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Human papillomaviruses (HPVs) are small non-enveloped viruses with a double-stranded DNA 

genome that infect cutaneous or mucosal stratified squamous epithelia of different body sites. They 

can establish infections that usually remain latent in healthy individuals but also be responsible for 

the development of benign or neoplastic proliferative lesions, depending on the specific oncogenic 

properties of the different types. HPV typically establishes infection in the basal epithelial layer; 

most of these infections are transient and are cleared by the immune system within a couple of 

months or years. However, 10ς20% of infections persist latently, leading to disease progression, 

including cancer. Escape from innate immune surveillance appears to be the hallmark of HPV 

infections but the molecular mechanisms regulating these critical events have only recently begun 

to emerge. The innate immune response constitutes the first line of defence against infections by 

pathogens. Successful pathogens such HPVs have evolved mechanisms to overcome this first 

defence line, including the impaired sensing of viral genomes by pattern recognition receptors 

(PRRs), and consequent blockade of the downstream effector signalling pathways responsible to 

produce antiviral molecules, like interferons (IFNs). Human papillomavirus (HPV)-associated cancers 

of the genital and head & neck (HN) region represent ~5% of all cancers worldwide and are set to 

remain a major health concern for the foreseeable future, thereby requiring novel effective 

therapeutic solutions. Currently, the treatment for HPV-associated cancers involves radiotherapy, 

chemotherapy, or surgery, all with devastating effects on the targeted anatomical sites. Thus, 

alternative antiviral therapies with fewer side effects are urgently needed to improve patient 

outcomes.  Restoring pathways capable of triggering cell death in HPV-associated tumors is of 

increasing interest. In this scenario, PRRs appear to be among the most promising therapeutic 

target. We have shown that HPV-transformed cells display marked downregulation of several PRRs, 

specifically, we found that HPV18 persistence in keratinocytes inhibits both type I and type III IFN 

production in response to DNA ligands, and that this effect is mainly due to suppression of the cGAS-

STING pathway, which seems to be irreversible even after treatment with exogenous DNA. By 

contrast, the RIG-I pathway mediates the residual IFN production triggered by poly(dA:dT) or the 

sequence-ƻǇǘƛƳƛȊŜŘ рΩǇǇǇwb! wLD-I agonist M8. In this regard, in the first project presented here, 

we have investigated the potential of the powerful RIG-I agonist M8 as an anti-cancer agent by 

analyzing its ability to induce cell death and activate the immune response in HPV-transformed cells. 

Here, we have demonstrated that M8 exerts a significant anti-cancer activity, especially when 

combined with cisplatin, both in vitro and in vivo, using a syngeneic HPV16-driven mouse cancer 

model. The pre-clinical model is based on C3.43 cells, which are C57BL\6 mice embryo cells 



4 
 

transduced with the entire genome of HPV16, subcutaneously injected in the back of C57BL\6 mice. 

Interestingly, we have found that M8-transfected cells conditioned medium promotes proliferation 

and cytotoxic activity of purified NK cells in vitro, and, by analyzing the immune infiltrate of 

harvested tumors, we have also observed enrichment of activated NK cells in vivo.  

In the second project I have been involved, we have investigated a different host-targeted approach, 

focusing our attention on the cellular deacetylase SIRT1. SIRT1 is the main NAD+-dependent 

deacetylase in mammalian cells, and a possible key player in HPV-induced transformation. Indeed, 

the association between SIRT1 and HPV is not new, because a series of studies have already reported 

that SIRT1 is involved in HPV DNA replication through E1 and E2 modulation. It is involved also in 

HPV DNA maintenance, and it has been found to be overexpressed in HPV-transformed cells, not 

only in vitro but also in vivo. Always in this direction, SIRT1 overexpression has been found to 

correlate with the progression of the diseases from CIN1 to CIN3. In addition, there is another very 

important indirect correlation between SIRT1 activity and HPV-driven oncogenesis.  Indeed, this 

enzyme is involved in p53 deacetylation, and this is a crucial modification because upon p53 

deacetylation, the lysine residues are then accessible for the ubiquitination and then degradation 

of p53 by the E6-E6AP complex. The E6-dependent p53 degradation is one of the mechanisms 

through which HPVs establish a replication-competent environment that may lead to cancer 

development. Indeed, E6 and E7 ς the only two viral genes consistently found in cervical tumours ς 

are required for the development and maintenance of HPV-associated cancer through protein-

protein interactions. Specifically, HPV E6 targets the p53 tumour suppressor protein for 

degradation, on the other hand, hrHPV E7 promotes degradation of the retinoblastoma tumour 

suppressor (pRb) protein, thereby eliciting E2F-mediated transcriptional activation of S-phase 

genes. The peculiarity of E6/E7 activity is consistent with the observation that while most human 

tumours harbour p53 or pRb mutations, HPV+ cancer cells do retain unaltered p53 and pRb genes. 

In this context, we have analysed the involvement of the cellular deacetylase SIRT1 in HPV-driven 

oncogenesis. We have demonstrated that SIRT1 pharmacological or genetic inhibition restores a 

transcriptionally active K382-acetylated p53 in HPV+ but not HPV- cell lines, which in turn promotes 

G0/G1 cell cycle arrest and inhibits clonogenicity specifically in HPV+ cells. Additionally, EX527 (a 

SIRT1-specific pharmacological inhibitor) treatment increased the sensitivity of HPV+ cells to 

sublethal doses of standard genotoxic agents such as cisplatin and doxorubicin. The enhanced 

sensitivity to cisplatin as well as p53 restoration upon SIRT1-inhibition were also observed in vivo, 

in the same preclinical syngeneic mouse model of HPV16-induced cancer described for the first 
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project. Altogether, our findings provide good evidence that drug-targeted approaches are an 

attractive and feasible option to enhance the effectiveness of existing anticancer therapies in HPV-

induced cancer.  

 
I papillomavirus umani (HPV) sono virus nudi, con capside icosaedrico, caratterizzati da un genoma 

a DNA circolare a doppia elica di circa 8000bp.  Questi virus hanno un ampio tropismo per gli epiteli 

squamosi pluristratificati cutanei o mucosali di diversi distretti corporei. Possono stabilire infezioni 

che di solito rimangono latenti nelle persone sane, ma possono anche essere responsabili dello 

sviluppo di lesioni proliferative benigne o neoplastiche, a seconda delle proprietà oncogene 

specifiche dei diversi tipi di HPV. Tipicamente, l'HPV stabilisce l'infezione nello strato basale degli 

epiteli; la maggior parte di queste infezioni sono transienti e vengono eliminate dal sistema 

immunitario entro un paio di mesi o pochi anni. Tuttavia, il 10-20% delle infezioni persiste in modo 

latente, portando alla progressione della malattia, fino ad arrivare in alcuni casi allo sviluppo di 

cancro. [ΩŜǾŀǎƛƻƴŜ dalla risposta immunitaria sembra essere la caratteristica distintiva delle infezioni 

da HPV, ma i meccanismi molecolari che regolano questi eventi critici hanno iniziato a essere 

scoperti solo di recente. LΩimmunità innata costituisce la prima linea di difesa contro le infezioni da 

agenti patogeni. Alcuni patogeni, come gli HPV, hanno sviluppato meccanismi per eludere questa 

prima linea di difesa, uno dei meccanismi più importanti è costituito dallΩƛƴƛōƛȊƛƻƴŜ dei pattern 

recognition recetpor (PRR) e il conseguente blocco delle vie di segnalazione a valle, responsabili della 

produzione di molecole antivirali come gli interferoni (IFN). I tumori associati all'infezione da HPV 

nel tratto genitale e nella regione testa-collo, oltre a rappresentare circa il 5% di tutti i tumori nel 

mondo, sono destinati a rimanere una sfida sanitaria importante nel futuro immediato, richiedendo 

quindi nuove soluzioni terapeutiche efficaci. Attualmente, il trattamento per i tumori associati 

all'infezione da HPV coinvolge radioterapia, chemioterapia e/o chirurgia, tutti con effetti devastanti 

sui siti anatomici copliti. Pertanto, è urgente trovare nuove terapie antivirali alternative, che 

abbiano minori effetti collaterali, per migliorare la qualità di vita dei pazienti. Il ripristino delle vie di 

segnalazione in grado di innescare la morte cellulare nei tumori associati all'infezione da HPV è una 

ǎǘǊŀǘŜƎƛŀ ŎƘŜ ǎǘŀ ƎǳŀŘŀƎƴŀƴŘƻ ƭΩŀǘǘŜƴȊƛƻƴŜ Řƛ Ƴƻƭǘƛ ǎŎƛŜƴȊƛŀǘƛ. In questo contesto, i PRR sembrano 

essere tra i bersagli terapeutici più promettenti. Negli ultimi anni, in questo laboratorio, è stato 

dimostrato che le cellule trasformate da HPV mostrano una marcata down-regolazione di diversi 

recettori della famiglia; nello specifico, è stato scoperto che la persistenza di HPV18 in cheratinociti 

coltivati in vitro, in risposta a DNA esogeno come ad esempio il poly(dA:dT), inibisce la produzione 
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sia di IFN di tipo I che di tipo III. Questo effetto è principalmente dovuto alla soppressione della via 

di segnalazione cGAS-STING, che sembra essere irreversibilmente inibita, nonostante il trattamento 

con DNA esogeno. Al contrario, il pathway di RIG-I media la produzione residua di IFN innescata da 

poly(dA:dT) o dall'agonista di RIG-I M8, un RNA tri-ŦƻǎŦƻǊƛƭŀǘƻ ŀƭ рΩ ό5'pppRNA) in grado di legare e 

attivare selettivamente la proteina RIG-I. A tal proposito, nel primo progetto presentato qui, 

abbiamo investigato il potenziale antitumorale di M8, analizzando la sua capacità di indurre la morte 

cellulare e attivare la risposta immunitaria nelle cellule trasformate da HPV. Abbiamo infatti 

dimostrato che M8 esercita una significativa attività antiproliferativa, soprattutto quando 

combinato con cisplatino, sia in vitro che in vivo, utilizzando un modello murino singenico di tumore 

indotto da HPV16. Il modello preclinico si basa sulle cellule C3.43, che sono cellule embrionali di 

topo C57BL\6 trasdotte con l'intero genoma di HPV16, iniettate sottocute nel dorso di topi C57BL\6. 

Inoltre, abbiamo scoperto che il terreno condizionato dalle cellule trasfettate con M8 promuove la 

proliferazione e l'attività citotossica in vitro di cellule NK purificate e, analizzando l'infiltrato 

immunitario dei tumori raccolti, abbiamo osservato anche un arricchimento di cellule NK attivate 

anche in vivo. 

Nel secondo progetto in cui sono stato coinvolto, abbiamo concentrato la nostra attenzione sulla 

deacetilasi cellulare SIRT1. SIRT1 è la principale deacetilasi NAD+-dipendente nelle cellule di 

mammifero, oltre a essere un potenziale fattore chiave nella trasformazione indotta da HPV. Infatti, 

l'associazione tra SIRT1 e HPV non è nuova, poiché una serie di studi ha già riportato che questa 

deacetilasi è coinvolta nella replicazione del DNA di HPV attraverso la modulazione di E1 ed E2. È 

coinvolta anche nella regolazione del genoma di HPV oltre ad essere sovraespressa nelle cellule 

trasformate da HPV, non solo in vitro ma anche in vivo. Sempre in questa direzione, la 

sovraespressione di SIRT1 è stata trovata correlata alla progressione della malattia da CIN1 a CIN3. 

Inoltre, c'è una correlazione indiretta molto importante tra l'attività di SIRT1 e l'oncogenesi indotta 

da HPV. Infatti, questo enzima è coinvolto nella deacetilazione dŜƭƭΩƻƴŎƻǎƻǇǇǊŜǎǎƻǊŜ p53, e questa 

è una modifica cruciale perché, con la deacetilazione di p53, i residui di lisina deacetilati diventano 

accessibili per l'ubiquitinazione e quindi la conseguente degradazione di p53 da parte del complesso 

E6-E6AP. La degradazione di p53 dipendente da E6 è uno dei meccanismi attraverso cui gli HPV 

stabiliscono un ambiente favorevole per la replicazione del genoma virale, che però può portare allo 

sviluppo di neoplasie maligne. Infatti, E6 ed E7 - gli unici due geni virali costantemente presenti nei 

tumori della cervice - sono necessari per lo sviluppo e il mantenimento del tumore associato 

all'infezione da HPV attraverso interazioni proteina-proteina. In particolare, E6 mira 
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allΩƻƴŎƻǎƻǇǇǊŜǎǎƻǊŜ p53, inducendone degradazione, mentre E7 promuove la degradazione 

dellΩƻƴŎƻǎƻǇǇǊŜǎǎƻǊŜ retinoblastoma (pRb), attivando così la trascrizione mediata da E2F dei geni 

della fase S del ciclo cellulare. La peculiarità dell'attività di E6 ed E7 è consistente con l'osservazione 

che, mentre nella maggior parte dei tumori umani p53 o pRb risultato mutati, le cellule trasformate 

da HPV non presentano mutazioni in questi geni. In questo contesto, abbiamo analizzato il 

coinvolgimento della deacetilasi cellulare SIRT1 nell'oncogenesi ŀǎǎƻŎƛŀǘŀ ŀƭƭΩƛƴŦŜȊƛƻƴŜ Řŀ HPV. 

