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RESUMO (ABSTRACT IN PORTUGUESE) 

 

Rodrigues OA. Modelo canino de imunoterapia de melanoma usando vetores adenovirais portadores 

de cDNAs p14Arf e interferon-beta [tese]. São Paulo: Faculdade de Medicina da Universidade de 

São Paulo; 2023. 

 

O melanoma é um tipo de câncer agressivo de difícil tratamento em casos avançados tanto na 

medicina humana quanto na veterinária. Apesar do progresso considerável nas propostas terapêuticas, 

as taxas de mortalidade ainda são elevadas, tornando necessário o desenvolvimento de novas 

abordagens terapêuticas. Os melanomas frequentemente apresentam disfunções na via de p53, 

embora frequentemente retenha a proteína p53 selvagem. Em estudos anteriores, nosso grupo utilizou 

vetores adenovirais para a transferência genica de p14ARF (proteína supressora de tumor) a fim de 

reativar a via p53 em células murinas e humanas, tanto in vitro quanto vivo. A co-transdução com 

IFNβ (citocina imunomoduladora) induziu níveis especialmente elevados de morte celular juntamente 

com a liberação de marcadores imunogênicos de morte celular in vitro, redução significativa da 

progressão tumoral e estimulação de fortes respostas imunes in vivo. Antes de prosseguirmos para 

testes em humanos, desejamos verificar estes resultados em modelo animal que represente melhor a 

complexidade dos casos humanos de melanoma, incluindo a capacidade de formar tumores 

espontâneos e metástases. Portanto, este trabalho teve como objetivo desenvolver vetores adenovirais 

que codificam os genes p14ARF e IFNβ caninos, a fim de validar nossa abordagem em um modelo 

utilizando linhagens celulares de melanoma oral canino previamente estabelecidas em nosso 

laboratório. Consistente com nossos estudos anteriores em linhagens celulares humanas e de 

camundongos, observamos que essa combinação de vetores induziu morte celular acompanhada pela 

liberação de fatores imunogênicos, como ATP e HMGB1 nas linhagens celulares caninas GAB-F6 e 

BAN-C10. Num modelo de xenoenxerto de terapia genética in situ, demonstramos a inibição da 

progressão tumoral in vivo, o atraso no desenvolvimento do tumor e a sobrevida prolongada dos 

animais. Estes resultados apoiam o futuro teste desta abordagem terapêutica em pacientes 

veterinários, um passo importante no desenvolvimento da nossa terapia genética para o melanoma. 

 

Palavras-chave: Melanoma, Imunoterapia, Terapia gênica, Interferon-beta, Morte celular, Proteína 

supressora de tumor p14ARF. 

 

 

 

 

 



ABSTRACT 

 

 

Rodrigues OA. Canine model of melanoma immunotherapy using adenoviral vectors carrying p14Arf 

and interferon-beta cDNAs [thesis]. São Paulo: “Faculty of Medicine, University of São Paulo”; 

2023. 

 

Melanoma is an aggressive kind of cancer, difficult to treat in advanced cases in both human and 

veterinary medicine. Despite the considerable progress in therapeutic proposals, mortality rates are 

still high, making it necessary to develop new therapeutic approaches. Melanomas often present a 

dysfunctional p53 pathway, although it frequently retains the wild type protein. In previous studies, 

our group has used adenoviral vectors for the transfer of p14ARF (tumour suppressor protein) in order 

to reactivate the p53 pathway in murine and human cells, both in vitro and vivo. Co-transduction with 

IFNβ (immunomodulatory cytokine) induced especially high levels of cell killing along with the 

release of immunogenic cell death markers in vitro, significant reduction of tumour progression and 

stimulation of a strong immune responses in vivo. Before moving to human tests, we wish to verify 

these outcomes in animal models that more closely represent the complexity of human cases of 

melanoma, including the capability to form spontaneous tumours and metastases. Therefore, this 

work aimed to develop adenoviral vectors encoding the canine p14ARF and IFNβ genes in order to 

validate our approach in a model utilizing canine oral melanoma cell lines previously established in 

our laboratory. Consistent with our previous studies in mouse and human cell lines, we observed that 

this combination of vectors induced cell death accompanied by the release of immunogenic factors, 

such as ATP and HMGB1 in the canine cell lines GAB-F6 and BAN-C10. In a xenograft model of in 

situ gene therapy, we demonstrated the inhibition of tumour progression in vivo, and delay of tumour 

development and extended survival. These results support testing this therapeutic approach in 

veterinary patients, an important step in the development of our melanoma gene therapy.  

 

Keywords: Melanoma, Immunotherapy, Gene therapy, Interferon-beta, Cell death, Tumour 

suppressor protein p14ARF. 
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1. INTRODUCTION 

  

 

Cancer, the immune system and immunotherapy 

 

           All multicellular organisms are a result of cells that have acquired internal 

programming that prevents their uncontrolled replication, allowing for the orderly 

development and maintenance of complex structures in the body. In addition, some of the 

body’s cells are specialised in the function of hunting down rogue cells that may disturb this 

balance. Over time, through intrinsic DNA replication errors or caused by external factors, 

some cells accumulate mutations that might slowly alter or even turn off their set of 

instructions. They start to grow uncontrolled becoming a cancer that might stay in situ or, over 

time, invade nearby tissues. Over time, those cells gain the ability to continue developing and 

replicating independently of signals from the host body. Moreover, they learn to trespass the 

bodies defence and hide in plain sight of the immune system. Sometimes even recruiting its 

cells to support the tumour’s development. 

           In 1909, Paul Ehlich proposed the idea that, contrary to popular belief, the immune 

system possessed the potential to combat and deter the development of tumours (1, 2). He 

believed that despite the development of atypical cells during aging, the body had evolved 

natural ways to suppress them maintaining those cells latent for a period of time. However, 

without the ability to prove this, his hypothesis was not addressed (2, 3). Years later, Lewis 

Thomas and Frank Burnet theorised that cancer cell-specific antigens, now known as 

neoantigens, can induce immune reactions against cancers. By extension, they proposed that 

there should exist a mechanism for eliminating and inactivating those mutant cells (3). Those 

ideas plus later discoveries helped to develop what are now known as the theories of 

immunoediting and tumour immunosurveillance (1) 

          Tumour immunosurveillance describes a process in which the adaptive and innate 

immunity components interact with mutant cells to eliminate them, preventing the 

development of disorders. This first step is called the elimination phase. Due to the genetic 

instability of some of these cells, some variants that are less susceptible to the immune 

system’s recognition and attack are selected by the evolutionary pressures of this environment. 

This process of immunoediting leads to an equilibrium phase where nascent tumours do not 

grow freely nor are they completely eliminated by the natural defences of the body. This phase 
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can be maintained for many years inducing the selection of a repertoire of cells with the most 

diverse characteristics. Finally, some tumour cells that manage to survive this selective 

pressure and acquire the ability to escape the immune system by losing many of the 

immunogenic antigens they used to express, and also by modulating the activity of immune 

cells in the vicinity. After a long time adapting to circumvent the immunosurveillance of the 

body, tumours grow quickly in what is known as the evasion phase (1, 3). In general, most 

tumours go through these three phases, but in some cases, such as immunodeficiencies and 

advanced age, tumours can directly enter the equilibrium or evasion phase, without going 

through elimination. 

           The elimination phase relies on several mechanisms, including the detection of danger 

signals such as DAMPS (4, 5) Heat Shock Proteins (HSP) and the release of type I interferons 

that is induced during early tumour development. These signals activate dendritic cells which 

lead to a CD4+ and CD8+ T cell response. Another possible mechanism occurs through the 

expression of Natural Killer (NK) cell ligands, such as NKG2 and TRAIL, leading to the 

recognition of tumours by NK cells (1). This process, however, is not always successful due 

to the heterogeneity of the tumours, leading to the survival of variants that have lost the ability 

to release these signals (1). Later, in the equilibrium phase, adaptive immunity continues 

working to keep the tumour in a dormant state. In this phase, tumour cells undergo great 

selective pressure and the development of new variants is increased thanks to the level of 

genetic instability that accumulates in these cells (1, 5). Over decades, less immunogenic 

variants are selected and tumours present cell population that suffered loss of tumour antigens, 

and reduced expression of Major histocompatibility complex class I (MHC I) proteins. 

Additionally, recent studies have also shown that tumours cells suffer an epigenetic disbalance 

that leads to non-mutational epigenetic reprograming that helps tumours in this process. 

Furthermore, some variants acquire the ability to secrete factors that modulate the 

microenvironment around them, inducing the formation of blood vessels to nourish the 

tumour, and the modulation of immune cells in the region in favour of the tumour (5). Some 

organisms induce the recruitment of regulatory T cells (T-reg) which contributes to the 

creation of an immunosuppressive environment (6, 7). Besides some cells acquire the ability 

to move through the bloodstream to distant anatomical locations, establishing metastases. 

These disseminated, secondary tumours will encounter additional selective pressures, leading 

to the accumulation of unique genetic characteristics. Some of those that will give them 

resistance to therapies that are effective for the primary tumours (8, 9).  
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Type I interferons and immunogenic cell death 

 

          The interferon (IFN) family of proteins was originally described for their ability to 

"interferon" influenza virus replication (10). Over time, further studies evaluated the role of 

these factors against tumours (11, 12). A study has produced mice that are deficient in 

interferon receptors (IFNRs) or other key pathway factors such as STAT1 that are found to be 

more susceptible to tumour development than non-altered animals (12). 

          The cytokines within the IFN family are categorized into three distinct types: type I, 

type II, and type III. These classifications are based on variations on protein sequence and 

structure, function, the cells which produce them, and the corresponding cellular receptors 

engaged by them. Among humans, the type I IFNs encompass 18 distinct members. This 

includes 13 subtypes of IFN-α, along with single subtypes of IFN-β, IFN-ε, IFN-κ, IFN-τ, and 

IFN-ω. Intriguingly, all these subtypes bind to a shared cognate receptor, which comprises the 

Interferon Alpha and Beta Receptor 1 (IFNAR1) and IFNAR2 subunits (13, 14). However, 

despite sharing the same receptor, each interferon exhibits varied tissue-specific expression 

(13) , binding affinities, and immunomodulatory outcomes (15, 16). IFN-β exhibits around a 

50-fold higher receptor-binding affinity to IFNAR1 compared to IFN-α (17), which results in 

a more robust antiproliferative response and potentially distinct immunoregulation effects 

(18).  

IFN-α/β, unlike the other type I IFNs, possess more established and well-known roles in 

immunity (15). 

            Type II IFNs, has a sole representative, known as IFN-γ. This interferon binds to the 

IFN-γ receptor 1 (IFNGR1) and IFNGR2 subunits, and is primarily produced by CD4+ helper 

T lymphocytes and natural killer (NK) cells. Type III IFNs encompass IFN-λ1, IFN-λ2, IFN-

λ3, and IFN-λ4, which interact with the IFN-λ heterodimeric receptor 1 (IFNLR1) and the β 

subunit of the Interleukin-10 (IL-10) receptor (13, 14) 

          Activation of the IFN pathway starts with the binding of IFNs to their respective 

receptors. Each of the receptor subunits (IFNAR1 and IFNAR2 or IFNGR1 and IFNGR2 for 

IFNγ) interacts with a specific member of the Janus Activated Kinase (JAK) family. Upon 

IFN binding, JAK proteins come together to form a dimer that undergoes self-

phosphorylation, enabling them to trigger the phosphorylation of other proteins in turn. This 

phosphorylation cascade includes STAT1/2, leading to their association with Interferon 

Regulatory Factor 9 (IRF9), thus giving rise to the complex referred to as Interferon-

Stimulated Gene Factor 3 (ISGF3). This complex plays a pivotal role in inducing the 
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transcription of genes known as interferon-stimulated genes (ISGs), as illustrated by Figure 1 

(14).  

 

Figure 1 – Classical JAK–STAT pathways induced by type I and type II interferons. 

Type I interferons and type II interferon stimulates JAK-STAT pathway leading to the 

transcription of Interferon stimulated genes. Source:(14). 
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            One of the results of activating the interferon pathway is the induction of cell death. 

All three types of interferons were previously reported to show antitumour capabilities (19, 

20). Cancer cells that were exposed to IFNs manifested classic apoptotic traits, including cell 

shrinkage, membrane blebbing, DNA fragmentation and chromatin condensation (21). 

However, not all tumours are susceptible to the apoptotic effects of IFNs, which suggests the 

existence of specific transcriptional patterns that make some tumour cells susceptible to IFN-

induced apoptosis, while others are resistant (19).  

           In the tumour microenvironment context, the delivery or activation of type I interferons 

induces immunomodulatory and regulatory functions. Usually, a pro-inflammatory 

environment that favours antigen recognition by tumour associated dendritic cells and the 

priming of T lymphocytes. Additionally, IFNs type I may increase co-stimulatory molecules 

of DCs, increasing their capability to cross-present phagocytised tumour antigens to CD8+ T 

cells (22, 23). Furthermore, they enhance the antigenicity of immunogenic clones by up 

regulating MHC I molecules (15). On the other hand, it is also known that chronic exposure 

to type I IFNs can favour tumour progression and immune evasion.  The sustained presence 

of interferons in the tumour environment can stimulate macrophages (mϴ) to produce 

Interleukin-10, that combined the expression of PD-L1 by immune evasive tumour cells, 

greatly impairs T cells functions (15). Therefore, despite its possible benefits, therapeutic 

approaches involving the delivery of interferons must consider this aspect to prevent the 

induction of pro-tumoral activity.  

             Also, type I interferons have been also reported by their anti-angiogenic activity. By 

inducing the reduction of Vascular Endothelial Growth Factor (VEGF) expression IFNs can 

reduce angiogenesis on the tumour stroma decreasing the flow of blood and nutrients to 

tumours (15, 24).  

           Due to their potential role for activating dendritic cells (DCs) (22) recombinant type I 

IFNs have been approved as immunotherapies for the treatment of cancer (25) such as the 

recombinant interferon alpha-2β approved by the FDA (23). However, despite the benefits, 

the systemic use of IFNs can be harmful, triggering side effects, such as fatigue, anorexia, flu 

symptoms and hepatotoxicity (26). To overcome these complications, DNA transfer methods 

have been developed (27, 28), concentrating IFNα/β in the area where the vectors are 

administered, thus the therapeutic effects remain while the side effects of a systemic 

administration are reduced. Another strategy to reduce side effects can be the combination of 

IFNs with other immune-stimulating molecules. 
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           Additionally, it has also been noted that the IFN pathway may, under some 

circumstances, play a role in activating the Rip1/Rip3 complex, also called necrosome (29). 

Ultimately, sustained necrosome activation leads to the induction of necroptotic cell death in 

tumour and stroma cells (30-32).  

          Necroptosis is a programmed form of cell death that resembles necrosis, or 

inflammatory cell death, due to its potential to trigger the immune system (33). The 

immunogenic nature of necroptosis favours its participation in certain circumstances, such as 

antiviral defences (34) or as secondary cell death mechanism that requires apoptosis 

inhibition. Due to its immune stimulating characteristic, it is considered a type of 

immunogenic cell death (ICD). 

           Necroptotic ICD can be stimulated by Toll-like Receptors (TLR3/4/9), the activation 

of the Tumour Necrosis Factor Receptor (TNFR1) and the Interferon-α/β receptor (29). 

Despite the existence of alternative routes for the induction of necroptosis, the most described 

pathway involves signalling via (TNFR1). First, TNFα molecules bind to the TNFR-1 on the 

plasma membrane inducing the trimerization of TNFRα and release of the SODD domain that 

otherwise blocks its activation. Then, in this trimerized form, TNFR-1 binds to the TNF 

receptor-associated death domain (TRADD) and the kinase RIPK1 followed by its association 

with RIPK3. Then, both kinases phosphorylate each other, preventing the activation of caspase 

8. Later, RIPK1/3 dimers associate, forming the necrosome, and phosphorylate the Mixed 

Lineage Kinase Domain-like protein (MLKL), inducing its oligomerization (Figure 2). The 

resulting pore-forming structure is translocated to the plasma membrane where it allows the 

releasing of DAMPs that may then induce the activation of the adaptative immune system (3, 

29, 35, 36). TNFα can trigger apoptosis via FADD and Caspase-8, or necroptosis via RIPK3 

and MLKL. In cases where caspase 8 is still available, this process ends in apoptotic cell death 

(36). Many interactions happen between both pathways and it is known that caspase 8 is 

involved in apoptosis and is able to inhibit RIPK1. Similarly, in some cases, RIPK1 inhibits 

caspase 8 through the phosphorylation of c-FLIP. The caspase 8 inhibition by c-FLIP as well 

as an overexpression of RIPK1 favour necroptosis over apoptosis (36).  
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Figure 2 – Necroptosis induction Pathways A) Several pathways lead to necroptotic cell 

death B) Necroptosis triggered by TNFα pathway. Source: (37, 38). 

 

           The induction of necroptosis via interferons is not fully understood, however there is 

evidence that IFNs can not only induce necroptosis, but also induce transcription of key 

components of this pathway (39, 40) Experiments have shown that IFNα, IFNβ and IFNγ, in 

different levels, are able to increase MLKL expression through an intense up-regulation of 

IRF1 mRNA expression (41). IRF1 is one of the factors encoded by ISGs and also together 

with the STAT1/2 complex can stimulate other ISGs, among them the MLKL. This 

phenomenon was observed in HeLa, MV4–11 acute myeloid leukaemia (AML) and MDA-

MB-231 breast carcinoma cells (40). Those studies showed no increase in necroptosis due to 

the simple overexpression of MLKL. However, the up-regulation of MLKL by IFNs in an 

IRF1- and STAT1-dependent manner induced necroptosis, yet these cells were resistant to 

apoptosis. Thus, IFN-induced necroptotic cell death may be facilitated particularly in 

scenarios where caspases are inhibited (40). An additional investigation has suggested that 

persistent IFN signalling has been identified as a mechanism that sustains a critical MLKL 

expression threshold, thereby permitting necroptosis (39).  

