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ABSTRACT 

 

Human papillomaviruses (HPV) are a group of non-enveloped DNA viruses, 

which are notorious for their association with multiple diseases such as genital warts, 

anogenital and oropharyngeal tumors, and virtually all cervical tumors. It has been known 

that persistent HPV infection, especially the high-risk types, are a main factor of 

tumorigenesis. Tumor cell implantation models were traditionally used to study HPV-

associated tumor models; however, implantation models display characteristics that are 

quite different from the tumors that form spontaneously by the expression of HPV 

oncoproteins. Although a traditional transgenic mouse model does lead to the generation 

of spontaneous tumor, the formation of tumor is inconsistent and faces the issue of 

immune tolerance, in which tumor antigens are treated as self-antigens and won’t be 

cleared by the host’s immune system. The field of cancer immunotherapy is evolving and 

has shown great promise. Therefore, we are interested in generating HPV-associated 

spontaneous tumor models, which can not only recapitulate clinically relevant disease 

progression but can also overcome immune tolerance issues with a capability for 

immunotherapy. In the current thesis, I present several relevant HPV+ spontaneous tumor 

models. In Chapter 2, I describe the development of a spontaneous buccal tumor model, 

arising from plasmid combination including HPV16 E6/E7, NRASG12V and transposase 

SB100, which is capable of metastasizing and is useful for testing immunotherapies. In 

Chapter 3, in order to improve the histologic characteristics of the spontaneous tumor 

described in Chapter 2, I utilize keratinocyte-restricted promoter K14 to drive either 

HPV16 E6/E7 or transposase SB100 to generate a clinically relevant carcinoma. In 
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Chapter 4, I replace oncogene NRASG12V with AKT to generate a clinically relevant 

carcinoma.  

 

Taken together, my thesis utilized different plasmids combinations to develop 

spontaneous tumor in either buccal mucosa or lower third vaginal mucosa. The buccal 

HPV+ models recapitulate the clinical disease progression, while the cervico-vaginal 

models represent the clinically-relevant squamous cell carcinoma. Although there is room 

to improve both of these models, they are undoubtedly very useful in future tumor 

microenvironment, tumor biology and immunotherapy research.  
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CHAPTER 1 

 

Introduction 

 

Malignant disease caused by HPV infection is a global health issue. 

The relationships between malignant cancers and certain infectious pathogens, 

such as Hepatitis B viruses and hepatocellular carcinoma, or Helicobacter pylori and 

stomach cancer, have been well documented. On a global scale, about one in six new 

diagnosed cancers is associated with a certain type of infection, including viruses, 

bacteria or parasitic infections. (1,2) There are around 5.5 million new cases of human 

papillomavirus (HPV) infections globally reported every year (3). In the United States, 

estimated annual medical cost burden of preventing and treating HPV-associated disease 

was around $8.0 billion (2010 U.S. dollars). (4-7). HPV has been identified as the 

etiological factor of several types of malignancies, and is perhaps best known for being 

responsible for several ano-genital cancers including, nearly 100% of cervical cancer 

cases, around 95% of anal cancers, 65% of vaginal cancers, 50% of vulvar cancers and 

around 35% of penile cancers (8). In addition, HPV is also responsible for nearly 70% of 

oropharyngeal cancers. Most HPV-associated malignancies are caused by HPV type 16. 

Only two HPV types, 16 and 18, are responsible for about 70% of all cervical cancers (9). 

Additionally, in the United States, more than half of cancers diagnosed in the oropharynx 

are linked to HPV type 16 (10).  

 

In spite of the availability of preventive HPV vaccines, it cannot be used for the 
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population who already have an existing HPV infection. This population is at risk of 

getting cancer; therefore, there is a great need for a cancer disease model for HPV 

infection that researchers can use to evaluate therapeutic intervention to control disease 

progression.  

 

There is a great need to develop an HPV-infection tumor model. 

Nowadays there are a few choices of preventive HPV vaccines, including 

Gardasil (Merck & Co., FDA approved in 2006), which covers HPV genotypes 6, 11, 16, 

18, Cervarix (GlaxoSmithKline, FDA approved in 2009), which covers HPV genotypes 

16 & 18, and newly released Gardasil 9 (Merck & Co., FDA approved in 2014), which 

covers genotypes 6, 11, 16, 18, 31, 33, 45, 52, 58. These vaccines can effectively prevent 

primary infection, but cannot be used as a therapeutic treatment strategy. For patients 

with detectable HPV infection, the only available treatment methods involve close 

follow-up until immune clearance. Previous publications have shown that more than 90% 

of new HPV infections, including those with high-risk types, can be cleared or become 

undetectable within two years, with most clearance occurring in the first 6 months after 

infection (11-14). However, the chance of persistent infection with high-risk HPV types 

puts infected patients at a greater risk of suffering from cervical cancer precursors and 

invasive cervical cancer (15-17). Although most HPV infections are temporary and 

asymptomatic, causing no clinical manifestations, failed control of persistent infection 

can induce precancerous lesions and invasive cancer. Furthermore, with the uncertainty 

of viral clearance and the risk of developing cancerous lesions, the psychological burden 

of patients with HPV infection is enormous. In addition, frequent speculum examination 
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and colposcopy also cause physical burden, not to mention the expense of time and 

money. Therefore, my thesis studies have aimed to develop a preclinical spontaneous 

tumor model, which can be utilized to evaluate therapeutic strategies in clearing HPV 

infection as well as prevent tumor formation after HPV infection.  

 

Characteristics of HPV infection restrict the development of in vivo models. 

HPVs are a large group of non-enveloped DNA viruses with an outer protein 

capsid. Inside is the viral genome, a circular, double stranded DNA containing about 

8000 base pairs in size and encode eight genes as shown in Figure 1 (18,19). There are 

more than 200 types of HPV that have been identified. Based on the sequence of the 

major coat protein of the virus, the L1 nucleotide sequence, these human 

papillomaviruses can be further divided into five phylogenetic groups: alpha- (α), beta- 

(β), gamma- (γ), mu-(μ), and nu- (ν) papillomaviruses (20). Papillomaviruses (PV) have 

co-evolved with their various hosts over millions of years resulting in genotype-specific 

host-restriction. This means that there is no cross-species transmission and the molecular 

mechanisms and disease associations are not shared between divergent PVs (21,22). 

Therefore, it is impossible to infect species other than humans with normal human 

papillomavirus. 

 

Other than the genotype, these HPVs also show diversity in epithelial tropism and 

pathogenicity. In other words, the most discrete characteristics of HPV groups are their 

preference of particular anatomical sites with site-specific patterns of gene expression 

and gene function (23). The alpha-type HPV is the largest phylogenetic group, which can 
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be further categorized by cutaneous and mucosal tropism. Mucosal type HPVs can be 

classified into two subtypes based on their association with cancer. High-risk types, such 

as HPV types 16 and 18 are more closely associated with malignant tumors; while low-

risk types, such as HPV 6 and 11, are more associated with benign condyloma (22,23).  

 

The lifecycle between low and high risk type HPV is also different. High-risk type 

HPVs drive aggressive cell transformation and proliferation after infecting basal cells. 

Alternatively, low-risk type HPVs divide slowly, remaining in the epithelium basal layer 

as transit-amplifying cells that differentiate to complete their life cycles (20). HPV infects 

basal membrane cells through a wound area or abrasion in the epithelium. Because HPV 

does not encode DNA polymerase in its genome, the lifecycle of the virus requires 

replication machinery from the host’s genome. After entering the host cells and uncoating 

the capsid, viral DNA is transferred to the cell nucleus and maintained in basal cells at 

low copy numbers around 50-100 copies (24). In normal stratified epithelial cells, the 

basal cells would divide, migrate, change shape and finally terminally differentiate into 

cornified cells on the epithelial surface. Once the basal cells detach from the basement 

membrane, they will exit the cell cycle, suppress replication and stop dividing. In order to 

maintain the viral genome, the major oncoprotein E6/E7 degrades p53, disrupting the 

interaction between Rb and E2F, and hijacks the silenced cell cycle resulting in rapid cell 

proliferation (25,26). The viral genome will be amplified to thousands of copies in the 

spinous layer of the epidermis with tremendous amplification and late gene expression in 

the terminal cornified layer. Late genes L1/L2, which are responsible for the capsid coat, 

will not be expressed until the viral genome is ready to be released from surface cornified 
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cells. Although L1 and L2 are immunogenic, the immune surveillance function is poor in 

the epithelial surface (27). Therefore, this unique lifecycle enables HPV to escape from 

immune-surveillance.  

 

Limitations of traditional HPV tumor models gave us space for improvement. 

With species-restricted infection, strict squamous epithelial tropism, and 

differentiation-dependent life cycle, the development of an ideal HPV-associated cancer 

model has had a long history. The most well-established in vitro model uses immortalized 

HPV-infected keratinocytes in organotypic raft culture to study productive lifecycle of 

HPV, especially several high-risk types (28-31). However, some tumor biology questions, 

such as process of disease progression or host immune system reaction, cannot be 

addressed without in vivo animal models. Due to the papillomaviruses species-restricted 

infection manner, HPV can only infect and complete their life cycle in the human body. 

In addition, the susceptibility of developing precancerous or invasive cancer lesions from 

an HPV infection is limited to certain epithelial areas, such as the cervical transformation 

zone, the anal transformation zone, and the oropharynx (20,32). All these characteristics 

hamper the development of an HPV+ tumor animal model. Although traditional models, 

which use animal papillomaviruses to infect their natural hosts (summarized in Table 1), 

are of great value, the characteristics of limited cross-species transmission suggests 

different molecular mechanisms between divergent PVs (21,33). Therefore, different 

papillomavirus species models are limited in their accurate representation of the 

molecular mechanism of gene expression and behavior of infected cells from HPV 

infection.  
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For HPV in vivo models, early studies used HPV-infected human tissue 

fragments, such as cervix or foreskin tissue and performed xenografts in athymic 

immunocompromised mice to reproduce some of the histologic features of HPV infection 

(34-41). Although these models showed histologic features of HPV infection and contain 

HPV antigen and DNA from type 16, the production of virions and the passage of the 

infection to uninfected tissue were not demonstrated. Later on, W. Bonnez et al. used 

human foreskin fragments infected with high-risk HPV16 and implanted them into 

several combined immunodeficient mice (42). Although this model caused lesions 

identical to intraepithelial neoplasia, the precursor to carcinoma, the tumor 

microenvironment was different from clinical infection-to-cancer progression with 

different anti-infection immunity. 

 

Another area of HPV animal models involves the implantation of immortalized 

tumor cell lines with persistent expression of oncogenes from high risk HPV types. These 

have been widely used for anti-tumor therapeutic evaluation, especially for the 

development of HPV vaccines (43-46). The most widely used is the TC-1 cell line, which 

was originated from C57BL/6 mice lung epithelial cells expressing HPV16-E6, E7 and 

activated human c-Ha-ras genes (47). Another well-known cell line is C3, which was 

originated from C57BL/6 embryonic cells transfected with a plasmid containing the 

complete HPV16 genome (48).  However, considering the mechanism of spontaneous 

tumorigenesis after persistent infection, these tumor challenge models have similar issues 

to the xenograft transplantation models. They are not able to accurately address the tumor 
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microenvironment and the mechanisms which enable the tumor to escape immune-

surveillance. To improve these limitations, transgenic animal models were developed to 

express viral gene products constitutively under exogenous promoter control (49-52). For 

the high-risk α-HPV types, Lambert PF and his colleagues have done a lot of the work 

using transgenic mice (49,52-56). They used either single transgenic, bi-transgenic or tri-

transgenic mice with high-risk HPV16 E6/E7 or combined other oncogenes to evaluate 

the molecular function of individual genes. They also examined the consequences of 

HPV16 E6/E7 expression under the control of the basal cell promoter keratin 14 (52) for 

site-specific expression or time-specific expression using ligand-regulated transgene 

expression (56). Although those transgenic mice can resemble disease progression from 

transformed epithelial cells, these transgenic models are limited by tumor generation rate. 

Furthermore, it may take from 8-12 months to generate malignant cancer in 30-40% mice 

(57,58). In addition, these transgenic mouse models continuously express HPV 

oncogenes E6/E7. The immunity against HPV oncogenes are tolerized because the 

immune system recognizes these oncogenes as self antigens. This is quite different from 

clinical infection in which the immune system meets the foreign antigens for the first 

time upon HPV infection. This means that transgenic mice cannot be used to evaluate 

immunotherapy strategies due to the issue of immune tolerance. In addition, these 

transgenic mice express HPV throughout their whole body, which cannot recapitulate the 

tumor microenvironment of the clinically localized disease. All these limitations warrant 

the development of an improved HPV+ preclinical tumor model.  