Abbiamo, inoltre, dimostrato che l'inibizione farmacologica o genetica di SIRT1 ripristina lo stato di 

acetilazione di p53 nelle linee cellulari HPV+ ma non in quelle HPV-, il che promuove l'arresto del 

ciclo cellulare in fase G0/G1 e inibisce la clonogenicità, specificamente nelle cellule HPV+. Inoltre, il 

trattamento con EX527 (un inibitore farmacologico specifico di SIRT1) aumenta la sensibilità delle 

cellule HPV+ a dosi sub-letali di agenti genotossici usati nella pratica clinica come cisplatino e 

doxorubicina. La maggiore sensibilità al cisplatino, così come il ripristino di p53 dopo l'inibizione di 

SIRT1, sono stati osservati anche in vivo, nello stesso modello preclinico murino singenico HPV16-

indotto, descritto per il primo progetto. Nel complesso, le nostre scoperte forniscono buone prove 

che gli approcci mirati, come quelli riportati, sono un'opzione attraente e percorribile per potenziare 

l'efficacia delle terapie anticancro esistenti nel cancro indotto da HPV. 
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2.1. Papillomaviruses: general features, classification, genome organization and life cycle.  

Papillomaviruses (PV) are small non-enveloped viruses with a spherical capsid and contain a circular, 

double-stranded DNA genome that ranges from 7 to 8 kilobase pairs (kbp) in length. These viruses 

are classified within the Papillomaviridae family and have a strong tropism for squamous stratified 

epithelial cells. In these cells, they can induce the formation of hyperplastic lesions on both the skin 

and mucous membranes in a wide range of vertebrates, including humans, as well as other 

mammals, birds, and reptiles. The ability to cause such lesions varies depending on the specific viral 

species. Certain PVs have also been linked to the development of malignancies in epithelial tissues, 

particularly in the urogenital tract, the uterine cervix, and the head and neck region where they can 

lead to cancer. 

Human Papillomaviruses (HPV) are capable of infecting various parts of the body, such as the skin's 

epidermis or the epithelial layers of the anogenital and oral mucous membranes. The choice of 

infection site depends on the specific viral species. HPVs typically establish long-lasting infections, 

which may either remain unnoticed without causing symptoms or become clinically evident after a 

variable period of latency. The reactivation of latent HPVs appears to be influenced by various 

factors affecting the host, including their immune system, genetic makeup, environmental factors, 

and other unidentified variables. HPVs can give rise not only to benign hyperproliferative lesions, 

known as papillomas, in both mucosal and cutaneous regions but also to malignant tumors, 

particularly squamous cell carcinomas (SCC). The likelihood of malignancy is determined by the virus 

ability to create chronic infections and stimulate cellular proliferation. 

HPVs have been implicated in cancer at multiple locations in the body. The most extensively 

documented oncogenic activity of HPVs is their involvement in cervical and head and neck cancer. 

In fact, human papillomavirus types 16 and 18 are responsible for approximately 70% of all cervical 

cancers and around 20% of all head and neck cancer cases. 

However, the link between HPV infection and the development of precancerous skin lesions that 

can progress to high-grade epithelial tumors, collectively referred to as non-melanoma skin cancer 

(NMSC), has been less definitively established. Some of the uncertainties surrounding this 

association arise from the fact that cutaneous HPVs are found nearly ubiquitously on the skin of the 

general healthy population. Nonetheless, several pieces of epidemiological and experimental 

evidence support the potential oncogenic role of cutaneous HPVs in the development of skin 

cancers (Akgül et al., 2006a; De Villiers, 2013; De Villiers et al., 2004; Doorbar, 2005; Doorbar et al., 

2012; Lechner et al., 2022).  
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Originally, papillomaviruses and polyomaviruses were classified within the same family called 

Papovaviridae due to shared characteristics like non-enveloped capsids and circular double-

stranded DNA genomes. However, as scientific understanding progressed, it became clear that 

these two virus groups have substantial differences, including variations in genome size, genome 

organization, and a lack of significant nucleotide or amino acid sequence similarities. Consequently, 

the International Committee on the Taxonomy of Viruses (ICTV) officially separated them into two 

distinct families, Papillomaviridae and Polyomaviridae. This reclassification accurately reflects the 

distinct evolutionary and genetic characteristics of these two virus families (H. U. Bernard et al., 

2010; De Villiers et al., 2004).  The L1 open reading frame (ORF), responsible for encoding the major 

capsid protein, stands out as the most conserved gene in the papillomavirus (PV) genome. This 

feature has made it a valuable tool for the identification of new PV types. HPV types are categorized 

into higher-order clusters, referred to as genera and identified with Greek alphabetical prefixes, and 

they typically share less than 60% nucleotide sequence identity in the L1 ORF.  

Lower-order clusters are termed species, sharing between 60% and 70% nucleotide identity, and 

individual HPV types exhibit less than 90% nucleotide sequence identity in the L1 gene when 

compared with any other named HPV type. Further subdivisions include subtypes, defined by 

differences ranging from 2% to 10% homology, and variants, where differences are less than 2%. 

Up to now, more than 250 HPV types have been characterized and are organized into five genera 

(alpha, beta, gamma, mu, and nu) based on DNA sequence analysis. These different genera display 

distinct life-cycle characteristics and disease associations. Additionally, they are categorized into 

cutaneous and mucosal HPV types based on the type of tissue they infect. 

Phylogenetic analyses of Papillomaviruses (PV) suggest a strong connection between PV evolution 

and their host species. A significant portion of PV evolutionary diversification appears to have 

occurred through mechanisms that constrain PVs to their respective host species. These host-virus 

associations indicate that PV phylogenetic trees closely mirror the time scale of host phylogenetic 

trees. Specific events in host evolution may have created new ecological niches for PVs to adapt to. 

However, it is widely accepted that PV diversification is not solely driven by host-linked evolution. 

There are cases of remotely related PV taxa within the same host species, often separated by 

differences in target tissues (e.g., skin vs mucosa). PVs and their hosts have not followed identical 

evolutionary paths, although initial niche sorting and host-virus co-speciation played a significant 

role in PV evolutionary history. Recombination may have played a significant role in early PV 
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evolution, but subsequent mechanisms have also contributed to the diversity of PVs. These 

mechanisms include host-switching and the possible extinction of PV lineages in some hosts. 

The close interactions between PVs and their hosts throughout evolution have led to a balance 

between viral replication and immune tolerance over time. This balance allows PVs to become well 

adapted to their hosts, and in most cases, they can complete their life cycle and persist without 

causing overt disease. Notably, PV molecular evolution occurs at a considerably slower rate 

compared to RNA viruses, and it may even approach the slow pace of host species' genome 

evolution. This characteristic is shared with other double-stranded DNA viruses that infect 

vertebrates, such as Polyomaviruses and Herpesviruses. The stability of these viral genome 

sequences is maintained by the high-fidelity proofreading capability of host DNA polymerases. As a 

result, mutations in the PV genome accumulate at a very slow rate, rendering it highly stable (H. U. 

Bernard et al., 2010; H.-U. Bernard, 2013; Van Doorslaer, 2013). Within the Alphapapillomavirus ό-h

HPV) genus, HPV types differ in terms of their mucosal or cutaneous tropism and pathogenicity: 

mucosal HPVs are clinically categorized as "high-risk" or "low-risk" depending on their potential to 

cause malignant progression. The World Health Organizatiƻƴ ƛŘŜƴǘƛŦƛŜǎ мн ƳǳŎƻǎŀƭ ʰ-HPV types 

(HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59) as high-risk cancer-causing types, with additional 

types (68, 73) being considered 'possibly' cancer-causing. These high-risk types are mainly 

responsible for the development of intraepithelial lesions that may progress to malignancies, such 

as cervical, anal, vulvar, vaginal, penile, and oropharyngeal cancers. 

On the other hand, low-risk HPVs, like HPV6 and 11, primarily cause benign genital warts and 

respiratory papillomatosis, a laryngeal disease. In rare instances, these low-risk HPVs can be 

associated with cancers, especially in individuals with compromised immune systems. Other low-

Ǌƛǎƪ ʰ-It± ǘȅǇŜǎΣ ǎǳŎƘ ŀǎ It±мо ŀƴŘ онΣ ŀǊŜ ƭƛƴƪŜŘ ǘƻ ƻǊŀƭ ǇŀǇƛƭƭƻƳŀǎΦ /ǳǘŀƴŜƻǳǎ ʰ-HPVs, like HPV2, 

3, 7, 10, 27, 28, and 57, lead to various benign skin warts on hands, face, elbows, and knees. 

¢ƘŜ ƎŜƴŜǊŀ DŀƳƳŀǇŀǇƛƭƭƻƳŀǾƛǊǳǎ όʴ-It±ύΣ aǳǇŀǇƛƭƭƻƳŀǾƛǊǳǎ ό˃-HPV), and Nupapillomavirus ό-˄

HPV) consist of types associated with cutaneous warts, including benign palmar and plantar skin 

ǿŀǊǘǎΦ ¢ƘŜ .ŜǘŀǇŀǇƛƭƭƻƳŀǾƛǊǳǎ όʲ-HPV) primarily exhibit cutaneous tropism, with types like HPV 5, 

8, 9, 14, 17, 20, 21, 23, 36, 38, 47, and 49. These types are typically linked to asymptomatic infections 

in healthy individuals, remaining latent without clinical manifestation. However, in patients with 

ŜǇƛŘŜǊƳƻŘȅǎǇƭŀǎƛŀ ǾŜǊǊǳŎƛŦƻǊƳƛǎ ό9±ύΣ ŀ ǇǊƛƳŀǊȅ ƛƳƳǳƴƻŘŜŦƛŎƛŜƴŎȅ ƳŀƪƛƴƎ ǘƘŜƳ ǎǳǎŎŜǇǘƛōƭŜ ǘƻ ʲ-

HPV infections, ŀƴŘ ƛƴ ƻǊƎŀƴ ǘǊŀƴǎǇƭŀƴǘ ǊŜŎƛǇƛŜƴǘǎΣ ʲ-HPVs can cause precancerous skin lesions, such 
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as Bowen's disease, seborrheic keratosis, and actinic keratosis, which may evolve into non-

melanoma skin cancers like basal cell carcinoma (BCC) or squamous cell carcinoma (SCC). 

 

Figure 1 The phylogenetic tree of human Papillomaviruses. The papillomavirus types found in humans fall into five 

genera, with the Alpha-, Beta- (blue) and Gammapapillomavirus (green) representing the largest groups; Human 

papillomavirus types from the Alphapapillomavirus genus are often classified as low-risk cutaneous (light brown); low-

risk mucosal (yellow); or high-risk (pink) according to their association with the development of cancer. The high-risk 

ǘȅǇŜǎ όƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǊŜŘύ ŀǊŜ ŎƻƴŦƛǊƳŜŘ ŀǎ άƘǳƳŀƴ ŎŀǊŎƛƴƻƎŜƴǎέ ōŀǎŜŘ ƻƴ ŜǇƛŘŜƳƛƻƭƻƎƛŎŀƭ ŘŀǘŀΦ ¢ƘŜ ŜǾƻƭǳǘƛƻƴŀǊȅ ǘǊŜŜ 

is based on alignment of the E1, E2, L1, and L2 genes (Obtained from Egawa & Doorbar, 2017). 

 

The types of epithelial diseases caused by HPVs appear to be associated with their distinct strategies 

of transmission and propagation within the epithelium, as well as their interactions with the 

immune system (Akgül et al., 2006a; H. U. Bernard et al., 2010; De Villiers, 2013; De Villiers et al., 

2004; Egawa & Doorbar, 2017).  

HPV viral particles are 52-55 nm in diameter, with an icosahedral capsid made of the two structural 

proteins L1 and L2, repeated and organized in 72 capsomers. L1 is the major coat protein and 
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represents the 80% of the entire capsid structure, while L2 is the minor coat protein and seems to 

favor the assembly of new virions, thus amplifying their infectious ability. The HPV genome, 

enclosed by the capsid proteins, is a double-stranded DNA of 8 kilobase-pairs (kbp) in length (Knipe 

et al., 2002). 