 

P53 and the immune system  

 

            Tumour protein 53 (TP53) is the most often mutated gene in all cancers and its 

pathway is of critical importance to the cell homeostasis. In normal circumstances, the protein 

expressed by this gene transcriptionally regulates a network of genes that control many 

cellular processes (42). The p53 tumour suppressor acts as a central regulatory transcription 
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factor that becomes active when cells encounter diverse cellular stresses. It oversees numerous 

fundamental cellular processes, encompassing cell cycle arrest, apoptosis and senescence, 

DNA repair and the auto-destruction of the cells that are too damaged to be fixed, thus 

suppressing tumorigenesis (43). Other known functions of this pathways are the regulation of 

genomic integrity, redox biology, metabolism, non-cell autonomous signalling in tumour 

suppression and modulation of stemness state (42). 

            A growing body of evidence, however, suggests that p53's influence extends beyond 

these roles to encompass immune responses and inflammation (43). Recent investigations 

have highlighted new transcriptional targets and its potential role in the modulation of innate 

immunity, NK cells, T-cell response and even immune tolerance (32) and have shown p53 to 

activate the expression of numerous genes related in the modulation of immune responses 

(44), including antagonists of immune inhibitors (44). These studies suggest that p53 may be 

involved in many aspects of immunity through the regulation of key genes involved in the 

detection of danger signals, antigen presentation, natural killer cells activation, T-cell,  

induction of interferon release, secretion of extracellular signalling factors, and immune 

tolerance in cancers (44). 

           As an example, it was reported that the activation of p53 pathway by DNA damage 

induces ULBP2 expression on stressed cells. In order to mask their presence, infected and 

tumour cells often inhibit the expression of MHC and other molecules that can be recognised 

by the activating receptor NKG2D on NK cells. The ULBP2 protein is one of those molecules 

(45) and can be alternatively targeted by NK cells. It was reported in two independent studies 

to be directly induced by p53 (46, 47). 

           Another well documented gene to be positively regulated by p53 is called TAP1 (48). 

Its protein in a complex with TAP2 protein mediates the translocation of peptide-antigens 

from cytosol to the endoplasmic reticulum where they associate with MHC class I molecules 

to, in turn, be presented to dendritic cells (49). 

           The promoter region of the ILDR2 gene has a p53 binding site that associates with a 

mutant p53 (50). This gene belongs to the B7 family, the family of genes that includes PD-

L1, known for its role in cancer tolerance through inhibition of T cells (51). Although not yet 

fully understood, ILDR2 may negatively regulate T cell response, like PD-L1 (52). 

          Also the p53 pathway was reported to promote the expression of interferon-stimulated 

genes, including IRF9 transcription factor (53), IRF7, which directly activates the expression 

of type I interferons (54), and IRF5, involved in pattern recognition by Toll-like receptors 

(55). In addition, p53, on some occasions, is a transcriptional target of the type I IFN pathway 
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(44, 56), suggesting a positive feedback loop connecting p53 and IFNs, at least in the context 

of antiviral responses (43). The link between these two pathways may not be fully understood 

and future studies may reveal further interactions. 

           The examples above demonstrate that the p53 plays an important role in the immune 

system, extending beyond the well-established functions that were originally ascribed to p53. 

Therefore, the reestablishment of p53 pathway to act as a component in immunotherapy, 

increasing the efficacy of immune-related approaches by re-establishing immune pathways 

that were blocked during cancer development due to the inactivation of p53.  

 

Melanoma, incidence and genetics 

 

          Melanomas are the most aggressive type of skin cancer, and can appear on the skin, 

mucosal membranes and uveal tissue (INCA website accessed 27/09/2023, 

https://www.inca.gov.br/tipos-de-cancer/cancer-de-pele-melanoma). These cancers stem 

from melanocytes (57), a type of cell originating in the neural crest (58). Among humans, 

cutaneous melanomas account for the majority of cases, followed by mucosal melanomas with 

only 0.8–3.7% of occurrences (59). 

           The Global Cancer Statistics (GLOBOCAN) estimated that, in 2020, non-melanoma 

skin cancer accounted for 6.2% of all cases of neoplasia and 0.6% of all deaths. Melanoma, 

despite a 5-fold lower incidence of 1.7%, was responsible for the same death rate of 0.6%, 

and is the deadliest type of skin cancer, leading to death in 35.3% of all cases (60). In the same 

year, it was also estimated 325,000 new diagnoses of melanoma. The diagnosis mean age is 

65, with 65.7% of diagnoses in people from 55 to 84 (61). 

          Despite the possibility of effective treatment through surgical removal at early stages, 

advanced cases of melanoma often lead to the development of metastases and subsequent 

death. About 10% of melanoma cases are unresectable or diagnosed at the metastatic stage 

(62), presenting an unfavourable prognosis and a 5-year survival rate around 12% (58, 63). 

The treatment of advanced melanoma is still a considerable hindrance, as conventional cancer 

https://www.inca.gov.br/tipos-de-cancer/cancer-de-pele-melanoma
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treatments, such as chemotherapy, are often not effective (64). On the other hand, some 

targeted therapy and immunotherapy options have improved the general prognosis for many 

melanoma patients (65). 

          Melanomas can be classified into cutaneous, acral, mucosal, and ocular (66). 

Epidemiology, UV-radiation status, histopathological features, genetics, prognosis, and 

outcomes vary considerably between these subtypes. The most frequent type to affect humans 

are the cutaneous, followed by acral, mucosal and ocular melanomas (66).  

            UV radiation is the main etiological factor of cutaneous melanoma. UVA being the 

most abundant form of sun-light radiation and UVB the more genotoxic one. UVB causes 

direct DNA damage, while UVA leads to oxidative stress-induced DNA damage (67), often 

leading to the activation of proto-oncogenes such as BRAF, NRAS, and KIT (32).  

              Cutaneous melanoma may also be classified as UV-induced and non-UV-induced, 

according to its risk factors and molecular profile (66). About 75% of deaths caused by skin 

cancer come from cutaneous melanomas, a percentage that has been increasing in populations 

of European ancestry (66, 68, 69). 

          Ultraviolet radiation, especially UV-B, is the main environmental risk factor for the 

development of cutaneous melanoma (70). It is known that the sun exposure patterns of each 

individual and the duration of that exposure result in greater or lesser risk.  

            Mucosal melanoma  manifests in the anogenital, oropharynx and paranasal regions, 

head and neck, parotid glands, oesophagus and middle ear (59, 71) and present frequent local, 

lung and liver metastases (72). Sun radiation is discarded as a contributing factor because of 

its location on surfaces not exposed to sun (59). Also, there is no strong evidence of 

association of this cancer type with human papilloma viruses, human herpes viruses, and 

polyomavirus infection (73-75). It is suspected that occupational exposure to formaldehyde  

(76) and cigarette smoking (77) may contribute to the risk of some types of mucosal 
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melanoma. Even so, the majority of mucosal melanomas are associated with unknown risk 

factors (59). Furthermore, patients affected by this class of tumour have a 5-year survival rate 

between 25% and 33% (72, 78). 

          In genetic terms, melanomas are known to present one of the highest mutation rates of 

all human cancers (79, 80). Typical somatic genetic alterations detected in melanoma include 

telomerase reverse transcriptase (TERT), which controls cell replication threshold; cyclin 

dependent kinase inhibitor 2A (CDKN2A), which encodes genes involved in cell cycle control 

(81); Histone-lysine N-methyltransferase 2 (KMT2), involved in the regulation of gene 

expression (82); and Neuroblastoma RAS viral oncogene homolog (NRAS) and BRAF 

V600E, that encode important factors related to signal transduction (81).Other relevant 

somatic mutations also occur in the tumour suppressor genes that encode Phosphatase and 

tensin homolog (PTEN) protein and the TP53 (83, 84). 

           It is estimated that about 15% of melanomas occur in patients with a family history and 

often present germline mutation (85). Germline mutations in the CDKN2A gene are linked to 

the majority of inherited cases and reported to increase the risk of melanoma by 65-fold (32). 

In those cases, other alterations were also reported in CDK4, TERT, ACD, TERF2IP, POT1, 

MITF, MC1R, and BAP1 (85). Furthermore, alterations in PTEN, BRCA2, BRCA1, RB1, 

and TP53, which are related to mixed cancer syndromes, may also increase the risk of 

melanoma development and progression (85). 

           CDKN2A encodes two proteins, p16 and p14ARF. Both act as tumour suppressors by 

regulating the cell cycle. While p16 inhibits cyclin-dependent kinases 4 and 6 (CDK4 and 

CDK6) and activates the retinoblastoma (Rb) family of proteins, blocking the progression of 

G1 phase to S phase in cell cycle, p14ARF protein (also called p19ARF in the mouse) can 

activate the p53 tumour suppressor by inhibiting its interaction with HDM2 (86). Besides 

melanoma, somatic mutations of CDKN2A are commonly found in most human cancers, with 
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estimates that CDKN2A is the second most frequently inactivated gene in cancer after p53 

(86). The loss of p14ARF results in the functional inactivation of the p53 pathway (87, 88)  

          The p53/p14ARF pathway can be blocked by the overexpression of double minute 2 

murine (mdm2 or HDM2 in humans). HDM2 mediates the ubiquitination of p53 protein, 

leading to its proteasomal degradation (86). As the TP53 gene remains intact in most cases of 

melanoma, reactivation of the p53 pathway by restoration of p14ARF or inhibition of HDM2 

may be viable approaches for fighting melanoma as well as other cancers with a similar 

genetic profile. 

 

Therapeutic options for melanomas 

 

            The main therapeutic approach to combat melanoma is the surgical excision, although 

radiotherapy and pharmacotherapy are also largely used in combination or when excision is 

not possible (89). In the clinic, histopathological characteristics of the primary tumour, 

ulceration status, size, lymph node involvement, and the presence of metastasis are taken into 

consideration when determining the treatment regimen  (90, 91). 

             Dacarbazine is an alkylating agent approved by the FDA for the treatment of advanced 

melanoma in 1974. Only 15–25% of human melanomas treated with it show signs of 

improvement (92). Complete response rates of melanoma patients treated with this drug are 

less than 5% of cases and survival after 5 years is 2 to 6% (93) In the spite its low efficacy, 

dacarbazine is still used in the treatment of melanomas as monotherapy or associated with 

other chemotherapies, targeted therapies or immunotherapy. Apoptosis resistance has been 

identified among the main causes of melanoma’s lack of response to chemotherapy (94). Other 

agents, such as Temozolomide (TMZ), which is a prodrug derived from dacarbazine, showed 

a decrease in disease-free progression, although no difference in overall survival was reported 

(95).  

           Other drugs used include the platinum derivatives (cisplatin and carboplatin) and 

mitosis inhibitors (paclitaxel) (96). However, those drugs are not effective in many cases, 

mainly due to the development of resistance (97-99). 

            Electrochemotherapy is a low-cost alternative for the treatment of cutaneous and 

mucosal melanoma. It is a technique that combines the action of cytotoxic drugs such as 
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bleomycin and cisplatin with high-intensity, short-duration electrical pulses, increasing the 

cell membrane's permeability, providing a route of entry for the chemotherapy (100). 

Variations of this approach involving different drugs and also the transfection of plasmids 

have been investigated (101, 102). 

            Since 2011, the FDA has approved several therapeutic agents for advanced melanoma. 

RAF and MEK inhibitors as trametinib and cobimetinib, the selective BRAF inhibitors 

vemurafenib and drabafenib (57) as well as anti-PD1 and anti-CTLA4 checkpoint inhibitors, 

such as nivolumab (103), pembrolizumab and ipilimumab (104) were approved for the 

treatment of cutaneous melanoma, significantly increasing patients survival rate (57). Despite 

presenting less expression of PD-L1, in comparison to cutaneous melanomas, checkpoint 

inhibitors also appear to have some level of effectiveness to treat mucosal melanomas (105).  

           On October 27th, 2015, the FDA approved the first oncolytic virus, talimogene 

laherparepvec (also called T-Vec) for the treatment of melanoma in patients with inoperable 

recurrent tumours after initial surgery. T-Vec is a genetically modified vector based on the 

Herpes Simplex Virus that carries the cDNA for the Granulocyte-Macrophage Colony 

Stimulating Factor (GM-CSF), an activator of the immune response (106). During its clinical 

trials, a 26% response rate was observed for the treatment of both in situ and metastatic 

melanoma (90, 107), 16% in a larger group of 436 patients (90) and it was also investigated 

in combination with other agents (ipilimumab, pembrolizumab and nivolumab) (108) 

(ClinicalTrials.gov Identifier: NCT02263508). 

            Despite the increasing number of drugs and recent therapeutic advances, many patients 

with advanced melanoma are not benefitted, thus motivating continued research and 

development of alternatives to combat this malady. In addition to novel technologies, the use 

of laboratory and pre-clinical models that more faithfully represent the clinical condition are 

needed. 

 

The importance of comparative oncology 

 

            Historically, many drugs have presented high attrition rates between development and 

approval for clinical application (64, 109). In part due to the difficulty and costs associated 

with the process of drug development (110) but another limiting factor is poor efficacy when 

those drugs were translated from in vitro and animal preclinical models to human tests (111, 

112). Preclinical models often cannot replicate the clinical situation, yet should be chosen so 

that specific questions may be answered (112).  
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            Traditional preclinical research methods, such as cancer cells that are grown in 

monolayer or 3-dimensional (3D) cultures, usually cannot simulate physiological drug 

distribution and interaction with non-targeted cells (64). Murine and murine xenograft models 

are often the nest step in testing the efficacy of therapeutic drugs intended for human 

treatment, yet nearly 90% of drugs with proven efficacy in mice fail in human clinical trials 

(113). Therefore, additional models may be needed. 

            Comparative oncology is the field of research that investigates the translational 

relevance of using companion animals to predict the therapeutic effects of new drugs and 

therapies in humans (64, 114). Many cancers naturally develop in companion animals, such 

as dogs, cats, and rabbits (64, 115) with high frequency every year. An increasing number of 

scientific studies are adopting companion animals as models to better evaluate new therapeutic 

approaches, focusing on the study of specific features that cannot be well analysed only with 

the traditional models used in research.  

           Naturally occurring canine cancers offer unique advantages as models for human 

disease. Spontaneous cancers in pet dogs develop in the presence of an intact immune system, 

mirroring human conditions (114, 116). Canine cancer exhibits inter-individual and intra-

tumoral heterogeneity, metastasis, cancer recurrence, and therapeutic resistance, paralleling 

human disease characteristics (116). Similar shared environments between pet dogs and 

humans impact tumour development and progression (117, 118). In addition, they present 

many similarities to human’s genetics (114, 119, 120).  

            Melanoma is a quite prevalent neoplasia in dogs and more than 4 million new canine 

cancer cases are estimated per year (117, 121). Upon diagnosis, the usual age of dogs afflicted 

with either benign or malignant melanocytic tumours is, respectively, 8.1 or 11.6 years (122). 

Unlike humans, the most frequent type of melanoma within the canine population occurs in 

the oral cavity (oral/mucosal). The incidence of cutaneous and ocular canine melanomas, paw 

pads and nail apparatus (acral) being lower (116). The role of ultraviolet (UV) radiation in 

canine cutaneous melanoma is considered limited, as the animals have a protective coat that 

diminishes its impact (116). Moreover, the anatomic location of occurrence is closely 

associated with the biological behaviour of canine melanocytic neoplasia, rendering it a 

valuable and informative prognostic factor (123). However, despite suspicions that my it be 

caused by bacterial or viral infections, the exact causes of oral and other UV independent 

melanomas in dogs are still a riddle (124). 

          It is widely recognized that human manipulation of canine evolution through 

generations of artificial selection has led to a reduction in their genetic diversity (114). 
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Consequently, this process has led to an increase in the accumulation of deleterious genes 

within canine populations. Interestingly, specific genetic profiles associated with certain 

cancers in particular dog breeds exhibit remarkable similarities to those observed in human 

malignancies (114). Germline DNA analysis of dogs with cancer has revealed the presence of 

genetic alterations that mirror those found in humans. For instance, mutations in well-known 

human cancer predisposition genes, like BRAF (125), BRCA1 and BRCA2, have been 

detected in the germline DNA of certain canine cancer cases (32, 126). Common single 

nucleotide polymorphisms (SNPs) and known copy number variations (CNVs) were also 

identified (114).  

           Similarly, alterations in TP53 and related genes, which play a pivotal role in human 

cancer susceptibility, have also been identified in canine cancer contexts, including melanoma 

(115, 127). Therefore, canine cancers may be good models for testing drugs that focus on the 

reestablishment of the p53 pathway directly or indirectly by modulation of up- or downstream 

regulators. 

           Furthermore, despite the discrepancies between mutations found in cutaneous and 

mucosal human melanoma, dog mucosal melanomas present genetic similarities with human 

cutaneous melanoma. While in humans BRAF is an rare mutation in mucosal melanomas (59), 

it was reported that canine mucosal melanomas can present cBRAFV595E, which is an 

orthologous mutation to human BRAF V600E (128). 

           In short, canine melanomas share many similarities with human melanomas, presenting 

many advantages for its study, specifically as a model for non-UV melanomas (128, 129). 

Even so, due to some genetic similarities with well stablish targets in human cutaneous 

melanoma, canine oral melanoma may be useful for testing drugs that target those shared 

genes and mutations. Additionally, the large availability of dogs as companion animals and 

the high incidence of cancers in this species favours the use of this model, rather than other 

large animals that may present similar features but are not as accessible. 

