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Preface

The human papillomaviruses (HPVs) are the major cause of nearly all cervical cancers and a

significant fraction of several other human malignancies arising from the mucosal squamous epithelia

of the anus, vagina, vulva, penis and oropharynx. Despite the promise of HPV vaccination for the

global prevention of cervical cancer, HPV-related cancers will remain a major health problem for

decades to come.

The long-term persistent infection, the integration of the viral DNA in the human genome

and the constitutive expression of HPV oncoproteins cause the accumulation of various molecular

changes in the infected cells, leading to cancer development and progression. Many genetic and

epigenetic alterations, as well as complex molecular networks, have been identified by “omics”

technologies in HPV-related cancers.

The articles of this reprint cover several relevant aspects of the HPV-related cancer topic,

including the role of oncoviral proteins in cell transformation, the gene mutational profile of viral

and host genomes, expression levels of miRNAs, gene methylation, immune response and new

therapeutic opportunities, including cancer vaccines for HPV-related cancers.

Maria Lina Tornesello and Franco M. Buonaguro

Editors

xi





cancers

Editorial

Human Papillomavirus and Cancers
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Persistent infection with oncogenic human papillomaviruses (HPVs) is the main cause of nearly all
cervical cancers as well as of a significant proportion of other malignancies arising from the mucosal
squamous epithelia of the anogenital tract as well as of the head and neck region [1]. While HPV vaccination
programs will have a great impact on the global prevention of cervical neoplasia, other HPV-related cancers
will continue to be a serious health problem for some decades to come [2]. Many efforts are still necessary
to understand the complex interplay between viral and host factors and to find the best approach for
prevention, early diagnosis, and treatment of HPV-related diseases.

In the Special Issue titled “Human papillomavirus (HPV) and cancer”, several experts from all
over the world have reported and discussed the most recent advances from basic science to clinical
management of HPV-related malignancies. A special focus has been given to the oncogenic role of
epigenetic factors, viral proteins and immune response in HPV-driven cancers, as well as to the new
anti-cancer opportunities including HPV-based therapeutic vaccines.

Novel classes of non-coding RNAs (ncRNAs), such as circular RNAs (circRNAs), pico RNAs (piRNAs)
and long noncoding RNAs (lncRNAs), have been found deregulated differently in diverse histotypes
of HPV-driven tumours. Casarotto et al. in their review reported that two oncogenic circRNAs are
over-expressed and able to sponge specific miRNAs in HPV-positive cervical cancer and derived cell
lines [3]. On the other hand, a large number of piRNAs have been found differently expressed in
HPV-positive and HPV-negative head and neck squamous cell carcinoma (HNSCC). Among these,
the expression of five piRNAs has shown to be associated with worse overall survival in viral-driven
HNSCC. PiRNAs, similar only in size to miRNAs, are able to associate specifically with P-element-induced
wimpy testis (PIWI) proteins causing epigenetic changes that are important for cell transformation [3].

The role of HPV infection in HNSCC and its significance as a prognostic marker that is indicative of
clinical outcome has emerged in the last few decades [4]. The incidence of HPV-driven HNSCC varies
in diverse geographical regions [5]. Alsbeih et al. investigated the HPV distribution and its prognostic
value in HNSCC of Saudi patients [6]. The results of the study showed that HPV prevalence is significantly
lower in Saudi HNSCC than in other parts of the world and, consistent with studies performed in other
countries, they observed that patients with HPV/p16 positive tumours had a better overall survival.

The alteration of metabolism in cancer cells is crucial for tumour growth; however, the effect of
HPV infection on metabolic pathways has not been well characterized in HNSCC. Prusinkiewicz et al.
analysed the RNAseq profiles of HPV-positive and HPV-negative HNSCCs retrieved from the TCGA
and identified many differentially expressed metabolic genes between the two cancer groups [7].
Importantly, genes involved in glycolysis were down-regulated while those involved in the tricarboxylic
acid cycle, oxidative phosphorylation, and β-oxidation were up-regulated in HPV-positive HNSCC
compared to HPV-negative HNSCC. The reduced expression of several genes was predictive of better
survival in patients with HPV-positive HNSCC.

Many biomarkers have been identified in HPV-negative HNSCC; however, few of them have been
validated for clinical use. Mittal et al. investigated the prognostic role of centrosome amplification in

Cancers 2020, 12, 3772; doi:10.3390/cancers12123772 www.mdpi.com/journal/cancers
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HPV-negative oropharyngeal SCC (OPSCC) [8]. Centrosome amplification was found more expressed
in HPV-negative compared to HPV-positive OPSCC biopsies and associated with poor overall survival.
Therefore, centrosome amplification may serve as a novel prognostic biomarker for patients with
HPV-negative OPSCC.

The expression of cell cycle regulators such as D-type cyclins has been found frequently deregulated
in HNSCC. Novotný et al. performed a comparative analysis of paired tumour/peri-tumour tissues and
showed that cyclin D1 was upregulated in 18% of HNSCC and downregulated in 23% of carcinomas,
mainly in HPV-positive samples [9]. Moreover, the change in CCND1 expression was observed to be
compensated by cyclin D2 expression independently from the HPV status.

The class II major histocompatibility complex (MHC class II) molecules become expressed on
the surface of epithelial cells during the inflammation process and they can function as antigen
presenting cells (APCs). Gameiro et al. analysed the HNSCC RNA-seq data retrieved from TCGA in
order to determine the effect of HPV on the expression of MHC-II genes and other immune related
genes [10]. All MHC-II genes along with genes encoding various co-stimulatory molecules involved in
T-cell activation were found to be significantly upregulated in HPV-positive tumours compared to
HPV-negative HNSCC. Therefore, the highly immunogenic tumour microenvironment observed in
HPV-positive HNSCC may be due to the antigen presentation of epithelial cells.

The favourable prognosis of HPV-positive/p16-positive cancer patients, as reported in several
clinical trials, demands for de-escalation therapies. However, it is very important to implement
HPV testing methods that accurately distinguish HPV-driven OPSCC from HPV-negative tumours.
Borena et al. used a sandwich ELISA test to detect the expression of HPV 16, 18 and 45 E7 oncoproteins
and compared their results with HPV DNA positivity and p16 immunohistochemistry (IHC) as the
reference method [11]. The authors found a significant concordance between E7 oncoprotein detection
and the reference method and propose larger studies to confirm the diagnostic value of the assay.

The juvenile-onset recurrent respiratory papillomatosis (JoRRP), caused by the infection with HPV 6
and 11, is a rare and severe respiratory disease that follows an unpredictable clinical course. Lépine et al.
analysed viral biomarkers of JoRRP severity by using a chromogenic in situ hybridization (CISH)
method detecting the E6 and E7 mRNA of HPV 6 and 11 [12]. They stratified samples in low staining
versus high staining and concluded that HPV E6 and E7 CISH might be a biomarker predictive of disease
aggressiveness in JoRRP.

Several infectious agents, in addition to oncogenic viruses, may contribute to increase the risk
of cancer development. Kofler et al. investigated the role of some sexually transmitted pathogens,
including Ureaplasma spp., Chlamydia trachomatis, Mycoplasma hominis, Mycoplasma genitalium and
HPV, in oropharyngeal carcinoma [13]. HPV DNA was detected in almost 70% of the oropharyngeal
cell exfoliates collected by brushing from OPSCC patients. Conversely, the low prevalence of
Ureaplasma spp. and the absence of the other pathogens among patients with oropharyngeal
cancer do not support their oncogenic role. Moreover, HPV detection in cell brushing of OPSCC
patients following surgery has a prognostic significance. Indeed, seven out of 62 HPV positive
patients remained positive at post-treatment follow-up and five had a tumour relapse/progression.
Importantly, all HPV-negative patients remained free of disease suggesting the relevance of HPV
testing after treatment [14].

Clinical behaviour of HNSCC mainly depends on the site and the HPV status. Numerous studies have
shown that virus-related HNSCCs possess peculiar clinical and biological features. Perri et al. described
the molecular differences and similarities between HPV-negative and HPV-positive HNSCC including the
better prognosis and response to therapies of the latter group of patients [15]. Remarkably, patients with
HPV-driven HNSCCs are frequently more responsive to conservative treatments and immunotherapy,
opening questions about the use of pre-therapy assessment in order to guide the treatment strategy.

The antiviral agent cidofovir has been previously shown to have an anti-proliferative effect on
cervical cancer derived cell lines. Verhees et al. investigated the effect of cidofovir on the growth
of HPV-positive and -negative HNSCC-derived cell lines [16]. Cidofovir was able to inhibit the cell
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proliferation and to cause γ-H2AX accumulation as well as upregulation of DNA repair proteins.
The effect was marked in HPV-positive cells and indicative of the occurrence of mitotic catastrophe.

The incidence of HPV-related cancers is significantly higher in HIV-positive subjects compared
to the general population and highly active anti-retroviral therapy (HAART) does not seem to have
changed the trend. Alam et al. reported that protease inhibitors (PI) caused destabilization of
cell-cell junctions within the stratified epithelium of three-dimensional tissues derived from primary
human gingiva and cervical epithelial cells [17]. This caused enhanced infectivity of HPV16 to the
basal layers and de novo virus biosynthesis suggesting an increased the risk of HPV-driven oral and
cervical cancer development in HIV-positive patients under HAART treatment.

Therapeutic targeting of viral oncogenes represents a promising strategy to treat
HPV-related cancers. Ehrke-Schulz et al. employed the adenoviral vectors HCAdVs expressing
the CRISPR/Cas9 machinery to specifically inactivate the HPV18 or HPV16 E6 genes in HeLa, SiHa and
CaSki cervical cancer derived cell lines [18]. Transduced cervical cancer cells showed increased
apoptosis and decreased proliferation suggesting that HCAdV can serve as a therapeutic agent when
armed with HPV-type-specific CRISPR/Cas9.

Specific antibodies in a single-chain format (scFvs) able to target the E6 and E7 oncoproteins
of high-risk HPVs represent new therapeutic molecules against HPV-associated neoplastic lesions.
Amici et al. evaluated the antigen-binding capacity of diverse anti-16E7 scFvs by using E7 mutants
as well as by performing computational analyses to define length, total net charge, hydrophobicity,
polarity, and charge distribution to better adapt the antibodies for clinical use [19]. Hence, scFvs may
represent valid candidates for HPV-related cancer immunotherapy.

DNA-based cancer vaccines have a promising application in the prevention as well as in the
treatment of diverse types of tumours, including HPV-related cancers. Franconi et al. discussed how
the immunogenicity of DNA vaccines can be improved by fusing of HPV antigens with plant gene
sequences as well as by using plant-derived immunomodulatory agents [20]. Such molecules have
shown to interfere with the processes of carcinogenesis by modulating many different cellular pathways
and reducing the drug resistance of tumours.

HPV is the most common sexually transmitted infection in the world and in the large majority of
cases, the virus is cleared by the immune system. However, in several cases, HPV is able to escape the
immune control and to cause cancer development. Ferreira et al. described several strategies of immune
evasion adopted by HPVs and in particular the ability of E6 and E7 to synergistically target almost all
cellular innate immune pathways [21].

More than 90% of anal cancers are associated with HPV infection. The study by Carter et al.
aimed at identifying cancer-associated circulating cells in peripheral blood of anal cancer patients in
order to monitor treatment efficacy and to diagnose relapse [22]. Nucleated cells were isolated from the
blood of anal cancer patients and cancer cells identified by using pan-cytokeratin and CD45 antibodies.
The successful identification of cancer cells opened new opportunities for the diagnosis and prognosis of
anal cancer patients.

The growth of human keratinocytes in three-dimensional (3D) cultures emulating the
original stratified epithelium represents an important technical advancement for in vitro studies of
HPV-related carcinogenesis. De Gregorio et al., in their review, critically described the diverse in vitro
models of HPV-related cancers from the simplified “raft culture” to the complex three-dimensional
(3D) organotypic models with a special focus on the artificial tissues containing the tumour
microenvironment (TME) components [23]. Novelties in the field of 3D cultures of HPV-associated
anogenital and oropharyngeal malignancies have been extensively discussed. Moreover, Maru et al.
reported interesting results on the propagation of organoids from the normal squamocolumnar
junction (SCJ) cells of the uterine cervix by using Matrigel-based three-dimensional cultures [24].
Such organoids characterized by a dense structure contained mainly squamous cells and in some
cases a few mucin-producing endocervix cells. Therefore, such organoids are likely to provide a novel
platform to study HPV carcinogenesis in ecto and endocervical cells.
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Cervical intraepithelial neoplasia (CIN) may either regress or progress to cervical cancer
depending on several factors related to the virus and host interplay. There are no validated
biomarkers able to distinguish progressing from regressing neoplastic lesions. Taguchi et al. used a
continuous-time multistate Markov model to estimate the bidirectional transition of cervical lesions for
designated HPV genotypes [25]. Their model was applied to a retrospective cohort and was able to
highlight major differences in the progression patterns between high-risk HPV-related CINs.

Cervical cancer prevention is mainly based on the screening of cytological smears and the
treatment of precancerous lesions. The HPV testing in self-sampled cervical exfoliates has been
shown to increase the participation of women in oncological screenings particularly in never- or
under-screened populations. Hawkes et al., in their review, discussed several studies that have
examined the self-collection of cervical samples for HPV-based cervical screening including the
collection devices and assays [26]. The authors concluded that self-collection will be crucial for global
screening programs and the elimination of cervical cancer as a public health problem.

In conclusion, the HPV and cancer Special Issue covers a substantial portion of the recent
knowledge and latest accomplishments in the HPV-related cancer field.
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Simple Summary: DNA vaccination represents a useful approach for human papillomavirus
(HPV) cancer therapy. The therapeutic potential of plant-based natural compounds for control
of HPV-associated cancers has been also widely explored. Genetic vaccines for HPV-associated
tumors that include plant protein-encoding gene sequences, used alone or in combinations with
plant metabolites, are being investigated but are still in their infancy. Main focus of this paper is to
provide an overview of the current state of novel therapeutic strategies employing genetic vaccines
along with plant-derived compounds and genes. We highlight the importance of multimodality
treatment regimen such as combining immunotherapy with plant-derived agents.

Abstract: Antigen-specific immunotherapy and, in particular, DNA vaccination provides an
established approach for tackling human papillomavirus (HPV) cancers at different stages.
DNA vaccines are stable and have a cost-effective production. Their intrinsic low immunogenicity
has been improved by several strategies with some success, including fusion of HPV antigens
with plant gene sequences. Another approach for the control of HPV cancers is the use of natural
immunomodulatory agents like those derived from plants, that are able to interfere in carcinogenesis
by modulating many different cellular pathways and, in some instances, to reduce chemo- and
radiotherapy resistance of tumors. Indeed, plant-derived compounds represent, in many cases,
an abundantly available, cost-effective source of molecules that can be either harvested directly
in nature or obtained from plant cell cultures. In this review, an overview of the most relevant
data reported in literature on the use of plant natural compounds and genetic vaccines that include
plant-derived sequences against HPV tumors is provided. The purpose is also to highlight the
still under-explored potential of multimodal treatments implying DNA vaccination along with
plant-derived agents.

Keywords: plant molecules; HPV-related tumors; DNA vaccination; multimodal treatments;
immunomodulation; immunotherapy; combined DNA vaccine/plant molecule therapy;
chimeric vaccine

1. Introduction

Cancer is considered the leading cause of death in wealthy countries, and 15–20% of all human
cancers are associated with viral infections [1,2]. Human papillomavirus (HPV) is the most common
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sexually transmitted virus and HPV-related cancers account for 8% of all human cancers and their
annual incidence is approximately 15 per 100,000 among women and men [3,4]. The incidence of
HPV-related cancers remains high despite the introduction of prophylactic vaccines [5]. Currently,
commercially available prophylactic HPV vaccines are suggested for use in women up to 45 years
of age, but are mainly administered in the 9–15 years’ cohort. Since most cancers develop in
decades after the initial HPV infection, the impact of this vaccination program will only be seen
in the long-term. Therefore, the creation of a therapeutic vaccine able to provide similar results to
treatments in use in clinical practice, such as surgery or chemotherapy, represents a challenge for the
eradication of HPV-induced tumors. However, no therapeutic vaccines are licensed for clinical use yet.
Currently, several types of therapeutic HPV vaccines are being tested [6–9]. In this article, the status
of therapeutic, “plant-inspired” HPV genetic vaccines is reviewed, together with the therapeutic
potential of plant-based natural compounds. The analysis of published data demonstrated that
the power of plant-based molecules/vaccines in the development of therapeutic vaccines against
HPV-disease is very strong and that plant molecules may render the immune system more prone to a
vaccine response.

In the past, we described that a plant extract of Nicotiana benthamiana, containing ectopically
expressed HPV 16 E7 protein, induced a cell-mediated immune response able to protect vaccinated
mice from tumor challenge, notably without any adjuvant [10,11].

This extract induced maturation of human dendritic cells (DCs) that became able to prime in vitro
human blood-derived T lymphocytes from healthy individuals to induce HPV 16 E7-specific cytotoxic
response [12]. A similar ability to increase immunogenicity was described for an E7 protein-based
vaccine produced in the microalga Chlamydomonas reinhardtii [13]. A common and relevant feature of
these vaccines was the intrinsic adjuvant activity.

Meanwhile, it was established that enhanced release of HPV antigens from tumor cells
pretreated with chemo/radiotherapy can be modulated by plant-derived chemotherapeutic agents.
Indeed, chemotherapeutic agents such as Apigenin [14] and Epigallocathenin [15] induced
a powerful cell-mediated response when used in combination with DNA vaccines. On the contrary,
another chemotherapeutic agent such as Saffron [16] has proven its anticancer effects used alone.
Therefore, it is important to explore the mechanisms of action of both plant molecules and DNA
vaccination to identify the best combination for HPV-related cancer treatment.

Beside plant molecules, plant viruses and gene sequences encoding plant proteins (including
signal sequences) have been employed to improve HPV therapeutic genetic vaccine. Fusion of HPV 16
E7 gene to the Potato Virus X coat protein (PVX-CP) gene increased the rate of proteasomal degradation
in transfected cells and, as a consequence, vaccine efficacy [17]. Indeed, peptides produced by the
proteasomal degradation of cytosolic proteins bind to MHC I molecules and the rate of antigen
degradation by the ubiquitin-proteasome pathway affects antigen presentation by MHC I, that is of
pivotal importance for vaccine activity. In addition, we demonstrated that sequences derived from
plant proteins improved genetic E7-based vaccine formulations [9,18]. Further, a plant signal sequence
fused to synthetic E7 and L2 (i.e., the minor HPV capsid protein) genes of HPV 16 was able to elicit
strong specific IgG humoral responses associated to E7 specific T-cell mediated immunity [19,20].
This chimeric vaccine, with preventive and therapeutic effects against HPV infections, offers excellent
prospects for the future of DNA vaccine research. These promising efforts to create new therapeutic
vaccines will help control HPV-associated malignancies alongside conventional methods of treating
HPV [21].

In this review, we focus on the most relevant aspects of plant-derived compounds and genetic
vaccines that might be decisive for the future development of cost-effective HPV vaccines.

2. HPV Carcinogenesis

The high-risk (HR) HPV types (i.e., HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, 82) are
considered to be the main etiological agents of genital tract cancers, such as cervical, vulvar, vaginal,
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penile, and anal cancers, and of a subset of head and neck cancers. Among the 15 most frequent
oncogenic HPV types associated with these cancers, HPV 16 is the most common and associated with
the highest risk of progression to cancer [22–24].

The primary evidence of cancer development is HPV integration into the host genome in
malignant tumors. HPV integration can take place in multiple non-recurrent regions of amplification
and in flanked regions where deletions occur. There is a robust association between HPV insertional
breakpoints and genomic structural alterations, which ultimately results in genomic instability,
a peculiar sign of HPV-positive tumors. HPV alone is necessary but not sufficient to induce tumors,
while it holds an important role in cancer maintenance. However, other genetic and epigenetic events
are required for cancer development. This phenomenon may partly explain the latency period that
occurs in tumor development and how persistent infection with HR HPVs is necessary for progression
to high-grade lesions or cancer [25,26].

Other risk factors for progression to high-grade dysplasia and cancer include age over 30 years,
infection with multiple HPV types, immunosuppression, and tobacco use [27,28].

HR HPV E6 and E7 are oncoproteins that bind and promote degradation of tumor
suppressor proteins, p53 and retinoblastoma (pRb), respectively. However, HPVs interact with
many other cancer-relevant pathways, even in a p53- and/or pRb-independent way. In addition,
these oncoproteins may deregulate intracellular microRNA (miRNA) networks, and many HPV-altered
miRNAs have been linked to carcinogenesis [29]. E6/E7 oncoproteins represent an ideal set of targets
for a therapeutic vaccine against HPV-associated cancer because these proteins not only induce
tumorigenesis but also are constitutively expressed in HPV-infected pre-malignant and malignant cells.
Since there is evidence that regression of HPV-associated lesions is linked to the presence of a cellular,
but not humoral immune response, a therapeutic vaccine able to induce a selective robust E6/E7-specific
T-cell response is highly welcome [30].

3. HPV Vaccines

Identifying HPV as an etiological factor of cervical cancer and other HPV-associated malignancies
helped in the development of immunization strategies to prevent infection and associated diseases
caused by HPV. Since 2013, HPV vaccines (bivalent and quadrivalent) have been included in the
national immunization programs of at least 66 nations, including North America and Western Europe,
primarily [28]. Recombinant HPV virus-like particles (VLPs) are being produced at commercial level
via heterologous expression of the major capsid protein L1 in yeast or insect cells [31]. From the
morphology viewpoint, VLPs are similar to natural HPV virions with considerable potentialities to
induce animal and human type-specific antibody responses [32].

3.1. HPV Preventive Vaccines

Preventive HPV vaccines aim to prevent HPV infection by inducing a neutralizing
antibody response. Improved understanding of protective humoral immune response against primary
HPV infection has led to the development of preventive HPV vaccines targeting L1 and/or L2
viral capsid proteins [33]. Because of the difficulties of in vitro cultivating HR HPVs and their
oncogenic nature, live attenuated or inactivated vaccines could not be safely developed for humans.
Therefore, studies were focused on alternative methodologies as virus-like particles (VLPs). It was
demonstrated that inoculum of VLPs from L1 protein of specific papillomaviruses (PVs) could protect
against PV infection [34].

Development of this technology led to the production of current VLP-based preventive vaccines
targeting L1 in order to generate neutralizing antibodies against HPV. Commercially available efficacious
prophylactic vaccines include the bivalent Cervarix (GlaxoSmithKline, Brentford, UK) [35] as well
as multivalent Gardasil-4 and Gardasil-9 (Merck) [36,37]. The recent development of Gardasil-9
has increased preventive coverage from HPV types 6, 11, 16, and 18 to 6, 11, 16, 18, 31, 33, 45, 52,
and 58 [34]. Prophylactic HPV vaccines have been shown to effectively prevent vaccinated individuals
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from contracting HPV infections [38] but these preventive vaccines have not been successful in treating
established HPV infections [39].

More than 10 years have elapsed since HPV vaccination was implemented, and a systematic
review of HPV vaccination programs in 14 countries that included over 60 million people vaccinated
presented evidence of vaccine efficacy [40]. In comparison with the period before vaccine introduction,
the prevalence of cervical precancerous lesions decreased by 51% among girls aged 15–19 years and by
31% among women aged 20–24 years at up to 9 years after vaccination began.

However, there is still an urgent need for the development of therapeutic HPV vaccines to
tackle existing HPV infections, prevent the development of cancer, and act as immunotherapies for
HPV-associated malignancies.

3.2. Therapeutic Vaccines

Many different technologies have been utilized to develop therapeutic vaccines and most of them
target E6 and/or E7 oncoproteins of HR HPV because they are constantly expressed in HPV-associated
cancer [6–8]. It is worth mentioning that the first HPV vaccine administered to women was a live
recombinant vaccinia virus expressing the E6/E7 oncoproteins of HPV types 16 and 18 [41]. Live vector
vaccines employing viruses (Ankara modified vaccine virus, TG4001 Transgene Inc. France) or bacteria
(Listeria monocytogenes, ADXS11-001 Advaxis Inc, Princeton, NJ, USA) are in clinical trials with
promising results (NCT03260023 and NCT02853604, respectively). Nevertheless, live vector-based
vaccines pose potential safety risks, in particular in immunocompromised people [35]. Furthermore,
using the same vector for repeated immunizations leads to a limitation of the immune response [35,38].

Protein- or peptide-based vaccines have been also evaluated and tested in clinical trials with some
interesting outcomes for synthetic long peptide-vaccine in early stages of HPV carcinogenesis [42–44].
More challenging approaches such as vaccines based on dendritic cell (DC), tumor cells or adoptive
T-cell therapy (ACT) have been developed but they cannot be easily performed and require specialized
clinical centers [45–48]. On the contrary, technologies utilizing DNA or RNA vaccines can be easily
performed and are in advanced clinical trials, as detailed in the following sections.

3.2.1. DNA Vaccines

Nowadays, nucleic acid therapeutics accounts as promising alternatives to conventional
vaccine approaches. Once a DNA vaccine has reached the nucleus of a myocyte, a primary keratinocyte,
or a resident antigen presenting cell (APC), the expressed antigen gene is processed by cell machinery.
Cross or direct priming of DC produces the presentation of the antigen within the class I or II major
histocompatibility complex (MHC) on their surface [49] for immune recognition. However, this process
is much more complex and further studies are needed to ensure that DNA vaccines can activate all the
complex mechanism of co-stimulatory signals that lead to the activation and expansion of CD4+, CD8+,
and naive B-effector cells. In particular, a therapeutic DNA vaccine must be able to generate both a
CD8+ response, which directly kills infected or tumor cells, and a CD4+ helper response, which is able
to increase and maintain the cytolytic response [50].

In addition, DNA vaccines are characterized by ease of production and high stability. Their safety
and use in different administrations without losing their efficacy make them the ideal treatment for the
control of HPV infections and associated diseases [51,52]. DNA vaccines also sustain the expression of
antigens within cells for longer periods of time when compared with RNA or protein-based vaccines.

Many different HPV DNA vaccines have been constructed and proven to be active in pre-clinical
models and few of them are in clinical trials (for review see [21]). In particular, VGX3100 (Inovio
Pharmaceuticals Inc., Plymouth Meeting, PA, USA) is close to be used in humans. VGX-3100 is a
plasmid DNA-based immunotherapy (HPV 16 E6/E7, HPV 18 E6/E7 DNA delivered intramuscularly
by electroporation) under investigation for the treatment of HPV 16 and HPV 18 infection and
pre-cancerous lesions of the cervix, vulva, and anus (Phase II/III) (NCT01304524 and NCT03603808) [53].
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Two studies that are currently in phase III (NCT03721978 and NCT03185013) using VGX-3100 against
cervical cancer show promising results.

VGX-3100 has the potential to be the first approved treatment for HPV infection of the cervix and
the first non-surgical treatment for precancerous cervical lesions. VGX-3100 works by stimulating
cellular and humoral responses against HPV 16 and HPV 18 E6/E7 oncogenes.

Another DNA vaccine with potential clinical use is the GX-188E (Genexine, Inc., Seongnam, Korea).
This vaccine consists of a tissue plasminogen activator (tpa) signal sequence, an FMS-like tyrosine kinase
3 ligand (Flt3L), and shuffled E6 and E7 genes of HPV type 16/18. Flt3L and tpa are included in the fusion
gene to promote antigen presentation and trafficking of the fused protein to the secretory pathway,
respectively [54]. Recently, GX-188E was described to be highly efficacious in patients with grade 3
cervical intraepithelial neoplasia (CIN3) (NCT02139267) [55].

3.2.2. RNA-Based Vaccines

The use of mRNA has several beneficial features: (i) Safety: there is no potential risk of infection
or insertional mutagenesis; (ii) efficacy: some adjustments make mRNA stable and highly translatable;
(iii) production: mRNA vaccines have the potential for fast, cheap, and scalable production,
essentially because of the high yields of in vitro transcription reactions [56]. RNA-based vaccines
are created using naked RNA replicons derived from alphaviruses to promote antigen-specific
immune response. The replicon-based vectors can replicate in a wide range of cell types, with different
expression of antigens. These RNA replicons are less stable than DNA. A combined approach with
DNA-launched RNA replicon, termed “suicidal” DNA was developed for HPV vaccine in preclinical
models [57]. The anti-tumor properties of some mRNAs expressing oncogene proteins such as E6
and E7 are now known. The therapeutic efficacy of this approach was assessed for TC-1 tumor
lesions, demonstrating that the RNA-vaccine induced CD8 T cells to migrate to the tumor tissue [58].
Up-to-date mRNA-based vaccines are developed by CureVac (Tübingen, Germany) and represent a
potential new approach in cancer treatment. For the first time, mRNA could be optimized to mobilize
the patient’s immune system to fight cancer with a specific immune humoral and cellular response
elicited by the RNActive® vaccine. CureVac’s RNActive® cancer vaccines (CV9103 and CV9104)
have successfully completed Phase I/IIa clinical studies in prostate cancer and non-small cell lung
cancer [59,60].

Recently, this technology has been used to develop prophylactic vaccines for infectious diseases
such as COVID-19 due to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [61].
Unfortunately, although the strategy of using RNA is so promising and inexpensive, there is still no
news on clinical trials for HPV-associated diseases.

4. The Role of Adjuvants in Cancer Vaccines

The innate immune system has a key role in triggering an active adaptive T-cell response in the
initial phase of in vivo priming [62]. Thus, many molecules that activate innate immunity and support
T-cell response have been tested as vaccine adjuvants in clinical use. These adjuvants can also operate
as a local depot for antigen protection from degradation [63].

Toll-like receptor (TLR) agonists, (such as CpG, imiquimod and poly I:C, that activate TLR9, and
TLR7 and TLR3, respectively [64]), have been employed, as well as cytokines [65,66] and glycolipid
ligands [67]. TLRs and agonists of CD40 were able to stimulate tumor specific immunity that in turn
elicited cancer regression [68]. Same activity was reported for TLR3 agonists in combination with
Freund’s incomplete adjuvant (IFA) or anti-PD-1 antibodies [69].

Bacteria- such as IFA and Montanide or virus-derived molecules are the most utilized adjuvants.
Bacille Calmette-Guerin (BCG) is utilized as a therapeutic vaccine and its adjuvant activity is mediated
mostly by TLRs. On the contrary, TLR independent adjuvant activity can be elicited by cytosolic nucleic
acids secreted by bacteria. Cyclic dinucleotides (CDNs) may activate stimulator of interferon genes
(STING) that activates TANK-binding kinase 1/interferon regulatory factor 3 (TBK1/IRF3), nuclear factor
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κB (NF-κB), and signal transducer and activator of transcription 6 (STAT6) signaling pathways causing
type 1 Interferon (IFN 1) and proinflammatory cytokine activation in response to deviant host cells
(danger associated molecular patterns, DAMPS) or cytosolic double stranded DNA (dsDNA) from
pathogens [70,71]. Indeed, cancer vaccines with STING agonists were proven efficacious in different
pre-clinical animal models and were shown to induce a marked programmed death ligand 1 (PD-L1)
up-regulation, which was associated with tumor-infiltrating CD8(+) IFNγ(+) T cells. A synergistic
activity with PD-1 blockade was demonstrated in poorly immunogenic tumors that were no responder
to PD-1 blockade alone [72]. Association of anti PD-1/PD-L1 antibodies and STING agonists are now
under study in clinical trials (NCT03172936).

Systemic adjuvants are represented by cytokines and monoclonal antibodies. However, conflicting
results were reported in human cancer for cytokines [73–75] or antibodies [76] administration and the
differences in treatment schedule may account for these results that limit their clinical use. In addition,
evidence that a specific cancer vaccine adjuvant is superior to another one is lacking.

Plant extracts are emerging as new adjuvant compounds in cancer vaccines. Nicotiana benthamiana
plant extracts as well as Chlamydomonas reinhardtii, a well-characterized unicellular alga, and hairy root
cultures may display adjuvating activity in cancer vaccines significantly eliciting type 1 helper T cells
(Th1) and cytotoxic T-lymphocyte (CTL) responses [10,11,13,77–79]. Moreover, plant extracts are able
to exert immunomodulatory activity in vitro on DC [12]. Adjuvant activity of plant components has
been also reported in studies on Zera® peptide, a self-assembling domain of the maize gamma-zein
seed storage protein. This peptide is able to target recombinant proteins to endoplasmic reticulum and
to determine their accumulation as protein bodies (PBs). These PBs induce stronger immune responses
compared to the soluble recombinant proteins. Zera® peptide has been either fused or combined
(i.e., mixed) to a harmless shuffled HPV 16 E7 (16E7SH) synthetic protein. Significantly higher humoral
and cellular immune responses to E7 were induced either as ZERA-16E7SH fusion protein or as Zera®

PBs mixture with 16E7SH compared to 16E7SH alone. This effect is supposedly determined by a more
efficient antigen presentation by PBs and suggests that Zera® may act as an adjuvant [80].

Thus, different plant components may exert common potentiating activity on therapeutic vaccines,
which further strengthens the plant-based platforms as useful tools for vaccine preparation.

5. Plant Metabolites Targeting HPV Tumors

Even if significant progress was made against HPV disease through preventive vaccination,
and despite the success of experimental therapeutic vaccines, early and efficient treatment of HPV
cancers is still a challenging issue. For this reason, an active area of research has involved and still
considers plants as a source of potential pharmaceutical agents for treatment of HPV-associated tumors.
A well-known example is genital warts, that can be treated with plant-based anticancer therapies,
such as vincristine, vinblastine, paclitaxel, camptothecin, and podophyllotoxin [81].

Indeed, plant-derived compounds represent about 75% of the whole approved anti-tumor drugs,
as either natural products themselves or as molecules mimicking or directly deriving from natural
sources [82]. In many cases, plant-derived compounds can be considered an abundantly available,
cost-effective source of ingredients. They can be either harvested directly in nature, or obtained from
plant cell cultures.

Many plant-derived compounds possess the specificities of ideal chemopreventive agents, with
no effect on normal cells, bioavailability, multiple mechanisms of action, easy manner of administration
and significant cellular effects in combating oncogenesis, as they may prevent carcinogens from
reaching their targets, inhibit malignant cell proliferation, to modulate tumor suppressing agents and
immune surveillance [83,84].

Moreover, some of them (like polyphenols) have a prominent role in neutralizing
reactive oxygen species, that are well-established messengers in intracellular signaling inducing
oncogenesis and as genotoxic damage inducers [85]. As an example, high levels of 8-OhdG
(8-hydroxy-2′-deoxyguanosine, one of the predominant free-radicals induced in oxidative lesions)
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are specific to cervical carcinogenesis and characteristic of the progression from squamous intraepithelial
lesions (SIL) to invasive carcinoma [86]. In addition, lipid peroxidation and block of antioxidant
functions are seen in patients with several malignant pathologies of the cervix [87,88].

Despite the significant advantages of high specificity and low toxicity of plant-derived compounds
as anti-cancer agents, main drawbacks can be the rapid catabolism and the low bioavailability at the
target site. Combination with existing drugs, to reach synergistic effects, or the use of nanoformulation
of polyphenols, to prevent their degradation, have showed promising results [89].

Phytochemicals, as either purified and characterized entities (i.e., mainly secondary metabolites),
or extracts and mixtures composed by different herbal derivatives, were, indeed, the first compounds
to be used in the search of tools able to tackle cervical cancer even before its etiology was discovered
and since HeLa (HPV 18 positive) cells were developed in 1952 [90,91].

It has been shown that anti-cervical cancer drugs can be found in several ethno-botanical sources
and there is a wealth of plant extracts that were described to have HPV-related effects (for a very
exhaustive list see [92]). Nevertheless, very often these compounds are not widely distributed in
the plant kingdom and not reasonably accessible. In other cases, mixtures have no indication of
effective constituents and their roles in HPV-specific cytotoxicity. Also the potential role of traditional
Chinese medicine has been evaluated by in vitro and in vivo experiments with studies exploring the
mechanisms of action of its active components (reviewed in [93]). All the compounds tested so far
need to be screened further and on a really large scale especially in vivo and in clinical settings to
finally establish their HPV-specific effects in order to establish them as useful, efficacious, cost-effective,
and clinically available therapeutics. Nevertheless, the available studies give a strong idea of the
variety of targets and of the potential of plant-derived compounds against HPV lesions.

In the following sections, some studies describing effects of phytochemicals or extracts on HPV
cancer cells in vitro and in vivo will be described. A particular mention for those directly affecting HPV
E6/E7 activity or displaying adjuvant properties in combination with chemo- or radiation therapies
will be deserved.

5.1. HPV-Related In Vitro and In Vivo Studies Based on Purified Phytochemicals

Several in vitro studies mainly focused on purified phytochemicals and, in particular,
on polyphenols, among which mainly flavonoids, as well as on other chemical species such as alkaloids,
polysaccharides and protein-based entities, along with plant extracts (Table 1).
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Polyphenols are a heterogeneous group of chemical substances known to have safe preventive
and anticancer effects and ability to specifically target viral oncogenes [146]. It is indubitable that they
are of great interest as pharmaceutical agents also against cancers with viral etiology like HPV. As an
example of the interest of application of this class of molecules against cancer, the effects of different
polyphenols against oral squamous cell carcinoma (both HPV+ and HPV−) has been reported in a
wealth of literature (reviewed in [147]).

Anthocyanins (polyphenols, flavonoids) are mainly encountered in berries, currants, eggplant,
grapes, and black rice. The feature of anthocyanins, as many tumor cells growth inhibitors, is related to
their ability to induce tumor cells apoptosis and neutralize ROS [148]. In particular, anthocyanin from
black rice and cyanidin 3-glucoside were found able to block the growth of HeLa cells by apoptosis
mediated by Bax/Bcl-2, through a dose- and time-dependent mechanism [94].

