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1. Summary



Human papillomaviruses (HPVs) are small-eoveloped viruses with a doubktranded DNA
genome that infect cutaneous or mucosal stratified squamous epithelia of different body sites. They
can establish infections that usually remain latent in healthyviddials but also be responsible for

the development of benign or neoplastic proliferative lesions, depending on the specific oncogenic
properties of the different typesHPV typically establishes infection in the basal epithelial layer;
most of these infetions are transient and are cleared by the immune system within a couple of
months or years. However, £20% of infections persist latently, leading to disease progression,
including cancer. Escape from innate immune surveillance appears to be the hatmbiRRvV
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 haveedvalechanisms 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 moleculeskk interferons (IFNs). Human papillomavirus (H&#pciated 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 eféecti
therapeutic solutionsCurrently, the treatment for HR¥ssociated 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 imppatent
outcomes. Restoring pathways capable of triggering cell death iradg§dc¢iated tumors is of
increasing interest. In this scenario, PRRs appear to be among the most promising therapeutic
target. We have shown that HRkansformed cells display marked downregulation of several PRRs,
specifically, we found that HPV18 persistence in keratinocytes inhibits both type | and type 11l IFN
production in response to DNA ligands, and that this effect is mainly due to suppresthercGfAS

STING pathway, which seems to be irreversible even after treatment with exogenous DNA. By
contrast, the RI& pathway mediates the residual IFN production triggered by poly(dA:dT) or the
sequence2 LJG A YA T SR g &bdlisSLMe bl thiswdgdydn the first project presented here,

we have investigated the potential of the powerful RI&gonist M8 as an antiancer agent by
analyzing its ability to induce cell death and activate the immune response Htr&ti®formed cells.

Here, we have demomsted that M8 exerts a significant antancer activity, especially when
combined with cisplatin, botln vitro and in vivg using a syngeneic HP\{liiven mouse cancer

model. The preclinical model is based 063.43 cells, which are C5ABLmice embryo ells
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transduced with the entire genome of HPV16, subcutaneously injected in the back o\ € 5Bt
Interestingly, we have found that MBansfected cells conditioned medium promotes proliferation
and cytotoxic activity of purified NK celis vitro, and, by analyzing the immune infiltrate of
harvested tumors, we have also observed enrichment of activated NKrceilis

In the second project | have been involved, we have investigated a differentdrgsted approach,
focusing our attention on the cellular deacetylase SIRT1. SIRhE imain NAD-dependent
deacetylase in mammalian cells, and a possible key player inndBsed 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 DMplication through E1 and E2 modulation. It is involved also in
HPV DNA maintenance, aitchas been found to be overexpressed in HRWsformed cells, not

only in vitro but alsoin viva 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 HdHven oncogenesis. Inddethis
enzyme is involved in p53 deacetylation, and this is a crucial modification because upon p53
deacetylation, the lysine residues are then accessitdlfe ubiquitination and then degradation

of p53 by the E&£6AP complex. The H6épendent p53 degradation is one of the mechanisms
through which HPVs establish a replicatmympetent environment that may lead to cancer
development. Indeed, E6 and Ethe only two viral genes consistently found in cervical tumaurs

are required for the development and maintenance of FH#3gociated 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 E2&diated transcriptional activation of-fghase
genes. The peculiarity of E6/E7 activity is consistent with the observation thi mbst human
tumours harbour p53 or pRb mutations, HRMncer cells do retain unaltered p53 and pitimes.

In this context, we have analysed the involvement of the cellular deacetylase SIRT-dnuéRV
oncogenesisWe have demonstrated that SIRT1 pharmacological or genetic inhibition restores a
transcriptionally active K38acetylated p53 in HPAbut not HPVcell lines, which in turn promotes
GO0/G1 cell cycle arrest and inhibits clonogenicity specifically ir EEMg. Additionally, EX527 (a
SIRT3specific pharmacological inhibitor) treatment increased the sensitivity of *Hiells to
sublethal dose of standard genotoxic agents such as cisplatin and doxorubicin. The enhanced
sensitivity to cisplatin as well as p53 restoration upon SiRfibition were also observenh vivg

in the same preclinical syngeneic mouse model of HRMdiced cancer described for the first
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project. Altogether, our findings provide good evidence that diaugeted approaches are an
attractive and feasible option to enhance the effectiveness of existing anticancer therapies-in HPV

induced cancer.

| papillomavirus umani (HPV) sono virus nudi, con capside icosaechradterizzati da un genoma

a DNA circolare a doppia elica di circa@f Questi virus hanno un ampio tropisrper gli epiteli
squamgsi pluristratificati cutanei o mucaai di divers 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 proprieta oncogene
specifiche dei diversi tigli HPV Tipicamente, I'HPV stabilisce l'infezione nello strato badetgi
epiteli; la maggior parte di queste infezioni somr@nsenti e vengono eliminate dal sistema
immunitario entro un paio di mesipochianni. Tuttavia, il 120% delle infezioni peiste in modo
latente, portando alla progressione della malattiajo ad arrivare in alcuni casilo sviluppo di
cancro] QS @ Idallaridpgssaimmunitaria sembra essere la caratteristica distintiva delle infezioni
da HPV, ma i meccanismi molecolari che regolano questi eventi critici hanno inizissere e
scopertisolo di recente. @nmunita innatacostituisce la prima linea di difesa contro le infezioni da
agenti patogeniAlcuni patogenicome gli HPVhanno sviluppato meccanismi peluderequesta
prima linea di difesayno dei meccanismi pitl importanti & costituito €alh y’ A odgilpattery S
recognition recetpofPRR) e il conseguente blocco delle vie di segnalazione aasgiensabili della
produzione di molecole antivirali come gli interferoni (IFN). | tumori associatfetione da HPV

nel tratto genitale e nella regione testllo, oltre arappresentae circa il 5% di tutti i tumori nel
mondo, sono destinati a rimanerenasfidasanitaraimportante nelfuturo immediatq richiedendo
quindi nuove soluzioni terapeutiche efficaci. Attualmente, il trattamento per i tumori associati
allinfezione daHPV coinvolge radioterapia, chemioterapi@a chirurgia, tutti con effetti devastanti

sui siti anatomicicopliti. Pertanto, e urgente trovare nuovderapie antivirali alternative che
abbianominori effetti collateralj per migliorarela qualita di vitadei pazienti. Il ripristino delle vigi
segnalazione in graddi innescare la morte cellulare neirhori associati alhfezione daHPV auna
0N GSIALF OKS &adl 3Idzl RI 3y liydresto Eotésid,(i BRRIsénbrgn® R A
essere tra i bersagli terapeutici piu prometterilegli ultimi annijn questo laboratoriog stato
dimostrato che le cellule trasformate da HRstrano una marcata dowregolazionedi diversi
recettori della famiglianello specificog statoscoperto che la persistenza di HP\#i&heratinociti

coltivatiin vitro, in rispostaa DNA esogencome ad esempio poly(dA:dT),inibisce la produzione



sia di IFN di tipo | che di tipo. Questo effetto & principalmente dovuto alla soppressione della via
di segnalazioneGASSTING, che sembra essere irrevensibiite inibita,nonostanteil trattamento

con DNA esogeno. Al contraribpathwaydi RIGI media la produzione residua di IFN innescata da
poly(dA:dT) o dall'agonistdi RIGI M8, un RNA tdF 2 & T 2 N 'pbpRRA in-gftadomi®egaie e
attivare selettivamente la proteina RIGA tal proposito, nel primo progetto presentato qui,
abbiamo investigato il potenziadntitumoraledi M8, analizzando la sua capacita di indurre la morte
cellulare e attivare la risposta immunitaria nelle cellule trasformate da HPV. Abhizfatt
dimostrato che M8 esercita una significativa attivita proliferativa soprattutto quando
combinato con cisplatino, sia vitrochein vivg utilizzando un modello muringingenicadi tumore
indotto da HPV16. Il modello preclinico si basa sulle celidld3, che sono cellule embrionali di
topo C57B\6 trasdotte con l'intero genoma di HPV16, iniettate sottocute nel dorso di topi €67BL
Inoltre, abbiamo scoperto chetérreno condizionato dalle cellule trasfettate con M8 promuove la
proliferazione e l'attivita citotossican vitro di cellule NK purificate e, analizzando linfiltrato
immunitario dei tumori raccolti, abbiamo osservato anche un arricchimento di cellule NK attivate
anchein viva

Nel secondo progettan cui sono stato coinvoliabbiamoconcentrdo la nostra attenzione sulla
deacetilasi cellulare SIRTSIRT1 e la principale deacetilasi NAlpendente nelle cellule di
mammifelo, oltre a essere un potenzialattore chiave nella trasformazione indotta da HPV. Infatti,
l'associazione tra SIRT1 e HPV non € nuova, poiché una serie di studi ha gia riportatesthe
deacetilasié coinvola nella replicazione del DNA di HPV attraverso la modulazione di E1 ed E2. E
coinvolia anche nellaregolazionedel genomadi HPVoltre ad esseresovraespressnelle cellule
trasformate da HPV, non solm vitro ma anchein viva Sempre in questa direzione, la
sovraespressione di SIRT1 é stata travairrelata alla progressione dethalattiada CIN1 a CINS.
Inoltre, c'é urm correlazione indiretta molto importante tra I'attivita di SIRT1 e I'oncogeinelsitta

da HPVInfatti, questo enzima & coinvolto nella deacetilaziored f Q2 y O 2 3pa3L. s dhdsta 4 2 NB
e una modifica cruciale perché, con la deacetilazione di p53, i rafiilisinadeacetilatidiventano
accessibili per l'ubiquitinazione e quindclanseguentaelegradazione di p53 da parte del complesso
EGE6AP. La degradazione di p53 dipendeatdeE6 € uno dei meccanismi attraveisda gli HPV
stabiliscono un ambientiavorevoleper la replicaziondel genoma viralecheperopuo portare allo
sviluppodi neoplasie maligndnfatti, E6 ed E7gli unici due geni virali costantemente presenti nei
tumori della cervice- sono necessari per lo sviluppo e il mantenimento tlwhore associato

allinfezione da HPV attraverso interazioni proteif@oteina. In particolare, E6 mira
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allQ2 y 02 a 2 Lh9s/Bhdudendode degradazione, mentre E7 promuove la degradazione
delQ2 y O2 a 2 LdktihaBlast@draaNgRDb), attivando cosi la trascrizione mediata da E2F dei geni
dellafase Slel ciclo cellulareLa peculiarita dell'attivita di E&l E7 e consistente con I'osservazione
che, mentrenella maggior parte dei tumori umani p53 o pRultato mutati le cellulerasformate

da HPVnon presentano mutazioni in questi genn questo contesto, abbiamo analizzato |l
coinvolgimento della deaceti cellulare SIRT1 nell'oncogenesii & 2 OA I G | HPVQA Y F ¢
Abbiamq inoltre, dimostrato che ['inibizione farmacologica o genetica di SIRT1 riprististato di
acetilazione dp53 nelle linee cellulari HPYha non in quelle HPVil che promuove l'arresto del

ciclo cellulare in fase GO/GL1 e inibisce la clonogenigitacificamente nelle cellule HRholtre, il
trattamento con EX527 (un inibitore farmacologico specifico di Si&¢ntala sensibilita delle
cellule HPY a dosi suHetali di agenti genotossiaisati nella pratica clinicaome cisplatino e
doxorubicina. La maggiore sensibilita al cisplatino, cosi come il ripristino di p53 dopo l'inibizione di
SIRT1, sono stati osservati anéherivg nello stesso modellpreclinico murino singenicblPV16
indotto, descritto per il primo progetto. Nel complesso, le nostre scoperte forniscono buone prove
che gli approcci mirgtcome quelli riportatisono un‘opzione attraente percorribileper potenziare

I'efficacia delle terapie antamcro esistenti nel cancro indotto da HPV.