 

Adenoviral vectors 

 

           Gene therapy is a therapeutic approach that uses genetic material to treat, prevent or 

cure a disease or medical disorder. Gene therapy works by introducing genetic material (RNA 

or DNA) in cells in order to complement a defective gene, restore a missing gene, interfere in 

the expression of unwanted proteins or even introduce foreign coding sequences that provide 
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novel functions. This process often occurs by the use of a vectors that facilitate the entrance 

of genetic material into the cell. 

           Many types of vectors are commonly used for gene therapy. Some of viral origin and 

others are non-viral. Each presents distinct attributes that make them more suitable for 

different goals (Table 1). Therefore, careful consideration should be given to choosing a vector 

with features that are compatible with the intended application. Some of those characteristics 

include the vector’s natural or altered tropism; replication capabilities and limitations; 

immunogenicity; risk of off-target uptake; and insertion of the vector’s genome in the host’s 

chromosome, which comes with the risk of insertional mutagenesis, but may also ensure long-

term expression of the therapeutic sequence.   

 

Vectors Titre (Viral 

particles/ml) 

Administration 

route 

Expression Immunogenicity 

level 

Maximum 

capacity 

Retrovirus 109 Ex vivo Long-term low 8kb 

Lentivirus 109 Ex vivo Long-term* Low 8kb 

AAV 1012 In vivo Transient Moderate 5kb 

Adenovirus 1012 In vivo Transient  Elevated 9kb 

Table 1 – Most commonly used viral vectors platforms and their main characteristic This table 

represents the most common feature of simple versions of those vectors (130). 

 

          Adenovirus is the main viral vector platform used in cancer gene therapy (131), whether 

as an oncolytic virus or a non-replicative vector. According to The Journal of Gene Medicine 

Clinical Trial Site (https://a873679.fmphost.com/fmi/webd/GTCT accessed in August 2023), 

from 1989 to the present, 3790 clinical gene therapy protocols have been approved, with 2622 

of these (69.2% of the total) for cancer as a therapeutic target. Regarding type of vectors 

utilised in those clinical trials, adenoviral vectors still represent the majority of 436 cases 

(15.0%). Despite the existence of more than 50 serologically distinct types of adenoviruses 

(132), the human adenovirus type 5 (Ad5) is the basis for the majority of vectors. 

 Wild type adenoviral particles are non-enveloped and non-integrative particles (130, 

133) that present linear, non-segmented, double-stranded DNA genome of about 35-36 kb, 

approximately 80 nm in size. The adenovirus genome encodes about 35 proteins which are 

expressed in early and late phases (134) 

 Adenoviruses natural tropism is for ocular, gastrointestinal, respiratory and urinary 

tract cells (135). The vectors cell entry mechanism depends on cellular expression of 

https://a873679.fmphost.com/fmi/webd/GTCT
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coxsackievirus and adenovirus receptors (CAR) and αv integrins. In the beginning of the 

process adenovirus knob attaches to CAR locating the particle next to the cell, then αv 

integrins connect to the virus fibre base stabilizing their bounding, which leads to clathrin-

coated pit formation and subsequent virus endocytosis (136-138) as demonstrated in Figure 

3. Additionally, an RGD motif may be to incorporates into the knob protein of adenoviral 

vectors, allowing transduction of a broader range cells via αvβ3/5 integrins (139-141). 

 

Figure 3 - Adenoviral receptors and classical adenoviral vectors cell entry pathway. (1) Attachment of the 

Ad5 fibre knob is the first interactions with CAR, which is followed by the interaction of RGD motif within the 

fibre’s penton base with integrins. This is followed by the internalization of virions and (3) endosomal escape. 

Then the partially disassembled capsid cores traffic to the nucleus and docks on the nuclear pore complex (4). 

At the end the virus enters the nucleus and inducing transgene expression. Source: (136). 

 

          The main issue involving the use of adenoviral vectors is the high frequency of pre-

existing neutralising antibodies in the population. These antibodies arise due to prior exposure 

to adenovirus which is highly immunogenic. In this case, treatment may be ineffective. Even 

in patients without prior exposure, treatment with adenovirus may result in the rapid 

production of an anti-viral response, making repeated treatments less effective. In addition, 

adenovirus particles are efficiently eliminated from the circulation due to their uptake by the 

liver. Interaction between viral proteins and common features of the liver, such as blood 

coagulation factors and complement, facilitate hepatic sequestration of the virus and its 

elimination by Kupffer cells, which in turn direct an anti-adenoviral immune response (142-

145). These issues also imply that delivery of adenoviral vectors in the circulation will not be 

an effective means of reach the tumour. 
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           On the other hand, the immunogenicity of adenoviral vectors may be an advantage for 

cancer gene therapy. Multiple pathogen‐associated molecular patterns (PAMPs) present in the 

vector may act as adjuvant components to the gene therapy approach (146). 

           Regarding safety, very few adenovirus subtypes are naturally pathogenic to humans. 

In the case of vectors for gene therapy use, adenovirus replication capabilities are suppressed 

and do not replicate within patients’ cells. It is achieved by removing the E1A gene from the 

vector genome (147). During the early phase E1A gene is required to allow the transcription 

of the followed genes. Also, the proteins encoded by those early-phase genes are essential to 

start the later phase. Virus DNA replication only occurs at the later phase, about 6 h after 

infection (148). When the E1 gene is removed from the viral genome, the virus becomes 

replicative dependent of producing cells expressing E1 gene (147), usually modified 

HEK293A or HeLa cells. Later genes, transcribed during the late-phase, such as L1, L2, L3, 

L4 and L5 are responsible for virus assembly and release out of the host cell by cellular lyses 

(149). Adenoviral vectors may be modified in order to target specific cells, reduce 

immunogenicity, and avoid interaction with non-target tissues (150, 151). The use of 

intratumoral administration can also be used to reduce side effects risk by limiting its spread 

in the body (152).  

 

The reestablishment of p53 pathway and immune induction by p14ARF and IFNβ gene 

transfer. 

 

           As mentioned earlier, TP53 is a prominent gene that acts on the prevention of tumour 

development. Many tumours are known lose the functionality of the p53 pathway. This occurs 

by the acquisition of mutations in the TP53 gene, the overexpression of its inhibitor HDM2 

or by the loss of the CDKN2A locus, among many other mechanisms. 

           In order to restore the activity of the p53 pathway in melanoma - a condition recognized 

for its frequent loss of CDKN2A and maintenance of wild type p53 - the Viral Vector 

Laboratory at the Instituto do Câncer do Estado de São Paulo (ICESP), focused on the gene 

transfer of p14ARF (p19Arf in mouse studies) mediated by adenoviral vectors in order to 

induce cell death. Transfer of the IFNβ gene is expected to stimulate an antitumor immune 

response. By combining these genes, they may act together to activate p53, induce cell death 

and promote an antitumor immune response due to the interactions of these pathways. In 

mouse models, we have shown that p19Arf and IFNβ work together to induce higher levels 

of cell death than seen by individual gene transfer. 
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We have developed the AdRGD-PG adenoviral vector which contains modifications 

that improve tropism and expression of the therapeutic gene. Instead of the native tropism of 

the serotype 5 adenoviral vector, which depends on the expression of the Coxsackievirus and 

Adenovirus Receptor (CAR), often lost in cancer cells, RGD tripeptide modification of the 

virus knob protein directs tropism via integrins. The use of a chimeric, p53-responsive 

promoter, which we call PG, takes advantage of p53’s transcriptional activities. We have 

shown that the AdRGD-PG vector outperforms standard vectors utilizing the CMV promoter 

in terms of transduction and transgene expression (152-155).  

Use of the AdRGD-PG vector in mouse studies has confirmed the cooperation of 

p19Arf and IFNβ in the induction of necroptotic cell death and release of ICD markers, 

activation of NK cells as well as a Th1 response. This approach has been shown effective in 

vaccination and immunotherapy assays in mouse models of melanoma (156-158).  

 Studies in human cells, where the AdRGD-PG vector was used to transfer the human 

p14ARF and IFNβ cDNAs, we have also observed cooperation for cell killing and release of 

ICD markers (159) (160). Interestingly, we have shown that p14ARF gene transfer is 

sufficient to induce ICD in a human melanoma cell line (160). We have used an ex vivo model 

show that gene transfer of p14ARF and IFNβ to a human melanoma cell line can be used to 

activate dendric cells, T cells and, in turn, the cytolytic capability of these T cells (159). In all, 

these results suggest that our gene therapy approach may be an effect immunotherapy for 

melanoma. 

 Note that species specific differences in cellular response to IFNβ have been reported 

previously (161). For this reason, we have taken great care to always match the IFNβ cDNA 

with the cell type in question. Thus, testing our approach in a species other than human or 

mouse would require the construction of new vectors that encode the cDNAs derived from 

that species.  

 As an essential next step in developing our gene therapy approach, we seek to use 

alternative animal models that more accurately replicate the clinical scenario of human 

melanomas. The canine model was chosen due to its spontaneous development of tumours; 

the shared traits between dogs and humans; and similar disease progression and response to 

therapeutics.  

            To this end, our laboratory has isolated canine oral melanoma cell lines. In a previous 

study, we showed that these cells, GAB F6 and BAN C10, are transformed, tumorigenic, 

harbour wild-type p53, are susceptible to transduction with the AdRGD-PG vectors and can 

utilize the PG promoter to drive transgene expression (162). With this model of canine oral 
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melanoma, we will test the AdRGD-PG vectors encoding canine p14ARF and IFNβ for their 

ability to induce cell death, release ICD markers and inhibit tumour progression in vivo. 
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2. OBJECTIVES 

 

General goal 

           The main goal of this work was the production and validation of adenoviral vectors 

carrying canine p14ARF and IFNβ cDNAs for the immunotherapy of a canine melanoma 

model. 

 

Specific goals 

 

A. Production of adenoviral vectors encoding the canine p14ARF and IFNβ cDNAs under the 

control of a p53 responsive promoter (PG). 

A.1 Production and purification of AdRGDPG-cARF; AdRGDPG-cIFNβ; AdRGDPG-

cARF/cIFNβ; 

A.2 Validation of p14ARF and IFNβ expression upon transduction of the canine oral 

melanoma cell lines GAB-F6 and BAN-C10. 

 

B. Functional characterisation of vectors effects in canine melanoma cell lines. 

B.1 Reveal the impact of vector transduction on cellular proliferation: Accumulation of 

hypodiploid (Sub-G1) cells, MTT, clonogenic assay. 

B.2 Evaluation immunogenic cell death markers; 

 

C. Xenograft model (nude mouse) of in situ gene therapy in canine melanoma tumours. 

 

 

  



  

 22 

 

3. METHODS 

 

Cell lines culture 

 

 Oral canine melanoma cell lines (CMCL) (GAB F6, BAN C10) were previously established by 

our group (162). Cell lines were maintained in Dulbecco's modified eagle medium (DMEM), 

supplemented with 10% foetal bovine serum (FBS) and 1x Gibco antibiotic-antimycotic 

(Catalogue 15240062) and kept in humid atmosphere with 5% CO2 at 37 ° C. The cell lines 

HEK293A and HT1080 utilised respectively for adenovirus production and an 

immunofluorescence assay, were also maintained DMEM 10% FBS.  

 

Vector design and construction 

 

            A synthetic bicistronic cassette encoding the canine p14ARF and IFNβ genes was designed 

based on the canine standard DNA sequences from GeneBank [interferon-β (FJ194477.1) and 

p14Arf (FM883643.1)] and later synthesised by GeneArt GeneSynthesis. Between the genes, a 

self-cleavable peptide (P2A) sequence was included to split the polyprotein during translation. To 

facilitate the detection of the canine proteins by western blotting and/or immunofluorescence, tag 

sequences were included. FLAG (DYKDDDDK) was placed up and downstream of p14ARFThe 

c-myc tag (EQKLISEEDL) was placed downstream of IFNβ. The inclusion of strategically placed 

restriction enzyme sites allowed for the insertion of the bicistronic cassette in a pEntr vector that 

also encoded the p53 responsive PG promoter (pEntr-PG). Inclusion of strategically placed 

restriction enzyme sites allow for the removal of component as desired from the pEntr-PG 

constructs, resulting in the pEntrPGcFp14/cIFNbmyc, pEntrPGcp14F/cIFNbmyc, 

pEntrPGcIFNbmyc, pEntrPGcFp14 or pEntrPGcp14F vectors. Adenoviral constructs were 

generated by site-specific recombination between the'pEntr vectors and the 'pDest' vector 

encoding the adenoviral backbone in the presence of Clonase LR (Thermo Fisher Scientific). 

Afterwards, the desired clones were identified, thus generating the AdRGDPG-FLAG-cARF, 

AdRGDPG-cARF-FLAG, AdRGDPG-cIFNβ-c-myc, AdRGDPG-cARF-FLAG-P2A-cIFNβ-

cMyc-tag (bicistronic) and AdRGDPG-FLAG-cARF-P2A-cIFNβ-cMyc-tag (bicistronic) vectors.  

          The construction of these adenoviral vectors was initiated by Dr Daniela Zanatta. 

 

Plasmid transfection, virus production and purification 

 

            After plasmid expansion in E. Coli and purification, the 10 µg of plasmids were linearised 

by overnight digestion with PacI, precipitated with ethanol and transfected into HEK293T cells 
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and after a week, supernatant and cells were collected. This first step of transfection was done in 

HEK293T lineage, since it is more efficiently transfected than HEK293A. The later steps were 

performed on HEK293A.  HEK293T cells were lysed through three consecutive cycles of freezing 

in liquid nitrogen freeze, thawing in a water bath (37°C) and subsequently vertexing at maximum 

speed, during 1 min. Those viral lysates were utilised to infect HEK293A. After observation of 

cytopathic effect (bubble shape, detachment of 50% of the cells in the plate and formation of 

clusters of detached cells). The whole process was repeated again always infecting a larger plate. 

Firstly 35mm, 60mm, 100mm, 150mm until obtaining the production lysates. Those lysates that 

presented cytopathic effect in 48hs after infection of 150mm plates were aliquoted and stored at -

80 ˚C (Figure 4).  

          In order to produce the vectors, 25 150mm plates were seeded with HEK293A cells and 

incubated up to 80% confluency. Cells were infected with 25 μL of lysate and incubated for about 

48hs. At the harvest point, indicated by the presence of cytopathic effect in 50% of cells, they 

were collected in 50mL centrifuge tubes, and centrifuged 10 min at 805rcf. The supernatant was 

discarded, and pellets were re-suspended in 1mL of the medium, and collected in a total of less 

than 5mL of lysate per vector production. To purify those lysates, each one was submitted to three 

freezing and thawing cycles to release viral particles. Viruses were added to 2 mL of an iodixanol 

concentration gradient (m/v) (54%, 40%, 25% and 15%) and the lysate total volume was added 

into a polystyrene tube (14x89 mm) (Beckman, Cat. N°344059). Afterwards the tube was 

submitted to one hour of ultra-centrifugation at 35.000 rpm in rotor Sorvall TH- G41 in Beckman 

Coulter Optima XE-90 Ultracentrifuge. After this process, bands containing complete viral 

particles were collected with the help of a needle and syringe. To remove impurities of the ultra-

centrifugation processes, the total volume was transferred to a Sephadex PD-10 column (GE, Cat. 

N°52-1308-00 BB). After column purification, glycerol (7% final concentration) was added to the 

PBS solution containing the virus particles. The viral solution was separated in several aliquots of 

10 and 30 μL and stored at -80 °C. The biological titre was determined by using the Adeno-X 

Rapid titration kit (Clontech, Cat. N°632250), following manufacturer's guidelines.  

 

Canine cells transfection, 

 

          Depending on the particular conditions of each experiment, adjustments were made to the 

cell management protocol, although in general, seeding and transduction OCMCL cells was 

performed as described below. Firstly, the supernatant of the 10cm plates was collected in conical 

tubes of 15 ml. Plates were washed with 1xPBS and subsequently trypsinised. After 2 min of 

incubation in 37°C the cells were collected and centrifuged for 5 min at 200 Relative Centrifugal 
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Force (RFC). Supernatant was discarded and cells resuspended in 5 to 10 ml DMEM 5% FBS. 

Cells were counted in a Neubauer chamber the amount of need cell by experiment was seed in a 

new dish. Afterwards, cells were transduced with 200 MOI of each vector and incubated until the 

end incubation period of each experiment. 

 

Detection of canine transgenes p14ARF and IFNβ after transduction 

 

          In order to detect p14ARF, 3x104 cells per well of HT1080 were seeded on coverslips in 

24-well plates and transduced while in suspension with 50 μL of production lysate. Indirect 

immunofluorescence detection of canine p14ARF (cARF) through Flag-tag peptide was 

performed. After 24h, cells were fixed in 4% PFA for 10min at 4 °C and then washed with 1X 

PBS three times, and then permeabilized with 0.5% TritonX-100 in 1X PBS for 10min at room 

temperature. Blocking was performed with 1X PBS with 5% BSA for 3 hours at 37 °C under 

agitation. Following blockade, primary antibody [DYKDDDDK Tag Monoclonal Antibody 

(FG4R) from Invitrogen (Cat. MA1-91878)] was added, diluted in 1X PBS and 1% BSA at 1: 

1000 dilution, and processed by incubation for 16h at 4 ° C under agitation. After three washes 

with 1X PBS for 10min, Invitrogen Alexa fluor 594 secondary antibodies (Cat. A31623) was 

added (diluted in 1x PBS 1% 1: 1000 dilution) and incubated at room temperature for 1.5h. After 

3 washes of 5min with 1X PBS, Hoechst 33342 at 1: 1000 concentration (diluted in 1X PBS, 1% 

BSA) was added. After incubation for 15 minutes at room temperature with shaking, the coverslips 

were placed on a drop of 50% glycerol/50% 1x PBS on microscope slides. Images were recorded 

on EVOS FL Cell Imaging System fluorescence microscope (Thermo Fisher Scientific).  

          We verified the expression and release of cIFNβ in supernatant through western blotting. 