Genomic organization is highly conserved among all HPV family members, with 7-8 open reading 

frames (ORFs) on a single transcriptionally active DNA strand encoding a larger number of gene 

products because of mRNA splicing events. The viral genome can be divided into three different 

regions: the long control region (LCR, also known as upstream regulatory region, URR) which 

contains untranslated regulatory sequences needed for regulating viral protein expression and viral 

genome replication; the early region, which codes for functional proteins responsible for the HPV-

associated pathogenic effect, as well as replication of viral genome and induction of cell proliferation 

needed to support the productive viral life cycle (E1, E2, E4, E5, E6, and E7 for AlphaPV and E1, E2, 

E4, E6, and E7 for BetaPV); the late region, encodes capsid proteins L1 and L2, which are expressed 

only in the latest phase of viral replication, in order to produce the viral particles. The most 

conserved region is the late region, which is the same across widely divergent PVs, and along with 

the E1 and E2 proteins are pivotal factors for PVs life cycle, suggesting that these proteins are coming 

from the common ancestors of all PVs. On the other hand, some other gene product, such as E6, E7, 

E4, and E5, may have different functions in different PV types, probably because they have been 

acquired or substantially modified during evolution of the PV type itself. Despite the conserved 

regions of the genome, some of HPV genera possess exclusive features. For instance, most of the 

beta-HPVs lack a functional E5 ORF in addition to the much longer E2 and E4 ORFs. The difference 

is not restricted to the coding region; indeed beta-HPVs have a shorter genome ranging from 7.4 to 

7.7 kbs, due to a 400 bp shorter LCR. In the same way, also gamma-HPVs do not carry a functional 

E5 gene (Ciesielska et al., 2012; Doorbar, 2007; Doorbar et al., 2012; Egawa & Doorbar, 2017; Quint 

et al., 2015; Tommasino, 2014). 

The E1 protein is an hexameric ATP-dependent DNA helicase, the only enzyme encoded by PVs 

genome, and it is crucial for its role in maintaining, replicating, and amplifying the viral episomes in 

infected cells by complexing along with E2 protein at the replication fork to start DNA replication. 

The E2 protein also play a pivotal role in HPV life cycle, and its function in viral replication process 

has been well characterized. E2 is the main regulator of HPV genome transcription, as indicated by 

the numerous E2-binding sites present in the LCR, and it also has an important role in the 
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partitioning of viral episomes during cell division at the basal layer of the infection site, equally 

distributing extrachromosomal DNA to each new-divided cell. 

 

Figure 2 Human Papillomavirus genomes organization. (A) It comprises an upstream regulatory region (URR) and a 

coding region that encodes early (E1-E7) and late (L1 and L2) proteins that are necessary for different stages of the virus 

life cycle (McBride, 2017). Among different HPV types, there are slight differences in coding sequences of the 

aforementioned proteins. (B) Electron microscopy of negatively stained papillomavirus particles (Doorbar et al., 2015). 

 

Beside the activator role performed by E2, it also acts as a repressor of gene transcription, mainly 

on the oncogenic proteins E6 and E7 which are kept to a minimum for most of the productive 

infection process. When the HPV genome integrates in the host genome, usually E2 gene is 

disrupted, causing the transforming overexpression of E6 and E7 proteins. 

The papillomavirus E4 protein is the most expressed viral protein contributing to genome 

amplification, and it is involved in the suppression of keratinocytes proliferation during the latest 

phases of the productive infection. Moreover, E4 can form multimers mimicking amyloid-like fibers 

which in turn destabilize the cytokeratin network of infected cells thus facilitating the release of 

viral particles in the extracellular environment. (Bergvall et al., 2013; Coursey & McBride, 2019; 

Doorbar et al., 2012; McBride, 2017, 2022; Tommasino, 2014). 
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In addition to the proteins described above, HPVs also encode three proteins with transforming 

properties: the E5, E6, and E7 oncoproteins. The cooperative and combined action of these proteins 

leads to suppression of tumor suppressors genes, promoting the bypass of cell cycle checkpoints, 

which results in enhanced cell proliferation and delayed terminal differentiation of keratinocytes. 

The E5 protein is a transmembrane protein localized in the cell membranes, primarily located in the 

endoplasmic reticulum, Golgi apparatus and nuclear membrane, suggesting a role in the trafficking 

of membrane proteins between different cellular compartments. Finally, E6 and E7 are multimeric 

proteins which can be associated with numerous cellular proteins, depending by the transforming 

capacity of the HPV type. In the most studied HPV types (i.e. HPV16, 18, and 31) E7 protein interact 

with the hypo-phosphorylated form of the retinoblastoma protein family members (pRb, p107, 

p130), inducing their turnover via ubiquitin-dependent proteasome degradation. Instead, E6 can 

interfere with the DNA damage repair, cell growth and apoptosis through the interaction with p53 

oncosuppressor. Specifically, as E7 induce the degradation of pRb, p53 ubiquitination and 

consequent degradation is induced by E6 protein. 

In addition to the specific targeting of host proteins, HPV E6 and E7 proteins globally interfere with 

the transcriptional competence of the infected cells, by altering the epigenetic mechanism control. 

Specifically, the DNA methylation patter of both, host and viral genome, and histone modifications 

are often found associated with HPV infection and HPV-dependent carcinogenesis (Akgül et al., 

2006b; Doorbar, 2007; Doorbar et al., 2012; McLaughlin-Drubin et al., 2012; Moody & Laimins, 

2010a). HPVs infections are strictly limited to mucosal and cutaneous epithelia, depending on the 

belonging genera, which are squamous stratified epithelia. In the basal layer of the epithelium there 

is the self-renewing compartment, in which basal cells divide symmetrically to maintain the basal 

cell reservoir, and asymmetrically to generate daughter cells undergoing differentiation toward the 

apical layer of the epithelium. Indeed, HPVs take advantage of this well-organized process to 

establish an infection and finely tune the expression of the different viral proteins in order to evade 

the immune surveillance in the basal layers and express the pathogenic proteins only in the upper 

layers along with the formation of newly synthesized virion particles, which will be released through 

viral-laden squames (terminally differentiated dead cells) (Figure 3). HPV replication requires the 

timely and coordinated expression of the different viral gene products as the infected cell moves 

towards the epithelial surface; this highly regulated pattern of gene expression allows the different 

stages of the life cycle to be completed appropriately. For this reason, to complete a life cycle, 2-3 



16 
 

weeks are needed since it is the time needed for a cell to complete the differentiation process and 

the migration toward the most superficial cell layer. 

 

Figure 3 HPV productive infection and differential gene expression. The viral genome replicates in the infected basal 

keratinocytes maintaining low copy episomal DNA, which split between the daughter progeny as cells divide. The early 

viral proteins E6 and E7 promote the de-regulated proliferation. Upon terminal cell differentiation in the upper 

epithelium, L1 and L2 become transcribed to package the high number of viral DNA copies. E4 disintegrates the 

cytokeratin filaments, and the virus is released as keratinocyte remnants are sloughed off at the epithelial surface 

(adapted from Zayats et al., 2022). 

 

Given that, in vitro experimental models managed to recreate the differentiation path ς needed for 

HPV replication ς of keratinocytes, this has been made through calcium administration, 

resuspension in methylcellulose, or physically generating a 3D skin-like organotypic culture (Doorbar 

et al., 2012; McBride, 2022; Moody, 2017; Roman & Munger, 2013; Tommasino, 2014).  

To establish the infection, HPV must have access to the basal keratinocytes layer where cells are 

dividing and this is usually achieved when there is a fissure or a micro abrasion that makes the 

heparin-sulphate proteoglycans on the basal membrane exposed to the virus particle. Once the 

virion reached the glycoproteins, L1 protein binds to them and induce a conformational change of 

the capsid structure promoting in turn the binding of a secondary receptor located on keratinocytes 

membrane. Now the virion is taken into the cell via clathrin-dependent endocytosis and through the 

endosomal pathway is transferred to the trans-Golgi network. The particle is uncoated during the 

trafficking, leaving only L2 proteins complexed with DNA embedded in a membrane vesicle, which 
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will enter into the nucleus during mitosis, when the nuclear envelope breaks down (DiGiuseppe et 

al., 2016, 2017). The HPV life cycle can be segmented into three different phases: 

- First, there is a limited viral genome amplification when infecting basal cells. 

- Second, the genome is replicated at a constant low copy number in the symmetrically 

dividing basal cells (100-200 copies per cell). 

- Lastly, the genome is replicated at a high copy number during the differentiation-dependent 

DNA amplification in order to generate the new virions. 

HPV genome does not encode polymerases or other enzymes necessary for DNA replication, which 

relies on the cellular replication machinery. Indeed, the only proteins needed for starting HPV DNA 

replication are E1 and E2. The former is loaded onto the viral replication origin (ori) by the latter, 

once they are bound to DNA, cellular polymerases are recruited and replication begins. After binding 

to specific sequence motifs in the viral genome, the E2 protein can activate or repress transcription, 

depending on the context of these binding sites and the nature of the associated cellular factors. 

This results in an initial burst of HPV genome amplification immediately post-infection, followed by 

low-level genome maintenance, in which viral and cellular DNA replication are thought to coincide 

during S phase (Doorbar, 2006; Frattini & Laimins, 1994; McBride, 2013). 

During the replication maintenance phase, the E2 protein plays a crucial role in efficiently 

distributing low copy number viral genomes to daughter cells by anchoring them to host chromatin. 

This is achieved through the interaction of E2 DNA binding domain with conserved sites (E2BS) in 

the viral genome, and its transactivation domain with host chromatin (McBride, 2013). Importantly, 

this tethering mechanism is a shared feature among oncogenic viruses with extrachromosomal 

genomes and is essential for persistent infection (McBride, 2008). 

In the upper layers of an infected lesion instead, viral DNA undergoes significant amplification. As 

keratinocytes move beyond the epithelial basal layer, they undergo terminal differentiation, losing 

their proliferative capacity. The E6 and E7 proteins of all papillomaviruses ensure the timely re-entry 

of infected cells into the cell cycle to facilitate genome amplification. Throughout the HPV life cycle, 

it is hypothesized that the increase in E2 levels resulting from late promoter activation during 

genome amplification leads to the downregulation of E6 and E7 expression. This down-regulation 

allows for the terminal differentiation of keratinocytes and the expression of HPV capsid proteins 

L1 and L2 (Doorbar et al., 2012). Elevated levels of L1 and L2 lead to the self-assembly of capsids 

that encapsulate viral DNA. Additionally, as mentioned before, the E4 protein is abundantly 

expressed in the upper layers of the lesion, where it reorganizes the keratin filament network to 
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facilitate virus release and transmission (Doorbar, 2013). Superficial cells containing virion arrays 

are naturally shed from the epithelial surface. 

 

2.1.1. HPV-driven oncogenesis 

In high-Ǌƛǎƪ ʰ-HPVs, cell cycle entry stimulation occurs in the basal layer and beyond. For reasons 

that are not yet clear, high-risk HPVs oncoproteins also promote the proliferation of infected basal 

cells, a critical factor in neoplasia induction. Most HPV-associated cancers contain different HPV 

genome copies, integrated more or less randomly into the host cell genome in a monoclonal fashion, 

with the viral integration site frequently lying within the regulatory E1 or E2 genes sequence; this 

event is often followed by the disruption of E2 and adjacent ORFs (E4, E5, L2), resulting in loss of 

expression of full-length E1, E2, E4, E5 and late genes. The key event is the loss of E2, which is a 

virally encoded transcription factor that normally regulates E6/E7 abundance by binding to and 

silencing the early promoter within the LCR as part of a viral regulatory mechanism. It is thought 

that integration occurs in high-grade squamous intraepithelial lesion (HSIL), where the already 

deregulated expression of E6 and E7 can be furtherly deregulated to overexpress E6 and E7 or at 

least to maintain a constitutive level. Moreover, through integration in the host genome, HPV E6 

and E7 transcripts take advantage of the fusion-ŘŜǊƛǾŜŘ оΩ-cellular sequences which confers longer 

mRNA half-life and consequent protein stability. Furthermore, integration gives a selective growth 

advantage over cells that only harbor episomal copies of viral DNA. 

Usually, only a segment, containing the LCR and truncated parts of the early and late region of the 

viral genome, is integrated; multiple tandem repeats of such viral DNA fragments - from a single to 

several hundred copies ς are often found integrated at random locations in the cellular genome. 

Upon integration, besides the amount of E6 and E7, the host cells contain a negligible amount of 

viral DNA and proteins: the E5 protein might be a faint cofactor in the development of malignancy, 

mostly in early stages by driving cellular proliferation cooperating with E6 and E7. This is evident in 

high-Ǌƛǎƪ ʰ-HPV+ cervical cancer-derived cell lines, where viral DNA is found to be randomly 

integrated in the host genome leading to the disruption of several viral ORFs and the preservation 

of E6 and E7 only, which are actively transcribed genes.  