 

An ideal HPV infection-cancer animal model would: 
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1. Resemble a complete viral life cycle  

2. Recapitulate anatomical predilections for disease 

3. Mimic a clinically relevant tumor microenvironment 

4. Form spontaneous tumors with clinically relevant disease progression 

5. Be compatible with evaluating immunotherapy  

 

Sleeping Beauty Transposon system helps to generate a promising tumor model 

After HPV infection, the viral DNA needs to integrate into the host genome to 

utilize the host’s replication machinery to complete its lifecycle. In order to recapitulate 

the clinical HPV lifecycle, we hypothesized that local injection of high risk HPV16 

E6/E7 DNA can mimic HPV infection. To efficiently introduce the plasmids DNA into 

mice epithelial cells, we use electroporation. Electroporation is a physical transfection 

method that uses an electrical pulse to create temporary pores in cell membranes through 

which substances like nucleic acids can pass into cells. Electroporation has been shown to 

be a highly efficient tool used to introduce foreign nucleic acids into many cell types, 

including bacteria and mammalian cells (59).  

 

Although electroporation achieves very stable transfection, the gene expression is 

typically transient. Because we wanted to generate a long-term HPV infection model 

resulting in carcinogenesis, we used the Sleeping Beauty (SB) transposable element 

system delivered as plasmid DNA to achieve chromosomal integration and long-term 

expression which can mimic viral DNA integration(60). Sleeping Beauty is a synthetic 

transposable element composed of a transposon DNA substrate and a transposase 
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enzyme. SB transposase regulates excision and insertion of transposon DNA into a TA 

dinucleotide of the host genomic DNA in a cut-and-paste manner (61). Previously, 

Wiesner et al. utilized the SB system to induce brain tumors in mice, de novo using 

plasmid DNA (62). We modeled this design by using a transposase plasmid and 

transposon plasmid. The transposon plasmid contained the SB transposase enzyme to 

initiate chromosome integration and long-term expression of high-risk HPV oncogenes. 

 

After addressing the issue of transfection efficiency and long-term gene 

expression, the next step was addressing tumor generation rate. Previous transgenic mice 

models have shown that high risk HPV E6/E7 alone is not enough to efficiently generate 

malignant tumors; therefore, we were interested in combining E6/E7 with other 

oncogenes. The RAS oncogene has high tumorigenesis potency with a promising tumor 

generation rate, as described in a previous publication (62). In addition, the synergistic 

effect between RAS and E6/E7 genes in cellular transformation has been well 

documented (63,64). Although cervical cancer is the most clinically relevant HPV 

malignancy, the cervix is a challenging area to study. As a result, I first tested my 

hypothesis using the mouse buccal area, which is representative of the subset of HPV-

associated oropharyngeal carcinomas. In Chapter 2, we utilized HPV16 E6/E7 combined 

with NRASG12V oncogene to generate a preclinical buccal tumor model. This part of the 

dissertation has been submitted for publication. In Chapter 3, we utilized keratinocyte-

restricted promoter K14 to drive HPV16 E6/E7 in the tumor model. Lastly, in Chapter 4, 

we utilized HPV16 E6/E7 combined with AKT plasmids DNA in a cervico-vaginal tumor 

model to generate a clinically-relevant carcinoma. (65).   
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In summary, my thesis work provides a usable, alternative HPV+ spontaneous 

tumor model with cost and time-efficient properties. In our buccal model we show its 

capability for immunotherapy as well as regional metastasis, which recapitulates clinical 

disease progression. In our cervico-vaginal tumor model, the combination of HPV16 

E6/E7 and AKT caused clinically relevant carcinomas. I believe both of these models will 

be excellent candidates to evaluate cancer immunotherapy because they do not posses the  

issue of immune tolerance as compared to transgenic mice models. In addition, because 

of the properties of localized spontaneous tumor formation followed by regional lymph 

node metastasis, these models can be used to study tumor microenvironment, tumor 

biology and metastasis biology.  
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Figure 1. The HPV16 genome. The HPV genome encodes eight genes. Six of these are 

early genes, E1, E2, E4, E5, E6, E7, which are non-structural proteins. In these non-

structure proteins, E6 and E7 are the most well-known onco-proteins, which are 

associated with degradation of p53 and pRb. E1 is an ATP-dependent helicase and is 

responsible for viral genome replication. E2 is a coactivator through the recruitment of 

E1 to viral replication origin and plays a role as E6/E7 transcription factor. E4 is 

associated with viral transmission and E5 is a small transmembrane protein contributing 

to evade immune response. The remaining two, the late genes (L1, L2), are structural 

proteins, in which L1 is the major and L2 is the minor capsid protein. (20) 
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Table 1.  Summary of animal papillomaviruses models (66-78) 
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CHAPTER 2 

 

Generation of a spontaneous HPV+ oral tumor model by submucosal injection of 

oncogenic DNA plasmids with electroporation    

 

Introduction 

As described in Chapter 1, HPVs are responsible for causing a multitude of 

diseases ranging from benign warts to lethal malignant tumors (79). Persistent infections 

with high risk HPV type (i.e. HPV type 16 and 18) are associated with precancerous 

lesions, and sometimes progress into invasive cancer (80,81). In the case of HPV-positive 

head and neck squamous cell carcinoma (HNSCC), patients do not usually present 

symptoms until an advanced stage, during which lymph node metastasis is common 

(82,83). Typically, surgery, radiation therapy, and chemotherapy are used for the 

treatment of HPV-associated head and neck cancer; however, these therapeutic methods 

often result in irreversible damage to anatomical structure as well as reduced quality of 

life (84-86). It has been suggested that anti-tumor immunogenicity and the tumor immune 

microenvironment is important for tumor prognosis. Many attempts have been made to 

generate HPV tumor models useful for the evaluation of candidate immunotherapeutic 

agents against HPV-associated head and neck cancers that have the potential to be better 

tolerated and more effective than existing conventional therapies (70).  

 

Traditionally preclinical HPV+ oral tumor models were generated by implanting 

tumor cell lines immortalized by HPV oncogenes into the oral cavity of mice (45,87,88). 
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One major drawback of these tumor challenge models is their inability to capture major 

aspects of tumorigenesis caused by HPV infection, including the processes of cellular 

transformation after viral entry, as well as the disease progression from precancerous 

lesion to invasive cancer (89). An alternative method used to create a preclinical HPV 

tumor model involves the generation of immunocompetent transgenic mice that expresses 

the HPV oncogenes E6 and E7 (49-52,56,90). However, because the conventional 

transgenic tumor model continuously expresses HPV16 E6 and E7, the mice become 

immunotolerant to these oncogenes, rendering the model less effective at evaluating 

immunotherapy (70). Zhong et al has recently published an inducible transgenic HPV+ 

oral tumor model that may be able to circumvent the immune tolerance issue (91). 

However, since the HPV16 E6 and E7 becomes universally expressed in the epithelium 

after induction, the anti-tumor immunogenicity is expected to be different from that of the 

clinically localized tumor. As a result, there is still room to improve preclinical HPV oral 

tumor models. The ideal preclinical HPV oral tumor model should possess the following 

characteristics: 1) forms spontaneous, localized, HPV+ oral tumor with clinically relevant 

histology, 2) displays an immune microenvironment that closely resembles that of HPV+ 

oral tumor in patients, 3) the tumor-bearing mice can respond appropriately to immune 

therapies and generate anti-tumor immunity, 4) tumor formation should follow clinical 

progression, from precancerous to invasive and metastatic state.  

 

Previously, it has been demonstrated that HPV16 E6/E7 and mutant Ras 

oncogenes synergistically enhance the rate of tumor formation in vivo (64). In addition, 

this synergistic, carcinogenic effect is confined in epithelial transition zones where HPV-
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associated transformation occurs. In the buccal area this transition zone is located 

between the outer skin of the lip and the inner buccal mucosa. Resultantly, direct 

introduction of viral oncogenes HPV16 E6/E7 as well as mutant Ras oncogene to the 

buccal area may result in efficient tumor formation. 

 

HPV infects basal membrane cells through a wound area in epithelium. Because 

HPV does not encode DNA polymerase in its genome, integration of the HPV viral 

genome into the host genome, and the continual expression of E6 and E7 are important 

for HPV oncogenesis. HPV oncoproteins E6 and E7 can degrade p53, disrupt the 

interaction between Rb and E2F, and reinitiate the silenced cell cycle, resulting in rapid 

cell proliferation (25,26).  

 

In order to simulate the clinical HPV viral lifecycle, we hypothesized that local 

introduction of high risk HPV16 E6/E7 DNA can mimic viral DNA entering the cells 

after HPV infection. The introduction of plasmids encoding HPV16 oncogenes into 

epithelial cells can be achieved with the use of electroporation. Electroporation is a 

physical transfection method that uses an electrical pulse to create temporary pores in cell 

membranes through which substances like nucleic acids can pass into cells. It has been 

shown that electroporation is highly efficient in introducing foreign nucleic acids into 

many cell types, including bacteria and mammalian cells (59). However, although 

electroporation achieves very stable transfection, the gene expression is typically 

transient. Therefore, an additional method, Sleeping Beauty (SB) transposon system, is 

required to reproduce the persistent expression of HPV E6 and E7 oncogenes resulting 
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from HPV DNA integration. We have discussed the details of this synthetic transposable 

element systems in Chapter 1. We hypothesize that the utilization of Sleeping Beauty 

transposase system can reproduce the integration process of HPV oncogenes into the host 

genome, and result in continual expression of E6 and E7 oncoproteins in the transfected 

cells. 

 

In this study, we developed a novel, spontaneous, HPV+ buccal tumor model 

using plasmids encoding oncogenes HPV16 E6/E7, mutant Ras, Luciferase as a reporter 

gene, and SB transposase. The introduction of SB transposases results in the integration 

of E6, E7, and mutant Ras into the host genome. The integration of oncogenes resulted in 

stable expression of the oncoproteins, leading to the transformation of the transfected 

cells and consequently the formation of spontaneous HPV+ buccal tumor, a process that 

closely resembles the tumorigenesis of HPV-associated oral cancer in human patient. In 

addition, we used this preclinical model to evaluate the antitumor efficacy of a clinical-

grade plasmid vaccine and demonstrated that DNA vaccination in mice bearing the 

spontaneous HPV+ tumor model resulted in the generation of potent therapeutic 

responses and the control of the spontaneous oral tumor.   

 

Materials & Methods 

 

Mice and Animal Care 

Six to eight-week-old female C57BL/6NCr (strain #556), FVB/NCr (strain #559), 

BALB/cAnNCr (strain #555) and athymic nude (Athymic NCr-nu/nu, strain #553) mice 
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were purchased from Charles Rivers Laboratories (Frederick, MD, USA). All mice were 

maintained at Johns Hopkins University School of Medicine (Baltimore, MD) animal 

facility under specific pathogen free conditions. All procedures were performed 

according to protocols approved by the Johns Hopkins Institutional Animal Care and Use 

Committee and in accordance with recommendations for the proper use and care of 

laboratory animals. 

 

Plasmid Vectors 

To generate pcDNA3-Luc, Luciferase was cloned into XbaI/XhoI sites of 

pcDNA3 plasmid vector by primers (aaatctagaatggaagacgccaaaaacat and 

aaactcgagcacggcgatctttccgccct).  

 

To generate pcDNA3-Luc- T2a-E7, T2a-E7 was cloned into Xho I/EcoRI sites of 

pcDNA3-Luc by primers 

(aaactcgaggagggcagaggaagtcttctaacatgcggtgacgtggaggagaatcccggccctatgcatggagatacacct 

and tttgaattctggtttctgagaacagatgg).  

 

To generate luciferase E7 and E6 oncogene fusion construct, pcDNA3-Luc- T2a-

E7- T2a-E6), T2a-E6 was cloned into EcoRI/BamHI sites of pcDNA3-Luc- T2a-E7 by 

primers 

(aaagaattcgagggcagaggaagtcttctaacatgcggtgacgtggaggagaatcccggccctatgcaccaaaagagaact, 

and tttggatcccagctgggtttctctacgtg).  
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To generate Pkt2-Luc-T2a-E7- T2a-E6, Luc-T2a- E7-T2a- E6 was removed from 

pcDNA3- Luc-T2a- E7-T2a-E6 by XbaI/BamHI sites and cloned into XbaI/Bgl II sites of 

the Pkt2/clp-akt vector (62).  

 

To generate Pkt2-Luc- T2a-E7, T2a-E7 was cloned into XhoI and BstXI sites of 

Pkt2-Luc- T2a-E7- T2a-E6 by primers (aaactcgaggagggcagaggaagtcttct and 

tttccagctagctggttatggtttctgagaacaga).  

 

To generate Pkt2-Luc- T2a-E6, T2a-E6 was cloned into XhoI and BstXI sites of 

Pkt2-Luc-T2a- E7-T2a- E6 by primers (aaactcgaggagggcagaggaagtcttct and 

tttccagctagctggttacagctgggtttctctacg).  

 

In the DNA constructs, t2a (EGRGSLLTCGDVEENPGP), a self-cleavage peptide 

from the T. asigna virus, was inserted between each gene allowing for the production of 

each protein individually from a single fusion protein (92). Cleavage of the t2a sequence 

occurs due to a ribosomal skip mechanism at the point between the final glycine and 

proline residues (92). 

 

The construction of the pT/Caggs-NRAV12 plasmid has been described 

previously (62). The plasmid was purchased from Addgene (plasmid #20205). 

 

The construction of the pCMV(CAT)T7-SB100 plasmid has been described 

previously (93). The plasmid was purchased from Addgene (plasmid #34879). 
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The construction of the pT2/C-Luc//PGK-SB13 plasmid has been described 

previously (62). The plasmid was purchased from Addgene (plasmid #20207). 