For this, 1x10^5 cells per well were seeded in 12-well plates. Cells were transduced in suspension 

(MOI 200) and then incubated for 48 hours. The culture medium was collected and stored at -

80°C. After Tris-glycine polyacrylamide electrophoresis, in a 12% gel, the samples were 

transferred to a nitrocellulose membrane and incubated anti-MYC-TAG (Novus biolabs NBP2-

37822) 1:1000 and subsequently with the secondary anti-mouse peroxidase antibody (Sigma 

A9044) 1:5000 dilution. Detection was performed through the ImageQuant LASS 4000 using ECL 

Prime Western Blotting Detection Reagents Amersham (Cytiva, RPN2232). 

 

Evaluation of hypodiploid cells  

 

           The impact of the treatments on BAN-C10 and GAB-F6 cell cultures was evaluated by 

flow cytometry experiments. For this, 1x105 cells were seeded per well in 6-well plates. Cells 

were transduced while in suspension using MOI 200 per treatment and collected after 72 hours of 
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incubation. The content of each well was centrifuged (200 RFC for 5 min in centrifuge 5810 r 

Eppendorf) and the cells were fixed in 70% ethanol at -20 ºC until the time of analysis. Before 

analysis the cells were washed with 1x PBS, centrifuged and resuspended in 100 μL of a 1x 

PBS/RNAse solution (50 μg/mL). After 15 min of incubation, 100 μL of propidium iodide solution 

(5 μg/mL) was added. Then, the cells were analyzed by flow cytometry, under the BL3A filters, 

on the Attune Life Technologies. Analyses were performed using FlowJo software.  

 

Clonogenic assay  

 

          In order to visually verify the potential anti-tumour effects of the vectors and complement 

the previous assay we attempted a clonogenic assay.  

Initially we seeded 1x103 and 1x104 cells per plate in 100mm plates. However due to the 

distribution of cells and their apparent migration capabilities after 15 days colonies were barely 

visible in naked eye. Therefore, we performed an adapted clonogenic assay without focusing on 

the formation of colonies but in the evaluation of the reduction of the covered surface after 

treatment. For this experiment 1x105 cells (GAB F6 and BAN C10) were transduced (MOI 200) 

with the AdRGD-PG vectors expressing eGFP (G), cIFNβ (I), cARF (A), both cARF and or the 

co-transduction of cIFNβ and cARF monocistronic vectors (I+A). They were treated and allowed 

to grow for 10 days after treatment, fixed and dyed with 0.1% solution of violet crystal. 

           We intended to analyse and quantify it by imageJ software however the resolution of 

images was not sufficient to allow the analysis. Therefore, this experiment was used only for 

qualitative observation of the vectors’ impact on the plates. 

 

MTT assay 

 

            For this, 4x104 cells were seeded in 500μl of DMEM 5% SFB medium in 24-well plates 

and transduced with MOI 200 of each vector. After 24, 48 and 72 hours, 50μl of a 5 mg/mL 

solution of thiazolyl blue tetrazolium bromide (MTT) (Sigma M2128) was added to each well. 

After 4 hours of incubation, the medium was removed from the wells and replaced by 500μL of 

DMSO. After homogenization, 100μL/well were transferred to a 96-well plate and the plates were 

read on the Glomax Explorer plate reader (Promega), at 560nm emission. Absorption values were 

normalized, and evaluated relative to the control value. The experiment was done 8 biological 

replicates, and 3 technical ones.   

 

Immunogenic cell death markers 
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ATP release 

           For the evaluation of ATP secretion by the cells after treatment with the vectors, 1x10^5 

cells were seeded in 12-well plates (500 μL of medium per well), transduced with adenoviral 

vectors and incubated at 37 ºC, 48 hours, then the total volume of the supernatant was collected 

and centrifuged to remove possible cells from the medium (200 RFC for 5 minutes at 4 ºC) and 

then stored at -80 ºC. To measure the level of ATP released in the culture medium in comparison 

to the control samples, 30 µl of the supernatant and 30 µl of the reagent containing luciferin and 

luciferase from the ENLITEN ATP Assay System kit (Promega, Cat. No. FF2000) were mixture 

and the luminescence of the reaction was read on the GloMax Explorer System GM3510 

equipment from Promega. The concentration was estimated by comparing the luminescence 

emitted by the samples with those emitted by standard samples with known concentration.  

 

HMGB1 release 

 

           In order to evaluate HMGB1 release, 1x105 cells were seeded in 12- well plates and 

transduced in suspension with (MOI 200 of each vector). After 48hs of incubation, the medium 

was collected, the supernatant centrifuged to remove possible cells from the medium (200 RFC 

for 5 minutes) and then concentrated in Eppendorf concentrator/ vacufuge plus until 20uL and 

stored at -80°C in. After Tris-glycine polyacrylamide electrophoresis, in a 12% gel, the samples 

were exposed to a nitrocellulose membrane and incubated with anti-human-HMGB1 antibody 

(ABCAM ab79823) 1:1000 and subsequently with the anti-rabbit secondary antibody conjugated 

with peroxidase (Sigma A0545) 1:1000. Detection was performed through the ImageQuant LASS 

4000 using ECL Prime Western Blotting Detection Reagents Amersham (Cytiva, RPN2232).  

 

In vivo assays 

 

          Balb C nude mice (7-week-old, female) were obtained from the Centro de Bioterismo, 

FMUSP and were maintained in SPF conditions, with food and water ad libidum. One million 

GAB-F6 or BAN-C10 cells were inoculated in the left flank of the mice, resuspended in 100 μL 

of 1x PBS. After the establishment of tumours (26 or 38 days respectively), when they developed 

between 15 and 50mm3, mice were treated with four intratumoral injections of 1×109 infectious 

units of AdRGD-PG vectors in a volume of 50 μl per virus, at 48 h intervals. Tumour volume was 

determined by measurement with a digital calliper. Mice were euthanised before reaching 

1000mm3, animal weight loss of around 4% of body mass or whose tumours showed signs of 
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exposed necrosis. Under these conditions, the animals were sacrificed in a CO2 chamber for 

5 min after prior anaesthesia in isoflurane chamber at 4%. 

 

Tumour volume was calculated using the equation below: 

Tumor volume = (largest diameter x smallest diameter x smallest diameter) / 2 

 

This project is in accordance with the Law No. 11,794, of October 8, 2008, Decree No. 

6,899, of July 15, 2009, and with the rules issued by the Conselho Nacional de Controle de 

Experimentação Animal (CONCEA), and was approved by the Comissão de Ética no Uso 

de Animais (CEUA) of the Faculdade de Medicina da USP on 27.06.2018 as protocol 

number 1088/2018 (Appendix B). 

 

Statistical Analysis 

 

           Statistical analysis was performed using the GraphPad Prism 9 software. The tests used in 

each experiment are indicated in the legend of each respective figure. P-value lower than 0.05 was 

considered significant. 

 

4. RESULTS 

 

Production and titration of adenoviral vectors. 

 

          The first stage of this work was the expansion of the viral vectors used here, from 

plasmids previously designed, synthesized and recombined into an adenoviral vector plasmid. 

These previous stages of construction of the adenoviral plasmids containing canine cDNAs 

were initiated by Dr. Daniela Zanatta (Viral Vector Laboratory, unpublished data). The canine 

vectors were transfected into producing cells, expanded, titrated and stored for use.  

          Briefly, for the construction of the vectors, a cassette encoding the canine p14ARF and 

IFNβ cDNAs was designed based on the sequences deposited in GeneBank. In order to 

facilitate the detection of the encoded proteins by Western blot and/or immunofluorescence 

assay, the cassettes were designed with “tag” sequences (Flag-tag upstream and downstream 

p14ARF and myc-tag downstream IFNβ). Due to the lack of information in literature about 

whether up or downstream Flag-tag insertion may disturb the functionality of p14ARF 

protein, as a precaution, we decided to produce both versions and later select one to continue 



  

 28 

 

the experiments. To enable the simultaneous expression of multiple genes of interest using a 

single promoter, the self-cleaving peptide sequence (P2A), known to induce ribosomal 

skipping during translation of a protein, was inserted between the two cDNAs of interest. 

          Since the synthetic cassette contains several restriction enzyme sites, it was possible to 

build vectors containing a single cDNA by removing one of the cDNAs from the cassette, as 

well as any of the additional elements. Cloning was carried out in the entry vector (pEntr) that 

contains a PG promoter, responsive to p53 (pEntr-PG) and, subsequently, these vectors were 

recombined with an adenoviral vector (AdRGDDEST), by using the Gateway system from 

Invitrogen. The AdRGD vector has a tripeptide insertion RGD, previously described by 

Mizuguchi et al (2001) (163), which gives it broad cell tropism through interaction with 

heparin and αv integrins. The AdRGDDEST vector was adapted to be compatible with the 

Gateway system (Invitrogen) (152).  

           Once the plasmids of the recombinant adenoviral vectors were constructed, we 

proceeded to the first stage of virus production. Plasmids were linearized and transfected in 

HEK293T cells. After about a week the content of each plate was collected and lysed as 

previously described. Each lysate was centrifuged to remove cellular debris and half the 

volume of the liquid portion was transferred to 35mm plates of HEK293A. At this point, when 

there was no visible sign that the transfection had been successful, we collected, recovered, 

lysed, and used the total volume of the lysate for a new infection in same-size plate.  This was 

done up to the maximum of 5 times in order to reduce any risk of vectors genome to recombine 

with E1 adenovirus gene in HEK293A genome. When the first plate of HEK293A presented 

cytopathic effect, we moved on the next plate size in order to amplify the number of vectors 

in the solution. When cytopathic effect was perceived after up to 72 hours, we proceeded to a 

larger plate until getting a 150mm plate (as shown in Figure 4). Afterwards, we performed 

assays testing the minimum needed volume of lysate to successfully achieve cytopathic effect 

in cell in 150mm plates. Then, ee proceed to the expansion in 25 plates of 150mm, purification 

and titration of each vector. The Ad-RGD-PG-cIFNβ-myc and the vectors encoding Flag-tag 

downstream p14ARF were expanded, purified and titrated.  

In the work described here we utilised AdRGD-PG-cARF-Flag (Ad-ARF); AdRGD-PG-

cIFNβ-myc (Ad-IFNβ), AdRGD-PG-cARF-Flag-P2A-cIFNβ-myc (Ad-BI) plus an AdRGD-

PG-eGFP (Ad-GFP), AdRGDPG-LACZ (Ad-LACZ) as controls without inserts of 

therapeutic effect (Figure 5). 
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Figure 4: Adenovirus vector production method. Adenovirus plasmids are transfected in HEK293T cells and 

collected, lysed and used to infect another plate in about a week, when cells present signs of cytopathic effect. If 

this was not detected after five rounds of infection in plates of the same size, the process was re-started from the 

plasmid. Once the cytopathic effect has been observed, several steps of lysate expansion are taken until the final 

production and purification. On the right side, photomicrographs of the expected cytopathic effect. Ideal harvest 

point is between the early and advanced effect. 
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Figure 5: Schematic representation of vectors. A) cassette sequence from which all vectors were derived. 

Black arrows indicate restriction enzyme (RE) sites; green arrows indicate RE sites to remove p14ARF cassette; 

Red arrows show RE sites to remove cIFNβ cassette. B) Main elements of final adenoviral vectors utilised in 

this work. C) Control vectors encoding non-therapeutic transgenes. Adenoviral vectors described above are all 

RGD modified Adenoviral vectors derived from serotype 5, encoding transgenes under the control of the p53 

responsive promoter PG.  
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Figure 6: Oral canine cell lines GAB-F6 and BAN-C10 

 

Evaluation of the interaction between adenoviral vectors and canine melanoma cell lines 

 

           The oral canine melanoma cell lines (OCMCLs) GAB-F6 and BAN-C10 (Figure 6) 

were isolated previously in our laboratory and characterized for their susceptibility to 

transduction using RGD-modified adenoviral vectors (162). To determine the Multiplicity of 

Infection (MOI, ratio of viable virus particles to number of target cells), we first transduced 

OCMCL with Ad-RGD-CMV-LacZ, which encodes the beta-galactosidase reporter gene. 

Cells were transduced with MOI 15, 25, 20, 100 e 200 and fixed, dyed with X-gal and 

evaluated after 48 hours. Later in that work a similar assay using Ad-RGD-PG-eGFP was 

performed. Based on those data, it was determined that MOI 200 provided about 85% and 

60% transduction of GAB and BAN, respectively, and reliable expression of transgenes while 

avoiding cellular toxicity.  

 

Validation of transgene expression. 

 

          We performed immunofluorescence staining using an anti-Flag antibody to reveal the 

expression of p14ARF by the newly constructed vectors as well as its subcellular localization 

in the GAB-F6 and BAN-C10cell line. Firstly, the antibody [DYKDDDDK Epitope Tag 

Antibody (OTI4C5) da Novus Biologicals (Cat. nbp1-71705)] presented non-specific staining 

of the cytoplasm and nuclei of the canine cells. When using the human cell line HT1080, 

transduced with the same vectors, we detected specific recognition and the expected nucleolar 

localization of the target protein without any off-target staining (data not shown). Then, in 

order to confirm p14ARF protein expression and localization in the canine cells, we acquired 
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an alternative antibody (Invitrogen, Cat. MA1-91878).  As desired, this antibody did not 

present non-specific staining and allowed for the detection of p14ARF, with its characteristic 

nucleolar localization (Figure 7). We determined the presence of p14ARF in all vectors that 

carry this gene.  

          Detection of IFNβ in the transduced cells by immunofluorescence or ELISA was not 

successful. Instead, detection of cIFNβ-myc protein was performed by western blotting using 

an anti-myc antibody. This approach was chosen to avoid the detection of endogenous cIFNβ 

protein expressed by the cells. By using this methodology, we could confirm the expression 

of the monocistronic cIFNβ-myc encoded by our vector (Figure 7). According to Nishikawa 

(2000) (164), canine IFNβ protein is known to present at wide band which varies from 20 to 

45 kDa, due to its post-translational modifications, thus the protein band detected western 

blotting is broader than that seen for humans and mice. BAN-C10 presented a less wide band 

than GAB-F6, possible due to the particularities of the cell lines and the post translational 

processing of IFNβ. Unfortunately, we were unable to confirm the expression of this gene by 

the transduction of cells with the bicistronic vector. Further analysis of functional anti-tumour 

effect of those vectors has also demonstrated that the bicistronic vector was not working 

properly. 
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Figure 7 – Transgenes expression. A) Immunofluorescence of GAB-F6 cells transduced with Ad-RGD-PG-

cARF-Flag; Ad-RGD-PG-cARF-Flag/cIFNβ; and Ad-RGD-PG-cIFNβ. Red dots mark nucleolar localization of 

14ARF-Flag protein. In figure bars equal 100μm. B) Canine Interferon-β detected by western blot. The cell lines 

GAB-F6 and BAN-C10 were transduced with cIFNβ encoding vectors (MOI 200). Negative controls (NC), 

AdRGDPG-cIFNβ (I), Ad-RGD-PG-cARF-Flag (A) and Ad-RGD-PG-cARF-Flag/cIFNβ (BI-Flag). 

Membranes were incubated with anti-MYC-TAG (Novus Biologicals, NBP2-37822) 1:1000 and, Anti-mouse 

peroxidase (Sigma, A9044) 1:5000. Wide band at 20 to 45 kDa as predicted for cIFNβ due to its extensive post-

translational modifications. 

 

Accumulation of cells in the Sub-G1 phase upon transduction with the adenoviral-vectors and 

clonogenic assay. 
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          We next evaluated the functional impact of the vectors on OCMCL, starting with the 

accumulation of the Sub-G1 (hypodiploid) population of cells. For this we transduced GAB-

F6 and BAN -C10 with the AdRGD-PG vectors expressing eGFP, cIFNβ, cARF, both cARF 

and cIFNβ (bicistronic vector) or a co-transduction condition of cIFNβ and cARF 

monocistronic vectors. MOI 200 of virus was used while maintaining equal proportions of 

transgenes and total viral particles. Therefore, in order to make the total virus quantity and 

transgene copies more proportional between conditions, monocistronic vector conditions (I 

and A) were supplemented by the transduction of Ad-RGD-PG-eGFP (ex., MOI 200 A + MOI 

200 eGFP, equal to the co-transduction condition of MOI 200 A +MOI 200 I). This way the 

G+G, I, A and I+A conditions were transduced with same gene dosage and number of viral 

particles. These results are shown in Figure 8,9. 

           NC, G, G+G, and BI treatments in GAB-F6 yielded 6.7%, 11.9%, 12.6% and 16% Sub-

G1 cells, respectively, with no statistical difference among them. In contrast, 50.3% of cells 

were observed in sub-G1 for IFN-β and 47.8% for p14ARF (p <0.001 vs. NC). In comparison 

the combination led to an increase of 67.15% of the population with hypodiploid cells (p 

<0.001vs. NC). No significant difference was noted between p14ARF and co-transduction 

conditions. 

           For the BAN-C10 cell line, 2.4% of sub-G1 cells were observed when treated with the 

control vector, a lower value than that observed with GAB-F6. Regarding therapeutic vectors, 

monotherapy led to the accumulation of 51.15% of cells for treatment with IFN-β and 59.9% 

for p14ARF (p <0.001 vs. NC). When co-transduced the vectors induced the accumulation of 

71.7% of the cells in sub-G1 (p <0.001 vs. NC).   

          Thus, with this test we demonstrated that both in cell lines the control vectors will lead 

to small amounts of hypodiploid cells, while the combined therapy of IFN-β and p14ARF 

yielding the highest response rate. 

            In a parallel experiment, transduced cells were allowed to grow for 10 days after 

treatment, fixed and stained with a 0.1% solution of violet crystal (Figure 10). With this 

attempted clonogenic assay, only qualitative assessment is possible since distinct colonies 

were not observed. At least for BAN-C6, we saw less staining in the presence of the 

monocistronic vectors. Further optimization is necessary in order to yield quantifiable data. 