As mentioned beforehand, the integration-dependent further deregulation in E6 and E7 expression 

leads to persistent stimulation of S-phase entry, and the loss of the cellular p53 tumor suppressor 

protein. These cellular modifications promote the arise of a clonal population of cells with a growth 

advantage and an increased propensity for transformation and malignant progression. 
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Figure 4 Early protein induced de-regulation of cellular processes. Early proteins are the major contributor to disease 

progression. E1, E2, and E4 forms are mainly associated with viral integration, replication, and transcription whereas E6 

and E7 act as oncoproteins and disrupt the cell regulation mechanisms, hampering apoptosis and inducing proliferation 

(Bhattacharjee et al., 2022).  

 

The sine qua non condition for this to happen is the loss of E2 expression, given that its expression 

directly controls E6 and E7 transcription limiting their expression. This is usually achieved with 

integration and a complete loss of episomal DNA, since episomal E2 expression would interfere with 

integrated E6 and E7 gene expression (Figure 4).  

However, the abuse of these pathways can have adverse effects that the virus must overcome. 

Indeed, the viral oncoproteins driving an increase in cellular double-strand breaks (DSBs) may 

heighten the risk of HPV integration, thereby contributing to genomic instability. Moreover, the 

escalated DNA damage has the potential to trigger innate immune responses within the cell. 

This combination of events predisposes to the accumulation of secondary genetic changes in the 

host cell genome and compromises the ability of the cell to effectively repair damaged DNA; the 

consequence is the induction of a condition of genomic and genetic instability which further favors 

progression towards malignancy. Experimental models have shown that sustained E6/E7 expression 

is necessary for the maintenance of the transformed phenotype; however, this condition is 

necessary but not sufficient for malignant progression. The accumulation of alterations in the host 



20 
 

cell genome, particularly in genes controlling the cell cycle, is an important and necessary event as 

well in the development of cervical cancer and can appear over time in women who carry persistent 

active infections. Such mutations can occur by chance or can arise because of environmental events: 

- Tobacco metabolites, which are present in the cervical secretions of women who smoke, are 

thought to act as co-factors in the development of cervical cancer.  

- Multiparity and the long-term use of oral contraceptives are also associated with increased 

risk, hormonal contraception is associated with increased risk because of estrogens and 

progesterone, which stimulate transcription and cell proliferation inducing also E6/E7 

overexpression. 

- The presence of additional genital infections such as Chlamydia.  

Even though it has been previously reported that episomal DNA expression limits E6 and E7 

expression, around 30% HPV16-induced cervical cancer cases show only episomal DNA, and around 

70% of the cases contain integrated HPV16 sequences, while for HPV18, the viral genome is almost 

exclusively integrated. Predominantly, cancers with episomal DNA appear to be characterized by a 

better natural history than that in integrated DNA-carrying tumors. Not only they possess a more 

favourable history, but they also show a stronger immune response to L1 and L2 coat proteins. 

However, the long-term deregulated over-expression of E6 and E7, and the accumulation of genetic 

and epigenetic changes, are the ultimately important events which drives the progression from HSIL 

to cervical cancer (Connolly et al., 2014; Crosbie et al., 2013; Doorbar, 2007; Doorbar et al., 2012; 

Moody & Laimins, 2010b; Tommasino, 2014; Wentzensen et al., 2004). 

 

2.1.2. High-Ǌƛǎƪ ʰ-HPVs and cervical carcinogenesis. 

Genital alpha-HPV represents the predominant sexually transmitted viral infection globally, having 

the highest incidence in the 15 to 25 age group upon the beginning of sexual activity, then a 

progressive decrease with age. High-Ǌƛǎƪ ʰ-HPV is linked to cervical cancers at a frequency of 

approximately 30-40 cases per 100,000 individuals. Virtually all cervical lesions contain viral 

sequences, albeit the proportion associated with specific high-Ǌƛǎƪ ʰ-HPV types varies across 

countries, demonstrating demographic, ethnic, and socio-economic diversity. HPV 16 and 18 

contribute to around 50% and 20% of cervical squamous cell carcinoma (SCC) cases, respectively. 

Both types equally account for approximately 35% of cervical adenocarcinoma cases, known for 

their heightened aggressiveness.  
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Cervical precancerous lesions are named cervical intraepithelial neoplasia (CIN) and are 

histologically classified for diagnostic purposes according to the grade of dysplasia:  

- CIN1 lesions (mild dysplasia) are low-grade lesions (LSIL, low-grade squamous intraepithelial 

lesions). 

- CIN2 (moderate dysplasia) and CIN3 (in situ carcinoma) lesions are high-grade lesions (HSIL, 

high-grade squamous intraepithelial lesions).  

The accurate identification of lesion grade has prognostic significance, as it has been estimated that 

around 20% of CIN1 will progress to CIN2, and that around 30% of CIN2 will progress to CIN3 if left 

untreated. CIN3 are generally considered to be the direct precursors of cervical cancer, and it has 

been suggested that around 40% of CIN3 lesions will progress to cervical cancer in the absence of 

intervention (Figure 5). In general, more regions with different histological grade can be found in 

the context of a cervical lesion; different high-Ǌƛǎƪ ʰ-HPV types are usually associated with discrete 

areas of disease except at junction regions (where lesions abut or are in close proximity) where 

more than one type may be detected. Most cervical cancers develop in the transformation zone 

where the columnar glandular cells of the endocervical canal meet the stratified squamous cells of 

the ectocervix, the squamo-columnar junction transitional site. The particular susceptibility of the 

transformation zone to cancer onset and progression may also be linked to the increased 

accessibility and proliferation of the basal cell layers at this metaplastic epithelial site, particularly 

around the time of puberty and the onset of sexual activity. In this case, we can hypothesize that 

the primary preferential target cells for high-Ǌƛǎƪ ʰ-HPV infection may be cells close to the squamo-

columnar junction, such as the epithelial reserve cells, which lie immediately underneath the 

columnar epithelium of the endocervix, and eventually form the stratified epithelial layers of the 

transformation zone as the cervix matures. Early acquisition of high-Ǌƛǎƪ ʰ-HPV infections, also 

facilitated by the low levels in antigen-presenting cells in this site, can disturb the metaplastic 

changes occurring at this time in the transformation zone and increase the risk of cervical cancer in 

the future (Cubie, 2013; Doorbar, 2007; Doorbar et al., 2012; Moody & Laimins, 2010b; Tommasino, 

2014). The orchestrated expression of viral gene products that leads to virus particle production is 

disrupted in HPV-associated neoplasia. In cervical disease, where most research has been done, it 

is generally thought that levels of E6 and E7 protein expression increase from CIN1 to CIN3; this 

deregulation of early gene expression is accompanied by a concomitant failure to trigger late events 

until the cells are close to the epithelial surface, and in CIN3, genome amplification is often confined 

to small pockets at the most superficial layers. 
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Figure 5 From productive infection to invasive cancer. When HPV is not cleared by the immune system, the 

transformation starts with low grade intraepithelial lesions, which support productive viral replication. An unknown 

number of high-risk human papillomavirus infections progress to high-grade cervical intraepithelial neoplasias. The 

progression of untreated lesions to microinvasive and invasive cancer is associated with the integration of the human 

papillomavirus genome into the host chromosomes (red nuclei), with associated loss or disruption of E2, and 

subsequent upregulation of E6 and E7 oncogene expression (adapted from Crosbie et al., 2013).  

 

Changes in the timing of viral gene expression comes along with changes in the levels of the viral 

proteins, and this is likely to have a key influence in determining lesion grade. Typically, CIN1 lesions 

retain the ability to complete the life cycle and release viral particles, showing a lower level of cell 

proliferation in the basal and parabasal layers. On the other hand, high-grade lesions CIN2 and CIN3 

are characterized by the persistence of cycling cells into upper layers, particularly in CIN3 such cells 

are detectable at the epithelial surface; such lesions represent abortive infections in which viral gene 

expression is not properly controlled, and late events in the virus life cycle are not accomplished. 

The relatively low levels of E6 and E7 present in CIN1 do not compromise the functions of their 

cellular targets sufficiently to facilitate cancer progression, indeed, the viral deregulation seen in 

CIN2/3+ is also thought to facilitate integration of the viral episome into the host cell chromosome, 

which can further deregulate the expression of E6 and E7. It is not clear how exactly gene expression 

from the viral episome can become deregulated in early CINs. The viral gene expression may be 

deregulated by changes in cell signaling as can be brought about by hormonal changes, or epigenetic 

https://www.sciencedirect.com/topics/medicine-and-dentistry/papillomavirus-infection
https://www.sciencedirect.com/topics/medicine-and-dentistry/cervical-intraepithelial-neoplasia
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modifications such as viral DNA methylation, which may depend on the nature of the infected 

epithelial cells. The HPV16 LCR contains hormone response elements that can be stimulated by 

estrogen, and there is wide evidence of cooperation between estrogen and HPV in the development 

of cervical cancer. In CIN, it has been reported that the LCR is differentially methylated according to 

disease severity, which suggests that epigenetic changes may also regulate gene expression 

(Doorbar, 2007; Doorbar et al., 2012). Despite the high incidence of high-Ǌƛǎƪ ʰ-HPV infection of the 

genital tract among sexually active individuals, the majority (80-90%) of new infections at any age 

are cleared without any apparent clinical disease. The regression is the result of an immune 

response mainly mediated by T cells and NK cells, and the infection do not persist long enough to 

gain deregulated gene expression and the accumulation of secondary genetic errors. The majority 

of those who develop productive CIN1 lesions eventually mount an effective cell-mediated immune 

response and the lesions spontaneously regress, indeed infections are usually resolved in a short-

term period (12-18 months), with low probability of re-infection by the same HPV type (Figure 6). 

The failed effort to mount effective cell-mediated immunity to clear or control infection results in 

persistent infection and a higher probability of progression to HSIL and invasive carcinoma. It has 

been suggested that HPV 16 and 18 may persistently infect more often than other high-Ǌƛǎƪ ʰ-HPV 

types, unravelling why there is a great proportion of cervical cancers caused by these two types 

compared to the others, therefore explaining their higher oncogenic potential.  

Effective evasion of the innate immune recognition seems to be the hallmark of high-Ǌƛǎƪ ʰ-HPV 

infections. HPV globally down-regulates the innate immune signalling pathways in the infected cells 

through multiple ways: interference with attractive chemokines; down-regulation of the expression 

and signalling of pro-inflammatory cytokines; down-regulation of the antiviral IFN response; 

upregulation of anti-inflammatory cytokines preventing immune cells migration to the infection 

sites; attraction and retention of suppressive regulatory T cells; down-regulation of TLR expression; 

reduction in the activation of antigen-presenting cells and in peptide presentation abilities. Many of 

the mechanisms of immune evasion by high-Ǌƛǎƪ ʰ-HPVs have been established and seem to be 

driven by specific functions of E5, E6, and E7 oncoproteins. 

HPV has a unique life cycle that occurs exclusively within the epithelial cells, avoiding cell lysis, 

necrosis, and viraemic phases that would typically trigger inflammatory responses. Additionally, 

viral proteins are predominantly expressed in the upper layers of the epithelium, far from circulating 

immune cells, which further hinders detection by the host immune system. 
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Figure 6 Pathogenesis of HPV in cervical cancer. (copyright: © The Nobel Committee for Physiology or Medicine. 
LƭƭǳǎǘǊŀǘƻǊΥ aŀǘǘƛŀǎ YŀǊƭŞƴΤ ǊŜǇƻǊǘŜŘ ŦǊƻƳ {ǘŀǊƪ ϧ ½ƛǾƪƻǾƛŏΣ нлмуύ 

 

The early viral proteins, although expressed in the lower layers of the epithelium, are produced at 

low levels that are insufficient to effectively trigger an immune response. In contrast to lytic viruses, 

which are quickly detected by the host immune system and cause destruction of infected cells at 

the end stage of infection, antibodies against HPV capsid proteins only arise 6-12 months after 

infection. When lesions regress, the presence of infiltrating lymphocytes, possibly due to cytokine 

signalling, leads to the shutdown of viral gene expression. However, the viral genome may 

persistently remain in the basal layer of the epithelium, specifically in a subset of epithelial stem 

cells in a latent state. The clearance of the lesion occurs as actively infected cells are replaced by 

apparently normal cells through the continuous division of basal cells. These apparently normal cells 

may still contain the viral genome with minimal expression of viral gene products and without 

completing the full viral life cycle, except for occasional bursts of virus production. This may explain 

the frequent detection of viral DNA in the absence of disease. Latent infection is believed to require 

the presence of E1 and E2 proteins to allow for the replication of viral episomes in basal cells. 

However, the expression of E6 and E7 proteins is not considered necessary for latent infection. 