2. Introduction



2.1. Papillomaviruses: gneral features, classification, genome organization and life cycle

Papillomaviruses (PV) are small remveloped 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 th@apillomaviridadamily 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
mammds, 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 cervand the head and neck region where they can
lead to cancer.

Human Papillomaviruses (HPV) are capable of infegtingus 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 establigladtng infections,

which may d@her 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 makewdranmental 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 (STR#.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 responsiblepfanoaimately 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 higgrade epithelial tumors, collectively referred to as rmelanoma skin cancer
(NMSC), has been less definitively established. Some of thertamties 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 ongenic role of cutaneous HPVs in the development of skin
cancerqAkgul et al., 2006a; De Villiers, 2013; De Villiers et al., 2004; Doorbar, 2005; Doorbar et al.,
2012; Lechner et al., 2022)



Originally, papillomaviruses and polyomaviruses were classified within the same family called
Papovaviridaedue to shared characteristics like nenveloped 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 ofggificant nucleotide or amino acid sequence similarities. Consequently,
the International Committee on the Taxonomy of Viruses (ICTV) officially separated them into two
distinct families,Papillomaviridaeand Polyomaviridae This reclassification accurately reflects the
distinct evolutionary and genetic characteristics of these two virus faniled). Bernard et al.,

2010; De Villiers et al., 2004y he 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 ayercatd

into higherorder 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.

Lowerorder 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 inclubt/mses, 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 lifecycle characteristics and disease associations.tidddily, 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 respetiost species. These hestus
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 bylihkst 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). PVthamdosts have not followed identical
evolutionary paths, although initial niche sorting and hesus cespeciation 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 hostwitching 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 theicycle and persist without
causing overt diseaseNotably, 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 doutti}nded DNA viruses that infect
vertebrates, such as Polyomaviruses and Herpesviruses. The stability of these viral genome
sequences is maintained by the hifitielity proofreading capability of host DNA polymerases. As a
result, mutations in the PV genome accumulate at a very slow rate, rerggrhighly stabléH. U.
Bernard et al., 2010; HU. Bernard, 2013; Van Doorslaer, 20M8j)thin the Alphapapillomavirug ©

HPV) genus, HPV types differ in terms of their mucosal or cutaneous tropism and pathogenicity:
mucosal HPVs are clinically categorized as “hgii or "lowrisk" depending on their potential to
cause malignant progression. The World Health Orgaglizati A RSy (4 A T A §®V types Y dzO
(HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59) asiskgtanceicausing types, with additional

types (68, 73) being considered 'possibly’ carmarsing. These higkrisk 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, lowisk HPVs, like HPV6 and 11, primarily cause benign genital warts and
respiratory papillomatosis, a laryngeal disease. In rare instances, thesaslowiPVs can be
associated with cancers, especially in individuals with compromimatline systems. Other low

NA &t # GeLSax adzOK |a |t+mo F YR oHIHPYsNEHPWRY | SR
3,7,10, 27, 28, and 57, lead to various benign skin warts on hands, face, elbows, and knees.
¢KS 3ISYSN} DI YYHW+LIAE {azdy b @ IANP2avd- Ndgapllldriavirasa

HPV) consist of types associated with cutaneous warts, including benign palmar and plantar skin
g NIaod ¢KS . S{GHPMpLidafiy ehibit citanédizs trogism, with types like HPV 5,
8,9, 14, 17, 20, 21, 23, 36, 38, 47, and 49. These &ypdygpically linked to asymptomatic infections

in healthy individuals, remaining latent without clinical manifestation. However, in patients with
SLIARSNNY2RBALI I aAl GOSNNHZOATFT2NNYAA 6903 | -LINRYI
HPVinfectiond; Y R Ay 2 NHI y (i NHBVA dalf dauseiprebiBoBrausBkis sibasysuch

11



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).

Alpha-papillomavirus
mucosal & cutaneous

BEAdH.E
aSHPvg2
a5HPys5 ¢

a5HPygg

Mu-papillomavirus
cutaneous

Nu-papillomavirus
cutaneous

AHPVE —

g10HPV121

Q;gHPWSSA
910HPY

97N 130A

5
91Hpy,
9 7HPV46 o

Gamma-
papillomavirus
cutaneous

Beta-papillomavirus
cutaneous

Figure 1The phylogenetic tree dfiuman Papillomaviruses. Thpapillomavirustypes 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 assloautaneous (light bran); low

risk mucosal (yellow); or higtisk (pink) according to their association with the development of cancer. Therilgh
GeLlSa O0KAIKEAIKGISR Ay NBRO FINBE O2yFANNSR & aKdzyly OI N
is based o alignment of theE], E2 L1, andL2genes(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 systen{Akgul et al., 2006a; H. U. Bernard et al., 2010; De Villiers, 2013; De Villiers et al.,
2004; Egawa & Doorbar, 2017)

HPV viral particles are 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
12



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 dousiianded DNA of 8ilobasepairs (kbp) in lengtiiKnipe

et al., 2002)

Genomic organization is highly conserved among all HPV family members -8vitpeh reading

frames (ORFs) on a single transcriptionally active DNA strand encoding a larger number of gene
products because of mRNA splicing eveiitse 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 neededégulating 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
neededto support the productive viral life cycle (E1, E2, E4, E®rEBE7 for AlphaPV and E1, E2,

E4, E6andE7 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 widegdnt 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 it§sdfspite the conserved
regions of the genome, some of HPV genera possess exclusive features. For instance, most of the
betaHPVs lack a functional E5 ORF in addition to the much longer E2 and E4 ORFs. The difference
is not restricted to the coding regiomdeed betaHPVs have a shorter genome ranging from 7.4 to

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

E5 gendCiesielska et al., 2012; Doorbar, 2007; Doorbar et al., 2012; Egawa & Doorbar, 2017; Quint
et al., 2015; Tommasino, 2014)

The E1 protein is an hexameric Adépendent 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 thdicapion 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 Ebinding sites present in the LCR,dait also has an important role in the
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partitioning of viral episomes during cell division at the basal layer ofirtfextion site, equally

distributing extrachromosomal DNA to each ndwided cell.
A LCR

6000 Beta

Figure 2Human Papillomavirus genomes organization. (A) It comprises an upstream regulatory region (URR) and a
coding region that encodes early (ETX) 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 pgolabar et al., 2015)

Beside the activatorole 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 multsmeimicking amyloidike fibers

which in turn destabilize the cytokeratin network of infected cells thus facilitating the release of
viral particles in the extracellular environmeriBergvall 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, promotindgyipass 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 compartmenFinally, E6 and E7 are multimeric
proteins which carbe 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 hypoephosphorylated form of the retinoblastoma protein family member&ifp p107,
p130), inducing their turnover via ubiquitsthependent 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 detjmdaf 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, haad viral genome, and histone modifications

are often found associated with HPV infection and Hependent carcinogenesigkgul et al.,
2006b; Doorbar, 2007; Doorbar et al., 2012; McLaugbhmbin 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 selrenewing compartment, in which basal cells div&jenmetrically 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 thisovgalhized process to
establish an infection anfinely 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, whid¢he&vieleased through
virakladen squames (terminally differentiated dead ce{Bigure 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 cycletbe completed appropriately. For this reason, to complete a life cyede, 2
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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.
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Figure 3HPV 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 proteothe deregulated 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 asakiBaocyte remnants are sloughed off at the epithelial surface
(adapted fromZayats et al., 2032

Given that,n vitroexperimental models managed to recreate the differentiation patreeded for

HPV replication¢ of keratinocytes, this has been made through calcium administration,
resuspension in methylcellulose, or physically generating a 3Bik&iarganotypic cultte (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
heparinsulphate proteoglycans on the basal membrane exposed to the virus particle. Once the
virion reached the glycoproteins, L1 protein binds to them and induce a aoatanal 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 clatid@pendent endocytosis and through the
endosomal pathway is transferred toghtransGolgi 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 envelopaksdown (DiGiuseppe et
al., 2016, 2017)The HPV life cycle can be segmented into three differeased

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

- Second, the genome is replicated atcanstantlow copy number in the symmetrically

dividing basal cells (18800 copies per cell).
- Lastly, the genome is replicated at a high copy number during the differentidgépendent
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 re@ication origin (ori) by the latter,
once they are bound to DNAellular 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 assdotatéular factors.
This results in an initial burst of HPV genome amplification immediatelyipiesition, followed by
low-level genome maintenance, in which viral and cellular DNA replication are thought to coincide
during S phasé@oorbar, 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 domifinconserved sites (E2BS) in
the viral genome, and its transactivation domain with host chrom@#loBride, 2013)Importantly,
this tethering mechanism is a shared feature among oncogenic viruses with extrachromosomal
genomes and is essential for persistent infect{fMcBride, 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 proteinalighapillomaviruses ensure the timely-eatry
of infected cells into the cell cycle to facilitate genome amplificatidnmoughout 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. Thisrelgwation
allows for the terminal differetiation of keratinocytes and the expression of HPV capsid proteins
L1 and LZDoorbar et al., 2012)Elevated levels of L1 and L2 lead to the-asfembly 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 t
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facilitate virus release and transmissif@@doorbar, 2013)Superficial cells containing virion arrays

are naturally shed from the epithelial surface.

2.1.1. HP\Vdriven oncogenesis

In highNJA &HPVsh cell cycle entry stimulation occurs in the basal layebaydnd For reasons

that are not yet clear, highisk HPVncoproteins also promote the proliferation of infected basal
cells, a critical factor imeoplasia inductionMost HP\fassociatedcancers 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 ¥ the disruption of E2 and adjacent ORFs (E4, E5, L2), resulting in loss of
expression of fullength 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 abundandanoljng to and
silencing the early promoter within the LCR as part of a viral regulatory mechdhisnhought

that integration occurs in higgrade 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. Moreovénhrough integration in the host genome, HPV E6
and E7 transcripts take advantage of the fusiis NA @&liar sequences which confers longer
MRNA haHife and consequent protein stability. Furthermore, integration gives a selective growth
advantage wer 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 fragmfrota a single to
several hundred copies are often found integrated atandom 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 stags by driving cellular proliferation cooperating with E6 and E7. This is evident in
highNJA &HPV ktervical cancederived 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 integratiatependent further deregulation in E6 and E7 expression
leads to persistent stimulation offghase entry, and the loss of the cellular p53 tumor suppressor
protein. These cellular modifications promote the arise ofanal population of cells with a growth

advantage and an increased propensity for transformation and malignant progression.
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Figure4 Early protein induced desgulation 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 oncoprates 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, sapisomal E2 expression would interfere with
integrated E6 and E7 gene expresgibigure 4)

However, the abuse of these pathways can have adverse effects that the virus must overcome.
Indeed, te viral oncoproteins driving an increase in cellular dowddtend 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 respaviges 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 gerrestability 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 mghant progression. The accumulation of alterations in the host
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cell genome, particularly in genes controlling the cell cycle, is an important and necessarg®vent
wellin 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 cdactors in the development of cervical cancer.

- Multiparity and the longtierm use of oral contraceptives are also associated with increased
risk, hormonal contraception is associated with increased risk becausstmigensand
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% HPVih@uced cervical cancer cases show only episomal DNA, and around
70% of the cases contain integrated HPV16 sequences, while for HP¥ ¥8atlgenome is almost
exclusively integrated. Predominantly, cancers with episomal DNA appear to be characterized by a
better natural history than that in integrated DN2arrying tumors. Not only they possess a more
favourablehistory, but they also show a stronger immune response to L1 and L2 coat proteins.
However, the longerm deregulated oveexpression of E6 and E7, and the accumulation of genetic
and epigenetic changes, are the ultimately important events which drivepithgression fronHSIL

to cervical cance(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. HighNJA &HPVdand cervical carcinogenesis.