Since the bicistronic vector did not seem to have any effect in either the Sub-G1 or clonogenic 

assays, possibly due to the lack of IFNβ expression, the remainder of the studies presented 

here used only the monocistronic vectors. 
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Figure 8 – Evaluation of the GAB-F6 Sub-G1 population by flow cytometry. A) The GAB F6 and BAN C10 

cell lines were transduced (MOI 200) with the AdRGD-PG vectors expressing eGFP (G), cIFNβ (I), cARF (A), 

both cARF and cIFNβ (BI) or the co-transduction of cIFNβ and cARF monocistronic vectors (I+A). 

Alternatively, 1µM doxorubicin was used as a positive control for the induction of cell death. Cells were collected 

72hs after treatment, fixed and stained with PI before flow cytometry evaluation. Data represent the mean and 

standard deviation between three biological replicates each one with two technical replicates. * P<0.05; ** 

P<0.01 and *** P<0.001, one-way ANOVA analysis of variance followed by Tukey test. NS, not significant. B) 

Representative examples of flow cytometry analysis.  
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Figure 9 – Evaluation of the BAN-C10 Sub-G1 population by flow cytometry. A) The GAB F6 and BAN 

C10 cell lines were transduced (MOI 200) with the AdRGD-PG vectors expressing eGFP (G), cIFNβ (I), cARF 

(A), both cARF and cIFNβ (BI) or the co-transduction of cIFNβ and cARF monocistronic vectors (I+A). 

Alternatively, 1µM doxorubicin was used as a positive control for the induction of cell death. Cells were collected 

72hs after treatment, fixed and stained with PI before flow cytometry evaluation. Data represent the mean and 

standard deviation between three biological replicates each one with two technical replicates. * P<0.05; ** 

P<0.01 and *** P<0.001, one-way ANOVA analysis of variance followed by Tukey test. NS, not significant. B) 

Representative examples of flow cytometry analysis. 
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Figure 10 – Cellular response to transduction using a clonogenic assay. For this assay, 1x105 cells (GAB F6 

and BAN C10) were transduced (MOI 200) with the AdRGD-PG vectors expressing eGFP (G), cIFNβ (I), cARF 

(A), both cARF and cIFNβ (BI) or the co-transduction of cIFNβ and cARF monocistronic vectors (I+A). They 

were allowed to grow for 10 days after treatment, fixed and dyed with 0.1% solution of violet crystal. This assay 

was performed only once. 

 

MTT Assay  

 

            Next, we conducted a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 

bromide (MTT) assay to assess cell metabolic activity as an indicator of cell viability. Figure 

11 shows that reduced cell metabolic activity was associated with the transduction with 

adenoviral vectors in comparison to the negative control condition, especially at later time 

points. Within 24 hours, the absorbance levels of cells transduced with Ad-cARF and Ad-

cIFNβ decreased to 80% and 77% in GAB-F6, and 96% and 90% in BAN-C10. In contrast, 

the GFP vector controls exhibited minimal change, remaining at 99.2% and 99.7% compared 

to the negative control.  

           After 48 hours, GAB-F6 cells subjected to Ad-cIFNβ, Ad-cARF, or the co-transduction 

of both Ad-cARF and Ad-cIFNβ experienced a considerable decline in metabolic activity 

levels. Similarly, BAN-C10 displayed a reduction of approximately 50% across all conditions 

that received therapeutic transgenes. GFP vectors induced some disturbance, dropping 

absorbances to 87 % in GAB-F6 and 80% in BAN-C10. 

            Seventy-two hours post-transduction, the relative absorbance levels underwent a 

decline, reaching a mean of 15.1% in the A+G condition, 14.6% in I+G, and 12.9% in I+A 

for GAB-F6. BAN C10 exhibited a slightly more moderate decrease, achieving levels of 31% 

in A+G, 36% in I+G, and an average of 25% in I+A. Despite the substantial difference of 
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these levels of absorbance to the negative control and the GFP reporter vector condition, the 

other three treatments did not display significant variation among themselves. 

 

 

Figure 11 – Metabolic activity (viability) detected in an MTT assay. OCMCL GAB-F6 and BAN-C10 were 

transduced (MOI 200) with AdRGD-PG vectors expressing eGFP (G), cIFNβ (I), cARF (A), co-transduction of 

monocistronic vectors encoding cARF, cIFNβ (I+A) and non-transduced cells (NC). Data represent the mean 

and standard deviation of 8 biological replicates, each with 3 technical replicates. * P<0.05; ** P<0.01 and *** 

P<0.001, two-way ANOVA analysis of variance followed by Tukey's test. NS or absence of the comparison 

indication means not significant. 

 

Release of immunogenic cell death markers by transduced cells 

 

            We then investigated the release of immunogenic cell death markers upon transduction 

of the melanoma cell lines. The results show that treatment with the adenoviral vector particles 

alone was not enough to induce significant cellular stress in either cell line. In GAB-F6 cells 

(Figure 12A), transduction with the p14ARF encoding vector alone, the detection of ATP in 

culture medium was about 40 times greater than in negative control and GFP conditions. The 

mean level registered for co-transduced cells was about 80-fold higher vs. GFP. Oddly, BAN-

C10 (Figure 12B) did not result in significant alterations in ATP release upon transduction.  
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Figure 12 – Immunogenic cell death markers. A, B) ATP release upon treatment. Cells were transduced as 

indicated and cell supernatants were collected 48 hours later, mixed with Promega ENLITEN™ ATP Assay 

System reagent in equal proportions and analyzed at integration time of 0.3s. Data represent the mean and SD 

between 4 normalized biological assays, each with two technical replicates. * P<0.05; ** P<0.01 and *** 

P<0.001, non-parametric Kruskal-Wallis followed by Dunn. NS, not significant. C) HMGB1 detection. For 

detection of HMGB1 released in the culture medium. Supernatant was mixed with anti-HMGB1 antibody after 

48 h of incubation at 1:1000 dilution and secondary antibody at 1:1000 (BAN) and 1:5000 (GAB) dilution. NC 

stands for negative control (no treatment); G single and G+G double amount equalising the co-transduction 

condition (Ad-GFP); I (Ad-IFNβ); A (Ad-ARF); I+A (co-transduction of Ad-ARF and Ad-IFNβ).   

 

          We next observed that both cell lines exhibited some level of HMGB1 release in the 

cell culture supernatant upon treatment (Figure 12C). In BAN-C10, the release of HMGB1 is 

present in IFNβ and p14ARF transduced cells and also in co-transduced cells, but not in 

control conditions. In GAB-F6, the presence of HMGB1 was only visible in p14ARF and co-

transduction. Altering the dilution of the secondary antibody yielded an improved image for 

BAN-C10, but has not yet been attempted for GAB-F6.  
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Evaluation of the intratumoral treatment with the vectors in in vivo xenograft mouse model  

 

            In an effort to validate the potential of our approach to inhibit tumour growth, we used 

a xenograft mouse model of in situ gene therapy. For this, we implanted 1x106 GAB-F6 and 

BAN-C10 cells in BALB C nude mice. Once the tumours reached approximately 60 mm3, we 

initiated treatments. Four intratumoral inoculations of 1x109 viable virus particles were given 

to each mouse, at 48-hour intervals. Animals received PBS or a virus carrying eGFP as 

controls, or the experimental conditions Ad-ARF, Ad-IFNB, and co-transduction.  

           For the GAB-F6 cell line (Figure 13), it was observed that animals belonging to the 

groups receiving IFN-β alone or in combination with p14ARF displayed a comparable 

inhibition of tumour progression and survival. Mean size of tumours 190.54 mm3 (IFN-β 

alone) 173.08 mm3 (Co-transduction) in day 16, and in contrast, NC tumours size mean was 

of 527.86 mm3. However, the p14ARF treatment alone exhibited less efficacy compared to 

the other two therapeutic transgene conditions (mean of 313.17 mm3). Similar patterns were 

observed for tumours originating from the BAN-C10 cell line (Mean size of 432.03 mm3 for 

Ad-GFP, 364.64 mm3 NC, 332.2 mm3 Ad-ARF, 57.58 mm3 Ad-IFNβ, and 34.66 mm3 co-

transduction in day 40) (Figure 14). 

           The Kaplan-Meier survival curve for animals inoculated with GAB-F6 cells exhibited 

enhanced survival time for those subjected to IFN-β and the co-transduction condition, with 

one animal remaining alive at the conclusion of the follow-up period (Figure 15). Regarding 

the BAN-C10 groups, both the IFN-β and combination conditions extended the duration of 

animal survival (Figure 15). Nevertheless, on day 108 of the follow-up, mice from all 

therapeutic conditions had reached the permitted ethical threshold for tumour growth and were 

euthanised. 
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Figure 13 – GAB-F6 in vivo tumour growth. Tumour growth curve of mice inoculated with GAB-F6, treated 

with adenoviral vectors (days 0, 2, 4 and 6). Animals were treated with adenoviral vectors and followed up to 

assess the initial impact of treatment on tumour progression. /). * P<0.05; ** P<0.01 and *** P<0.001, One way 

ANOVA followed by Tukey.  

 

 

Figure 14 – BAN-C10 in vivo tumour growth. Tumour growth curve of mice inoculated with BAN-C10, 

treated with adenoviral vectors (days 0, 2, 4, and 6). Animals were treated with adenoviral vectors and followed 

up to assess the initial impact of treatment on tumour progression. /). * P<0.05; ** P<0.01 and *** P<0.001, One 

way ANOVA followed by Tukey.  
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Figure 15 – GAB-F6 and BAN-C10 overall survival. Kaplan-Meyer survival evaluation of animals until the 

period of treatment until euthanasia according to the ethical limits. (Survival absence of necrosis or loss of weight 

and tumour size <1000mm3). NC – PBS 1X, G - eGFP vector, A - p14ARF vector, I – IFNβ vector, I+A – co-

transduction. Treatment conditions G+G, A+G and I+G received eGFP vector complementation to adjust the 

dose of total viral particle and DNA in relation to the I+A condition. Data from A and B, represent mean and 

standard deviation (N = 7). P value = 0.0037 Mantel-Cox test. 

 

 

5. DISCUSSION 

 

Vectors production and functional validation 

 

                    The work presented here elucidated some molecular and cellular features induced 

by adenovirus-mediated gene transfer of p14ARF and IFNβ to oral canine melanoma cells.   

         Initially, we ordered the construction of a synthetic cassette containing the cDNA 

sequences of canine p14ARF and IFNβ. Subsequently, this cassette was used to generate five 

distinct arrangements of the transgenes, all of which were recombined into a plasmid encoding 

a previously modified adenoviral type 5 genome. In this modified configuration, acquired for 

previous studies of the group, is an engineered Ad with tropism for a broader spectrum of cell 

types. Adenovirus serotype 5-derived vectors rely on the presence of the Coxsackie 

Adenovirus Receptor (CAR) on target cells for successful transduction. In our research, we 

employed the use of vectors that have previously undergone modifications to overcome this 

issue. These vectors have been enhanced by the incorporation of the tripeptide RGD (arginine-

glycine-aspartic acid) in its fibre knob. This permits the vectors to transduce a broad spectrum 

of cells expressing integrins, even in the absence of CAR. However, the level of integrin also 

directly correlates to the level of transduction of each target cell  (165, 166). 

           Another key alteration in those vectors, in comparison to the most classical adenoviral 

vectors type, involves the incorporation of the p53 responsive promoter, namely PGTxβ or 
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PG (155). It is worth mentioning that this promoter exhibits a modest baseline expression that 

becomes significantly augmented upon the restoration of the p53 pathway, thereby 

intensifying its expression levels. It was noted that this promoter exhibited up to 5-fold greater 

strength compared to the CMV promoter, when induced upon the presence of functional p53 

(155). 

           After the completion of plasmids encoding the adenoviral vectors, they were 

transfected into HEK293T cells for the production of viral particles. Subsequently cell lysates 

were amplified in HEK293A cells in order to increase the number of viral particles per volume 

of lysate. This amplification step is already known to present some hindrances, especially 

during the expansion of transgene expression vectors with therapeutic potential. Some 

transgenes known to have antiviral or cytotoxicity activity have been reported to interfere with 

virus replication or sometimes to induce death pathways in the producing cells, interrupting 

viral synthesis. For instance, vectors carrying Tumour necrosis factor (TNF) (167) and Fas 

ligand (FasL); (168) are reported to exhibit cytotoxicity that results in the reduction of virus 

production. 

           During the course of this work, we encountered some challenges in the process of 

expanding lysates containing IFNβ. This outcome is understandable, given its recognized 

antiviral activity (169, 170). Furthermore, in some of the transfection attempts, we believe 

that the transfection was unsuccessful. However, the evaluation of the transfection depends 

on a visual observation of the cytopathic effect that is not always present in the initial stages 

of expansion. The cytopathic effect is represented by the visualization, under a microscope, 

of 50% of detached cells with the possible formation of cell clusters. In addition, another 

observation that indicates the cytopathic effect in cases of difficult visualisation is the 

morphology of the still adhered cells that are swollen due to the production of viral particles 

that have not yet been released. 

           In the initial stages of expansion, due to the transfer of lysates from one plate to the 

next, cellular factors can often contribute to some level of induction of cell death, leading to 

difficulty in identifying the cytopathic effect. After many attempts at transfection and a few 

repetitions of amplification in 60mm plates, we were able to expand the lysates to 150mm 

plates and subsequently carry out virus productions on a laboratory scale for use in the 

experiments (As demonstrated by Figure 4). During this step, we performed some previous 

assays with lysates to verify gene expression. However, carrying out further tests with a 

defined amount of virus was only possible after the production, purification and quantification 

of all vectors. 



  

 44 

 

           With the initial obstacle overcome, tests were initiated to determine the susceptibility 

of oral canine melanoma cell lines to transduction via adenoviral vectors. With these 

experiments, in which we used LacZ and GFP encoding vectors, we ascertained to the best 

multiplicity of infection for the next experiments (162). In other words, we determine how 

many viral particles should be applied on canine cells to allow the transduction of the majority 

of them. Once MOI 200 was standardized for the next experiments we proceeded with the 

functional assays.  

           We performed a validation test in order to verify the whether the transgenes encoded 

by the vectors were expressed in canine cells. With this we aimed to confirm the cassette 

design of the vectors is functional and able to correctly express its genes. We initially faced 

some hindrances when trying to visualise p14ARF by immunofluorescence using an anti-Flag 

antibody. However, despite our precautions, we verified an immunofluorescence pattern that 

was spread throughout the entirety of the cells. Considering the contrasting observations that 

did not corresponded to the literature, we performed this experiment in HT1080 human cell 

lines. As suspected, the antibody presented unspecific labelling in canine cells, which was not 

observed in human cells. Based on these results we purchased another antibody, successfully 

visualising the p14ARF-Flag or Flag-p14ARF transgenes in the nucleolus of canine cells, as 

predicted by the literature (Figure 7A). As we firstly develop a full set of vectors with Flag-

tag downstream p14ARF, we started the functional assays using those vectors along with the 

IFNβ vector. 

          Afterwards, we performed a western blotting assay to verify the expression and 

liberation of IFNβ by transduced cells. We successfully verified the accumulation of IFNβ in 

cell culture medium. In the Figure 7B, both Ad-IFNβ and co-transduction conditions show 

this protein. When co-transduced, the release of IFNβ is slightly lower than in mono-vector 

transduction. Which may be related to a lower expression due to viral genomes competition 

for cellular resources. The bicistronic vector, however was unable to express IFNβ protein. 

With this, we suspect that the P2A element in the vector is not functioning as expected, not 

allowing the separation of the proteins. Alternatively, ribosomes may be disconnecting from 

the mRNA before translating the cIFNβ gene sequence. It is also possible that p14ARF and 

IFNβ undergo subcellular processing by different mechanisms that are not supported by the 

bicistronic arrangement. We cannot rule out errors in the sequence of the synthetic cassette, 

but this seems unlikely since the monocistronic IFNβ vector was reliable. 
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In vitro determination of fractional DNA content and indications of reduction of cell viability  

 

          Subsequently, we proceeded with the evaluation of the induction of accumulation of 

sub-g1 cells in flow cytometry, which is an indicator of cell death. In Figure 8,9 we observed 

that all vectors encoding some a therapeutic transgene, with exception of the bicistronic 

vector, were able to induce high levels of sub-g1 events. Results that may suggest their direct 

cytotoxicity upon transduction. It was also noted that GAB-F6 culture presents a relative 

natural increased sub-g1 population on flow cytometry. We tried to determine whether it was 

related to manipulation of the cells or the passages of the culture. Even by cultivating the cells 

from the original stock, stored from the time of isolation of the culture from dog melanomas, 

the same pattern was observed. This indicates that the observed level of sub-g1 cells in the 

absence of treatment probably is an intrinsic trait of the GAB-F6 cell line.   

          In a parallel with the above experiment, we attempted to perform a colony assay by 

transducing equally amounts of cells, which were let to grown for 10 days after treatment 

(Figure 10). This experiment successfully demonstrated the impact of the vectors on cell 

growth. Nonetheless, we could not count colonies as originally planned. Both canine cells 

lines used in this work tend to spread and do not form well defined colonies, making 

visualization difficult, even upon crystal violet coloration. Therefore, despite the lack of 

quantification we decided to show this result as a qualitative illustration of the effect of those 

vectors on the replication of OCMCL.  

           Furthermore, considering the absence of functional outcomes from the bicistronic 

vector as evident in the results depicted in Figures 5B, 6A, and 7, we decided to exclude the 

bicistronic vector from subsequent assays. Based on these results we also hypothesised the 

possibility of the non-split of the encoded proteins during translation, what might have 

allowed the expression of a chimeric protein. These hypothetical polypeptides could allow the 

detection of p14ARF on the immunofluorescence assay without permitting its functional 

performance on other tests. Otherwise, whether the P2A was not allowing the translation of 

the second transgene the p14ARF should not be ineffective. Thus, allowing similar 

performance as monocistronic transduction of p14ARF encoding vector, in all other tests.  