 

DNA vaccine 

The DNA vaccine, pNGVL4a-CRT/E7(detox), has been described previously (94) 

and expresses a fusion of human calreticulin (CRT) and detoxified HPV16 E7 antigen.  

CRT is a 46 kDa protein located in the lumen of the cell's endoplasmic reticulum (ER) 

and has been shown to strengthen MHC class I presentation for the activation of CD8+ T 

cells. E7(detox) represents a HPV16 E7 gene with mutations at positions 24 and 26, 

which disrupt the Rb-binding site of E7 and thus abolish the capacity of E7 to transform 

cells (95). The plasmid backbone, pNGVL-4a, was obtained from the NIH National Gene 

Vector Laboratory and has been used in several clinical studies (96). Clinical grade 

pNGVL4a-CRT/E7(detox) plasmid was prepared by the NCI’s Rapid Access to 

Interventional Development (RAID) program. 

 

In vivo tumor formation   

For the generation of tumor in immune-deficient mice, athymic nude mice (five 

per group) were submucosally injected with 1) plasmids encoding Luciferase and 

HPV16-E6/E7, mutant Ras (NRASG12V) and SB100, 2) plasmids encoding Luciferase and 

HPV16-E6, mutant Ras (NRASG12V), and SB100, 3) plasmids encoding Luciferase and 

HPV16-E7, mutant Ras(NRASG12V), and SB100, 4) plasmids encoding Luciferase and 

HPV16-E6/E7 and SB100, or 5) plasmids encoding mutant Ras (NRASG12V), SB13, and 
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Luciferase into the buccal area followed by electroporation. The plasmids were injected 

with 30G, 3/10ML BD insulin syringe (BD Cat#: 328431). The injection site was on the 

cheek mucosal area adjacent to muco-cutaneous junction, in which the epithelium 

transition from the outer skin of upper lip to stratified squamous epithelium lacking 

follicles.  The injection depth is no more than 1mm followed by electroporation 

(TweezertrodesTM. 72 V, 16 pulses, 20ms period, 200 ms apart).  

 

For the generation of tumor in immune-competent mice, C57BL/6NCr, BALB/C, 

or FVB/NCr mice (five per group) were submucosally injected with plasmids encoding 

Luciferase and HPV16-E6/E7, mutant Ras, and SB100 into the buccal area followed by 

electroporation.  

 

For the generation of tumor in immune-suppressed mice, C57BL/6NCr mice (five 

per group) received one of the following treatments:  

1) Intraperitoneal injection of 100μg monoclonal Anti-CD3 antibody (Clone: 17A2, Cat#: 

BE0002) per day for three consecutive days and on the following day after last anti-CD3 

antibody injection followed by submucosal injection of plasmids encoding Luciferase and 

HPV16-E/6E7, mutant Ras, and SB100 into the buccal area followed by electroporation; 

2) Intraperitoneal injection of 100μg monoclonal Anti-CD4 (Clone: GK1.5, Cat#: 

BE0003-1) per day for three consecutive days and on the following day after three anti-

CD4 antibody injection followed by submucosal injection of plasmids encoding 

Luciferase and HPV16-E6/E7, mutant Ras, and SB100 into the buccal area followed by 

electroporation. The mice continued to receive anti-CD4 antibody injection in weekly 
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intervals; 3) Intraperitoneal injection of 200μg monoclonal Anti-CD8 antibody (Clone: 

2.43 Catalog#: BP0061) per day for three consecutive days and on the following day after 

three anti-CD8 antibody injection followed by submucosal injection of plasmids 

encoding Luciferase and HPV16-E6/E7, mutant Ras, and SB100 into the buccal area 

followed by electroporation. The mice continued to receive anti-CD8 antibody injection 

at 4-day intervals; 4) Submucosal injection of plasmids encoding Luciferase and HPV16-

E6/E7, mutant Ras, and SB100 into the buccal area followed by electroporation with no 

antibody treatment. 

 

The length and width surface dimensions of the tumor were measured with digital 

calipers. To record the survival of the tumor-bearing mice, either natural death or a buccal 

tumor diameter greater than 7mm leading requiring euthanasia for humane reasons and 

was counted as death. 

 

In vivo bioluminescence image 

After oncogene plasmids injection, buccal tumor growth was monitored 1-2 times 

per week by IVIS Spectrum in vivo imaging system series 2000 (PerkinElmer).  In 

summary, mice were anesthetized by intramuscular injection of Ketamine/Xylazine 

solution (5:1 ratio). After intraperitoneal injection of substrate D-luciferin (3.9mg/mL 

with total injection volume 200uL and 10 min reaction time, GoldBio), bioluminescence 

imaging for luciferase expression was conducted on a cryogenically cooled IVIS system 

using Living Image acquisition and analysis software (Xenogen). Images were acquired 

10 minutes after D-luciferin administration. The levels of light from the bioluminescent 
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cells were detected by the IVIS imager, integrated, and digitized. The region of interest 

from displayed images was quantified as total photon counts using Living Image 2.50 

software (Xenogen). 

 

Tumor treatment experiments 

C57BL/6NCr mice (five per group) received intraperitoneal injection of 100μg 

monoclonal Anti-CD3 antibody per day for three consecutive days and on the following 

day after last anti-CD3 antibody injection followed by submucosal injection of plasmids 

encoding Luciferase and HPV16-E6/E7, NRASG12V, and SB100 into the buccal area 

followed by electroporation. 10 days after plasmids injection, mice were vaccinated with 

pNGV4a-CRT/E7(detox) or empty pNGVL4a vector only (20μg/dose/mice) via 

intramuscular injection followed by electroporation. The mice continued to receive the 

same vaccination in 4-day intervals.  

 

Evaluation of Metastasis Capability 

When the tumor size exceeds 7mm in diameter, mice were considered to be 

unrecoverable from tumor burden, and euthanized according to the protocol. At the time 

of sacrifice, enlarged tumor side superficial cervical lymph nodes were surgically 

removed, minced, treated with tissue digestion buffer, filtered, then cultured in RPMI-

based antibiotics containing medium in 6-well-plate. After cell proliferation, the whole 

cell mixture was transferred to T75 tissue culture flask. Once the cell expansion covered 

more than 70% of the flask surface, the cells were trypsinized, PBS washed, re-suspend 

in 40μL PBS solution, followed by submucosal buccal injection into immune-deficient 
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athymic mice. After lymph node cells injection, the mice were followed with in vivo 

bioluminescence image system. 

 

Histology and Immunohistochemistry staining 

When the tumor size exceeds 7mm in diameter, mice were considered to be 

unrecoverable from tumor burden, and euthanized according to the protocol. The buccal 

tumors were surgical removed, isolated and placed into 10% Neutral buffered formalin 

solution for adequate fixation with a minimum 48 hours at room temperature. The tumor 

samples were then sent to Johns Hopkins University Oncology Tissue Services for 

subsequent procedures including paraffin embedding, tissue sectioning, hematoxylin and 

eosin (H&E) staining and immunohistochemical (IHC) staining. The histology slides 

were reviewed by Dr. T.-C. Wu of the Pathology Department in the Johns Hopkins 

University School of Medicine.  

 

In situ hybridization to detect HPV16 oncogenes 

In situ hybridization was performed using the RNAscope® 2.0 HD Brown 

Chromogenic Reagent Kit (Advanced Cell Diagnostics, Hayward, CA) using the supplied 

protocol and a target probe against HPV16 E6/E7 (Advanced Cell Diagnostics #311521). 

Briefly, fresh cut formalin-fixed, paraffin embedded slides were baked at 60°C overnight. 

After deparaffinization, slides were air-dried, circled with a hydrophobic barrier pen 

(Vector labs, ImmEdge pen Cat# H-4000), and then exposed to pretreatment solutions 1, 

2, and 3. Target probes were hybridized for 2 hours at 40°C in hybridization chamber, and 

followed by a series of signal amplification and washing steps. The signals were detected 
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by chromogenic reactions using DAB chromogen followed by undiluted Gill’s 

hematoxylin (Sigma-Aldrich) counterstaining.  

 

Tetramer staining and Flow cytometry 

Peripheral blood was collected into 1.5-ml EDTA coated Eppendorf tubes from 

ventral artery of mouse tail by single edge blade cutting. After red blood cell lysis with 

ACK lysing buffer (Quality Biological, Gaithersburg, MD, USA), PBMCs were then 

stained with fluorescein isothiocyanate (FITC)-conjugated monoclonal rat anti-mouse 

CD3 (BD Pharmingen, Cat# 555274), allophycocyanin (APC) conjugated monoclonal rat 

anti-mouse CD8a (Biolegend, Cat# 100712), and phycoerythrin(PE)-conjugated H-2Db 

tetramer loaded with HPV16 E7aa49–57 peptide at 4 °C for at least 30min. After washing 

with FACS washing buffer, the cells were stained with 7-AAD before flow cytometry 

analysis to exclude dead cells.  Then cytokine responses were acquired immediately using 

a BD FACSCalibur flow cytometer. Flow cytometry results were analyzed with Flowjo 

V.10 software. 

 

Ex vivo luciferase bioluminescence assay 

Athymic nude mice were received submucosal injection of plasmids DNA in 

buccal area followed with electroporation. The plasmids included LucE6E7, NRASG12V 

and SB100. The mice were sacrificed at the time when tumor diameter grew to reach 15 

mm. The tumor and the cervical tumor-draining lymph nodes were harvested for 

luciferase assay. The spleen and naïve mice were used as negative control. The tissue was 

homogenized by Mini-Beadbeater-1 with 1mm and 0.1mm glass beads (Bio Spec 
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Products Inc) in 50000. The mice were sacrificed at the time when tumor diameter grew 

to reach 15 mm. The tumor and the superficGloMax®-Multi Detection System according 

to the manufacturer’s instruction (Promega Corporation). Relative light units (RLU) was 

adjusted to each gram of tissue. 

 

Statistical analysis 

The statistical analysis was performed with the GraphPad Prism V.6 software (La 

Jolla, CA, USA). Data were expressed as means ± standard deviations (SD). Kaplan-

Meier survival plots were constructed to estimate either tumor-free rate or survival 

percentage. The log-rank test was used to compare survival times between treatment 

groups. Comparisons between individual data points was analyzed by two-tailed 

Student’s t test. A p-value of less than 0.05 was considered statistically significant. 

 

Results 

 

Optimizing plasmids combination to generate HPV16 spontaneous buccal tumor in 

immunocompromised mice. 

To generate spontaneous oral tumor that continuously expresses HPV16 E6 and 

E7, different combinations of plasmids listed in Fig. 1 were submucosally injected into 

the buccal area followed by electroporation in athymic nude mice, which have an 

abnormal thymus and defective T cell functions. The enzyme luciferase encoded in the 

plasmids results in the generation of bioluminescence from viable, transfected cells that 

can be measured quantitatively using an IVIS imager. After plasmid injection, in vivo 
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tumor growth was monitored using bioluminescence imaging. As shown in Fig. 2A and 

2B, combination of plasmids encoding Luciferase and HPV16-E6/E7 and NRASG12 

oncogenes resulted in the fastest tumor formation and growth rate as suggested by the 

luminescence intensity. Based on this result, the combination of E6, E7, and NRASG12 

oncogenes is most efficient at causing oral tumor formation in mice. 

 

CD3 depletion is necessary for the formation of HPV16 spontaneous buccal tumor 

in immunocompetent mice. 

 

After demonstrating the ability to effectively generate spontaneous oral tumor in 

immunodeficient mice by transfecting plasmids encoding HPV16 E6/E7 viral oncogenes, 

NRASG12oncogenes, and SB100 sleeping beauty transposase, we sought to apply the 

same strategy for the generation of spontaneous oral HPV tumor in immune competent 

mice. Plasmids encoding luciferase, HPV16-E6/E7, NRASG12, and SB100 were 

submucosally injected into the buccal area of C57BL/6NCr, BALB/C, or FVB/NCr mice 

(five per group). As shown in Fig. 3, the bioluminescence intensity, which represents 

transfected luciferase gene expression, decreased steadily after transfection to 

background level, indicating the immune clearance of transfected cells by immune 

competent mice, regardless of their immune background. We thus hypothesize that an 

immune suppressed environment is necessary for spontaneous formation of tumor 

following plasmids transfection. To test this hypothesis, we treated C57BL/6NCr mice 

(five per group) with or without different immunosuppressive agents and plasmid 

transfections using treatment schedules depicted in Fig. 4A. The immunosuppressants 
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included anti-CD3 antibody, anti-CD4 antibody, or anti-CD8 antibody. Administration of 

anti-CD3, anti-CD4, or anti-CD8 antibodies results in the depletion of total or partial T 

cell population. As shown in Fig. 4B, mice that received anti-CD3 antibody (total T cell 

depletion) experienced a rapid increase in luminescence signaling after plasmid 

transfection, suggesting the expansion of plasmid-transfected cells. In contrast, mice that 

received anti-CD4 or anti-CD8 antibody (partial, CD4+ or CD8+ T cell depletion, 

respectively) generated similar luminescence signaling to the controlled mice that did not 

receive antibody treatment after plasmids transfection. 