Genital alphaHPV represents thpredominantsexually transmitted viral infection globally, having

the highest incidence in the 15 to 25 age group upon the beginning of sexual activity, then a
progressive de@ase with ageHighNJA &HPV s linked to cervical cancers at a frequency of
approximately 3040 cases per 100,000 individuals. Virtually all cervical lesions contain viral
sequences, albeit the proportion associated with specific #Mgh &RIPV ftypes varies across
countries, demonstrating demographic, ethnic, and sestmnomic 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 adenooaneaircases, 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 (mildysplasia) are lowgrade lesions (LSIL, laywade squamous intraepithelial

lesions).
- CIN2 (moderate dysplasia) and CIN3 (in situ carcinoma) lesions argradghlesions (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 CINS if left
untreated. CIN3 are generally considered to be thredtiprecursors 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 highlh aHPV types are usually associated with discrete
areas of disease except at junction regions (where lesions abut or aresi gioximity) where
more than one type may be detectetfost 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 squamoolumnar 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 activitythis case, we can hypothesize that
the primary preferential target cells for highA aHPV ihfection may be cells close to the squamo
columnar junction, such as the epithelial reserve cells, which lie immediately underneath the
columnar epithelium othe endocervix, and eventually form the stratified epithelial layers of the
transformation zone as the cervix matures. Early acquisition of-Nigh&HPV Infections, also
facilitated by the low levels in antiggaresenting cells in this site, can didtuthe 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 HPAassociated neoplasia. In cervical disease, where most research has been done, it
is generally thought that levels of E6 and E7 protein expresamease 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 pocketst the most superficial layers.
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Figure 5 From productive infection to invasiveancer. 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 highriskhuman papillomavirus infectionsrogress to higkgradecervical intraepithelial neoplasiaghe
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 disrupt@n aofd
subsequent upregulation d6and E7oncogene expression (adapted frabmosbie 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 andlease viral particles, showing a lower level of cell
proliferation in the basal and parabasal layers. On the other hand;driggdhe lesions CIN2 and CIN3

are characterized by the persistence of cycling cells into upper lgyets;ularlyin 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 progressiomeed, he 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 andti& 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 ceifjnalingas can be brought about by hormonal changes, or epigenetic
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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 mayredgilate gene expression
(Doorbar, 2007; Doorbar et al., 201R)espite the high incidence of highh aHPV infection of the
genital tract among sexually active individuals, the majority98%) 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 maurgffective celmediated immune
response and the lesions spontaneously regress, indeed infections are usually resolved in a short
term period (1218 months), with low probability of ranfection by the same HPV tygEigure 6)

The failed effort to mount effective cathediated 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 persistentlgtimi@re often than other higtNJA &HPV h
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 oiNJgl&HPV h
infections. HPV globally downegulates the innate immune signalling pathways in the infected cells
through multiple ways: interference with attractive chemoksnelownregulation of the expression

and signalling of prinflammatory cytokines; dowsnegulation of the antiviral IFN response;
upregulation of antinflammatory cytokines preventing immune cells migration to the infection
sites; attraction and retention of suppressive regulatory T cetlg;rdregulation of TLR expression;
reduction in the activation of antigepresenting cells and in peptide presentation abilities. Many of
the mechanisms of immune evasion by kil &HPVshhave been established and seem to be
driven by specific functionsf 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 uppgers of the epithelium, far from circulating

immune cells, which further hinders detection by the host immune system.
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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 gystand cause destruction of infected cells at

the end stage of infection, antibodies against HPV capsid proteins only ati®er@®nths 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 imbaet 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 containthe 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 infastlmlieved 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 wadktablished that the virus must evade immune detection for an
extended period, allowing the accumulation of genomic and genetic abnormalities. Chronic
infections of highNJA aHPV, 'tharacterized by long persistence invatycling epithelial stem cells
without apparent disease, are a prerequisite for the development of-Bigdéciated malignancy.
While it is evident that highisk E6 and E7 target cellular pathways related to innate and adaptive

immunity, host and environnmral factors also play a significant role in the chronicity of thigh & { b
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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 issseey for the acquisition of secondary
genetic changedAll of these indicate that while highJA aHPV inhfection 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 cellshaf 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. HP\tassociatedhead and neck cancers

Already in the early 198§ ByrfMenand 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 (SCC¢yyrjanen, 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 trait5 Q{ 2 dzl  Sd I f X HaAamTtT CSNNRAE 3
From an anatomical point of view, OPSCC is limited to the base of the tongue, tonsils, posterior
pharyngeal wall, and soft palate (Figufe In contrast to cervical cancer, the incidence of HPV
oropharyngeal cancers, induced primarily by HPV16, continues to rise mostly in North America and
northern EuropgGillison et al., 2015Although virtually all cervical cancers are HR{uced, the
percentage of OPSCC arising from HPV infection has been estimated to be around 20% with a male
to-female ratio of approximately 4:(Chow, 2020; Formana et al., 2012; Sabatini & Chiocca,.2020)
Most importantly, HPMassociated OPSCCs represent distinct disease entity in terms of
epidemiology, biology and clinical behaviour compared to tobas=wciated counterparts
(Dayyani et al., 2010)t becomes increasingly clear that HR¥ncers 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 ih HNSCC
(Rampias et al., 2014ndeed, 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(HoppeSeyler et al., 2018)n addition, HPVcancers display more commonly mutations or

alterations in genes involved in phosphoinositid&iBase (PI3K) pathwaiGhittoni et al., 2015;
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Tommasino, 2014)n 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 diseaBee survival (DFS) in OPSCC patightg et al., 2010)Specifically, there

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

HPV OPSCC compared to the counterpdtrefaey et al., 2014)mportantly, HPYOPSCC 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 locomegiocontrol when managed with
combined cisplatibased chemotherapy and radiationKeane et al.,, 2015) From a
histopathological perspective, HR®lated OPSCC are usually Aa@ratinizing, undifferentiated or
basaloid squamous cell carcinomgsillison et al., 2000, 2012; Huang et al., 20)rrently,
traditional standardof-care treatment for patients with localized or locally advanced OPSCC is
combined cisplatifbased chemotherapy and radiation, excluding patients with estdge disease

who may be qualified for surgical intervention. Thaatment has been shown to be very effective,
with a 5yearOSof up to 95% iIrHPV 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, probies related to voice, and trismus.
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2.2. The nterplay betweenHPVand 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 otchaisms 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 specifiesponses, 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 molettdang

on pathogens, known as pathogassociated 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 neuigpor 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 agast 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 pathagsociated molecular
patterns (PAMPS), as well as halstrived damagessociated molecular patterns (DAMPs). PAMPs
encompass a diverse array of viral components, including desttd@ded RNAsinglestranded

RNA, unmethylated CpG DNA, andrighosphorylated RNA (ppBNA).

PRRs are situated either on the cell surface or within specific cellular compartments, such as the
cytosol. Distinct families of PRRs includelik# receptors (TLRs) anetype lectin receptors (CLRS),
found on the cell surface or within endocytic conmpaents, and nucleotidéinding
oligomerization domain (NOBike receptors (NLRs), RKBke receptors (RLRs), and cytosolic DNA
sensors (CDSs), located in the cytoplasm to detect intracellular pathogens. DNA sensors include
AlIM2-like receptors and therezyme cyclic guanosine monophosphaadenosine monophosphate
(cyclic GMRPAMP) synthase (cGAS). Activation of signaling adaptors initiates an intracellular cascade
that results in the production of proinflammatory cytokines through'NE | Y Rk 2 NJn afK S & §

type | interferons through interferon regulatory transcription factor 3 (IRF3) or IRF7.
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Figure 8Pattern Recognition Receptors (PRRS). In this figure are depicted tharahsignalling 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 birtd 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 tramddk LJG A 2y 2F OeG21AyS& &ddzOK ¢bCh FyR L[c
get released from the cell (adapted from Hennessy & McKernan, 2021).

The release of type | interferons acts through paracrine and autocrine pathways, activating signaling
cascades that lead to the induction and release of interfesbmulated genes (ISG§hkira &
Takeda, 2004; Bermejtambrina et al., 2018; X. D. Li et al., 2013; Loo & Gale, 2011; Sun et al., n.d.;
Unterholzner et al., 2010Keratinocytes, that form the stratified squamous epithelium of the skin

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

Although keratinocytes possess multiple PRRs capable of detecting viral pashaggrnnitiating
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the innate immune response, HPVs have evolved effectively to create -aespansive cellular
environment conducive to viral replication, persistence, and tumorigenesis. A series of research
reports, spanning back to the early 2000s, have consistently detrated that highrisk Human
Papillomaviruses (hrHPVs) exert inhibitory effects on numerous Inted8tonulated Gene (ISG)
transcripts, predominantly through the actions of the E6 and E7 viral proteins. Intriguingly, a
significant proportion of these gpressed 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 studieg iaveiled how E6 and E7 viral proteins

are capable of binding and effectively disabling crucial transcription factors, such as IRF1, IRF3, and
STATL. By doing so, they exert influence over either the transcriptional activation of Interferon (IFN)
genes othe 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 gudppthe 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 miar innate immune signalling pathways, namely cGAS/STING/TANK binding
kinasel (TBK1), RHBMAVS/TBK1, and TLRs, regulating the transcriptional activation of IFNs, pro
inflammatory cytokines, and chemokines in response to exogenous stiAlaline 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. TheRIGI/MAVS Pathwy

Retinoic Acidnducible Genelike Receptors (RLRs) appear to be the primary receptors responsible
for the cytosolic detection of viral RNMoody, 2022; Yoneyama et al., 200#hese receptors are
DEXD/H boxontaining RNA helicases and are expressed ubiquitously in the cytoplasm, with RIG
being the founding member of this receptor family. RLRs are commonly composed by a central
helicase domain and at€rminal domain fundametal for RNA recognition. In addition, RI@nd

MDAS5 alsopossessa tandem caspase recruitment domain (CARD), needed to interact with its
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downstream signaling adaptor protein mitochondrial antivisgjnaling protein (MAVS). The further
interaction between RIG and MAVS recruits other downstream signaling molecules as TNF
receptorassociated factor (TRAF)3/6 and inhibitor ofkKiFkinase KK) family members, which in

turn activate IRF3/7and NFkB-dependent transcription of ISGs and grdlammatory factors
(Rehwinkel & Gack, 2020%pecifically, Rl Oy NB O23y Al S &K2NI - R2dz
triphosphate or-R A LIK 2 & LIK | (-@ppRBIANEmzRIEA). ditially identified as a critical sensor

only for RNA viruses, accumulating evidence suggests that &K& plays a role imdirectly
detecting certain DNA viruses, since it recognizes RNA species generated by RNA polymerase |l
transcription (Habjan & Pichlmair, 2015; Verrier et al., 2018)hile there is currently no direct
evidence of the involvement of RIGn 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 WitRIM25 and its upstream regulator, the ubiquisipecific protease

15 (USP15). In their experiments involving HEK293T and ceararcailomaderived C33A cells
expressing FLAtagged E6 of HPV16, the researchers observed that E6 binds to both exogenous
TRM25 and USP15, resulting in the formation of a ternaryTREM25USP15 complex. This
enhanced Ed@riven TRIM25 polyubiquitination led to reduced TRIM25 protein stability.
Importantly, this ability of E6 to form a ternary complex was also observed in btgbirisk 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 theermatction between RIG and MAVS during Sendai virus
infection. As expected, the ectopic expression of HPV16 E6, but not E7, strongly inhibited-the RIG
mediated induction of ISG€hiang et al., 2018; Gack et al., 2008} important to note that while

these findings provide compelling evidence that ectopically expressed E6 can suppress-TRIM25
dependent K63inked ubiquitination of RI& and its interaction with MAVS, the ubiquitination
status and activity of RKGin HPViransformed cells, such as HelLa 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-¢fi¥n cance

a2NB20SNE Ay fAYS GgA0GK LINSOA2dza NBadz dax ! 1 3dz
keratinocytes (PHKs) HPV16 EG6 transcriptionally downregulates the expression of several PRRs,
including RIG. Additionally, in the recent years it has bemported 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 betdPV genugAkgul et al., 2010; Heuser et al., 2016; Marcuzzi et al., 2009)
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transfection of HPV8 early proteins, HPE8 and E2 proteins somehow interfere with downstream
signaling of RIGpathway, strongly impairing interleuki (11-6), butnot type | IFN, demonstrating

their role in innate immune evasidiRattay et al., 2022)mpairment of the RI& pathway was also
observed by our group in normal immortalized keratinocytes (NIKS) containing episomal HPV18
genomes and HelLa cells, an HPVii@man carcinomalerived cell line. In these cell lines, we
demonstrated that HPV18 persistence in keratinocytes inhibits both type I and Il IFN production in
response to exogenous ligandalbertini 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 H3K9meat the promoter region of RKG cGAS, and STING genes in a E7
dependent manner(Albertini et al., 2018; Lo Cigno et al., 2028¢cordingly, pharmacological
inhibition or gene silencing of SUV39H1 promotes the transcriptional activation dfgeitg with

the ensuing enhanced release of type | and Ill IFNs upon poly(dA:gTR p QLILILIwb !
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transfection(Lo Cigno et al., 2020Fonsidering that, it becomes crucial to investigate whether E6
mediated posttranslational modification of TRIM25 and-Educed transcriptional repression of
RIGI are two concurrent and convergent pathways employed by HPV for immune eyAtertini

et al., 2018; Lo Cigno et al., 202Dhis complex interplay remains to be fully elucidated.