           Later, to assess the short-term cytotoxic effects of the treatments, we conducted an 

MTT colorimetric assay, examining the impacts of treatments at 24-, 48-, and 72-hours post-

transduction. Figure 11 depicts an initial decrease in cell metabolic activity the was superior 

in the co-transduction condition. Moreover, after 72 hours, no significant differences between 

the transduction with Ad-IFNB Ad-p14ARF and combination was observed. in this in vitro 
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MTT assay, all three vectors effectively decrease cellular metabolic activity, regardless of the 

cell line analysed. 

          Together the results presented in Figure 8 and 9, points to the existence of a possible 

advantage of the combined gene transfer of p14ARF and IFNβ over the mono-treatment 

conditions. What resembles the previous observations of our group regarding the effects of 

combined gene transfer (152, 171). However, in our current study, between monocistronic 

treatments it is not clear whether one has a superior effect on OCMCL since the monocistronic 

vector of major impact varied depending on the molecule or effect evaluated. While the best 

performing treatment was variable in vitro, the in vivo tests, discussed below, indicate that 

Ad-IFNβ. Still, despite not able to induce better performance in some of the tests, in vivo tests 

presented below (Figure 13, 11) demonstrated that, the Ad-INFβ seems to be the more 

efficient treatment condition. 

 

Evaluation of immunogenic cell death markers  

 

           Next, we evaluated the presence of immunogenic cell death markers. Firstly, the 

secretion of ATP. The results show that the adenoviral vector particles alone are not enough 

to induce significant cellular stress in both cell lines. In GAB-F6 cells (Figure 12A) transduced 

by p14ARF encoding vector alone, the ATP detection in culture medium was about 40 times, 

more than seen in the negative control and GFP conditions. For co-transduced cells, the mean 

levels of ATP registered were about 80-fold higher. Oddly, BAN-C10 (Figure 12B) did not 

result in significant alterations between conditions. However, in GAB-F6 a similar pattern, 

with exception of an elevated level ATP secretion in IFNβ, was observed, although with all 

conditions below 6-fold the negative control.  

          In this experiment we observed a marked discrepancy in the release of ATP when 

comparing the two cell lines. GAB-F6 cells (as depicted in Figure 12A), clearly has the 

potential to release high amounts of this marker when transduced with either Ad-ARF or Ad-

IFNβ alone. Even more expressive is the ATP release induced by the co-transduction these 

vectors in comparison to the other conditions (Figure 12A). In contrast, no significant different 

among conditions was observed in BAN-C10 line. Nonetheless, an observable tendency 

towards higher ATP secretion was identified. However, it remains uncertain whether these 

inclinations represent real tendency or merely a coincidental occurrence. 

            Therefore, this assay showed that in at least one cell line, the treatment, especially co-

transduction, leads to the liberation of ATP. This may contribute to immune responses since 
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it is associated with certain types of ICD. The ATP release by dying tumour cells is another 

key element in the context of immunogenic cell death. This process involves the activation of 

various signal transduction pathways to facilitate the release of cytoplasmic ATP from the 

dying cancer cells. Additionally, it functions as a “find me” signal able to attract myeloid cells, 

particularly dendritic cells, to the tumour (172). 

           In regards to the release of HMGB1 (Figure 12C), we observed that both cell lines 

suffered some level of induction of HMGB1 release. In the case of BAN-C10, the release of 

HMGB1 was detected in cells transduced with IFNβ, p14ARF, and those co-transduced. 

Conversely, in GAB-F6, the presence of HMGB1 was evident solely in cells transduced with 

p14ARF and in the co-transduction condition.  

        In summary, both cell lines released at least one ICD marker upon viral treatment, 

indicating the possibility of an immune induction after treatment. To further evaluate these 

findings, we believe it would be interesting to check additional ICD markers such as 

calreticulin exposure, annexin A1, and tumour cell-derived nucleic described by the 

Nomenclature Committee on cell death 2018 (158). Note that IFNβ provided by the treatment 

is also an ICD factor. Current efforts are focussed on the detection of calreticulin exposure on 

cellular membranes. The qPCR assays, currently in progress, may also shed some light on the 

pro-immunogenic cellular response to treatment. 

 

In vivo xenograft mouse model of oral canine melanoma cell lines 

 

            Afterwards, in an effort to validate the potential of our viruses to impede tumour 

growth, as already demonstrated in murine tumours through prior research of our group, we 

initiated a xenograft mouse model involving tumours derived from canine cells. In pursuit of 

this objective, we introduced 1x10^6 GAB-F6 and BAN-C10 cells s.c. into BALB C nude 

mice. Once the tumours attained a discernible palpable size, we administered treatments. Four 

intratumoral inoculations of 1x109 viable viral particles were given to each mouse, each other 

day. Animals received PBS and a virus carrying eGFP as a control, and treatments condition 

under analysis (Ad-ARF Ad-IFNβ and co-transduction). Subsequently, we proceeded with the 

monitoring of the response of the animals to the treatment. 

           To compare the treatments, analysing a time to outcome (tumour development to 

400mm3), at the moment when GFP and NC groups reached around 400mm3, tumours of the 

co-transduction group were about 50 mm3. This shows efficacy of co-transduction to impede 

tumour development in both cell lines, in comparison to the other conditions. The survival 
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curve, as illustrated in Figure 13, demonstrates an intriguing pattern. Animals treated with 

IFN-β and the combination therapy exhibit survival for an additional 20 days after animals 

subjected to other treatments have already reached a tumour size of 1000mm³, and therefore 

subjected to euthanasia. This may indicate that in accordance with other models studied in our 

group, in OCMCL IFN-β and combination also presents better performance in vivo. 

Nonetheless, the complete efficiency of the combination of genes may not induce better results 

in this model, what may be related to this model limitation due to the immunodeficiency of 

the mice.  

           Regarding the other OCMCL BAN-C10, similar delay on tumour development was 

observed in the initial days after treatment. In BAN-C10, after the medium tumour size of NC 

and GFP groups reach the cut-off of about 400 mm3, the ARF group was around 100 mm3 and 

IFNβ and co-transduction groups were 50 and 25 mm3, respectively. In the Kaplan Meyer 

analysis, mice maximum lifespan did not present great differences among these conditions 

and of the controls. Nonetheless, a larger number of animals in the IFN-β and combination 

groups survived longer.  

          It is important to remember that the that the model used for this assay involved BALB/c 

nude mice, which are recognized as immunosuppressed animals. Despite their 

immunosuppressed status, they still retain a degree of Natural Killer (NK) cell activity (15), 

but it apparently was not sufficient to completely eliminate the tumour. Yet, these assays have 

demonstrated that the vectors themselves already have a strong antitumoral effect, likely 

attributed to the cytotoxicity induced by the transgenes they carry. Histopathology and 

immunohistochemical detection of critical markers of cellular response to treatment are 

currently underway. 

            To sum up, using the novel AdRGD-PG vectors, the combined p14Arf and IFNβ gene 

therapy approach induces high levels of cell death, release some expected ICD markers and 

also inhibits tumour progression in a xenograft mouse model. However, the impact of these 

vectors on an immune competent model could not be tested. As the continuation of this work, 

our group will soon start initial tests on spontaneous cases of oral melanoma in companion 

dogs in order to better understand the effects of our vectors on the activation of immune 

responses. 
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6. FINAL CONSIDERATIONS AND PERSPECTIVES 

 

            Through the findings presented here, we have demonstrated the functional impact of 

the transduction of p14ARF and IFNβ cDNA using adenoviral vectors in canine cell lines. 

Moreover, we verified transgenes expression as well as the induction of a significant increase 

in hypodiploid cells after treatment of GAB-F6 and BAN-C10 canine melanoma cell lines in 

vitro. With ATP and HMGB1 detection we demonstrated the possibility of these vectors to 

induce immunogenic cell death. In all condition of therapeutic cDNA transfer, at least one 

ICD marker was observed. Results that are in accordance with what we expected based on our 

experience with the previous models studied in our lab.  

           At the end of the work, dog-derived xenograft tumours in mice illustrated the effects 

of p14ARF and IFNβ on the delay of the tumour development. IFNβ, together with the 

combined treatment, being the therapeutic modalities with the greatest capacity to increase 

survival for animals. Also, due to the limitation of the xenograft mouse model, we believe that 

the effect of these vectors, especially in co-transduction would be higher if injected in fully 

immune-competent organisms.    

        With our findings we believe we achieved the goal of this work in validate the novel 

developed vectors, containing canine p14ARF and IFNβ cDNA, for future research in dogs. 

Now our group hopes to start tests in dogs soon and we expect that this new veterinary clinical 

study may be a proof of concept for future human clinical trials. 

 

 

 

 

 

 

 

 

 

 

 

  



  

 50 

 

7. REFERENCES 

 

1. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. Natural innate and adaptive 

immunity to cancer. Annu Rev Immunol. 2011;29:235-71. 

2. Ribatti D. The concept of immune surveillance against tumors. The first theories. 

Oncotarget. 2017;8(4):7175-80. 

3. Estela Vieira de Souza Silva EdPN, Marina Pacheco Miguel, Carlos Eduardo 

Fonseca Alves, Veridiana Maria Brianezi Dignani de Moura. Elucidating tumor 

immunosurveillance and immunoediting: a 

comprehensive review Ciência Animal Brasileira. 2021;22. 

4. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 

2011;144(5):646-74. 

5. Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 

2022;12(1):31-46. 

6. Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: Can Treg cells be a 

new therapeutic target? Cancer Sci. 2019;110(7):2080-9. 

7. Kim JH, Kim BS, Lee SK. Regulatory T Cells in Tumor Microenvironment and 

Approach for Anticancer Immunotherapy. Immune Netw. 2020;20(1):e4. 

8. Mroz EA, Rocco JW. The challenges of tumor genetic diversity. Cancer. 

2017;123(6):917-27. 

9. Marusyk A, Janiszewska M, Polyak K. Intratumor Heterogeneity: The Rosetta 

Stone of Therapy Resistance. Cancer Cell. 2020;37(4):471-84. 

10. Isaacs A, Lindenmann J. Virus interference. I. The interferon. Proc R Soc Lond B 

Biol Sci. 1957;147(927):258-67. 

11. Gresser I, Bourali C, Levy JP, Fontaine-Brouty-Boye D, Thomas MT. Increased 

survival in mice inoculated with tumor cells and treated with interferon preparations. Proc 

Natl Acad Sci U S A. 1969;63(1):51-7. 

12. Schreiber G. The molecular basis for differential type I interferon signaling. J Biol 

Chem. 2017;292(18):7285-94. 

13. Pestka PK, Christopher D.;, Walter MR. Interferons, interferon-like cytokines, 

and their receptors. Immunological reviews. 2004;202(1):8-32. 

14. Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated signalling. 

Nat Rev Immunol. 2005;5(5):375-86. 

15. Medrano RFV, Hunger A, Mendonca SA, Barbuto JAM, Strauss BE. 

Immunomodulatory and antitumor effects of type I interferons and their application in 

cancer therapy. Oncotarget. 2017;8(41):71249-84. 

16. Duncan CJA, Randall RE, Hambleton S. Genetic Lesions of Type I Interferon 

Signalling in Human Antiviral Immunity. Trends Genet. 2021;37(1):46-58. 

17. Gavutis M, Lata S, Lamken P, Muller P, Piehler J. Lateral ligand-receptor 

interactions on membranes probed by simultaneous fluorescence-interference detection. 

Biophys J. 2005;88(6):4289-302. 

18. Jaitin DA, Roisman, L. C., Jaks, E., Gavutis, M., Piehler, J., Van der Heyden, J., 

Uze, G., & Schreiber, G. Inquiring into the differential action of interferons (IFNs): an 

IFN-alpha2 mutant with enhanced affinity to IFNAR1 is functionally similar to IFN-beta. 

Molecular and cellular biology. 2006;25(5):1888–97. 

19. Oehadian A, Koide N, Mu MM, Hassan F, Islam S, Yoshida T, Yokochi T. 

Interferon (IFN)-beta induces apoptotic cell death in DHL-4 diffuse large B cell 

lymphoma cells through tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL). Cancer Lett. 2005;225(1):85-92. 



  

 51 

 

20. Khan S, Mahalingam R, Sen S, Martinez-Ledesma E, Khan A, Gandy K, et al. 

Intrinsic Interferon Signaling Regulates the Cell Death and Mesenchymal Phenotype of 

Glioblastoma Stem Cells. Cancers (Basel). 2021;13(21). 

21. Lokshin A, Mayotte JE, Levitt ML. Mechanism of interferon beta-induced 

squamous differentiation and programmed cell death in human non-small-cell lung cancer 

cell lines. J Natl Cancer Inst. 1995;87(3):206-12. 

22. Gardner A, Ruffell B. Dendritic Cells and Cancer Immunity. Trends Immunol. 

2016;37(12):855-65. 

23. Belardelli F, Ferrantini M, Proietti E, Kirkwood JM. Interferon-alpha in tumor 

immunity and immunotherapy. Cytokine Growth Factor Rev. 2002;13(2):119-34. 

24. Valkenburg KC, de Groot AE, Pienta KJ. Targeting the tumour stroma to improve 

cancer therapy. Nat Rev Clin Oncol. 2018;15(6):366-81. 

25. Zitvogel L, Galluzzi L, Kepp O, Smyth MJ, Kroemer G. Type I interferons in 

anticancer immunity. Nat Rev Immunol. 2015;15(7):405-14. 

26. Kreutzer K, Bonnekoh B, Franke I, Ulrich J, Gollnick H. [Sarcoidosis, myasthenia 

gravis and anterior ischaemic optic neuropathy: severe side effects of adjuvant interferon-

alpha-therapy in malignant melanoma?]. J Dtsch Dermatol Ges. 2004;2(8):689-94. 

27. Sakurai M, Iigo M, Tamura T, Otsu A, Sasaki Y, Nakano H, et al. Comparative 

study of the antitumor effect of two types of murine recombinant interferons, (beta) and 

(gamma), against B16-F10 melanoma. Cancer Immunol Immunother. 1988;26(2):109-

13. 

28. Natsume A, Mizuno M, Ryuke Y, Yoshida J. Antitumor effect and cellular 

immunity activation by murine interferon-beta gene transfer against intracerebral glioma 

in mouse. Gene Ther. 1999;6(9):1626-33. 

29. McComb S, Cessford, E., Alturki, N. A., Joseph, J., Shutinoski, B., Startek, J. B., 

Gamero, A. M., Mossman, K. L., & Sad, S. Type-I interferon signaling through ISGF3 

complex is required for sustained Rip3 activation and necroptosis in macrophages. 

Proceedings of the National Academy of Sciences of the United States of America. 

2014;111 (31):E3206-E13. 

30. Yang D, Liang Y, Zhao S, Ding Y, Zhuang Q, Shi Q, et al. ZBP1 mediates 

interferon-induced necroptosis. Cell Mol Immunol. 2020;17(4):356-68. 

31. Baik JY, Liu Z, Jiao D, Kwon HJ, Yan J, Kadigamuwa C, et al. ZBP1 not RIPK1 

mediates tumor necroptosis in breast cancer. Nat Commun. 2021;12(1):2666. 

32. Chen B, Wu, X., Ruan, Y., Zhang, Y., Cai, Q., Zapata, L., Wu, C. I., Lan, P., & 

Wen, H. . Very large hidden genetic diversity in one single tumor: evidence for tumors-

in-tumor. National science review. 2022;9(12). 

33. Nirmala JG, Lopus M. Cell death mechanisms in eukaryotes. Cell Biol Toxicol. 

2020;36(2):145-64. 

34. Vanden Berghe T, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele 

P. Regulated necrosis: the expanding network of non-apoptotic cell death pathways. Nat 

Rev Mol Cell Biol. 2014;15(2):135-47. 

35. Orzalli MH, & Kagan, J. C. Apoptosis and Necroptosis as Host Defense Strategies 

to Prevent Viral Infection. Trends in cell biology. 2017;27(11):800–9. 

36. Stolzer I, Ruder, B., Neurath, M. F., & Günther, C. . Interferons at the crossroad 

of cell death pathways during gastrointestinal inflammation and infection. International 

journal of medical microbiology 2021;311(3). 

37. Martens S, Bridelance J, Roelandt R, Vandenabeele P, Takahashi N. MLKL in 

cancer: more than a necroptosis regulator. Cell Death Differ. 2021;28(6):1757-72. 

38. Yu YQ, Gamez-Belmonte, R., Patankar, J. V., Liebing, E., & Becker, C. . The 

Role of Programmed Necrosis in Colorectal Cancer. Cancers. 2022;14(17). 



  

 52 

 

39. Sarhan J, Liu BC, Muendlein HI, Weindel CG, Smirnova I, Tang AY, et al. 

Constitutive interferon signaling maintains critical threshold of MLKL expression to 

license necroptosis. Cell Death Differ. 2019;26(2):332-47. 

40. Knuth AK, Rosler S, Schenk B, Kowald L, van Wijk SJL, Fulda S. Interferons 

Transcriptionally Up-Regulate MLKL Expression in Cancer Cells. Neoplasia. 

2019;21(1):74-81. 

41. Ikushima H, Negishi H, Taniguchi T. The IRF family transcription factors at the 

interface of innate and adaptive immune responses. Cold Spring Harb Symp Quant Biol. 

2013;78:105-16. 

42. Boutelle AM, Attardi LD. p53 and Tumor Suppression: It Takes a Network. 

Trends Cell Biol. 2021;31(4):298-310. 