 

In addition to the observed increase in luminescence intensity, visible tumors were 

observed in CD3 depleted mice around 3 weeks after oncogenes transfection. To examine 

the relationship between T cell depletion and the formation of tumor, total T cell 

population in CD3-depleted, plasmids transfected mice was measured. As shown in Fig. 

5A, the amount of systemic CD3+ T cells in mice drops sharply following anti-CD3 

antibody injection, and remains low until around 9 days after plasmid transfection. 

During the window of low CD3+ T cell population, the luminescence intensity in mice 

started to increase, and continued to increase when the T cell population started to 

recover. During spontaneous tumor formation, the recovered T cells provided a relatively 

immunocompetent environment and an intervention therapeutic window. Of note, the 

tumor volume of the spontaneous tumors formed after plasmids transfection correlates 

strongly with its luminescence intensity (Fig. 5B), indicating that luminescence intensity 

is a good estimation of tumor growth. Together, these results suggest that initial total T 

cell depletion, as compared to partial depletion, is required for the formation of 
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spontaneous oral HPV tumor in immune competent mice, and that luminescence readout 

is an effective measurement for monitoring the growth of tumors. 

 

Characteristics of HPV16 spontaneous oral tumor model 

To characterize the spontaneous buccal tumor formed after the transfection of 

oncogenes-encoded plasmids, we treated C57BL/6NCr mice with anti-CD3 antibody 

daily for 3 days, followed by the transfection of plasmids encoding HPV16-E6, HPV16-

E7, NRASG12, SB100, and luciferase at the buccal area. When the resulted spontaneous 

tumor reaches 7mm in diameter, the mice were sacrificed and the buccal tumors were 

surgically isolated, fixed with formalin and embedded in paraffin. The tissue sections of 

the tumors were prepared and stained for various tumor markers. The spontaneous tumors 

arose from buccal mucosa area had gross features appearing as a solid, papillary mass 

with bleeding ulcers as the tumor grew larger (Fig. 6A). In microscopic features, H&E 

staining showed that the tumors were composed of spindle shaped tumor cells with 

highly mitotic activity in the majority (black arrow in Fig. 6B). IHC staining revealed 

high expression of Ki-67, a cell proliferation biomarker, as well as positive N-Ras and 

HPV-biomarker p16 expression (Fig. 6B). In addition, the RNA scope with HPV16 probe 

also showed strong HPV-16 staining in the tumor (Fig. 7). These results demonstrate that 

the spontaneous tumors generated through our method possess several relevant features 

and markers as the HPV16+ buccal tumors originated from persistent HPV16 infection. 

 

Intramuscular injection of therapeutic HPV DNA vaccine in spontaneous HPV16 

oral tumor bearing mice generates potent antigen-specific antitumor immune 
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response. 

 

After we successfully demonstrated the ability to repeatedly generate the HPV16+ 

spontaneous buccal tumors in C57BL/6NCr mice, we sought to verify whether this model 

could be used to assess the efficacy of immune therapy. C57BL/6NCr mice (five per 

group) received intraperitoneal injection of 100μg monoclonal Anti-CD3 antibody per 

day for three consecutive days. The day after the last anti-CD3 antibody administration, 

the mice received submucosal injection of plasmids encoding luciferase, HPV16-E6, 

HPV16-E7, NRASG12, and SB100 into the buccal area followed by electroporation. 10 

days after plasmid injection, mice were vaccinated with a therapeutic HPV DNA vaccine, 

pNGV4a-CRT/E7(detox), or empty pNGVL4a vector only (20ug/40uL) via intramuscular 

injection followed by electroporation. The mice received the same vaccination a total of 4 

times at 4-day intervals (Fig. 8A). As shown in Fig. 8B, mice vaccinated with pNGVL4a-

CRT/E7(detox) had significantly better survival rates when compared to mice vaccinated 

with empty pNGVL4a control. Approximately 80% of the mice that received pNGV4a-

CRT/E7(detox) DNA vaccination survived more than eight weeks after plasmid 

transfection, whereas all mice that received empty pNGVL4a vector vaccination died in 

less than four weeks after plasmids transfection. Furthermore, the ability of the 

vaccinated mice to control the spontaneous tumor generated by plasmid injection 

correspond to the amount of E7-specific CD8+ T cells generated in the tumor bearing 

mice (Fig. 8C). The luminescence intensity and the tumor volume of mice were also 

measured and as shown in Fig. 9, mice vaccinated with pNGVL4a-CRT/E7(detox) 

showed a lower luminescence signal compared to the mice that received treatment of 
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empty pNGVL4a vector. Furthermore, the luminescence signals in CRT/E7(detox) 

vaccinated mice gradually decrease overtime back to background level, which translates 

into the reduction in tumor volume. These results indicate that therapeutic vaccination 

can lead to the generation of a potent antigen-specific immune response against the 

spontaneous HPV buccal tumor, resulting in effective tumor control and prolonged 

survival of tumor bearing mice.  

 

Continued growth of spontaneous HPV16 oral tumor results in metastasis to tumor 

draining lymph nodes. 

When C57BL/6NCr mice bearing HPV16 spontaneous oral tumor were 

euthanized due to tumor burden, enlarged, superficial neck tumor draining lymph nodes 

(TDLN) were observed with detectable luciferase activity as compared to non-tumor 

draining lymph nodes (NTDLN) (Fig. 10A-B). We hypothesize that these neck lymph 

nodes contain transfected plasmids and transformed cells that metastasized from the 

buccal area. To test our hypothesis, the enlarged lymph nodes were surgically removed, 

minced, digested and cultured in RPMI-based medium. After cell proliferation, the cell 

mixture was collected and implanted into the buccal area of immunodeficient athymic 

nude mice. The re-implanted lymph node cells showed positive luciferase activity, and 

the formation of buccal tumor in implanted nude mice was observed (Fig. 10C). The 

histological analysis of the tumors formed from the implanted lymph node cells revealed 

characteristics similar to that of HPV16 spontaneous buccal tumor originated from 

plasmid transfection. Furthermore, the tumors generated by lymph node cell implantation 

were positive for HPV marker p16 as well as N-RAS (Fig. 11). These findings suggest 
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that the spontaneous HPV16 tumor cells can migrate to different locations inside tumor-

bearing mice, replicating the metastatic process of late stage HPV-associated cancer. 

 

Discussion 

 

In this study, we developed a new, pre-clinical, spontaneous HPV buccal tumor 

model through transfection of plasmids encoding oncogenes HPV16-E6, HPV16-E7, 

NRASG12, as well as sleeping beauty transposase and luciferase reporter genes. Plasmid 

transfection results in the formation of spontaneous tumor in immunodeficient athymic 

nude mice as well as immune competent C57BL/6NCr mice subjected to early immune 

suppression. We demonstrated that these spontaneous tumors express relevant HPV16 

biomarkers p16 and detectable HPV16 RNA, can metastasize and migrate to distant 

locations such as tumor draining lymph nodes, and can be controlled through immune 

therapeutic treatments. 

 

The novel spontaneous HPV buccal tumor model developed in the current study 

may be able to address several weaknesses of the existing HPV buccal tumor models. 

Prior HPV+ HNSCC tumor models mainly utilize the transplantation of tumor cells into 

immunodeficient mice to generate HPV expressing tumors. While transplantation of 

tumor cells results in consistent tumor formation, this method fails to replicate the 

process of tumorgenesis, HPV genome integration following HPV infection, and does not 

simulate the tumor microenvironment of a spontaneous tumor originated from HPV 

infection (45,87,88). In conventional HPV transgenic mice, HPV E6 and E7 oncogenes 
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are constitutively expressed, which may result in immune tolerance and impact tumor 

development (70). In addition, the establishment of a transgenic mouse model requires 

multiple rounds of selection to ensure successful genetic modification, a time-consuming 

process that may last for several months with many uncertainties. Furthermore, the tumor 

formation process for traditional HPV transgenic mouse models may take several months 

to over one year (49-52,90). The recently improved transgenic HPV oral model published 

by Zhong et al utilizes Cre-LoxP recombinanse system to generate inducible expression 

of E6 and E7, which provides conditional and tissue-specific transgene expression (91). 

This modified transgenic model addresses some issues of earlier models, making it more 

clinically relevant compared to conventional transgenic models. However, the modified 

transgenic model requires the integration of three transgenes, which further complicates 

the selection process. (97). Our spontaneous HPV tumor model utilizes the sleeping 

beauty transposon system, which is well established and highly potent at enhancing DNA 

transfection, integration, and long-term transgene expression (60,62,98,99). Our method 

results in the formation of spontaneous tumor in both athymic nude mice and wild type 

mice within a few weeks following plasmids transfection (Figures 1-4), allowing for 

time efficient and time-flexible experimental designs compared to the transgenic models 

mentioned previously. Furthermore, the reliable gene integration resulted in a tumor 

formation rate of greater than 80%. The high tumor formation rate upon plasmid 

transfection can potentially reduce the waste of mice while ensuring the generation of a 

sufficient amount of tumor bearing mice to be used for subsequent evaluations including 

carcinogenesis and therapeutic intervention. Therefore, our model provided a cost, time, 

and labor efficient method to generate spontaneous HPV oral tumor that mimics localized 
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viral gene integration and cellular transformation that occurs during natural HPV disease 

progression. 

 

In addition to being efficient in cost, labor, and time, this model incorporated the 

expression of luciferase by the transfected cells that can be monitored through 

bioluminescence imaging. We have previously utilized the luciferase reporter system in a 

preclinical HPV transplantation model (100), and the incorporation of luciferase 

bioluminescence reporter into the spontaneous HPV oral model provides a method for 

real-time, sequential, longitudinal and dynamic tracking of tumor growth (Figure 5). This 

imaging tool is useful especially for intra-oral tumor, which is relatively difficult to assess 

by caliper before it grows big enough to be measured from the outside. Also, because 

luciferase gene is linked to HPV16 E6/E7 oncogenes, the luciferase activity is correlated 

with the expression of HPV oncoproteins. The intensity of the luminescence signal can 

serve as an index for the presence of viral gene and oncoproteins, which will be very 

useful in evaluating pre-clinical tumorigenesis biology.  

 

As mentioned before, most of the traditional transgenic mouse models 

continuously express E6 and E7, which may result in immune tolerance making them a 

non-ideal system for evaluating immunotherapy (101-103). While the inducible HPV 

transgenic models allow for conditional expression of transgenes and thus address the 

issue of immune tolerance, the expression of HPV oncogenes after induction took place 

throughout whole body epithelium area rather than confined to the buccal area, which can 

result in immunogenicity and the generation of an immune response that is much 



 

34 
 

different from the clinical, localized condition. Our spontaneous HPV tumor model 

permits local introduction of transgenes and confines the cellular transformation to the 

buccal region, which should be more clinically relevant in reflecting the biological 

response to immunotherapy. Using therapeutic HPV DNA vaccine pNGVL4a-

CRT/E7(detox), we showed that this model can be used to evaluate the efficacy of 

immunotherapy (Fig. 8). It should also be noted that while the current study utilized 

immune therapy as the modeled therapeutic method, the spontaneous HPV+ buccal tumor 

model may also be used to evaluate other forms of treatment, including chemotherapy 

and radiotherapy.  

 

 In our spontaneous tumor model, we demonstrated that initial T cell depletion in 

immune competent C57BL/6NCr mice is necessary for the tumor formation to occur 

(Figure 4). This likely reflects the natural immunogenicity of HPV oncoproteins E6 and 

E7 as the vast majority of HPV infections that occur in humans are readily cleared by the 

immune system (80,81). In a clinical setting, it has been observed that patients 

experiencing immune suppression, such as human immunodeficiency virus (HIV) 

infection, have a greatly elevated risk for persistent HPV infection and cervical cancer, 

supporting the importance of the immune system in mediating HPV-associated disease 

progression (104-110). Importantly, we demonstrated that despite the decrease in total T 

cell population caused by early CD3 depletion, vaccination with a therapeutic HPV DNA 

vaccine, pNGVL4a-CRT/E7(detox), can still effectively enhance the HPV16 E7-specific 

CD8+ T cell responses in the spontaneous tumor bearing mice, leading to potent tumor 

control and prolonged mouse survival (Figure 8-9). These findings suggest that a potent 
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therapeutic HPV vaccine can potentially trigger effective HPV-specific immune 

responses even in immune suppressed patients. Moreover, we have previously 

demonstrated in a preclinical study that HPV DNA vaccination is capable of controlling 

HPV-associated tumor in the absence of CD4+ T cells (111), and resulted in the clearance 

of HPV infection.  

 

In terms of disease progression, our model, with the incorporation of 

NRASG12oncogene, was able to generate tumor in three weeks, which is faster than 

normal HPV tumor growth. However, four weeks after oncogene injection, when the 

mice were sacrificed, enlarged cervical neck lymph nodes in tumor side were observed. 

These lymph node cells had positive luciferase activity and when implanted into the 

buccal area of immunodeficient athymic nude mice, resulted in the formation of gross 

tumor (Fig. 10). Our data suggest the metastatic capability of our tumor model from 

buccal area to regional lymph nodes. This exemplifies clinically relevant malignant tumor 

behavior and can potentially be utilized in future studies to analyze tumor migration. 