For cancer to develop, it is well-established that the virus must evade immune detection for an 

extended period, allowing the accumulation of genomic and genetic abnormalities. Chronic 

infections of high-Ǌƛǎƪ ʰ-HPV, characterized by long persistence in slow-cycling epithelial stem cells 

without apparent disease, are a prerequisite for the development of HPV-associated malignancy. 

While it is evident that high-risk E6 and E7 target cellular pathways related to innate and adaptive 

immunity, host and environmental factors also play a significant role in the chronicity of high-Ǌƛǎƪ ʰ-
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HPV infection. Cancer progression typically takes years or even decades in patients who fail to 

effectively clear their initial infection as their immune system is unable to eliminate the infected 

basal stem cells and the virus. This extended period is necessary for the acquisition of secondary 

genetic changes. All of these indicate that while high-Ǌƛǎƪ ʰ-HPV infection plays a crucial role in the 

process, it alone is not enough to trigger the formation of a malignant tumor. Several other factors 

play a crucial role in the transformation of the epithelial cells of the uterine cervix, such as age, 

overall health, habits of the infected person, the duration of the infection, and environmental 

factors (Arregui, 2013; Ciesielska et al., 2012; Doorbar, 2007; Doorbar et al., 2012; Moody & Laimins, 

2010b; Tommasino, 2014). 

 

2.1.3. HPV-associated head and neck cancers 

Already in the early 1980 ȳs, SyrjŅnen and coworkers provided some data about the role of HPV in 

the etiology of a proportion of oral, laryngeal, benign sinonasal papillomas and squamous cell 

carcinoma (SCCs) (Syrjänen, 1987). Since then, strong and important evidence has accumulated 

showing the involvement of HPV in a subset of head and neck cancers (HNCs), namely oropharyngeal 

squamous cell carcinoma (OPSCC), including tumors arising from the oral cavity, oropharynx, larynx, 

hypopharynx, and sinonasal tract ό5Ω{ƻǳȊŀ Ŝǘ ŀƭΦΣ нлмтΤ CŜǊǊƛǎ ϧ DƛƭƭƛǎƻƴΣ нллтΤ Dƛƭƭƛǎƻƴ Ŝǘ ŀƭΦΣ нлллύ. 

From an anatomical point of view, OPSCC is limited to the base of the tongue, tonsils, posterior 

pharyngeal wall, and soft palate (Figure 7). In contrast to cervical cancer, the incidence of HPV+ 

oropharyngeal cancers, induced primarily by HPV16, continues to rise mostly in North America and 

northern Europe (Gillison et al., 2015). Although virtually all cervical cancers are HPV-induced, the 

percentage of OPSCC arising from HPV infection has been estimated to be around 20% with a male-

to-female ratio of approximately 4:1 (Chow, 2020; Formana et al., 2012; Sabatini & Chiocca, 2020). 

Most importantly, HPV-associated OPSCCs represent distinct disease entity in terms of 

epidemiology, biology and clinical behaviour compared to tobacco-associated counterparts 

(Dayyani et al., 2010). It becomes increasingly clear that HPV+ cancers have a far less complex 

genomic profile. More specifically, they rarely harbor TP53 mutations or CDKN2A alterations. The 

aforementioned E6 and E7 viral proteins functionally inactivate p53 and pRb in HPV+ HNSCC 

(Rampias et al., 2014). Indeed, p53 or pRb mutations would not confer any growth advantage or 

transformation potential to cancer cells where these pathways have already been disrupted by E6 

and E7 (Hoppe-Seyler et al., 2018). In addition, HPV+ cancers display more commonly mutations or 

alterations in genes involved in phosphoinositide 3-kinase (PI3K) pathway (Ghittoni et al., 2015; 
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Tommasino, 2014). In addition to the differences already outlined, prognosis is distinctly better for 

HPV+ OPSCC. HPV status has widely been described as an independent predictor of improved overall 

survival (OS) and disease-free survival (DFS) in OPSCC patients (Ang et al., 2010). Specifically, there 

is a 28% reduced risk of death and a 49% reduced risk of disease recurrence for patients affected by 

HPV+ OPSCC compared to the counterpart (Elrefaey et al., 2014). Importantly, HPV+ OPSCC tend to 

metastasize to cervical lymph nodes, which frequently exhibit necrosis and cystic changes. 

Interestingly, the extensive involvement of cervical lymph nodes is not predictive of dismal 

prognosis and these tumors usually exhibit good locoregional control when managed with 

combined cisplatin-based chemotherapy and radiation (Keane et al., 2015). From a 

histopathological perspective, HPV-related OPSCC are usually non-keratinizing, undifferentiated or 

basaloid squamous cell carcinomas (Gillison et al., 2000, 2012; Huang et al., 2012). Currently, 

traditional standard-of-care treatment for patients with localized or locally advanced OPSCC is 

combined cisplatin-based chemotherapy and radiation, excluding patients with early-stage disease 

who may be qualified for surgical intervention. That treatment has been shown to be very effective, 

with a 5-year OS of up to 95% in HPV+ patients (You et al., 2019). While response and survival rates 

are very high, the adverse effects caused by these treatment approaches are particularly harmful 

and lead to permanent damage, such as diminished swallowing function, loss of taste, xerostomia, 

altered appearance, problems related to voice, and trismus. 

 

 

 

Figure 7 Anatomy of head and neck region (Sabatini & Chiocca, 2020). 
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2.2. The interplay between HPV and the innate immune response 

Innate immunity serves as the body's initial line of defense against invading pathogens, providing a 

rapid and nonspecific response to a wide range of threats. This integral component of the immune 

system is evolutionarily ancient, representing a set of mechanisms that are consistently ready to 

combat infections upon encountering foreign agents. Innate immunity is characterized by its 

immediate response to pathogens, offering a crucial early defense before the adaptive immune 

system, with its more specific responses, can be fully mobilized. Key elements of innate immunity 

include physical barriers like the skin and mucous membranes, as well as cellular components such 

as macrophages, neutrophils, and natural killer cells. Recognition of conserved molecular patterns 

on pathogens, known as pathogen-associated molecular patterns (PAMPs), is a fundamental aspect 

of innate immunity. Pattern recognition receptors (PRRs) on innate immune cells recognize these 

PAMPs, triggering a cascade of responses aimed at neutralizing or eliminating the threat. The innate 

immune system also plays a role in shaping and influencing the subsequent adaptive immune 

response. Overall, innate immunity acts as a crucial and immediate defense mechanism, providing 

essential protection against a variety of pathogens and contributing to the overall resilience of the 

host organism (He & Xu, 2020; Jiang et al., 2023; Lin et al., 2022; Oliveira & Wu, 2023; Zhang & 

Zhang, 2020). To recognize and counteract the intruding pathogens, cells employ specialized 

receptor proteins known as pattern recognition receptors (PRRs). These receptors play a critical role 

in identifying conserved structures on pathogens, known as pathogen-associated molecular 

patterns (PAMPs), as well as host-derived damage-associated molecular patterns (DAMPs). PAMPs 

encompass a diverse array of viral components, including double-stranded RNA, single-stranded 

RNA, unmethylated CpG DNA, and 5'-triphosphorylated RNA (ppp-RNA). 

PRRs are situated either on the cell surface or within specific cellular compartments, such as the 

cytosol. Distinct families of PRRs include toll-like receptors (TLRs) and C-type lectin receptors (CLRs), 

found on the cell surface or within endocytic compartments, and nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs), RIG-I-like receptors (RLRs), and cytosolic DNA 

sensors (CDSs), located in the cytoplasm to detect intracellular pathogens. DNA sensors include 

AIM2-like receptors and the enzyme cyclic guanosine monophosphateςadenosine monophosphate 

(cyclic GMPςAMP) synthase (cGAS). Activation of signaling adaptors initiates an intracellular cascade 

that results in the production of proinflammatory cytokines through NF-ˁ. ŀƴŘκƻǊ ǘƘŜ ǎŜŎǊŜǘƛƻn of 

type I interferons through interferon regulatory transcription factor 3 (IRF3) or IRF7.  
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Figure 8 Pattern Recognition Receptors (PRRs). In this figure are depicted the anti-viral signalling pathways triggered by 

viral DNA and RNA. Each of the major forms of nucleic acids that act as PAMPs from such viruses are illustrated along 

with the PRRs they bind to including TLRs, RLRs and DNA sensors such as cGAS. Each pathway activates specific kinases 

via their own adaptor molecules, and this ultimately leads to the activation of transcription factors that translocate to 

the nucleus and help initiate the transcǊƛǇǘƛƻƴ ƻŦ ŎȅǘƻƪƛƴŜǎ ǎǳŎƘ ¢bCʰ ŀƴŘ L[с ƻǊ ǘȅǇŜ L ƛƴǘŜǊŦŜǊƻƴǎΣ ŀƴŘ LCbʲΣ ǿƘƛŎƘ ǘƘŜƴ 

get released from the cell (adapted from Hennessy & McKernan, 2021). 

 

The release of type I interferons acts through paracrine and autocrine pathways, activating signaling 

cascades that lead to the induction and release of interferon-stimulated genes (ISGs) (Akira & 

Takeda, 2004; Bermejo-Jambrina et al., 2018; X. D. Li et al., 2013; Loo & Gale, 2011; Sun et al., n.d.; 

Unterholzner et al., 2010). Keratinocytes, that form the stratified squamous epithelium of the skin 

and mucosal sites (e.g., ano-genital, or upper respiratory tract), are the natural target cells of HPV. 

Although keratinocytes possess multiple PRRs capable of detecting viral pathogens and initiating 
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the innate immune response, HPVs have evolved effectively to create a non-responsive cellular 

environment conducive to viral replication, persistence, and tumorigenesis. A series of research 

reports, spanning back to the early 2000s, have consistently demonstrated that high-risk Human 

Papillomaviruses (hrHPVs) exert inhibitory effects on numerous Interferon-Stimulated Gene (ISG) 

transcripts, predominantly through the actions of the E6 and E7 viral proteins. Intriguingly, a 

significant proportion of these suppressed ISGs are integral components of the host antiviral 

response machinery. This observation has brought to the hypothesis that hrHPVs may establish and 

maintain a persistent state of infection within the host, thus creating a conducive environment for 

the development of cancer, by effectively evading the vigilant immune surveillance mechanisms of 

the host. Significant insights into the intricate molecular mechanisms of viral immune evasion have 

emerged from extensive research efforts. These studies have unveiled how E6 and E7 viral proteins 

are capable of binding and effectively disabling crucial transcription factors, such as IRF1, IRF3, and 

STAT1. By doing so, they exert influence over either the transcriptional activation of Interferon (IFN) 

genes or the downstream IFN receptor pathways, ultimately leading to the transcriptional activation 

of ISGs. These pivotal findings, coupled with a deeper comprehension of the underlying mechanisms 

governing the induction of IFN by PRRs, have provided strong support for the notion that E6 and E7 

oncoproteins play a central role in orchestrating cellular alterations that promote an unreactive 

environment conducive to uncontrolled cell proliferation. It is well known the impact of E6/E7 viral 

proteins on the three major innate immune signalling pathways, namely cGAS/STING/TANK binding 

kinase-1 (TBK1), RIG-I/MAVS/TBK1, and TLRs, regulating the transcriptional activation of IFNs, pro-

inflammatory cytokines, and chemokines in response to exogenous stimuli (Almine et al., 2017; 

Bergot et al., 2014; Hong & Laimins, 2017; Kalali et al., 2008; Lo Cigno et al., 2015; Nees et al., 2001a; 

Reiser et al., 2011; Stanley, 2012; Steinbach & Riemer, 2018; Sunthamala et al., 2014; Westrich et 

al., 2017; Yang et al., 2019). 

 

2.2.1. The RIG-I/MAVS Pathway 

Retinoic Acid-Inducible Gene I-like Receptors (RLRs) appear to be the primary receptors responsible 

for the cytosolic detection of viral RNA (Moody, 2022; Yoneyama et al., 2004). These receptors are 

DExD/H box-containing RNA helicases and are expressed ubiquitously in the cytoplasm, with RIG-I 

being the founding member of this receptor family. RLRs are commonly composed by a central 

helicase domain and a C-terminal domain fundamental for RNA recognition. In addition, RIG-I and 

MDA5 also possess a tandem caspase recruitment domain (CARD), needed to interact with its 
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downstream signaling adaptor protein mitochondrial antiviral-signaling protein (MAVS). The further 

interaction between RIG-I and MAVS recruits other downstream signaling molecules as TNF 

receptor-associated factor (TRAF)3/6 and inhibitor of NF-kB kinase (IKK) family members, which in 

turn activate IRF3/7- and NF-kB-dependent transcription of ISGs and pro-inflammatory factors 

(Rehwinkel & Gack, 2020). Specifically, RIG-L Ŏŀƴ ǊŜŎƻƎƴƛȊŜ ǎƘƻǊǘ ŘƻǳōƭŜ ǎǘǊŀƴŘ wb!ǎ ǿƛǘƘ ŀ рΩ-

triphosphate or -ŘƛǇƘƻǎǇƘŀǘŜ ƎǊƻǳǇǎ όрΩ-pppRNA or -ppRNA). Initially identified as a critical sensor 

only for RNA viruses, accumulating evidence suggests that RIG-I also plays a role in indirectly 

detecting certain DNA viruses, since it recognizes RNA species generated by RNA polymerase III 

transcription (Habjan & Pichlmair, 2015; Verrier et al., 2015). While there is currently no direct 

evidence of the involvement of RIG-I in HPV sensing, the inactivation of this signaling pathway 

through distinct mechanisms has been reported. Among others, Chiang et al. demonstrated that 

HPV16 E6 forms a complex with TRIM25 and its upstream regulator, the ubiquitin-specific protease 

15 (USP15). In their experiments involving HEK293T and cervical-carcinoma-derived C33A cells 

expressing FLAG-tagged E6 of HPV16, the researchers observed that E6 binds to both exogenous 

TRIM25 and USP15, resulting in the formation of a ternary E6-TRIM25-USP15 complex. This 

enhanced E6-driven TRIM25 polyubiquitination led to reduced TRIM25 protein stability. 

