGL2-CMV-L1 PCR amplification with 

VGB H4 forward and reverse primers. Lane 1: 1kb FroggoBio (Concord, CA) DNA ladder 

(Catalogue No. DM010-R500). The size of the DNA ladder bands is indicated on the left side of 

the image in kb; Lane 2: pGL2-CMV-L1 plasmid; Lane 3: pGL2-CMV-L1 digested with NotI HF 

(linearized); Lanes 4 and 5: Gel extracted pGL2-CMV-L1 PCR product amplified with VGB H4 

forward and reverse primers.  

 

  

 

 

 