2.2.2. Interferons, cytokines, and HPV infection

Interferons (IFNs) arsignaling 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 ¥ ¥ B X 02X (&9 ULy RO LI-&@HIS-<sl-4).L Foliowir® tviral
infection, type | and Il IFNs can be expressed by all types of cells while type Il IFNs can be secreted
only by NK and T cells. Type | IFNs activate an antitumor response via downregulation of regulatory
T cells and triggang of cytotoxic T cells (Abdolvahab Mt al., 2020, Moody C.A., 2022). Type |

IFNs interact with IFN #  NB OSLIi2NJ 6LCb! w0 6KAOK A& | KS{G!
composed of two parts: IFNARand IFNAR. IFNAR subsequently activate the recemesociated

protein tyrosine kinases Janumése 1 (JAK1) and tyrosine kinase 2 (TK2) which phosphorylates the
signal transducer and activator of transcription 1 and 2 proteins (STAT1 and STAT?2). Phosphorylated
STAT proteins dimerize and bind the dfeljulatory factor 9 (IRF9) forming the Istimulated gene

factor 3 complex (ISGF3). ISGF3 translocates into the nucleus and binds DNA on a specific consensus
sequence called IFBtimulated response elements (ISRES) activating the expression eof IFN
regulated genes (ISGs) (lvashkiv leBal,, 2014; Schoggin J.W., 2019).-IkRNE Ay a (i SIF RX 6
interferonr< NB OSLIJI2NJ 6LCb[ wy ¢gKAOK A& Ffaz 02YL}2aSF
the IL-10R2 subunit. Once activated, IFNLR triggers an amtimasponse that resembles that
induced by type | IFNs, both engage a similarSAKT pathway, with the only difference that type

[l IFNs can also take advantage of JAK2 adaptor. Moreover, type | IFN receptor is expressed on the
plasma membrane of all nigated cells, while type IIl 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 amtal 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 HitNected cells thorough mitiple mechanisms that in turn

inhibited ISGs expression lev@idorgan & Macdonald, 2020pifferent studies have demonstrated
32



that hr-HPVs infection decreases type | IFN production of immortalized keratinocytes (N/Tertl)
through the direct binding of E7 to IRF9 or the downregulation of STAT1, STAT2, and IRF9. Notably,
treatment with IFNbeta was able to activate STAT1 that impdirviral genome amplification,
suggesting a key role of STAT1 in HPV genome maintenance. Furthermore, type | IFN treatment of
HPV1écontaining N/Tertl cells was found to restore the expression of ISGF3 complex, but not ISG
expression, suggesting an IS@idependent regulation of the ISGBarnard & McMillan, 1999;

Evans et al., 2019; Hong et al., 2011; James et al., 2020; Morgan & Macdonald, 2020; Nees et al.,
2001b) In addition, IFM and IFN play crucial roles in both antitumor immunity and homeostasis

and have received FDA approval for the treatment of malignancied! & 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 gpassing and the generation of
cytotoxic T lymphocytes (CT[Abdolvahab et al., 2020Besides 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 agSTAT3 has been identified as a

key mechanism during HRRduced carcinogenesis. HPV+ cells, indeed, through thdeRéndent
activation of the NKB pathway, show an upregulated expression @6,llwhich generate a
paracrine and autocrine STAT3 activation. This STAT3 activation can be al$o ge@nsince
cervical cancer progression correlates with STAT3 protein expression and phosphorylation.
Furthermore, inhibition of STAT3 signalling in HBNtaining primary keratinocytes results in a
strong reduction of cell growth and the induction of apopso@lorgan et al., 2018; Morgan &
Macdonald, 2019; Shukla et al., 2010, 2013; Smola et al., 20¥fj)e 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 myetmocytic cells of the tumor
microenvironment (TME). The ceequence is a CGH2iven Ca" downstream signalling activation

in monocytes which leads to the overexpression of matrix metalloprot€a@dMP), a known pro
tumorigenic factor. Interestingly, the presence of this monoeyé&ived CCL2 is correlated with
persistent infection, and also potently recruits monocytes which further sustain the inflammatory
pro-tumorigenic TMEConti & Rollins, 2004; Smola, 2017; WdRilckheim et al., 2016; Zijlmaans

et al., 2006)Overall, cytokines and chemokines are an important component of the TME since they
are thekey to the celocalization of different types of immune cell (i.g. NK cells,"CD@&s, 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, CXalk1, 18 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

Immunotherapyc¢ ranging from adoptive cellular therapy to immueheckpoint blockade and
cancer vaccineg has revolutionized cancer treatment, becoming a major weapon in fighting this
disease. Indeed, in the recent years, the multidimensional siogjléechnologies 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 meanisms involved in cancer immuegasion, 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 organiderderact 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 delpment of technologies in the singtell field,
particularly in spatial mapping and quantification methods, we expect to systematically and
comprehensively explore the-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 RIA against Cancer

Accumulating evidence suggests that type | IFN signaling is crucial in order to improve the
responsiveness to conventional rad@ chemacbased therapies. Given that RLRs, in particular RIG

I, are essential to induce type I IFN production and increaseumogrenic cell death, this family of
receptors emerged as a new feasible therapeutic option for cancer patients.

Indeed, RIG agonists are being tested as monotherapy or in combination with ionizing radiation or
chemotherapeutic agents to treat a variety of solid tum@géion et al., 2018; X. Jiang et al., 2019;

Y. Jiang et al., 2023; Lambing et al., 3028onsidering 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 modélse example comes from Poeck andvaarkers that
reported the targeting of BCL2 afatpoptotic protein and RIGactivation at the same time using a

p Q L3iRNA. They recorded a profound suppression in tumor growth and metastasis of a murine
melanoma modelwhich was dependent on typelFN in both cancer cells and CD1dendritic

cells, crucial to engage NK cef/ A i KSNJ SEI YL S O02YSa FNRY (KS {
p Q L3iRNA targeting TA¥eta, showing its superior CDB celmediated anticancer effect, when
compared to either anéTGF6 S &AAwb! 2NJ pQLIIIwb! [ f2y ST Ay
(Ellermeier et al., 2013; Poeck et al., 2008gcently, technological advances in RNA delivery
systems have been achieved to improve the safety and activity of small RNA therapeutics. Since RNA
is a negativecharged molecule, it needs help to entry within the cell. For this purpose;dgsed

vehicks are the easiest way to delivery nucleic acidgosomal vesicles are composed of
phospholipids or synthetic amphiphiles incorporated with cholesterol. Intratumoral liposome
delivery of poly(l:C) induces RIBDAS expression and inhibits the growthlepatoma and gastric

cancer xenograftsMoreover, nanoparticles and hydrogels are representative carriers of SiRNA,
YAwb! -lIyRwip! @ LYRSSRX A y-fpNRNAdgYab#edponsive Srierib@aBeNE 2 7
destabilizing nanoparticles can overcome endosomal/lysosomal degradation of RNAtantypo
activate RI@. In preclinical studies, systemic delivery of nanoparticles composed of carboxylic acid
terminated poly (lactico-af & O2f A O | -app BSBRNAdGand ofhér inBate @ggonists induces
anticancer effects in murine melanoma model. Compared with intratumoral delivery, systemic
delivery of RIG agonists may be more feasible and effective in many clinical setiihgdiposome

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-tipidiumphosphate (LCP) nanoparticles,
where the lipidprotaminenucleic acid emplex is replaced by nanosized calcium phosphate
precipitates in which RNA is eapped.(Y. Jiang et al., 2023)jhrough LCP nanoparticles Das and
colleagues, reported the success achieved, in a pancreatic adenocarcinomianpra model, by a
systemiedelivered bifunctional RNA& LIS OA F A O f -B@L2 $iRNA iR induttidg & sfrang

local immune response dren by CD8 T cells and M1 macrophages, accompanied by pro
inflammatory Th1l cytokines expression and decreased T regs, immunosuppressive B regulatory and

plasma cells.
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Figure D Cell death pathways triggered by RNA sensors. (A) The RLRsaRIGIDASNE O2 3y A-io6 p
triphosphorylated short stretches of bagaired RNA and long complex dsRNA, respectively. Stimulation -dfaRts

MDAGS exposes their CARDs, which interact with the CARD of MAVS. BesRIddARIS also stimulates the activation

of the proinflammatory transcription factor NF. @ | a4 S02y R O ZRARETRAES afd2LNBAL amlA (i K
activates the RL®duced IRF3 mediated pathway of apoptosis (RIPA). LUBAC adds linear ubiquitin chains onto IRF3,
which activates the proapoptotic protein Bax. This leads to leakagg/tothromec out of the mitochondria.
Cytochrome c binds to and activates the proapoptotic protein Alpafhich induces the cleavage of the proenzyme of
caspased 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 L&Reated animalgM. Das et al., 2019)

Beyond to nanopatrticles, RIGgonists are also catching on chimeric antigen receptor (CABR)s.