Importantly, this ability of E6 to form a ternary complex was also observed in other high-risk and 

low-risk HPVs from the alpha genus. In contrast, E7 from the same genotypes failed to bind TRIM25, 

indicating the specificity of this inhibitory cascade. Consistently, the poor stability of TRIM25 in cells 

expressing HPV16 E6 hindered the interaction between RIG-I and MAVS during Sendai virus 

infection. As expected, the ectopic expression of HPV16 E6, but not E7, strongly inhibited the RIG-I-

mediated induction of ISGs (Chiang et al., 2018; Gack et al., 2008). It is important to note that while 

these findings provide compelling evidence that ectopically expressed E6 can suppress TRIM25-

dependent K63-linked ubiquitination of RIG-I and its interaction with MAVS, the ubiquitination 

status and activity of RIG-I in HPV-transformed cells, such as HeLa or CaSki, were not assessed. This 

aspect could have allowed the authors to confirm their findings in a cellular environment where 

both E6 and E7 are expressed, mirroring the situation in HPV-driven cancer.  

aƻǊŜƻǾŜǊΣ ƛƴ ƭƛƴŜ ǿƛǘƘ ǇǊŜǾƛƻǳǎ ǊŜǎǳƭǘǎΣ !ƪƎǳƭΩǎ ƎǊƻǳǇ ǊŜŎŜƴǘƭȅ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ƛƴ ǇǊƛƳŀǊȅ ƘǳƳŀƴ 

keratinocytes (PHKs) HPV16 E6 transcriptionally downregulates the expression of several PRRs, 

including RIG-I. Additionally, in the recent years it has been reported that also some of the HPV8 

early proteins (E2, E6 and E7) are able to induce carcinogenesis in transgenic mice, even though 

HPV8 belongs to the beta-HPV genus (Akgül et al., 2010; Heuser et al., 2016; Marcuzzi et al., 2009). 
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Figure 9 Subversion of the RIG-I/MAVS pathway by HPV16 E6 and HPV16/18 E7 oncoproteins (reported from Lo Cigno 

et al., 2020). 
 

IƻǿŜǾŜǊΣ !ƪƎǳƭΩǎ ƎǊƻǳǇ ŦƻǳƴŘ ǘƘŀǘ ŜǾŜƴ ƛŦ wLD-I expression remains unchanged during the 

transfection of HPV8 early proteins, HPV8-E1 and E2 proteins somehow interfere with downstream 

signaling of RIG-I pathway, strongly impairing interleukin-6 (IL-6), but not type I IFN, demonstrating 

their role in innate immune evasion (Rattay et al., 2022).  Impairment of the RIG-I pathway was also 

observed by our group in normal immortalized keratinocytes (NIKS) containing episomal HPV18 

genomes and HeLa cells, an HPV18+ human carcinoma-derived cell line. In these cell lines, we 

demonstrated that HPV18 persistence in keratinocytes inhibits both type I and III IFN production in 

response to exogenous ligands (Albertini et al., 2018). In addition, we demonstrated that the 

downregulation of this pathway occurs at transcriptional levels, and it is mediated by the H3K9-

specific methyltransferase SUV39H1 which induces the accumulation of repressive heterochromatin 

markers, mainly H3K9me2, at the promoter region of RIG-I, cGAS, and STING genes in a E7-

dependent manner (Albertini et al., 2018; Lo Cigno et al., 2020). Accordingly, pharmacological 

inhibition or gene silencing of SUV39H1 promotes the transcriptional activation of RIG-I gene with 

the ensuing enhanced release of type I and III IFNs upon poly(dA:dT) ŀƴŘ рΩǇǇǇwb! όaуύ 
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transfection (Lo Cigno et al., 2020). Considering that, it becomes crucial to investigate whether E6-

mediated post-translational modification of TRIM25 and E7-induced transcriptional repression of 

RIG-I are two concurrent and convergent pathways employed by HPV for immune evasion (Albertini 

et al., 2018; Lo Cigno et al., 2020). This complex interplay remains to be fully elucidated. 

 

2.2.2. Interferons, cytokines, and HPV infection 

Interferons (IFNs) are signaling cytokines secreted by host cells that can directly impact on tumor 

cells or indirectly induce the immune system activation. The IFN family is divided into three major 

groups: type I (IFN-ʰΣ -ʲΣ -ˁΣ -ʶΣ -˖ύΣ ǘȅǇŜ LL όLCb-ʴύ ŀƴŘ ǘȅǇŜ LLL όLCb- 1˂, - 2˂, - 3˂, - 4˂).  Following viral 

infection, type I and III IFNs can be expressed by all types of cells while type II IFNs can be secreted 

only by NK and T cells. Type I IFNs activate an antitumor response via downregulation of regulatory 

T cells and triggering of cytotoxic T cells (Abdolvahab M.H. et al., 2020, Moody C.A., 2022). Type I 

IFNs interact with IFN-ʰκ-ʲ ǊŜŎŜǇǘƻǊ όLCb!wύ ǿƘƛŎƘ ƛǎ ŀ ƘŜǘŜǊƻŘƛƳŜǊƛŎ ǘǊŀƴǎƳŜƳōǊŀƴŜ ǊŜŎŜǇǘƻǊ 

composed of two parts: IFNAR-1 and IFNAR-2. IFNAR subsequently activate the receptor-associated 

protein tyrosine kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TK2) which phosphorylates the 

signal transducer and activator of transcription 1 and 2 proteins (STAT1 and STAT2). Phosphorylated 

STAT proteins dimerize and bind the IFN-regulatory factor 9 (IRF9) forming the IFN-stimulated gene 

factor 3 complex (ISGF3). ISGF3 translocates into the nucleus and binds DNA on a specific consensus 

sequence called IFN-stimulated response elements (ISREs) activating the expression of IFN-

regulated genes (ISGs) (Ivashkiv L.B. et al., 2014; Schoggin J.W., 2019). IFN- ˂Σ ƛƴǎǘŜŀŘΣ ōƛƴŘǎ ǘƘŜ 

interferon- ˂  ǊŜŎŜǇǘƻǊ όLCb[wύ ǿƘƛŎƘ ƛǎ ŀƭǎƻ ŎƻƳǇƻǎŜŘ ōȅ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ǎǳōǳƴƛǘǎΥ LCb[wм ǎǳōǳƴƛǘ ŀƴŘ 

the IL-10R2 subunit. Once activated, IFNLR triggers an antiviral response that resembles that 

induced by type I IFNs, both engage a similar JAK-STAT pathway, with the only difference that type 

III IFNs can also take advantage of JAK2 adaptor. Moreover, type I IFN receptor is expressed on the 

plasma membrane of all nucleated cells, while type III IFN receptor is expressed mainly on epithelial 

cells, even though there are studies reporting the presence of IFNLRs on endothelial cells and 

neutrophils (Espinosa et al., 2017; Lazear et al., n.d.; Mesev et al., 2019; Zanoni et al., 2017). 

Deciphering the intricacies of IFN signalling inputs by shared IFN receptors remains a complex 

puzzle. Given that IFNs are major players in the anti-viral response, HPVs have evolved mechanism 

to overcome this line of defense, to efficiently establish persistent infections. It has been reported 

that the STAT1/2 are impaired in HPV-infected cells thorough multiple mechanisms that in turn 

inhibited ISGs expression levels (Morgan & Macdonald, 2020). Different studies have demonstrated 
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that hr-HPVs infection decreases type I IFN production of immortalized keratinocytes (N/Tert1) 

through the direct binding of E7 to IRF9 or the downregulation of STAT1, STAT2, and IRF9. Notably, 

treatment with IFN-beta was able to activate STAT1 that impaired viral genome amplification, 

suggesting a key role of STAT1 in HPV genome maintenance. Furthermore, type I IFN treatment of 

HPV16-containing N/Tert1 cells was found to restore the expression of ISGF3 complex, but not ISG 

expression, suggesting an ISGF3-independent regulation of the ISGs (Barnard & McMillan, 1999; 

Evans et al., 2019; Hong et al., 2011; James et al., 2020; Morgan & Macdonald, 2020; Nees et al., 

2001b). In addition, IFN-  hand IFN-  ̡play crucial roles in both antitumor immunity and homeostasis 

and have received FDA approval for the treatment of malignancies. IFN-  hcan induce apoptosis in 

tumor cells through diverse stimuli and promote the differentiation of DCs. Notably, the recruited 

DCs present antigens from apoptotic cells, thereby facilitating cross-priming and the generation of 

cytotoxic T lymphocytes (CTL) (Abdolvahab et al., 2020). Besides IFNs, there are other pro-

inflammatory mechanisms used by HPVs to reach the the status of persistent infection that can 

eventually leads to cancer progression. Among others, the axis IL-6-STAT3 has been identified as a 

key mechanism during HPV-induced carcinogenesis. HPV+ cells, indeed, through the E6-dependent 

activation of the NF-kB pathway, show an upregulated expression of IL-6, which generate a 

paracrine and autocrine STAT3 activation. This STAT3 activation can be also seen in vivo, since 

cervical cancer progression correlates with STAT3 protein expression and phosphorylation. 

Furthermore, inhibition of STAT3 signalling in HPV-containing primary keratinocytes results in a 

strong reduction of cell growth and the induction of apoptosis (Morgan et al., 2018; Morgan & 

Macdonald, 2019; Shukla et al., 2010, 2013; Smola et al., 2017). While the autocrine STAT3 

activation is exploited to maintain a sustained proliferation rate and productive life cycle of HPV, 

the paracrine way involves the activation of this pathway in myelo-monocytic cells of the tumor 

microenvironment (TME). The consequence is a CCL2-driven Ca2+ downstream signalling activation 

in monocytes which leads to the overexpression of matrix metalloprotease-9 (MMP), a known pro-

tumorigenic factor. Interestingly, the presence of this monocyte-derived CCL2 is correlated with 

persistent infection, and also potently recruits monocytes which further sustain the inflammatory 

pro-tumorigenic TME (Conti & Rollins, 2004; Smola, 2017; Walch-Rückheim et al., 2016; Zijlmaans 

et al., 2006). Overall, cytokines and chemokines are an important component of the TME since they 

are the key to the co-localization of different types of immune cell (i.g. NK cells, CD8+ CTLs, DCs and 

others)  in areas of inflammation. In this regard, during inflammation, activated DCs can secrete 
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several chemokines such as CCL4, CCL5, CXCL10, IL-15, IL18 which are crucial for NK cells recruitment 

and activation. (Bernardini et al., 2012; Borrelli et al., 2018; Maskalenko et al., 2022). 

 

2.2.3. Immunotherapy for cancer 

Immunotherapy ς ranging from adoptive cellular therapy to immune-checkpoint blockade and 

cancer vaccines ς has revolutionized cancer treatment, becoming a major weapon in fighting this 

disease. Indeed, in the recent years, the multidimensional single-cell technologies have conferred 

the unprecedented ability to dissect the tumor microenvironment, deepening our knowledge about 

the behaviour of immune cells who are being manipulated by the surrounding cancer cells. These 

technologies will shed light on the mechanisms involved in cancer immune-evasion, to investigate 

tumor-specific T cell reactivity in the highly heterogeneous and dynamic cancer microenvironment. 

However, as long as these mechanisms will remain unknown, despite the sustained clinical efficacy, 

only a small fraction of cancer patients benefit from immunotherapeutic strategies. Gaining a 

deeper understanding of how cancer and immune cells organize and interact with each other within 

a spatial coordinate system is crucial for advancing our understanding of cancer progression. This 

knowledge could offer valuable insights for enhancing the effectiveness of current 

immunotherapies. With the continuous development of technologies in the single-cell field, 

particularly in spatial mapping and quantification methods, we expect to systematically and 

comprehensively explore the in-situ communication between various immune cells and cancer cells 

within the tumor microenvironment (TME). This includes investigating their dynamic changes in 

response to treatment. These advancements are anticipated to contribute significantly to the 

clinical success of immunotherapies. 