 

Despite all of the potential benefits that our preclinical tumor model may 

introduce, we recognize that our model still has room for further improvements. In 

particular, our current spontaneous HPV tumor model involves the transfection and 

integration of HPV16 E6, HPV16 E7, and NRASG12 oncogenes into mice. While it has 

been well documented that this combination is highly effective in triggering 

carcinogenesis (64), clinically reported HPV+ oral cancers are not typically associated 

with RAS mutation (112). In comparison, mutations in PI3K associated pathway is 
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observed in over 50% of HPV+ head and neck squamous cell carcinoma (112). Thus, the 

incorporation of mutant genes from the PI3K-AKT signaling pathway instead of 

NRASG12 may further enhance the clinical relevance of this spontaneous HPV+ oral 

tumor model.  

 

 While the incidence of HPV-associated oropharyngeal cancer has been on the rise 

in developed countries, such as in North America and some in Europe (113,114), a 

significant portion of oropharyngeal cancer cases worldwide are still attributed to causes 

independent of HPV infection such as tobacco smoking (115). Unlike HPV+ oral cancers 

that are associated with HPV E6 and E7 oncogenes expression and mutation in PI3K 

signaling pathway, HPV- oral cancers are mainly characterized by mutations in TP53 

(112). Previous studies utilized the administration of carcinogen 4-nitroquinoline 1-oxide 

(4-NQO) in mice to generate HPV- oral cancer (116-120); however, the induction of 

carcinogenesis by administration of 4-NQO alone is very slow, requiring up to 36 to 40 

weeks before the tumor becomes visible. We believe our method to generate a 

spontaneous HPV+ oral tumor model may also be applied for the generation of a 

spontaneous HPV- oral tumor model. By integrating mutant TP53 genes into cells located 

at the buccal area of mice via sleeping beauty transposase system and exposing the mice 

to carcinogen 4-NQO, we believe we can generate clinically relevant spontaneous HPV- 

tumor model that forms tumors at a much faster rate, allowing for rapid evaluation of 

therapeutic options against HPV- oral tumors. 

 

In conclusion, our model provides a fast, efficient, and simple option to induce 
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spontaneous formation of HPV+ tumor, which can be used to assess therapeutic treatment 

strategies. This model can potentially be used to identify effective therapeutic 

intervention, analyze tumor migration, and conduct tumor biology and tumor 

microenvironment research.  
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Figure 1. Schematic of plasmids used to induce oral tumors by oncogene 

transfection. HPV16 E6/E7 was fused with luciferase gene as a reporter gene under 

EF1a promoter; NRASG12V under CAG promoter; and transposase SB100 under CMV 

promoter. Both HPV16 E6/E7 and NRASG12V were flanked by the inverted repeats (IR) 

sequence which can be recognized and cut by transposase.  
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Figure 2. Generation of buccal tumor from immuno-compromised mice.  

(A) Immunocompromised athymic nude mice (NCr strain, 5 mice per group) received 

one time submucosal injection of plasmids plus electroporation in buccal area. Different 

combinations of plasmids were indicated in the figure with each 10ug in weight. The 

bioluminescence image was recorded by IVIS Spectrum after intraperitoneal injection of 

luciferin solution. (B) Tumor free survival rate were shown in percentage. Data are 

presented as mean±SD. (*p=0.02, **p=0.008 )  
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Figure 3. Immune competent mice suppressed tumor formation. C57BL/6NCr, 

BALB/C or FVB/NCr mice (5 mice in each group) received submucosal plasmids 

injection plus electroporation with plasmids containing HPV16 E6/E7, NRASG12V and 

SB100 transposase each with 10ug in weight and 30uL in total volume. The 

bioluminescence intensity was recorded by IVIS Spectrum. 
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Figure 4. Generation of buccal tumor from immuno-competent mice. 

(A) Schematic diagram of treatment protocol. In CD3-depleted group, C57BL/6NCr mice 

(n=5) received Anti-CD3 antibody 100ug intraperitoneal injection, 3 consecutive doses 

before injection of plasmids. In CD4-depleted group, C57BL/6NCr mice (n=5) received 

Anti-CD4 antibody 100ug intraperitoneal injection, 3 doses before and 1 dose every week 

after plasmids injection. In CD8-depleted group, C57BL/6NCr mice (n=5) received Anti-

CD8 antibody 200ug intraperitoneal injection, 3 doses before and 2 doses every week 

after plasmids injection. In cyclosporine group, C57BL/6NCr mice (n=5) received 

cyclosporine1500ug/mice (~75mg/kg) subcutaneous injection, 5 consecutive doses before 

and continuously every week after plasmids injection. (B) Bioluminescence kinetics of 

buccal tumor in different groups. (* Stop cyclosporine treatment.) 
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Figure 5. CD3 triple depletion HPV16 oral tumor model. C57BL/6NCr mice (n=5 per 

group) received CD3 depletion with 100ug Anti-CD3 antibody intraperitoneal injection 

for 3 consecutive days followed with submucosal plasmids injection and electroporation 

in buccal area. The plasmids contained HPV16 E6/E7, NRASG12, and SB100 each with 

10ug in weight and total 30uL in volume. (A) Bioluminescence kinetics of buccal tumor. 

Black star indicated visualized overt tumor. (B) Peripheral blood from mice tail artery 

was taken for flow cytometry to check CD3+ T cells percentage over time. (C) The 

bioluminescence intensity showed positive correlation with tumor volume. 
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Figure 6. Characterization of tumors arising from CD3 triple depletion HPV16 oral 

tumor model. (A) Representative pictures of gross buccal tumor arising from oncogene 

co-transfection in C57BL/6 mice. The plasmids contained HPV16 E6/E7, NRASG12V, and 

SB100. (B) Representative histology sections with H&E stain and special IHC staining 

with Ki-67 and N-Ras.  
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Figure 7. Evidence of HPV expressing tumor of CD3 depletion buccal tumor model. 

C57BL/6NCr mice received 3 consecutive days of CD3 depletion followed by buccal 

plasmids injection and electroporation. The plasmids included HPV16 E6/E7, NRASG12V, 

and SB100. Representative section of RNAscope targeting HPV16 RNA and IHC 

staining with HPV-associated biomarker p16 were shown. 
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Figure 8. Evaluation of DNA vaccination effect in CD3 triple depletion spontaneous 

tumor model. (A) Schematic diagram of treatment regimens and the time course. 

C57BL/6 mice (5 per group) received pretreatment of CD3 depletion followed with 

submucosal injection and electroporation in buccal area with plasmids containing HPV16 

E6/E7, NRASG12V, and SB100 transposase. After plasmids injection, the mice of 

treatment group received DNA vaccination with pNGVL4a-CRT/E7 while the control 

group received pNGVL4a since day 10 with 4-day interval. (B) Kaplan-Meier survival 

analysis of mice in CD3 triple depleted buccal tumor model. (C) Peripheral blood from 

mouse tail artery was taken for flow cytometry. E7 specific CD8+ T cells percentage was 

checked over time since day 14 after plasmids injection with one-week interval.  
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Figure 9. Evaluation of DNA vaccination effect in CD3 triple depletion spontaneous 

tumor model. C57BL/6NCr mice (5 per group) received pretreatment of CD3 depletion 

for 3 consecutive days followed with submucosal injection and electroporation in buccal 

area with plasmids containing HPV16 E6/E7, NRASG12V, and SB100 transposase. After 

plasmids injection, the mice of treatment group received DNA vaccination with 

pNGVL4a-CRT/E7 while the control group received pNGVL4a since day 10 with 4-day 

interval. (A) Real-time bioluminescence image of tumor-bearing mice. (B) Line graph 

depicting the change in tumor volume of spontaneous tumor bearing mice after plasmids 

transfection. 
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Figure 10. Evidence of metastasis capability of spontaneous tumor model. 

Representative mice were presented. C57BL/6NCr mice received Anti-CD3 antibody for 

3 consecutive days followed with buccal plasmids injection with HPV16 E6/E7, 

NRASG12V and SB100 to deplete T cells. (A) Representative image showing the tumor 

draining lymph node (TDLN) and non-tumor draining lymph node (NTDLN) of plasmid 

transfected mice at the time of euthanasia. (B) Enlarged tumor draining lymph nodes 

showed detectable luciferase activity compared with non-tumor lymph nodes. (C) Re-

implantation of proliferated lymph nodes cells showed positive luciferase activity as well 

as tumor formation. 
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Figure 11. Metastatic lymph nodes induce tumor with original tumor characteristics. 

The enlarged tumor side superficial cervical lymph nodes were surgically removed, 

minced, treated with tissue digestion buffer, filtered, then cultured in RPMI-based 

antibiotics containing medium. After cell expansion, the cells were trypsinized, PBS 

washed, re-suspend in 40uL PBS solution, followed by submucosal buccal injection into 

immune-deficient athymic mice. Representative histology showed reproducing tumor 

characteristics after re-implantation of lymph nodes cells. 
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CHAPTER 3 

 

Attempt to generate clinically relevant carcinoma with keratinocyte-restricted K14 

promoter 

 

Introduction 

In Chapter 2, we presented a HPV16 expressing pre-clinical buccal tumor model 

that forms tumor at a consistent rate, develops antitumor immunity in response to 

immunotherapy, and possesses metastatic capability. However, there are still some 

limitations to this model. One such limitation is the histological features of the resulting 

tumor. Our buccal tumor model showed microscopic features more similar to those of 

soft tissue sarcoma. While HPV has tropism for epithelial tissue (121,122), the 

susceptibility of developing precancerous or invasive cancer lesions from HPV infection 

is limited to some special epithelial areas, such as the cervical transformation zone, the 

anal transformation zone and the oropharynx (20,32). The transformation zone is where 

two different cell types meet, such as the squamocolumnar junction where squamous cells 

on the exocervix meet with glandular cells on the endocervix. 

 

In order to understand the tumor biology of head and neck squamous cell 

carcinoma (HNSCC), several transgenic mouse models combined HPV oncogene E6/E7 

with oncogenes, such as KRAS, knockout p53 and UVB irradiation or chemical 

carcinogens such as 4-Nitroquinolone 1-oxide (4-NQO), to induce cancers (117,123,124). 

Furthermore, to successfully generate HPV-positive carcinoma, many models used 
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keratinocyte-restricted K14 promoter in their transgenic mice to drive the expression of 

either E6/E7 or other oncogenes. For example, Strati et. al combined 4-NQO in the 

drinking water of K14-E6/K14-E7 bi-transgenic mice to generate carcinoma on the 

tongue (89). Zhong et al used triple transgenic mice containing the HPV-Luc, K14-

CreERtam, and LSL-Kras transgenes, with tamoxifen treatment resulted in the induction 

of HPV+ oral carcinoma development (91).  

 

Based off of the success of previous studies in generating preclinical HPV+ 

carcinoma models through the utilization of Keratinocytes-restricted promoter K14, in 

this chapter, we attempt to generate carcinoma by using either K14-driven HPV16 E6/E7 

or K14-driven transposase SB100.  

 

Materials & Methods 

Mice and Animal Care 

Six to eight-week-old female athymic nude (Athymic NCr-nu/nu, strain #553) 

mice were purchased from Charles Rivers Laboratories (Frederick, MD, USA). All mice 

were maintained at Johns Hopkins University School of Medicine (Baltimore, MD) 

animal facility under specific pathogen free conditions. All procedures were performed 

according to protocols approved by the Johns Hopkins Institutional Animal Care and Use 

Committee and in accordance with recommendations for the proper use and care of 

laboratory animals. 

 

Plasmid Vectors 
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To generate pcDNA3-Luc, luciferase was cloned into XbaI/XhoI sites of pcDNA3 

by primers (aaatctagaatggaagacgccaaaaacat and aaactcgagcacggcgatctttccgccct). To 

generate pcDNA3-Luc-T2a-E7, T2a-E7 was cloned into Xho I/EcoRI sites of pcDNA3-

Luc by primers (aaactcgaggagggcagaggaagtcttctaacatgcggtgacgtggaggagaatcccggccctatg-

catggagatacacct and tttgaattctggtttctgagaacagatgg). To generate luciferase E7 and E6 

oncogene fusion construct, pcDNA3-Luc- T2a-E7- T2a-E6), T2a-E6 was cloned into 

EcoRI/BamHI sites of pcDNA3-Luc- T2a-E7 by primers (aaagaattcgagggcagaggaagt-

cttcaacatgcggtgacgtggaggagaatcccggccctatgcaccaaaagagaact, and tttggatcccagctgggttt-

ctctacgtg). To generate Pkt2-Luc-T2a-E7- T2a-E6, Luc-T2a- E7-T2a- E6 was removed 

from pcDNA3- Luc-T2a- E7-T2a-E6 by XbaI/BamHI sites and cloned into XbaI/Bgl II 

sites of the Pkt2/clp-akt vector (62). To generate K14-Luc-T2a-E7-T2a-E6, K14 promoter 

was cloned into AgeI and XbaI sites of pkt2-Luc-T2a-E7-T2a-E6 by primers 

(AAAaccggtGCTAGGGTTCTGGTGTTGGTGCG and AAAtctagaGAGGAGGGAGG-

TGAGCGAGCGA). To generate K14 SB100, K14 promoter was cloned into DraI and 

XbaI sites of pCMV(CAT)T7-SB100 by primers (gggtcactacgtgGCTAGGGTTCTGG-

TGTTGGTGCG and AAActcgagGAGGAGGGAGGTGAGCGAGCGA).  