(-)-Epigallocatechin-3-gallate (EGCG) (polyphenols, flavonoids, cathechins) extracted from
green tea, can contrast tumor cell growth interfering with tumor-related angiogenesis and propensity
to metastasize. EGCG was demonstrated also to have a possible gene regulatory role. In the case
of HPV, it was shown in vitro that CaSki (HPV 16 positive) cervical cancer cells are guided to apoptosis
by EGCG with cell cycle arrest in the G1 phase. Furthermore, in vivo anti-HPV tumor effects of EGCG
were also observed [95].

The mechanism found for EGCG suppression of HPV-related cancer cell lines is the inhibition
of HPV E6/E7, estrogen receptor α, and aromatase expression by apoptosis in a time-dependent
manner [96,97]. Indeed, a critical role of estrogens in cervical cancer is known [149]. It was also
demonstrated that different responses were found in squamous cell carcinoma and in adenocarcinoma,
the latter being less responsive to EGCG inhibition [98]. In HeLa cell line, EGCG was able to repress
hypoxia- and serum-induced HIF-1α and VEGF, through MAPK and PI3K/AKT [100].

In HeLa cells, EGCG abrogated HDAC1 activity, also affecting expression of retinoic acid receptor-β,
cadherin 1, and death-associated protein kinase-1 [150], showing participation of these genes in cell
processes strongly associated with cancer proliferation.

A genome-wide study reported that EGCG affects also DNA methylation in oral squamous cell
carcinoma (CAL-27) [46]. Besides, EGCG was demonstrated to suppresses HeLa, CaSki, and C33A
(HPV negative) cell growth via regulating the expression of miRNAs, suggesting as potential therapeutic
targets for the control and prevention of cervical cancer [99].

Apigenin (polyphenols, flavonoids, flavones), the main plant-derived bioactive flavone,
is abundant in common fruits and vegetables such as parsley and celery, onions, oranges, wheat sprouts,
and chamomile [86]. Apigenin has been demonstrated to have anti-carcinogenic effects against CaSki,
HeLa, and C33A cervical cancer cell lines [105]. Apigenin treatment arrested HeLa cells growth at G1
phase and consequentially induced p53-dependent apoptosis associated with increased expression of
p21/WAF1, Fas/APO-1, and caspase-3 [106]. Apigenin also decreased expression of the antiapoptotic
factor Bcl-2 [106]. It was also demonstrated that apigenin-treated HeLa cells can undergo modifications
in cell motility and inhibition of translocation (i.e., a reduction of the invasive potential) probably by
interference with gap junctions [107].

Jaceosidin (polyphenols, flavonoids, flavones) was first isolated in plants of the Compositae family.
This compound was demonstrated to inhibit the function of E6 and E7 oncogenes by impairing binding
of these oncoproteins with p53 and pRb and making them non-functional [109].

Luteolin (polyphenols, flavonoids, flavones) is most often found in leaves and its sources
include celery, broccoli, green pepper, parsley, thyme, perilla, chamomile tea, carrots, olive oil,
peppermint, rosemary, oranges, and oregano. It was demonstrated to induce apoptosis in HeLa
cells [111]. Luteolin binds to a hydrophobic pocket at the interface between E6 and E6AP and mimics the
leucines in the conserved α-helical motif of E6AP, displaying an E6 inhibitor activity [110]. Luteolin was
also shown to sensitize HeLa cells to TRAIL-induced apoptosis by both extrinsic and intrinsic apoptotic
pathways in an in vivo study [111].
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Wogonin (polyphenols, flavonoids, flavones), accumulating in the plant Scutellaria baicalensis,
was found to promote apoptosis through suppression of E6 and E7 and increase in p53 and pRb in
SiHa (HPV 16 positive) and CasKi human cervix tumor cells [112].

Curcumin (diferuloylmethane, polyphenols, curcuminoids) is a hydrophobic polyphenol derived
from the rhizome of Curcuma with a wide spectrum of pharmacological properties among which are
anti-inflammatory and antioxidant activities by inhibiting lipo-oxygenase and cyclo-oxygenase [151].
Downregulation of HPV E6 and E7 oncogenes, NF-kB and AP-1, COX-2, iNOS, and cyclin D1 [123–125]
represents the main feature of curcumin action affecting HeLa, SiHa, and C33A cells. In addition, growth
suppression and apoptosis triggering associated with up-regulation of Bax, release of cytochrome c,
and downregulation of Bcl-2 and Bcl-XL, were detected [126]. In HeLa cells, curcumin was also found
to down-regulate HPV transcription, to target AP-1 transcription factor affecting expression of E6
and E7, and to block expression of c-fos and fra-1 [122].

The cytotoxic potential of diarylpentanoids, curcumin analogues, was evaluated in HeLa and
CaSki cervical cancer cell lines as an improved alternative to curcumin. In particular, the MS17
analogue 1,5-Bis(2-hydroxyphenyl)-1,4-pentadiene-3-one exhibited cytotoxic, anti-proliferative,
and apoptosis-inducing potential. Apoptosis was sustained by activation of caspase-3 activity
in CaSki cells. Quantitative real-time PCR also detected significant down-regulation of HPV 18- and
HPV 16-associated E6 and E7 oncogene expression following treatment [127].

Tanshinone IIA (abietane-type diterpenoid) from Salvia species, downregulates E6 and E7 and
trigger apoptosis, inhibiting growth of HeLa, SiHa, CasKi, and C33A cells [130].

Berberine (benzylisoquinoline alkaloid) mainly accumulates in plants of the Berberis species and
shows anti-inflammatory and anti-cancer properties with no apparent toxicity. Berberine interferes
with of E6, E7, p53, pRb, and c-Fos expression, ultimately leading to the inhibition of cervical cancer
cells growth [131]. Furthermore, it determines epigenetic changes and alters microtubules in cervical
cancer cells [132].

Withaferin A (Steroid Lactone) from Withania somnifera induces apoptosis of CasKi cells through
E6 and E7 repression determining inhibition of tumor growth [133].

Other secondary metabolites, together with polysaccharide, lectin, and protein/peptide fractions
that are not described in the text are listed with their HPV-related activities in Table 1.

5.2. HPV-Related In Vitro and In Vivo Studies Based on Plant Extracts or Mixtures

Compared to purified phytochemicals, few studies are available on the anti-carcinogenic effects of
crude or partially fractionated extracts or mixtures composed by different herbal derivatives.

Inhibition of AP-1 and STAT3, known to induce cervical carcinogenesis, and specific
down-regulation of viral oncogenes E6 and E7 expression have been demonstrated for rhizome extracts
from Pinellia pedatisecta, for Bryophyllin A-rich leaf fractionated extracts from Bryophyllum pinnata,
for fruit extracts from Phyllanthus emblica and for oils extracted from Brucea javanica [139–142].

Two botanical formulations called, respectively, “Basant”, made of purified curcumin and
saponins mixed to Emblica officinalis and Aloe vera extracts and Mentha citrata oil [143], and “Praneem”,
composed by purified saponins, extracts from Azadirachta indica, Emblica officinalis, and Aloe vera
mixed to Mentha citrata oil, have been shown able to block transfer of HPV16 pseudovirions in HeLa
cells [143,152].

The anti-cancer effects of Cudrania tricuspidata stem extract were evaluated in HPV-positive
cervical cancer cells (CaSki and SiHa cells, 2.5 × 105 cells/mL) and HaCaT human normal keratinocytes.
This extract showed dose-dependent cytotoxic effects in cervical cancer cells with no cytotoxic effect
on HaCaT keratinocytes at concentrations of 0.125–0.5 mg/mL. The extract induced apoptosis by
down-regulating the E6 and E7 viral oncogenes in SiHa cervical cancer cells. Its mechanism of
induction of apoptosis was exclusively based on the increase of mRNA expression of extrinsic factors
(i.e., Fas, death receptor 5, and TRAIL) and on activation of caspase-3/caspase-8 and cleavage of
polyADP-ribose polymerase. No effects on intrinsic pathway molecules such as Bcl-2, Bcl-xL, Bax,
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and cytochrome C were observed. These results suggest that this extract can be used as a modulating
agent in cervical cancer [144].

The in vitro biological activities of Ficus carica fruit latex were explored onto cervical cancer CaSki
and HeLa cell lines. Data show that latex inhibits rapid growth and invasion and downregulated the
expression of p16 and HPV onco-proteins E6, E7 [145].

5.3. Evaluation of Plant Compound Adjuvant Activity in Chemo- and Radio-Therapies for HPV-Associated
Cancer

Although prophylactic vaccination represents the most effective method for cervical cancer
prevention, chemotherapy is still the primary invasive intervention against HPV cancer lesions. It is
urgent to exploit low-toxic natural anticancer drugs on account of high cytotoxicity and side-effects
of conventional agents. Moreover, the resistance of cervical tumor cells to chemo- and radiotherapy
is one of the crucial problems in the treatment of cervical neoplasia, leading to decreased efficacy or
failure of the therapy. In this field, the combination of natural compounds with chemotherapy and
radiotherapy in the treatment of cervical cancer was reported to improve in some cases sensitization of
HPV cancer cells and to minimize the toxicity of these therapies (Table 2).
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5.3.1. Phytochemicals with Chemosensitizing Effects on Cervical Cancer Cells in Vitro

Curcumin was demonstrated to sensitize cervical cancer cells to taxol- or cisplatin-induced
apoptosis by down-regulation of NF-kB [153,167]. Similarly, a class of metabolites of curcumin,
tetrahydrocurcuminoids, increased the sensitivity of vinblastine, mitoxantrone, and etoposide in a
drug-resistant human cervical carcinoma cell line [124].

Apigenin showed synergistic effects with paclitaxel improving apoptosis rates of HeLa and SiHa
cancer cells [157]. Quercetin, saikasaponins (triterpenoid saponins from the plant Bupleurum falcatum),
wogonin, and apigenin sensitized cervical cancer cells to cisplatin by sensitizing HPV-related cancer cells
to paclitaxel-induced apoptosis through intracellular ROS accumulation [154–156]. Also, formononetin
(an isoflavone found in a number of plants and herbs such as red clover) was found to sensitize cervical
cancer cells to the anthracyclin epirubicin via ROS production [158].

The combination of tea polyphenols with EGCG and bleomycin demonstrated to have therapeutic
effects on cervical cancer. Bleomycin is an anti-neoplastic chemotherapeutic used in redox-related cancer,
including cervical squamous cell cancer, that cause severe side effects in normal cells such as immune
system damage, pneumonitis, and pulmonary fibrosis, which are mediated by redox status disturbances.
The combination therapy induced stronger cancer cell apoptosis ability than treated either tea
polyphenols or bleomycin alone, by activating caspase-3, -8, -9, and up-regulating the expressions of
p53 and Bcl-2 [159].

5.3.2. Phytochemicals with Radiosensitizing Effects on HPV-Related Cancer Cells In Vitro and In Vivo

A few phytochemicals have shown radiosensitizing effects. Resveratrol [160], genistein [161–163],
curcumin [164], ferulic acid (i.e., a phenolic acid abundant in plant cell walls) [165], and quercetin [166]
have shown to increase the pro-apoptotic properties of ionizing radiation on cervical cancer cell lines
in vitro and in vivo. A ROS-dependent mechanism has been postulated for these plant compounds.
Genistein, a flavone mostly found in legumes, has synergistic radiosensitizing effects against several
cancer cell types [168] being able to block the growth of CaSki cells in vitro, probably through cell
cycle arrest.

5.4. Clinical Evaluation of Plant Compounds

Clinical trials focused on the anti-HPV carcinogenic effects of natural compounds were less frequent
than in vitro and in vivo studies (Table 3). EGCG and curcumin were the most investigated compounds.
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The clinical efficacy of EGCG and other green tea compounds (a combination of 200 mg EGCG,
37 mg epigallocatechin, 31 mg epicatechin) delivered orally ± vaginally to patients with HPV cervical
lesions was evaluated. In this study, a 69% clearance rate was detected in the treated patients as
compared with a 10% response rate in untreated controls, showing that green tea compounds can be
effective in the treatment of HPV-related cervical lesions [146].

Green tea extracts components (i.e., polyphenon E, a standardized green tea extract containing
15% green tea polyphenols, and EGCG) were also tested in patients with HPV mild, moderate,
and severe dysplasia. One of these studies recruited 90 patients. Components were applied as either
ointment or oral administration. In particular, polyphenon E was applied as a topical ointment to 27
patients twice a week. On the other hand, 200 mg of polyphenon E or EGCG were delivered orally on
a daily base for eight–twelve weeks.

Despite differences between ointment and capsules, giving indication of a higher efficacy of
ointment with respect to capsule administration, overall, 69% of patients (35/51) showed a response to
treatment with green tea components, compared to a 10% response rate (4/39) of untreated patients
(p < 0.05) [169].

Evaluation of curcumin in clinical settings was started with a phase I clinical testing of oral
administration of 0.5–12 mg of this compound for 3 months. The main result of this study was to
define the safety of oral administration of curcumin as up to 8 mg/day and its bioavailability and
efficacy in determining histological improvements in 1 out of the 4 patients [170].

Subsequently, a phase I/II clinical trial demonstrated that intra-vaginal administration of either
curcumin capsules or Basant cream in HPV-infected women (without high grade CIN), was able
to induce higher infection clearance rate (87.7% for Basant cream, 81.3% for curcumin capsules)
than untreated patients (73.3%) [172]. Basant administration cleared HPV16 infection in 100% of
patients (i.e., 11 HPV-infected women with low grade cervical abnormalities) recruited in a more recent
study [143].

Intra-vaginal administration of Praneem for thirty days to 10 HPV-infected women with low-grade
squamous intraepithelial lesions determined the clearance of HPV16 in 60% of patients. Another round
of administration was able to induce HPV clearance in 50% of the patients that had not been able to
eliminate HPV upon the first treatment [171]. It was postulated that the effect of Praneem administration
could be a consequence of its microbicidal activity in the reproductive tract, able to neutralize infections
considered a co-factor in HPV carcinogenesis [173].

5.5. Cytotoxicity of Plant Compounds: Anti-HPV Cancer Efficacy Prediction and Concerns for Healthy Cells

Previous sections mentioned a non-exhaustive list of plant compounds, extracts, and formulations
of different origin and source tested against HPV cancers at various levels. Although many products are
in the list, many of these entities need to be further clarified in terms of the role played in cytotoxicity
in cancer once translated into clinic and of possible adverse effects in healthy cells. These tasks might
be particularly complex to fulfill in the case of multi-component extracts. Indeed, the role of single
constituents has to be investigated to evaluate the potential of the plant products as safe and effective
anticancer agents.

It is clearly desirable that compounds showing cytotoxic activity in vitro against HPV cancer
cell lines have also anti-cancer effects and strong tumor-selective action once tested in clinical trial.
Unfortunately, not all the studies demonstrating in vitro efficacy of plant substances on HPV-related
cell lines (e.g., HeLa, CaSki, SiHa, C33A) have been translated in in vivo or clinical studies,
as already mentioned. The lack of clinical studies is clearly a limitation for the future clinical
application of plant compounds. Despite this, it can be said that specifically HeLa and CaSki cells are
models commonly used in in vitro cervical cancer research, since they contain the HR HPV types 18
and 16 viral genomes respectively, that are causing seven out of ten cases of invasive cervical cancers.
Therefore, cytotoxicity of plant compounds, demonstrated by means of these cell lines in vitro, can be
considered truly relevant in view of a clinical application as anti-HPV cancer agents. Moreover,
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plant products exerted cytotoxic effects on these cell models through specific targeting of E6, E7,
and/or other hallmarks of HPV carcinogenesis. Thus, they have even more significance for a possible
translation in clinical trial.

In view of clinical administration, special attention should be paid also to the issue of possible
unwanted toxicity exerted by some phyto-compounds toward normal cells. Clearly, compounds
with selective cytotoxic effects on cancer cells should be preferred. Undoubtedly, literature reporting
comparative data on cytotoxicity of plant compounds on cancer and healthy cells should be expanded
by further studies. Nevertheless, selective cytotoxic effects and doses on cancer cells have been
already demonstrated for some purified compounds and extracts. For dietary compounds such as
flavonoids, general safety and selective tumor cytotoxicity have been already well established [146].
Recently, Ficus carica latex was reported to inhibit the growth of CaSki and HeLa cells without a
cytotoxic effect on human keratinocytes cell line (HaCaT) [145]. For other compounds, enhancement of
immunity against cancer was demonstrated. In the case of a lipid-soluble extract of Pinellia pedatisecta,
an enhancement of antitumor T-cell responses by restoring tumor-associated dendritic cell activation
and maturation was shown [174]. Interestingly, in some cases, selective cytotoxic effects on HPV
cancer cells have been demonstrated in association with downregulation of E6 and E7 oncogenes.
If tumor-specific targeting is demonstrated for a certain compound in vitro, a strong clue for selectivity
toward tumor cells in clinical translation is given implicitly. Plant products such as curcumin have
shown selective cytotoxicity for HPV 16- and HPV 18-infected cells and induction of apoptosis in
cervical cancer cells by downregulation of E6 and E7 oncogenes and of tissue-specific viral gene
expression ([96,97,109,110,112,125] Table 1). As another example, the anti-cancer potential of Cudrania
tricuspidata stem extract was investigated both in HPV-positive cervical cancer cells and in normal
HaCaT keratinocytes. The extract showed significant dose-dependent cytotoxic effects in cervical
cancer cells and no cytotoxicity on HaCaT. In addition, it was demonstrated that the extract-related
apoptosis was induced by down-regulating the E6 and E7 viral oncogenes [144].

A strategy to avoid possible adverse effects in normal cells and to improve bioavailability of plant
compounds might be to induce a confined action by tumor-targeting strategies. Nanoparticles of
different types, such as multi-functionalized, magnetic or solid lipid particles, dendrimers,
liposomes and micelles, some of which are already FDA approved, have been used for targeted
delivery of plant compounds without disturbing the physiology of normal cells [175]. Naringenin,
generally present in citrus and grapes, inhibits proliferation through cell cycle arrest at the G2/M
phase and induction of apoptosis in human cervical SiHa cells. Mainly because of poor bioavailability
and instability of the molecule, studies were carried out on naringenin-loaded nanoparticles that
demonstrated advantages over free naringenin in HeLa cells through dose-dependent cytotoxicity,
apoptosis, reduction of intracellular glutathione levels, alterations in mitochondrial membrane potential,
increased intracellular reactive oxygen species (ROS), and lipid peroxidation levels [103] (Table 1).
Nanoparticle-targeted delivery would offer also the advantage of multiple product loading
(i.e., plant-based drugs along with synthetic drugs) beside possibly contributing to improve efficacy
and decreasing unwanted toxicity. In conclusion, efficient targeting strategies accompanied by good
toxicology studies could represent the future arena of research in the field of clinical application of
plant products for anti-HPV cancer therapies.

6. Improving DNA Vaccine Effectiveness by Plant-Derived Solutions

Adjuvant activity is a conceptual issue that, in a broad sense, can be applied to any
procedure/compound able to improve vaccine effectiveness. Plants and derived molecule/sequences
can offer some solutions based on what we already know about their anti-cancer and apoptotic activity
as well as pro-immune properties. A summary of these activities is reported, highlighting the possible
adjuvant effect for HPV DNA vaccines.
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6.1. Improved HPV Genetic Vaccines Including Plant Immune-Modulating Sequences

Although not commercially available yet, genetic vaccination represents a convenient platform
with respect to traditional approaches that involve the production and purification of proteins
or components of the pathogen. Owing to the ease of preparation, intrinsic safety and stability,
DNA vaccination is useful for the quick assay of new synthetic immunogens as well as ensuring the
induction of antibodies against conformational epitopes of interest.

Many strategies have been developed to enhance DNA vaccines effectiveness including
codon optimization, particular methods of transfection (i.e., electroporation), addition of adjuvants or
genetic fusions with immune-stimulating sequences, combination with heterologous boosts, etc.

Several genetic vaccines are in an advanced clinical trial phase for the treatment of HPV-associated
malignancies and represent a potential additional weapon to those already available, like chemotherapy
and radiotherapy. In this case, improvements of HPV genetic vaccines have focused on (1) increasing
DC uptake of HPV antigens, (2) DC processing and presentation of HPV antigens, and (3) enhancing
DC and T-cell interactions [21].

The fusion of HPV antigens with immunostimulatory sequences to achieve improvement
in their “visibility” to the immune system, has been an approach very often explored in the
development of experimental therapeutic vaccines [20]. Nevertheless, the search for innovative
immunostimulatory sequences, with increased safety for clinical use, is still an open field. In fact, it is
mandatory to avoid possible autoimmune responses induced by proteins of human origin (such as
Hsp70 or calreticulin) or weakened immune responses (as in the case of using tetanus toxoids in
already vaccinated people).

In an attempt to potentiate a genetic vaccine for HPV, the attenuated E7 gene (E7GGG) of HPV
16 was fused with the gene encoding the coat protein of a plant virus (Potato Virus X, PVX) [16].
This protein had already been used as a carrier able to increase CD4+ T-cell immune response
(by “linked T-cell help”) and to enhance immunogenicity of silent or poor determinants [176,177].

It was subsequently shown that the inclusion of sequences deriving from plant proteins and
peptides with immune-modulatory and anti-cancer activity [178] can potentiate the activity of HPV
genetic vaccines. The rationale is that, since in mammals and plants the general mechanisms
underlying the innate immune response are highly conserved [179], some plant defense proteins may
have an effect also on tumors by modulating innate immune functions and, consequently, also the
adaptive response. Some of these plant proteins could also stimulate specific cell-mediated immunity
toward tumor antigens, a crucial step for cancer resolution. These plant proteins would therefore
behave as adjuvants enhancing the specific immune response toward an antigen.

Among these proteins, some “ribosome inactivating protein” (RIPs) might be included. RIPs show
a regulatory and defensive role against pathogens and accumulate in various organs of many plant
species [178,180,181]. They are potent inhibitors of protein synthesis (through N-glycosidase activity
on rRNAs). This was the first biological feature extensively studied and clinically exploited for the
development of selective cytotoxic agents (“immunotoxins”) against tumor, immune, or nerve cells.
Nevertheless, other biological properties of RIPs, independent of catalytic activity, could prove useful
for the design of anticancer vaccines. Among these activities we find the ability to modulate the
non-specific and innate immune functions of NK cells [182], CD4+ and CD8+ T cells, and/or cytokine
production [183,184] inflammation [185], and apoptosis through multiple pathways [180,186] that have
been shown to lead to anti-tumor properties in vivo [184].

Our results indeed support this hypothesis. We demonstrated for the first time that a DNA vaccine
involving the fusion of the HPV 16 E7GGG gene with saporin (SAP), a RIP found in Saponaria officinalis
but rendered no longer catalytically active through mutagenesis (SAP-KQ), potentiates antitumor
activity against E7-expressing tumors. The anti-tumor activity was associated with enhanced antibody
and cell-mediated immune responses and antigen-specific delayed-type hypersensibility (DTH) [18].

SAP-KQ/E7GGG fusion proteins may undergo rapid degradation via the
ubiquitin-proteasome pathway, as postulated also in the case of coat protein of PVX fused to the
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C-terminus of E7GGG [17]. Indeed, the A-chain of type II RIPs, once entered the cytosol, is subjected
to an efficient protein quality control. Upon interaction with lipid cell membranes, they are possibly
recognized as misfolded proteins, ubiquitinated and then targeted to proteasomes for elimination.
This is particularly true for RIPs with a high lysine content [187] like saporins, where 10% of the
residues is represented by this amino acid. Ultimately, this process could improve the processing of
the E7GGG antigen fused to the SAP-KQ which in turn would result in an improvement in the activity
of the chimeric vaccine compared to E7GGG alone.

Then, we designed a novel genetic fusion vaccine comprising synthetic genes derived from the E7
and L2 proteins of HPV 16. Here, a signal peptide derived from a plant protein was fused upstream the
N-terminal portion of the papillomavirus fusion antigen [19]. Signal sequences (ss, or signal peptides)
are short peptides (about 20–30 residues) that influence the targeting pathway of a protein and promote
protein secretion or specific post-translational modifications. As a result, ss from highly secreted
proteins have been used to enhance protein expression levels of recombinant proteins in different
cell systems. Other groups described the possibility to enhance DNA vaccines efficacy by using signal
sequences that generally derive from mouse [188,189] or human pathogens [190] and there is no doubt
that plant-derived sequences pose less safety concerns.

In a previous work, we had shown that the ss of the polygalacturonase-inhibiting protein (PGIPss)
from Phaseolus vulgaris, was able to target the HPV 16 E7 protein to the plant secretory compartment,
enhancing the E7 protein expression level at least five-fold compared with the unfused version
of the antigen [11]. Starting from the observation that ss properties are conserved from bacteria
through eukaryotes, we explored the ability of the plant-derived PGIPss in increasing the efficacy of
HPV DNA vaccines. We produced a prototype DNA vaccine where the PGIPss was fused upstream of
the harmless HPV 16 E7 antigen (named E7GGG or E7*). The PGIPss-E7GGG fusion was able to modify
antigen compartmentalization and/or processing in transfected HEK-293cells, promoting E7 protein
secretion in the culture medium, and demonstrating its ability to affect the fate of a heterologous protein
in mammalian cells [19]. Furthermore, even though secretion was not observed in the culture medium,
PGIPss modifies the processing of other constructs like PGIPss-E7GGG-CP, where the E7GGG gene is
fused to the PVX coat protein.

With the idea to develop a HPV preventive/therapeutic vaccine, the DNA sequence for PGIPss
was fused upstream to a synthetic codon-optimized gene consisting of a cross-reactive epitope of
the L2 protein (first 200 aa; L21–200) and E7GGG of HPV 16, and cloned in a mammalian expression
vector (pVAX1) (Figure 1). The chimeric DNA vaccine (pVAX-PGIPss-L21–200-E7GGG) was delivered
in C57BL/6 mice according to a prime/boost schedule, implying the use of electroporation (EP) after
intra-muscular immunization.
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Figure 1. Representation of the recombinant gene deriving from the fusion of the sequences encoding
HPV antigens (attenuated E7 oncoprotein and part of the L2 structural protein) and a plant signal
sequence introduced into the mammalian vector pVAX1. Because of the different origin of the genes and
the immunological “dynamics” conferred to the antigens by the fusion, the representation includes an
iconographic comparison with the legendary “Chimera” from Greek mythology. Chimera was a hybrid
creature, offspring of the giant Thyphon and of the half-woman, half-snake Echidna, incorporating
a lion’s head with a goat rising from its back and a snaky tail: the different natures indicate the
approach of using one nature to obtain a result in the other. CMV: cytomegalovirus promoter;
BGH pA: bovine growth hormone poly-adenylation signal; PGIPss (red box/line): signal sequence of
the polygalacturonase-inhibiting protein of Phaseolus vulgaris gene; E7* (green box/line): attenuated E7
gene of HPV 16 (also named E7GGG); L21–200 (blue box/line): nucleotide sequence corresponding to
amino acids 1–200 of the L2 minor capsid protein of HPV type 16.

The immunization protocol, performed together with EP, induced a long-lasting humoral IgG
immune response against L21–200 and E7 that persisted for at least six months upon immunization
in the mouse model used together with a cell-mediated immune response [19]. Electroporation,
indeed, represents an approach, consolidated by recent clinical studies, to increase the effectiveness of
DNA vaccines owing to its ability to increase cell permeability with a consequent increase in protein
expression level and a better immune response [53,191].

Furthermore, the new DNA vaccine was able to determine an effective tumor regression in vivo
in two mouse models: the TC-1 subcutaneous model in C57BL/6 mice and the AT-84 E7 orthotopic
oral model in C3H/HeJ mice [192]. The AT-84 E7 cell line was derived from AT-84 cells, that generate
a spontaneous oral squamous cell carcinoma in C3H mice [192]. The natural history of the tumor
AT-84 and its response to therapy resemble human oral cancer, thus allowing the study of local
invasion in a more clinically relevant site. The C3H mice accept AT-84 HPV16 E7 cell grafts
without immunosuppression; the derived tumors maintain stably the oncogene expression (as it
happens in HPV-related human oral cancer) and grow quickly, allowing fast testing and prediction of
therapy effectiveness and of treatment schedules feasibility within few weeks. In addition, we have
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also developed a rapid and easy way to study in vivo tumor growth by using luciferase reporter
gene (bioluminescent AT-84 HPV-16 E7-Luc model) and optical imaging [193]. In vivo imaging
studies provide information that cannot be obtained from post-mortem analysis alone, representing
complementary approaches for monitoring tumor progression and treatment response in orthotopic
preclinical studies. In addition, the bioluminescent AT-84 HPV-16 E7-Luc model, generates data that
can be compared with those obtained by caliper measurements and allows earlier cancer detection
(it has been shown that tumor mass is measurable by luminescence at day 12 when a palpable tumor is
still hardly detectable) [192].

The pVAX-PGIPss-L21–200-E7 DNA vaccine was delivered intra-muscle with EP in two different
animal models of HP-associated tumor, resulting in a dramatic reduction of tumor growth [19].
Antitumor activity was further investigated showing that PGIPss-L21–200-E7 administration induced
a specific cell-mediated immune response against HPV E7 tumor antigen. Further, the ability of the
PGIPss to evoke antibody response in mammalian cells was confirmed in this system [20].

As far as we know, this represents the first demonstration that a plant-derived signal
sequence has biological activity in mammalian cells, increasing the immunogenicity of an antigen
of interest. The chimeric PGIPss-L21–200-E7 genetic vaccine represents a promising candidate against
HPV-associated cancers and opens novel perspectives in the design of vaccines for other antigens
and/or for different pathogens, in particular against infections where a fast and protective immune
response is required (as in the current SARS-CoV-2 pandemic). Moreover, these vaccines, which can
be easily produced on an industrial scale, under good manufacturing practices (GMP) conditions,
represent safer vaccines as they do not involve the production of chemo/cytokines (which could induce
secondary responses) or animal antigens (which could cause autoimmune cross-reactive responses).

6.2. Combinations of Plant Molecules with HPV DNA Vaccination

The combination of chemotherapy with immunotherapy (including DNA vaccination) might
represent a potential strategy for cancer treatment because certain chemotherapy-based cancer
treatments may activate the immune system against the tumor through several molecular and cellular
mechanisms and reduce tumor [194].

It has been described that some natural molecules have the ability to increase vaccine-induced
immunity against cancer. Furthermore, bulky tumor growth was inhibited by EGCG in combination
with a genetic vaccine [15] while a multimodal treatment against progressive tumors based on apigenin
and genetic vaccines demonstrated immunotherapeutic effects [14].

Nevertheless, very few works describe the effects of combined used of natural compounds with
HPV genetic vaccination.

The immunomodulatory properties of G. uralensis polysaccharides were investigated in
combination with HPV DNA vaccination [195]. G. uralensis polysaccharides injection had no side
effect on mice, enhancing the immunity of mice and the antigen-specific cellular and humoral immune
responses induced by HPV DNA vaccine.

Saffron (Crocus sativus L.) and its components, like monoterpene aldehyde and carotenoids derived
from dry stigmas, have been suggested as favorable candidates for cancer prevention. The potential use
of saffron derivatives such as extracts or purified components-carotenoids derived from dry stigmas of
pure saffron alone or combined with genetic vaccination, was investigated on HPV-related experimental
tumor [16]. The in vitro cytotoxic and apoptotic effects of aqueous saffron extract and its components
picrocrocin, a monoterpene aldehyde and crocin, a natural carotenoid, were assessed in malignant
(TC-1) and non-malignant (COS-7) cell lines. Unlike most carotenoids, that have a limited therapeutic
use because of their insolubility in water, glycosylated molecules like crocin and picrocrocin (due to
their glycosylated state) are soluble and highly cytotoxic on malignant cells; they therefore represent
the most appropriate saffron derivatives for cancer treatment.

The anti-tumor activity of a genetic vaccine candidate and saffron components were evaluated
in vivo; mice were challenged subcutaneously with TC-1 tumor cells and on day 3 and 17 they were
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immunized with E7-NT (gp96) DNA. Crocin, picrocrocin, and saffron extract were given orally at the
time of the initial DNA immunization and for the next 16 days. While the multimodal treatment using
DNA vaccine along with picrocrocin augmented the anti-tumor effects of picrocrocin, the combination
of DNA vaccine with saffron extract and crocin at certain concentrations could not potentiate protective
and therapeutic effects compared to mono-therapies for the control of TC-1 tumors. In particular,
oral administration of crocin resulted in complete tumor regression, while it did not increase DNA
vaccine-mediated anti-tumor effects. These data are apparently in contrast to those from other studies
about combination of chemotherapy with EGCG [15], apigenin [14], and cisplatin [196] followed by
immunotherapy with DNA vaccination. This highlights that, for proper evaluation of synergist effects
of chemo-immunotherapy, the selection of the optimal dose and treatment schedule still represents a
critical challenge to overcome [194,197].

7. Future Perspectives and Clinical Translation: What Is Needed

Together with evidences of efficacy and safety, the pharmacological use of plant-derived
compounds could benefit, in many cases, from their wide availability in nature or by in vitro plant
cell/tissue cultures. Certainly, chemically defined and purified entities are more suited and have higher
potential as therapeutic compounds against cancer (and HPV-associated pathologies are no exception).
All other plant derivatives, such as extracts and mixtures, may suffer from batch to batch variation.

In addition to this, studies to further investigate the encouraging promises of plant-derived
compounds and formulations in advanced clinical trial phases, having large numbers of subjects,
are needed. These studies should open the way to a deeper evaluation of the synergistic effects of plant
compounds with canonical HPV tumor therapy approaches in combinatorial schedules, probably the
most feasible and intriguing application of plant-derived compounds in this field.

The use of therapeutic vaccines against HPVs has been shown to induce regression of precancerous
lesions of cervix and produce some clinical benefits in cancer patients. The immunosuppressive
effects of the cancerous microenvironment can be attenuated by multimodal therapeutic approaches by
combining the therapeutic vaccine with radiotherapy, chemotherapy, immunomodulators, and immune
checkpoint inhibitors. In fact, experimental clinical evidence has clearly highlighted a synergistic
action of these combinatorial approaches [8].

Therapeutic vaccines for pre- and neoplastic lesions of the uterine cervix are becoming a reality
and the improvement of all therapeutic strategies associated with a multimodal approach opens a
new scenario in the treatment not only of cervical cancer and pre-neoplastic lesions but also of other
HPV-associated tumors. Despite to date, no therapeutic vaccine has been approved for clinical use
in the treatment of HPV infections and related malignancies, it should be noted that at least some
DNA vaccine candidates such as VGX-3100 and GX-188E or ADXS11-001 bacterial vector vaccine are in
phase III clinical trials demonstrating that a therapeutic vaccine is in the near future (see NCT03185013,
NCT02139267, and NCT02853604, respectively). In addition, therapeutic vaccines could be produced
with plant expression systems that make production less expensive, expanding the possibility of their
use also in low-middle-income countries where the disease burden is greater. However, these types
of vaccines are still in an early stage of experimentation which makes them currently unavailable for
clinical translation.

Even for DNA vaccines, their clinical use still requires a better knowledge of the mechanisms
through which they are able to induce specific immune responses in vivo.

DNA vaccines can be introduced into the body by intramuscular, intradermal, or mucosal delivery
through a variety of technologies, and most of them have been shown to be safe for humans despite
causing varying degrees of discomfort. Furthermore, such therapeutic vaccines should not cause
the activation of the immunosuppressive population of regulatory T lymphocytes (Treg). To achieve
these results, vaccines and in particular DNA vaccines need to be associated to adjuvating procedures,
including modification of antigen by fusion with other molecules or modifying the fate of antigen
processing or host immune response (i.e., activating DC).
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In an effort to make easier the transfer of adjuvated DNA vaccine from pre-clinical studies to
clinical trials, it should be conceivable to use compounds and technologies already used in humans for
other clinical indications. In this sense, building a DNA genetic vaccine using vectors already used
in humans and with few antigen modifications can have a preferential route for their use. However,
it is also important to address concerns regarding the potential for oncogenicity associated with
administration of oncogenes (E5, E6, or E7) as DNA vaccines into the body. In response to that,
all oncogenes in DNA vaccine are harmless version or shuffled epitopes [17,198].

If we can assume that DNA vector and modified antigen sequences are relatively safe, the same
cannot be said for adjuvant activities. Such activities often involve molecules interfering with
multiple pathways. This makes it difficult to directly use adjuvants in human experimentation without
going through long toxicology phases in animal models. In this panorama, plant-based compounds,
often derived from common food products (i.e., saffron) offer an undoubted advantage regarding their
non-toxicity and, in addition, they often have a millennial use in traditional medicine. Other natural
products like apigenin were already tested in several clinical trials and proven to be safe in humans [199,200].

Therefore, the study of plant compounds with adjuvant activity (especially, but not only) for
genetic vaccines is a field of research that requires expansion in order to obtain vaccine products that
can be used more quickly in humans. Finally, these studies will also be the basis for helping Regulatory
Agencies dealing with drugs for human use by providing the necessary knowledge for an assessment
of their human use.

8. Conclusions

Many efforts have been made to find and produce DNA therapeutic vaccines against
HPV-associated lesions and cancers. The most effective vaccines in pre-clinical animal models are in
clinical trials and two of them (VGX-3100 DNA and ADXS11-001) are in phase III clinical trials with
promising results. Nevertheless, these vaccines are more effective in pre-cancerous lesions (i.e., CIN 2/3)
than in cancer indicating that there is need of adjuvants to overcome the immunosuppressive tumor
microenvironment. Plant sequences and also other genes from the “green world,” such as plant-virus
genes and signal sequences could be the answer considering their safety and avoidance of any
autoimmune or pathogenic response.

In addition, plant compounds that directly abrogate HPV E6/E7 activity are feasible candidates
for a HPV phytotherapy, as they affect the major HPV “oncoplayers.” Purified phytochemicals, due to
easy extraction and batch to batch consistency, will offer major perspectives to a comparatively safer
alternative/combinational approach to HPV current therapy, once their efficacy in clinical trials will
be confirmed. A summary of these new therapeutic strategies implying interconnections among
DNA vaccines, plant compounds, and plant genes is depicted in Figure 2.