 

2.2.4. Turning RIG-I against Cancer 

Accumulating evidence suggests that type I IFN signaling is crucial in order to improve the 

responsiveness to conventional radio- or chemo-based therapies. Given that RLRs, in particular RIG-

I, are essential to induce type I IFN production and increase immunogenic cell death, this family of 

receptors emerged as a new feasible therapeutic option for cancer patients.  

Indeed, RIG-I agonists are being tested as monotherapy or in combination with ionizing radiation or 

chemotherapeutic agents to treat a variety of solid tumors (Elion et al., 2018; X. Jiang et al., 2019; 

Y. Jiang et al., 2023; Lambing et al., 2023).  Considering the extensive use of interfering RNA 

molecules, scientists started investigating the double edge of these RNAs, because besides the 
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interfering effect, they could also trigger innate immunity. Different studies reported this double 

effect when using siRNAs in cancer models. One example comes from Poeck and co-workers that 

reported the targeting of BCL2 anti-apoptotic protein and RIG-I activation at the same time using a 

рΩǇǇǇ-siRNA. They recorded a profound suppression in tumor growth and metastasis of a murine 

melanoma model, which was dependent on type-I IFN in both cancer cells and CD11c+ dendritic 

cells, crucial to engage NK cell. AƴƻǘƘŜǊ ŜȄŀƳǇƭŜ ŎƻƳŜǎ ŦǊƻƳ ǘƘŜ {ŎƘƴǳǊǊΩǎ ƎǊƻǳǇ ǘƘŀǘ ǇǊƻǇƻǎŜŘ ŀ 

рΩǇǇǇ-siRNA targeting TGF-beta, showing its superior CD8+ T cell-mediated anti-cancer effect, when 

compared to either anti-TGF-ōŜǘŀ ǎƛwb! ƻǊ рΩǇǇǇwb! ŀƭƻƴŜΣ ƛƴ ŀ ƳǳǊƛƴŜ ǇŀƴŎǊŜŀǘƛŎ ŎŀƴŎŜǊ ƳƻŘŜƭ 

(Ellermeier et al., 2013; Poeck et al., 2008). Recently, technological advances in RNA delivery 

systems have been achieved to improve the safety and activity of small RNA therapeutics. Since RNA 

is a negative-charged molecule, it needs help to entry within the cell. For this purpose, lipid-based 

vehicles are the easiest way to delivery nucleic acids. Liposomal vesicles are composed of 

phospholipids or synthetic amphiphiles incorporated with cholesterol. Intratumoral liposome 

delivery of poly(I:C) induces RIG-I/MDA5 expression and inhibits the growth of hepatoma and gastric 

cancer xenografts. Moreover, nanoparticles and hydrogels are representative carriers of siRNA, 

Ƴƛwb! ŀƴŘ р-ǇǇǇwb!Φ LƴŘŜŜŘΣ ƛƴǘǊŀǘǳƳƻǊŀƭ ŘŜƭƛǾŜǊȅ ƻŦ р-ppp RNA by a pH-responsive, membrane-

destabilizing nanoparticles can overcome endosomal/lysosomal degradation of RNA and potently 

activate RIG-I. In pre-clinical studies, systemic delivery of nanoparticles composed of carboxylic acid-

terminated poly (lactic-co-ƎƭȅŎƻƭƛŎ ŀŎƛŘύ όt[D!ύΣ р-ppp dsRNA and other innate agonists induces 

anticancer effects in murine melanoma model. Compared with intratumoral delivery, systemic 

delivery of RIG-I agonists may be more feasible and effective in many clinical settings. The liposome 

carrier could be stable in the bloodstream after injection, the release of their cargo is inconsistent 

among different cell types. This issue is overcome by lipid-calcium-phosphate (LCP) nanoparticles, 

where the lipid-protamine-nucleic acid complex is replaced by nanosized calcium phosphate 

precipitates in which RNA is entrapped. (Y. Jiang et al., 2023). Through LCP nanoparticles Das and 

colleagues, reported the success achieved, in a pancreatic adenocarcinoma pre-clinical model, by a 

systemic-delivered bifunctional RNA ς ǎǇŜŎƛŦƛŎŀƭƭȅ ŀ рΩǇǇǇ ŀƴǘƛ-BCL2 siRNA ς in inducing a strong 

local immune response driven by CD8 T cells and M1 macrophages, accompanied by pro-

inflammatory Th1 cytokines expression and decreased T regs, immunosuppressive B regulatory and 

plasma cells. 
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Figure 10 Cell death pathways triggered by RNA sensors. (A) The RLRs RIG-I and MDA5 ǊŜŎƻƎƴƛȊŜ р  Řƛ- or 

triphosphorylated short stretches of base-paired RNA and long complex dsRNA, respectively. Stimulation of RIG-I and 

MDA5 exposes their CARDs, which interact with the CARD of MAVS. Besides IRF-3, MAVS also stimulates the activation 

of the proinflammatory transcription factor NF-ˁ.Φ ! ǎŜŎƻƴŘ ŎƻƳǇƭŜȄ ŦƻǊƳǎ ǿƛǘƘ TRAF2, TRAF6, and LUBAC and 

activates the RLR-induced IRF3 mediated pathway of apoptosis (RIPA). LUBAC adds linear ubiquitin chains onto IRF3, 

which activates the proapoptotic protein Bax. This leads to leakage of cytochrome c out of the mitochondria. 

Cytochrome c binds to and activates the proapoptotic protein Apaf-1, which induces the cleavage of the proenzyme of 

caspase-9 into the active form (adapted from Maelfait et al., 2020).  

 

Interestingly, despite administering LCP systemically, they did not find any systemic 

immunomodulation effect in the LCP-treated animals (M. Das et al., 2019). 

Beyond to nanoparticles, RIG-I agonists are also catching on chimeric antigen receptor (CAR)-T cells. 

CAR-T technology is well established in the field of hematologic malignancies, while in solid tumors 

the efficacy is brutally reduced by the heterogeneous clonality. Nonetheless, CAR-T have been 

ŜƴƎƛƴŜŜǊŜŘ ǘƻ ŎŀǊǊȅ wb!ǎ ŀƴŘ ǘƻ ŘŜƭƛǾŜǊ ǘƘŜ ŎŀǊƎƻ Ǿƛŀ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ǾŜǎƛŎƭŜǎΦ CƻǊ ŜȄŀƳǇƭŜΣ aƛƴƴΩǎ 

group engineered CAR-T cells to carry and deliver RN7SL1, a non-coding RNA targeting RIG-I and 

MDA5. The intriguing part of the story comes with the delivery, since these CAR-t will deliver their 

EVs exclusively to immune cells, resulting in the expansion of endogenous immune cells subsets 

within the tumor microenvironment (Johnson et al., 2021). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mda5
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/traf2
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/traf6
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytochrome
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Furthermore, several synthetic dsRNA RIG-I agonists are actually under investigation in combination 

with well-established immune checkpoint inhibitors, such as pembrolizumab ς which is an anti-

programmed cell death-1 (PD-1) monoclonal antibody ς, in order to improve the antitumor 

response (Yuan et al., 2021). In case of monotherapy using RIG-I agonists, it has been shown that 

intratumoral injection of RIG-I ligands induces a selective and effective antitumor immune response. 

This phenomenon is characterized by the triggering of cancer cell apoptosis in a type I IFN-

dependent or -independent manner, thus leading to pro-inflammatory cytokines induction which 

felicitates the formation of a pro-immunogenic cell death (ICD) environment (X. Jiang et al., 2019). 

Another study, performed in a breast cancer model, demonstrated that RIG-I activation led to a pro-

inflammatory secretion pattern and, most importantly, to pyroptosis which is the most 

immunogenic form of cell death (Elion et al., 2018).  Moreover, Lambing and colleagues, showed 

that RIG-I activation can improve the effectiveness of conventional radiotherapy, also in the absence 

of p53. In fact, when combined with radiations, this RIG-I agonist boosted immunogenic tumor cell 

death and improved Dendritic Cells (DCs) activation and dead tumor cells up-take (Lambing et al., 

2023). Another example is SLR14, which is an intratumoral-delivered RIG-I agonist that is mainly 

taken up by CD11b+ tumor infiltrating myeloid cells, which in turn induces the recruitment of tumor 

infiltrating CD8+ T cells, NK cells, and CD11b+ myeloid cells themselves, while reducing the 

immunosuppressive CD4+FoxP3+ T reg cells (X. Jiang et al., 2019). Furthermore, John Hiscott and his 

ǘŜŀƳΣ ŘŜǾŜƭƻǇŜŘ ǎŜǾŜǊŀƭ рΩ ǘǊƛ-ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ Řǎwb! όрΩǇǇǇ-RNA), which are RIG-I agonists 

ǎȅƴǘƘŜǎƛȊŜŘ ŦǊƻƳ ǘƘŜ рΩ ŀƴŘ оΩ ¦¢w ƻŦ ǘƘŜ ±ŜǎƛŎǳƭŀǊ {ǘƻƳŀǘƛǘƛǎ ±ƛǊǳǎ ό±{±ύ ƎŜƴƻƳŜ (Chiang et al., 

2015). Among them, they selected the most powerful in terms of RIG-I stimulation and consequent 

IFN production, which is 100 base pairs-ƭƻƴƎ рΩ ǘǊƛ-phosphorylated dsRNA, namely M8. More in the 

details, M8 triggers intrinsic apoptotic pathways in colorectal cancer cells, whose death is 

characterized by the expression of immunogenic cell death-related damage-associated molecular 

pattern (ICD-DAMP) markers and high level of ICD-associated cytokines such as IFN-ʲ (Castiello et 

al., 2019).  

 

2.3. The cellular deacetylase SIRT1 in cancer 

Sirtuins are NAD-dependent protein deacetylases catalyzing the removal of the acetyl group of an 

acetylated lysine residue concomitant with the cleavage of the nicotinamide group from NAD, 

resulting in reaction products of a deacetylated protein, nicotinamide (NAM) and a novel compound 

όн-O-acetyl-ADP-ribose). The mammalian genome encodes seven different sirtuins (SIRT1-7), with 
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varying subcellular localizations and chemical activities. From the literature it is well-known that 

SIRT1 deacetylates a wide range of substrates, including p53, NF-ˁ.Σ Ch·h ǘǊŀƴǎŎǊƛǇǘƛƻƴ ŦŀŎǘƻǊǎΣ ŀƴŘ 

PGC-мʰΣ ǿƛǘƘ ǊƻƭŜǎ ƛƴ ŎŜƭƭǳƭŀǊ ǇǊƻŎŜǎǎŜǎ ǊŀƴƎƛƴƎ ŦǊƻƳ energy metabolism to cell survival (Guarente, 

2007). SIRT1 plays a crucial role in regulating the processes of inflammation and carcinogenesis. It 

is the main regulator of the epigenetic processes involved in the progression from an initial phase 

of acute inflammation to a late anti-inflammatory phase. In conditions of chronic inflammation, 

however, partial or complete loss of the activity of SIRT1 is observed (Liu et al., 2009). In tumor 

setting, SIRT1 is found significantly up-regulated in human prostate cancer, acute myeloid leukemia, 

and primary colon cancer. Its overexpression is frequently detected in all kinds of non-melanoma 

skin cancers including squamous cell carcinoma, basal cell carcinoma, Bowen's disease, and actinic 

keratosis (Bradbury et al., 2005; Deng, 2009; Huffman et al., 2007; Stünkel et al., 2007). In 

gynecological tumors, elevated expression of SIRT1 is observed more frequently in malignant 

ovarian epithelial tumors compared to benign lesions and is associated with chemotherapy 

resistance in endometrial carcinoma cell lines and lower efficacy of neoadjuvant chemotherapy in 

locally advanced uterine cervical cancer (Asaka et al., 2015; Jang et al., 2009; Teramae et al., 2015). 

Based on the elevated levels of SIRT1 in cancers, it has been hypothesized that it serves as a tumor 

promoter (Lim, 2006). The first evidence comes from experiments showing that SIRT1 physically 

interacts with p53 and attenuates p53-mediated functions through deacetylation of the lysine 382, 

located in the C-terminal part (Luo et al., 2020; Vaziri et al., 2001). Interestingly, SIRT1 interacts with 

hypermethylated in cancer 1 (HIC1), a tumor suppressor and transcriptional repressor that is 

epigenetically inactivated in human cancers. Depletion of HIC1 expression results in an upregulated 

SIRT1 level, which deacetylates p53 and attenuates p53 function, thus promoting tumorigenesis. 