 

In vivo buccal tumor formation   

For the generation of tumor in immune-deficient mice, athymic nude mice (five 

per group) were submucosally injected with (1) plasmids encoding Luciferase and 

HPV16 E6/E7 under K14 promoter, mutant Ras (pT/Caggs-NRASG12V, addgene #20205) 

and SB100 (pCMV(CAT)T7-SB100, addgene #34879) or (2) plasmids encoding 

Luciferase and HPV16 E6/E7, mutant Ras and SB100 under K14 promoter, or (3) 
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plasmids encoding Luciferase and HPV16 E6/E7 under K14 promoter, SB100 under K14 

promoter and NRASG12into buccal area followed by electroporation. Each plasmid was 

10ug in weight and 30uL in total injection volume.  

 

In vivo vaginal tumor formation   

After dilatation with vaginal swab, athymic nude mice (five per group) were 

submucosally injected in lower third of vaginal mucosa with plasmids combination as 

described in the previous paragraph. Each plasmid was 10ug in weight and 30uL in total 

injection volume.  

 

The surface dimensions of the tumor were measured with digital calipers. To 

record the survival of the tumor-bearing mice, either natural death or tumor diameter 

greater than 7mm was counted as death.  

 

In vivo bioluminescence image 

This procedure is described in Chapter 1.  

 

Histology and Immunohistochemistry staining 

For buccal tumors, when the tumor size exceeded 7mm in diameter, mice were 

considered to have an unsustainable tumor burden, and euthanized according to protocol. 

For vaginal tumors, when the tumor size exceeds 10mm in diameter, mice were 

considered to have excessive tumor burden, and euthanized according to protocol. The 

tumors were surgically removed, isolated and placed into 10% Neutral buffered formalin 
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solution for adequate fixation with a minimum 48 hours at room temperature. The tumor 

samples were then sent to Johns Hopkins University Oncology Tissue Services for 

subsequent procedures including paraffin embedding, tissue sectioning, hematoxylin and 

eosin (H&E) staining and immunohistochemical (IHC) staining. The histology slides 

were reviewed by Dr. T.-C. Wu.  

 

Statistical analysis 

The statistical analysis was performed with the GraphPad Prism V.6 software (La 

Jolla, CA, USA). Data were expressed as means ± standard deviations (SD).  

 

Results 

 

HPV16 E6/E7 under K14 promoter generate buccal tumor with a slow growth rate.   

Based on the promising tumor generation rate of our CD3 depletion buccal tumor 

model shown in Chapter 2, I changed the components of the original plasmid 

combination by modifying the promoters of the plasmid. First, I replaced the plasmid 

encoding EF1a-driven HPV16 E6/E7 and luciferase (EF1a_LucE6E7) with plasmid 

encoding K14-driven HPV16 E6/E7 and luciferase (K14_LucE6E7) (Fig. 1). Plasmids 

encoding K14_LucE6E7, NRASG12V, and transposase SB100 were submucosally injected 

in the buccal area followed by electroporation of athymic nude mice, which have 

abnormal thymus with T cell function deficiency. The enzyme luciferase encoded in the 

plasmids can catalyze chemical reactions of molecular oxygen with the substrate 

luciferin. This reaction generates visible light from viable, transfected cells that can be 
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measured quantitatively. After injection of plasmids, in vivo tumor growth was monitored 

by in vivo bioluminescence image with IVIS spectrum. Compared with original 

EF1a_LucE6E7, bioluminescence kinetics of buccal tumor from K14_LucE6E7 

increased slowly (Fig. 2A) with significantly lower tumor generation rate (Fig. 2B). In 

addition, we observed a wide variation for the tumor growth rate. Under K14 promoter, 

only two out of five (40%) mice generate gross buccal tumor (Fig. 3). 

 

HPV16 E6/E7 under K14 promoter in buccal tumor model cannot generate 

clinically relevant carcinoma 

With K14_LucE6E7 plasmid, spontaneous tumors arising from mucosa area have 

gross features resembling the exophytic type oral cancer, appearing as a solid, papillary 

mass that caused bleeding ulcer when it grew larger (Fig. 4A). The gross features were 

similar to the tumor from EF1a_LucE6E7 plasmid. Representative sections of 

histological examination were shown in Fig. 4B-C. In microscopic features, the tumors 

showed spindle shaped tumor cells with highly mitotic activity. The cytokeratin 

epithelium marker showed relatively negative staining inside the tumor mass. Compared 

with Fig. 6B in Chapter 2, the tumor arising from K14_LucE6E7 showed relatively less 

expression of a cell proliferation biomarker Ki-67, which was compatible with its 

relatively slow tumor growth (Fig. 4B). The special IHC staining revealed positive HPV-

biomarker p16 expression (Fig. 4C). 

 

Characteristics of buccal tumor arising from K14-driven transposase SB100 

In a separate experiment, I used K14-driven transposase SB100 to replace original 
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CMV-driven SB100 (Fig. 1). Plasmids EF1a_LucE6E7, NRASG12V, and K14_SB100 

were submucosally injected into buccal mucosa of athymic nude mice followed by 

electroporation.  As shown in Figure 5, replacing CMV-driven SB100 with a K14 

promoter had no significant difference in tumor kinetics and tumor generation rate. For 

the histological characteristics, buccal tumors formed from K14_SB100 showed spindle 

shaped tumor cells, the majority of which lacked classical carcinoma features (Fig. 6B). 

These sarcoma-like microscopic features were similar to the buccal tumors arising from 

the original plasmids combination without K14 promoters as shown in Chapter 2, 

Figure 6.  

 

Combining K14-driven HPV16 E6/E7 and K14-driven transposase showed no 

difference in tumor generation.  

Subsequently, I tried to do buccal submucosal injection with plasmids encoding 

K14_LucE6E7, K14_SB100, and original NRASG12V. In addition to delivering the 

plasmids via injection with electroporation, I also performed a separate experiment to 

deliver the plasmids via gene gun. However, compared with the original plasmids 

combination, combining K14_LucE6E7 and K14_SB100 resulted in significantly slower 

tumor kinetics, while the kinetics from gene gun delivery was even slower than that of 

plasmid injection with electroporation. With this plasmids combination, neither of the 

DNA delivery methods could generate buccal tumor efficiently (Fig. 7). 

 

K14-driven HPV16 E6/E7 generate clinically relevant carcinoma in cervico-vaginal 

tumor model 
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While our attempt to generate a preclinical model of HPV+ buccal carcinoma 

using K14-driven genes was not successful, we also attempted to apply K14_LucE6E7 

with NRASG12V, and transposase SB100 in vaginal mucosa to generate preclinical model 

of HPV+ cervical carcinoma. Athymic nude mice (n=5) received submucosal injection of 

plasmids DNA followed by electroporation in the cervico-vaginal track. After injection of 

plasmids, in vivo tumor growth was monitored by in vivo bioluminescence imaging with 

IVIS spectrum. We observed the bioluminescence kinetics of vaginal tumor from 

K14_LucE6E7 increased much slower than tumors formed from the original 

EF1a_LucE6E7 encoding plasmid (Fig. 8). Similar to our observation from previous 

experiments, there were individual variations in tumor size and growth rate. Of the 5 

transfected mice, only three (60%) successfully developed tumor. The first tumor 

formation was observed in the 4th week after plasmids transfection while other two 

tumors were not observed until the end of second month (Fig. 9). When the tumor grew 

to exceed 10mm in one diameter, the mouse was sacrificed.  

 

In macroscopic appearance, we noted in the vaginal tumor that a major portion of 

the tumor consisted of fluid, with a minor portion consisting of solid mass (Fig. 10A). 

After surgical removal, the tumor was placed in 10% Neutral buffered formalin for 

subsequent histology examination. In terms of the microscopic features, the vaginal 

tumor showed malignant, small, round-to-oval nuclei, and finely granular chromatin with 

abundant mitotic characters (Fig. 10B). The special IHC staining showed positive 

proliferating marker Ki-67 as well as carcinoma biomarker cytokeratin. (Fig. 10B) The 

tumor also showed positive HPV biomarker p16 in IHC staining (Fig. 10C). 
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K14-driven HPV16 cervical tumor showed poor correlation between tumor size and 

luciferase activity. 

For cervical tumors formed from K14_LucE6E7, we noted inconsistent 

correlation between tumor growth and bioluminescence intensity, with some of the 

resulted tumor mass displaying little bioluminescence intensity (Fig. 11). This 

inconsistency was also reflected in the difference of tumor histology. For tumors with 

similar tumor size, the tumor with higher bioluminescence intensity, which correlated 

with HPV16 E6/E7 gene expression, displayed microscopic features consistent with the 

characteristics of a carcinoma, while the tumor with low bioluminescence intensity 

mainly consisted of cystic structure inside the tumor (Fig. 11). 

 

Discussion 

In the second part of my thesis project, we noted the resultant tumor kinetics with 

keratinocyte-restricted promoter K14 differed from the original plasmids combination we 

used in CD3 depletion buccal model. Not only did the tumors display slower growth 

speed, there were also huge individual variations in the tumor generation rate. 

Additionally, K14 promoter cannot guarantee the formation of carcinoma. I suspected 

that this condition was due to technical limitations.  

 

K14 is a keratinocyte-restricted promoter, and keratinocytes are located in the 

most superficial layer of epithelium above basal layer. The keratin layer is a very thin 

layer of the mucosal structure and is very difficult to introduce DNA by manual injection. 
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The submucosal injection is typically performed below basal layer and lamina propria. 

The lack of an efficient method to target and deliver the plasmids to the keratinocytes in 

submucosal area resulted in inactive K14 promoter. In the combination with 

K14_LucE6E7, insufficient HPV16 E6/E7 expression caused the majority of the 

transfected cells to consist of only NRASG12V and SB100 expression. The single 

oncogene expression resulted in weaker tumorigenesis. For the cells that were transfected 

with NRASG12V or SB100 alone, the tumor formation was even weaker. In addition, these 

cells should have no luciferase activity due to inactive K14. However, occasional 

diffusion of the K14-driven plasmids to epithelial keratinocytes caused HPV16 E6/E7 

expression. This occasional expression was able to synergize NRASG12V and induce cell 

transformation. These epithelial cell transformations resulted in tumors with carcinoma 

histology characteristics. However, the expression of K14_LucE6E7 was unpredictable 

with great uncertainty. This may explain the different tumor growth rates, rare carcinoma 

formation, and inconsistent bioluminescence activity we observed in models with 

K14_LucE6E7.  

 

For the plasmids combination with K14_SB100, the expression of transposase is 

also very rare because of the inability to target keratinocytes in submucosal area. 

However, the two major oncogenes, HPV16 E6/E7 and NRASG12V can be expressed in 

most cells. The injected plasmids may have random chromosomal integration and 

transient gene expression without the help of the sleeping beauty transposon system. 

However, the synergistic tumorigenesis effect of HPV16 E6/E7 and NRASG12V is highly 

potent and thus maintained similar tumor generation rate as original plasmids 
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combination.   

 

To overcome technical limitations and introduce oncogenic plasmids into HPV-

targeted epithelial cells, DNA introduction via gene gun was attempted. However, the 

latency of gene expression and tumor formation was worse, and none of the mice 

generated gross tumor (Fig. 7). In future experiments, we would like to try plasmids 

combination of K14-driven RAS after determining an efficient way to introduce DNA to 

the keratin layer.  
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Figure 1. Schematic of plasmids with K14 promoter. Original plasmids in CD3 

depletion buccal tumor model were shown in upper panel. For K14-driven plasmids, 

HPV16 E6/E7 was fused with luciferase gene as a reporter under keratinocytes-restricted 

promoter K14. Transposase SB100 is also cloned under K14 promoter. NRASG12 is still 

under CAG promoter. Both HPV16 E6/E7 and NRASG12V were flanked by the inverted 

repeats (IR) sequence that can be recognized and cut by transposase protein SB100.   
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Figure 2. Buccal tumors arising from K14-driven HPV16 E6/E7. Athymic nude mice 

(n=5 in each group) received submucosal injection of plasmids DNA followed by 

electroporation in buccal area. One group received plasmids including EF1a_LucE6E7, 

NRASG12V and SB100. The other group received plasmids including K14_LucE6E7, 

NRASG12V and SB100. All plasmids were given with 10ug in weight and 30uL in total 

injection volume. (A) Bioluminescence kinetics were recorded by IVIS spectrum system. 

(B) Kaplan–Meier Survival curve. Defination of death: tumor logest diameter > 7 mm. 
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Figure 3. Bioluminescence kinetics of each buccal tumors arising from HPV16 

E6/E7 under K14 promoter. Athymic nude mice (n=5)received submucosal injection of 

plasmids DNA followed by electroporation in buccal area. These plasmids contained 

K14_LucE6E7, NRASG12V, and SB100 each with 10ug in weight and 30uL in total 

volume. Bioluminescence kinetics of buccal tumor in each mouse were recorded by IVIS 

Spectrum. Red arrows indicate gross tumor formation.   
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Figure 4. Characterization of buccal tumors arising from HPV16 E6/E7 under K14 

promoter. Athymic nude mice (n=5) received submucosal injection of plasmids DNA 

followed by electroporation in buccal area. These plasmids contained K14_LucE6E7, 

NRASG12V, and SB100 each with 10ug in weight and 30uL in total volume. (A) On day77 

after plasmids injection, at the time of sacrifice, gross buccal tumor picture was taken. 