Thus, more studies are to be performed to check the effectiveness of these new therapeutic
strategies including combination with existing approaches. Nevertheless, preliminary results open new
horizons for the therapy of HPV-associated cancers. In addition, other tumors, where patient-specific
neoantigens are detectable as a consequence of tumor-specific mutations, might benefit from these
approaches [201].
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89. Španinger, E.; Hrnčič, M.K.; Škerget, M.; Knez, Željko; Bren, U. Polyphenols: Extraction Methods,
Antioxidative Action, Bioavailability and Anticarcinogenic Effects. Molecules 2016, 21, 901. [CrossRef]

90. Scherer, W.F.; Syverton, J.T.; Gey, G.O. Studies on the Propagation in Vitro Of Poliomyelitis Viruses. J. Exp. Med.
1953, 97, 695–710. [CrossRef]

91. Gey, G.O. Tissue Culture Studies of the Proliferative Capacity of Cervical Carcinoma and Normal Epithelium.
Cancer Res. 1952, 12, 264–265.

92. Wang, S.; Zheng, C.-J.; Peng, C.; Zhang, H.; Jiang, Y.-P.; Han, T.; Qin, L.-P. Plants and cervical cancer:
An overview. Expert Opin. Investig. Drugs 2013, 22, 1133–1156. [CrossRef] [PubMed]

93. Lin, J.; Chen, L.; Qiu, X.; Zhang, N.; Guo, Q.; Wang, Y.; Wang, M.; Gober, H.-J.; Li, D.; Wang, L.
Traditional Chinese medicine for human papillomavirus (HPV) infections: A systematic review. Biosci. Trends
2017, 11, 267–273. [CrossRef]

94. Song, Q.I.N.; Li-qin, J.I.N. The Studies of Cyanidin 3-Glucoside-Induced Apoptosis in Human Cervical
Cancer Hela Cells and its Mechanism. Chin. J. Biochem. Pharm. 2008, 6, 369–373.

95. Ahn, W.S.; Huh, S.W.; Bae, S.-M.; Lee, I.P.; Lee, J.M.; Namkoong, S.E.; Kim, C.K.; Sin, J.-I. A Major Constituent
of Green Tea, EGCG, Inhibits the Growth of a Human Cervical Cancer Cell Line, CaSki Cells, through
Apoptosis, G1 Arrest, and Regulation of Gene Expression. DNA Cell Biol. 2003, 22, 217–224. [CrossRef]

96. Sharma, C.; Nusri, Q.E.-A.; Begum, S.; Javed, E.; Rizvi, T.A.; Hussain, A. (-)-Epigallocatechin-3-Gallate
Induces Apoptosis and Inhibits Invasion and Migration of Human Cervical Cancer Cells. Asian Pac. J.
Cancer Prev. 2012, 13, 4815–4822. [CrossRef]

97. Qiao, Y.; Cao, J.; Xie, L.; Shi, X. Cell growth inhibition and gene expression regulation by
(-)-epigallocatechin-3-gallate in human cervical cancer cells. Arch. Pharmacal Res. 2009, 32, 1309–1315.
[CrossRef] [PubMed]

98. Zou, C.; Liu, H.; Feugang, J.M.; Hao, Z.; Chow, H.-H.S.; Garcia, F. Green Tea Compound in Chemoprevention
of Cervical Cancer. Int. J. Gynecol. Cancer 2010, 20, 617–624. [CrossRef]

99. Zhu, Y.; Huang, Y.; Liu, M.; Yan, Q.; Zhao, W.; Yang, P.; Gao, Q.; Wei, J.; Zhao, W.; Ma, L. Epigallocatechin
gallate inhibits cell growth and regulates miRNA expression in cervical carcinoma cell lines infected with
different high-risk human papillomavirus subtypes. Exp. Ther. Med. 2018, 17, 1742–1748. [CrossRef]

100. Zhang, Q.; Tang, X.; Lu, Q.-Y.; Zhang, Z.-F.; Rao, J.; Le, A.D. Green tea extract and (−)-epigallocatechin-3-gallate
inhibit hypoxia- and serum-induced HIF-1α protein accumulation and VEGF expression in human cervical
carcinoma and hepatoma cells. Mol. Cancer Ther. 2006, 5, 1227–1238. [CrossRef]

101. Ramesh, E.; Alshatwi, A.A. Naringin induces death receptor and mitochondria-mediated apoptosis in human
cervical cancer (SiHa) cells. Food Chem. Toxicol. 2013, 51, 97–105. [CrossRef]

102. Kim, N.-I.; Lee, S.-J.; Lee, S.-B.; Park, K.; Kim, W.-J.; Moon, S.-K. Requirement for Ras/Raf/ERK pathway in
naringin-induced G1-cell-cycle arrest via p21WAF1 expression. Carcinogenesis 2008, 29, 1701–1709. [CrossRef]

103. Krishnakumar, N.; Sulfikkarali, N.; Rajendraprasad, N.; Karthikeyan, S. Enhanced anticancer activity
of naringenin-loaded nanoparticles in human cervical (HeLa) cancer cells. Biomed. Prev. Nutr. 2011,
1, 223–231. [CrossRef]

104. Alshatwi, A.A.; Ramesh, E.; Periasamy, V.; Subash-Babu, P. The apoptotic effect of hesperetin on human
cervical cancer cells is mediated through cell cycle arrest, death receptor, and mitochondrial pathways.
Fundam. Clin. Pharmacol. 2012, 27, 581–592. [CrossRef]

105. Oh, E.K.; Kim, H.J.; Bae, S.M.; Park, M.Y.; Kim, Y.W.; Kim, T.E.; Ahn, W.S. Apigenin-Induced Apoptosis in
Cervical Cancer Cell Lines. Korean J. Obstet. Gynecol. 2008, 51, 874–881.

106. Zheng, P.-W.; Chiang, L.-C.; Lin, C.-C. Apigenin induced apoptosis through p53-dependent pathway in
human cervical carcinoma cells. Life Sci. 2005, 76, 1367–1379. [CrossRef]

37



Cancers 2020, 12, 3101
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Simple Summary: Juvenile-onset recurrent respiratory papillomatosis (JoRRP) is a condition related
to HPV 6 and 11 infection which is characterized by the repeated growth of benign exophytic
papilloma in the respiratory tract of children. Disease progression is unpredictable leading sometimes
to airway compromise and death. The aim of this study was to explore p16INK4a and expression of the
RNA of HPV genes E6 and E7 with a chromogenic in situ hybridization (CISH) as biomarkers of JoRRP
aggressiveness on a bicentric cohort of forty-eight children. CISH was scored semi-quantitatively as
high (2+ score) and low (1+ score) levels of transcription of E6 and E7. Patients with a 2+ score had a
more aggressive disease compared to those with a 1+ score. These data are a first step towards the use
of biomarkers predictive of disease severity in JoRRP, this could improve the disease management,
for example, by implementing adjuvant treatment at the early stages.

Abstract: Juvenile-onset recurrent respiratory papillomatosis (JoRRP) is a condition related to HPV 6
and 11 infection which is characterized by the repeated growth of benign exophytic papilloma in the
respiratory tract. Disease progression is unpredictable: some children experience minor symptoms,
while others require multiple interventions due to florid growth. The aim of this study was to explore
the biomarkers of JoRRP severity on a bicentric cohort of forty-eight children. We performed a CISH
on the most recent sample of papilloma with a probe targeting the mRNA of the E6 and E7 genes of
HPV 6 and 11 and an immunostaining with p16INK4a antibody. For each patient HPV RNA CISH
staining was assessed semi-quantitatively to define two scores: 1+, defined as a low staining extent,
and 2+, defined as a high staining extent. This series contained 19 patients with a score of 1+ and 29
with a score of 2+. Patients with a score of 2+ had a median of surgical excision (SE) per year that
was twice that of patients with a score of 1+ (respectively 6.1 versus 2.8, p = 0.036). We found similar
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results with the median number of SE the first year. Regarding p16INK4a, all patients were negative.
To conclude, HPV RNA CISH might be a biomarker which is predictive of disease aggressiveness in
JoRRP, and might help in patient care management.

Keywords: Juvenile-onset recurrent respiratory papillomatosis; HPV 6; HPV 11; RNA; chromogenic
in situ hybridization

1. Introduction

Recurrent respiratory papillomatosis (RRP) is characterized by the repeated growth of benign
exophytic papilloma in the respiratory tract [1,2], primarily in the larynx [1]. The age distribution of
RRP is trimodal, with a first peak in children younger than 5 years of age, a second one in adults between
20 and 40 years old and a third in individuals around the age of 64 [3,4]. This condition is referred to as
Juvenile-onset Recurrent respiratory papillomatosis (JoRRP) when it occurs in children. There is a
limited number of studies with epidemiologic data: in Denmark, between 1969 and 1984 the incidence
was 3.6 case per year per 100,000 children [5], whereas in Canada, based on a national database,
the incidences and prevalences from 1994 to 2007 were, respectively, 0.24 and 1.11 per 100,000 children,
and the median age at diagnosis was 4.4 years with a sex ratio near 1:1 [6]. In the United States of
America, data are similar [7]; however, incidence and prevalence seems to depend on socioeconomic
status [8]. JoRRP is caused by an HPV infection, mostly by 6 and 11 genotypes [9]. Three modes of
transmission are suggested: vertical transmission at birth (however, HPV type concordance between
mother and newborn in different studies are contradictory [10–12]), vertical transmission in utero [13]
and horizontal transmission via the child’s environment [10]. Several studies have also demonstrated
that maternal condyloma at the time of delivery is a major risk factor of developing JoRRP [14,15].
While the prevalence of HPV 6 and 11 infection in pregnant women is around 2%, the prevalence
of JoRRP is surprisingly low. Thus, HPV infection alone does not explain the development of
the disease, and strong arguments suggests that JoRRP is linked to immunity defects and genetic
susceptibility. Patients with RRP are associated with HLA DRB1*0102/0301, DQB1*0201/0202 [16,17]
and presents a lack of KIR genes 3DS1 et 2DS1 [18]. Moreover, their immune response presents a Th2
polarization [19,20] which is not suitable for viral infection control.

The management of this disease is challenging, due to its unpredictable course: some children
experience minor symptoms with spontaneous remission, while others require multiple interventions
due to florid growth. In addition, RRP may lead to airway compromise. Malignant transformation
to carcinoma rarely occurs, most often over pulmonary spread [21,22]. The standard treatment of
JoRRP is a surgical excision (SE) with cold instruments or microdebriders. Multiple endolaryngeal
procedures can lead to glottis synechia and irreversible damage to the vocal cords, as well as an
impaired social life [23]. To improve the surgical outcome and extend the symptom-free interval,
numerous adjuvant treatments have been tried: interferon α [24], celecoxib [25], bevacizumab [26],
cidofovir [27,28], PD-1/PD-L1 immunotherapy [29,30] and the quadrivalent HPV vaccine [31]. Currently,
routine use of these treatments is not recommended by the International Pediatric Otolaryngology
Group [32]. The most promising approaches are the quadrivalent HPV vaccine, bevacizumab and
PD-1/PD-L1 immunotherapies which appear to decrease relapses [29,30,33,34]. Systemic bevacizumab,
a monoclonal antibody against VEGF-A, seems to be the most promising treatment for aggressive forms
of JoRRP, as several studies found a rapid and sustained partial or complete response to treatment in
patients with lung involvement [35,36]. In order to improve the management of these children with
JoRRP, it seemed important to us to identify biomarkers associated with the severity of the disease.
Many studies have focused on finding clinical severity risk factors, of which only early age of onset of
the disease [37–39] is currently recognized as such.
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We previously described in p16 positive squamous cell carcinoma of the oropharynx two prognostic
groups thanks to HPV RNA chromogenic in situ hybridization (CISH) [40]. In brief, HPV RNA CISH
was scored semi-quantitatively as “high” and “low” depending on the extent of the staining. RNA CISH
high staining was associated with a better overall survival in both univariate and multivariate analyses
(p = 0.033 and p = 0.042, respectively). Based on these results, we decided to explore HPV E6 and
E7 transcription with this technique in our cohort of JoRRP. Thus, we hypothesize that a highly
transcriptionally active virus could be associated with more severe disease. When it comes to HPV
related cancers, the p16 protein is typically essential. It is a surrogate marker of HPV related cancers
in various locations, including oropharyngeal squamous cell carcinoma (OPSCC) [2]. p16 is a CDK
(cyclin-dependent kinase) inhibitor. This protein is involved in the pRB pathway, implicated in cell
cycle regulation; its overexpression avoids phosphorylation of Rb family members, leading to cell cycle
arrest into G1 phase [41]. Low-risk HPV produce E6 and E7 proteins which have lower affinity for p53
and pRb proteins [42], and thus, are not theoretically associated with cell cycle progression, nor with
p16 overexpression. Conversely, in lesions related with high risk HPV (cancers or intra-epithelial
neoplasia), there is an overexpression of the p16 protein, resulting in intense cytoplasmic and nuclear
staining of the majority of tumors cells (>70%); this has mainly been studied in the female genital
tract and the anus [43–45]. However, low-risk HPV-related cancers have been described in different
locations including the anus and head and neck [46–48]. Data over p16 expression are heterogeneous,
with some studies finding p16 positivity in these cancers while others do not.

The aim of this study is to explore p16 expression and HPV RNA CISH as in situ biomarkers of
JoRRP severity.

2. Results

2.1. Population

Forty-eight children were included: twenty-two were boys and twenty-six were girls. The average
age at diagnosis was 3.8 years, with a median of 2 years. Twenty-seven percent of patients had HPV
11 infection, 65% had HPV 6 infection and 6% had co-infection with HPV 6 and 11. All patients had
glottic involvement; 73% of patients had supraglottic complication, 68.7% had subglottic localization,
25% had tracheal involvement and 8% had pulmonary lesions. Regarding adjuvant treatment, 73% of
patients received at least one injection of Cidofovir. Patients received an average of 7.1 injections of
Cidofovir with a median of 3.5 injections. Six patients (12.5%) received Cidofovir during an SE prior to
the study specimen. The delay between the first and last SE was on average 3.6 years and the median
was 2 years. Moreover, 71% of patients had a lesion at the last check-up. In addition, in our cohort,
a young patient died at the age of 18 from the malignant transformation of a pulmonary localization
of her JoRRP into bronchopulmonary squamous cell carcinoma. Her JoRRP progressed for 17 years:
132 SE were performed, with a mean interval between each endoscopy of 47 days. She also received
67 injections of Cidofovir.

2.2. p16 Immunochemistry

All patients had a negative staining with p16INK4a antibody.

2.3. HPV RNA Chromogenic In Situ Hybridization

All negative control DaPB probes were negatives. For the PPIB housekeeping gene control probe,
we found 11 patients with a score of 1+ and 37 with a score of 2+. No statistical correlation was found
between the grading of the HPV E6 and E7 probe and the PPIB probe (p = 0,063, Chi2 test).

For the HPV RNA probe, we found 19 patients with a score of 1+ and 29 with a score of 2+.
The characteristics of these two groups are described in Table 1. The two populations are comparable
in terms of HPV type, gender and location of the lesions. The only patient who died of her disease had
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a score of 2+. Although patients with a score of 2+ had more lung involvement and tracheostomy,
the difference was not statistically significant.

Table 1. Characteristics of the score 1+ and score 2+ populations.

Clinical Characteristics Score 1+ (n = 19) Score 2+ (n = 29) p

Gender
Boys 10 (53%) 12 (41%) 0.444
Girls 9 (47%) 17 (59%) 0.444

HPV typing 1
HPV6 and 11 1 (5%) 2 (7%) 1

HPV11 5 (26%) 8 (27%) 0.923
HPV6 12 (63%) 19 (66%) 0.867

Onset of disease at age ≤ 3 years 12 (63%) 14 (48%) 0.312
Tracheostomy 2 (10%) 6 (21%) 0.451

At least 1 Cidofovir injection 11 (57%) 24 (82%) 0.058
Extra-laryngeal involvement 5 (26%) 8 (27%) 0.923

Sub-glottic involvement 12 (63%) 21 (72%) 0.499
Tracheal involvement 5 (26%) 7 (24%) 0.8655

Postoperative morbidity 4 (21%) 6 (21%) 1
Lesion at last check-up 11 (63%) 23 (79%) 0.110

Pulmonary involvement 1 (5%) 3 (10%) 1
Death 0 1 (3%) 1

Malignant transformation 0 1 (3%) 1
1 one patient couldn’t have HPV typing due to sample depletion.

The clinical markers of JoRRP aggressiveness are described in Table 2. Patients with a score of
2+ had a median of SE per year that was two times higher than that of patients with a score of 1+.
We found similar results with the median number of SE the first year. Also, for the score of 2+, we found
72% patient with more than 4 SE in one year compared to patients with score of 1+, who comprised
only 37%. Although the difference is not statistically different, patient with a score of 2+ had a median
of interval between each SE two time shorter compared with 1+ patients. We also performed a second
statistical analysis excluding the patient who underwent 132 SE and received 67 injections of Cidofovir;
the results were similar. We found that patients with a score of 2+ had a median of SE per year that
was higher than patients with a score of 1+ (respectively 5.8 versus 2.8, p = 0.039), and patients with a
score of 2+ also had a higher median number of SE the first year (respectively 5 versus 2, p = 0.019).
There were no significant differences between the two groups for the other items.

Table 2. Comparison of clinical markers of aggressiveness between score 1+ and 2+ populations; results
are medians.

Clinical Markers of Aggressiveness Score 1+ (n = 19) Score 2+ (n = 29) p

Age at diagnosis (year) 2 4 0.676
Years between 1st and last endoscopy 2.6 1.5 0.292

Number of SE per year 2.8 6.1 0.036
Total number of SE 8 9 0.128

Number of SE first year after diagnosis 2 5 0.029
Number of patient with more than 4 SE in

one year 7 21 0.015

Average interval between each SE (days) 168 80 0.067
Number of Cidofovir injections 1 5 0.053

Cidofovir injection prior to the specimen 2 4 1

3. Discussion

Juvenile recurrent respiratory papillomatosis is a rare disease. In order to improve the management
of these patients, it is necessary to carry out studies to find new biomarkers that could predict disease
severity. To our knowledge, our cohort of JoRRP is the largest ever studied in Europe. Our population
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had characteristics which were comparable to those described in national databases in the U.S. and
Canada (covering respectively 603 and 243 children with JoRRP [6,49]). We found a median rate of
SE per year of 4.8, comparable to the U.S. cohort, which was of 4.3, higher than the Canadian one,
i.e., 1.5. Our median age at diagnosis was slightly lower, i.e., 2 years old versus 3 years old in the
U.S. cohort and 4 years old in the Canadian one. Interestingly, the percentage of patients treated with
Cidofovir was much higher in our cohort than in the Canadian cohort (respectively 73% vs. 4.7%).
The differences in terms of Cidofovir treatment could be explained by variability in local practices.
Regarding the distribution of HPV types, our data are comparable to those presented in the literature.
We found a low proportion of co-infection with HPV6 and 11 (6%) and a predominance of HPV6 (65%),
as described elsewhere [50,51]. Currently, no consensual definition exists in the literature for disease
severity. Some authors use composite scores incorporating criteria for disease localization, such as the
Derkay-Coltrera score, and intervention-related criteria, such as the number of SE per year [6,38,52].
Others use only intervention-related criteria. A total number of SE greater than or equal to 10 or a
number of SE/year greater than 3 or 4 is frequently found as a criterion of severity [37]. We were unable
to use Derkay-Coltrera score because one of the two centers involved did not use it systematically.
Given the absence of consensus, we remained descriptive and compared known intervention-related
criteria between our two groups of JoRRP. Thus, our results with the E6 and E7 RNA CISH can be
correlated to the activity of the disease and, by inference, to its severity.

To date, E6 and E7 RNA CISH has not been tested in benign HPV-related tumors. It is a great
opportunity to have performed, for the first time, a CISH with an HPV6/11 RNA probe on an JoRRP
cohort. As expected, all the patients had a positive CISH for E6 and E7 RNA of HPV6/11, confirming the
presence of viral transcription in the papilloma of JoRRP. Both populations were comparable in terms of
HPV type, gender and location of the lesions. Our results show an association between patients with a
score of 2+ and higher activity markers of the disease. Indeed, patients with score of 2+ had a median of
SE per year and a median number of SE the first year, twice as high as those of patients with score of 1+;
this difference is statistically significant. We also found that patient with a score of 2+ were associated
with more than 4 SE in one year, compared to patient with score of 1+. The difference between the
two groups for the mean interval between each SE was also important, but not statistically significant.
Another striking result was the higher frequency of Cidofovir treatment and the higher number of
injection of Cidofovir in patients with a score of 2+; however, these results were close to statistical
significance. Another data pointing in this direction is that the patient who died from a carcinomatous
transformation of her JoRRP had a score of 2+. Our statistical analyses were not influenced by this
patient (who underwent 132 SE and received 67 injections of Cidofovir), since a second statistical
analysis was performed excluding this patient, with very similar results. Considering these results,
patients with a high level of E6 and E7 transcription (score of 2+) had a more aggressive disease
compared those with a low level of transcription (score of 1+). The opposite was observed in our study
with OPSCC, as patients with a score of 2+ had a better overall survival compared to those with a score
of 1+ [40]. This is likely explained by the immune response failure context in JoRRP, while in OPSCC the
presence of more viral RNA in tumors cells could boost the immune response. Our semi-quantitative
results with this technique are reliable, since our negative control probes (DaPB) were all negative and
our control probes of a housekeeping gene were all positive with a semi-quantitative score not being
correlated to the HPV6/11 probe score. However, injection of Cidofovir prior to the SE is a possible
confounding factor. Cidofovir is a nucleotide analogue that blocks the DNA replication of viruses
by inhibiting their DNA polymerase [53]. The effect of Cidofovir on E6 and E7 mRNA expression is
unknown, although it can theoretically be assumed that Cidofovir decreases viral transcription by
limiting the number of replicated viral DNA molecules. Thus, it would be interesting to carry out
a study comparing the CISH score on samples before and after Cidofovir injection and to look for
a correlation with the response to treatment. It can be hypothesized that the HPV6/11 RNA probe
could help predict the response to Cidofovir, and thus avoid giving injections to non-responders.
The observation of the patient who died from a malignant transformation of her JoRRP seems to be
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a first argument for the possibility of predicting the response to Cidofovir. Indeed, this patient had
received 67 Cidofovir injections, which did not control the disease; she had a CISH score of 2+, with the
HPV6/11 RNA probe on the sample taken after receiving Cidofovir injections.

Regarding immunohistochemistry with the p16INK4a antibody, we found, as expected, that there
was no overexpression of p16 in the papilloma of JoRRP, even for the patient who died of a carcinomatous
transformation. It should be noted, however, that the p16INK4a antibody was performed on a squamous
papilloma collected before the onset of the transformation. In addition, no sample of the transformation
was available for this patient. Interestingly, Huebbers et al. described a case of transformation of
JoRRP related to HPV6. They did not find a p16 positivity in the carcinomatous sample, or in the
papilloma sample, but they revealed a single site integration of the viral DNA in the carcinoma sample,
while for the papilloma sample, the viral DNA was episomal [54]. Our results are consistent with the
data in the literature. Indeed, in a series of condyloma acuminata (mostly related to HPV6 and 11),
none showed homogeneous and diffuse p16 staining [55].

4. Materials and Methods

4.1. Population

This retrospective study was approved by an ethical committee (notice number:
CPP2019-02’-019a/2019-00352-55/19.02.05.67237) and by the “Commission Nationale Informatique
et Libertés” (application number: 919150). Patients were selected from two pediatric University
Hospitals (CHU) in Paris that treat JoRRP: Necker-Enfants Malades Hospital and Robert Debré
Hospital. These two hospitals had similar protocols to treat JoRRP, and a SE was performed when
patients were dyspneic or when the lesion growth was exponential. One sample per patient was
selected, i.e., the most recent one, offering the best possible RNA quality. The inclusion criteria were:

• at least one available sample of laryngeal squamous papilloma.
• for each patient at least one positive in situ hybridization with an HPV “low risk” DNA probe or

positive PCR for HPV 6 and/or 11.
• at least one recurrence after diagnosis.

The clinical data were collected retrospectively in March 2018. The following was collected for each
patient: gender, age at diagnosis, dates of each SE performed in the two University Hospitals, number of
SE, number of Cidofovir injections received, tracheotomy in relation to the disease, presence of surgical
sequelae defined as the appearance of synechia at the glottic stage or even stenosis, location of
papillomas, presence of lung involvement proven by at least one chest CT scan, presence of a lesion at
the last check-up nasofibroscopy, carcinomatous transformation of JoRRP lesions, death related to the
disease and cidofovir injection dates to determine whether the sample studied was taken before or
after Cidofovir treatment.

From the dates of the SE, an average interval in days between each SE was calculated. The number
of SE per year was calculated by dividing the total number of SE by the time in years between the first
and last SE.

4.2. HPV RNA Chromogenic In Situ Hybridization

We used RNAscope® kits (Advanced Cell Diagnostics Inc., Newak, CA, USA) from the
manufacturer ACD™ on FFPE sections of papilloma. For each patient, we used the most recent
sample of papilloma (to avoid RNA degradation):

• An in situ hybridization with a probe targeting the mRNA of the E6 and E7 proteins of HPV 6
and 11.

• A negative control with an in situ hybridization probe targeting the RNA of the Bacillus subtilis
dihydrodipicolinate reductase bacterial gene transcript (probe name: DaPB).
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• A positive control with an in situ hybridization probe targeting the RNA of the Cyclophilin B
housekeeping gene (probe name: PPIB), an ubiquitous housekeeping gene.

The FFPE sections were stored at 4 ◦C before the technique was carried out. The hybridizations
were performed according to our laboratory protocol [56]. For each batch of CISH with the RNA probe
of HPV 6 and 11, an external positive control was performed.

Each slide was semi-quantitatively scored by three pathologists together (C.B., C.L. and L.G),
each slide was assigned a score of 0, 1+ or 2+, as described in Figure 1:

• Score 0: no staining
• Score 1+: at ×20 magnification, staining less than or equal to 50% of the cells, or staining of more

than 80% of the cell surface in less than 30% of the tumor cells.
• Score 2+: at ×20 magnification, staining of more than 50% of the cells, or staining of more than

80% of the cell surface in at least 30% of the tumor cells.
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Figure 1. E6 and E7 HPV RNA CISH in papillomas of JoRRP: (A) 10 patients with score 2+: at x20
magnification, staining of more than 50% of the cells, or staining of more than 80% of the cell surface in
at least 30% of the tumor cells. (B) 10 patients with score 1+: at x20 magnification, staining less than
or equal to 50% of the cells, or staining of more than 80% of the cell surface in less than 30% of the
tumor cells.
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Staining with PPIB probe was also assessed semi-quantitatively following the same rules as
previously described.

4.3. p16 Immunochemistry

We conducted immunochemistry on FFPE sections of papilloma with p16INK4a antibody (E6H4
clone, manufacturer: Roche, dilution: 1/2), with a Leica™ Bond III® automat (Leica Microsystemes SA,
Nanterre, France). The anti-p16INK4a immunohistochemistry was rated positive when more than 70%
of the cells displayed clear and homogeneous labeling of the cytoplasm and the nucleus, as shown in
the Figure 2.Cancers 2020, 12, x 8 of 12 
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nuclear and cytoplasmic staining of less than 70% of tumoral cells.
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4.4. Statistical Analysis

Statistical analyses were carried out using the R software. Qualitative variables were analyzed
with a Chi2 or Fisher test depending on the sample size. Univariate analyses with quantitative data
were performed using a nonparametric Mann-Whitney test. Finally, all tests were bilateral and a
p < 0.05 was considered significant.

4.5. Outcome

Patients were classified into two groups regarding their CISH score: score 1+ and score 2+.
The primary outcome was the comparison of clinical markers of disease aggressiveness within these
two groups. Secondary outcome was to explore the p16 expression in JoRRP’s lesions to find a
correlation with a clinical outcome.

5. Conclusions

To conclude, we presented here the first results ever described in the JoRRP with a RNA CISH with
a probe targeting E6 and E7 from HPV6 and 11. Patients with a high level of E6 and E7 transcription
(score 2+) had a more aggressive disease compared to those with a low level of transcription (score
1+). These data are a first step towards the use of biomarkers predictive of disease severity. The use of
biomarkers to predict an aggressive disease could improve the management of the disease, for example,
by implementing adjuvant treatment at the early stages. It could also be an opportunity to better
inform patients and their parents about the potential course of the disease. Our results also point to
the potential of HPV6/11 RNA CISH as a predictive test of response to Cidofovir. These data require
validation on a larger prospective cohort.
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Simple Summary: In 2016, globally, 36.7 million people were living with Human Immunodeficiency
Virus (HIV), of which 53% had access to anti-retroviral therapy (ART) (UNAIDS 2017 Global HIV
Statistics). The risk of Human Papillomavirus (HPV) associated oropharyngeal, cervical and anal
cancers are higher among patients infected with HIV in the era of ART. Generally, HPV infections are
self-limiting, however, persistent HPV infection is a major risk to carcinogenic progression. Long
intervals between initial infection and cancer development imply cofactors are involved. Co-factors
that increase infectivity, viral load, and persistence increase risk of cancer. We propose that the ART
Protease Inhibitors (PI) class of drugs are novel co-factors that regulate HPV infection in HIV-infected
patients. We developed a model system of organotypic epithelium to study impact of PI treatment on
HPV16 infection. Our model could be used to study mechanisms of HPV infection in context of ART,
and for developing drugs that minimize HPV infections.

Abstract: Epidemiology studies suggest that Human Immunodeficiency Virus (HIV)-infected patients
on highly active anti-retroviral therapy (HAART) may be at increased risk of acquiring opportunistic
Human Papillomavirus (HPV) infections and developing oral and cervical cancers. Effective HAART
usage has improved survival but increased the risk for HPV-associated cancers. In this manuscript,
we report that Protease Inhibitors (PI) treatment of three-dimensional tissues derived from primary
human gingiva and cervical epithelial cells compromised cell-cell junctions within stratified epithelium
and enhanced paracellular permeability of HPV16 to the basal layer for infection, culminating in de
novo biosynthesis of progeny HPV16 as determined using 5-Bromo-2′-deoxyuridine (BrdU) labeling
of newly synthesized genomes. We propose that HAART/PI represent a novel class of co-factors that
modulate HPV infection of the target epithelium. Our in vitro tissue culture model is an important tool
to study the mechanistic role of anti-retroviral drugs in promoting HPV infections in HAART-naïve
primary epithelium. Changes in subsequent viral load could promote new infections, create HPV
reservoirs that increase virus persistence, and increase the risk of oral and cervical cancer development
in HIV-positive patients undergoing long-term HAART treatment.

Keywords: non-AIDS defining cancers (NADC); AIDS defining cancers (ADC); human papillomavirus
type 16 (HPV16); opportunistic HPV infections; oropharyngeal cancer; cervical cancer; highly active
anti-retroviral therapy (HAART); protease inhibitors; organotypic raft cultures; HPV persistence
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1. Introduction

In 2016, globally, 36.7 million people were living with Human Immunodeficiency Virus (HIV),
of which 53% had access to anti-retroviral therapy (ART) (UNAIDS 2017 Global HIV Statistics). In
the United States, approximately 1.2 million people are living with Human Immunodeficiency Virus
(HIV)/AIDS [1]. Better tolerated combinations of Highly Active Anti-Retroviral Therapy (HAART) has
significantly improved the survival of HIV-positive individuals including reduction of new infections
and extended life-span [2]. Declined mortality among HIV-infected individuals has resulted in
growth and aging of the HIV-positive populations, which has implications for increased risk of cancer
development [3]. Higher cancer risk in HIV/AIDS patients compared to the general population is a result
of HIV-related immunosuppression that impairs control of oncogenic viral infections [3], including
AIDS-defining cancers (ADC) due to HPV induced cervical cancer, and non-AIDS-defining cancers
(NADC) that include HPV associated oropharyngeal and anal cancers [3,4]. Since the introduction
of HAART in 1996, rates of ADC, including cervical cancer have decreased, but incident rates of
cervical cancer remain elevated in patients undergoing HAART treatment compared to the general
population [3]. In contrast, rates of NADCs have increased with respect to both oropharyngeal and
anal cancers [3]. Although increasing longevity is the greatest risk factor for NADCs, it is insufficient
to explain trends in cancer epidemiology [5].

In 1995, the first generation of Protease Inhibitors (PI) class of anti-retroviral therapy (ART) became
commercially available, followed by novel combinations of PIs with other anti-retroviral classes of
drugs [5,6]. Multiple epidemiological studies representing diverse cohorts support the finding that
oral manifestations of HPV infections increased among HIV-positive patients on long-term HAART
compared to patients not taking ART [7–11]. One study analyzed cancer incidence after ART initiation
in eight US HIV clinical cohorts who started ART between 1996 and 2011, of which 50% started a
PI-containing regimen [6], showed that rates of NADCs rose with longer time on ART [12], and older
age was a significant predictor of NADCs, including HPV related malignancies [12]. A retrospective
study of patients (1996–1999), analyzed the relationship between exposure to combination HAART
therapy and prevalence of oral warts and showed that oral lesions were significantly associated with
PI containing regimens compared with another class of HAART [8]. Prevalence of oral warts was
23% of patients on HAART (+PI) and 15% of patients on HAART (−PI) therapy containing HIV
non-nucleoside reverse transcriptase inhibitors (NNRTI), when compared to 5% of patients on neither
medication [8]. When adjusted for CD4+ count and HIV load, the odds of having oral warts for those
on HAART + NNRTI alone showed a non-significant association, but for those on HAART + PI there
was a highly significant association, which also suggested that HAART use increased oral warts [8].
Overall, HAART usage has decreased incidents of oral lesions of both viral- and non-viral etiologies
and correlates with increased CD4+ T-cell count, but is not statistically significant for decreased HPV
infections [13]. Therefore, the burden of NADCs continues to rise, as does the need for cancer detection,
prevention and treatment in HIV-positive patients [14].

Studies suggest that patients on HAART are at increased risk of acquiring opportunistic HPV
infections and developing oropharyngeal [15,16], anal [17] and cervical cancers [18], compared to the
general population. Oncogenic high-risk HPV16 is responsible for more than 60% of oropharyngeal
carcinoma, ~90% of tonsillar carcinomas [19], most cases of vulvar carcinoma [20], 90% of anal
carcinoma [21] and penile cancers (less than 1% of all male cancers in the United States) with incidence
rates that greatly vary across different regions of the world [21]. The oropharyngeal compartment
is central to the persistence of HPV, and the virus is more commonly detected in the oral mucosa of
HIV-positive patients compared to HIV-negative patients [22]. Up to 56% of HIV-infected adults have
detectable HPV DNA, which is significantly higher than the non-HIV infected population [15,23]. In
addition, HAART usage is associated with development of adverse oral complications that damage
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the mucosal epithelium and potentially expose the underlying tissues to HPV infection [24–26]. Thus,
viral persistence could determine increased prevalence of oropharyngeal cancer among HIV patients
receiving ART compared to the general population [8,16]. HPV16 tends to be persistent and is refractory
to clearance in women on HAART [27], and accounts for ~70% of all invasive cervical cancer [28].
Cumulatively, these studies suggest that HAART treatment potentially enhances opportunistic HPV
infection, viral persistence and cancer progression.

The molecular mechanism of how HAART exposure sensitizes target epithelium to opportunistic
HPV infection, and potentially other viruses, is of significant interest. In the current manuscript, we
developed an in vitro model of HPV infection of HAART-naïve primary human gingiva and cervical
epithelium, and asked whether treatment with two protease inhibitors, Amprenavir and Kaletra, prime
the mucosa for virus infection, and further investigated impact of drug treatments on subsequent
viral load.