43. Munoz-Fontela C, Mandinova A, Aaronson SA, Lee SW. Emerging roles of p53 

and other tumour-suppressor genes in immune regulation. Nat Rev Immunol. 

2016;16(12):741-50. 

44. Lasut-Szyszka B, Rusin M. The Wheel of p53 Helps to Drive the Immune System. 

Int J Mol Sci. 2023;24(8). 

45. Ramirez-Labrada A, Pesini C, Santiago L, Hidalgo S, Calvo-Perez A, Onate C, et 

al. All About (NK Cell-Mediated) Death in Two Acts and an Unexpected Encore: 

Initiation, Execution and Activation of Adaptive Immunity. Front Immunol. 

2022;13:896228. 

46. Textor S, Fiegler N, Arnold A, Porgador A, Hofmann TG, Cerwenka A. Human 

NK cells are alerted to induction of p53 in cancer cells by upregulation of the NKG2D 

ligands ULBP1 and ULBP2. Cancer Res. 2011;71(18):5998-6009. 

47. Li H, Lakshmikanth T, Garofalo C, Enge M, Spinnler C, Anichini A, et al. 

Pharmacological activation of p53 triggers anticancer innate immune response through 

induction of ULBP2. Cell Cycle. 2011;10(19):3346-58. 

48. Zhu K, Wang J, Zhu J, Jiang J, Shou J, Chen X. p53 induces TAP1 and enhances 

the transport of MHC class I peptides. Oncogene. 1999;18(54):7740-7. 

49. Grossmann N, Vakkasoglu AS, Hulpke S, Abele R, Gaudet R, Tampe R. 

Mechanistic determinants of the directionality and energetics of active export by a 

heterodimeric ABC transporter. Nat Commun. 2014;5:5419. 

50. Schlereth K, Beinoraviciute-Kellner, R., Zeitlinger, M. K., Bretz, A. C., Sauer, 

M., Charles, J. P., Vogiatzi, F., Leich, E., Samans, B., Eilers, M., Kisker, C., Rosenwald, 

A., & Stiewe, T. . DNA binding cooperativity of p53 modulates the decision between 

cell-cycle arrest and apoptosis. Molecular cell. 2010;38(3):356–68. 

51. Bolandi N, Derakhshani A, Hemmat N, Baghbanzadeh A, Asadzadeh Z, 

Afrashteh Nour M, et al. The Positive and Negative Immunoregulatory Role of B7 

Family: Promising Novel Targets in Gastric Cancer Treatment. Int J Mol Sci. 

2021;22(19). 

52. Hecht I, Toporik, A., Podojil, J. R., Vaknin, I., Cojocaru, G., Oren, A., Aizman, 

E., Liang, S. C., Leung, L., Dicken, Y., Novik, A., Marbach-Bar, N., Elmesmari, A., 

Tange, C., Gilmour, A., McIntyre, D., Kurowska-Stolarska, M., McNamee, K., Leitner, 

J., Greenwald, S., … Rotman, G. . ILDR2 Is a Novel B7-like Protein That Negatively 

Regulates T Cell Responses. Journal of immunology 2018;200(6):2025–37. 

53. Muñoz-Fontela C, Macip, S., Martínez-Sobrido, L., Brown, L., Ashour, J., García-

Sastre, A., Lee, S. W., & Aaronson, S. A. . Transcriptional role of p53 in interferon-

mediated antiviral immunity. The Journal of experimental medicine. 2008;205(8):1929–

38. 



  

 53 

 

54. Yuan L, Chen Z, Song S, Wang S, Tian C, Xing G, et al. p53 degradation by a 

coronavirus papain-like protease suppresses type I interferon signaling. J Biol Chem. 

2015;290(5):3172-82. 

55. Schoenemeyer A, Barnes, B. J., Mancl, M. E., Latz, E., Goutagny, N., Pitha, P. 

M., Fitzgerald, K. A., & Golenbock, D. T. The interferon regulatory factor, IRF5, is a 

central mediator of toll-like receptor 7 signaling. The Journal of biological chemistry. 

2005;280(17):17005–12   

56. Vilcek J. Boosting p53 with interferon and viruses. Nat Immunol. 2003;4(9):825-

6. 

57. Domingues B, Lopes JM, Soares P, Populo H. Melanoma treatment in review. 

Immunotargets Ther. 2018;7:35-49. 

58. Heistein JB, Acharya U, Mukkamalla SKR. Malignant Melanoma.  StatPearls. 

Treasure Island (FL)2023. 

59. Yde SS, Sjoegren P, Heje M, Stolle LB. Mucosal Melanoma: a Literature Review. 

Curr Oncol Rep. 2018;20(3):28. 

60. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. 

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality 

Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;71(3):209-49. 

61. Saginala K, Barsouk A, Aluru JS, Rawla P, Barsouk A. Epidemiology of 

Melanoma. Med Sci (Basel). 2021;9(4). 

62. Leonardi GC, Falzone L, Salemi R, Zanghi A, Spandidos DA, McCubrey JA, et 

al. Cutaneous melanoma: From pathogenesis to therapy (Review). Int J Oncol. 

2018;52(4):1071-80. 

63. Lee N, Barthel SR, Schatton T. Melanoma stem cells and metastasis: mimicking 

hematopoietic cell trafficking? Lab Invest. 2014;94(1):13-30. 

64. Oh JH, Cho JY. Comparative oncology: overcoming human cancer through 

companion animal studies. Exp Mol Med. 2023;55(4):725-34. 

65. Shtivelman E, Davies MQ, Hwu P, Yang J, Lotem M, Oren M, et al. Pathways 

and therapeutic targets in melanoma. Oncotarget. 2014;5(7):1701-52. 

66. Prouteau A, Andre C. Canine Melanomas as Models for Human Melanomas: 

Clinical, Histological, and Genetic Comparison. Genes (Basel). 2019;10(7). 

67. Sample A, He YY. Mechanisms and prevention of UV-induced melanoma. 

Photodermatol Photoimmunol Photomed. 2018;34(1):13-24. 

68. Bastian BC. The molecular pathology of melanoma: an integrated taxonomy of 

melanocytic neoplasia. Annu Rev Pathol. 2014;9:239-71. 

69. Weiss SA, Hanniford D, Hernando E, Osman I. Revisiting determinants of 

prognosis in cutaneous melanoma. Cancer. 2015;121(23):4108-23. 

70. Gilchrest BA, Eller MS, Geller AC, Yaar M. The pathogenesis of melanoma 

induced by ultraviolet radiation. N Engl J Med. 1999;340(17):1341-8. 

71. Marcus DM, Marcus RP, Prabhu RS, Owonikoko TK, Lawson DH, Switchenko 

J, Beitler JJ. Rising incidence of mucosal melanoma of the head and neck in the United 

States. J Skin Cancer. 2012;2012:231693. 

72. Williams MD. Update from the 4th Edition of the World Health Organization 

Classification of Head and Neck Tumours: Mucosal Melanomas. Head Neck Pathol. 

2017;11(1):110-7. 

73. Dahlgren L, Schedvins, K., Kanter-Lewensohn, L., Dalianis, T., & Ragnarsson-

Olding, B. K. Human papilloma virus (HPV) is rarely detected in malignant melanomas 

of sun sheltered mucosal membranes. Acta oncologica (Stockholm, Sweden). 

2005;44(7):694–9. 



  

 54 

 

74. Lundberg R, Brytting, M., Dahlgren, L., Kanter-Lewensohn, L., Schloss, L., 

Dalianis, T., & Ragnarsson-Olding, B. . Human herpes virus DNA is rarely detected in 

non-UV light-associated primary malignant melanomas of mucous membranes. 

Anticancer research. 2006;26(5B):3627–31. 

75. Giraud G, Ramqvist T, Ragnarsson-Olding B, Dalianis T. DNA from BK virus 

and JC virus and from KI, WU, and MC polyomaviruses as well as from simian virus 40 

is not detected in non-UV-light-associated primary malignant melanomas of mucous 

membranes. J Clin Microbiol. 2008;46(11):3595-8. 

76. Holmstrom M, Lund VJ. Malignant melanomas of the nasal cavity after 

occupational exposure to formaldehyde. Br J Ind Med. 1991;48(1):9-11. 

77. Axell T, Hedin CA. Epidemiologic study of excessive oral melanin pigmentation 

with special reference to the influence of tobacco habits. Scand J Dent Res. 

1982;90(6):434-42. 

78. Kirchoff DD, Deutsch GB, Foshag LJ, Lee JH, Sim MS, Faries MB. Evolving 

Therapeutic Strategies in Mucosal Melanoma Have Not Improved Survival Over Five 

Decades. Am Surg. 2016;82(1):1-5. 

79. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A, et 

al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. 

Nature. 2013;499(7457):214-8. 

80. Cancer Genome Atlas N. Genomic Classification of Cutaneous Melanoma. Cell. 

2015;161(7):1681-96. 

81. Hotz MJ, O'Halloran EA, Hill MV, Hayden K, Zaladonis AG, Deng M, et al. 

Tumor mutational burden and somatic mutation status to predict disease recurrence in 

advanced melanoma. Melanoma Res. 2022;32(2):112-9. 

82. Rao RC, Dou Y. Hijacked in cancer: the KMT2 (MLL) family of 

methyltransferases. Nat Rev Cancer. 2015;15(6):334-46. 

83. Krauthammer M, Kong Y, Ha BH, Evans P, Bacchiocchi A, McCusker JP, et al. 

Exome sequencing identifies recurrent somatic RAC1 mutations in melanoma. Nat Genet. 

2012;44(9):1006-14. 

84. Loureiro JB, Raimundo L, Calheiros J, Carvalho C, Barcherini V, Lima NR, et al. 

Targeting p53 for Melanoma Treatment: Counteracting Tumour Proliferation, 

Dissemination and Therapeutic Resistance. Cancers (Basel). 2021;13(7). 

85. Toussi A, Mans N, Welborn J, Kiuru M. Germline mutations predisposing to 

melanoma. J Cutan Pathol. 2020;47(7):606-16. 

86. Weinberg RA. The biology of cancer. Garland Science 

2013. 

87. Sherr CJ. Ink4-Arf locus in cancer and aging. Wiley Interdiscip Rev Dev Biol. 

2012;1(5):731-41. 

88. Lutful Kabir FM, Alvarez CE, Bird RC. Canine Mammary Carcinomas: A 

Comparative Analysis of Altered Gene Expression. Vet Sci. 2015;3(1). 

89. Sladden MJ, Balch C, Barzilai DA, Berg D, Freiman A, Handiside T, et al. 

Surgical excision margins for primary cutaneous melanoma. Cochrane Database Syst 

Rev. 2009(4):CD004835. 

90. Andtbacka RH, Kaufman HL, Collichio F, Amatruda T, Senzer N, Chesney J, et 

al. Talimogene Laherparepvec Improves Durable Response Rate in Patients With 

Advanced Melanoma. J Clin Oncol. 2015;33(25):2780-8. 

91. Gershenwald JE, Soong SJ, Balch CM, American Joint Committee on Cancer 

Melanoma Staging C. 2010 TNM staging system for cutaneous melanoma...and beyond. 

Ann Surg Oncol. 2010;17(6):1475-7. 



  

 55 

 

92. Segaoula Z, Primot A, Lepretre F, Hedan B, Bouchaert E, Minier K, et al. Isolation 

and characterization of two canine melanoma cell lines: new models for comparative 

oncology. BMC Cancer. 2018;18(1):1219. 

93. Kim C, Lee CW, Kovacic L, Shah A, Klasa R, Savage KJ. Long-term survival in 

patients with metastatic melanoma treated with DTIC or temozolomide. Oncologist. 

2010;15(7):765-71. 

94. Soengas MS, & Lowe, S. W. Apoptosis and melanoma chemoresistance. 

Oncogene. 2003;22(20):3138–51. 

95. Middleton MR, Grob JJ, Aaronson N, Fierlbeck G, Tilgen W, Seiter S, et al. 

Randomized phase III study of temozolomide versus dacarbazine in the treatment of 

patients with advanced metastatic malignant melanoma. J Clin Oncol. 2000;18(1):158-

66. 

96. Megahed AI, Koon HB. What is the role of chemotherapy in the treatment of 

melanoma? Curr Treat Options Oncol. 2014;15(2):321-35. 

97. Serrone L, Zeuli, M., Sega, F. M., & Cognetti, F. Dacarbazine-based 

chemotherapy for metastatic melanoma: thirty-year experience overview. Journal of 

experimental & clinical cancer research. Journal of experimental & clinical cancer 

research. 2000;19(1):21–34. 

98. Rahman MA, Salajegheh A, Smith RA, Lam AK. BRAF inhibitor therapy for 

melanoma, thyroid and colorectal cancers: development of resistance and future 

prospects. Curr Cancer Drug Targets. 2014;14(2):128-43. 

99. Van Allen EM, Wagle N, Sucker A, Treacy DJ, Johannessen CM, Goetz EM, et 

al. The genetic landscape of clinical resistance to RAF inhibition in metastatic melanoma. 

Cancer Discov. 2014;4(1):94-109. 

100. Miklavcic D, Sersa G, Brecelj E, Gehl J, Soden D, Bianchi G, et al. 

Electrochemotherapy: technological advancements for efficient electroporation-based 

treatment of internal tumors. Med Biol Eng Comput. 2012;50(12):1213-25. 

101. Heller LC, Heller R. Electroporation gene therapy preclinical and clinical trials 

for melanoma. Curr Gene Ther. 2010;10(4):312-7. 

102. Burkart C, Mukhopadhyay A, Shirley SA, Connolly RJ, Wright JH, Bahrami A, 

et al. Improving therapeutic efficacy of IL-12 intratumoral gene electrotransfer through 

novel plasmid design and modified parameters. Gene Ther. 2018;25(2):93-103. 

103. Raedler LA. Opdivo (Nivolumab): Second PD-1 Inhibitor Receives FDA 

Approval for Unresectable or Metastatic Melanoma. Am Health Drug Benefits. 

2015;8(Spec Feature):180-3. 

104. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. 

Improved survival with ipilimumab in patients with metastatic melanoma. N Engl J Med. 

2010;363(8):711-23. 

105. D'Angelo SP, Larkin J, Sosman JA, Lebbe C, Brady B, Neyns B, et al. Efficacy 

and Safety of Nivolumab Alone or in Combination With Ipilimumab in Patients With 

Mucosal Melanoma: A Pooled Analysis. J Clin Oncol. 2017;35(2):226-35. 

106. Pol J, Kroemer G, Galluzzi L. First oncolytic virus approved for melanoma 

immunotherapy. Oncoimmunology. 2016;5(1):e1115641. 

107. Senzer NN, Kaufman, H. L., Amatruda, T., Nemunaitis, M., Reid, T., Daniels, G., 

Gonzalez, R., Glaspy, J., Whitman, E., Harrington, K., Goldsweig, H., Marshall, T., Love, 

C., Coffin, R., & Nemunaitis, J. J. . Phase II clinical trial of a granulocyte-macrophage 

colony-stimulating factor-encoding, second-generation oncolytic herpesvirus in patients 

with unresectable metastatic melanoma. Journal of clinical oncology : official journal of 

the American Society of Clinical Oncology. 2009;27(34):5763–71. 



  

 56 

 

108. Sun L, Funchain P, Song JM, Rayman P, Tannenbaum C, Ko J, et al. Talimogene 

Laherparepvec combined with anti-PD-1 based immunotherapy for unresectable stage 

III-IV melanoma: a case series. J Immunother Cancer. 2018;6(1):36. 

109. Chakraborty S, Rahman T. The difficulties in cancer treatment. 

Ecancermedicalscience. 2012;6:ed16. 

110. Wouters OJ, McKee M, Luyten J. Estimated Research and Development 

Investment Needed to Bring a New Medicine to Market, 2009-2018. JAMA. 

2020;323(9):844-53. 

111. S. F-MJ. Lost in Translation: The Gap in Scientific Advancements and Clinical 

Application. Frontiers in bioengineering and biotechnology. 2016;4(43). 

112. Mahalmani V, Sinha S, Prakash A, Medhi B. Translational research: Bridging the 

gap between preclinical and clinical research. Indian J Pharmacol. 2022;54(6):393-6. 

113. Garden OA, Volk SW, Mason NJ, Perry JA. Companion animals in comparative 

oncology: One Medicine in action. Vet J. 2018;240:6-13. 

114. Schiffman JD, Breen M. Comparative oncology: what dogs and other species can 

teach us about humans with cancer. Philos Trans R Soc Lond B Biol Sci. 2015;370(1673). 

115. Alsaihati BA, Ho KL, Watson J, Feng Y, Wang T, Dobbin KK, Zhao S. Canine 

tumor mutational burden is correlated with TP53 mutation across tumor types and breeds. 

Nat Commun. 2021;12(1):4670. 

116. Hernandez B, Adissu HA, Wei BR, Michael HT, Merlino G, Simpson RM. 

Naturally Occurring Canine Melanoma as a Predictive Comparative Oncology Model for 

Human Mucosal and Other Triple Wild-Type Melanomas. Int J Mol Sci. 2018;19(2). 

117. Nishiya AT, Massoco CO, Felizzola CR, Perlmann E, Batschinski K, Tedardi 

MV, et al. Comparative Aspects of Canine Melanoma. Vet Sci. 2016;3(1). 

118. Paoloni M, Khanna C. Translation of new cancer treatments from pet dogs to 

humans. Nat Rev Cancer. 2008;8(2):147-56. 

119. Hernandez-Suarez B, Gillespie DA, Pawlak A. DNA damage response proteins in 

canine cancer as potential research targets in comparative oncology. Vet Comp Oncol. 

2022;20(2):347-61. 

120. Wagner S, Willenbrock S, Nolte I, Murua Escobar H. Comparison of non-coding 

RNAs in human and canine cancer. Front Genet. 2013;4:46. 