(B) Representative histology sections with H&E stain and special IHC staining with Ki-

67 and cytokeratin. (C) Evidence of HPV(+) tumor: IHC staining with HPV associated 

biomarker p16.  
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Figure 5. Buccal tumors arising from K14-driven transposase SB100. Athymic nude 

mice (n=5 in each group) received submucosal injection of plasmids DNA followed by 

electroporation in buccal area. One group received plasmids including EF1a_LucE6E7, 

NRASG12V and SB100. The other group received plasmids including EF1a_LucE6E7, 

NRASG12V and K14_SB100. All plasmids were given with 10ug in weight and 30uL in 

total injection volume. (A) Bioluminescence kinetics were recorded by IVIS spectrum 

system. (B) Kaplan–Meier Survival curve. Definition of death: tumor diameter >7 mm. 
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Figure 6. Characterization of buccal tumors arising from SB100 under K14 

promoter. Athymic nude mice (n=5) received submucosal injection of plasmids DNA 

followed by electroporation in buccal area. These plasmids contained EF1a_LucE6E7, 

NRASG12V, and K14_SB100 each with 10ug in weight and 30uL in total volume. (A) 

Macroscopic features of buccal tumors on day28 after plasmids injection. (B) 

Microscopic histological features under H&E staining. 
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Figure 7. Combing K14-driven HPV16 E6/E7 and K14-driven SB100 with different 

plasmids delivery route. Athymic nude mice (n=5 in each group) received submucosal 

injection of plasmids DNA followed by electroporation in buccal area. The plasmids 

combination were indicated in the figure with each individual plasmid 10ug in weight 

and 30uL in total injection volume. Bioluminescence kinetics were recorded by IVIS 

spectrum system.  
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Figure 8. Bioluminescence kinetics of vaginal tumors from different promoters. 

Athymic nude mice (n=5 in each group) received submucosal injection of plasmids DNA 

followed by electroporation in vaginal area. One group received plasmids including 

EF1a_LucE6E7, NRASG12V and SB100. The other group received plasmids including 

K14_LucE6E7, NRASG12V and SB100. The plasmids combination were prepared with 10 

ug of each indicated plasmids in 30uL total injection volume. Bioluminescence kinetics 

was recorded by IVIS spectrum system. 
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Figure 9. Bioluminescence kinetics of individual vaginal tumor arising from K14-

driven HPV16 E6/E7. Athymic nude mice (n=5) received submucosal injection of 

plasmids DNA followed by electroporation in vaginal area. These plasmids contained 

K14_LucE6E7, NRASG12V, and SB100 with each plasmid 10ug in weight and 30uL in 

total volume. Bioluminescence kinetics of vaginal tumor in each mouse were recorded by 

IVIS Spectrum. Red arrows indicate gross tumor formation.   
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Figure 10. Characterization of vaginal tumors arising from K14-driven HPV16 

E6/E7. Athymic nude mice (n=5) received submucosal injection of plasmids DNA 

followed by electroporation in the vagina. These plasmids contained K14_LucE6E7, 

NRASG12V, and SB100 with each plasmid 10ug in weight and 30uL in total volume. (A) 

Left side is the gross vaginal tumor picture. Right picture: vaginal tumor contained major 

cystic part and minor solid part (red dash circle). U: uterus, C: cervix, V: vagina. (B) 

Representative histology sections with H&E stain and special IHC staining with Ki-67 

and cytokeratin. (C) Evidence of HPV(+) tumor: IHC staining with HPV associated 

biomarker p16. 
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Figure 11. Inconsistent correlation between bioluminescence intensity and tumor 

growth. Athymic nude mice (n=5) received submucosal injection of plasmids DNA 

followed by electroporation in vagina. These plasmids contained K14_LucE6E7, 

NRASG12V, and SB100 with each plasmid 10ug in weight and 30uL in total volume. Two 

vaginal tumors with similar gross size have uncorrelated bioluminescence intensity. Right 

column: representative histology sections of H&E stains from these two vaginal tumors.   
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CHAPTER 4 

 

Combining HPV16 E6/E7 and AKT could induce clinically relevant carcinoma in 

cervico-vaginal tumor model 

Introduction 

 

It is well known that HPV infection alone is not enough to generate cancer.  In 

addition to the tumorigenic properties of the HPV oncoproteins E6/E7, the consequence 

of HPV DNA integration into the host genome is considered to be a driver of the 

neoplastic process. The DNA integration causes enhanced expression of viral 

oncoproteins, alteration of critical cellular genes, and changes in global promoter 

methylation and transcription (65). Furthermore, all of these consequences, may lead to 

loss of function of tumor suppressor genes, enhanced oncogene expression, loss of 

function of DNA repair genes, or other vital cellular functions. Many studies have 

generated a comprehensive overview of the genomic landscape of human papillomavirus 

(HPV)-associated cancers using next-generation sequencing techniques, including whole 

genome/exome sequencing, RNA-Seq, miRNA-Seq and methylation analyses (125-129). 

These studies showed multiple concurrent somatic mutations in HPV-associated cancers, 

which may be associated with HPV integration or other independent events after 

infection. In addition to the HPV DNA integration consequences, the most common 

additional genomic alteration is associated with the phosphatidylinositol-3-kinase 

(PI3K)/AKT pathway.  
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The PI3K/AKT pathway is considered to be an important regulator of many 

growth factors and regulators. Specifically, the activation of growth factor receptor 

protein tyrosine kinase can recruit and activate PI3K. PI3K is a lipid kinase which can 

phosphorylate phosphatidylinositol-3,4-bisphosphate, PI(3,4)P2, to generate second 

messenger PI(3,4,5)P3.  PIP3 can recruit a subset of signaling proteins to the membrane, 

including PDK1 and AKT. AKT has multiple downstream targets, such as mTOR, which 

is associated with cell growth, and MDM2 or Bad, which are associated with cell cycle 

control and apoptosis (130). Therefore, activation of AKT causes a disturbance in cell 

growth control and cell survival, which contributes to a competitive growth advantage, 

metastatic competence and therapeutic resistance (131). Many previous publications have 

documented hyperactivation of AKT kinases in human solid tumors and hematological 

malignancies such as breast cancer, prostate cancer, colorectal cancer and leukemia (132-

137). Additionally, cancer controlled by chemotherapy or radiation depends primarily on 

the induction of apoptosis. Aberration of PI3K/AKT pathway will hamper apoptosis and 

is an important mechanism in therapeutic resistance in tumor cells (138). Furthermore, 

previous publications have shown inhibition of PI3K/AKT signaling pathway can reduce 

cancer invasion and metastasis (139,140).  

 

PI3K/AKT pathway is thought to be involved in 22-56% of HPV-positive head 

and neck squamous cell carcinoma and approximately 14% of HPV-positive cervical 

carcinoma (1). This means that one in every two HNSCC patients has an abnormal 

PIK3/AKT pathway. Because of its high incidence in HPV-associated carcinoma, we are 

interested in combining AKT and HPV16 E6/E7 to generate a spontaneous tumor model 
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that resembles carcinoma characteristics. 

 

Materials & Methods 

Mice and Animal Care 

Six to eight-week-old female athymic nude (Athymic NCr-nu/nu, strain #553) 

mice were purchased from Charles Rivers Laboratories (Frederick, MD, USA). All mice 

were maintained at Johns Hopkins University School of Medicine (Baltimore, MD) 

animal facility under specific pathogen free conditions. All procedures were performed 

according to protocols approved by the Johns Hopkins Institutional Animal Care and Use 

Committee and in accordance with recommendations for the proper use and care of 

laboratory animals. 

 

Plasmid Vectors 

The EF1a_LucE6E7 was generated as described in Chapter 2.  The construction 

of the pCMV(CAT)T7-SB100 plasmid was described previously (93) and purchased from 

addgene (plasmid #34879). The construction of PKT2/CLP-AKT plasmid encoding 

human AKT cDNA was described in a previous publication (62) and purchased from 

Addgene (plasmid #20281). Both EF1a_LucE6E7 and PKT2/CLP-AKT are transposon 

backbones, in which the transposon DNA is flanked between two inverted sequences and 

can be recognized and cut by transposase.  

 

In vivo buccal tumor formation   

Immuno-deficient athymic nude mice (five per group) received submucosal 
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injection with plasmids EF1a_LucE6E7 which encodes Luciferase and HPV16 E6/E7, 

PKT2/CLP-AKT, as well as transposase SB100 into buccal area followed by 

electroporation. Each plasmid was 10ug in weight and 30uL in total injection volume. 

After plasmids injection, the transfected gene expression and tumor growth were 

monitored using in vivo bioluminescence imaging.  

 

The surface dimensions (length and width) of the tumor were measured with 

digital calipers. To record the survival of the tumor-bearing mice, either natural death or 

tumor diameter greater than 7mm leading to irreversible tumor burden were counted as 

death.  

 

In vivo vaginal tumor formation   

After dilatation with vaginal swab, athymic nude mice (five per group) received 

submucosal injection with plasmids EF1a_LucE6E7, PKT2/CLP-AKT, and transposase 

SB100 into lower third of vaginal mucosa.  Each plasmid was 10ug in weight and 30uL 

in total injection volume.  

 

The length and width surface dimensions of the tumor were measured with digital 

calipers. To record the survival of the tumor-bearing mice, either natural death or tumor 

diameter greater than 15mm leading to irreversible tumor growth was counted as death.  

 

In vivo bioluminescence image 

This procedure is similar to the procedure as described in Chapter 2.  
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Histology and Immunohistochemistry staining 

For buccal tumor, when the tumor size exceeds 7mm in diameter, mice were 

considered to be unrecoverable from tumor burden, and euthanized according to the 

protocol. For vaginal tumor, when the tumor size exceeds 15mm in diameter, mice were 

considered to be unrecoverable from tumor burden, and euthanized according to the 

protocol. The tumors were surgically removed, isolated and placed into 10% Neutral 

buffered formalin solution for adequate fixation with a minimum 48 hours at room 

temperature. The tumor samples were then sent to Johns Hopkins University Oncology 

Tissue Services for subsequent procedures including paraffin embedding, tissue 

sectioning, hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) 

staining. The histology slides were reviewed by Dr. T.-C. Wu.  

 

Statistical analysis 

The statistical analysis was performed with the GraphPad Prism V.6 software (La 

Jolla, CA, USA). Data were expressed as means ± standard deviation (SD).  

 

Results 

In buccal tumor model, combining HPV16 E6/E7 and AKT oncogenes slowed tumor 

formation rate. 

Athymic nude mice (five per group) received submucosal injection of the 

plasmids, EF1a_LucE6E7, AKT, and transposase SB100 in buccal area. After plasmids 

injection, tumor growth was monitored by in vivo bioluminescence imaging. Compared 
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with tumors from original plasmids combination using EF1a_LucE6E7, NRASG12V, and 

SB100, replacing NRASG12V with AKT caused slower tumor formation as well as lower 

bioluminescence intensity (Fig.1A). The AKT combination also showed significantly 

better survival rate (Fig. 1B). The overt tumors caused by HPV16 E6/E7 and AKT were 

generated by the end of 8th week after plasmids injection. In spite of slower tumor 

growth, the tumor generation rate was still 80% (Fig. 2A-B). The macroscopic features of 

these buccal tumors were flat, dark-red in color, small in size (<6 mm in longest 

diameter), and hematoma-like in appearance (Fig. 2C). The microscopic characteristics 

showed non-neoplastic tissue with hemorrhage, fibrin exudation, and hyalinization, 

which was confirmed in the hematoma suspension (Fig. 2D) 

 

In vaginal tumor model, combining HPV16 E6/E7 and AKT generated clinically 

relevant carcinoma. 

After vaginal dilation with vaginal swab, athymic nude mice (five in each group) 

received submucosal injection of plasmids followed by electroporation in the lower third 

vaginal area. After injection of plasmids, gene expression and tumor growth were 

monitored using in vivo bioluminescence imaging. The tumor formation rate from 

EF1a_LucE6E7 and AKT is slower than original EF1a_LucE6E7 and NRASG12V 

combination but faster than K14_LucE6E7 and NRASG12V combination (Fig. 3). In 

contrast with the buccal tumor model, AKT had a more significant synergic effect of 

carcinogenesis with HPV16 E6/E7 in vaginal mucosa. (Refer to Figure 2) All mice (5 out 

of 5) developed overt vaginal tumors by the end of the seventh week after plasmids 

injection (Fig. 4A-B). These vaginal tumors were solid mass, fixed, oval shape, with 
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smooth contours (Fig. 4C). The microscopic features revealed classic malignant cell 

characteristics, including large, abundant eosinophilic cytoplasm and a large, often 

vesicular, nucleus (Fig. 5A). These tumors also showed classic carcinoma characteristics 

with multiple tumor cell islands, variable keratinization with keratin pearls as well as 

invasion features (Fig. 5A). The special immunohistochemistry staining provided 

evidence of positive cytokeratin staining, which is a carcinoma biomarker (Fig. 5B). 