2. Results

2.1. Amprenavir Treatment Enhances HPV16 Infection of Primary Oral Tissue

Amprenavir (Agenerase®, GSK) was one of the first PIs in the market that was later removed
due to increased viral resistance. The drug binds to the active site of HIV-1 aspartyl protease and
prevents processing of viral gag and gag-pol poly-protein precursors resulting in formation of immature
non-infectious viral particles [29]. Additionally, prolonged use of Amprenavir was associated with
adverse orofacial effects including progressive oral warts that recurred after removal [8]. We previously
reported that treatment with Amprenavir impacted growth, differentiation and epithelial repair of
gingiva tissues [30]. In the current study, we determined whether PI exposure affected HPV16 infection
in an in vitro model of three-dimensional epithelium. Organotypic cultures were derived from primary
gingival keratinocytes isolated from mixed pools of human gingiva from patients undergoing dental
surgery [30]. On day 8 post-lifting and differentiation at the air-liquid interface, gingiva tissues were
treated for 24 h with 7.66 µg/mL Amprenavir (drug Cmax representing peak blood concentration after
drug administration maintained between two dosages for optimal HIV suppression). Drug treatment
impacted tissue morphology, compromising cell-cell junctions within the stratified suprabasal as well
as the basal layers, altering structural/barrier integrity of desmosome-, tight- and adherens junctions
(Figure 1). It is generally thought that HPV infects cells of the basal layer via micro-abrasions, where
viral genome amplifies to high copies [31]. Hypothetically, Amprenavir regulated damage of protein
complexes at cell-cell contact sites is reminiscent of tissue “wounding” that could provide opportunistic
HPV access to basal cells for infection.
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We then tested the impact of Amprenavir treatment on HPV16 infection of primary gingiva
tissues. Laboratory stocks of HPV16 were prepared from raft tissues derived from cervical cell lines
productively infected with HPV16 that were differentiated in culture for 20 d, as described in the
Methods sections. Amprenavir concentrations ranging from 7.66–2.5 µg/mL were added to the culture
media for 24–72 h, followed by infecting tissues at each time point using increasing doses of HPV16
virus particles as described in this scheme (Figure 2). As controls, untreated tissues were infected with
the highest dose of HPV16 virions. Total time spent in culture was 15–18 d, respectively, followed
by tissue harvesting and measuring the E1ˆE4 major spliced transcript, a major hallmark of virus
infection. The E1ˆE4 open reading frame is present in both early and late HPV transcripts, and high
level expression of this protein is restricted to differentiated suprabasal cells [32]. The E1ˆE4 protein
has multiple functions and is thought to interact with keratin intermediate filament networks to
facilitate network re-organization [33], associate with mitochondria to induce apoptosis [34], bind
RNA processing proteins [35], disrupt nuclear dot 10 domains [36] and associate with cellular cyclins
to mediate cell cycle arrest in the G1/M phase [37]. In addition, we have reported that the E1ˆE4
protein may also play a role in HPV capsid assembly, infectivity and virion maturation [38]. In the
current manuscript, relative E1ˆE4 transcript levels in HPV16 infected/Amprenavir treated tissues
were compared to HPV16 infected tissues that did not receive drug treatment. Amprenavir treatment
renders primary gingiva tissue more favorable to HPV16 infection, compared to untreated tissues that
were poorly infected (Figure 3A). Relative fold-change of E1ˆE4 expression varied relative to drug
pre-treatment times across three independent experiments, and is attributed to natural variation in host
cell genetics (Figures 3A and S1A,B). However, in all cases, E1ˆE4 transcript expression in drug treated
tissues was significantly increased compared to drug untreated tissues. Throughout the manuscript,
unless otherwise stated, for each experiment performed in triplicate, the first data panel is presented in
the Results section, and the other two panels in the Supplementary Materials section. Virus infection
of tissue was inhibited using antibodies against HPV16 L1 (α-V5) and L2 (α-RG-1) capsid proteins
(Figures 3B and S1C,D), thus demonstrating interference with receptor mediated virus entry pathways,
as would be expected. Lower doses of Amprenavir (5 µg/mL) also significantly enhanced HPV16
infection only after 24–48 h of treatment (Figure 4A), whereas treatment with 2.5 µg/mL Amprenavir
poorly supported infection (Figure 4B). These results are significant as we show for the first time that
three-dimensional tissues derived from primary human epithelial cells can be infected with a high-risk
HPV in vitro. Importantly, this could relate to the clinically relevant oral HPV16 infections observed in
HIV+ patients undergoing HAART treatment.
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Figure 2. Schematic of raft tissue growth, drug treatment and infection using three doses of standard
laboratory stocks of HPV16 virions.

Figure 3. Amprenavir (7.66 µg/mL) treatment sensitizes primary gingiva tissue to HPV16 infection
(A) Comparative expression of HPV16 E1ˆE4 transcripts in drug treated tissues compared with virus
infected tissues not drug treated. (B) Inhibition of virus infection of tissues using HPV16 pre-incubated
with α-V5 and α-RG1. Data were analyzed as mean ± SD. p-values were calculated using two-tailed
Student’s t-tests. Quantitative data are presented as mean ± standard deviation. Significance was based
on pairwise Student’s t-test. Comparisons are indicated as 0.001 < p < 0.01 by **; 0.0001 < p < 0.001 by
***; and p < 0.0001 by ****.
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Figure 4. Dose-dependent Amprenavir treatment modulates HPV16 infection of gingiva tissues.
(A) Comparative expression of HPV16 E1ˆE4 transcripts in tissues treated with 5 µg/mL Amprenavir.
Results shown are average of three individual experiments. (B) Comparative expression of HPV16
E1ˆE4 transcripts in tissues treated with 2.5 µg/mL Amprenavir. Data were analyzed and is presented as
mean ± SD. p-values were calculated using two-tailed Student’s t-tests. Quantitative data are presented
as mean ± standard deviation. Significance was based on pairwise Student’s t-test. Comparisons are
indicated as 0.0001 < p < 0.001 by ***; and p < 0.0001 by ****.

Further analysis showed that virus infection of Amprenavir (7.66 µg/mL) treated tissues correlated
with changes in putative progeny viral titers, a milestone in the viral life-cycle (Figure 5, top panel
and Figure S1E,F). Such progeny HPV16 virions (prog-HPV16) poorly infected monolayer HaCaT
cells compared to parental HPV16 (P-HPV16) used above for infecting raft tissues (Figure 5, bottom
panel), suggesting that extended time in culture may be needed for virus capsid maturation to occur.
This concept is based on our previously reported finding that improved HPV16 infectivity over
time is a function of capsid maturation with respect to disulfide bond formation that determines
virus infectivity [39,40]. Raft tissues treated with a range of Amprenavir concentrations (7.66, 5 and
2.5 µg/mL) and infected with either 7.5 × 107 and 1.5 × 108 of P-HPV16 virions, were cultured for a
further 18–24 d, followed by preparing crude virus (CV) stocks of prog-HPV16 from tissues and virus
titer determination (Figures 6A and S1G,H). In this experiment, Amprenavir dose-dependent changes
in progeny virus titers over time was observed. Progeny HPV16 virus stocks isolated from tissues
treated with 7.66 µg/mL Amprenavir were further purified using Optiprep gradient fractionation,
where infectious virus particles with fully mature capsids are known to partition within fractions
#5–#8 [41]. Infectivity of prog-HPV16 in fraction #7 [F#7] samples was measured by infecting HaCaT
monolayer cultures, and determining fold-change expression of E1ˆE4 transcripts compared with
P-HPV16 [F#7] virus (Figure 6B). Infectivity of prog-HPV16 [F#7] improved with increased time in
culture and trended towards infectivity of P-HPV16 [F#7] stocks. Similar to P-HPV16, infection of
prog-HPV16 [F#7] was inhibited with α-V5 and α-RG1 antibodies, suggesting that capsid structure
was conserved between prog-HPV16 and P-HPV16 (Figure 6B). Virus infected gingiva tissues treated
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with 5 µg/mL Amprenavir also produced infectious prog-HPV16, that was neutralized with anti-capsid
antibodies (Figure 7), suggesting that fluctuations of HAART concentrations as would occur in patients
undergoing treatment, would not affect biochemical integrity of new HPV particles synthesized in
target tissues. In contrast, long-term cultures treated with 2.5 µg/mL Amprenavir produced low titers
of prog-HPV16 (Figures 6A and S1G,H). Cumulatively, these results suggest that Amprenavir acts as
a co-factor to sensitize HPV16 infection and further increases viral load in oral tissues, at least via
prog-HPV16 biosynthesis.

Cancers 2020, 12, x 6 of 33 

 

Figure 4. Dose-dependent Amprenavir treatment modulates HPV16 infection of gingiva tissues. (A) 
Comparative expression of HPV16 E1^E4 transcripts in tissues treated with 5 µg/mL Amprenavir. 
Results shown are average of three individual experiments. (B) Comparative expression of HPV16 
E1^E4 transcripts in tissues treated with 2.5 µg/mL Amprenavir. Data were analyzed and is presented 
as mean ± SD. p-values were calculated using two-tailed Student’s t-tests. Quantitative data are 
presented as mean ± standard deviation. Significance was based on pairwise Student’s t-test. 
Comparisons are indicated as 0.0001 < p < 0.001 by ***; and p < 0.0001 by ****. 

Further analysis showed that virus infection of Amprenavir (7.66 µg/mL) treated tissues 
correlated with changes in putative progeny viral titers, a milestone in the viral life-cycle (Figure 5, 
top panel and Figure S1E,F). Such progeny HPV16 virions (prog-HPV16) poorly infected monolayer 
HaCaT cells compared to parental HPV16 (P-HPV16) used above for infecting raft tissues (Figure 5, 
bottom panel), suggesting that extended time in culture may be needed for virus capsid maturation 
to occur. This concept is based on our previously reported finding that improved HPV16 infectivity 
over time is a function of capsid maturation with respect to disulfide bond formation that determines 
virus infectivity [39,40]. Raft tissues treated with a range of Amprenavir concentrations (7.66, 5 and 
2.5 µg/mL) and infected with either 7.5 × 107 and 1.5 × 108 of P-HPV16 virions, were cultured for a 
further 18–24 d, followed by preparing crude virus (CV) stocks of prog-HPV16 from tissues and virus 
titer determination (Figure 6A and Figure S1G, H). In this experiment, Amprenavir dose-dependent 
changes in progeny virus titers over time was observed. Progeny HPV16 virus stocks isolated from 
tissues treated with 7.66 µg/mL Amprenavir were further purified using Optiprep gradient 
fractionation, where infectious virus particles with fully mature capsids are known to partition within 
fractions #5–#8 [41]. Infectivity of prog-HPV16 in fraction #7 [F#7] samples was measured by infecting 
HaCaT monolayer cultures, and determining fold-change expression of E1^E4 transcripts compared 
with P-HPV16 [F#7] virus (Figure 6B). Infectivity of prog-HPV16 [F#7] improved with increased time 
in culture and trended towards infectivity of P-HPV16 [F#7] stocks. Similar to P-HPV16, infection of 
prog-HPV16 [F#7] was inhibited with α-V5 and α-RG1 antibodies, suggesting that capsid structure 
was conserved between prog-HPV16 and P-HPV16 (Figure 6B). Virus infected gingiva tissues treated 
with 5 µg/mL Amprenavir also produced infectious prog-HPV16, that was neutralized with anti-
capsid antibodies (Figure 7), suggesting that fluctuations of HAART concentrations as would occur 
in patients undergoing treatment, would not affect biochemical integrity of new HPV particles 
synthesized in target tissues. In contrast, long-term cultures treated with 2.5 µg/mL Amprenavir 
produced low titers of prog-HPV16 (Figure 6A and Figure S1G,H). Cumulatively, these results 
suggest that Amprenavir acts as a co-factor to sensitize HPV16 infection and further increases viral 
load in oral tissues, at least via prog-HPV16 biosynthesis. 

 

Figure 5. Progeny HPV16 stocks isolated from day 18 gingiva tissues treated with Amprenavir are 
poorly infectious. Top panel: Progeny HPV16 virus stock (day18 harvest) titers isolated from raft 

Figure 5. Progeny HPV16 stocks isolated from day 18 gingiva tissues treated with Amprenavir are
poorly infectious. Top panel: Progeny HPV16 virus stock (day18 harvest) titers isolated from raft
tissues infected with three virus doses indicated in light grey bars: 1.5 × 107 HPV16 virions; Grey bars:
7.5 × 107 HPV16 virions; Black bars: 1.5 × 108 HPV16 virions. Bottom panel: Corresponding infectivity
of progeny virion stocks (5 MOI) (Multiplicity of Infection) in HaCaT monolayer cells compared with
standard (Parental) laboratory stocks. Infection results shown are average of three experiments and is
presented as mean ± SD.
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Figure 6. Extended culturing of infected gingiva tissues treated with Amprenavir determines progeny
virus titers. (A) Raft tissues (day 18–24) infected with two virus doses modulate prog-HPV16 titers in an
Amprenavir concentration dependent manner. Grey bars: infected with 7.5× 107 P-HPV16 virions; Black
bars: infected with 1.5 × 108 P-HPV16 virions. (B) Infectivity of prog-HPV16 Optiprep [F#7] compared
with P-HPV16 [F#7] (1 MOI), and infection inhibition using α-V5 and α-RG1 monoclonal antibodies.
Infection results shown are average of three experiments and is presented as mean ± SD. p-values were
calculated using two-tailed Student’s t-tests. Infectivity of prog-HPV16 were not significantly different
compared with P-HPV16. Comparisons are indicated as 0.0001 < p < 0.001 by ***.
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we developed protocols to distinguish “input” P-HPV16 from “output” prog-HPV16 using BrdU 
labeling of newly replicated genomes. First, culture conditions were optimized for BrdU-labeling of 
replicating viral genomes, utilizing HPV16 positive organotypic cultures routinely used for 
generating infectious HPV16 standard laboratory stocks. In this system, high-risk HPV-positive 
cervical cell lines maintaining episomal copies of viral genomes are allowed to grow and differentiate 
over a period of 20 d [41], during which time tissue stratification occurs synonymously with viral 
genome amplification, late gene L1 and L2 capsid protein expression, culminating in virion 
morphogenesis [31]. We reported that HPV genome amplification occurs on day 8 prior to capsid 
protein expression on day 10, potentially in mechanistic tandem for genome encapsidation and virus 
assembly [42]. To maximally enable BrdU incorporation into replicating viral genomes with minimal 
toxicity to host tissues, on day 8 post-lifting of rafts to the air-liquid interface, 25 μM BrdU was added 
to media and maintained until tissue harvesting (Figure 8A). Infectivity of HPV16 stocks grown in 
the presence of BrdU (P-HPV16-BrdU) was similar to control/unlabeled P-HPV16, including the 
ability of neutralizing anti-capsid antibodies to inhibit virus infection of HaCaT monolayer cultures 
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Figure 7. Low Amprenavir concentrations determine production and infectivity of prog-HPV16.
Optiprep [F#7] prog-HPV16 from tissues treated with 5 µg/mL Amprenavir compared with P-HPV16
Optiprep [F#7] (1 MOI in HaCaT cells), and infection inhibition using α-V5 and α-RG1 monoclonal
antibodies. Infection results shown are average of three experiments and is presented as mean ± SD.
p-values were calculated using two-tailed Student’s t-tests. Infectivity of prog-HPV16 was not
significantly different compared with P-HPV16.

2.2. Using BrdU to Label Newly Synthesized HPV16 Genomes Distinguishes between Parental and
Progeny Virions

To confirm that Amprenavir treatment induced de novo virus biosynthesis in gingiva tissues,
we developed protocols to distinguish “input” P-HPV16 from “output” prog-HPV16 using BrdU
labeling of newly replicated genomes. First, culture conditions were optimized for BrdU-labeling of
replicating viral genomes, utilizing HPV16 positive organotypic cultures routinely used for generating
infectious HPV16 standard laboratory stocks. In this system, high-risk HPV-positive cervical cell
lines maintaining episomal copies of viral genomes are allowed to grow and differentiate over a
period of 20 d [41], during which time tissue stratification occurs synonymously with viral genome
amplification, late gene L1 and L2 capsid protein expression, culminating in virion morphogenesis [31].
We reported that HPV genome amplification occurs on day 8 prior to capsid protein expression on
day 10, potentially in mechanistic tandem for genome encapsidation and virus assembly [42]. To
maximally enable BrdU incorporation into replicating viral genomes with minimal toxicity to host
tissues, on day 8 post-lifting of rafts to the air-liquid interface, 25 µM BrdU was added to media and
maintained until tissue harvesting (Figure 8A). Infectivity of HPV16 stocks grown in the presence of
BrdU (P-HPV16-BrdU) was similar to control/unlabeled P-HPV16, including the ability of neutralizing
anti-capsid antibodies to inhibit virus infection of HaCaT monolayer cultures (Figure 8B).
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Figure 8. BrdU Labeling of 20 d Standard Laboratory HPV16 Stocks. (A) Schematic for BrdU labeling
of HPV16 virus in 20 d raft tissues derived from human cervical cell line, maintaining episomal HVP16
genomes. (B) Infectivity comparison of BrdU-labeled HPV16 versus control unlabeled virus stocks
(1 MOI in HaCaT cells). Optiprep gradient purified virus [F#7] stocks was used. Infection was in
the presence of α-V5 and α-RG1 monoclonal antibodies. Infection results shown are average of three
experiments and is presented as mean ± SD. p-values were calculated using two-tailed Student’s t-tests.
Infectivity comparisons were not significantly different.

To visualize HPV16-BrdU labeled genomes, HaCaT monolayer cultures were infected with
P-HPV16-BrdU virus from [F#7]-stocks purified using Optiprep gradient fractionation, and
immunofluorescence staining was performed to detect labeled genomes using a mouse anti-BrdU
antibody. Additionally, to confirm that BrdU-labeled genomes were virion encapsidated, we further
co-localized BrdU immunofluorescence with HPV16 L1 capsid protein using a rabbit anti-HPV16
L1 antibody. Significant co-localization was determined between viral genome/capsid complexes
manifesting as punctate spots in perinuclear regions (Pearson’s correlation coefficient for co-localization
between 0.560 ± 0.023 and 0.626 ± 0.076) (Figure 9A). Time course experiments were also performed to
determine kinetics of HPV16-BrdU cell uptake and entry. The L1 capsid staining alone was weakly
visualized at 3 h post-infection, suggesting virus attachment to cells (Figure 9B). However, BrdU
immunofluorescence was not detected suggesting the absence of capsid uncoating. In contrast, at
5 h post-infection, significant co-localization was found between BrdU-labeled genomes and L1,
suggesting initial stages of virus disassembly. Additionally, HPV16-BrdU staining appeared in
polarized clusters, indicating mass virus trafficking within vesicles around perinuclear locations. In
contrast, at 6 h post-infection, co-localization between L1 and genomes was decreased (Pearson’s
coefficient 0.264 ± 0.017), indicating further advancement of viral capsid/genome disassembly. At
12 h post-infection, co-localization of the two fluorophores was not significant (Pearson’s coefficient
0.057 ± 0.019). As controls, non-specific binding of anti-BrdU and anti-L1 antibodies was not detected
in uninfected HaCaT cells (Figure S2A). Lastly, neutralizing α-V5/L1 capsid protein complexes were
visualized at 6h post-infection, where L1 staining appeared in clusters depicting non-uniform spots
(Figure 9B, right panel, compare L1 staining pattern with left panel, 6h post-infection without α-V5),
that correlate with inhibition of virus infection (Figure 6B). Antibody sequestration or “clumping” of L1
presumably serves as a mechanism that prevents virus infectivity. Our studies present first time data
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that show biosynthesis of a high-risk papillomavirus in three-dimensional culture, that is amenable to
BrdU-labeling and is able to be visualized following infection using confocal imaging.Cancers 2020, 12, x 10 of 33 

 

 

 
Figure 9. Visualization of BrdU-labeled viral genomes. (A) Confocal microscopy imaging of Optiprep 
[F#7] BrdU-labeled HPV16 genomes co-localized with L1 capsid proteins in HaCaT cells 5 h post-
infection. Cells were infected using 1 MOI of virus. (B) Left panel: Time-dependent co-localization of 
HPV16-BrdU labeled genomes and L1 capsids in HaCaT monolayers, 2 h, 3 h, 5 h and 6 h post-
infection. Optiprep gradient virus in [F#7] stocks (1 MOI) was used. Right panel: Immunofluorescence 
of α-V5/L1 capsid protein complexes that correlate with inhibition of infection. Optiprep gradient 
fractionated [F#7] virus stock was incubated with α-V5/L1 followed by infecting HaCaT monolayers 
(1 MOI) and imaging 6 h post-infection (compare with left panel, 6h post-infection L1 staining pattern 
without α-V5 incubation). Pearson’s coefficients illustrating co-localization of BrdU labeled genome 
and L1 capsid protein are presented in the merged images. Data represent mean Pearson’s coefficient 
± SD, calculated from 5 independent images. 

2.3. BrdU labels Newly Synthesized Progeny Virus in Amprenavir Treated Gingiva Tissue Infected with P-
HPV16 

The techniques developed above to label newly synthesized HPV16 genomes packaged into 
virions provided a foundation for further determining whether Amprenavir treated primary gingiva 
tissues infected with P-HPV16 also induced de novo prog-HPV16 biosynthesis. Primary tissues were 
optimized for BrdU-labeling of replicating genomes incorporated into new virions using a modified 
protocol (Figure 10). On day 8 post-lifting, primary gingiva tissues were pre-treated with Amprenavir 

Figure 9. Visualization of BrdU-labeled viral genomes. (A) Confocal microscopy imaging of
Optiprep [F#7] BrdU-labeled HPV16 genomes co-localized with L1 capsid proteins in HaCaT cells 5 h
post-infection. Cells were infected using 1 MOI of virus. (B) Left panel: Time-dependent co-localization
of HPV16-BrdU labeled genomes and L1 capsids in HaCaT monolayers, 2 h, 3 h, 5 h and 6 h post-infection.
Optiprep gradient virus in [F#7] stocks (1 MOI) was used. Right panel: Immunofluorescence of α-V5/L1
capsid protein complexes that correlate with inhibition of infection. Optiprep gradient fractionated
[F#7] virus stock was incubated with α-V5/L1 followed by infecting HaCaT monolayers (1 MOI) and
imaging 6 h post-infection (compare with left panel, 6h post-infection L1 staining pattern without α-V5
incubation). Pearson’s coefficients illustrating co-localization of BrdU labeled genome and L1 capsid
protein are presented in the merged images. Data represent mean Pearson’s coefficient ± SD, calculated
from 5 independent images.
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2.3. BrdU Labels Newly Synthesized Progeny Virus in Amprenavir Treated Gingiva Tissue Infected
with P-HPV16

The techniques developed above to label newly synthesized HPV16 genomes packaged into
virions provided a foundation for further determining whether Amprenavir treated primary gingiva
tissues infected with P-HPV16 also induced de novo prog-HPV16 biosynthesis. Primary tissues were
optimized for BrdU-labeling of replicating genomes incorporated into new virions using a modified
protocol (Figure 10). On day 8 post-lifting, primary gingiva tissues were pre-treated with Amprenavir
for 72 h, followed by infecting with one of two doses of P-HPV16 as indicated. At 24 h post-infection,
BrdU was added to the media and tissues were cultured until harvesting on day 22. Then, BrdU-labeled
prog-HPV16 (prog-HPV16-BrdU) CV stocks were purified using Optiprep gradient fractionation.
Monolayer HaCaT cultures were infected with [F#7]-derived prog-HPV16-BrdU (1 MOI) and visualized
using confocal imaging (Figure 11A). Significant viral genome/L1 co-localization was determined 5 h
post-infection (Pearson’s coefficient 0.657 ± 0.060), that was decreased at 6 h (Pearson’s coefficient
0.204 ± 0.109), suggesting that kinetics of virus disassembly was similar to P-HPV16-BrdU (Figure 9B).
Further, punctate α-V5/L1 capsid-protein complexes were visualized that correlate with inhibition
of infection (Figure 11A, right panel, compare L1 staining pattern with left panel, 6 h post-infection
without α-V5; and Figure 6B). We present first time data that show Amprenavir treatment and infection
of three-dimensional tissue with authentic HPV16 virus results in productive infection and de novo
biosynthesis of infectious progeny HPV16 in vitro.
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Figure 11. Immunofluorescence co-localization of BrdU-labeled genomes and L1 capsids of prog-HPV16.
(A) Progeny HPV16 biosynthesized in Amprenavir treated gingiva tissues. (B) Prog-HPV16
biosynthesized in Kaletra treated gingiva tissues. (C) Prog-HPV16 biosynthesized in Amprenavir
treated cervical tissues. (D) Prog-HPV16 biosynthesized in Kaletra treated cervical tissues. Right panels
of (A–D): Immunofluorescence of α-V5/L1 capsid protein complexes that correlate with inhibition of
infection. Prog-HPV16 [F#7] stocks biosynthesized in 22 d raft tissues was incubated with α-V5/L1
followed by infecting HaCaT monolayers and then imaging 6 h post-infection (compare with 6 h
post-infection L1 staining pattern without α-V5 incubation, left panel). Pearson’s coefficients illustrating
co-localization of BrdU labeled genome and L1 capsid protein are presented in the merged images.
Data represent mean Pearson’s coefficient ± SD, calculated from 5 independent images.

2.4. Kaletra® Treatment Also Induces De Novo Biosynthesis of Progeny Virions in Gingiva Tissues

To confirm that our findings were not restricted to Amprenavir treatment, we utilized Kaletra
(Lopinavir/ritonavir, Abbott Laboratories), a PI currently prescribed for HIV treatment. Use of Kaletra
was approved in 2000 by the US FDA for the treatment of HIV infection in adults and children. Similar
to Amprenavir, prolonged use of Kaletra is associated with several adverse orofacial effects [43,44]. We
reported that Kaletra treatment also affected growth, differentiation and epithelial repair of gingiva
tissues [45]. In the current study, we determined the impact of Kaletra treatment (Cmax 9.8 µg/mL) on
P-HPV16 infection and subsequent progeny viral load in primary tissues. Like Amprenavir, Kaletra
treatment also rendered primary gingiva tissue more favorable to HPV16 infection, compared with
untreated tissues (Figure 12A). Again, relative fold-change of E1ˆE4 expression varied relative to drug
pre-treatment times across three independent experiments attributed to natural variation in host cell
genetics (Figures 12A and S3A,B). Virus infection of tissue was neutralized using antibodies against
HPV16 L1 and L2 capsid proteins (Figures 12B and S3C,D). Raft tissues treated with a range of Kaletra
concentrations (9.8, 6 and 3 µg/mL) were infected with one of two doses of P-HPV16 and grown in
long-term cultures, and putative prog-HPV16 CV stocks were titered and were further determined
to be drug dose-dependent (Figures 13A and S3E,F). Infectivity of prog-HPV16 in [F#7]-stocks were
similar to that of P-HPV16 [F#7], and were inhibited with α-V5 and α-RG1 antibodies, suggesting that
regardless of whether Amprenavir or Kaletra was tested, capsid structure in relation to infectivity was
conserved between prog-HPV16 and P-HPV16 (Figure 13B). In contrast, long-term cultures treated with
6 and 3 µg/mL Kaletra produced low prog-HPV16 titers (Figure 13A and Supplementary Figure S3E,F).
We also confirmed that Kaletra treatment induced de novo virion biosynthesis. Our studies show
that Kaletra treatment and infection of three-dimensional tissue with P-HPV16 virus also results in
production of BrdU-labeled prog-HPV16 in vitro (Figure 11B). Time-line experiments were performed
to show significant prog-HPV16 BrdU-labeled genome/L1 co-localization after 5 h of infection of HaCaT
monolayer cells (Pearson’s coefficient 0.554 ± 0.069), that was decreased at 6 h post-infection (Pearson’s
coefficient 0.172 ± 0.054) (Figure 11B). In addition, α-V5/L1 capsid protein complexes were similarly
visualized that correlate with inhibition of infection (Figure 11B right panel, compare L1 staining
pattern with left panel, 6 h post-infection without α-V5; and Figure 13B). We previously reported
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that Kaletra treatment of primary gingiva tissues also mediated disruption of protein complexes that
regulate cell-cell junctions [45] that could provide HPVs with efficient access to their target cells in
the basal layer. Overall, these results indicate that Kaletra also acts as a co-factor to sensitize HPV16
infection of oral tissue.

Figure 12. Kaletra (9.8 µg/mL) treatment sensitizes primary gingiva tissue to HPV16 infection.
(A) Comparative expression of HPV16 E1ˆE4 transcripts in Kaletra treated tissues compared with virus
infected tissues not drug treated. Three P-HPV16 doses were used for infecting rafts as indicated.
(B) Inhibition of virus infection of tissues using HPV16 pre-incubated with α-V5 and α-RG1. Data
were analyzed as mean ± SD. p-values were calculated using two-tailed Student’s t-tests. Significance
was based on pairwise Student’s t-test. Comparisons are indicated as 0.0001 < p < 0.001 by ***; and
p < 0.0001 by ****.
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Figure 13. Extended culturing of Kaletra infected gingiva tissues determines progeny virus titers. (A) 
Raft tissues (day 18–24) infected with two virus doses modulates prog-HPV16 titers in a Kaletra 
concentration dependent manner. Grey bars: infected with 7.5 × 107 P-HPV16 virions; Black bars: 
infected with 1.5 × 108 P-HPV16 virions. (B) Infectivity of prog-HPV16 Optiprep [F#7] compared with 
P-HPV16 [F#7] (1 MOI), and infection inhibition using α-V5 and α-RG1 monoclonal antibodies. 
Infection results shown are average of three experiments and is presented as mean ± SD. p-values 
were calculated using two-tailed Student’s t-tests. Infectivity of prog-HPV16 were not significantly 
different compared with P-HPV16. 
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Figure 13. Extended culturing of Kaletra infected gingiva tissues determines progeny virus titers.
(A) Raft tissues (day 18–24) infected with two virus doses modulates prog-HPV16 titers in a Kaletra
concentration dependent manner. Grey bars: infected with 7.5 × 107 P-HPV16 virions; Black bars:
infected with 1.5 × 108 P-HPV16 virions. (B) Infectivity of prog-HPV16 Optiprep [F#7] compared
with P-HPV16 [F#7] (1 MOI), and infection inhibition using α-V5 and α-RG1 monoclonal antibodies.
Infection results shown are average of three experiments and is presented as mean ± SD. p-values were
calculated using two-tailed Student’s t-tests. Infectivity of prog-HPV16 were not significantly different
compared with P-HPV16.

2.5. Amprenavir Treatment Allows for Virus Transit through Gingiva Tissue Layers for Infecting Basal Cells

Thus far, we have shown that untreated gingiva tissues were poorly infected with HPV16
compared with tissues treated with PI (Figures 3A and 12A). Amprenavir mediated disruption of
protein complexes that regulate cell-cell junctions (Figure 1) could provide HPVs with more efficient
access to their target cells in the basal layer. In order to visually correlate HPV16 infection with
virus localization within different layers of the stratified epithelium, we used P-HPV16-BrdU to
infect Amprenavir treated primary gingiva tissues and performed immunofluorescent staining of
BrdU-labeled HPV16 virus particles in transit through the tissue over a period of 12–72 h post-layering
of virus on top of tissues (Figure 14A,B). At 12 h post-infection, HPV16-BrdU was mostly localized in
the cornified and upper portions of the suprabasal layer irrespective of Amprenavir treatment. At
increasing times post-addition of virus, in drug-treated tissues, HPV16-BrdU was localized throughout
the suprabasal layer as well as cells within the basal layer, whereas in untreated tissues, the virus
was restricted in the upper cornified layers of the tissues. Significant co-localization was determined
between viral genome/capsid complexes, manifesting as punctate spots in perinuclear regions in
cells of the basal layer (Pearson’s correlation coefficient for co-localization between 0.878 ± 0.094 and
0.644 ± 0.107) across 24–72 h post-layering of virus on tissues (Figure 14B). We also performed control
experiments to rule out the possibility of “bleed-through” of the fluorescence emission of Alexa Fluor
488 and Alexa Fluor 568, the two fluorophores used in our studies, and found no evidence of crossover
fluorescence (Figure S2B). Taken together, our results suggest that Amprenavir mediated disruption of
cell–cell barrier integrity likely plays a role in enhancing HPV16 transit through the epithelium to the
target basal cells for infection, whereas non-disrupted cell-cell junctions in control tissues impede virus
transit through the tissue layers.
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Figure 14. Time-course visualization of HPV16-BrdU transit through primary gingiva tissues. (A) 
Amprenavir (7.66 µg/mL) treated gingiva tissues (72 h) were infected with 5 × 106 HPV16-BrdU 
virions and tissues harvested and fixed periodically 12–72 h post-layering of virus on top of tissue. 
Immunofluorescence staining/confocal analysis of tissue sections staining the HPV16-BrdU 
genomes/L1 capsid complexes within cornified, suprabasal and basal layers. (B) 20× magnification of 
infected basal cells shown in (A). Pearson’s coefficients illustrating co-localization of BrdU labeled 
genome and L1 capsid protein in basal layer cells are presented in the merged images. Data represent 
mean Pearson’s coefficient ± SD, calculated from 3 independent images. 

Figure 14. Time-course visualization of HPV16-BrdU transit through primary gingiva tissues.
(A) Amprenavir (7.66 µg/mL) treated gingiva tissues (72 h) were infected with 5 × 106 HPV16-BrdU
virions and tissues harvested and fixed periodically 12–72 h post-layering of virus on top of tissue.
Immunofluorescence staining/confocal analysis of tissue sections staining the HPV16-BrdU genomes/L1
capsid complexes within cornified, suprabasal and basal layers. (B) 20×magnification of infected basal
cells shown in (A). Pearson’s coefficients illustrating co-localization of BrdU labeled genome and L1
capsid protein in basal layer cells are presented in the merged images. Data represent mean Pearson’s
coefficient ± SD, calculated from 3 independent images.
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2.6. Primary Cervix Tissues Differentially Regulate Progeny HPV16 Biosynthesis When Treated with
Amprenavir and Kaletra

We also compared PI treatment and HPV16 infection of primary cervical epithelium and measured
impact on de novo prog-HPV16 biosynthesis. Organotypic cultures were derived from primary cervical
keratinocytes isolated from patients undergoing hysterectomy. Amprenavir and Kaletra were added at
the Cmax dosage (7.66 µg/mL and 9.8 µg/mL, respectively) to the culture media for 24–72 h, followed
by infecting tissues using increasing doses of P-HPV16 (Figures 15A and 16A). Untreated tissues
infected with the highest dose of HPV16 virions were used as controls. Expression of the E1ˆE4 spliced
transcript in drug treated tissues was measured and relative levels compared to HPV16 infected, drug
untreated controls. Similar to gingiva tissues, treatment with Amprenavir and Kaletra, rendered
primary cervical tissue more favorable to HPV16 infection, compared to untreated tissues that were
poorly infected (Figures 15A and S4A,B; Figures 16A and S5A,B). Again, relative E1ˆE4 expression
levels were non-linear with regard to drug pre-treatment times. Observed fold-changes of E1ˆE4
expression varied relative to drug pre-treatment times across three independent experiments, once
again suggesting a universal role for host genetics of target tissues. Virus infected Amprenavir and
Kaletra treated tissues, respectively, were also inhibited using antibodies against HPV16 L1 and L2
capsid proteins (Figures 15B and S4C,D; Figures 16B and S5C,D), as would be expected. These results
are significant as we show for the first time that three-dimensional tissues derived from primary
cervical epithelial cells can be infected with a high-risk HPV in vitro, in the context of HIV-positive
patients co-infected with HPVs undergoing HAART treatment.

Figure 15. Amprenavir (7.66 µg/mL) treatment sensitizes primary cervical tissue to HPV16 infection.
(A) Comparative expression of HPV16 E1ˆE4 transcripts in drug treated tissues compared with virus
infected tissues not drug treated. (B) Inhibition of virus infection of tissues using HPV16 pre-incubated
with α-V5 and α-RG1. Data were analyzed as mean ± SD. p-values were calculated using two-tailed
Student’s t-tests. Comparisons are indicated as 0.001 < p < 0.01 by **; 0.0001 < p < 0.001 by ***; and
p < 0.0001 by ****.
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Figure 16. Kaletra (9.8 µg/mL) treatment sensitizes primary cervical tissue to HPV16 infection.
(A) Comparative expression of HPV16 E1ˆE4 transcripts in Kaletra (9.8 µg/mL) treated tissues compared
with virus infected tissues not drug treated. (B) Inhibition of HPV16 infection using α-V5 and α-RG1
of tissues treated with Kaletra. Data were analyzed as mean ± SD. p-values were calculated using
two-tailed Student’s t-tests. Comparisons are indicated as 0.001 < p < 0.01 by **; 0.0001 < p < 0.001 by
***; and p < 0.0001 by ****.

Further analysis showed that P-HPV16 infected tissues differentially correlated with changes
in prog-HPV16 titers in the context of PI treatment utilized. Primary cervical tissues treated with
Amprenavir (Figures 17A and S4E,F) induced virus titers that were comparable to those of infected
gingiva tissues at all concentrations tested (Figures 6A and S1G,H). In contrast, treatment with the
Cmax dose of Kaletra negatively regulated progeny virus biosynthesis in cervical tissues (Figures 18A
and S5E,F) compared with gingiva tissues (Figures 13A and S3E,F). Inability to synthesize prog-HPV16
in presence of Kaletra treatment was not due to ability of the cervical tissues to be infected, as
clear infection, as determined using E1ˆE4 expression, was observed at all time points post-infection
(Figures 16A and S5A,B). In contrast, treating cervical tissues with low concentrations of Kaletra
(6–3 µg/mL) resulted in production of low yet measurable prog-HPV16 titers in long-term cultures
(Figures 18A and S5E,F). Infectivity of prog-HPV16 produced in Amprenavir (7.66 µg/mL) or Kaletra
(3 µg/mL) treated cervical tissue was similar to that of P-HPV16, as was the ability to be inhibited
with α-V5 and α-RG1 antibodies, thereby suggesting that biochemical nature of newly synthesized
progeny virions was conserved regardless of whether oral or cervical tissue was examined, or specific
PI and concentration used for treatments (Figures 17B and 18B). Progeny HPV16 biosynthesized
in the presence of the two PIs was also confirmed using BrdU-labeling of genomes (Figure 11C,D).
At 5 h post-infection in HaCaT monolayers, significant co-localization was also observed between
BrdU labeled genomes and L1 capsids (Amprenavir 0.647 ± 0.050; Kaletra 0.782 ± 0.008), that was
decreased at 6 h post-infection (Amprenavir 0.205 ± 0.098; Kaletra 0.208 ± 0.053), a further measure
of capsid uncoating within infected cells. Additionally, α-V5/L1 capsid protein complexes correlate
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with inhibited infection (Figure 11C,D, right panels, compare L1 staining pattern with left panel, 6 h
post-infection without α-V5; and Figures 17B and 18B). Cumulatively, these results suggest that both
PIs act as co-factors to sensitize HPV infection of cervical tissues. Further, differences in progeny virus
titers were noted with regards to Kaletra treatment in tissues isolated from different anatomic sites.
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Figure 17. Extended culturing of Amprenavir treated HPV16 infected cervical tissues modulates
progeny virus titers. (A) Raft tissues (day 18–24) infected with two virus doses modulate prog-HPV16
titers in an Amprenavir concentration dependent manner. Grey bars: infected with 7.5 × 107 P-HPV16
virions; Black bars: infected with 1.5 × 108 P-HPV16 virions. (B) Infectivity of prog-HPV16 Optiprep
[F#7] compared with P-HPV16 [F#7] (1 MOI in HaCaT cells), and infection inhibition using α-V5
and α-RG1 monoclonal antibodies. Infection results shown are average of three experiments and is
presented as mean ± SD. p-values were calculated using two-tailed Student’s t-tests. Infectivity of
prog-HPV16 were not significantly different compared with P-HPV16. Comparisons are indicated as
0.001 < p < 0.01 by **; 0.0001 < p < 0.001 by ***.
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bars: infected with 1.5 × 108 P-HPV16 virions. (B) Infectivity of concentrated virus stocks isolated from 
raft tissues treated with Kaletra (3 µg/mL) compared with P-HPV16 (1 MOI in HaCaT cells), and 
infection inhibition using α-V5 and α-RG1 monoclonal antibodies. Infection results shown are 
average of three experiments and is presented as mean ± SD. p-values were calculated using two-
tailed Student’s t-tests. Infectivity of prog-HPV16 were not significantly different compared with P-
HPV16. 
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Similar to primary gingiva tissues, cervical tissues not treated with PIs were poorly infected with 
HPV16 compared with tissues that were drug treated (Figures 15A and 16A). In order to visually 
correlate HPV16 infection with virus localization within different layers of the cervical epithelium, 
we used P-HPV16-BrdU to infect Amprenavir treated primary cervical tissues and performed 
immunofluorescent staining of virus particles in transit through the tissue over a period of 12–72 h 
post-infection (Figure 19A,B). At 12 h post-infection, HPV16-BrdU was mostly localized in the 
cornified and suprabasal layer in tissues not treated with Amprenavir, whereas HPV16-BrdU was 
localized within the suparabasal layers in drug-treated tissues. At increasing times post-layering of 
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Figure 18. Extended culturing of Kaletra treated HPV16 infected cervical tissues modulates progeny
virus titers. (A) Raft tissues (day 18–24) infected with two virus doses modulates prog-HPV16 titers in a
Kaletra concentration dependent manner. Grey bars: infected with 7.5 × 107 P-HPV16 virions; Black
bars: infected with 1.5 × 108 P-HPV16 virions. (B) Infectivity of concentrated virus stocks isolated
from raft tissues treated with Kaletra (3 µg/mL) compared with P-HPV16 (1 MOI in HaCaT cells),
and infection inhibition using α-V5 and α-RG1 monoclonal antibodies. Infection results shown are
average of three experiments and is presented as mean ± SD. p-values were calculated using two-tailed
Student’s t-tests. Infectivity of prog-HPV16 were not significantly different compared with P-HPV16.