CART technology is well established in the fielcdheimatologicmalignancies, while in solid tumors

the efficacy is brutally reduced by the heterogeneous clonality. Nonetheless,TGraRRe been
SYaAySSNBR (2 OFNNE wb!a YR 2 RStAOGSNI (KS
group engineered CAR cel$ to carry and deliver RN7SL1, a fomaling RNA targeting RIGnd

MDADS. The intriguingaot of the story comes with the delivery, since these €ARI deliver their

EVs exclusively to immune cells, resulting in the expansion of endogenous immune cells subsets

within the tumor microenvironmen¢Johnson et al., 2021)
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Furthermore, several synthetic dSRNAR#gonists are actually under investigatiorcambination

with well-established immune checkpoint inhibitors, such as pembrolizumahich is an anti
programmed cell deatli (PD1) monoclonal antibodyg, in order to improve the antitumor
response(Yuan et al., 2021)n case of monotherapy using Rl@gonists, it has been shown that
intratumoral injection of RIGligands induces a selective and effective antitumor immune response.
This phenomenon is characterized by the triggering of cancer cell apoptosis in a type | IFN
dependent or-independent manner, thus leading to pmoflammatory cytokines induction which
felicitates the formation of a prammunogenic cell death (ICD) enviroant (X. Jiang et al., 2019)
Another study, performed in a breast cancer model, demonstrated that RtBvation led to a pro
inflammatory secretion pattern and, most importantly, to pyroptosis which is the most
immunogenic form of cell deat(Elion et al., 2018) Moreover, Lambing and colleagues, showed
that RIGI activation can improve the effectiveness of conventional radiotherapy, also in the absence
of p53. In fact, when combined with radiations, this REgonistboosted immunogenic tumor cell
death and improved Dendritic Cells (DCs) activation and dead tumor cebdeifl ambing et al.,
2023) Another example is SLR14, which is an intraturdeiVered RIG agonist that is mainly
taken up by CD1Tttumor infiltrating myeloid cells, which in turn induces the recruitment of tumor
infiltrating CD8 T cells, NK cells, and CD1Xhyeloid cells themselves, while reducing the
immunosuppressive CEEoxP3T reg cell¢X. Jiang et al., 201%jurthermore, John Hiscott and his
GSFYZ RSOSt2LIGK2aBB3SNE | (p DRNAR@Nich lare BIBdQddisis)
d8YUIKSAAT SR FTNRY (G(KS pQ YR 0Q ! ¢w(Chidghgeét&S +S:
2015) Among them, they selected the most powerful in terms of-R$@mulation and consequent

IFN production, which is 100 base pdire y 3 -phpgphoiyisitad dsRNA, namely M8. More in the
details, M8 triggers intrinsic apoptotic pathways in colorectal eancells, whose death is
characterized by the expression of immunogenic cell deatated damageassociated molecular
pattern (ICBDAMP) markers and high level of l&&sociated cytokines such as JFKCastiello et

al., 2019)

2.3. The ellular deacetylaseSIRT1In cancer

Sirtuins are NAKIependent 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, nicotitga({NAM) and a novel compound

0 HO-acetytADRribose). The mammalian genome encodes seven different sirtuins (3)RWith
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varying subcellular localizations and chemical activities. From the literature it ikveslin that

SIRT1 deacetylates a wide range of substrates, includingp53,NE Ch - h (i NJ y & ONX LJi
PGauh = gAGK NRf Sa Ay OSdnérgizinttabolisiN®cISuEnavi@aarentd, y I A Y
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 aninflammatory phase. Itonditions of chronic inflammation,
however, partial or complete loss of the activity of SIRT1 is obsdtuadet al., 2009)In tumor

setting, SIRT1 fsund significantlyup-regulatedin human prostate cancer, acute myeloid leukemia,

and primary colon cancelts overexpression is frequently detected in all kinds of fmelanoma

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; Stunkel et al.,. 20607)
gynecological tumors, elevated expression of SIRTdbserved 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 can¢@saka 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 p&8ediated functions through deacetylatiaf the lysine 382,

located in the @erminal part(Luo et al., 2020; Vaziri et al., 200thterestingly, 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 deagkites p53 and attenuates p53 function, thus promoting tumorigenesis.
SIRT1 oncogenic effect malgobe attributed to loss of function of DBC1 (deleted in brezsicer

1). DBC1 forms a stable complex with SIRT1 and inhibits SIRT1 activity, leading to p53 acetylation
and p53mediated apoptosis. SIRT1 is also involved in epigenetic silencing dfypEdnethylated

tumor suppressor genes (TSGSs) in cancer cells. Typicalsblsgtihates 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 cancelated gene expression and stabilize genomic
DNA.In this regard|oss of global H4K16ac and H4K20meBhallmarkof human tumorgFraga et

al., 2005pndSIRT1 deacetylates H4K16 and H3K?9, thus inhilienyanscriptionof 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 geng8oschPresegué 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 biotlvitro andin vivg including glioma (Lee et al., 2015),
breast, colorectal, and leukem{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 can@ersl. Wang et al., 200&)irestein and
colleagues demonstrated that overexpression of SIRT1 in APQmia¥ reduces polyp formation
(Firestein et al., 2008)n addition, Wang and colleagues found that SIREmbryos 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 SIRT@laysa role in tumor suppression viaMyc-SIRT1 feedback loop which
regulatesc-Myc activity(Yuan et al., 2009-Myc binds to the SIRT1 promoter and induces SIRT1
expression. However, SIRT1 interacts with and deacetylakégce resulting in decreasedMyc

stability. Furthermore, the mutation of BRCA1 reduces SIRT1 expression and increases the risk for
breast, warian, 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 bothin vitroandin vivomodels. Finally, SIRT1 represses survivin gene transcription by
deacetylating H3K9 at its promoter. SIRT1 expression in BRCAL mutant cancer cells reduces survivin

expression and inhibits tumor formatiqPetrucelli et al., 2010; R. H. Wang et al., 2008)

2.3.1. The cellular deacetylas8IRTHuring HPVinfection and HPWriven 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 repliatibas et al.,

2017, 2019)and it is strongly upregulated in cells infected by high HPV types and cervical
squamous intraepithelial neoplasms, where its overexpression is correlated with disease
progression of CINs. In CIN lesions, dysplastic squamous cells show positi8iRTdr in an
increasing fashion from LSIL grade to HSIL grade. A total of 101 cases were analyzed Pgreelez

and colleagues, including 29 CIN 1, 32 CIN 2, 16 CIN 3, 2 microinvasive squamous cell carcinomas
(SCC) and 22 invasive SCC. Cervicahegplastic squamous epithelium showed weak positivity of
SIRT1 in the basal layer whereas SIRTZ-exmession was found in 13.8% CIN 1, 40.6% CIN2, and

50% CIN3, showing a statistically significant difference frixth @d CINACN3 lesions. Moreover,
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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 prsgion of CIN to invasive SCC. When
AYFSOGSR 6AGK 1t+> OSNIAOFE SLMAGKSEAILIT OSftfa
F3a20AF0SR LINRPGSAYEA G GKS 9mMm9H O0AYRAY3I LI2AA
replication(Almeida et al., 2019; Veldzerez et al., 2017; Vonsky et al., 208IRT1 is a component

2F GKS 9mMm9H NBLI AOFGAZ2Y O2YLX SE | yIRDdset@lS OS54 3
2017) The biological explanation for the upregulation of cellular SIRT1 in CINs and SCC is related to
the oncoprotein HPV ETndeed, 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 rsigmfica

rapid upregulation of SIRT1 within 48 hours, whereas siRNA reduction of HPV E7 in SiHa cells caused
reduction of SIRT1 and inded apoptosisTogether, these data suggest a role of overexpressed
SIRT1 in HPRMfected 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 7 attenuate p53 preapoptotic capacity via its dacetylation allowing
unregulated cell growth to occyAllison 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 inflammasoni8o 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-§&X), 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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of HPV. In addition, HP¥féction 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
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Human papillomavirus (HP¥¥sociated 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 antiviteerapies 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 HP&lated cancer. Therefore, restoring pathways capable of triggering
immunogenic cell death of HPAssociated tumors through production of type | interferons (IFNs)
and lymphocyterecruiting chemokines is of increasing interest. Type | IFNs are a family ohegtoki
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 immunis,caé 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 res@oto cancer.

In this scenario, we have recently demonstrated that HiRisformed cells display marked
downregulation of several PRRs, namely cGAS;|,Rd&d the downstream adaptor STING.
Specifically, we found that higiisk HPV (hrHPV) persistence in keratinocymésbits both type |

and type Ill IFN production in response to DNA ligands, and that this effect is mainly due to
suppression of the cGASTING pathway. By contrast, the Rigathway mediates the residual IFN
production triggered by exogenous stimuli adyfdA:dT) or the sequene2 LJG A YA T SR p QLILILI
| agonist M8 (obtained from our collaborator John Hiscott, Pasteur InstRaw@e), which was
proven to be effective as anticancer agent in colorectal cancer model. Considering the emerging
role of M8 as iducer of immunogenic cell death in cancer cells through production of type | IFNs
and lymphocyterecruiting chemokines, this compound may be a suitable candidate to enhance cell
death in HPMransformed cells and improve the effectiveness of existing antier therapies in
HP\fassociated tumors in vivéur aimwasto assesghe anticancer activity oM8 in HPWdriven

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 th#ie production of type | IFN and leukocytes recruiting (and
activating) chemokines are pivotal for a robursimnunemediatedtumor burden reduction in pre
clinical modelsln this context, using th€3.43basedsyngeneic HPVidérivenmousecancemodel,
generatedby injecting C3.43 celliswhich are C57BB embryo cells transduced with the entire
HPV16 genome and-Rasgenec in the back of C57B& mice,we have analyzed the impact of M8
treatment on the tumomicroenvironment (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 TMEhe results obtained studying thmpact of RIG activation in HPMriven
cancer models ardescribedn the manuscriptncluded in this thesisGirone C, Calati F, Lo Cigno |,
Salvi V, Tassinari V, Schioppa T, Borgogna C, Lospinoso Severini L, Hiscott J, Cerboni C, Soriani .
Bosisio D, Gariglio M. The RI@gpnist M8 triggers cell death and natural killer cell activation in
human papillomavirusssociated cancer and potentiates cisplatin cytotoxicity. Cancer Immunology

Immunotherapy. 2023.
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Abstract

Although the activation of innate immunity to treat a wide variety of cancers is gaining increasing attention, it has been poorly
investigated in human papillomavirus (HPV)-associated malignancies. Because these tumors harbor a severely impaired
cGAS-STING axis, but they still retain a largely functional RIG-I pathway, another critical mediator of adaptive and innate
immune responses, we asked whether RIG-I activation by the 5’ppp-RNA RIG-I agonist M8 would represent a therapeuti-
cally viable option to treat HPV™ cancers. Here, we show that M8 transfection of two cervical carcinoma-derived cell lines,
CaSki and HeLa, both expressing a functional RIG-I, triggers intrinsic apoptotic cell death, which is significantly reduced
in RIG-1 KO cells. We also demonstrate that M8 stimulation potentiates cisplatin-mediated cell killing of HPV* cells in a
RIG-I dependent manner. This combination treatment is equally effective in reducing tumor growth in a syngeneic pre-clinical
mouse model of HPV16-driven cancer, where enhanced expression of lymphocyte-recruiting chemokines and cytokines
correlated with an increased number of activated natural killer (NK) cells in the tumor microenvironment. Consistent with a
role of RIG-I signaling in immunogenic cell killing, stimulation of NK cells with conditioned medium from M8-transfected
CaSki boosted NK cell proliferation, activation, and migration in a RIG-I-dependent tumor cell-intrinsic manner. Given the
highly conserved molecular mechanisms of carcinogenesis and genomic features of HPV-driven cancers and the remarkably
improved prognosis for HPV* oropharyngeal cancer, targeting RIG-I may represent an effective immunotherapeutic strategy
in this setting, favoring the development of de-escalating strategies.

Keywords Human papillomavirus (HPV) - RIG-I - NK cells - Cisplatin - 5’ppp-RNA

Introduction mechanisms regulating pathogen vs non-pathogen recogni-

tion. One of such mechanisms relies on the ability of pattern

Cancer cells and virus-infected cells share the need to escape
from innate immunity to establish persistence in the host.
Immune evasion is often achieved by tampering with the
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recognition receptors (PRRs) to recognize pathogen-associ-
ated molecular patterns (PAMPs), highly conserved and spe-
cific molecular structures harbored by all microorganisms,
thus triggering endogenous immune responses or apoptosis.
In addition to external stimuli, PRRs can also sense self-
derived danger signals called damage-associated molecular
patterns (DAMPs), thereby stimulating innate immunity and
inflammation [1, 2].