SIRT1 oncogenic effect may also be attributed to loss of function of DBC1 (deleted in breast cancer 

1). DBC1 forms a stable complex with SIRT1 and inhibits SIRT1 activity, leading to p53 acetylation 

and p53-mediated apoptosis. SIRT1 is also involved in epigenetic silencing of DNA-hypermethylated 

tumor suppressor genes (TSGs) in cancer cells. Typical SIRT1 substrates are the FOXO family, E2F1, 

Rb, BCL6, and Ku70, which are all important for DNA damage repair. SIRT1 also epigenetically 

modulates histone substrates to regulate cancer-related gene expression and stabilize genomic 

DNA. In this regard, loss of global H4K16ac and H4K20me3 is a hallmark of human tumors (Fraga et 

al., 2005) and SIRT1 deacetylates H4K16 and H3K9, thus inhibiting the transcription of several tumor 

suppressor genes, stabilizing and recruiting methyltransferase SUV39H1 to them to prompt histone 

hypermethylation. At the same time, SIRT1 stimulates heterochromatin formation and silences 
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tumor suppressor genes (Bosch-Presegué et al., 2011; Z. Li et al., 2009; Pruitt et al., 2006; R. H. Wang 

et al., 2008). SIRT1 also supports the survival of cancer stem cells (CSCs) where it has been shown 

to be upregulated in a variety of CSCs both in vitro and in vivo, including glioma (Lee et al., 2015), 

breast, colorectal, and leukemia (X. Chen et al., 2014; Lee et al., 2015; L. Li et al., 2014; Ma et al., 

2015).   

On the other hand, SIRT1 expression is reduced in other types of cancers, including glioblastoma, 

bladder carcinoma, prostate carcinoma, and ovarian cancers (R. H. Wang et al., 2008). Firestein and 

colleagues demonstrated that overexpression of SIRT1 in APCmin/+ mice reduces polyp formation 

(Firestein et al., 2008). In addition, Wang and colleagues found that SIRT1-/ - embryos die at middle 

gestation stages, displaying increased acetylation of H3K9 and H4K16, reduced chromosome 

condensation, impaired heterochromatin formation, and abnormal mitosis. It has also been 

established that SIRT1 plays a role in tumor suppression via c-Myc-SIRT1 feedback loop which 

regulates c-Myc activity (Yuan et al., 2009). c-Myc binds to the SIRT1 promoter and induces SIRT1 

expression. However, SIRT1 interacts with and deacetylates c-Myc, resulting in decreased c-Myc 

stability. Furthermore, the mutation of BRCA1 reduces SIRT1 expression and increases the risk for 

breast, ovarian, fallopian tube, and prostate cancer. Using resveratrol to restore SIRT1 in BRCA1 

mutant cancer cells compensate for the loss of function, stimulate apoptosis, and inhibit tumor 

formation in both in vitro and in vivo models. Finally, SIRT1 represses survivin gene transcription by 

deacetylating H3K9 at its promoter.  SIRT1 expression in BRCA1 mutant cancer cells reduces survivin 

expression and inhibits tumor formation (Petrucelli et al., 2010; R. H. Wang et al., 2008). 

 

2.3.1. The cellular deacetylase SIRT1 during HPV infection and HPV-driven carcinogenesis 

SIRT1 is a crucial regulator of HPV replication in cervical keratinocytes, since it cooperates with the 

E1 and E2 proteins to ensure the quantity and high fidelity of HPV genome replication (D. Das et al., 

2017, 2019) and it is strongly upregulated in cells infected by high-risk HPV types and cervical 

squamous intraepithelial neoplasms, where its overexpression is correlated with disease 

progression of CINs. In CIN lesions, dysplastic squamous cells show positivity for SIRT1 in an 

increasing fashion from LSIL grade to HSIL grade. A total of 101 cases were analyzed by Velez- Perez 

and colleagues, including 29 CIN 1, 32 CIN 2, 16 CIN 3, 2 microinvasive squamous cell carcinomas 

(SCC) and 22 invasive SCC. Cervical non-neoplastic squamous epithelium showed weak positivity of 

SIRT1 in the basal layer whereas SIRT1 over-expression was found in 13.8% CIN 1, 40.6% CIN2, and 

50% CIN3, showing a statistically significant difference from CIN1 and CIN2/CN3 lesions. Moreover, 



40 
 

all 24 cases of invasive and microinvasive SCC showed SIRT1 overexpression with 70.8% showing 

both nuclear and cytoplasmic staining. From CIN1 to SCC, SIRT1 expression statistically increased 

suggesting a potential role as biomarker for predicting the progression of CIN to invasive SCC. When 

ƛƴŦŜŎǘŜŘ ǿƛǘƘ It±Σ ŎŜǊǾƛŎŀƭ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎ ǳƴŘŜǊƎƻ 5b! ŘŀƳŀƎŜΣ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ǊŜŎǊǳƛǘƳŜƴǘ ƻŦ 55wπ

ŀǎǎƻŎƛŀǘŜŘ ǇǊƻǘŜƛƴǎ ŀǘ ǘƘŜ 9мπ9н ōƛƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ ǘƘŜ ƴǳŎƭŜǳǎ ŀƴŘ ǘƘŜ ƛƴƛǘƛŀǘƛƻƴ ƻŦ IwπŘŜǇŜƴŘŜƴǘ 

replication (Almeida et al., 2019; Velez-Perez et al., 2017; Vonsky et al., 2019). SIRT1 is a component 

ƻŦ ǘƘŜ 9мπ9н ǊŜǇƭƛŎŀǘƛƻƴ ŎƻƳǇƭŜȄ ŀƴŘ ŀ ƴŜŎŜǎǎŀǊȅ ƳƻƭŜŎǳƭŜ ŦƻǊ ƛƴƛǘƛŀǘƛƴƎ ǊŜǇƭƛŎŀǘƛƻƴ (D. Das et al., 

2017). The biological explanation for the upregulation of cellular SIRT1 in CINs and SCC is related to 

the oncoprotein HPV E7. Indeed, a study published by Allison and coworkers, provided evidence 

that HPV E7 selectively upregulates SIRT1 in SiHa cervical cancer cells. In addition, the authors 

showed that the exogenous expression of HPV E7 in primary keratinocytes causes significant and 

rapid upregulation of SIRT1 within 48 hours, whereas siRNA reduction of HPV E7 in SiHa cells caused 

reduction of SIRT1 and induced apoptosis. Together, these data suggest a role of overexpressed 

SIRT1 in HPV-infected cervical cells for preventing apoptosis and contributing to cellular 

transformation. Since p53 is a known SIRT1 substrate it is proposed that elevated SIRT1 levels 

(induced by HPV E7) attenuate p53 pro-apoptotic capacity via its de-acetylation allowing 

unregulated cell growth to occur (Allison et al., 2009). Furthermore, SIRT1 may also help infected 

cells escape innate antiviral immune responses by inhibiting AIM2 transcription and therefore 

preventing the activation of the inflammasome (So et al., 2018). 

Identification of SIRT1 as a downstream target of HPV have both prognostic and therapeutic value.  

In addition, SIRT1 could also be an important therapeutic target and known inhibitors of sirtuins are 

splitomicin, sirtinol, AGK2, cambinol, indol derivatives (EX-527), and tenovin, among others 

(Choupani et al., 2018; Dai et al., 2018; Peck et al., 2010; C. Wang et al., 2017; Zhou et al., 2018).  
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Figure 11 SIRT1 contribution in HPV infection. SIRT1 promotes persistent HPV infection and malignant transformation 
ƻŦ ŎŜǊǾƛŎŀƭ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΦ Lǘ ƛǎ ŀ ƪŜȅ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ 9мπ9нπǊŜǇƭƛŎŀǘƛƴƎ ŎƻƳǇƭŜȄΣ ǘƘǳǎ ǇŀǊǘƛŎƛǇŀǘƛƴƎ ǘƻ 5b! ŘǳǇƭƛŎŀǘƛƻƴ 
of HPV. In addition, HPV infection causes host DNA damage and increases SIRT1 expression, which activates the DNA 
damage repair process (particularly HR). SIRT1 inhibits the apoptosis of infected epithelial cells and decreases the 
ǘǊŀƴǎŎǊƛǇǘƛƻƴ ƻŦ ƛƴŦƭŀƳƳŀǘƛƻƴπǊŜƭŀǘŜŘ ŦŀŎǘƻǊǎΣ ǎǳŎƘ as AIM2, thereby helping infected cells escape the innate antiviral 
immunity. HPV, human papillomavirus; AIM2, absent in melanoma 2; IL, interleukin; TGFR, transforming growth factor 
ǊŜŎŜǇǘƻǊΤ bCπˁ.Σ ƴǳŎƭŜŀǊ ŦŀŎǘƻǊ ˁ.Τ w.Σ ǊŜǘƛƴƻōƭŀǎǘƻƳŀ ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ Ŏorepressor (J. Chen et al., 2021). 
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Human papillomavirus (HPV)-associated cancers of the genital and head & neck (HN) region 

represent ~5% of all cancers worldwide and are set to remain a major health concern for the 

foreseeable future, thereby requiring novel effective therapeutic solutions Currently, the treatment 

for these tumors involves radiotherapy, chemotherapy, or surgery, all with devastating effects on 

the targeted anatomical sites. Thus, alternative antiviral therapies with fewer side effects are 

urgently needed to improve patient outcomes. Cancer immunotherapies removing checkpoint 

restraints on adaptive immunity are gaining clinical momentum but have so far failed to achieve 

widespread success in HPV-related cancer. Therefore, restoring pathways capable of triggering 

immunogenic cell death of HPV-associated tumors through production of type I interferons (IFNs) 

and lymphocyte-recruiting chemokines is of increasing interest. Type I IFNs are a family of cytokines 

that are pivotal in the protection against viral infections. During infections, their production is 

triggered by the recognition of microbial RNA and DNA by innate immune receptors which are 

expressed on a wide variety of innate and adaptive immune cells, as well as tumor cells and their 

activation appears to be a promising therapeutic target for cancer immunotherapy. 

Indeed, PRR agonists can stimulate tumors and their surrounding immune cells to secrete cytokines 

and chemokines, regulate immune cell polarization, and reprogram the immunosuppressive tumor 

microenvironment, thus promoting innate and specific immune response to cancer. 

In this scenario, we have recently demonstrated that HPV-transformed cells display marked 

downregulation of several PRRs, namely cGAS, RIG-I, and the downstream adaptor STING. 

Specifically, we found that high-risk HPV (hrHPV) persistence in keratinocytes inhibits both type I 

and type III IFN production in response to DNA ligands, and that this effect is mainly due to 

suppression of the cGAS-STING pathway. By contrast, the RIG-I pathway mediates the residual IFN 

production triggered by exogenous stimuli as poly(dA:dT) or the sequence-ƻǇǘƛƳƛȊŜŘ рΩǇǇǇwb! wLD-

I agonist M8 (obtained from our collaborator John Hiscott, Pasteur Institute-Rome), which was 

proven to be effective as anticancer agent in colorectal cancer model. Considering the emerging 

role of M8 as inducer of immunogenic cell death in cancer cells through production of type I IFNs 

and lymphocyte-recruiting chemokines, this compound may be a suitable candidate to enhance cell 

death in HPV-transformed cells and improve the effectiveness of existing anticancer therapies in 

HPV-associated tumors in vivo. Our aim was to assess the anticancer activity of M8 in HPV-driven 

oncogenesis using both in vitro and in vivo experimental models. We have also analyzed the 
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possibility to combine M8 treatment with standard chemotherapeutic agents, e.g. cisplatin, with 

the objective to increase the effectiveness of existing anticancer therapies. 

 

Emerging evidence indicates that the production of type I IFN and leukocytes recruiting (and 

activating) chemokines are pivotal for a robust immune-mediated tumor burden reduction in pre-

clinical models. In this context, using the C3.43-based syngeneic HPV16-driven mouse cancer model, 

generated by injecting C3.43 cells ς which are C57BL\6 embryo cells transduced with the entire 

HPV16 genome and H-Ras gene ς in the back of C57BL\6 mice, we have analyzed the impact of M8 

treatment on the tumor microenvironment (TME) to dissect  M8 action not  only on cancer cells but 

also on the immune cells populating the tumor, including the chemokines/lymphokines involved in 

these changes of the TME. The results obtained studying the impact of RIG-I activation in HPV-driven 

cancer models are described in the manuscript included in this thesis - Girone C, Calati F, Lo Cigno I, 

Salvi V, Tassinari V, Schioppa T, Borgogna C, Lospinoso Severini L, Hiscott J, Cerboni C, Soriani A, 

Bosisio D, Gariglio M. The RIG-I agonist M8 triggers cell death and natural killer cell activation in 

human papillomavirus-associated cancer and potentiates cisplatin cytotoxicity. Cancer Immunology, 

Immunotherapy. 2023. 
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