2.7. Amprenavir Treatment of Primary Cervix Tissue Allows for Virus Transit through Layers for Infecting
Basal Cells

Similar to primary gingiva tissues, cervical tissues not treated with PIs were poorly infected
with HPV16 compared with tissues that were drug treated (Figures 15A and 16A). In order to
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visually correlate HPV16 infection with virus localization within different layers of the cervical
epithelium, we used P-HPV16-BrdU to infect Amprenavir treated primary cervical tissues and
performed immunofluorescent staining of virus particles in transit through the tissue over a period of
12–72 h post-infection (Figure 19A,B). At 12 h post-infection, HPV16-BrdU was mostly localized in
the cornified and suprabasal layer in tissues not treated with Amprenavir, whereas HPV16-BrdU was
localized within the suparabasal layers in drug-treated tissues. At increasing times post-layering of virus
on top of tissues, in drug treated tissues, HPV16-BrdU was localized throughout the suprabasal layer as
well as within the basal cells. In contrast, virus particles were impeded in the upper cornified layers of
untreated tissues. Significant co-localization was determined between viral genome/capsid complexes
manifesting as punctate spots in perinuclear regions in basal cells (Pearson’s correlation coefficient
for co-localization between 0.578 ± 0.063 to 0.613 ± 0.072) across 12–48 h, followed by a decrease
to non-significant levels at 72 h (Pearson’s correlation coefficient for co-localization 0.365 ± 0.0615)
post-layering of virus on tissues. These kinetics suggest that at 72 h post-addition of virus, HPV16 in
infected basal layer cells of cervical tissues have undergone significant disassembly. This observation is
in contrast to gingiva tissues where significant co-localization of viral genome/capsid complexes were
observed across all times analyzed including the 72 h time point (Figure 14A,B). These results also
suggest that target epithelium from different anatomic sites may regulate kinetics of virus infection of
basal cells and downstream establishment of genome replication. Taken together, our results suggest
that Amprenavir de-regulation of cell-cell barrier integrity in cervical tissue could play a role in
enhancing HPV16 transit through the epithelium to the basal layer for infection.
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Figure 19. Time-course visualization of HPV16-BrdU transit through primary cervix. (A) Amprenavir
(7.66 µg/mL) treated cervical tissues (72 h) were infected with 5 × 106 HPV16-BrdU virions and tissues
harvested and fixed periodically 12–72 h post-layering of virus on top of tissue. Immunofluorescence
staining/confocal analysis of tissue sections staining the HPV16-BrdU genomes/L1 capsid complexes
within cornified, suprabasal and basal layers. (B) 20× magnification of infected basal cells in (A).
Pearson’s coefficients illustrating co-localization of BrdU labeled genome and L1 capsid protein in
basal layer cells are presented in the merged images. Data represent mean Pearson’s coefficient ± SD,
calculated from 3 independent images.

2.8. Progeny HPV16 Can Be Serially Propagated in the Organotypic Epithelium Model

Use of three-dimensional cultures has revolutionized propagation of HPV in the laboratory
for conducting detailed studies of the viral life cycle. First, this technique enabled the production
of any high-risk HPV type for which the cloned viral genome is available [46–49]. Viral genomes
are electroporated into isolated human mucosal or cutaneous keratinocyte of choice, resulting in
chronically infected cell-lines that stably maintain viral episomes. Immortalized cell lines are then
differentiated in organotypic cultures for producing infectious HPV stocks. Second, high-risk HPV
positive cell lines are generated via acute infection of target epithelial cells that can be grown in
three-dimensional cultures for virus production (Chatterjee and Meyers, manuscript in preparation).
Third, in the current study, we show that PI treated stratified epithelium can be infected with HPV16
resulting in de novo biosynthesis of infectious progeny virus. Our techniques developed in the current
study are important tools to study the mechanistic role of anti-retroviral drugs in promoting HPV
infections in HAART-naïve primary epithelium. A related long-term goal is to also understand how
changes in viral load may promote new infections of surrounding healthy tissue, thereby potentially
creating HPV reservoirs that increase virus persistence, and increase the risk of oral and cervical
cancer development in HIV-positive patients undergoing long-term HAART treatment. Therefore, we
further asked whether Amprenavir-treated cervical epithelium could be used for serial propagation
of virus, such that prog-HPV16 isolated from one epithelium is used to infect new epithelium. To
account for variation in host genetics, organotypic tissues derived from primary cervical epithelial
cells isolated from six different hosts, were treated with Amprenavir and infected with HPV16 as
described in the scheme presented here (Figure 20A). Resultant progeny CV stocks were concentrated
and titered, followed by infecting a new set of tissues derived from another set of six different hosts,
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that were further treated with Amprevanir in culture, followed by repeating the process twice more.
Cumulatively, the end results depict serial infection of 24 individual host tissues. Moreover, variation
in progeny viral titers derived in serial infection/passaging is indicative of differences in host genetics
(Figure 20B). Our results show that HPV16 can be propagated in the infected epithelial model, albeit in
the presence of PI. In comparison, raft tissues in the first set of infections not treated with Amprenavir
displayed very low titers and were unable to be used for serial infection. This is significant in terms of
defining one mechanism of long-term virus persistence in HIV infected patients undergoing HAART
treatment, since prog-HPV16 produced in one area of infected epithelium has the potential to infect
neighboring uninfected epithelium, that could eventually translate to creation of HPV reservoirs, virus
persistence and cancer progression.
Cancers 2020, 12, x 22 of 33 

 

 

 

Figure 20. Serial propagation of progeny HPV16 in primary cervical tissues treated with Amprenavir. 
(A) Schematic for serial propagation of HPV16 in Amprenavir (7.66 µg/mL) treated primary cervical 
tissues. (B) Prog-HPV16 titers in serial infections representing 24 different host lines. Each infected 
raft tissue designated in (A) was titered and presented in graphs. Each bar is color coded to represent 
serial infections (Serial infections 3–4) from the same initial infection (Infection 1). Virus stocks were 
concentrated prior to infecting the next set of raft tissues. 

3. Discussion 

In the current study, we report for the first time that three-dimensional tissues derived from 
primary epithelial oral and cervical cells can be productively infected with authentic HPV16 in vitro. 
Our ability to reproduce in vitro human epithelium capable of replicating the complete HPV life cycle 
provides an opportunity to investigate the effect of HAART/PI as potential co-factors that modulate 
infection and viral load, factors that determine HPV persistence and cancer of mucosal epithelium. 
With the advent of HAART, the prevalence of oropharyngeal cancer and persistence of oral warts 
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Figure 20. Serial propagation of progeny HPV16 in primary cervical tissues treated with Amprenavir.
(A) Schematic for serial propagation of HPV16 in Amprenavir (7.66 µg/mL) treated primary cervical
tissues. (B) Prog-HPV16 titers in serial infections representing 24 different host lines. Each infected
raft tissue designated in (A) was titered and presented in graphs. Each bar is color coded to represent
serial infections (Serial infections 3–4) from the same initial infection (Infection 1). Virus stocks were
concentrated prior to infecting the next set of raft tissues.

3. Discussion

In the current study, we report for the first time that three-dimensional tissues derived from
primary epithelial oral and cervical cells can be productively infected with authentic HPV16 in vitro.
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Our ability to reproduce in vitro human epithelium capable of replicating the complete HPV life cycle
provides an opportunity to investigate the effect of HAART/PI as potential co-factors that modulate
infection and viral load, factors that determine HPV persistence and cancer of mucosal epithelium.
With the advent of HAART, the prevalence of oropharyngeal cancer and persistence of oral warts
has increased among HIV patients undergoing anti-retroviral therapy [24]. The underlying cause of
increased opportunistic high-risk HPV16 oral infections in patients on HAART treatment is unknown.
It is thought that prolonged use of HAART adversely affects turnover rate of the mucosa, which
could affect acquisition and establishment of oral disease [24,25,50]. HAART usage is associated with
development of adverse oral complications, resulting from oral and perioral manifestations due to oral
ulcerations, epithelial hyperplasia and xerostomia [24,25], that damage the mucosal epithelium and
potentially expose the underlying tissues to infections due to multiple microorganisms, including HPV
infections [24–26]. Damage-induced inflammation in the oral epithelium decrease patient adherence
to drug regimens [51], that ultimately correlate with suboptimal drug levels and development of
drug resistance that could compromise future therapy. Patients on HAART may develop painful oral
lesions that affect chewing and swallowing, further contributing to development of malnutrition and
weight loss, and also adds to the increased morbidity [52]. The risk of HPV-associated oropharyngeal,
cervical and anal cancer are higher among HIV-infected patients in the ART era compared to the
general population [16]. The incidence of HPV-associated anal cancer is 80 times, and cervical cancer is
22 times higher in HIV-infected individuals compared to HIV-uninfected individuals [53]. Additionally,
HIV-infected individuals have a six-fold greater risk for oropharyngeal and tonsillar cancers than
do HIV-uninfected individuals [26]. In contrast, the relationship between the incidence of penile
and vulvar cancers and ART exposure have not been reported. However, some studies do indicate
HIV infection and immune-compromise as risk-factors for penile cancer, albeit without analyzing
whether such patients were undergoing HAART therapy [54]. Another study looked at the relationship
between vulvar and other gynecologic cancers in HIV infected women receiving ART, but limiting
their analysis to only determining patient survival [55]. Since penile and vulvar cancers also pose
significant public health problems in many parts of the developing world, the epidemiology of such
neoplasms, in context of availability of HAART therapy, would be expected to vary among different
populations. Overall, availability of HAART has extended life of HIV infected patients, but associated
with increased incidence of NADC as the leading cause of morbidity and mortality [1,56]. Increasing
age/longevity is the greatest risk factor for NADCs, but not sufficient to explain these trends in cancer
epidemiology [5].

With ready access to HAART, survival of the population newly infected with HIV is only marginally
shorter than that of the HIV-uninfected population [57–59]. Consequently, the number of people living
with HIV/AIDS has increased four-fold [60,61]. Longer life expectancy afforded by HAART treatment
is also associated with increased risk of NADCs compared to the general population [62–67]. In 2003,
the total number of NADCs exceeded the number of ADCs among people with HIV/AIDS [3]. Cancer
deaths were responsible for more than one third of all deaths in HIV-infected patients [17], of which
NADCs accounted for 26% of deaths, representing head and neck cancers (8%) and anal cancer (8%),
among other malignancies [68]. As a result, NADCs currently comprise the majority of the global
burden of cancer in HIV-infected populations, and represent an important public health concern. Our
studies have begun to provide a handle on molecular links to epidemiology data that first described the
impact of long-term ART on HPV associated oral cancers. How these drugs regulate HPV infection of
epithelia, viral load and subsequent risk for cancer progression remains to be determined. In particular,
our future studies will reveal novel drivers and pathways related to anatomical site specific impact of
PIs on the natural history of HPV in HIV+ patients undergoing HAART treatment.

HIV infection and associated immune suppression is linked with patient susceptibility to
opportunistic infections [69]. Immunosuppression may play a role during the early stages of oral HPV
carcinogenesis. HPV infections are self-limiting; however, virus persistence is increased in HIV-positive
individuals due to immune-dysfunction and reduced HPV clearance, including individuals on
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long-term ART [70]. The higher prevalence of oral HPV infection among HIV-infected patients could
be explained by an increased risk of incident infection due to immunosuppression rather than by
reduced clearance [71–73]. Importantly, direct effects of HIV-1 transactivator protein tat and gp120
have been shown to modulate disruption of tight junctions in oral mucosal epithelium, that could
facilitate HPV infection and reduce clearance [74,75], thereby suggesting a potential mechanism of
HPV entry and infection of oral tissue. On the flip-side, one study suggested that HAART treatment
could itself abrogate the barrier function of the oral epithelium, thereby increasing invasiveness, and
thus malignancy of the HPV-infection [76]. In support of these observations, one study demonstrated
that HIV infected patients with an undetectable HIV load had a six-fold risk of presenting HPV oral
lesions [11]. Understanding the mechanisms of HPV infection via the paracellular route in HAART
treated tissues would provide future opportunities to identify novel/alternate pathways of epithelial
cell entry/infection, and key proteins utilized by HPV in this process, as well as delineate mechanisms
of HPV persistence in HIV+ patients undergoing therapy. Clearance rates of oral HPV infections in
HIV-positive patients are also determined by such factors as sexual behavior and immunosuppression
that increase the risk of oral HPV infections [26]. HPV acquisition is increased by high-risk sexual
behavior in populations considered at higher risk of acquiring HIV [74]. Alternatively, the high HPV
detection rates could be due to increased HPV replication and/or persistence rather than increased
HPV acquisition. If persistence of oral HPV leads to HPV-related disease, similar to the genital tract,
then increased persistence of HPV could explain the increased prevalence or oral warts in HAART
treated HIV+ individuals [15]. Therefore, treatment of HIV, rather than HIV immunosuppression,
potentially plays a role in HPV infections in HIV infection [15].

Persistent HPV infections are a major risk to carcinogenic progression. Long intervals between
initial infection and the development of cancer imply cofactors are involved. Co-factors that increase
infectivity, viral load, and persistence all increase the risk of cancer. We propose that HAART/PI is a
novel class of co-factors that regulates HPV infection, and subsequent viral load that could determine
persistence and cancer risk. Our ongoing studies focus on mechanisms of HAART induced molecular
changes that favor opportunistic HPV infections and changes in HPV load documented in HIV infected
patients undergoing treatment (Alam et al., manuscript in preparation). Our studies utilizing the
organotypic tissues provide a foundation for understanding mucosal wound healing and regulation
of epithelial barrier integrity that promote HPV infection and provide future opportunities to study
cellular mechanisms that control HPV infection of epithelial cells. Additionally, our studies also have
the potential for future design of novel HIV therapeutics that could protect integrity of the epithelial
cell-cell adhesion that minimize opportunistic HPV infections in HIV+ patients. Our in vitro culture
system could be applicable as a screening platform for different classes of HAART drugs and their
ability to sensitize mucosal epithelia to promote opportunistic HPV infections and subsequent viral
load. Identification of infection pathways via the paracellular route could also be used to design
therapeutics that minimize the risk of opportunistic HPV infections of target tissues in HIV+ patients
undergoing HAART treatment.

4. Materials and Methods

4.1. Isolation of Gingival and Cervical Keratinocytes

Gingiva tissue was obtained from patients undergoing dental surgery [30]. Cervix tissue was
obtained from patients undergoing hysterectomy. To maintain confidentiality, tissue samples were
devoid of any identification, such as name, race and age. Approval to collect patient samples as
“discarded tissues” was obtained from the Penn State University College of Medicine Institutional
Review Board (IRB# 25284). Mixed pools of epithelial cells were isolated from tissues as previously
described [30]. Briefly, the connective tissue and dermis were removed from the epithelium and
discarded. The epithelial tissue was washed three times with phosphate-buffered saline (PBS)
containing 50 µg/mL Gentamycin sulfate (Gibco BRL, Bethesda, MD, USA) and 2×Nystatin (Sigma
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Chemical Co., St Louis, MO, USA). The epithelial tissue was then minced with scissors and trypsinized
into a single-cell suspension using a spinner flask. The suspension was removed, 20 mL of E medium
containing 5% fetal calf serum (FCS) was added and cells were pelleted using centrifugation. The
supernatant was aspirated and the cell pellet was resuspended in 1 mL of 154 Medium (Cascade
Biologics Inc., Portland, OR, USA) supplemented with the Human Keratinocyte Growth Supplement
Kit (Cascade Biologics, Inc.) followed by adding to a 10-cm tissue culture plate containing an additional
7 mL of 154 medium. To the spinner flask, 20 mL of fresh trypsin was added to remaining tissue to
obtain a second and third round of single-cell suspension. When the cultures became ~70% confluent,
they were split 1:3. When cells of the first passage were 70% confluent, the cells were used for growing
raft cultures.

4.2. Growth of Keratinocytes in Organotypic Cultures

Raft cultures were grown as previously described [30]. Briefly, mouse fibroblast 3T3 J2 were
trypsinized and resuspended in 10% reconstitution buffer, 10% 10×DMEM (Dulbecco’s Modified Eagle
Medium) (Life Technologies, Gaithersburg, MD, USA), 2.4 µL/mL of 10M NaOH, and 80% collagen
(Dickinson, Franklin Lakes, NJ, USA). Cells were added at a concentration of 2.5 × 105 cells/mL. The
mixture when then aliquoted into 6 well plates at 2.5 mL per well and incubated at 37 ◦C for 2–4 h
to allow solidification of the collages matrices. Two mL E-media was then added to each to well to
allow the matrix to equilibrate. Human gingiva and cervical epithelial cells were trypsinized and
resuspended at 2 × 106 cells/mL in E-media and 1 mL of cell suspension was added to each well of
the 6 well plate on top of the collagen matrices. Epithelial cells were allowed to attach to the dermal
equivalent for 2 h in the presence of 0.005 µg/mL EGF (Epidermal Growth Factor). After removal of
the media, the collagen matrices were lifted onto stainless steel grids at the air-liquid interface. The
raft cultures were fed by diffusion from below with E-media without EGF for 7 days. On day 8, the
rafts were treated with Amprenavir and Kaletra using concentrations and treatment times as described
herein. Control raft tissues were fed with E-media and 0.01% ethanol. Raft tissues were fed and treated
every other day. Raft tissues were harvested at times as discussed herein.

4.3. Protease Inhibitors

Kaletra capsules (200 mg/50 mg) (Lopinavir/ritonavir, Abbott Laboratories) were purchased from
the pharmacy at the Milton S Hershey Medical Center, Penn State University College of Medicine.
One tablet was crushed into powder and stock solutions were prepared in 70% ethanol. Appropriate
dilutions were prepared in E-Media to reach the correct final concentrations prior to feeding the cultures.
Amprenavir powder was obtained through the NIH AIDS Reagent Program (Fisher Bioservices, MD,
USA) as mentioned in the Acknowledgements sections.

4.4. HPV16 Infection of Primary Raft Tissues

Standard laboratory stocks of HPV16 were prepared as described below. Virus stocks were
diluted in 200 µL E-Media without serum and gently added drop-wise on top of raft tissues. The
beaded droplets were carefully coalesced with a pipette tip to form a uniform layer without disturbing
the epithelium.

4.5. Transmission Electron Microscopy

Whole raft tissues were harvested without the attached collagen layer and were fixed with 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4), and further fixed in 1%
osmium tetroxide in 0.1 M cacodylate buffer (pH 7.4) for 1 h. Samples were dehydrated in a graduated
ethanol series: pure acetone embedded in LX-112 (Ladd Research, Williston, VT, USA). Thin sections
(60 nM) were stained with uranyl acetate and lead citrate and viewed in a JEOL JEM1400 Transmission
Electron Microscope (JEOL USA Inc., Peabody, MA, USA).
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4.6. Production of HPV16 Laboratory Stocks in Organotypic Raft Cultures

Immortalized cervical keratinocytes stably maintaining HPV16 genomes were cultured with J2
3T3 feeder cells and maintained in E-medium and further used for growing the standard 20 day
organotypic cultures. Immortalized human cervical keratinocytes persistently infected with HPV16
(cell line HCK16-8) were seeded (1 × 106 cells) onto each collagen matrix consisting of rat-tail type
1 collagen and containing J2 3T3 feeder cells. Following cell attachment and growth to confluence,
the matrices were lifted onto stainless steel grids and fed with E-medium supplemented with 10 µM
1,2-dioctanoyl-sn-glycerol (C8:O; Sigma Chemical Company, St. Louis, MO, USA) via diffusion from
below, as previously described [41]. Raft cultures were allowed to stratify and differentiate for 20 d.
Raft cultures were fed every other day, until harvesting tissues on day 20. For BrdU labeling of virions,
BrdU (5-Bromo-2′-deoxyuridine) (cat# B5002 Sigma) was added to the media starting on day 8 of
raft growth at a final concentration of 25 µM, and replenished during feeding every other day, until
harvesting on day 20, as described in this manuscript. Virus stocks were further prepared and titers
determined as described below.

4.7. HPV16 Isolation and Optiprep Purification of Virions

HPV infected raft tissues were harvested as described [41]. For preparing CV stocks, two rafts
were Dounce homogenized in 500 µL of phosphate buffer (0.05 M sodium phosphate [pH 8.0], 2 mM
MgCl2). Homogenizers were rinsed with an additional 250 µL of phosphate buffer. Non-encapsidated
viral genomes were digested by the addition of 1.5 µL (375 U) of benzonase to 750 µL of virus preps,
followed by incubation at 37 ◦C for 1 h. Samples were adjusted to 1 M NaCl by adding 188 µL of
ice-cold 5 M NaCl. Samples were further vortexed and centrifuged at 4 ◦C at 10,500 rpm for 10 min. The
supernatants (CV stocks) were stored at −80 ◦C for further analysis. Optiprep purification: Optiprep
purification of CV stocks was performed as previously described [41]. Briefly, Optiprep gradients were
prepared by underlaying 27%, 23% and 39% Optiprep. Gradients were allowed to diffuse for 1 h at
room temperature. Then 300 µL of clarified, benzonase-treated CV stock was layered on top of the
gradient. Tubes were then centrifuged in a SW55 rotor (Beckman, Pasadena, CA, USA) at 234,000× g
for 3.5 h at 18 ◦C. After centrifugation, 11–500 µL fractions were carefully collected, top to bottom, from
each tube. Virus titers in fractions were determined as described below. Where specified, CV stocks
were concentrated using Amicon® Ultra-4 Centrifugal Filters (30 K) (Merck Millipore, Burlington, MA,
USA). Samples were centrifuged for 30 min at 3000 rpm, and stored at −80 ◦C for further analysis.

4.8. Titering HPV16 Virus Stocks

HPV16 titers were measured using qPCR-based DNA encapsidation assay as previously
described [41]. To detect endonuclease-resistant genomes in CV stocks and Optiprep fractions
the following method was used. Briefly, viral genomes were released from 10 µL benzonase-treated
CV stock or 20 µL Optiprep fraction by re-suspension in 200 µL HIRT DNA extraction buffer
(400 mM NaCl/10 mM Tris-HCl (pH 7.4)/10 mM EDTA (pH 8.0)), 2 µL 20 mg/mL proteinase K,
and 10 µL 10% SDS, for 2–4 h at 37 ◦C. Following digestion, the DNA was extracted twice using
phenol-choloroform-isoamyl alcohol (25:24:1), followed by extraction in an equal amount of chloroform.
DNA was ethanol precipitated overnight at −20 ◦C. Samples were centrifuged, and the DNA pellet
was washed with 70% ethanol and resuspended in 20 µL of Tris-EDTA overnight. To quantify viral
genomes, a Thermo Scientific Maxima SYBR Green qPCR kit was utilized. Amplification of the
HPV16 E2 open reading frame (ORF) was performed using 0.3 µM of forward primer HPV16E2-5′ and
HPV16E2-3′ (Table S1). Amplification of the E2 ORF of serially diluted pBSHPV16 DNA, ranging from
108–104 copies/µL, was used to generate a standard curve. A Bio-Rad iQ5 Multicolor Real-Time qPCR
machine and software were utilized for PCR amplifications and subsequent data analysis.
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4.9. RT-qPCR Infectivity Assays in HaCaT Monolayer Cultures

All infectivity studies were performed using HaCaT keratinocytes. HaCaT cells were seeded
50,000 cells/well in 24-well plates and infectivity assays were performed as previously described [41].
Briefly, cells were incubated with virus (CV stocks using MOI of 10, or Optiprep fraction #7 using
MOI of 1) samples in cell culture medium for 48 h at 37 ◦C in 5% CO2 followed by mRNA harvesting
using the RNeasy kit (Qiagen, Hilden, Germany). Infections were analyzed using a RT-qPCR based
assay detecting levels of the E1ˆE4 splice transcript (QuantiTect Probe RT-PCR Kit). The HPV16
E1ˆE4 transcript was detected using 4 µM of the forward primer HPV16E1ˆE4-5′ and reverse primer
HPV16E1ˆE4-3′ and using 0.2 µM of HPV16 E1ˆE4 fluorogenic probe (Table S1). The TATA-binding
protein (TBP) amplicons were detected using 0.125 µM primers TBP-5′ and TBP-3′, and 0.2 µM of
fluorogenic probe (Table S1). For each sample, the E1ˆE4 transcript abundance was normalized to
TBP using infection of standard HPV16 laboratory stocks (either CV stock or Optiprep fraction #7) as
controls, arbitrary designated as 1, using MOIs as described herein.

4.10. Virus Neutralization and Infectivity Assays in HaCaT Monolayer Cultures

For neutralization assays, virus samples were co-incubated with antibodies in 500 µL culture
medium for 1 h at 37 ◦C prior to infecting HaCat monolayer cultures followed by RNA harvesting as
described above. For these experiments, conformation-dependent anti-L1 mouse antibody H16.V5
(1:1000 dilution; a kind gift from Neil Christensen, Penn State College of Medicine) or the anti-L2
mouse antibody RG-1 (1:500 dilution; a kind gift from Richard Roden, John Hopkins) were used. RNA
samples were harvested followed by the infectivity assay as described above [41].

4.11. RNA Isolation from Raft Tissue Samples and RT-qPCR to Determine E1ˆE4 Transcript Expression in
Infectivity Assays

DNase I treated total RNA was isolated from 30 mg raft tissue using the RNeasy Fibrous Tissue
Mini Kit (Qiagen cat. No. 74704), as per instructions provided by the manufacturer. Infections were
analyzed using RT-qPCR based assay detecting levels of the E1ˆE4 splice transcript and TBP amplicons
as described above. Untreated tissues infected with the highest dose of HPV16 virions were used as
controls. Expression abundance of the E1ˆE4 spliced transcript in HPV16 infected/drug treated tissues
was normalized to TBP and relative levels compared to HPV16 infected/non-drug treated tissues as
controls (arbitrary designated as 1).

4.12. Immunofluorescence Analysis of BrdU-Labeled HPV16 Virions Infecting HaCat Monolayer Cultures

HaCaT monolayer cultures were plated on glass coverslips and incubated 10–12 h when cells
reached 70% confluency. Cells were infected with HPV16-BrdU or prog-HPV16-BrdU Optiprep
gradient [F#7] stocks using an MOI of 1. Infected cells were incubated for times as described herein.
Post-infection, cells were fixed in 4% w/v phosphate buffered-paraformaldehyde (pH 7.4) for 10 min,
washed three times in PBS, and permeabilized with 0.2% Triton X-100 in PBS for 10 min, followed by
washing three times in PBS. Coverslips were blocked with 5% goat serum/1% bovine serum albumin
in PBS for 20 min followed by co-incubation with anti-BrdU anti-mouse IgG1 (IIB5, Abcam) (1:1000)
and anti-L1 anti-rabbit antibody (1:1000) (a kind gift from Dr. Neil Christensen, Penn State College of
Medicine) for 60 min. Coverslips were washed three times with PBS and further co-incubated with
secondary antibodies Alexa Fluor 488-conjugated anti-mouse IgG (2 µg/mL; Invitrogen, Carlsbad, CA,
USA) (1:1000) and Alexa Fluor 568-conjugated anti-rabbit IgG (1 µg/mL; Invitrogen) (1:1000) in the
absence of serum. Coverslips were washed three times with PBS and nuclei were stained with Hoechst
(1:5000) for 10 min. Cells were washed twice with PBS, and mounted in ProLong Diamond (Invitrogen).
Images were taken on a C2+ confocal microscope system (Nikon, Melville, NY, USA). Images were
processed using NIS Elements software. Images also show volume renderings of z-stacks. Pearson’s
coefficients were determined and statistical analysis was performed on 5 separate images.
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4.13. Immunofluorescence Analysis of Raft Tissue Sections Post-Layering with HPV16-BrdU

Raft cultures were treated with Amprenavir and followed by layering of HPV16-BrdU on top of
tissues for 12, 24, 48 and 72 h, as indicated followed by harvesting. Tissues were fixed in 10% buffered
formalin, embedded in paraffin and 4 µM sections were prepared. For immunofluorescence staining,
the slides were submerged in xylene for de-paraffinization and then rehydrated. Antigen retrieval was
achieved by submerging the slides in Tris-EDTA buffer (pH 9) in a 90 ◦C water bath for 10 min. The
slides were then rinsed with Tris-buffered saline (TBS)-Tween and blocked with Background Sniper
blocking reagent (Biocare Medical, Pacheco, CA, USA). The slides were then stained with the primary
antibodies (anti-BrdU and anti-HPV16 L1, 1:1000 dilution each antibody) overnight at 4 ◦C. The slides
were then rinsed with TBS-Tween 3 times, 10 min each, and stained with secondary antibody (Alexa
Fluor 488 and Alexa Fluor 568; (Life Technologies, Carlsbad, CA, USA) diluted 1:1000 for 1 h at room
temperature. The slides were then rinsed once with (TBS)-Tween, followed by staining with Hoechst
nuclear stain (1:5000) dilution for 5 min, and then rinsed twice with TBS-Tween. All primary and
secondary antibodies were diluted in Da Vinci Green diluent (Biocare Medical). Slides were washed
with PBS, and mounted in ProLong Diamond (Invitrogen). Images were taken on a C2+ confocal
microscope system (Nikon). Images were processed using NIS Elements software (Nikon, Melville,
NY, USA).

4.14. Statistical Analysis

Data were analyzed using Prism 8.0 by Graphpad (La Jolla, CA, USA). Quantitative data
are presented as mean ± standard deviation. Significance was based on pairwise Student’s t-test.
Comparisons with p > 0.05 are indicated by NS (not significant); 0.01 < p < 0.05 by *; 0.001 < p < 0.01
by **; 0.0001 < p < 0.001 by ***; and p < 0.0001 by ****.

5. Conclusions

The risk of HPV-associated oropharyngeal, cervical and anal cancers are higher among HIV-infected
patients in the ART era compared to the general population [16]. Generally, HPV infections are
self-limiting; however, persistent HPV infection is a major risk to carcinogenic progression. Prolonged
use of HAART adversely affects turnover rate of the oral epithelium, leading to oral complications
that could affect acquisition and establishment of HPV infection and oral disease, and the same
mechanism could affect turnover of the cervical epithelium. Our results presented in this manuscript
indicate that HAART treatment creates favorable cellular conditions for opportunistic HPV infections
in target epithelium. The organotypic raft tissues can physiologically model carcinogenic stages from
precancerous to cancer [77–79]. Using this system, our ability to reproduce in vitro human epithelium
capable of replicating the complete HPV life cycle is an opportunity to investigate how HAART
manipulates normal cellular mechanisms and signaling pathways to promote HPV16 infection and de
novo virus biosynthesis, which is an important milestone in driving virus persistence. We propose that
HAART is a potential co-factor that modulates HPV infection and subsequent changes in viral load
that could determine viral persistence and cancer of the oral cavity and cervix, and potentially the
anal canal. Our future studies are geared towards mapping the molecular interaction of HAART with
the drug-naïve primary epithelium, and how this interaction affects downstream cellular targets that
regulate HPV infection, subsequent viral load and cancer progression.
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Abstract: Background: High risk human papillomavirus (hr-HPV)-associated oropharyngeal cancers
(OPCs) are characterized by significantly better therapy responses. In order to implement a de-escalated
treatment strategy for this tumor entity, it is highly crucial to accurately distinguish HPV-associated
OPCs from non-HPV-associated ones. Methods: In this prospective study, 56 patients with histologically
confirmed OPC were evaluated. A commercially available sandwich ELISA test system was used for
the detection of hr-HPV E7 oncoprotein targeting the genotypes 16, 18 and 45. Results were presented
as optical density. Positivity for HPV DNA and p16 immunohistochemistry (IHC) was taken as
the reference method. Results: E7 positivity was significantly associated with the reference method
(p = 0.048). The sensitivity, specificity, positive predictive value and negative predictive value for the
E7 oncoptotein was 60.9% (95% CI 38.5 to 80.3%), 66.7% (95% CI 46% to 83.5%), 64.2% (95% CI 49.4 to
77.4%) and 63.01% (95% CI 48.9–75.2%), respectively, for the cutoff provided by the manufacturer.
Conclusions: We found a significant association between E7 oncoprotein detection and the currently
used combination. We believe that the use of the ELISA based E7 antigen test could be a valuable
addition in cases of ambiguous findings and may be used in combination with other techniques to
distinguish between HPV-driven and non-HPV-driven OPCs. However, the low sensitivity of the
assay coupled with the small sample size in our study may represent a limitation. We recommend
that future larger studies elucidate the diagnostic value of the E7 brush test.

Keywords: human papillomavirus; oropharyngeal cancer; E7 oncoprotein; brush test; p16 IHC

1. Introduction

An increase in oropharyngeal cancer (OPC) was first observed in the United States at the beginning
of the 21st century [1,2]. Since then, a steady increase in OPCs in the USA and Europe has been
described, caused by high risk human papillomavirus (hr-HPV) [3,4], while the number of smokers and
the incidence of tobacco related head and neck cancers have declined [5]. Changes in sexual behavior
in the last decade, like high numbers of oral sex partners, seem to play an important etiological role
in the rising incidence of HPV-positive OPCs [6]. The HPV-positive OPC is a distinct tumor entity that
can be distinguished from HPV-negative OPCs by its etiology, molecular characteristics and clinical
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presentation [7,8]. Patients with an HPV-positive OPC have a substantially better prognosis [2,9].
In a retrospective European study of 259 OPC patients, the HPV status was the most important
parameter for overall survival, regardless of the treatment strategies. HPV association was shown to
positively influence the survival more than, for example, the size of the primary tumor or smoking
status [7]. Hence, precise distinction between HPV-driven and non-HPV-driven tumors is essential.
The detection of HPV DNA in tumor tissue does not necessarily speak of an HPV-driven tumor as only
a small proportion of HPV infections lead to a transforming lesion [10].

This highlights the need to incorporate a diagnostic surrogate marker which precisely distinguishes
between a transient and a transforming hr-HPV infection. The biomarker currently in use for the
diagnosis of HPV-driven OPC is the copresence of HPV DNA and overexpression of the cellular marker
p16 protein [11,12].

P16 is highly expressed in tissues undergoing cell cycle deregulation, suggesting that the detected
hr-HPV DNA in the tumor tissue may be the cause of OPC. However, being merely a cellular marker,
p16 is also overexpressed in lesions with no HPV association. Rasmussen and coworkers, for example,
observed in a cohort of 1243 OPC patients a group of p16-positive but HPV DNA-negative patients.
These patients experienced a significantly higher hazard ratio (HR) for metastatic recurrence as
compared to HPV+/p16+ patients (HR = 2.56) (p = 0.006) [12]. This may translate into lower reliability
of this marker in correctly identifying HPV-induced OPC and justifies the need to search for a surrogate
marker which is closely linked to hr-HPV oncogenesis. One possible alternative is the detection of
upregulated expression of hr-HPV oncoproteins. Hr-HPV oncoproteins (E6 and E7) play a major
role in HPV-associated malignant transformation since they are able to inactivate tumor suppressor
proteins and consequently inhibit cell cycle control mechanisms [13,14]. The molecular mechanism of
the E7 oncoprotein is the inactivation of the retinoblastoma (Rb) protein—a tumor suppressor cellular
protein which controls key regulators of S-phase genes. Hr-HPV E7 oncoproteins interact with Rb at
a higher efficiency than low-risk HPV E7 oncoproteins. The interaction of E7 with Rb causes disruption
of the growth-suppressive Rb-E2F complexes, promoting G1-S cell cycle transition and uncontrolled
cellular replication [15,16].

A recently published study evaluated ELISA-based detection of hr-HPV E7 oncoprotein as
a screening method in cervical samples of healthy women. Agorastos and coworkers found in this
study that E7 oncoprotein detection might be a promising marker for precisely distinguishing
transformation-relevant hr-HPV infections from transient ones [17]. The ELISA-based procedure
is easy to perform, less time-consuming and requires only a basic laboratory setup. Although this
sandwich-based E7 antigen ELISA test has become available commercially within the last couple of
years, no previous study ever evaluated this assay among patients with OPC.