Retinoic acid-inducible gene I (RIG-I) is an important
viral sensor that induces an antiviral host response. Upon
binding to 5’-tri- or diphosphate (5'ppp- or 5’pp)-single-
stranded-RNAs, RIG-I triggers an antiviral signaling cascade
through adaptor mitochondrial antiviral signaling (MAVS),
leading to the induction of type I interferons (IFNs) and
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proinflammatory cytokines [3-5]. Interestingly, RIG-I sign-
aling has been recently shown to play a key role in not only
restricting viral infection but also suppressing cancer devel-
opment. Specifically, RIG-I stimulation induced cell death of
numerous cancer cell lines, raising the intriguing possibility
that RIG-I agonists may be used as anticancer agents. In
particular, the activation of RIG-I signaling in cancer cells
by specific agonists, such as 5’ppp-RNAs, triggered can-
cer cell death programs in either a type I IFN-dependent or
-independent manner. Lastly, RIG-I signaling in cancer cells
mediated the activation of several innate immunity cells,
including dendritic cells (DCs), natural killer (NK) cells, and
CDS8* T cells, thereby promoting cancer cell death [6—10].

Human papillomaviruses (HPVs) are small, non-envel-
oped double-stranded DNA viruses responsible for the
development of squamous cell carcinoma (SCC) of the
anogenital and upper aerodigestive tract, with an incidence
of ~5% among all cancers worldwide [11-13]. While vir-
tually all cervical cancers are HPV-driven, head and neck
(HN) SCCs, likely arising from HPV16-infected cells, are
for the most part oropharyngeal squamous cell carcinomas
(OPSCCs), with a prevalence of ~20%. Notably, HPV*
OPSCC is one of the most rapidly expanding cancers in
high-income countries [14-17].

Even though cancer immunotherapies removing check-
point restraints on adaptive immunity are gaining clinical
momentum, they have so far failed to achieve widespread
success in treating HPV-related cancers [14, 18]. Therefore,
restoring pathways capable of triggering the innate immune
response in HPV-associated tumors through production of
type I IFNs and lymphocyte-recruiting chemokines is an
attractive and, potentially, more effective strategy to treat
this type of cancer.

Against this backdrop, PRR stimulation appears to be
among the most promising therapeutic targets [6-10]. This
is particularly true for HPV-infected cells where deregu-
lated expression of the viral oncoproteins E6 and E7 leads
to impaired innate immunity, thus allowing the virus to com-
plete its life cycle and persist in the host cell, all the while
boosting cell proliferation and promoting cancer develop-
ment. Indeed, inhibition of E6 and E7 oncoproteins in HPV*
cancer cells has been shown to restore the innate immune
response by interfering with the unreactive state of cancer
cells that had been, until then, favoring viral persistence, cell
growth, and tumorigenesis [11, 13, 19-23].

A series of reports, including some from our group, have
demonstrated that the cGAS-STING signaling pathway,
involved in innate immune sensing of DNA, is severely
impaired in HPV* cancer cells [19-23]. Specifically, we
showed that HPV 18 persistence in keratinocytes inhibited
both type I and type III IFN production in response to DNA
ligands, and that this effect was mainly due to the transcrip-
tional repression of the cGAS-STING pathway, which was

@ Springer

irreversible even after treatment with exogenous DNA. On
the other hand, we found that the residual IFN production
triggered by poly(dA:dT) was instead regulated by the RIG-I
pathway, and that stimulation with the 5’ppp-RNA RIG-I
agonist M8 led to transcriptional activation and secretion of
type I and IIT IFNs in HPV* cancer cells [21, 22]. As previ-
ous studies had demonstrated that RIG-I stimulation induces
immunogenic cell death in human cancer cells [6-8], we
asked whether RIG-I-mediated activation of innate immu-
nity would restore the inflammatory phenotype of HPV™*
cancer cells, making these cells more sensitive to anticancer
therapy.

Here we show that treatment of HPV™ cancer cell lines
with M8 leads to growth arrest and apoptosis, and potenti-
ates cisplatin (Cis) cytotoxicity. The observation that intra-
tumoral delivery of M8 leads to the recruitment of activated
NK cells to the tumor microenvironment, inhibits tumor
growth, and enhances the production of pro-inflammatory
cytokines and chemokines, raises the possibility that this
compound may be used in combination chemotherapy regi-
mens for the treatment of human HPV-associated cancers.

Materials and methods
Cell culture, transfection, and treatments

HeLa cells (CRM-CCL-2™-ATCC, RRID:CVCL_0030)
were grown in DMEM (Sigma-Aldrich), whereas CaSki
(CRM-CRL-1550™-ATCC, RRID:CVCL_1100) and C3.43
cells (RRID:CVCL_DC63, kindly provided by Martin Kast,
USA) were cultured in RPMI (Thermo Fisher Scientific),
both supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich) [24, 25]. DDX58/RIG-I knockout cells
were generated with CRISPR/Cas9 technology as previ-
ously described [22]. M8 5’ppp-RNA was obtained as pre-
viously described [26] and transfected using Lipofectamine
RNAiMax transfection reagent as recommended by the man-
ufacturer (Thermo Fisher Scientific). Cells were treated with
15 uM Cis (Sandoz).

Cell viability and apoptosis assays

Cell viability was determined by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-
Aldrich), as previously described [27].

To distinguish the type of cell death, double staining for
exposed phosphatidylserine and PI exclusion was performed
using the Annexin V-FITC Kit (BD Pharmingen), according
to the manufacturer’s instructions. Briefly, cells were plated
into 6-well plates (1.5X% 10° cells/well) and transfected with
M8 alone (10-500 ng/mL) or treated with a sublethal dose
of Cis (15 pM). To assess the additive or synergistic effect
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of the two treatments, CaSki cells were transfected with M8
(10 ng/mL) and incubated in the absence or presence of
15 uM Cis for 24 h. After being harvested, cells were resus-
pended in annexin V/FITC and PI buffer and then analyzed
by Attune™ NXT Flow Cytometer using FlowJo software
(RRID:SCR_008520, Treestar). Controls of unstained cells,
cells stained with Annexin V-FITC only, or cells stained
with PI only were used to establish compensation and quad-
rants. Cells were gated according to their light-scatter prop-
erties to exclude cell debris.

ELISA

The cytokines secreted in the culture supernatants were ana-
lyzed using single analyte human enzyme-linked immuno-
sorbent assay (ELISA) kits for IFN-p (DY814-05; DuoSet
ELISA human IFN-f; R&D Systems), IFN-A, (DY 7246;
DuoSet ELISA human IL-29/IFN-A; R&D Systems), IL-6
(DY206-05; DuoSet ELISA human IL-6; R&D Systems),
CCLS (DY278; DuoSet ELISA human CCLS5; R&D Sys-
tems), CXCL9 (DY392; DuoSet ELISA human CXCL9/
MIG; R&D Systems), CXCL10 (DY266; DuoSet ELISA
human CXCL10/IP-10; R&D Systems) and CXCL11
(DY672; DuoSet ELISA human CXCL11/I-TAC; R&D
Systems) according to the manufacturer’s instructions. All
absorbance readings were measured at 450 nm using a Vic-
tor X4 Multilabel plate reader (Perkin Elmer).

Immunoblotting

Whole-cell protein extracts were prepared and subjected to
immunoblot analysis as previously described [22]. Rabbit
monoclonal antibody anti-PARP-1 (diluted 1:1000; 94528,
RRID:AB_2160739; Cell Signaling) was used and a mouse
monoclonal antibody against x-GAPDH (diluted 1:10000;
60004-1-Ig, RRID:AB_2160739; Proteintech) was used as a
control for protein loading. Immunocomplexes were detected
using sheep anti-mouse (NA931; GE Healthcare) or don-
key anti-rabbit (A6154; Sigma-Aldrich) immunoglobulin
antibodies conjugated to horseradish peroxidase (HRP) and
visualized by enhanced chemiluminescence (34580; Super
Signal West Pico; Thermo Fisher Scientific) using the instru-
ment ChemiDoc Touch Imaging System (Bio-Rad).

In vivo tumorigenicity assay

C57BL/6 J (RRID:IMSR_JAX:000664) mice were housed
under pathogen-free conditions in our animal facilities in
accordance with “The Guide for the Care and Use of Labora-
tory Animals,” and the experimentation was approved by the
Italian Ministry of Health (Agreement No. 219/2020-PR).
Five-week-old mice were subcutaneously inoculated with
1.5% 10° C3.43 cells into their backs. After 12 days from

the inoculum, M8 (20 pg) alone or in combination with Cis
(1 mg/kg) was injected intratumorally (i.t.) and intraperi-
toneally (i.p.), respectively, every two days for a total of
three administrations. Control mice received vehicle alone
(In-vivo-JetPEI®, 101000030, PolyPlus Transfection®) or
in combination with Cis. Mice were daily monitored, and
tumor growth was measured over time using a Vernier cali-
per. The tumor was removed after 24 h from the last treat-
ment (day 17), and its volume calculated according to the
following formula: Lx W2/2, where length (L) is the longest
dimension and width (W) is the shortest dimension. Tumor
weight was measured as well.

Flow cytometry

Tumors were harvested, mechanically cut into small pieces,
and then enzymatically treated with 1 mg/mL collagenase
D (IV type, Clostridium histolyticum, Sigma) and 0.02 mg/
mL DNase I (from bovine pancreas grade 2, Roche) at
37 °C for 30 min. The enzymatic reaction was stopped by
adding EDTA (Sigma). The ensuing single-cell suspen-
sion was filtered by means of a 70-um cell strainer and
prepared for cytofluorimetric analysis. After Fc blocking,
single-cell suspensions were stained with the following
antibodies from Miltenyi Biotec: CD45-VioGreen (clone:
REA737); NK1.1-APC (clone: PK136); CD11b-Vioblue
(clone: REA592); CD3-PE (clone: REA641); CD69-
PEVio770 (clone: REA937); Ly6C-PE (clone: 1G7.G10);
CD4-PEVio770 (clone: REA604); CD8-Vioblue (clone:
53.6.7); and F4/80-PercPVio700 (clone: REA126). Sub-
sequently, cell viability was determined by LIVE/Dead-
633 nm (L10120) staining according to the manufacturer’s
instructions (Invitrogen); negative cells were considered via-
ble. Doublet exclusion and gating on live CD45% cells were
performed. The following subpopulations of CD45" were
identified: CD11b* Ly6C* (monocytes), CD11b* F4/80*
(macrophages), CD3*CD4* and CD3*7C87 (T cells) and
NK1.1*CD3~ (NK cells). Cells were analyzed on a MAC-
SQuant16 (Miltenyi) and analyzed with FlowJo software
(RRID:SCR_008520, Treestar) [28].

Quantitative PCR

RNA was extracted from CaSki cells or the harvested tumors
using TRIzol (15596018; Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. After RNA purifica-
tion, samples were treated with DNAse to remove contami-
nating genomic DNA. Reverse transcription was performed
using random hexamers and MMLV RT (all from Thermo
Fisher Scientific). The primer sequences are available upon
request.
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NK cell proliferation assay

Human NK cells were purified from healthy donors’ periph-
eral blood by negative selection, using RosetteSep™ Human
NK Cell Enrichment Cocktail (STEMCELL™ technolo-
gies). NK cell purity (CD56"CD3~) was more than 95%.
Cells were labeled with the Incucyte® Nuclight Reagent
(#4717 Sartorius) and grown in a 96-well plate (40,000 cells/
well) in the presence of conditioned media from M8-trans-
fected (10 ng/mL) or mock-transfected CaSki cells. Prolif-
eration was measured by IncuCyte® Live-Cell Analysis
System (Sartorius), and the data were analyzed through
IncuCyte® Zoom software.

NK cell migration assay

For migration assay, NK cells were purified as described
above. Cell migration was measured using a transwell migra-
tion chamber (diameter insert: 6.5 mm, pore size: 5 pm;
Costar, Cambridge, MA). As chemoattractant, conditioned
medium from M8-transfected (10 ng/mL) or mock-trans-
fected CaSki cells was added to the lower compartment.
After 4 h at 37 °C, the number of migrated cells was counted
using BD FACSCanto™ (RRID:SCR_018055, BD). The
percentage of migrated cells was calculated as follows: num-
ber of migrated NK cells/number of input NK cells x 100.