Other special IHC staining revealed positive proliferation marker ki-67 as well as HPV-

associated biomarker p16 (Fig. 5C)  

 

Discussion 

In this chapter, we noted synergic effects of HPV-16 E6/E7 and AKT oncogenes 

on tumorigenesis in vaginal mucosa but not in buccal mucosa. Additionally, the tumor 

biology and histology of vaginal mucosa and buccal mucosa are different as well. With 

submucosal injection of plasmids containing EF1a_LucE6E7, AKT, and SB100, the 

vaginal tumors had clinically relevant carcinoma features and consistent gross tumor 

developing by the end of 7th week after plasmids injection. However, the buccal tumors 

revealed major hematoma microscopic characteristics with inconsistent tumor growth 

rate. All of the plasmid preparations, injection doses, and electroporation parameter 

settings were the same at these two injection sites and all performed by myself. 

Therefore, individual technical variation could be excluded as the reason for these tumor 

differences. Comparing the histology structures between mouse vaginal and oral mucosa, 

both of them have stratified epithelium composed of multiple layers of cells which show 

a non-keratinized pattern of differentiation. Underlying epithelium layers are the basal 
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membrane, lamina propria of connective tissue, submucosa, muscular layer, and the 

innermost adventia. The mouse oral cavity (including the labial, buccal, palatine and 

gingival mucosa) is lined by variably orthokeratinized squamous epithelium. The 

thickness of keratin layer varies with diet and frequency of ingestion. Fasted or anorexic 

mice will have increased keratin thickness and occasionally adherent bacterial colonies, 

especially in the distal esophagus and nonglandular stomach (141).  

 

The mouse vaginal mucosa is composed of stratified squamous epithelium and is 

folded into longitudinal elevations with no glands. The morphology of the vaginal 

epithelium changes during the different stages of the estrus cycle, for example, the 

vaginal mucosa may move toward para-keratinization during the midpoint of the 

menstrual cycle (141). And it has been proven that sex hormones, especially estrogen, are 

the carcinogenesis co-factor in the HPV transgenic mouse model, contributing to the 

onset, persistence, and malignant progression of tumor (49). Although the mice are 

randomly selected without being screened for the stage of their estrus cycle, the 

significant difference in carcinogenesis potential between buccal and vaginal mucosa led 

us to believe that this may be caused by hormone influence. This can be explained from 

previous HPV transgenic mouse models which proved that estrogen was a carcinogenetic 

cofactor with HPV oncogenes and chronic administration of hormone estradiol increased 

tumor generation (142,143).  
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Figure 1. Bioluminescence kinetics of buccal tumors in immunodeficient mice. 

Athymic nude mice (n=5 in each group) received submucosal injection of plasmids DNA 

followed by electroporation in buccal area. One group received plasmids including 

EF1a_LucE6E7, NRASG12and SB100. The other group received plasmids including 

EF1a_LucE6E7, AKT and SB100. All injected plasmids were 10ug in weight and 30uL in 

total injection volume. Bioluminescence kinetics were recorded by IVIS spectrum 

system.  
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Figure 2. Buccal tumors arising from HPV16 E6/E7 and AKT oncogenes. Athymic 

nude mice (n=5) received submucosal injection of plasmid DNA followed by 

electroporation in buccal area. These plasmids contained EF1a_LucE6E7, AKT, and 

SB100, each 10ug in weight and 30uL in total volume. (A) Bioluminescence kinetics of 

buccal tumor in each mouse was recorded by IVIS Spectrum. Red color indicates mice 

with gross tumor formation in the end of experiment.  (B) Bioluminescence image (C) 

Gross picture of the buccal tumor. (D) Microscopic features of the buccal tumor. 
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Figure 3. Bioluminescence kinetics of vaginal tumors arising from different plasmid 

combinations in immunodeficient mice. Athymic nude mice (n=5 in each group) 

received submucosal injection of plasmid DNA followed by electroporation in lower 

third of vaginal mucosa. One group received plasmids including EF1a_LucE6E7, 

NRASG12V and SB100. One group received plasmids including EF1a_LucE6E7, AKT and 

SB100. One group received plasmids including K14_LucE6E7, NRASG12V and SB100. 

All plasmids were 10ug in weight and 30uL in total injection volume. Bioluminescence 

kinetics were recorded using IVIS spectrum system. 
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Figure 4. Vaginal tumors arising from HPV16 E6/E7 and AKT oncogenes. Athymic 

nude mice (n=5) received submucosal injection of plasmids DNA followed by 

electroporation in lower third of vaginal mucosa. These plasmids contained 

EF1a_LucE6E7, AKT, and SB100, each 10ug in weight and 30uL in total volume. (A) 

Bioluminescence kinetics of vaginal tumor in each mouse was recorded by IVIS 

Spectrum. Red color indicates mice with gross tumor formation at the end of experiment.  

(B) Bioluminescence image (C) Macroscopic features of the vaginal tumor.  
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Figure 5. Characterization of vaginal tumors arising from HPV16 E6/E7 and AKT 

oncogenes. Athymic nude mice (n=5) received submucosal injection of plasmids DNA 

followed by electroporation in lower third of vaginal mucosa. These plasmids contained 

EF1a_LucE6E7, AKT, and SB100 with each 10ug in weight and 30uL in total volume. 

(A) Representative histology sections with H&E stain (B) Special IHC staining with 

cytokeratin epithelium marker. (C) Special IHC staining with Ki-67, p-Akt and HPV 

associated biomarker p16. 
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CHAPTER 5 

 

Summary 

Despite the availability of preventative HPV vaccines, HPV-associated cancer is 

still a common global health issue. For patients with an existing HPV infection, there is 

an urgent need for therapeutic strategies to control infection and prevent further 

carcinogenesis. Persistent high-risk HPV infection is considered a major risk factor for 

the development of precancerous disease and cancer. Currently, there are no efficient 

therapeutic treatment methods for existing HPV-infection and HPV-associated 

malignancies. The only treatment option is to monitor the infection regularly. That is the 

reason why I’m interested in developing an HPV-expression pre-clinical tumor model. 

Unfortunately, existing HPV models have limitations, for example, xenograft tumor 

transplantation models cannot depict tumor microenvironment after HPV infection, or the 

transgenic mouse models have immune tolerance issues. The drawbacks of traditional 

HPV cancer models inspired me to generate an improved model. With continuous HPV 

expression, which can mimic HPV infection, our ideal model should be able to address 

tumor microenvironment, evaluate therapeutic strategies especially for immunotherapy, 

and depict precancerous to cancerous disease progression from cell transformation by 

HPV infection.   

 

In Chapter 2, I developed a useful pre-clinical HPV spontaneous buccal tumor 

model. By submucosal injection of plasmids, EF1a_LucE6E7, NRASG12V, and 

CMV_SB100, into mice buccal area, the plasmids co-transfection resulted in spontaneous 
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tumor formation in immune-deficient athymic nude mice while tumor suppression was 

observed in immune-competent background. However, with CD3+ T cells depletion 

during the early stage of cell transformation, the formation of spontaneous oral tumor 

could be achieved even when T cells gradually recovered. With the help of luciferase 

reporter gene, the tumors can be tracked sequentially, longitudinally and dynamically 

because of the correlation between tumor size and bioluminescence intensity. These 

tumors express HPV16 biomarker p16 as well as detectable HPV16 RNA. Furthermore, 

these tumors can metastasize to draining lymph nodes which is correlated with clinical 

disease progression and can be controlled through immune therapeutic treatments which 

is useful for future research of immunotherapy.  

 

This CD3 depletion HPV buccal tumor model developed from a straightforward 

method by injecting oncogenic plasmids directly in mucosal area. Traditional transgenic 

mouse models result in insufficient tumor formation and are limited by time and labor 

consuming. The model proposed in Chapter 2 is cheaper, faster and has more efficient 

tumor generation (>80%). These benefits make it a useful tool to evaluate HPV infection 

consequence and therapeutic intervention.  

 

However, we also encountered some limitations in this model. One such 

limitation was the overexpression of HPV16 E6/E7 by artificial promoter and artificial 

genome integration with multi-copy expression, both of which are much different from 

natural viral gene expression. Another limitation is the microscopic histological 

characteristics of this spontaneous buccal tumors which are different from clinically 
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relevant HPV-associated oropharyngeal carcinoma. Therefore, in Chapter 3 and Chapter 

4, I’ve tried different plasmids to make spontaneous tumors with microscopic features 

better resemble the clinical HPV+ carcinoma.    

 

Based on experiences from previous transgenic mouse models, keratinocyte-

restricted promoter K14 can help to generate clinically relevant carcinoma. In Chapter 3, 

I used promoter K14 to drive either HPV16 E6/E7 or transposase SB100. I injected the 

plasmids combination in both buccal mucosa and the lower third vaginal mucosa area. 

However, I found that, plasmids combinations containing K14-driven HPV16 E6/E7 have 

much lower tumor generation efficiency (40-60%) in buccal area as well as in vaginal 

area. Although we had observed vaginal tumor with carcinomatous histology, the 

incidence was very rare, only one out of forty (2.5%) had carcinoma characteristics. With 

K14-driven SB100, I found the tumor kinetics, overt tumor formation rate, and the 

microscopic histology is similar to the plasmids combination containing original 

commercialized CMV_SB100 (pCMV(CAT)T7-SB100), EF1a_LucHPV16 E6E7, and 

NRASG12V plasmids.  

 

In Chapter 3, we suspected that the technical limitations in our model caused 

unavailability of plenty keratinocytes around the injection site and resulted in insufficient 

gene expression. To resolve this issue, we used gene gun delivery of the oncogenic 

plasmids in buccal mucosa as well as in the external perineal area. However, the gene gun 

cannot generate efficient DNA delivery or persistent gene expression in mucosa. We also 

used pseudovirions delivery which turned out very poor infectivity with insufficient 
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transgene expression. After trying different plasmids delivery methods, we still cannot 

get satisfied tumor formation with carcinoma characteristics under K14 promoter both in 

buccal and vaginal area. Therefore, this push us to combine HPV16 E6/E7 with another 

oncogene in Chapter 4. 

 

In Chapter 4, I replaced NRASG12V with PKT2/CLP-AKT, which contains human 

AKT cDNA to induce a clinically relevant carcinoma. With the help of next-generation 

sequencing techniques, many studies have generated a comprehensive overview of the 

genomic landscape of human papillomavirus (HPV)-associated cancers (125-129). There 

are many consequences after HPV DNA integration. The most important events for 

carcinogenesis are caused by oncoprotein E6 and E7. E6 oncoprotein is thought to 

promote cell proliferation by stimulating degradation of the tumor suppressor p53 (144). 

Oncoprotein E7 can bind ‘pocket domain' sequences of Rb, disrupt the interaction 

between Rb and E2F, resulting in the release of E2F factors in their transcriptionally 

active forms and stimulating replication and cell-division (25,145,146). In addition, 

previous publications indicated the most common additional genomic alterations, 

phosphatidylinositol-3-kinase (PI3K)/AKT pathway, is estimated to be involved in 22-

56% of HPV-positive head and neck squamous cells carcinoma and in approximately 

14% HPV-positive cervical carcinoma (1). 

 

In Chapter 4, I injected mice submucosally with plasmids, EF1a_LucE6E7, 

PKT2/CLP-AKT, and CMV_SB100, in both buccal area as well as lower third vagina 

area in immune-compromised athymic nude mice. I noted that this combination had 
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carcinogenic potential functionally, predominantly in the vagina area but not in the buccal 

area. All mice that received vaginal mucosa injection developed clinically relevant 

carcinoma by the end of 7th week after plasmids injection. Considering the anatomy 

difference, the mucosal structure in vagina is similar to buccal mucosa. The only 

difference is that vaginal mucosa has periodical changes with the menstrual and hormone 

cycle. Therefore, I suspect the difference in carcinogenesis synergic effect is due to the 

insensitivity of hormone change in mouse buccal mucosa.  

 

Compared to the traditional transgenic mouse model, this HPV-associated 

cervico-vaginal spontaneous cancer model depends on manual injection of plasmids into 

vaginal mucosa, provides a cheaper, faster and more efficient tumor model.   

 

As summarized in Table 2, my thesis provides a useful HPV+ spontaneous buccal 

tumor model, which is suitable for evaluating immunotherapy strategies and metastasis 

biology. In the future, this buccal model could be used to do molecular analysis 

associated with tumor metastasis. It would also be very useful to test different 

immunotherapeutic strategies in eliminating HPV infection, preventing tumor formation 

and controlling disease progression. For HPV+ spontaneous vaginal model, we generated 

a clinically relevant carcinoma cervico-vaginal spontaneous model. However, it warrants 

further investigation regarding full disease progression and tumor microenvironment 

evaluation. After applying this strategy in immune-competent mice, this cervico-vaginal 

model is also very useful in studying tumor biology and testing multiple 

immunotherapeutic strategies.  
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Table 2. HPV+ preclinical tumor models. This table summarizes different plasmid 

combinations tested in my thesis. The red color results indicate the models we prefer for 

future researches. 
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