Confronted with the increasing need to establish a de-escalated therapy strategy explicitly for
patients with HPV-driven OPC, we questioned whether this ELISA-based E7 oncoprotein test could be
a reliable option in accurately distinguishing between HPV-driven and non-HPV-driven OPC.

2. Results

2.1. Study Population

During the study period, 56 patients with OPC were included. Of the study population, 46 (82.1%)
patients were male, the mean age at diagnosis was 65.4 (standard deviation ± 10.12) years and
26 (46.4%) patients were positive for the E7 oncoprotein (Table 1). The mean follow-up time was
8.0 months ± 6 months.

In 23 (41.1%) OPC patients, HPV DNA was detected, and the most common genotype was HPV
16 (83%) (Table 2).
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Table 1. Study population.

Variables N (%)

Male 46 (82.1%)
Female 10 (17.9%)

Mean age 65.4 years (±10.12)
E7 positivity * 26 (46.4%)

* E7 oncoprotein for human papillomavirus 16, 18 and/or 45 without differentiation.

Table 2. HPV genotypes in oropharyngeal cancer (OPC) patients.

HPV Subtypes Number and Percent of HPV + OPC Patients

HPV 16 19 patients (83%)
HPV 18 2 patients (9%)
HPV 33 1 patient (4%)
HPV 58 1 patient (4%)

The E7 oncoprotein was detected in 26 patients (46.4%) and was associated with the American
Society of Anesthesiologists (ASA) classification (p = 0.04) and smoking was inversely and significantly
associated with E7 oncoprotein positivity (p = 0.009). Further clinico-pathological parameters are
shown in Table 3.

Table 3. Clinico-pathological characteristics of OPC patients.

Variables E7 Positive
(n = 26)

E7 Negative
(n = 30) p-Value

Sex
Male 22 24 p = 0.73

Female 4 6
Age

≤65 years 10 10 p = 0.45
>65 years 16 20
ASA score

ASA I/II 19 14 p = 0.04
ASA III/IV 7 16
Smoking

Non-smokers 16 8 p = 0.009
Smoker 10 22

Alcohol consumption
Daily 8 13 p = 0.33

Not daily 18 17
Clinical T-stage

cT1/T2 14 16 p = 1.0
cT3/4 12 14

UICCC
Stage I 1 3

p = 0.84Stage II 4 4
Stage III 6 7
Stage IV 15 16

Subsite oropharynx
Palatine tonsil 17 19

p = 0.14Base of tongue 9 6
Uvula 0 3

Lateral pharyngeal
wall 0 2

92



Cancers 2020, 12, 2388

Table 3. Cont.

Variables E7 Positive
(n = 26)

E7 Negative
(n = 30) p-Value

Therapy
Surgery only 3 5

p = 0.72
Surgery and PORT 3 4

Surgery and RCT/RIT 1 0
Primary RCT/RIT 14 13

Primary RT 2 3
Chemo only 2 3

p16
Positive 17 12 p = 0.05

Negative 9 18
HPV DNA

Positive 14 9 p = 0.06
Negative 12 21

Follow up
No recurrence 15 20 p = 0.55

Progression 6 9

OPC, oropharyngeal cancer; UICC, Union for International Cancer Control; PORT, postoperative radiation; RCT,
radiochemotherapy; RIT, radioimmunotherapy; RT, radiotherapy; ASA, American Society of Anesthesiologists.

2.2. Detection of E7 Oncoprotein, HPV DNA and p16

In 26/56 patients, E7 oncoprotein was detected; in 23/56 patients, HPV DNA was detected,
and in 29/56 patients, p16 immunohistochemistry (IHC) positivity was detected. There was a high
association between p16 and HPV DNA (p < 001) (Table 4). Patients being positive or negative for both
test methods, HPV DNA and p16 IHC, served as reference method. The E7 oncoprotein was associated
(p = 0.048) with the reference method, including 50 patients with concordant results for p16 and HPV
DNA (Table 5). The two patients who were positive for HPV genotypes other than those detectable by
the E7 oncoprotein ELISA tests were in one case positive (HPV 33) and in one case negative (HPV 58)
for the E7 oncoprotein.

Table 4. HPV DNA and p16.

HPV DNA p16
Negative Positive Total p-Value

Negative 27 6 33
p < 0.001Positive 0 23 23

Total 27 29 56

Table 5. E7 oncoprotein and reference method.

Reference Method E7 Oncoprotein
Negative Positive Total p-Value

Negative 18 9 27
p = 0.048Positive 9 14 23

Total 27 23 50

Mean optical density (OD) and 95% CI of the E7 oncoprotein ELISA was shown to be
significantly higher among patients who were positive for the reference method (0.18, 95% CI
0.05–0.26) (median OD = 0.15) as compared to those who were negative for the reference method (0.09,
95% CI 0.05–1.13) (median OD = 0.04) (p = 0.031) (Figure 1).
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Figure 1. Mean optical density (OD) of the E7 oncoprotein level by the reference method (p16 and HPV
DNA) among patients with histologically confirmed oropharyngeal cancer (OPC).

In addition to the cutoff value provided by the manufacturer, we also analyzed the performance
of E7 oncoprotein using other arbitrarily selected cutoff points. The best agreement with the reference
method is achieved when using a cutoff OD value of 0.2. With this cutoff value, the E7 oncoprotein
ELISA shows the highest specificity (and the highest % agreement) as compared to the cutoff value
provided by the manufacturer (Table S1).

2.3. Sensitivity, Specificity and Accuracy

Sensitivity, specificity, positive predictive value and negative predictive value for the E7 oncoptotein
was 60.9% (95% CI 38.5 to 80.3%), 66.7% (95% CI 46% to 83.5%), 64.2% (95% CI 49.4 to 77.4%) and
63.01% (95% CI 48.9–75.2%), respectively. The percent agreement between the standard approach and
E7 method was 64%. Concordant results of the three test methods are shown in Figure 2.
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Figure 2. Venn diagram for E7 oncoprotein, p16 IHC and HPV DNA, (+) describing positive and (−)
describing negative results. Field in the center describes concordant results for all 3 test methods
(14 positive and 18 negative). The overlapping fields describe concordant results of E7 and HPV
DNA (14 positive and 21 negative), E7 and p16 (17 positive and 18 negative) and HPV DNA and p16
(23 positive and 27 negative). The fields on the outside describe single positivity or negativity for the
single test methods.
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3. Discussion

To our knowledge, this is the first study evaluating the role of E7 oncoprotein detection in patients
with OPC for a precise distinction of HPV-driven from non-HPV-driven OPCs with a simple tumor
surface brush sample. This test was initially developed to triage HPV-positive women being screened
for cervical cancer [17]. A positive result in this assay (values greater than 0.5 pg/well (OD > 0.076))
was defined to be consistent with upregulated E7 function, corresponding to a transcriptionally
relevant hr-HPV infection. Compared to p16 IHC, this ELISA-based E7 oncoprotein assay is easy to
perform and less time-consuming. As different de-escalation treatment strategies to reduce toxicity
in HPV-positive OPC patients are in current development [18–20], the detection of HPV-induced OPCs
is essential. As previously mentioned, p16 is not sufficient as a single test method, particularly because
it is a cell cycle deregulation marker, which may be expressed also in other tumor setups with no HPV
involvement. Rb loss through a non-HPV associated mutation can result likewise in p16 expression [21].
In this case, the presence of a high level of E7 oncoprotein, the only source of which is transcriptionally
active hr-HPV infection detected, may be a more specific biomarker.

Despite the low sensitivity and specificity of the assay, E7 oncoprotein detection was significantly
associated with the reference method (p = 0.048), consisting of concordant HPV DNA and p16 results.

E7 oncoprotein positivity was also associated with the ASA score (p = 0.04), indicating the lower
rate of comorbidities [22] in HPV-positive patients [23]. This assumes that E7 oncoprotein detection
may identify younger and healthier patients benefiting from a de-escalation therapy. Further findings
were an association between the E7 oncoprotein and smoking status; the E7 oncoprotein was more
often expressed in non-smokers (p = 0.009). This is in accordance with previous studies describing
HPV-positive patients to be more commonly non-smokers, whereas smoking and alcohol consumption
are the pathogenic mechanisms in non-HPV-driven OPCs [24–26]. There was no statistically significant
difference regarding the subsite of the OPC; however, despite the low sample size of this subsite, no E7
oncoprotein expression was found in OPCs of the uvula or lateral pharyngeal wall.

Interestingly, in nine patients, a single positive result for the E7 oncoprotein was found, and also,
in nine patients, a single negative result was found. The single negative ones may indicate an OPC
definitely of non-HPV origin despite the presence of HPV DNA in the lesion, i.e., a non-transforming
HPV co-infection.

The single negative result of E7 could indicate episomally latent hr-HPV in the cells of a tobacco
smoker and alcohol-induced carcinoma without HPV being involved in the carcinogenesis. A further
explanation may be the low sensitivity of ELISA-based antigen tests, with a consequence of failing to
detect low levels but yet relevant amounts of E7 oncoprotein.

The single E7-positive result may also encourage us to consider resetting the cutoff value for E7
positivity. Since the test kit was originally approved for triaging in cervical cancer screening, it may
be essential to re-evaluate the assay in the context of OPC to optimize an appropriate threshold for
this entity. In our study, we observed much better performance characterized by the best percent
agreement and high specificity when using a higher cutoff value than provided by the manufacturer
(also supported by receiver operating characteristic analysis).

Data from cervical cancer studies show that, in some tumors, although definitely caused by HPV,
tests are negative for HPV DNA [27,28]. A plausible explanation is the non-productive nature of
the infection in the oncogenic setup, in which viral DNA is integrated in the host. This situation,
being transcriptionally active, may be characterized by high expression of transforming proteins,
with less virus being released. The fact that we are taking brush samples from the surface of the tumor
may support this notion. We cannot explain with certainty the single E7 positive cases. They may
be due to the non-productive nature of the infection in tumors. Such phenomena are known among
patients with invasive cervical cancers [29].

Moreover, in this study, a certain proportion of patients (6 patients, 10.7%) positive for p16
IHC and negative for HPV DNA was observed. The importance of additional HPV DNA testing to
identify HPV-positive OPCs was described in several studies [12,30,31]. As previously described,
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these patients seem to have a less favorable prognosis than HPV DNA and p16-positive patients [12,32].
Weinberger and coworkers classified 79 OPC patients into class I (HPV DNA negative/p16 low positive),
class II (HPV DNA positive/p16 low positive) and class III (HPV DNA positive/ p16 high positive).
Class III patients had improved overall survival (p = 0.0095) and disease-free survival (p = 0.03)
in comparison to class I and class II OPC patients [33].

Detection of the HPV oncoproteins in the clinical routine of OPC patients is still challenging.
The brush test is very feasible and easily applied; however, further studies based on our results and
further developments may be necessary. The brush is designed for the cervix, so, in the oropharyngeal
region, a smaller brush would be more applicable in order to ensure that the tumor surface can be
brushed more precisely without touching the surrounding tissue. A major limitation of the study is
the lack of data on E7 mRNA expression. Taken by some as the gold standard for the classification of
transcriptionally active hr-HPV, results of mRNA PCR may have supplemented the low sensitivity of
this ELISA-based antigen assay. However, we used the combination of HPV DNA and p16 detection
as a reference method, since this combination is the standard method for the diagnosis HPV-driven
tumor according to many guidelines [11,12]. The role of routine E7 mRNA detection should, however,
be elucidated in a future study. Since the great majority (>95%) of HPV driven tumors are due to
HPV 16 and HPV 18 [34], the fact that our ELISA assay was limited to the three genotypes (16, 18 and
45) is a negligible limitation. A possible cross-reaction between other genotypes genetically closely
linked to these three genotypes cannot be excluded. A further limitation of the study is the fact that
this ELISA assay detects only E7 protein and not E6, another oncogenic protein owned by HPV which
is of carcinogenic significance in a different pathway. The additional detection of E6 oncoprotein might
have added valuable information to the data already generated by this study. Further studies need to
elaborate on the diagnostic value of this method to additionally determine E6 oncoprotein for these
hr-HPV types in order to accurately identify HPV-driven OPCs.

4. Materials and Methods

This was a prospectively designed study, and patients presenting with OPC between January 2018
and June 2020 at the Department of Otorhinolaryngology, Medical University Innsbruck, Austria were
included. Each patient who agreed to participate in this study gave informed consent. The study
was conducted in full accordance with the principles expressed in the Declaration of Helsinki and
was approved by the ethics committee of the Medical University Innsbruck. The respective reference
number was 1147/2018.

Patients were included only when the histology confirmed squamous cell carcinoma of the
oropharynx and the patient’s age was at least 18 years. Patients with other diagnoses than OPC
in the histopathological examination were excluded. With the exception of 3 patients, all patients had
a primary tumor in the oropharyngeal regions, and 3 patients presented with a recurrence or second
primary in the oropharynx. In all patients, the E7 brush test was performed before treatment.

4.1. Specimen Harvest and Handling

Details of specimen harvesting and handling has been described in a previous work [35]. In short,
each patient suspected to have OPC received a panendoscopy under anesthesia. In this procedure,
two different cytology brush tests for HPV DNA and E7 oncoprotein detection were conducted
(digene® HC2 DNA Collection Device, Qiagen, Hilden, Germany and ThinPrep® PreservCyt Solution,
Hologic, Manchester, UK) by gently brushing the tumor surface. The brushes were then placed
in a sterile container and sent to the Institute of Virology, Medical University Innsbruck. Furthermore,
tumor biopsies were obtained and fixed in formalin for routine histopathological examination at the
Department of Pathology, Medical University Innsbruck. Additionally, a tumor biopsy for p16 IHC
detection was kept in cell culture medium and immediately sent to the Laboratory for Molecular
Biology and Oncology, Department of Otorhinolaryngology.
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4.2. E7 Oncoprotein Detection by Brush Test

Detection of E7 oncoprotein for genotypes of HPV 16, 18 and/or 45 was conducted using a sandwich
ELISA test system (recomWell HPV 16/18/45, Mikrogen, Neurid, Germany) developed and validated
(CE-labelled) initially to support diagnostic and therapeutic decisions in cervical cancer screening [17].
The ELISA microtiter plates (MTPs) were coated with rabbit monoclonal antibodies (RabMabs) specific
for the three genotypes mentioned above. The remaining oropharyngeal swab samples, after cytology
and HPV genotyping, were centrifuged and the pellets were incubated with the RabMabs after a couple
of lysis steps. Biotinylated polyclonal goat-anti-E7 antibodies were used to detect E7 antigens which
remained bound to the monoclonal antibodies after final washing steps. Results were provided as
optical density (OD), with a limit of detection of 0.5 pg of protein per well, with the corresponding
cutoff value of the OD being 0.076. We also evaluated the association between the reference method
and E7 oncoprotein positivity using further arbitrarily selected cutoff values.

4.3. DNA Amplification and HPV Genotyping

For HPV DNA detection, real-time PCR was used based on the amplification of the L1 open reading
frames (ORF). As internal control for the availability of cellular material, a PCR for the housekeeping
gene beta globin was performed. The HPV DNA was considered positive if the fluorescence signal
appeared before the fortieth cycle [36]. Further genotyping was performed on all HPV-positive samples
using reverse line blot hybridization on nitrocellulose membrane strips containing genotype specific
probes (AmpliQuality HPV-TYPE EXPRESS, AB Analitica®, Padova, Italy) [37]. With this genotyping
kit, it is possible to identify 40 different HPV types, including all hr and several low-risk HPV types.

4.4. Immunohistochemistry

First, five-micrometer thin paraffin sections were dewaxed and then antigens were retrieved
in an automated staining system (Ventana, Discovery, Tucson, AZ, USA). For p16 detection, a commercial
diagnostic assay was used (CINtec® Histology V-Kit, Roche diagnostics, Basel, Switzerland).
The staining was completed by using a universal secondary antibody solution, the DAB MAP
Kit and hematoxylin counterstaining (both Ventana products). One experienced observer evaluated
the tumor cell areas, and specimens were considered p16-positive if ≥66% of the cells in the tumor
areas revealed immunohistochemical reaction products.

4.5. Data Analysis

Patient clinical data were presented in tabular form. A comparison of HPV DNA, E7 detection
and p16 IHC in samples obtained from OPC patients was performed. For each investigated variable,
a binary outcome (positive/negative) was obtained. Combined hr-HPV DNA positivity and p16
positivity served as the reference method. Contingency tables were analyzed with Fisher exact test
or Pearson chi-square. Diagnostic accuracy parameters including sensitivity and specificity were
calculated using the diagnostic test routines of MedCalc. For data analysis, SPSS Statistics 24 software
(IBM Corporation, Armonk NY, USA) was used.

5. Conclusions

We do not have strong evidence that confirms that ELISA-based E7 oncoprotein replaces the
reference method for diagnosis of HPV-associated OPC. However, looking at the significant association
with the reference method of diagnosis, it could be a valuable addition in the case of ambiguous findings.
We strongly recommend further investigation and optimization of the test in large prospective studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/9/2388/s1,
Table S1: Comparing the performance of hr-HPV E7 oncoprotein ELISA in detecting HPV-driven OPC* (n = 50).
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Abstract: Whilst anal cancer accounts for less than 1% of all new cancer cases, incidence rates have
increased by up to 70% in the last 30 years with the majority of cases driven by human papilloma
virus (HPV) infection. Standard treatment for localised anal cancer is chemoradiotherapy (CRT).
Localised progression is the predominant pattern of relapse but well under 50% of cases are salvaged
by surgery, predominantly because confirming recurrence within post-radiation change is very
challenging. Identifying cancer-associated circulating cells (CCs) in peripheral blood could offer a
corroborative method of monitoring treatment efficacy and identifying relapse early. To study this,
nucleated cells were isolated from the blood of patients with anal cancer prior to, during, and after CRT
and processed through the Amnis® ImageStream®X Mk II Imaging Flow Cytometer, without prior
enrichment, using Pan-cytokeratin (PCK), CD45 antibodies and making use of the DNA dye DRAQ5.
Analysis was undertaken using IDEAS software to identify those cells that were PCK-positive and
DRAQ5-positive as well as CD45-negative; these were designated as CCs. CCs were identified in
7 of 8 patients; range 60–876 cells per mL of blood. This first report of the successful identification
of CCs in anal cancer patients raises the possibility that liquid biopsies will find a future role as a
prognostic/diagnostic tool in this patient group.

Keywords: anal cancer; HPV; cancer-associated circulating cells; liquid biopsies

1. Introduction

Anal cancer is a rare cancer, accounting for less than 1% of all cancer diagnoses [1] and around
2% of all cancers of the gastrointestinal tract [2]. Squamous cell carcinoma of the anus (SCCA) is
the predominant histological subtype, accounting for over 90% [3,4]. Incidence rates of SCCA have
increased by up to 70% over the last 30 years, with the majority of cases occurring as a result of human
papilloma virus (HPV) infection [5]. Risk factors for SCCA include immunosuppression, multiple
sexual partners, history of anal intercourse and smoking [6,7]. Most cases of SCCA are diagnosed at an
early stage (T1/T2); metastatic disease accounts for <5% of new cases [8].

The standard treatment for localised SSCA is chemoradiotherapy (CRT) [8]. CRT consists of a
pyrimidine analogue (5-fluorouracil or capecitabine) and mitomycin C (MMC) delivered concurrently
with radiation treatment [9]. Long-term response rates to this treatment are favorable at 80–90%;
however loco-regional failure can occur, especially in patients with T3/T4 disease [10]. Tumour HPV
status is an important predictor of response, with HPV-16 or -18 driven SCCA more likely to respond to
CRT, whilst HPV-negative SCCA are less likely to respond [8,11]. After definitive CRT, approximately
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10–15% of patients have persistent cancer, and 15–30% develop subsequent local recurrence after initial
complete response [12]. Cross-sectional imaging (computed tomography; CT or magnetic resonance;
MR) is generally used to assess response, although recurrence can be difficult to distinguish from
treatment effect in the first 6 months following treatment completion [13]. Assessment prior to this can
over-estimate the necessity for salvage surgery, which is successful in fewer than 50% of patients with
loco-regional recurrences [10]. Prognosis for patients in whom salvage surgery is unsuccessful and
for those with metastatic disease remains poor, with median overall survival (mOS) varying from 8
to 34 months [12,14]. Identification of biomarkers to confirm/refute imaging changes suggestive of
recurrent/residual local disease after CRT could identify those who should be offered salvage surgery
earlier versus those who could safely be followed-up, thus avoiding unnecessary extensive pelvic
surgery. Assessment of circulating cells from liquid biopsies are an emerging technology which could
provide valuable information on treatment failure, before recurrence disease is clearly evident via
cross-sectional imaging [15].

Liquid tumour biopsies from blood possess two distinct advantages over conventional tumour
biopsies; (i) they are minimally invasive and (ii) they can enable the tracking of cancers in real time,
including changes in response to treatment [11]. Blood tests able to identify relapse would be invaluable,
especially where conventional tissue biopsy is inadvisable due to inaccessible sites of recurrence or
where the patient is too unwell [15,16]. Circulating tumour DNA (ctDNA) has begun to transition
into the clinic [17–19], with potential roles including in the selection of cancer patients with advanced
disease for appropriate clinical trials [20]. Studies with digital drop PCR (ddPCR) technology recently
utilised to detect HPV16 ctDNA in blood are on-going. To date, HPV ctDNA has been detected in
patients with early-stage SCCA, and those with advanced disease, with evidence that HPV ctDNA
levels are higher in patients with advanced disease [21,22].

Another avenue interrogating liquid biopsies is to isolate and characterize malignant cells which
have detached from the primary tumour mass and entered the blood stream; known as cancer-associated
circulating cells (CCs) [23,24]. CCs have been observed in a number of cancers including breast,
prostate and colorectal cancer [25], and are normally detected via two methods: CellSearch and ISET
(Isolation by Size of Tumor cell) assay. CellSearch uses magnetically tagged antibodies in order to
enrich the samples before staining with antibodies which target cell surface markers such as epithelial
cell adhesion molecule (EpCAM) to identify malignant cells, and to date, is the only FDA approved
method to detect CCs in breast, colorectal and prostate cancer. One major limitation to this method
is the use of EpCAM alone to enrich samples and identify CCs. EpCAM is down-regulated in many
cancers, especially during the process of metastasis, when epithelial to mesenchymal transition (EMT)
occurs [26]. In contrast, ISET uses filtration to enrich the liquid biopsy sample based on size differences
of CCs. Filtered samples are then immunostained before observation and identification under a light
microscope by a trained user. Although not FDA-approved, ISET can detect non-epithelial CCs using
a filtration chamber pressurised at 5–9 kPa to capture cells larger than 8 µm onto a membrane as a
method of enrichment. However, there are a high number of false positives detected in volunteer
patients using ISET alone, a limitation for any filtration-based method of enrichment [27]. Whilst liquid
biopsy technologies are increasingly employed in a number of malignancies, in patients with SCCA,
a definitive role has not yet been identified [28]. To the best of our knowledge, there are no studies
exploring CCs in anal cancer.

Our group has previously demonstrated the utility of liquid biopsies in order to detect CCs in
both ovarian [29] and lung cancers [23]. No prior enrichment is undertaken both to mitigate the loss of
CCs during sample processing and to be able to examine all sizes of CCs as it is becoming increasingly
recognised that many CCs are smaller than 8 µm. Our group has successfully identified CCs by
labelling nucleated circulating cells with pan-cytokeratin (PCK) and CD45 markers. This differentiates
epithelial cells (PCK+) from haematopoitic (CD45+) non-epithelial (PCK−) cells within the blood stream.
Identification as cancer-associated CCs was further confirmed using WT1 antibody in high-grade serous
ovarian cancer patient samples, and TTF1 in lung cancer patient samples [23]. Using these techniques,
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CCs can be identified and quantified at higher numbers compared to alternative techniques. We have
also shown that CC levels fall in response to treatment in ovarian cancer patients [29]. Within the
present study, we sought to apply these techniques to peripheral blood samples obtained from SCCA
patients before, during and after CRT, to determine whether appropriate PCK+ CCs were present and
could be identified. To the best of our knowledge, this is the first study demonstrating the potential
presence of cancer-associated non-haemopoietic CCs in this patient group.

2. Results

2.1. Patient Demographics

Blood samples were collected from eight patients diagnosed with localised SCCA. Patients
were staged using the TNM (tumour, nodes, metastasis) staging. All patients had localised disease,
the majority were T2 (range T1-4), one patient had local nodal involvement (N1) and no patients
had distant metastases (M0). The patients were all female, and they all received radical treatment
with chemoradiotherapy (41.4 Gy in 23 fractions with concurrent MMC and capecitabine, as part of
the ACT-IV clinical trial to which all eight patients were co-recruited). End of treatment (EOT) MR
imaging confirmed a complete radiological response in all patients. To date, no patients have clinical
or radiological evidence of disease relapse or recurrence, with three patients (38%) followed up for
>12 months from EOT at the time of analysis. In addition, no patients have yet undergone re-biopsy to
confirm response due to the risk of post-biopsy necrosis. Baseline blood samples were obtained for
all eight patients, with serial blood samples (>3) available for five patients (63%). Full staging and
follow-up details can be found in Table 1.

Table 1. Patient demographics.

Patient Number Age at Diagnosis Tumour Staging Number of Samples Imaging Follow Up

1 51 T4N0 1 12 m
2 53 T2N0 4 12 m
3 64 T1N0 4 6 m
4 68 T2N0 4 6 m
5 74 T1/2N0 3 6 m
6 78 T2N0 3 6 m
7 53 T2N1 1 6 m
8 48 T2N0 2 EOT

EOT = End of Treatment (done 3 m following end of CRT), m = months. T = Tumour, N = Nodes.

2.2. Isolation and Identification of Circulating Tumour Cells

Following sample collection and preparation, cells were stained and processed using the
ImageStream®X Mk II; images were analysed using the IDEAS software [30]. Collected images
were filtered using the criteria as shown in Figure 1A. In brief, images were initially selected based on
size and circularity to demonstrate that they are single cells. From this data, only images which were
adequately in focus for analytical purposes were chosen. Focused cells that were double-positive for
PCK and DRAQ5 were then selected for full assessment and quantification. The final collection of
images for every blood sample were then manually analyzed by two independent parties. Positive CCs
were identified as being nucleated cells which stained for PCK and DRAQ5 but were negative for
CD45. Hematopoietic cells positive for CD45 were excluded from quantification regardless of PCK
expression. Examples of CCs and hematopoietic cells identified using IDEAS software in this patient
group are shown in Figure 1B.
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the single cells filtered by focus of the images; (iii) shows the in-focus cells that are double-positive 

stained for PCK and DRAQ5; and (iv) represents the double-positively stained cells that are negative 

for CD45 staining. (B) Images showing (i) two PCK+/CD45- CCs and (ii) an example of a PCK-/CD45+ 

leucocyte. All images are stained positive with DRAQ5 nuclear staining. 

  

Figure 1. (A) Graphs illustrating the criteria used to filter the images taken from ImageStream®X Mk
II for analysis in IDEAS. Each image is displayed by a single dot and the selection criteria appears
either as a box (i, iii, iv) or a line (ii); (i) shows the images filtered via size and circularity; (ii) represents
the single cells filtered by focus of the images; (iii) shows the in-focus cells that are double-positive
stained for PCK and DRAQ5; and (iv) represents the double-positively stained cells that are negative
for CD45 staining. (B) Images showing (i) two PCK+/CD45− CCs and (ii) an example of a PCK−/CD45+

leucocyte. All images are stained positive with DRAQ5 nuclear staining.
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2.3. Correlation of CC Numbers with Clinical Timepoints

Baseline blood samples were obtained for all eight patients as close to the start of treatment as
possible. For four patients, baseline samples were obtained before the first day of CRT, samples for
three patients were taken on the first day of CRT, and for one patient, the baseline sample was taken
5 days after starting CRT. With respect to follow-up samples, five patients had a follow-up sample
obtained either during CRT or within one week of finishing, five patients had a sample taken between
one week and 3 months of finishing CRT and three patients had samples obtained >3 months after
finishing CRT (Table 2).

Table 2. CC samples obtained (per patient).

Patient # Baseline Sample Sample 2 Sample 3 Sample 4

1 On Day 1 NS NS NS
2 Before Day 1 <3 m >3 m >3 m
3 On Day 1 During CRT <3 m >3 m
4 Before Day 1 During CRT <3 m >3 m
5 On Day 1 During CRT <3 m NS
6 After Day 1 During CRT <3 m NS
7 Before Day 1 NS NS NS
8 Before Day 1 During CRT NS NS

NS = No Sample.

Non-haematopoietic, cancer-associated CCs were identified in baseline samples from seven of
eight patients (88%) with a mean number of 334 CCs identified/mL blood (range 0–876). No reason
was identified to differentiate the patient in whom no CCs were identified from the remaining seven
patients. In control samples, non-hematopoietic CCs were identified in 13 out of 28 volunteers (46%)
with a mean of 19 cells/mL blood (0–330). In patient samples taken during CRT (n = 5), the mean
number of CCs identified was 299/mL blood (60–433), although in four patients, CC numbers increased
during CRT. For samples taken within 3 months of completing CRT (n = 5), the mean number of CCs
was 224/mL blood (0–602), and for those samples obtained >3 months from treatment completion
(n = 3), the mean number of CCs was 49/mL of blood (0–84) (Figure 2A). For the one patient for whom
there were two samples obtained over 3 months from treatment completion (patient 2), only the first
sample was included in this analysis.

Following this, patients for whom there were >3 samples (patients 2, 3, 4, 5, and 6) were analysed
individually to evaluate changes in CC numbers over time and following treatment (Figure 2B). In one
patient (patient 5), CC numbers appear to fall during treatment from baseline, and fell further following
treatment. For the remaining four patients (2, 3, 4, 6), CC numbers appeared to increase during,
or in the weeks following treatment, with subsequent drops in numbers following this. For patient 2,
CC numbers fell to 62 cells/mL >3 months following treatment, but when levels were measured
8 months after this, an increase to 84 cells/mL was observed, the significance of which is unclear.
At time of analysis, all patients remained disease-free on clinical surveillance.
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Figure 2. (A) CC counts were divided into baseline samples, those taken during CRT (and up to
one week after EOT), those taken within 3 months of EOT and those taken over 3 months from EOT.
Control samples were obtained from 28 volunteers. When analysed using a one-way analysis of
variance (ANOVA), a significant difference was observed between baseline levels and control samples
(p < 0.001), baseline samples and those taken >3 m from treatment (p < 0.05) and between samples
taken during treatment and controls samples (p < 0.01). (B) Individual profiles of CC count (cells/mL)
over time in the five patients for whom there were 3 or more samples available. Treatment timing is
shown is red, whilst blue lines represent CC counts.
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3. Discussion

We have previously demonstrated the presence of numerous non-hematopoietic CCs in the blood
stream of patients with advanced epithelial ovarian cancer and lung cancer, by examining the entire
liquid biopsy and avoiding the use of enrichment methods typically employed in CellSearch and ISET
technologies [23,29,31,32]. In the present study, we applied these methods to peripheral blood samples
obtained from patients with localised SCCA, successfully isolating and identifying cells within the
blood of patients which stain positive for the DRAQ5 nuclear marker and the PCK epithelial cell
marker, and negative for the pan-hematopoietic maker CD45 for first time (Figure 1). This pattern of
expression suggests that these cells represent cancer-associated non-hematopoietic CCs.

Following identification of isolated PCK (+), CD45 (−) CCs, baseline (pre-CRT) CC numbers
were compared with samples obtained during CRT, and after CRT and with those from healthy
volunteers (Figure 2A). Our results demonstrate significantly higher numbers of CCs in patient
samples (7/8 patients (88%), mean of 344 cells/mL, range 0–876, p < 0.001), compared to volunteers
(13/28 volunteers (46%), mean of 19 cells/mL blood, range 0–330). During treatment, whilst average
CC numbers were lower than at baseline, this was statistically non-significant and in four patients,
CC numbers actually increased during treatment. However, average CC numbers fell following
completion of treatment, with significantly fewer CCs/mL of blood in samples obtained >3 m from
the end of treatment (mean 49/mL of blood, range 0–84, p < 0.05) compared to baseline; although to
date, only 3/8 patients have samples analysed within this time period, and further data collection is
ongoing. Taken together, these results suggest a reduction in CC numbers over time from treatment.
To provide a clearer impression of the effects of treatment on CC expression, patient samples were
then analysed individually (Figure 2B), and this revealed than in 4/5 patients (80%) for whom
>3 samples were available, CC numbers appeared to increase during, or in the 3 m following treatment,
before subsequently falling. This observation is consistent with previous studies which have shown
mobilisation of CCs into the circulation as a result of radiotherapy in patients with lung cancer [33].
Furthermore, an increase in CC numbers in patients during the first three months of treatment for lung
cancer was associated with a better progression-free and overall survival [34]. Possible explanations
for this include release of CCs prompted by changes in a malignant mass responding to chemotherapy,
radiotherapy or damaged during surgical manipulation. Whilst the mechanism is unclear, it is
intriguing to consider that the phenotype of the CCs is also important in certain settings. In pancreatic
cancer patients, a mesenchymal phenotype for CCs appears to be associated with distant metastases
(liver, lung) compared with a pure epithelial CC phenotype which is related to advanced locally
recurrent disease [35]. In addition, multicellular, CC microclusters, sometimes including neutrophils,
have been identified as a small percentage of the CCs. These microclusters are able to undergo
extravasation (via angiopellosis); they have distinct survival and secondary tumour formation abilities,
exceeding those of any single CC [36].

During the process of identifying CCs, we too identified various cell doublets including
CCs associated with atypical CD45(+), PCK(+) cells (data not shown). The presence of CD45(+),
PCK(+) atypical cells associated with CTCs, may represent the presence of atypical cancer-associated
macrophage-like cells (CAMLs), which have previously been described in patients with both breast
and pancreatic cancer [37]. These CD45(+), PCK(+) cells may either represent macrophages that have
engulfed epithelial cellular debris, or CAMLs which have been shown to bind to and migrate in blood
attached to CCs [38]. Another possibility is that these cells represent fusions between cancer cells and
myeloid cells; atypical cells that may display increased metastatic behavior compared with non-hybrid
CCs [39,40]. The presence of these cells demonstrates the complexity of the malignant process and
presents an important area of future research to further elucidate the identity of these atypical cells.

Despite these findings, we recognise that there are limitations with the detection of CCs using
imaging flow cytometry, as the repertoire of antibody staining is limited for each cell. We have
previously demonstrated that using Cell-Free DNA Collection Tubes (Roche), the cell integrity of CCs
remains intact for up to 6 days, so we are confident that we are not losing significant numbers of
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circulating cells or compromising their morphology [29]. We also recognise that CCs may undergo
epithelial–mesenchymal transition (EMT) and subsequently loose epithelial markers particularly
EpCAM; therefore, it is important in future studies to further characterise the pool of circulating
cancer-associated cells using mesenchymal markers such as Vimentin, Fibronectin or N-Cadherin.
Furthermore, we and others have also demonstrated the presence of circulating tumor-derived
endothelial cells (CTECs) [29], and the properties of endothelial cells within tumours which confer
the ability to become CTECs upon entering circulation have recently been the focus of a seminal
review article [41]. Further work is on-going to confirm the true prevalence of CTECs in our patient
cohorts utilising specific antibodies for endothelial cells (including CD106, CD105, CD34 or CD146).
Future work could also exploit the hypoxia driven process of EMT, through the use of emerging
technologies to identify abnormal CD31+ CTECS. Identifying these cells in parallel with the PCK+

CCs described in this paper could act as a biomarker not only for treatment response, but also for early
metastatic potential [41].

Whilst the results presented showcase convincing data that CCs are present in patients with
localised SCCA, further research is needed to fully understand the role of these cells and the implication
they have on treatment outcome. After definitive CRT around 10–15% of patients have persistent
disease, with a further 15–30% developing subsequent local recurrence after initial complete response.
There remains a degree of tension between defining early local recurrence amenable to surgical salvage,
and not allowing sufficient time after CRT for a CR to be achieved [12]. Recently, the proportion of
patients undergoing salvage surgery seems considerably lower [42] than in older studies [43], reflecting
results from the ACT-II clinical trial [12] which demonstrated that delaying surgery is acceptable
providing the response trajectory is favourable. Since salvage surgery offers 5-year OS of around
40–45%, serial CC measurements could enable the identification of patients in whom early surgery is
necessary versus those who could safely be followed up with imaging; acting as a surrogate marker of
response or relapse. Further studies could also investigate whether baseline CC levels are predictive of
recurrence. The high levels of CCs in patients undergoing CRT might be indicative of more epithelial
cells entering the circulation due to vascular injury. Indeed, increase of CTCs has been documented in
patients with advanced esophageal squamous cell carcinoma undergoing CRT [44].

Patient samples continue to be collected for this patient cohort, and future experiments are planned
to perform paired ctDNA analysis in an effort to detect and quantify HPV DNA in our patient cohort.
Two recent studies have detected HPV ctDNA within the blood of 91.1% of patients with advanced
SCCA [45], and 95.6% of patients with early HPV-driven cancers [46]. Combined with knowledge of
the immunohistochemical p16 status of our patient cohort, this would provide conclusive evidence
that the cells observed and described within this manuscript are cancer-associated CCs. Previously,
HPV16 and HPV33 ddPCR assays were used to detect HPV from ctDNA [46]. However, HPV markers
can be detected in circulating mononuclear cells from peripheral blood [47]. There is future interest in
the application of imaging flow cytometry to our non-enriched cell populations in an attempt to detect
HPV-related proteins from liquid biopsies of anal cancer patients.