Cytotoxicity assay

NK cells were incubated overnight with conditioned media
from M8-transfected (10 ng/mL) or mock-transfected CaSki
cells, then used as effectors in a 4-h cytotoxicity assay at
the E:T ratio of 20:1. CFSE-labeled CaSki cells were used
as targets. After being washed once with 1% BSA in PBS,

cells were resuspended in the same buffer and incubated for
20 min at 4 °C in the presence of the intercalating DNA dye
7-aminoactinomycin D (7-AAD) (5 pg/mL) (Sigma-Aldrich,
St Louis, MO). Lastly, cells were fixed with 1% PFA (Sigma-
Aldrich, St Louis, MO) for 20 min at 4 °C. At least 20,000
events in the CFSE™ gate were collected using BD FACS-
Canto™ (RRID:SCR_018055, BD).

Statistical analysis

All statistical analyses were performed using Graph-Pad
Prism version 8.00 for Windows. The data are represented
as mean =+ standard deviation (SD). For comparisons of two
groups, means were compared using the two-tailed Student’s
t tests. Differences were considered statistically significant
at a p-value <0.05.

Results

The RIG-1 agonist M8 strongly boosts cell death
in HPV* cancer cells

To assess the potential applicability of RIG-I agonist-based
therapy to HPV-driven cancers, we first interrogated The
Cancer Genome Atlas (TCGA) dataset for RIG-1/DDX58
gene mutations. This cohort comprises 279 HNSCCs (Fig. 1,
upper panel) [29] and 278 cervical cancers (Fig. 1, lower
panel) (data generated by the TCGA Research Network:
https://www.cancer.gov/tcga). Among the 36 (13%) HPV*
HNSCC cases only one displayed a deep deletion in the
RIG-I/DDX58 gene. Among the HPV™ counterpart, RIG-1I/
DDX58 was found amplified in only 5 cases, deep deleted
in 4, and mutated (missense mutation) in 2 (Fig. 1, upper

Head and Neck Squamous Cell Carcinoma (TCGA, Nature, 2015), 279 cases

HPV status il 000
DDX58 a | T
Genetic Alteration § Missense Mutation e Ja J| Deep Detetion | No atterations
HPV Status frev- [ rev-
Cervical Squamous Cell Carcinoma (TCGA, PanCancer Atlas), 278 cases
DDX58 14%

Genetic Alteration ¥ Missense Mutation (unknown significance)

Fig.1 The RIG-I/DDX58 gene is rarely mutated in HPV-associated
cancers. TCGA-curated clinical data set of HNSCC (n =279 samples,
upper panel) and cervical squamous carcinoma (n=278 samples,
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lower panel) were interrogated for genomic RIG-I/DDX58 mutations.
Scores for HPV status corresponding to each clinical HNSCC speci-
men are shown
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panel). As for the cervical cancers, their HPV status was
unspecified. However, given that>98% of cervical can-
cers are known to be HPV-driven, we decided to arbitrarily
consider all these cases as HPV*. Among these tumors, we
found that only 4 of them carried a missense mutation in
RIG-1/DDX58 (Fig. 1, lower panel). Thus, the overall muta-
tion rate of RIG-I/DDX58 in these two cohorts was~ 3%,
indicating that this gene is rarely lost or mutated in HPV-
associated cancers.

We next asked whether the activation of RIG-I RNA-
sensing pathway would promote cell growth arrest and apop-
tosis of HPV™ cancer cell lines upon stimulation with the
5’ppp-RNA RIG-I agonist M8. To this end, we used CaSki
and HeLa cervical carcinoma-derived cell lines harboring,
respectively, an integrated HPV16 or HPV18 genome [24]
and both expressing a functional RIG-I [22]. As negative
control, we also used DDX58/RIG-I knockout (RIG-I KO)
CaSki and HeLa cells, already available in our laboratory
[22]. Cells were transfected in the absence or presence of
increasing doses of M8 (10, 100, or 500 ng/mL) for 24 h,
and then subjected to MTT assay to determine cell viabil-
ity. Stimulation of WT CaSki cells with M8 at all doses
(10-500 ng/mL) led to a substantial loss of cell viability
(40-50%) in comparison with vehicle-transfected cells
(Fig. 2a, left panel). This growth inhibition was almost
halved in M8-transfected RIG-I KO vs WT CaSki cells,
but still statistically significant when M8-transfected cells,
both WT and KO, were compared with the corresponding
vehicle-transfected cells. Similar results were obtained in
MS8-transfected HeLa cells (Fig. 2a, right panel), although
the extent of growth inhibition was not as marked as that
seen in CaSki cells. However, when we transfected RIG-I
KO HeLa cells with M8, we observed a significant rescue
from cell growth inhibition at the highest doses (100 and
500 ng/mL).

To determine whether M8-transfected cells were indeed
undergoing apoptosis, we next performed annexin V/propid-
ium iodide (PI) staining and flow cytometry. As depicted in
Fig. 2b, the percentage of apoptotic cells in WT CaSki cells
was 5.7% and 7% when M8 was used at 10 and 100 ng/mL,
respectively, and it increased up to 19% when we used the
highest dose (500 ng/mL). By contrast, in RIG-I KO CaSki
cells, the percentage of apoptotic cells remained below
8% also at the highest dose. A similar trend was observed
in WT HeLa cells, with a 19% of apoptotic cells in those
cultures that were transfected with the highest dose of M8,
which dropped below 7.5% in RIG-1 KO HeLa cells simi-
larly transfected. Based on these results, all the experiments
hereinafter were performed by transfecting M8 at a dose of
10 ng/mL. The onset of apoptosis was further confirmed by
enhanced PARP-1 cleavage observed in both M8-transfected
WT CaSki at 16-24 h and WT HeLa cells at 8-16-24 h
(Fig. 2c, d) [30]. Consistent with a proapoptotic activity of

RIG-I, M8-transfected RIG-I KO CaSki and HeLa cells did
not display any significant induction of PARP-1 cleavage.

Next, we assessed the release of both type I (IFN-p) and
I IFNs (IFN-2,) in the culture supernatants from WT CaSki
or HeLa cells transfected or not with M8. In either cell line,
the secretion of both IFN-f and IFN-X, was strongly induced
upon M8 stimulation starting from the lowest dose, with
negligible dose-dependent variations (Fig. 2e). Importantly,
the induction of IFN levels was substantially reduced in
M&-transfected RIG-I KO cell lines, suggesting that RIG-I
signaling is required for transcriptional activation of IFNs.

Altogether, our findings suggest that M8-mediated activa-
tion of RIG-I signaling promotes growth arrest and apoptosis
of HPV™ cell lines.

Activation of RIG-1 by M8 sensitizes HPV16* cells
to cisplatin cytotoxicity

One of the main goals of immunotherapy is that of increas-
ing the response to standard chemotherapy to allow the
development of de-escalating strategies aimed at reducing
chemo-associated side effects [31-33]. Given the proapop-
totic function of RIG-I signaling, we sought to determine
whether M8 stimulation would sensitize HPV* cancer cells
to the cytotoxic effects of standard chemotherapeutic agents
(e.g., Cis). As HPV16 is the most frequent HPV genotype
found in HPV-associated cancers, we decided to focus here-
inafter on the HPV16-based model of CaSki cells [15].

MS stimulation of WT CaSki cells for 24 h reduced cell
viability by approximately 40% (Fig. 3a), in good agreement
with our previous results (Fig. 2a). On the other hand, 24-h
treatment of WT CaSki cells with 15 uM Cis—estimated
to be a sublethal dose by MTT assay (data not shown)—
decreased cell viability by only 20% (Fig. 3a). However,
when we treated cells with Cis + M8, we recorded a 60%
loss of cell viability (Fig. 3a), indicating that activation of
RIG-I potentiates Cis-mediated cell killing. This enhanced
growth inhibition of the double vs single treatment was
still observed at 48 h (60% reduction with Cis or M8 alone
vs 90% with a combination of both), while at 72 h this
effect was not statistically significant, probably due to the
increased cytotoxicity of Cis over time. No statistically sig-
nificant differences were observed between Cis alone and
Cis+MS8 in RIG-I KO CaSki at any time point, supporting a
functional role of RIG-1in sensitizing cancer cells to chemo-
therapy. Furthermore, Cis+ MS$ treatment enhanced the per-
centage of apoptotic cells (41.5%) when compared to each
treatment alone (11% and 12% in M8- or Cis-treated cells,
respectively) (Fig. 3b). The percentage of Cis + M8-tretated
RIG-I KO CaSki cells undergoing apoptosis was signifi-
cantly lower than that of WT CaSki similarly treated (41.5%
vs 12%), and no significant changes were observed between
cells treated with Cis alone and those exposed to Cis + M8.
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«Fig.2 Transfection of the RIG-I agonist M8 inhibits the growth of
HPV™ cells a Wild-type (WT) CaSki (left panel) or WT HeLa (right
panel) or their RIG-I-deficient (RIG-I KO) counterparts were mock-
transfected or transfected with increasing doses of M8 (10, 100, or
500 ng/mL) for 24 h, and then subjected to MTT assay to determine
cell viability. The results are shown as mean values of biological trip-
licates. b Cells described in panel A were incubated with annexin
V-FITC in a buffer containing propidium iodide (PI) and analyzed
by flow cytometry. The graph shows the percentage of apoptotic cells
(annexin V* and PI* or PI” cells). Each dot represents data from a
single experiment. ¢, d Total cell extracts from mock- or M8-trans-
fected (10 ng/mL) WT or RIG-I KO CaSki (c) and HeLa (d) cells
for the indicated time points were subjected to immunoblot analysis
using anti-PARP-1 or GAPDH antibodies, a representative image is
shown. The bands intensities for the indicated antibody were quan-
tified by densitometry, and the ratio of the abundance of cleaved
PARP-1 relative to that of GAPDH was calculated. The results are
shown as mean values of biological triplicates. € ELISA quantitation
of IFN-p and IFEN-A, proteins in supernatants from the cell cultures
described in panel A. Each dot represents data from a single experi-
ment. Error bars indicate SD. *P<0.05, **P<0.01, unpaired t-test,
##4P <0.001, unpaired t-test

Lastly, when we measured the release of IFNs and IL-6—
with the latter being a prototype of inflammatory cytokines
(18)—in these culture supernatants, we found that IL-6
release was significantly enhanced by the combination treat-
ment when compared to each single compound: from 2 to
4 ng/mL in Cis- or M8-transfected cells vs almost 25 ng/mL
in Cis +MS8-transfected cells (Fig. 3c, left panel). In con-
trast, there were no significant differences in IFN release
between cells treated with M8+ Cis and those with M8 alone
(Fig. 3c, middle and right panels). As expected, in RIG-1 KO
CaSki cells, the release of all the three cytokines remained
very similar to mock-transfected cells, confirming that RIG-I
was required for their transcriptional activation (Fig. 3¢).

Altogether, our findings show that M8 transfection in
CaSki cells significantly enhances Cis-induced cell death
and IL-6 release in a RIG-I dependent manner.