121. Hansen K, Khanna C. Spontaneous and genetically engineered animal models; use 

in preclinical cancer drug development. Eur J Cancer. 2004;40(6):858-80. 

122. Bolon B, Calderwood Mays MB, Hall BJ. Characteristics of canine melanomas 

and comparison of histology and DNA ploidy to their biologic behavior. Vet Pathol. 

1990;27(2):96-102. 

123. Smedley RC, Spangler WL, Esplin DG, Kitchell BE, Bergman PJ, Ho HY, et al. 

Prognostic markers for canine melanocytic neoplasms: a comparative review of the 

literature and goals for future investigation. Vet Pathol. 2011;48(1):54-72. 

124. de Carvalho JP, Carrilho MC, Dos Anjos DS, Hernandez CD, Sichero L, Dagli 

MLZ. Unraveling the Risk Factors and Etiology of the Canine Oral Mucosal Melanoma: 

Results of an Epidemiological Questionnaire, Oral Microbiome Analysis and 

Investigation of Papillomavirus Infection. Cancers (Basel). 2022;14(14). 

125. Mochizuki H, Kennedy K, Shapiro SG, Breen M. BRAF Mutations in Canine 

Cancers. PLoS One. 2015;10(6):e0129534. 

126. Enginler SO, Akis I, Toydemir TS, Oztabak K, Haktanir D, Gunduz MC, et al. 

Genetic variations of BRCA1 and BRCA2 genes in dogs with mammary tumours. Vet 

Res Commun. 2014;38(1):21-7. 



  

 57 

 

127. Veldhoen N, Watterson J, Brash M, Milner J. Identification of tumour-associated 

and germ line p53 mutations in canine mammary cancer. Br J Cancer. 1999;81(3):409-

15. 

128. Mochizuki H, Breen M. Comparative Aspects of BRAF Mutations in Canine 

Cancers. Vet Sci. 2015;2(3):231-45. 

129. Simpson RM, Bastian BC, Michael HT, Webster JD, Prasad ML, Conway CM, et 

al. Sporadic naturally occurring melanoma in dogs as a preclinical model for human 

melanoma. Pigment Cell Melanoma Res. 2014;27(1):37-47. 

130. Lee CS, Bishop ES, Zhang R, Yu X, Farina EM, Yan S, et al. Adenovirus-

Mediated Gene Delivery: Potential Applications for Gene and Cell-Based Therapies in 

the New Era of Personalized Medicine. Genes Dis. 2017;4(2):43-63. 

131. Wold WS, Toth K. Adenovirus vectors for gene therapy, vaccination and cancer 

gene therapy. Curr Gene Ther. 2013;13(6):421-33. 

132. Dhingra A, Hage E, Ganzenmueller T, Bottcher S, Hofmann J, Hamprecht K, et 

al. Molecular Evolution of Human Adenovirus (HAdV) Species C. Sci Rep. 

2019;9(1):1039. 

133. Ricobaraza A, Gonzalez-Aparicio M, Mora-Jimenez L, Lumbreras S, Hernandez-

Alcoceba R. High-Capacity Adenoviral Vectors: Expanding the Scope of Gene Therapy. 

Int J Mol Sci. 2020;21(10). 

134. Gingeras TR, Sciaky D, Gelinas RE, Bing-Dong J, Yen CE, Kelly MM, et al. 

Nucleotide sequences from the adenovirus-2 genome. J Biol Chem. 1982;257(22):13475-

91. 

135. Gao J, Zhang W, Ehrhardt A. Expanding the Spectrum of Adenoviral Vectors for 

Cancer Therapy. Cancers (Basel). 2020;12(5). 

136. Coughlan L. Factors Which Contribute to the Immunogenicity of Non-replicating 

Adenoviral Vectored Vaccines. Frontiers in immunology. 2020;11(909). 

137. Bulcha JT, Wang Y, Ma H, Tai PWL, Gao G. Viral vector platforms within the 

gene therapy landscape. Signal Transduct Target Ther. 2021;6(1):53. 

138. Nestic D, Bozinovic K, Pehar I, Wallace R, Parker AL, Majhen D. The Revolving 

Door of Adenovirus Cell Entry: Not All Pathways Are Equal. Pharmaceutics. 

2021;13(10). 

139. Lord R, Parsons M, Kirby I, Beavil A, Hunt J, Sutton B, Santis G. Analysis of the 

interaction between RGD-expressing adenovirus type 5 fiber knob domains and 

alphavbeta3 integrin reveals distinct binding profiles and intracellular trafficking. J Gen 

Virol. 2006;87(Pt 9):2497-505. 

140. Wickham TJ, Mathias P, Cheresh DA, Nemerow GR. Integrins alpha v beta 3 and 

alpha v beta 5 promote adenovirus internalization but not virus attachment. Cell. 

1993;73(2):309-19. 

141. Chu RL, Post DE, Khuri FR, Van Meir EG. Use of replicating oncolytic 

adenoviruses in combination therapy for cancer. Clin Cancer Res. 2004;10(16):5299-312. 

142. Shayakhmetov DM, Li ZY, Ni S, Lieber A. Analysis of adenovirus sequestration 

in the liver, transduction of hepatic cells, and innate toxicity after injection of fiber-

modified vectors. J Virol. 2004;78(10):5368-81. 

143. Xu Z, Tian, J., Smith, J. S., & Byrnes, A. P. Clearance of adenovirus by Kupffer 

cells is mediated by scavenger receptors, natural antibodies, and complement. Journal of 

virology. 2008;82(23):11705–13. 

144. Waddington SN, McVey JH, Bhella D, Parker AL, Barker K, Atoda H, et al. 

Adenovirus serotype 5 hexon mediates liver gene transfer. Cell. 2008;132(3):397-409. 

145. Zhang Z, Krimmel, J., Zhang, Z., Hu, Z., & Seth, P. Systemic delivery of a novel 

liver-detargeted oncolytic adenovirus causes reduced liver toxicity but maintains the 



  

 58 

 

antitumor response in a breast cancer bone metastasis model. Human gene therapy. 

2011;22(9):1137–42. 

146. Elkashif A, Alhashimi M, Sayedahmed EE, Sambhara S, Mittal SK. Adenoviral 

vector-based platforms for developing effective vaccines to combat respiratory viral 

infections. Clin Transl Immunology. 2021;10(10):e1345. 

147. Kovesdi I, Hedley SJ. Adenoviral producer cells. Viruses. 2010;2(8):1681-703. 

148. Fessler SP, Young CS. Control of adenovirus early gene expression during the 

late phase of infection. J Virol. 1998;72(5):4049-56. 

149. Shakti Singh RKaBA. Adenoviral Vector-Based Vaccines and Gene Therapies: 

Current Status and Future Prospects.  Adenoviruses: IntechOpen; 2019. 

150. Schmid M, Ernst P, Honegger A, Suomalainen M, Zimmermann M, Braun L, et 

al. Adenoviral vector with shield and adapter increases tumor specificity and escapes liver 

and immune control. Nat Commun. 2018;9(1):450. 

151. Lee M, Lu ZH, Shoemaker CB, Tremblay JM, St Croix B, Seaman S, et al. 

Advanced genetic engineering to achieve in vivo targeting of adenovirus utilizing camelid 

single domain antibody. J Control Release. 2021;334:106-13. 

152. Hunger A, Medrano RF, Zanatta DB, Del Valle PR, Merkel CA, Salles TA, et al. 

Reestablishment of p53/Arf and interferon-beta pathways mediated by a novel adenoviral 

vector potentiates antiviral response and immunogenic cell death. Cell Death Discov. 

2017;3:17017. 

153. Tamura RE, Hunger A, Fernandes DC, Laurindo FR, Costanzi-Strauss E, Strauss 

BE. Induction of Oxidants Distinguishes Susceptibility of Prostate Carcinoma Cell Lines 

to p53 Gene Transfer Mediated by an Improved Adenoviral Vector. Hum Gene Ther. 

2017;28(8):639-53. 

154. Tamura RE, da Silva Soares RB, Costanzi-Strauss E, Strauss BE. Autoregulated 

expression of p53 from an adenoviral vector confers superior tumor inhibition in a model 

of prostate carcinoma gene therapy. Cancer Biol Ther. 2016;17(12):1221-30. 

155. Bajgelman MC, Strauss BE. Development of an adenoviral vector with robust 

expression driven by p53. Virology. 2008;371(1):8-13. 

156. Medrano RFV, Hunger A, Catani JPP, Strauss BE. Uncovering the 

immunotherapeutic cycle initiated by p19Arf and interferon-beta gene transfer to cancer 

cells: An inducer of immunogenic cell death. Oncoimmunology. 2017;6(7):e1329072. 

157. Medrano RF, Catani JP, Ribeiro AH, Tomaz SL, Merkel CA, Costanzi-Strauss E, 

Strauss BE. Vaccination using melanoma cells treated with p19arf and interferon beta 

gene transfer in a mouse model: a novel combination for cancer immunotherapy. Cancer 

Immunol Immunother. 2016;65(4):371-82. 

158. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. 

Molecular mechanisms of cell death: recommendations of the Nomenclature Committee 

on Cell Death 2018. Cell Death Differ. 2018;25(3):486-541. 

159. Cerqueira OLD, Clavijo-Salomon, M. A., Cardoso, E. C., Citrangulo Tortelli 

Junior, T., Mendonça, S. A., Barbuto, J. A. M., & Strauss, B. E. . Combined p14ARF and 

Interferon-β Gene Transfer to the Human Melanoma Cell Line SK-MEL-147 Promotes 

Oncolysis and Immune Activation. . Frontiers in immunology. 2020;11(576658). 

160. Mendonça SA, Antunes, F., Cerqueira, O. L. D., Del Valle, P. R., Hunger, A., 

Oliveira, P. V. S., Brito, B., Costanzi-Strauss, E., & Strauss, B. E. . Induction of Immune-

Stimulating Factors and Oncolysis Upon p14ARF Gene Transfer in Melanoma Cell 

Lines. DNA and cell biology. 2023;42(6):274–88. 

161. Qin XQ, Beckham C, Brown JL, Lukashev M, Barsoum J. Human and mouse 

IFN-beta gene therapy exhibits different anti-tumor mechanisms in mouse models. Mol 

Ther. 2001;4(4):356-64. 



  

 59 

 

162. Silva GRO. Estabelecimento de linhagens celulares de melanoma canino e 

transdução com vetores adenovirais aprimorados. São Paulo: Faculdade de Medicina da 

Universidade de São Paulo; 2019. 

163. Mizuguchi H, Koizumi N, Hosono T, Utoguchi N, Watanabe Y, Kay MA, 

Hayakawa T. A simplified system for constructing recombinant adenoviral vectors 

containing heterologous peptides in the HI loop of their fiber knob. Gene Ther. 

2001;8(9):730-5. 

164. Nishikawa Y, Iwata A, Xuan X, Nagasawa H, Fujisaki K, Otsuka H, Mikami T. 

Expression of canine interferon-beta by a recombinant vaccinia virus. FEBS Lett. 

2000;466(1):179-82. 

165. Shen YH, Yang F, Wang H, Cai ZJ, Xu YP, Zhao A, et al. Arg-Gly-Asp (RGD)-

Modified E1A/E1B Double Mutant Adenovirus Enhances Antitumor Activity in Prostate 

Cancer Cells In Vitro and in Mice. PLoS One. 2016;11(1):e0147173. 

166. Tamura RE, de Luna IV, Lana MG, Strauss BE. Improving adenoviral vectors and 

strategies for prostate cancer gene therapy. Clinics (Sao Paulo). 2018;73(suppl 1):e476s. 

167. Hu SX, Ji W, Zhou Y, Logothetis C, Xu HJ. Development of an adenovirus vector 

with tetracycline-regulatable human tumor necrosis factor alpha gene expression. Cancer 

Res. 1997;57(16):3339-43. 

168. Rubinchik S, Ding R, Qiu AJ, Zhang F, Dong J. Adenoviral vector which delivers 

FasL-GFP fusion protein regulated by the tet-inducible expression system. Gene Ther. 

2000;7(10):875-85. 

169. Anderson KP, Fennie EH. Adenovirus early region 1A modulation of interferon 

antiviral activity. J Virol. 1987;61(3):787-95. 

170. Katze MG, He Y, Gale M, Jr. Viruses and interferon: a fight for supremacy. Nat 

Rev Immunol. 2002;2(9):675-87. 

171. Catani JPP, Medrano, R. F. V., Hunger, A., Del Valle, P., Adjemian, S., Zanatta, 

D. B., Kroemer, G., Costanzi-Strauss, E., & Strauss, B. E. Intratumoral Immunization by 

p19Arf and Interferon-β Gene Transfer in a Heterotopic Mouse Model of Lung 

Carcinoma. Translational oncology. 2016;9(6):565–74. 

172. Montico B, Nigro A, Casolaro V, Dal Col J. Immunogenic Apoptosis as a Novel 

Tool for Anticancer Vaccine Development. Int J Mol Sci. 2018;19(2). 

 

 

 

 

 

  



  

 60 

 

8. ATTACHMENTS 

 

Appendix A  – CTNBio approval for the execution of this project 

 

 
 

 

 

 

 

 

 

 



  

 61 

 

Appendix B – CEUA approval for the use of animals in this research 

 

 
 

 

 

 

 

 



  

 62 

 

Appendix C – Curriculum Summary (Súmula curricular) 

 

Name: Otavio AugustoHRodrigues 

Education 

(2018 - 2023) - Faculdade de Medicina da Universidade de São Paulo. PhD candidate, 

Oncology; 

(2013 - 2017) - Pontifícia Universidade Católica do Paraná Bachelor of Biotechnology, 

Biotechnology. 

Complementary education and courses 

 

(2020) - HMX Pro program (Harvard Medical School online learning platform) – 

[Immunology - Immuno-oncology].  

 

(2017 – 2017). Stem Cells: From Basic Biology to Regenerative Medicine. Carlos Chagas 

Institute, ICC, Curitiba, Paraná, Brazil. 

 

(2016 – 2016). Cancer genetics (A Genética do Câncer). Pontifícia Universidade Católica 

do Paraná (PUCPR), Curitiba, Paraná, Brazil. 

 

Experience 

(2017 - 2023) Instituto do Câncer do Estado de São Paulo (ICESP) 

(2016 - 2016) Embrapa Florestas - internship 

(2015 - 2016) Instituto Carlos Chagas - Fiocruz/PR (ICC/FIOCRUZ) - internship  

Publications 

 

RODRIGUES, O. A.; E. Strauss, Bryan . Terapias Alvo Dirigidas, Gênicas e Oncolíticas. 

In: Roger Chammas, Maria Aparecida Koike Folgueira, Luisa Lina Villa. (Org.). 

Oncologia Da molécula à clinica. 1ed.São Paulo: Editora dos Editores, 2022, v. 1, p. 423-

446. 

 

L.D. Cerqueira, Otto ; Rolemberg Oliveira Silva, Gissele ; de Luna Vieira, Igor ; Vinícius 

Gomes Lana, Marlous ; Gimenez, Nadine ; Augusto Rodrigues, Otavio ; Roberto Del 

Valle, Paulo ; Andrade Mendonça, Samir ; E. Strauss, Bryan . Gene-based Interventions 

for Cancer Immunotherapy. In Vivo and Ex Vivo Gene Therapy for Inherited and Non-

Inherited Disorders. 1ed.London: IntechOpen, 2018, v. 1, p. 1-30. 

 

HEISLER, A.M.J ; WERNER, M. S. ; RODRIGUES, O. A. . Biotecnologia e Bioética. 

In: Agnor Sganzerla; Marcia Regina Chizini Chemin; Patricia Maria Forte Rauli. (Org.). 

Bioética nas Profissões: ciências da saúde e áreas afins - Série Bioética. Volume 10. 

1ed.Curitiba: CRV, 2019, v. 10, p. 201-216. 

http://lattes.cnpq.br/6358424428672445
http://lattes.cnpq.br/6358424428672445


  

 63 

 

 

ROLEMBERG Oliveira Silva, Gissele; RODRIGUES, O. A.; E. Strauss, Bryan. 

Establishment of canine melanoma cell lines, molecular characterization, and 

development of a model of cancer gene therapy. In: Second AACR Conference: 

Translational Cancer Medicine, 2018, São Paulo. Program and Proceedings. Philadelphia: 

AACR, 2018. v. 1. p. 28-28. 

 

4. 

RODRIGUES, O. A.; HEISLER, A.M.J ; Cunha, T.R. ; SIMÃO, D. P. . Terapia gênica 

Hereditária: igualdades e desigualdades na sociedade futura.. In: Daiane Priscila Simão-Silva; 

Leo Pessini. (Org.). Bioética Tecnologia e Genética. 1ed.Curitiba: CRV, 2017, v. 5, p. 33-50. 

 

Links: 

Orcid (https://orcid.org/my-orcid?orcid=0000-0003-3938-8076) 

Linkedin (https://www.linkedin.com/in/otavio-augusto-rodrigues/) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://lattes.cnpq.br/6358424428672445


  

 64 

 

Appendix D – Article published in the journal doi: 10.3390/cancers13081863.  

 

 

 



  

 65 

 

 

 



  

 66 

 

 

 



  

 67 

 

 

 



  

 68 

 

 

 



  

 69 

 

 

 



  

 70 

 

 

 



  

 71 

 

 

 



  

 72 

 

 

 

 



  

 73 

 

 



  

 74 

 

 

 



  

 75 

 

 

 



  

 76 

 

 

 



  

 77 

 

 

 



  

 78 

 

 

 



  

 79 

 

 

 



  

 80 

 

 

 



  

 81 

 

 

 



  

 82 

 

 

 



  

 83 

 

 

 



  

 84 

 



  

 85 

 

 

 



  

 86 

 

 

 



  

 87 

 

 

 



  

 88 

 

 

 



  

 89 

 

 

 



  

 90 

 

 

 

 