4. Conclusions

In summary, our results confirm the presence of nucleated, non-haematological cells which express
epithelial cell surface markers, identified in the bloodstream of patients with clinically localised SCCA.
In addition, we have demonstrated that CC numbers fall >3 months following treatment, which is
the expected timeframe for response assessment. Data collection is ongoing to evaluate whether
CC numbers may provide an early predictor of disease relapse which could be utilised along with
serial cross-sectional imaging surveillance to identify those few patients who require radical surgery
following CRT for residual or early localised recurrent disease. The identification and quantification of
CCs could minimise the mortality among patients with SCCA by providing tailored, personalised,
and targeted therapy, whilst also facilitating investigation into new therapeutic targets.
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5. Materials and Methods

Patient Recruitment: Blood samples were taken from patients enrolled on the CICATRIx clinical
study. These patients have advanced cancer and are attending the Mount Vernon Cancer Centre
(East and North Hertfordshire NHS Trust). All patients involved in the clinical study provided
informed consent for the use of blood samples as well as their participation. The CICATRIx study is a
registered and ethics approved study collecting blood samples to explore Circulating tumour cells,
cell-free DNA and leucocytes with Imagestream analysis in patients with various cancers. Approved
by the West Midlands-South Birmingham Ethics Committee (reference 16/WM/0196).

Blood Sample Preparation: Venepuncture took place using a 21- or 23-G needle, to minimise
contamination by skin epithelial cells. Cell-Free DNA Collection Tubes (Roche) were utilized for
blood collection to maintain CC membrane integrity for >6 days. A quantity of 1 mL of whole blood
from each patient was transferred from Roche tube into a 15 mL Falcon and 9 mL of red blood cell
lysis (RBC) buffer was added before gentle rocking and subsequent centrifugation at 2500 rpm for
10 min each to produce a pellet. The process was repeated after removal of supernatant and adding
further 3 mL of fresh RBC lysis buffer. Fixation of the pellet was performed by the addition of
1 mL 4% paraformaldehyde in PBS to the pellet and transferring the resultant solution to a 1.5 mL
Eppendorf tube. This was left to incubate on ice for 5 min before centrifuging at 4000 rpm for 3 min.
After aspiration 1 mL of blocking buffer (10% BSA in PBS) was added and left to incubate on a rotor for
an hour followed by addition of antibodies [Pan Cytokeratin (AE1/AE3) and CD45 (Life Technologies)]
dissolved in blocking buffer at 1:100 dilution and left to incubate at 4 ◦C overnight on a rotor. Once the
incubation period had elapsed, the sample was centrifuged at 4000 rpm for 3 min and washed with
0.1% Tween in PBS followed by a second centrifugation with the same settings. Finally, 100 µL of
Accumax cell detachment solution [StemCell Technologies] was added to the pellet alongside 0.5 µL of
the nuclear staining DRAQ5 [BioStatus] ready to be run on the Imagestream Mark II [Luminex].

Running and Analysing Samples: The sample was run using the Imagestream Mark II with each
staining expressed in a different channel and subsequently, the files produced were analysed and
quantified using the IDEAS software [30]. In order to identify a positive CC, the cell had to express
positive staining of Pan Cytokeratin and DRAQ5 with a negative staining of CD45 (in order to exclude
lymphocytes). All the samples were analysed by two independent observers (JJ and TC). All statistical
tests were performed using GraphPad Prism® Software (GraphPad Software). Statistical analyses
were performed using one-way ANOVA with significance determined at the level of p < 0.05. p values
are indicated in graphs as follows; * p = 0.01–0.05, ** p = 0.001–0.009, and *** p < 0.0009.
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Abstract: Human papillomaviruses (HPV) cause malignant epithelial cancers including cervical
carcinoma, non-melanoma skin and head and neck cancer. They drive tumor development through
the expression of their oncoproteins E6 and E7. Designer nucleases were shown to be efficient
to specifically destroy HPV16 and HPV18 oncogenes to induce cell cycle arrest and apoptosis.
Here, we used high-capacity adenoviral vectors (HCAdVs) expressing the complete CRISPR/Cas9
machinery specific for HPV18-E6 or HPV16-E6. Cervical cancer cell lines SiHa and CaSki containing
HPV16 and HeLa cells containing HPV18 genomes integrated into the cellular genome, as well as
HPV-negative cancer cells were transduced with HPV-type-specific CRISPR-HCAdV. Upon adenoviral
delivery, the expression of HPV-type-specific CRISPR/Cas9 resulted in decreased cell viability of
HPV-positive cervical cancer cell lines, whereas HPV-negative cells were unaffected. Transduced
cervical cancer cells showed increased apoptosis induction and decreased proliferation compared to
untreated or HPV negative control cells. This suggests that HCAdV can serve as HPV-specific cancer
gene therapeutic agents when armed with HPV-type-specific CRISPR/Cas9. Based on the versatility
of the CRISPR/Cas9 system, we anticipate that our approach can contribute to personalized treatment
options specific for the respective HPV type present in each individual tumor.

Keywords: papillomavirus; HPV; CRISPR; gene therapy; viral vector; adenovirus

1. Introduction

Human papillomaviruses (HPV) are small non-enveloped epitheliotropic DNA viruses with
a circular genome comprised of approximately 8000 base pairs (bp). So called high-risk HPV are
responsible for the development of malignant cervical carcinoma and their precursor lesions cervical
intraepithelial neoplasia (CIN) [1]. Currently over 200 different HPV types are known. Due to their
carcinogenic properties, especially HPV16, 18 and 31 (but also 33, 35, 39, 45, 51, 52, 56, 58, 59, 68,
73, and 82) are classified as high-risk HPV types [2]. HPV DNA was also found in oropharyngeal
carcinomas summarized as head and neck cancer (HNC) and are therefore regarded as important
carcinogens [3]. Furthermore, HPV are a cofactor in the development of dermatologic malignancies,
such as Squamous cell carcinoma (SCC) and basal cell carcinoma (BCC) of the skin summarized as
non-melanoma skin cancer (NMSC), and their precursor lesions, actinic keratosis (AK) [4]. Despite the
availability of a protective vaccination against high-risk HPV, not all girls and young women (as well
as boys and young men) are vaccinated. Therefore, it is likely, that HPV-associated tumors represent
a continuous health care burden. HPV-associated tumors such as cervical carcinoma, NMSC and HNC
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can be removed surgically, but a complete detection and removal of tumor tissue including possible
precursor lesions in the immediate vicinity is difficult as non-infected regions, HPV infected but non
transformed regions, precursor lesions and invasive carcinomas are located in close proximity of
an epithelial area [5]. The conventional cancer therapies such as radiation or chemotherapy in concert
with surgical resection increase the chances of recovery but are associated with strong side effects.
Therefore, the development and testing of alternative treatment strategies are desirable.

In the context of cervical infection, the HPV genome can be integrated into the chromosomal DNA
of basal epithelial cells. During this process, the episomal, circular HPV genome is linearized within
the HPV E2 gene, leading to a loss of E2 function. As the HPV E2 protein negatively regulates HPV
E6 and E7 gene expression, the loss of HPV E2 function leads to unregulated overexpression of the
HPV oncogenes E6 and E7, that mediate transformation of the host cell by inducing cell proliferation,
bypassing cell cycle control and inhibition of apoptosis. The HPV E6 protein interacts with the tumor
suppressor protein p53, causes its degradation and thus prevents cell cycle control and the initiation
of apoptosis [6]. The HPV E7 protein interacts with the retinoblastoma protein pRB and causes the
release of the pRB-bound E2F transcription factor. E2F subsequently induces the expression of genes
that induce cell cycle progression [7,8]. In recent years, several approaches have been described to
induce cell cycle arrest and induction of apoptosis in HPV positive cancer cells, either by specifically
inhibiting HPV oncoprotein interactions using intracellular antibodies [9] or peptides such as HPV E7
antagonist [10], E6-binding aptamer [11], E6-AP mimetic epitope [12], or RNA molecules like Anti-E6
ribozyme [13]. Moreover, downregulating HPV oncogene expression using RNA interference [14–21]
has been shown to be a promising treatment option for HPV induced tumors. However, only the most
recent studies tried to translate these in vitro findings toward in vivo applications using non-viral
RNA delivery or AAV-mediated viral delivery.

Designer nucleases such as zinc finger nucleases (ZFN), transcription activator-like effector nuclease
(TALEN) and especially clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) are
highly efficient customizable molecular scissors for sequence-specific induction of in/del mutations at
the DNA-target site. This gene disruption strategy has been applied in antiviral approaches against
DNA viruses such as Hepatis B virus (HBV) [22–24]. In the context of HPV-related cancer, it was
reported that cleavage of the HPV18 origin of replication by artificial zinc-finger proteins fused to
a bacterial nuclease inhibited HPV DNA replication [25]. CRISPR/Cas9 mediated inactivation of
HPV18- and HPV16 E6 or E7 resulted in the induction of p53 or pRb, leading to cell cycle arrest
and cell death [26]. CRISPR/Cas9 mediated disruption of HPV E7 open reading frame (orf) alone
induced apoptosis and growth inhibition in HPV16 positive cervical cancer cells [27] and HPV6/11
E7-expressing keratinocytes [28]. Moreover, it was shown that a CRISPR/Cas9 approach to specifically
destroy the HPV16 early promoter, HPV16 E6, or HPV16 E7 coding regions lead to decreased cell
viability and increased apoptosis induction and decreased growth of SiHa cell-derived tumors implants
in BALB/C nude mice [29]. Interestingly cleavage of HPV16 E6 alone was sufficient to induce apoptosis
and growth inhibition of HPV16-positive cells [30].

However, delivery approaches to enable comprehensive in preclinical in vivo studies are rare.
A recent study showed that non-viral CRISPR/Cas9 delivery using PEGylated liposomes resulted
in tumor elimination in vivo [31]. Numerous publications reported the CRISPR/Cas9 delivery using
AAV co-transduction approaches. However, these vectors are rather small and do not allow to
deliver all CRISPR/Cas9 components including one or several guide RNAs within one vector.
Even though CRISPR/Cas9 is particularly suitable for arming conditionally replicating Adenoviruses
(CRAdVs)/oncolytic Adenoviruses [32–34], the potential of viral delivery of HPV-specific CRISPR/Cas9
was not fully exploited. Adenoviruses (AdV) infect a great variety of different cells types and tissues
and can enter quiescent as well as dividing cells. Another benefit of the AdV vector system arises
from the non-integrating, episomal persistence of the viral genome [35]. As AdV do not integrate
their genome into host cell chromosomes genotoxicity related to insertion into transcribed genomic
loci is circumvented. To translate the non-viral CRISPR approaches of the preceding studies into
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an all-in-one viral vector delivery approach to enable future in vivo studies (high-capacity adenoviral
vectors (HCAdV)) offer several benefits. In HCAdV genomes all viral coding sequences have been
removed and only the inverted terminal repeats (ITR) and the packaging signal that is necessary
for vector genome replication and efficient genome packaging are still present [36,37]. The HCAdV
packaging capacity of up to 35 kb allows transporting the whole CRISPR/Cas9 machinery including
several gRNAs [38]. As HCAdV do not express AdV genes, they are regarded as less immunogenic
than early generation AdV vectors [39,40]. Nevertheless, production of HCAdV are time and work
intensive when compared with Lentivirus- or AAV-vector platforms, hampering their exploration for
specific applications.

In this study, we aim to exploit the advantages of the HCAdV platform and constructed HCAdVs
expressing the complete CRISPR/Cas9 machinery including Cas9 and a gRNA specific for HPV16-E6 [29]
or HPV18E6 [26,38] within a single vector. These non-replicating HCAdV vectors express the HPV
E6 specific CRISPR/Cas9 and destroy the respective E6 oncogene. Upon vector transduction of HPV
positive cervical carcinoma cell lines HeLa, CaSki, and SiHa and HPV-negative lung carcinoma cell line
A549, we examined the potential of the HPV E6 specific CRISPR/Cas9 expressing HCAdV to mediate
apoptosis induction, inhibition of tumor cell growth, and increase of tumor cell death.

2. Results

2.1. HPV Oncogene Specific CRISPR Expressed from HCAdVs Efficiently Disrupts PV E6 Oncogenes

A schematic overview of the HCAdV vector genomes used in this study is presented in Figure 1.
As a control virus, we used the E1- and E3-deleted first generation adenoviral vector ∆E1-∆E3-AdV5,
which can replicate in HPV-positive cancer cells. Furthermore, two HCAdVs-encoding CRISPR/Cas9
and gRNA against the HPV16 oncogene E6 (HCAdV-CRISPR-HPV16E6gRNA) and the HPV18
oncogene E6 (HCAdV-GFP-CRISPR-HPV18E6gRNA) were generated (Figure 1).
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Figure 1. Schematic presentation of the genome organization of the vectors used in this study.
(A) ∆E1-∆E3-AdV5 contains a wild type AdV5 genome lacking the E1- and E3 gene, the packaging
signal is flanked by loxP sites indicated by black triangles. (B) HCAdV-CRISPR-HPV16E6gRNA
contains a spCas9-gene from Staphylococcus pyogenes controlled by a CbH-promoter and a bGH-pA
and a gRNA expression cassette with specificity toward HPV16-E6 controlled by a human U6-promoter
and a U6-terminator sequence. (C) HCAdV-CRISPR-HPV18E6gRNA contains a spCas9-gene controlled
by a CbH-promoter and a bGH-pA and a gRNA expression cassette with specificity towards HPV18-E6
controlled by a human U6-Promoter and a U6-terminator sequence. It also contains an enhanced
GFP transgene expression cassette controlled by a CMV promoter and a CbH-pA. CbH-P, chicken β

actin hybrid promoter; bGH-pA, bovine growth hormone polyadenylation signal; gRNA, guide RNA;
U6-P, human U6- small nuclear RNA promoter; U6-pA, U6- small nuclear RNA polyadenylation
signal; CMV-P, Cytomegalovirus promoter, CbH-pA chicken β actin hybrid polyadenylation signal;
ITR, inverted terminal repeat; Ψ, AdV5 packaging signal.
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To prove CRISPR-mediated mutation induction at the target sites of the respective gRNAs,
HeLa and SiHa cells were transduced with HPV18-E6 specific CRISPR-HCAdV or HPV16-E6 specific
CRISPR-HCAdV, respectively. Then, 48 h post-transduction, genomic DNA of HPV18-E6-specific
CRISPR-HCAdV-treated HeLa cells and HPV16-E6-specific CRISPR-HCAdV-treated SiHa cells was
isolated for mutation detection. HPV-E6 loci surrounding the respective gRNA target sites were
amplified by PCR. Resulting PCR amplicons were then subjected to hetero-duplex formation and
digested with T7 endonuclease 1. Specific cleavage products of the expected size were detected for
HPV18-E6 and HPV16-E6 respectively indicating successful mutation induction at the predicted target
sites (Figure 2).
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Figure 2. Heteroduplex based mutation detection of HPV16-E6 and HPV18-E6 after treatment of SiHa
or HeLa cells at multiplicity of infection (MOI) 500 per cell. 48 h post transduction the T7E1-assay
showed efficient mutagenesis of HPV-E6-genes of cells treated with HPV specific CRISPR HCAdV
compared to cells that were not transduced. Arrows indicate the expected size of HPV-E6 specific
PCR-products (~700 bp) and expected size of mutation specific cleavage products (~350 bp for HPV18E6
and 200 bp and 500 bp for HPV16E6). Mutation rates calculated in percentages from the differences in
band strength of the original PCR product and cleavage products are depicted below.

2.2. Decrease of HPV Tumor Cell Survival

To examine the potential of HCAdV armed with HPV-E6 specific CRISPR/Cas9 to reduce HPV
tumor specific cell survival, we transduced HeLa, SiHa and CaSki cervical cancer cells as well as
HPV negative A549 lung carcinoma cells with HPV18-E6 specific CRISPR-HCAdV, HPV16-E6 specific
CRISPR-HCAdV, ∆E1-∆E3-AdV5, or AdV storage buffer. Compared to untreated controls or AdV
storage buffer treated controls, cervical carcinoma cells treated with HPV-E6-specific CRISPR-HCAdV
showed a reduced number of surviving cells (Figure 3). SiHa cells transduced with HPV16-E6-specific
CRISPR-HCAdV showed a significant reduction of 85.4% of surviving cells, whereas transduction with
∆E1-∆E3-AdV5 led to a reduction of 44.3% of viable cells. CaSki cells transduced with HPV16-E6-specific
CRISPR-HCAdV showed a reduction of 29.6% of metabolizing cells (Figure 3). In contrast, transduction
with ∆E1-∆E3-AdV5 resulted in a reduction of 30.4% of viable cells. In HeLa cells transduced with
HPV18-E6-specific CRISPR-HCAdV showed a viability reduction of 33.7%, whereas transduction with
∆E1-∆E3-AdV5 decrease viable cells of 15.8% (Figure 3). Even though a trend for reduction of cell
viability can be observed CaSki and HeLa cells, values obtained for these cells were not statistically
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significant. For HPV-negative A549 cells, transduced with CRISPR expressing HCAdV, cell viability
was also reduced. Transduction with HPV16-E6 specific CRISPR-HCAdV led to a reduction of 22%
of viable cells and for HPV18-E6 specific CRISPR-HCAdV to a reduction of 52.1% of viable cells.
∆E1-∆E3-AdV5 resulted in a reduction of 36% when measuring viable cells in A549 cells. Compared
with untreated or buffer treated controls, values were not statistically significant (Figure 3).

Figure 3. Monitoring of cell survival in SiHa, HeLa, CaSki, and A549 cells. Cells were transduced
at confluency with HPV-E6-specific CRISPR/Cas9-HCAdV or ∆E1-∆E3-AdV5 with 1000 infectious
vector particles per cell. Cell viability was measured using a CCK-8 assay five days post-transduction.
HPV-positive tumor cells showed reduced viability compared to untreated controls. Standard deviations
of mean values are shown as error bars. Statistically significant differences compared to untreated
controls are shown as one, two, or three stars indicating p values < 0.05, <0.005, and <0.0005 respectively.

Following the CCK-8 cell viability screening, the medium was removed, and cells were subjected
to methylene blue staining to confirm the previous results using a different methodology that visualizes
the healthy attached cells. The results of the methylene blue staining support the results obtained
for the CCK-8-based viability assay and showed even stronger effects on the attachment of cells as
quantified by the CCK-8 assay. In HeLa, SiHa, and CaSki, a clear decrease of attached cells could be
seen after transduction with the respective vector at MOI 1000, whereas untreated controls (MOI 0)
or AdV storage-buffer-treated controls were well attached (Supplementary Materials Figure S1).
A549 cells showed reduction in cell attachment when treated with HPV18-E6 or HPV16-E6-specific
CRISPR-HCAdV or ∆E1-∆E3-AdV5 (Figure S1).

2.3. Cervical Cancer Cell Lines Show Different Susceptibility to AdV5

To find out whether the differences in the effect of the HPVE6 specific CRISPR/Cas9 expressing
HCAdV on different cervical cancer cell lines is caused by different transduction efficiencies of the vector,
we determined the susceptibility of SiHa, HeLa, and CaSki cells to AdV5. We infected each respective
cell line with defined numbers of viral particles of a GFP-luciferase expressing E3 deleted AdV5.

24 h post transduction with 20 viral particles per cell, quantification of luciferase activity of
transduced cells showed a significant 100.4-fold increase in luminescence in SiHa cells compared to
CaSki cells, whereas HeLa cells revealed a 2.1-fold increase in luciferase expression levels compared to
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CaSki cells (Figure 4A). At low virus concentration, SiHa cells seem to be more susceptible to AdV5
infection than HeLa and CaSki cells (Figure 4A).

Due to saturation of the luminescence signal at higher viral particle numbers, we compared
susceptibility of the different cell lines to AdV5 by quantifying the fluorescent signal from vector-derived
GFP expression. Quantification of the mean fluorescence intensity 48 h post transduction of each
respective cell line with 1000 viral particles per cell showed a significant 1.5-fold increased fluorescence
signal in SiHa and HeLa cells if directly compared to CaSki cells, respectively. No difference was
observed between SiHa and HeLa cells (Figure 4B).

Figure 4. Monitoring cell susceptibility of SiHa, HeLa, and CaSki cells to AdV5. Siha, HeLa, and Caski
cells were infected with E3-deleted AdV5-expressing GFP and luciferase at different doses. (A) AdV5
mediated luminescence 24 h post transduction with 20 viral particles per cell (vpc). (B) AdV 5 mediated
fluorescence 48 h post transduction with 1000 vpc. Standard deviations of mean values are shown
as error bars. The line above the columns indicate which sampled were compared to each other
Statistically significant differences of the cell lines compared to each other are shown as two or three
stars, indicating p values < 0.005, and 0.0005 respectively.

2.4. Reduction of Proliferation of HPV Positive Cancer Cell Lines

To investigate whether HPV-E6 specific CRISPR-HCAdV can reduce proliferation of HPV-induced
cervical cancer cells, we transduced HPV18 containing HeLa cells, HPV16-positive SiHa and CaSki and
SiHa cervical cancer cells as well as HPV-negative A459 lung carcinoma cells. We applied the vectors
HPV18-E6 specific CRISPR-HCAdV, HPV16-E6 specific CRISPR-HCAdV or ∆E1-∆E3-AdV5 at MOI
1000 and monitored the increase of viable cells for eight days. Transduction with HPV16-E6-specific
CRISPR-HCAdV inhibited cell proliferation of SiHa cells and the number of viable cells significantly
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differed from untreated controls already three days post-transduction. In contrast, transduction with
∆E1-∆E3-AdV5 only led to a significant reduction of cell proliferation that was significantly different
from untreated controls after day 6 (Figure 5). Transduction with HPV16-E6 specific CRISPR-HCAdV
inhibited cell proliferation of CaSki cells and the number of viable cells was significantly reduced
compared to untreated controls already four days post-transduction. Transduction with ∆E1-∆E3-AdV5
also resulted in a significant reduction of cell proliferation that was significantly different from untreated
controls after day 6 (Figure 5). Transduction with HPV18-E6 specific CRISPR-HCAdV strongly inhibited
cell proliferation of HeLa cells, which was in sharp contrast to untreated controls already three days
post-transduction. Transduction with ∆E1-∆E3-AdV5 resulted in a less pronounced reduction of cell
proliferation that was still significantly different from untreated controls between days 4–6 (Figure 5).
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Figure 5. Monitoring of cell proliferation in SiHa, HeLa, CaSki, and A549 cells. Following transduction
with the respective HPV-E6-specific CRISPR/Cas9-HCAdV or ∆E1-∆E3-AdV5 with 1000 infectious
vector particles per cell, cell proliferation was monitored for eight days. The relative number of viable
cells at each time point post-transduction was measured by CCK-8 assay. Standard deviations of mean
values are depicted as error bars. Statistically significant differences compared to untreated controls are
shown as one, two or three stars, indicating p values < 0.05, <0.005, and <0.0005 respectively.

Note that transduction with HPV16-E6-specific CRISPR-HCAdV, HPV18-E6-specific
CRISPR-HCAdV, or ∆E1-∆E3-AdV5 also reduced cell proliferation of A549 cells, which was different
from untreated controls. Even though cell proliferation was reduced proliferation continued
until the end of the experiment independent of the treatment (Figure 5). Compared to untreated
control cells, treatment with HPV-E6 specific CRISPR-HCAdV or ∆E1-∆E3-AdV5 led to a decreased
cell proliferation in HPV-induced tumor cells. In HeLa cells, cell proliferation was strongly
inhibited by the HPV18-E6-specific CRISPR-HCAdV and ∆E1-∆E3-AdV5. In SiHa and CaSki cells,
HPV16-E6-specific CRISPR-HCAdV and HPV18-E6-specific CRISPR-HCAdV and ∆E1-∆E3-AdV5
reduced cell proliferation when compared to untreated cells. In contrast, HPV negative A549
cells were almost unaffected by HPV-E6-specific CRISPR-HCAdV when compared to untreated
controls. As seen in HPV-positive cells ∆E1-∆E3-AdV5 was also able to inhibit cell proliferation in
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HPV-negative A549 cells. Taken together, these results suggested that tumor cell proliferation inhibition
of specific HPV-E6-specific CRISPR-HCAdV is specific for HPV-positive cervical cancer cells and that
∆E1-∆E3-AdV5 acts through a different mechanism possibly conditional replication in tumor cells.

2.5. Vector Treatment Lead to Increase in p53 Protein Levels

To prove that HCAdV delivery of HPV16E6 or HPV18-specific CRISPR/Cas9 and subsequent
E6 mutagenesis increased apoptosis in a p53 dependent manner, we performed cell western analysis
to quantify the change in cellular p53 level upon vector transduction. The results show a significant
of 1.6-fold and 1.3-fold increase of p53 for SiHa and CaSki cells, respectively, when treated with
HCAdV-CRISPR-HPV16E6gRNA. HeLa and A549 cell treated with HCAdV-CRISPR-HPV18E6gRNA
showed no change in p53 levels (Figure 6).
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analyses based on p53 quantification of cells treated with MOI 1000 of respective vectors compared to
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to normalize for the cell number (p53 signal per cell). Standard deviations of mean values are shown as
error bars. Statistically significant differences compared to untreated controls are shown as one star,
indicating p values < 0.05.

2.6. Increase in Apoptosis Induction

As high-risk HPV-E6 proteins interact with the cellular p53 tumor suppressor and mediate
its proteasomal degradation, HPV-induced cervical cancer cells can circumvent p53 mediated
apoptosis induction. Inactivation of HPV-E6 should inhibit HPV-E6-mediated p53 degradation,
leading to a re-accumulation p53 protein and a reactivation of p53 mediated apoptosis induction.
To investigate whether HCAdV armed with HPV-E6-specific CRISPR/Cas9 specifically induce cell
death in HPV tumor cells by mediating apoptosis induction, we transduced HPV18-containing
HeLa cells, SiHa and CaSki cervical cancer cells, and A459 lung carcinoma cells. We applied the
vectors HPV18-E6-specific CRISPR-HCAdV, HPV16-E6-specific CRISPR-HCAdV, and ∆E1-∆E3-AdV5.
Two days post-transduction, the increase of apoptosis induction was determined by measuring
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the activation of effector Caspases 3/7. Compared to untreated controls, transduction of SiHa cells
with HPV16-E6 specific CRISPR-HCAdV significantly increased Caspase 3/7 induction (7.1-fold),
whereas transduction with ∆E1-∆E3-AdV5 only increased Caspase 3/7 induction 1.4-fold (Figure 7).
Transduction of CaSki cells with HPV16-E6-specific CRISPR-HCAdV significantly increased Caspase
3/7 induction 2.19-fold and transduction with ∆E1-∆E3-AdV5 increased Caspase 3/7 induction 1.28-fold
(Figure 7). Transduction of HeLa cells with HPV18-E6 specific CRISPR-HCAdV increased Caspase 3/7
induction 1.49-fold, whereas transduction with ∆E1-∆E3-AdV5 significantly increased Caspase 3/7
induction 1.78-fold (Figure 7). Transduction of A549 cells with HPV16-E6-specific CRISPR-HCAdV,
HPV18-E6-specific CRISPR-HCAdV, or ∆E1-∆E3-AdV5 moderately reduced Caspase 3/7 induction but
without any statistical significance.
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Figure 7. Monitoring apoptosis induction in SiHa, HeLa, CaSki, and A549 cells. Here, 48 h
post-transduction with the respective HPV-E6-specific CRISPR/Cas9-HCAdV and ∆E1-∆E3-AdV5 at
1000 infectious vector particles per cell, caspase 3/7 activation was measured. Standard deviations of
mean values are shown as error bars. Statistically significant differences compared to untreated controls
are shown as one, two, or three stars, indicating p values of <0.05, <0.005, and <0.0005 respectively.

3. Discussion

Previous studies demonstrated that designer-nuclease-mediated destruction of HPV oncogenes
are efficient strategies to combat HPV-induced tumors by inducing apoptosis [26–30,41]. To exploit
this strategy as a therapeutic intervention, we aimed at translating the findings based on
CRISPR/Cas9-mediated HPV oncogene destruction toward a potential in vivo delivery strategy using
an all-in-one CRISPR-HCAdVs containing a Cas9 expression cassette and a HPV E6 specific gRNA
expression. We tested the effects of the HPVE6 specific CRISPR/Cas9 expressing HCAdV on viability,
proliferation and apoptosis induction of cervical cancer cell lines compared to a ∆E1-∆E3-AdV5-CRAdV
that kills tumor cells but not non-transformed cells due to the cytopathic effect caused by AdV
replication [42–47]. The results of this study prove that HCAdV can be used as delivery vehicles for
the HPV-E6-specific CRISPR/Cas9 machinery. Transduction of three different HPV-induced cervical
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cancer cell lines HeLa, CaSki, and SiHa with HPV-oncogene-specific CRISPR-HCAdV inhibited tumor
cell proliferation and increased cell death though induction of apoptosis.

Noteworthy, even though the same cell numbers were infected with the same MOI, the antitumor
effects in the cell lines investigated in this study differ. In SiHa cells, the antitumor effects of our vector
treatment were strong, whereas CaSki cells showed no or at least weak response to the treatment
(Figures 3 and 5–7). The response to vector treatment in part reflects the different susceptibility of the
studied cell lines to the vector. When treated with low viral particle numbers, SiHa cells are 100-fold
more susceptible to AdV5 than CaSki cells (Figure 4A). In contrast, at high viral particle numbers per
cell, the difference in vector susceptibility is less pronounced. HeLa and SiHa cells are 1.5-fold more
susceptible than CaSki cells with no differences between SiHa and CaSki cells (Figure 4B). Therefore,
differences in vector susceptibility only partially explain the differences in response to vector treatment.

Another difference between the cervical cancer cells studied here is the genome copy number
of HPV genomes integrated into the chromosomes. Those differences might also contribute to the
differences in response to vector treatment. SiHa cells contain 1–2 HPV16 genome copies integrated into
their chromosomes, whereas CaSki cells contain more than 600 copies of HPV16 in 11 chromosomal sites,
as well as low copy numbers of partial HPV18 genomes [48–51]. The intermediate response in HeLa
cells to the vector treatment might also be explained by the intermediate number of HPV18 genomes [52]
in HeLa cells. HeLa cells contain at least five copies of the HPV18 genome [53,54]. Therefore, the
difference in response to the vector treatment could be explained by a large number of uncut HPV
copies remaining within HeLa and even more in CaSki cells leading to ongoing anti-apoptotic E6
effects within these cells. In SiHa cells, CRISPR/Cas9 seemed to have mutated enough E6 sequences on
genome level to inhibit E6 effects. HPV copy numbers in cervical tumors depends on the integration
frequencies and chromosome duplication events and can vary between different lesions. As HPV
integration status and copy number seem to influence the effect of an anti-HPV-CRISPR approach,
molecular diagnostics determining the HPV type, integration status, and viral load, can be predictive
for the efficiency of such an anti-HPV-CRISPR HCAdV treatment. As we observed differences in
the susceptibility of the different cells to the vector and differences in response to the treatment,
pretreatment diagnostics could also help predict the optimal vector dose. This strategy enables to
identify the optimal dose to achieve the desired response in a cell line-dependent manner and in the
future to develop a personalized therapy approach for patients.

It remains unclear why the cell survival of HPV negative A549 cells was affected after transduction
with HPV oncogene-specific CRISPR-HCAdVs. All used vectors including the ∆E1-∆E3-AdV5
non-CRISPR control influenced cell viability in A549 cells. This is probably due to the high transduction
efficiencies of adenoviral vectors in A549 cells. It is well established that A549 cells are highly susceptible
to adenovirus infection. As all vectors negatively influenced A549 cell survival and proliferation
this is probably not due to the genetic cargo, but rather a general reaction to the viral transduction.
Zhen et al. [26,29], as well as Kennedy et al. [28], who published the gRNAs used in this study, did not
report any off-target effects after plasmid transfection. As cellular toxicity due to Cas9 overexpression
has been reported in hematopoietic stem cells [55], the presence of Cas9 protein could have led to
decreased cell viability of A549 cells. Before further developing anti-HPV-CRISPR HCAdV treatment,
further studies including other HPV-negative control cell lines and especially control vectors containing
a non-specific gRNA or vectors containing no gRNA are needed to elucidate whether decreased
viability in HPV-negative cells is due to the vector treatment, the presence of Cas9 and potential
unspecific action, or an artifact resulting from the assay used to quantify viable cells.

Compared to the CRISPR-expressing HCAdVs, ∆E1-∆E3-AdV5 showed slightly stronger inhibitory
effects on cell viability. However, HPV-specific CRISPR/Cas9-expressing HCAdV led to much stronger
Caspase 3/7 induction in HPV-positive cells. However, in A549, no significant induction of apoptosis
was observed, indicating that the inhibitory effects on viability and proliferation of HPV positive cells
were specific to the CRISPR/Cas9-mediated E6 disruption and induction of apoptosis. Previous studies
have shown that transfection of HPV-positive cervical cancer cells with HPV-specific CRISPR/Cas9
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expression plasmids lead to increased p53 levels [26,30]. Following adenoviral delivery of HPV specific
CRISPR/Cas9 we also observed an increase in p53 levels (Figure 6), indicating that the elimination of
HPV oncogenes leads to a re-accumulation or less p53 degradation, which explains the higher number
of cells that showed increased Caspase 3/7 activity upon vector treatment (Figure 7).

HCAdV armed with HPV-E6-specific CRISPR/Cas9 drive cell death and inhibition of cell
proliferation of HPV-positive cervical cancer cells through apoptosis induction, whereas ∆E1-∆E3-AdV5
did not significantly increase apoptosis induction in HPV-positive or HPV-negative cell lines.
The observed ∆E1-∆E3-AdV5-mediated tumor cell killing is apoptosis independent and could rather
be explained as a result of viral replication. This shows that the effects seen after transduction with
HPV-specific CRISPR/Cas9-expressing HCAdV are related to the specific effects of it CRISPR/Cas9 cargo
rather than the transduction process or potential replication of remaining helper virus particles within
the HCAdV preparations. The versatility of the CRISPR/Cas9 system in combination with HCAdV
delivery which can be constructed in a facilitated way through our CRISPR-HCAdV production
pipeline [38] offers the possibility to develop personalized treatment depending on the causative HPV
type present in a respective patient tumor. Here, precise diagnostics of the HPV type and viral load
within the tumor will help to choose the optimal treatment regimen.

Translation of the present results towards preclinical in vivo models is challenging. Xenograft
models in immune-deficient mice or transgenic mice expressing HPV oncogenes are a considerable
model system that can be exploited. Here, the route of administration will be of particular interest.
Systemic injection of AdV vectors based on AdV serotype 5 will efficiently transduce the liver [56],
limiting the effectiveness for treating epithelial tumors. Regarding the necessity to treat epithelia with
precursor lesions, invasive tumors and infected areas without transformation in close proximity [5],
alternative strategies should be considered. As AdVs are able to penetrate the upper layers of epithelium
of the mouse skin without inducing cytotoxic effects [57], vector delivery through microporation [58,59]
could be a relevant option.

Besides the route of administration modification of the vectors used for this approach can
contribute to optimize delivery to relevant cells. Chemical modification of vector capsids [60] or using
Darpins as adaptors between target cells and vector [61] could direct the vectors to the desired cell
type to increase specificity and efficiency of the approach. Recently, an alternative AdV serotype
became available [62–64]. Vectorization of such serotypes could contribute to an improved efficiency
of the approach.

However, the setup of transgenes used in the HCAdV-expressing HPV-specific CRISPR/Cas9
used in this study does not exploit the full antitumor potential of what HCAdV could achieve.
Additional gRNAs targeting could be included to enhance the anti-HPV effects. Addition of RNA
interference directed against HPV oncogene mRNA [14,18] could be added to reach synergistic effects.
A combined expression of immune modulators [65] or anti-neoangiogenic factors [66] could also be
considered. Arming CRAdV, with HPV oncogene specific CRISPR/Cas9 could enhance efficacy through
synergistic effects. Therefore, combining the effects of HPV-oncogene-specific designer nucleases with
oncolytic virotherapy is also a reasonable strategy that deserves further commitment.

4. Materials and Methods

4.1. Viral Vectors

An E1and E3-deleted, first-generation Adenovirus AdNG163R-2 (∆E1-∆E3-AdV5) was produced
as previously described [37]. HPV16 and HPV18-specific CRISPR/Cas9-expressing HCAdV based
on human AdV serotype 5 (AdV5) were produced as previously described [38]. In brief,
HCAdV-CRISPR-HPV16E6gRNA and HCAdV-CRISPR-HPV18E6gRNA contained a staphylococcus
pyogenes Cas9 gene driven by a CbH promoter and a gRNA expression unit controlled
by human U6-RNA promoter. HCAdV-CRISPR-HPV18E6gRNA contained an additional GFP
expression cassette driven by CMV promoter (Figure 2). The gRNA sequences for HPV18-E6

123



Cancers 2020, 12, 1934

(GCGCTTTGAGGATCCAACA) and HPV16-E6 (CAACAGTTACTGCGACGTG) were previously
published [26,29].

Quantification of infectious virus particles within the vector preparations was carried out as
previously described [67,68]. Briefly, HEK293 cells were transduced with defined volumes of the
purified vectors. Three hours post transduction cells were washed with 1x phospahate-buffered saline
(PBS) prior to harvesting and harvested cells were centrifuged and resuspended in 1x PBS to remove
non-infective particles and centrifuged again. Following isolation of genomic DNA from transduced
cells, HCAdV vector genome copy numbers were determined by HCAdV-specific q-PCR.

4.2. Cell Lines and Cell Culture

The cervical cancer cell lines SiHa and CaSki containing HPV16 and HeLa-containing HPV18
genomes integrated into their chromosomal DNA as well as HPV-negative A549 lung carcinoma
cells were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS, PAN Biotec,
Aidenbach, Germany), 100 U/mL Penicillin and 100 µg/mL Streptomycin (PAN Biotec) unless stated
otherwise. Cells were grown at 37 ◦C and 5% CO2.