M8 enhances the anticancer activity of cisplatin
in a syngeneic HPV16-driven mouse cancer model

We next asked whether the potentiation of Cis cytotoxicity
by M8 in human cell lines would be reproducible in vivo.
For this purpose, we used a syngeneic mouse tumor model
obtained by dorsal subcutaneous (s.c.) injection of C3.43
cells, which harbor an integrated HPV16 genome, in
C57BL/6 J mice [25]. After 12 days from the engraftment,
when the tumors were approximately 50 mm? in size, we
started treating the animals (n=9 mice for each treatment
regimen) every 48 h, for a total of three administrations:
20 pg of M8 intratumorally (i.t.), 1 mg/kg of cisplatin intra-
peritoneally (i.p.), or a combination of both (Fig. 4a). We
used JetPEI as vehicle to deliver M8 i.t. to focus immune
activation to the tumor and its local environment. Both vehi-
cle and i.t. administration have already been successfully

used in other in vivo tumor studies [6, 8, 9]. The animals
were killed after 24 h from the last treatment (day 17 from
the inoculum), and tumors were harvested and weighted.
As shown in Fig. 4b and ¢, when M8 and Cis were com-
bined, we found a strong reduction in both tumor volume and
tumor weight in comparison with the monotherapy groups
or control mice. When we compared the impact of either M8
or Cis monotherapy on tumor burden, we found that only
M8-mediated tumor inhibition was statistically significant
when compared to vehicle-transfected mice (Fig. 4b, c).

Altogether, our findings in the in vivo model recapitulate
those obtained in the in vitro model and further confirm that
MS8 strongly enhances the anticancer activity of Cis.

M8 increases the recruitment of innate immunity
cytotoxic effectors in a syngeneic HPV16-driven
mouse cancer model

We next investigated whether the intratumoral administra-
tion of M8 may regulate tumor growth by impinging on the
overall immune landscape within the tumor microenviron-
ment. To this end, tumors harvested 24 h after the last M8
injection (day 17), were dissociated and the immune infil-
trate analyzed by flow cytometry. As shown in Fig. 5a, com-
pared to vehicle-treated tumors, M8 treatment induced a sig-
nificant increase in the number of tumor-infiltrating CD45%
leukocytes (44% vs 70%), including CD11b*Ly6C* mono-
cytes (19% vs 43%), and NK1.1*CD3™ cells (2.4% vs 5.1%),
whereas the proportion of CD4*CD3™ T cells was signifi-
cantly decreased (71% vs 60%), and that of CD11b*F4/80*
macrophages slightly changed (59% vs 64%). Within the NK
cell infiltrate, a higher percentage of NK cells expressing
markers of both activation (CD69) and maturation (CD1 1b)
was detected upon M8 treatment when compared to vehicle-
treated tumors (7.5% vs 15.4%). The number of CD8* CD3*
T cells was also slightly increased, albeit it did not reach
statistical significance (16% vs 22%).

Having found enhanced NK cell recruitment upon M8
treatment, we decided to assess the intratumoral mRNA
expression levels of the major NK cell-attracting chemokines
(Fig. 5b). We observed a significant increase in CCLS5 (4.5-
fold), CXCL11 (9.5-fold), and chemerin (2.3-fold) mRNA
expression levels. On the other hand, despite an upward
tendency, changes in CXCL9 and CXCL10 mRNA expres-
sion levels never reached statistical significance. Finally, no
change was observed for CXC3L1. In agreement with their
role in NK cell activation, proliferation, and survival, the
mRNA expression levels of the IL-12p40, IL-15, and IL-18
were also significantly increased in M8- vs vehicle-treated
tumors (Fig. 5b) [34-36]. Finally, M8-treated tumors dis-
played a significant increase in granzyme B (GrB) and per-
forin mRNA expression levels, two cytotoxic cell effector
genes. Thus, M8 treatment favors the creation of a tumor
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Fig.3 The RIG-I agonist M8 enhances the sensitivity of HPV16™
CaSki cells to cisplatin a WT or RIG-I KO CaSki cells were mock-
transfected or transfected with M8 (10 ng/mL) in the presence or
absence of cisplatin (Cis) (15 uM) for the indicated time points. Cell
viability was determined by MTT assay. Each dot represents data
from a single experiment. b Cells described in panel A were incu-
bated with annexin V-FITC in a buffer containing propidium iodide
(PI) and analyzed by flow cytometry. The graph shows the percentage

microenvironment enriched in NK cells, possibly depending
on the increased expression of chemokines and cytokines
that favor NK cell recruitment and activation.

Conditioned medium from M8-transfected CaSki
cells boosts NK cell proliferation, activation,
and migration in vitro

Based on the in vivo data pointing to NK cell activation
upon M8 i.t. injection, and assuming that the biological
impact of this compound would be mostly due to a direct
action on cancer cells and ensuing paracrine loop, we
decided to analyze the activity of the conditioned medium
from M8-transfected CaSki cells on NK cell activation in
terms of proliferation, killing, and migration.

Freshly isolated human NK cells were stimulated with
conditioned supernatants from CaSki cells treated O/N in
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of apoptotic cells (annexin V¥ and PI* or PI™ cells). Each dot rep-
resents data from a single experiment. ¢ ELISA quantitation of IFN-
B. IFN-A,, and IL-6 proteins in the supernatants from WT or RIG-I
KO CaSki cells mock-transfected or transfected with M8 (10 ng/mL)
and treated or not with Cis (15 uM) for 24 h. Values are representa-
tive of three independent experiments. Each dot represents data from
a single experiment. Error bars indicate SD *P<0.05, **P<0.01,
##4P <0.001, unpaired t-test

the presence or absence of 10 ng/mL of M8, and their pro-
liferation rate monitored overtime by IncuCyte® Live-Cell
Analysis. As shown in Fig. 6a, a statistically significant
increase in cell proliferation was observed at days 4 and 5
in NK cell cultures grown in the conditioned medium from
M&-transfected vs mock-transfected CaSki cells.

Next, we sought to determine the effect of these condi-
tioned media on NK cell killing. To this end, freshly isolated
NK cells were stimulated overnight with M8- or mock-trans-
fected supernatants and then used as effector cells in 7-AAD
cytotoxicity assays against CaSki target cells. NK cells
stimulated with conditioned medium from M8-transfected
CaSki cells displayed a threefold higher level of cytotoxicity
when compared to that of NK cells challenged with mock-
transfected supernatants (Fig. 6b). Lastly, the impact of the
same conditioned media on NK cell migration was also ana-
lyzed. As shown in Fig. 6¢, NK cells challenged with the
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Fig.4 The RIG-I agonist M8 enhances cisplatin anticancer activity in
an in vivo syngeneic mouse model of HPV16™ cancer a Schematic
illustration of the tumor model in which C3.43 cells were subcutane-
ously inoculated into the back of C57BL/6 J mice. M8 (20 pg) and
JetPEI (vehicle) were administered intratumorally, and Cis (1 mg/
kg) intraperitoneally from day 12 after cancer cell injection, with
one dose every two days up to day 16. Twenty-four h after the last
treatment, the tumors were harvested. b Tumor volumes from mice

supernatants from M8-transfected CaSki cells displayed an
increased ability to migrate, ranging from 20% of migrated
cells in response to mock-transfected medium to 40% when
challenged with the conditioned media from M8-transfected
CaSki cells.

As the findings from the in vivo model showed that M8
i.t. injection led to a significant enrichment in NK cells
along with enhanced expression of key chemokines, very
likely driving their migration [35, 37], we next assessed
both mRNA expression and protein secretion levels of
CCLS5, CXCL9, CXCL10, and CXCLI11 in M8- vs mock-
transfected CaSki cells or in their RIG-I KO counterparts
similarly treated. Interestingly, we found that CCL5 and
CXCL10 (Fig. 6d), but not CXCL9 or CXCL11 (data not
shown) were significantly augmented upon M8 transfec-
tion at both the mRNA and protein level (Fig. 6d), whereas
their expression levels significantly dropped in RIG-1 KO
CaSki cells. As a further proof that the chemokines released
by RIG-I stimulation were involved in enhanced NK cell
migration, the conditioned media from the aforementioned
cultures were used as chemo-attractants of freshly isolated

(n=9 for vehicle, n=9 for M8, n=9 for Cis, and n=9 for M8 + Cis),
treated as indicated in panel A, were measured every two days and
recorded as mean volume of the tumors for each treatment. ¢ Tumor
weights from mice treated as indicated in panel A were determined
at the endpoint of the experiment. Each dot represents data from a
single mouse. Error bars indicate SD *P <0.05, **P <0.01, unpaired
t-test, ***P <0.001, unpaired t-test

NK cells (Fig. 6e). As expected, the number of migrating
NK cells challenged with the media from M8-transfected
CaSki cells significantly increased when compared to mock-
transfected cells. Notably, the number of migrating NK cells
was strongly reduced following stimulation with the media
from M8-transfected RIG-1 KO CaSki cells (Fig. 6e).
Altogether, our findings indicate that RIG-I stimulation
by the 5’ppp-RNA M8 promotes intrinsic anticancer activ-
ity and stimulates NK cell migration in a paracrine fashion.

Discussion

Current therapies for HPV-related cancer of the genital tract
or head and neck region are often associated with significant
treatment-related morbidity and/or toxicity. These treatments
typically involve surgical excision, primary radiotherapy or
chemoradiotherapy, all with devastating effects on the tar-
geted anatomical sites [14—17, 38]. The prevalence of these
tumors in younger individuals, especially OPSCC, empha-
sizes the need to devise new therapies that can ensure a high
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Fig.5 MS8-treated tumors display increased numbers of activated
NK cells a M8- or vehicle-treated tumors as described in Fig. 4a
were harvested 24 h after the last treatment and dissociated. Subse-
quently, their immune cell infiltration was assessed by flow cytom-
etry. Antibodies against the indicated antigens were used to distin-
guish the following cell populations: hematopoietic cells (CD45%),
NK cells (NK1.1¥/CD37), monocytes (CD11b"Ly6C") macrophages
(CD11b* F4/80™), T cells (CD3*CD4" and CD3*C8%) and activated

post-treatment quality of life (QoL). Owing to the vulner-
ability of HPV-associated cancers to antitumor immunity, it
is highly likely that immunotherapies will become the cen-
terpiece of future combination therapies aimed to reduce
morbidities and mortality associated with the current stand-
ard of care for these tumors.

Although RIG-I signaling has been involved in antican-
cer immunity in several tumors, such as pancreatic can-
cer, hepatocellular carcinoma, leukemia, breast cancer,
and melanoma, its role in HP V-associated cancers is still
unknown [6-10]. Here, we demonstrate the feasibility of
a novel combinatorial therapeutic approach against HPV-
associated cancers based on cancer cell-intrinsic cell death
triggered by drug-targeted activation of the RIG-I path-
way, which in turn potentiates existing anticancer thera-
pies. Specifically, we show that activation of RIG-I signal-
ing through transfection of the RIG-I agonist M8 promotes
growth arrest and apoptosis of two HPV* human cervical
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NK cells among total NK cells (CD11b*/CD69%). Each dot repre-
sents data from a single mouse. b Transcript levels of the indicated
genes were assessed by qPCR using the total RNA extracted from the
tumors treated as described in panel A. Data were normalized to the
housekeeping RPL32 gene. Each dot represents data from a single
mouse. Error bars indicate SD. *P <0.05, **P<0.01, ***P <0.001,
unpaired t-test

carcinoma-derived cell lines. This inhibitory activity is
significantly, but not entirely, reversed in RIG-I KO cells,
suggesting that M8 may also act through different path-
ways. In light of these results, it will be extremely impor-
tant to extend our findings to other anatomical sites with
stratified squamous epithelia that can also develop cancer
due to HPV infection (e.g., the head and neck region).
This would require using cell lines derived from human
carcinomas of these sites.

Another key finding from this study is the demonstration
that M8 treatment enhances the anticancer activity of the
chemotherapeutic agent Cis, which is routinely used to treat
HPV-associated cancer [31, 38]. These in vitro results were
readily reproduced in a syngeneic mouse model of HPV16-
induced cancer where i.t. injection of M8 potentiated the
anticancer activity of Cis [25]. These findings together
with the observation that the DDX58/RIG-I gene seems to
be rarely mutated in HPV-associated cancer suggests that
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