4.3. Mutation Induction and Detection

Determination of genome targeting efficiency using T7 Endonuclease I was performed using
a protocol adapted from previously published protocols [69]. Briefly, 2 × 106 cells were seeded into
24-well plates and subsequently infected with the respective HPV type-specific CRISPR-HCAdVs.
Then, 48 h post-infection, genomic DNA was extracted from the cells for subsequent PCR using a Nucleo
Spin Tissue kit (Macherey-Nagel, Düren, Deutschland). PCR amplicons covering the respective HPV-E6
region surrounding the respective gRNA binding sites was amplified using Phusion high fidelity
DNA polymerase kit (New England Biolabs, Frankfurt, Germany) according to manufacturer’s
instructions. The HVP18-E6 amplicon was generated using the primer-set HPV18T7E1fwd
(5′ CTTGCATAACTATATCCACTCCC 3′) and HPV18E6rev (5′ ATTCAACGGTTTCTGGCAC 3′)
yielding a PCR product of 656 bp and HPV16E6 region was amplified using the primer-set HPV16E6fwd
(5′ TGAACCGAAACCGGTTAGTA 3′) and HPV16E6rev (5′ TGAACCGAAACCGGTTAGTA 3′) (30)
yielding a PCR product of 660 bp. PCR products were purified by ethanol precipitation by filling
the PCR volume up to 100 µL with H2O, adding of 10 µL NaAc (3M, pH 8.0) and 250 µL ice cold
EtOH (100%) followed by centrifugation for 10 min, high speed. The DNA-pellet was washed with
500 µL EtOH (70%) and centrifuged for 5 min at high speed. After centrifugation, the supernatant
was discarded, and the pellet was air dried and resuspended in 17.5 µL H2O. Purified amplicons were
supplemented with 2µL of Buffer NEB2 (New England Biolabs, Ipswich, MA, USA) and subjected
to heteroduplex formation by heating them to 95 ◦C and ramping down to room temperature using
a cooling rate of 0.1 ◦C/s. After heteroduplex formation, 0.5 µL of T7E1 enzyme (New England Biolabs)
was added and the mixture was incubated for 15 min at 37 ◦C. The reaction was stopped by adding
purple loading dye (New England Biolabs, containing 10 mM EDTA, 0.08% SDS) and separated on
a 2% agarose gel and at ~90 V for >45 min. Mutation rate was calculated according to the formula:
% gene modification = 100 × (1 – (1 − fraction cleaved)1/2) [69].

4.4. Cell Viability Assay and Crystal Violet Staining

We seeded 1.5 × 106 HeLa, CaSki, SiHa, and A549 cells into 24-well plates. Five hours later,
cells were transduced with 0, 0.1, 1.0, 10, 100, or 1000 infectious particles of the respective HPV16 or
HPV18-specific CRISPR/Cas9-expressing HCAdV or AdNG163R-2. To rule out potential cytotoxic
effects of the solvent used to dilute the vectors, negative controls cells were treated with serial dilution
of AdV storage buffer (50 mM Hepes pH 7.4, 100 mM NaCl, 10% Glycerol), equaling the highest volume
of buffer that was applied for MOI 1000 of the HPV16-specific CRISPR/Cas9-expressing HCAdV.
Five days post-transduction, cell-viability was determined using the Cell Counting Kit-8 (CCK-8;
Sigma, St. Louis, MO, USA) following manufacturer’s instructions. Briefly, 10 µL of CCK8 substrate
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were applied to each well containing 100 µL of cell culture medium and incubated for 1 h to allow
viable cells to convert the CCK-8 substrate into a colored dye. Adsorption at 450 nm was measured
using a GENios multi-plate reader (TECAN, Crailsheim, Germany). After CCK-8 readout, the medium
was removed by three consecutive washing steps with 1 × PBS and fixed in 10% formaldehyde in PBS
for 10 min at room temperature, followed by three consecutive washing steps with 1 × PBS. Adherent
cells were stained with crystal violet staining solution for 10 min. Excess staining solution was removed
by gently washing the plates in tap water. Subsequently plates were air dried and kept for photo
documentation. All experiments were performed three times with triplicates for each sample.

4.5. Determination of Cellular Susceptibility to Human AdV Serotype 5 (AdV5)

To determine the susceptibility of the cell lines used in this study by means of GFP reporter
gene expression, 40,000 cells of HeLa, SiHa, or CaSki cells were seeded in a 96-well plate. Then, 5 h
post-seeding, cells were infected with 1000 viral particles of an E3 deleted AdV5-expressing GFP
and luciferase that was produced as previously described [62]. Forty-eight hours post-transduction,
virus-mediated GFP fluorescence within transduced cells was quantified using an Infinity 200 pro
multi-plate reader (TECAN). To determine the susceptibility of the cell lines used in this study by means
of luciferase reporter gene expression, 40,000 cells of HeLa, SiHa, or CaSki cells were seeded per well
in a 96-well plate. Five hours post-seeding, cells were infected with 20 viral particles of an E3 deleted
AdV5 expressing GFP and luciferase. Then, 24 h post-transduction, quantification of virus-mediated
luciferase activity of transduced cells was carried out using the dual-luciferase reporter assay (Promega,
Walldorf, Germany) following the manufacturer’s instructions. Luminescence measurement was
performed using an Infinity 200 pro multi-plate reader (TECAN). Experiments were repeated three
times in triplicates.

4.6. Proliferation Assay

We seeded 1 × 103 HeLa, CaSki, SiHa or A549 cells per well into 96-well plates, respectively,
and transduced with 1000 infectious vector particles per cell of the HPV16 or HPV18 specific
CRISPR/Cas9 expressing HCAdV or AdNG163R-2, respectively. The number of viable cells for
each treatment was determined using the Cell Counting Kit-8 (CCK-8; Sigma, St. Louis, MO, USA) in
24 h intervals in quadruplicates for seven days. All experiments were performed three times with
quadruplicates for each sample.

4.7. In Cell Western Analysis of Cellular p53

To analyze changes in cellular p53 protein levels in response to HPV-specific
CRISPR/Cas9-expressing HCAdV treatment, we performed in cell western analysis. Here, 25,000 cells
of the respective cell line were seeded to each well of a 96 well plate. SiHa and CaSki cells
were treated with HAdV-CRISPR-HPV16E6gRNA and Hela, and A549 cells were treated with
HCAdV-CRISPR-HPV18E6gRNA at MOI of 1000, respectively. Controls were left untreated. Then, 96 h
post-transduction, the medium was removed, and cells were fixed using 1× PBS, 4% paraformaldehyde
for 20 min at room temperature. Fixed cells were washed three times using 1× PBS, 0.1% triton X100
for five minutes to permeabilize the cells. Following cell permeabilization, wells were incubated with
blocking solution (LI-COR, Lincoln, NE, USA) for 90 min at room temperature. After blocking, wells
were incubated with AlexaFluor790 coupled anti-p53 antibody (p53 (Do-1): sc-126; Santa Cruz, Dallas,
Germany) and CellTag 700 Stain (LI-COR, Lincoln, NE, USA) diluted 1:50 and 1:500, respectively,
in blocking solution for 150 min at room temperature. Background controls only received anti p53
antibody or cell tag 700, respectively. Finally, plates were washed with 1x PBS, 0,1% tween 20 for five
times at room temperature before plates were air dryed and the 700 and 800 nm fluorescent signals
of all wells were quantified using the Odyssey CLx scanner (LI-COR) and image studio 5.2 software
(LI-COR). Measurements were carried out at a resolution of 169 µm using a focus depth of 3 mm.
For each well, the fluorescent intensity values of the p53 antibody (800 nm) was divided by the mean
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fluorescent intensity of cell tag700 (700 nm) to normalize for the cell number. Data were analyzed
in duplicates.

4.8. Apoptosis Assay

We seeded 2.5 × 104 HeLa, CaSki, SiHa, or A549 cells into black-walled 96-well plates with
a transparent bottom. Between experimental groups, one row was left empty to prevent the luminescent
signal to influence neighboring wells. Five hours post-seeding, cells were transduced with HPV16
or HPV18-specific CRISPR/Cas9-expressing HCAdV or the E1-deleted, first generation Adenovirus
(AdNG163R-2), respectively. To rule out potential apoptotic effects of the solvent used to dilute the
vectors, untransfected cells were treated with AdV storage buffer (50 mM HEPES, pH 7.4, 100 mM
NaCl, 10% Glycerol), equaling the highest volume of virus that was applied for MOI 1000 of the
HPV16-specific CRISPR/Cas9-expressing HCAdV. Untreated cells were incubated with cell culture
medium alone. Then, 48 h post-transduction, apoptosis induction was monitored by measuring caspase
3/7 activation using luminescent caspase 3/7 glow assay (Promega) following the manufacturer’s
instructions. Luciferase signal indicating Caspase 3/7–mediated substrate cleavage was detected using
a GENios multi-plate reader (TECAN). Cell culture medium alone or medium supplemented with
the AdV storage buffer was measured on the same 96-well plate to determine background signal.
These background values were subtracted from the sample values. All experiments were performed
three times with quadruplicates for each sample.

4.9. Statistical Analysis

Statistical significance of differences between experimental groups and untreated controls were
analyzed using Students t-test using the software GraphPad Prism 8 (San Diego, CA, USA). Significant
differences with p values of p < 0.0005, p < 0.005, or p < 0.05 are depicted as ***, ** or * respectively.

5. Conclusions

In summary, this study shows a proof-of-concept for using the CRISPR/Cas9 technology delivered
by the most advanced adenoviral vector (HCAdV) to treat HPV-derived tumors. We conclude that
HCAdV can serve as HPV-specific cancer gene therapeutic agents when armed with HPV-type-specific
CRISPR/Cas9. We believe that our approach can contribute to treatment options specific for the
respective HPV type present in each individual tumor. The next step is the translation of this approach
into relevant in vivo animal models and, in the long-term run, this approach may lead to a novel
concept in personalized tumor therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/7/1934/s1,
Figure S1. Oncolysis assay to monitor cell viability.
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Abstract: Human Papillomavirus 16-associated cancer, affecting primarily the uterine cervix but,
increasingly, other body districts, including the head–neck area, will long be a public health
problem, despite there being a vaccine. Since the virus oncogenic activity is fully ascribed
to the viral E6 and E7 oncoproteins, one of the therapeutic approaches for HPV16 cancer is
based on specific antibodies in single-chain format targeting the E6/E7 activity. We analyzed the
Complementarity Determining Regions, repositories of antigen-binding activity, of four anti-HPV16
E6 and -HPV16 E7 scFvs, to highlight possible conformity to biophysical properties, recognized to be
advantageous for therapeutic use. By epitope mapping, using E7 mutants with amino acid deletions
or variations, we investigated differences among the anti-16E7 scFvs in terms of antigen-binding
capacity. We also performed computational analyses to determine whether length, total net charge,
surface hydrophobicity, polarity and charge distribution conformed well to those of the antibodies
that had already reached clinical use, through the application of developability guidelines derived
from recent literature on clinical-stage antibodies, and the Therapeutic Antibodies Profiler software.
Overall, our findings show that the scFvs investigated may represent valid candidates to be developed
as therapeutic molecules for clinical use, and highlight characteristics that could be improved by
molecular engineering.

Keywords: therapeutic antibodies; single-chain antibody fragments; HPV-associated cancer; clinical
stage antibodies; Human Papillomavirus 16 E6 and E7 oncoproteins

1. Introduction

Recombinant monoclonal antibodies (mAbs) are among the classes of therapeutic drugs that
convey most of the large funds from the biotechnology industry. Since 1986 up until to May 2020,
the European Medicines Agency and the US Food and Drug Administration have approved ninety-four
antibody therapies for the European or US market, while sixteen are under review [1] (Antibody Society.
Approved antibodies. Available at https://www.antibodysociety.org/resources/approved-antibodies/).

Among the different formats of recombinant antibodies, single-chain variable antibody fragments
(scFvs), consisting of the variable domains of the heavy (VH) and light (VL) immunoglobulin chains
joined by a flexible linker, have probably the primacy of versatility. Indeed, they can be easily
engineered by molecular biology techniques according to the purpose; e.g., grafted to different
scaffolds, expressed as intracellular antibodies (intrabodies) by eukaryotic viral or non-viral vectors
for delivery to tumor cells and tissues, or even administered as purified proteins directly to target
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cells [2,3]. A number of scFvs were utilized to specifically inhibit different protein functions and
showed effective anti-tumor activity both in vitro and in vivo [3–5].

Among the over 200 Human Papillomavirus (HPV) genotypes discovered in humans (PaVe
Database) [6], only twelve to fourteen are defined as high risk (HR) and are causally related to virtually
all tumor lesions of the cervix, a high proportion of squamous cell carcinomas (SCC) in the ano-genital
region and an increasing number of those in the head and neck area (HNSCC) [7,8]. Among the HR
HPVs, HPV16 is the most represented in all body districts, and almost the only genotype present in the
HPV-related oropharyngeal SCC, which comprise 30% of the total HNSCC [9].

The whole pro-oncogenic activity of the HR HPVs is in charge of the E6 and E7 oncoproteins,
which are the first (Early) viral proteins transcribed from the same mRNA during infection. E7 is a 98
amino acid (aa) phosphoprotein comprising three conserved regions: CR1 (aa 2 to 15), CR2 (aa 16 to
37) and CR3 (aa 38 to 98) [10,11]. The CR3 region at the C-terminus is highly structured and comprises
a zinc finger domain (aa 58–61 and 91–94) proposed to be involved in protein oligomerization [12].
The E7 N-terminus, which includes residues 1–40 (CR1/CR2), is instead unstructured and represents
an intrinsically disordered region determining the protein plasticity, where the capacity to assume
different conformations determines the E7 stability and correlates with its capacity to bind to different
targets, involved or not in the transforming activity [13]. In particular, aa residues 21–26 in the CR2
region are responsible for the binding to the pRb tumor suppressor, crucial for the transforming
activity. Furthermore, cysteine (C) at position 24 is a redox center that, under oxidative stress in
HPV-transformed cells, undergoes glutathionilation, hindering pRb binding. This region also binds
to TMEM173/STING, causing the inhibition of the antiviral response [14]. Instead CR1 has a role in
transformation unrelated to the interaction with pRb, where the deletion of positions 6–10 (PTLHE)
inactivates the E7 transforming activity but does not affect its transactivating capacity [15].

E6 is a 158 aa protein characterized by the presence of two Zinc finger domains (residues 37–73
and 110–146) linked by a LXXLL binding motif responsible for the proteasome-mediated degradation
of a number of cellular substrates, including the p53 tumor suppressor [16]. The PDZ sequences
(residues 156–158) at the C-terminus also participate in the E6 oncogenicity by the interaction with
proteins implicated in cellular adhesion and polarity control [17].

The continuous expression of E6 and E7 during a persistent infection with HR-HPV can induce,
over the years, the development of tumors in which the two oncoproteins represent the Tumor
Associate Antigens (TAA) [18,19]. Therefore, targeting E6 and E7 offers the possibility of counteracting
the development and/or progression of pre-tumor and tumor lesions for which the current HPV
vaccine, effective in preventing infection, is not useful, since it has not been designed for therapeutic
purposes. That early, HPV-induced pre-neoplastic lesions are localized in a limited area, which is
an additional advantage for therapy, as it allows for local treatment [20]. This approach may also
represent a therapeutic option for HPV-positive oropharyngeal SCC, which presently has poor disease
outcome [21]. At present, the available prophylactic vaccines are not approved for the prevention of
this tumor.

In the past few years, we isolated four scFvs against the E7 (scFv9, scFv32, scFv43 and scFv51)
and one scFv against the E6 (scFvI7) oncoprotein of HPV16. The scFv43 was modified by site-directed
mutagenesis to increase its stability [22], and the resulting scFv43M2 used thereafter. ScFv43M2 fused
with the SEKDEL signal for retention in the endoplasmic reticulum, and scFvI7 fused with the nuclear
localization signal (NLS), expressed as intrabodies, demonstrating a strong antiproliferative activity in
HPV16–positive cells in vitro as well as antitumor efficacy in preclinical models in vivo [23–25].

Here, we compared the reactivity of the anti-HPV16 E6 (16E6) and -HPV16 E7 (16E7) scFvs against
their targets, and identified the E7 regions recognized by the different anti-16E7 scFvs.

It is well known that the Complementarity Determining Regions (CDRs) present in the antibody
VH and VL domains are responsible for various antibody properties in addition to the ability of
antigen-binding, including solubility and stability.
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Many studies analyzed the CDRs charge of therapeutic antibodies in an attempt to decipher a
common signature and predict the proper functioning of new antibody candidates. One of these
studies analyzed more than 100 clinical-stage antibodies and found a strong correlation between the
negative net charge of CDRs on the one hand, and a high binding specificity, good solubility, efficient
refolding and the low self-association and aggregation of the antibody molecule on the other hand [26].
In particular, it was reported that negative charged residues, such as aspartate (D) and glutamine
(E) positively correlate with the probability of favorable scFv properties, whereas positive charged
residues, such as arginine (R) and lysine (K), show a negative correlation. An exception to this rule is
represented by the hydrophobic leucine (L) residues, a high number of which correlates with a lower
specificity of binding and poor biophysical properties.

A different study analyzed a large set of post-phase I clinical-stage antibody therapeutics (CSTs)
and identified shared CDR characteristics indicative of a possible development as antibodies for
clinical use, leading to the implementation of the Therapeutic Antibody Profiler (TAP) software [27].
TAP allows for the comparative analysis of new antibody candidates with CSTs by analyzing five
key parameters: (i) total CDR length; (ii) extent and magnitude of surface hydrophobicity (Patches
of Surface Hydrophobicity Metric, PSH); (iii) Patches of Positive Charge Metric (PPC); (iv) Patches
of Negative Charge Metric (PNC); (v) asymmetry in the net heavy- and light-chain surface changes
(Structural Fv Charge Symmetry Parameter, SFvCSP), responsible for high viscosity.

Bearing in mind the possible use of our scFvs for the treatment of HPV16 lesions, we evaluated
the scFv specificity based on the charge of the aa residues that form their CDRs, and investigated by
TAP the properties potentially favoring their therapeutic development.

2. Results

2.1. CDRs aa Sequences of the Anti-16E6 and -16E7 ScFvs

Sequence analysis of the four anti-16E7 scFv9, scFv32, scFv43 and scFv51 confirmed the VH origin
from the DP47 germline gene. As far as it concerns the VL origin, scFv43 derives from the DPK22,
while scFv9, scFv32 and scFv51 derive from the DPL16 germline gene [28]. The diversity of the ETH-2
library (108 clones) used to select these antibodies is entirely up to the VH and VL CDR3 that have
been modified by the random mutagenesis of selected nucleotide positions [28].

The CDRs of the VL and VH domains of the anti-16E6 scFvI7 were compared by sequence
alignment to the IgG database using the IgG blast tool. Of note, due to the library construction, the VH
and VL in the anti-16E6 scFv are in reverse order compared to the anti-16E7 scFvs, with the VL deriving
from murine IgKV6-23 germline gene located at the N-terminus upstream of the linker, and the VH
deriving from IGHV1S81 located at the C-terminus, downstream thereof.

The aa compositions of the CDRs are shown in Table 1. ScFv43M2 is indicated in place of the
originally selected scFv43. The two scFvs have the same specificity but scFv43M2 carries an aa
variation from T to M at position VH34 (numbering according to Kabat) [29]. The change, obtained by
site-directed mutagenesis, re-established the original sequence of the germline gene according to the
VH consensus, and successfully improved the scFv stability [22].
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Table 1. Complementarity-determining Regions (CDRs) of the Anti-16E7 and -16E6 ScFvs.

scFv CDR1-IMGT
(27–38)

CDR2-IMGT
(56–65)

CDR3–IMGT
(105–117)

CDR1-IMGT
(27–38)

CDR2-IMGT
(56–65)

CDR3–IMGT
(105–117)

anti-16E7 VH (aa) VL (aa)

scFv9 GFTF . . . SSYA ISGS..GGST ARGVGAFRPYRKHE SLR . . . . . . SYY GK . . . . . . .N NSSPFE..HNLVV

scFv32 GFTF . . . .SSYA ISGS..GGST AKQLHK . . . TLFDY SLR . . . . . . SYY GK . . . . . . .N NSSPNK..ANPVV

scFv43M2 GFTF . . . .SSYA ISGS..GGST AKVRR . . . .RFDY QSVS . . . ..SSY GA . . . . . . .S QQRHG . . . .NPAT

scFv51 GFTF . . . .SSYA ISGS..GGST AKHLK . . . .GFDY SLR . . . . . . SYY GK . . . . . . .N NSSLQH..PPRVV

anti-16E6 VL (aa) VH (aa)

scFvI7 QDV . . . . . . GTA WA . . . . . . .S QQYSS . . . .YPYT GYTF . . . .TSHW INPS..NGRT ARYDG . . . .YFDY

The aa sequences of the VH and VL CDRs of the anti-16E7 and -16E6 scFvs are shown. The aa positions indicated
are according to the IMGT unique numbering, which provides standardized limits for the CDRs (CDR1-IMGT: 27 to
38, CDR2-IMGT: 56 to 65 and CDR3-IMGT: 105 to 117). Gaps, indicated by dots represent unoccupied positions.
Note that the 14 aa length of the scFv9 VH-CDR3 exceeds the most common length for this region, which is up to 13
aa; therefore, the additional position 112.1 was created between positions 111 and 112.

2.2. Analysis of the Anti-16E6 and Anti-16E7 ScFvs Binding Activity

The reactivity of all the anti-16 E7 scFvs was confirmed by a comparative ELISA using the purified
scFvs proteins against the recombinant antigen, as reported in the Materials and Methods. As shown in
Figure 1A, all the anti-16E7 scFvs were able to recognize their antigen. Since reactivity against multiple
nonspecific antigens was observed for scFv9 (personal communication), the features of this antibody
were not further investigated. ScFvI7 and an anti-16E6 polyclonal Ab were included in the analysis as
internal controls, since their anti-E6 binding activity had been previously demonstrated, as shown in
Figure 1B [25].
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Ab and anti-16E6 mAb were used as positive controls. 

We previously demonstrated that scFv43M2 and scFv51 specifically bind to the E7 N-terminus 
(residues 1–54) region that retains important functions, including the transforming activity. From the 
same studies, we also know that scFv43M2 and scFv51 bind to different E7 epitopes [30]. Instead, we 
had no indication of the scFv32 binding regions on E7. To map the binding sites of scFv32, scFv43M2 
and scFv51 on E7 in detail, as antigens we used a number of GST-tagged E7 proteins carrying either 
deletions or single aa variations previously designed to map the contribution of specific domains of 
the E7 gene product in the transcriptional trans-activation and cellular transformation functions [31]. 
The E7 mutants with aa deletions or variations are represented in Figure 2A and 2B, respectively. 

The ELISA results demonstrated that scFv32 and scFv51 did not recognize E7Δ 2–15 and E7 Δ10–20, 
while they were still able to recognize E7 Δ21–35. This means that the E7 region, comprised between aa 

Figure 1. Characterization of the anti-16E7 and anti-16E6 scFvs reactivity against the respective
recombinant oncoproteins by ELISA. Data represent the mean ± SD of samples in quadruplicate from
a representative experiment of three with similar results. (A) the anti-16E7 scFv9 (9), scFv32 (32),
scFv43M2 (43M2), scFv51 (51) and (B) the anti-16E6 scFvI7 (I7) are indicated. Anti-16E7 polyclonal Ab
and anti-16E6 mAb were used as positive controls.

We previously demonstrated that scFv43M2 and scFv51 specifically bind to the E7 N-terminus
(residues 1–54) region that retains important functions, including the transforming activity. From the
same studies, we also know that scFv43M2 and scFv51 bind to different E7 epitopes [30]. Instead,
we had no indication of the scFv32 binding regions on E7. To map the binding sites of scFv32, scFv43M2
and scFv51 on E7 in detail, as antigens we used a number of GST-tagged E7 proteins carrying either
deletions or single aa variations previously designed to map the contribution of specific domains of
the E7 gene product in the transcriptional trans-activation and cellular transformation functions [31].
The E7 mutants with aa deletions or variations are represented in Figure 2A,B, respectively.

The ELISA results demonstrated that scFv32 and scFv51 did not recognize E7∆2–15 and E7∆10–20,
while they were still able to recognize E7∆21–35. This means that the E7 region, comprised between aa
at positions 2 and 20, which includes CR1 and part of CR2, is critical for the binding of scFv32 and
scFv51 to E7, while the adjacent region 21–35 is dispensable. Therefore, the two scFvs have a similar
valence with regard to the binding of their target E7. On the other hand, scFv43M2 binding was greatly
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reduced using E7∆21–35 and absent using E7∆2–15 and E7∆10–20, as shown in Figure 2A, indicating that
this scFv recognizes CR1 and almost the whole CR2. Western blot analysis confirmed the ELISA results
(personal communication).
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Figure 2. Epitope mapping of anti-E7 scFvs binding site on the 16E7 oncoprotein. (A) Schematic
representation of 16E7 deletion mutants with the deleted amino acids, indicated by ∆, is shown on
the left. The conserved CR1, CR2 and CR3 regions, the conserved LxCxE motif responsible for pRb
binding and the casein kinase II (CKII) phosphorylation site in the CR2, are also indicated. The bars on
the right represent the reactivity in ELISA, of scFv32 (light blue), scFv43M2 (green), scFv51 (violet) and
in-house-made anti-E7 mouse polyclonal antibody (yellow), against each mutant. Data are expressed
as the mean ± SD of three independent experiments, each performed in triplicate. (B) Schematic
representation of the 16E7 mutants carrying single aa variations is shown on the left. E7E10Q has a
variation from glutamic acid (E) to glutamine (Q) at position 10, and the same change is present in
E7EQ18 at position 18, while E7L22A has a variation from leucine (L) to alanine (A) at position 22. E7C24P

has proline (P) instead of cysteine (C) at position 24, while E7D36H has histidine (H) instead of aspartic
acid (D) at position 36. The results of the ELISA performed with the same mutants are shown on the
right. The color code for scFvs is the same as in panel A. The reactivity of the anti-E7 mAb is indicated
in orange. Values are the mean ± SD of four independent experiments, each performed in triplicate.
(C) The aa sequence of the E7 N-terminal region. CR1 and CR2 sequences, as well as the pRb binding
and the CKII-phosphorylation sites in the CR2, are delineated by dashed line boxes with color codes,
as in panels A and B. The E7 regions, bound by the scFvs indicated on the left, are highlighted by the
respective color codes.
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The E7 proteins carrying single aa variations allowed to better define the epitope binding sites on
E7. As shown in Figure 2B, scFv32 and scFv43M2 retained the binding to E7E10Q and E7E18Q mutants
while both variations abrogated the binding of scFv51. The A22L and C24P variations abolished the
scFv43M2 binding to E7, while they were irrelevant for the scFv32 and scFv51 binding. Lastly, all the
scFvs could bind to the E7D36H mutant. Again, the ELISA results were confirmed by Western blot
analysis (personal communication).

Taken together, these results indicate that scFv32 is able to recognize an E7 domain, comprised
between positions 1 and 20, which includes CR1 and part of CR2, as well as scFv51, which, however,
seems to be affected by the E18Q variation. On the other side, scFv43M2, not recognizing the E7 with
A22L and C24P variations, nor the E7∆21–35 mutant, binds to a wider region, comprising CR1 and
CR2, and confirms the potential ability to interfere directly with the pRb-E7 interaction. A schematic
representation of the scFvs binding sites on the E7 region, including the first N-terminal 37 aa, based
on the results above described, is shown in Figure 2C.

To better define the binding differences among the three anti-16E7 scFvs, we analyzed, by Surface
Plasmon Resonance (SPR), the ability of the purified scFv proteins to bind to the recombinant wild
type 16E7, covalently immobilized on the surface of a CM5 sensor chip. This was accomplished in a
competition test by studying the binding interference among the three scFvs. As shown in Figure 3,
the saturation of E7 with scFv32 was able to partially hamper the scFv51 binding, indicating that the
E7-binding regions of the two scFvs were at least partly overlapped. ScFv43M2 injected after scFv51
was still able to bind to the sensor chip, showing that its ability to bind the E7 is not hampered by the
previously injected scFvs. From this result we can also deduce that scFv43M2 has binding epitopes
different from both scFv32 and scFv51.

Cancers 2020, 12, x 7 of 15 

 

as in panels A and B. The E7 regions, bound by the scFvs indicated on the left, are highlighted by the 
respective color codes. 

To better define the binding differences among the three anti-16E7 scFvs, we analyzed, by 
Surface Plasmon Resonance (SPR), the ability of the purified scFv proteins to bind to the recombinant 
wild type 16E7, covalently immobilized on the surface of a CM5 sensor chip. This was accomplished 
in a competition test by studying the binding interference among the three scFvs. As shown in Figure 
3, the saturation of E7 with scFv32 was able to partially hamper the scFv51 binding, indicating that 
the E7-binding regions of the two scFvs were at least partly overlapped. ScFv43M2 injected after 
scFv51 was still able to bind to the sensor chip, showing that its ability to bind the E7 is not hampered 
by the previously injected scFvs. From this result we can also deduce that scFv43M2 has binding 
epitopes different from both scFv32 and scFv51. 

 
Figure 3. Surface Plasmon Resonance (SPR) analysis of the anti-16E7 scFv32, scFv43M2 and scFv51 
binding to the 16E7 protein. The sensorgram shows the relative binding of the three scFvs to the 
recombinant 16E7 immobilized on the sensor chip. ScFv32 at saturating concentration was injected, 
followed by scFv51 and then by scFv43M2. 

2.3. Computational Analyses of The Anti-16E7 and -16E6 Scfvs aa Sequences 

To evaluate the potential therapeutic efficacy of our anti-16E6 and -16E7 scFvs, we first 
calculated the CDR3 net charge at neutral pH, based on the presence of positively and negatively 
charged aa residues as predictors of antibody specificity [25]. As reported in Table 2, both the VH 
and VL CDR3s were in the range of −1 to +3.1. By adding the net charges of the VH and VL CDR3, 
most anti-16E7 scFvs have a slightly positive net charge in the range of +1 to +2, with the exception 
of scFv43M2 (+4.1), while the anti-16E6 scFv has slightly negative CDR3 net charge (−1). 

Table 2. Analysis of the ScFv CDRs Net Charge. 

Anti-16E7 ScFvs VH CDR3 Net Charge VL CDR3 Net Charge Total CDR Net Charge 
scFv9 +3.1 (+3.0) -0.9 (−1.0) +4.2 (+4.0) 
scFv32 +1.1 (+1.0) +1.0 (+1.0) +4.1 (+3.9) 

scFv43M2 +3.0 (+3.0) +1.1 (+1.0) +4.1 (+4.0) 
scFv51 +1.1 (+1.0) +1.1 (+1.0) +4.2 (3.9) 

Anti-16E6 scFvs VL CDR3 Net Charge VH CDR3 Net Charge Total CDR Net Charge 
scFvI7 0.0 (0.0) −1.0 (−1.0) −0.9 (−1.0) 

The theoretical net charges of the scFv VH and VL CDR3 were considered separately, and the entire 
set of six CDRs were calculated by adding the negative charges of glutammate (E, –1) and aspartate 

Figure 3. Surface Plasmon Resonance (SPR) analysis of the anti-16E7 scFv32, scFv43M2 and scFv51
binding to the 16E7 protein. The sensorgram shows the relative binding of the three scFvs to the
recombinant 16E7 immobilized on the sensor chip. ScFv32 at saturating concentration was injected,
followed by scFv51 and then by scFv43M2.

2.3. Computational Analyses of The Anti-16E7 and -16E6 Scfvs aa Sequences

To evaluate the potential therapeutic efficacy of our anti-16E6 and -16E7 scFvs, we first calculated
the CDR3 net charge at neutral pH, based on the presence of positively and negatively charged aa
residues as predictors of antibody specificity [25]. As reported in Table 2, both the VH and VL CDR3s
were in the range of −1 to +3.1. By adding the net charges of the VH and VL CDR3, most anti-16E7
scFvs have a slightly positive net charge in the range of +1 to +2, with the exception of scFv43M2
(+4.1), while the anti-16E6 scFv has slightly negative CDR3 net charge (−1).
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Table 2. Analysis of the ScFv CDRs Net Charge.

Anti-16E7 ScFvs VH CDR3 Net Charge VL CDR3 Net Charge Total CDR Net Charge

scFv9 +3.1 (+3.0) −0.9 (−1.0) +4.2 (+4.0)
scFv32 +1.1 (+1.0) +1.0 (+1.0) +4.1 (+3.9)

scFv43M2 +3.0 (+3.0) +1.1 (+1.0) +4.1 (+4.0)
scFv51 +1.1 (+1.0) +1.1 (+1.0) +4.2 (3.9)

Anti-16E6 scFvs VL CDR3 Net Charge VH CDR3 Net Charge Total CDR Net Charge
scFvI7 0.0 (0.0) −1.0 (−1.0) −0.9 (−1.0)

The theoretical net charges of the scFv VH and VL CDR3 were considered separately, and the entire set of six
CDRs were calculated by adding the negative charges of glutammate (E, −1) and aspartate (D, −1), and the positive
charges of arginine (R, +1), lysine (K, +1) and histidine (H, + 0.1) or using the free tool by Kozlowski LP (2016),
IPC-Isoelectric point Calculator with Biology Direct 11: 55 (in brackets, the values calculated at pH 7.4) [32].

Since it has been reported that the net charge of the entire set of six CDRs is a better predictor of
antibody specificity than the CDR3 charge, or even of the entire scFv, we then calculated the theoretical
total CDR net charge at neutral pH, as shown in Table 2. All the anti-16E7 scFvs showed a positive
total net charge of around +4.0, different from the anti-16E6 scFvI7 that had a slightly negative total
CDRs net charge (−0.9). Furthermore, since non polar or polar non charged aa residues in CDRs were
also reported to contribute positively or negatively to specificity [26], we calculated their number in
our scFvs and found that the CDR aa residues positively related to specificity are 1.4 to 1.8 fold those
negatively related.

We then analyzed our scFvs by TAP software, and the results, reported in Table 3, show the
average values obtained for the properties analyzed. We did not include scFv9 in this analysis because
of its abovementioned nonspecific reactivity, nor did we include scFvI7. Indeed, due to the murine
scaffold, in the case of the therapeutic development of scFvI7, it is necessary to graft the CDRs into a
scaffold of human origin.

The anti-16E7 scFv32 and scFv51 display values in full accordance with CSTs, whereas the anti-16E7
scFv43M2 has suboptimal PPC, with this value falling in the extreme 5% of the CSTs distribution.

Table 3. Therapeutic Antibody Profiling of ScFv Candidates.

TAP Metrics scFv32 scFv43M2 scFv51
CDR length 47 44 45

CDR vicinity PSH score 133.6982 119.791 134.2631
CDR vicinity PPC score 0.4761 3.1258 0.4023
CDR vicinity PNC score 0.0 0.0 0.0

sFvCSP score 2.1 12.4 2.31
Comparison among the anti-16E7 scFvs using the TAP computational tool by Raybould et al. [27] for evaluation of
possible therapeutic development. Green boxes indicate a good agreement of the scores with those of post-phase
I clinical-stage antibody therapeutics (CSTs); the amber box indicates a score that is less represented in the
metric distribution of the 242 antibody therapeutics, considered for setting the parameters. PSH = Patches of
Surface Hydrophobicity Metric; PPC = Patches of Positive Charge Metric; PNC = Patches of Negative Charge
Metric; SFvCSP = Structural Fv Charge Symmetry Parameter. Results are available at the following links:
http://opig.stats.ox.ac.uk/webapps/newsabdab/sabpred/tap_results/20200502_0570079 for scFv32; http://opig.stats.ox.
ac.uk/webapps/newsabdab/sabpred/tap_results/20200502_0199339 for scFv43M2; http://opig.stats.ox.ac.uk/webapps/
newsabdab/sabpred/tap_results/20200502_0278604 for scFv51 (accessed on 1 June 2020).

3. Discussion

Targeting the HPV oncoprotein activity has been explored in a number of therapeutic approaches
for HPV-associated tumors, mainly because it warrants high precision and specificity due to the
oncoprotein key role in HPV tumor onset and progression [33]. Because of the dominant role played
by HPV16 in HPV-associated cancers, most of the studies have focused on the oncoproteins encoded
by this genotype.
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Our approach aimed at hampering the activity of the 16E6 and 16E7 oncoproteins through
antibodies in single-chain format (scFvs), which, due to their flexible format, can be tailored and
improved according to their needs.

In our laboratory, we isolated a number of anti-16E7 scFvs, namely scFv9, scFv32, scFv43M2 and
scFv51, and the anti-16E6 scFvI7. All the scFvs exhibit a good reactivity for their respective antigens,
as shown in Figure 1.

It is well known that the 16E7 is a multi-functional protein that possesses a mosaic of oncogenic
activities whose partial or total ablation has therapeutic implications. Since the different scFvs selected,
all recognizing the E7 N-terminus [30], can bind to different epitopes and potentially interfere with
different functions of this protein, to map in detail such epitopes, we took advantage of a series
of E7 mutants carrying either aa deletions or single aa variations, that we used in immunoassays.
The observation that neither scFv32 nor scFv51 were able to recognize the E7∆2–15 and E7∆10–20 deletion
mutants made it clear that both scFvs recognize the E7 N-terminal region, including the CR1 domain
and some amino acids of CR2, critical for the trans-activating and anti-apoptotic activity of the
oncoprotein [10]. In the meantime, they both recognize E7∆21-35, and their binding is not affected by
variations at positions 22 and 24, indicating that their function is not directly involved in hampering
the E7 binding to pRb. On the other hand, scFv32 was able to bind to the E7E10Q and E7E18Q mutants,
suggesting that scFv32 binding is not affected by variation from a negatively charged residue (E) to
a non-charged residue (Q). ScFv51 behaves differently, since both variations at positions 10 and 18
abolish its binding to E7. The scFv43M2 binding to E7 is instead hampered by variations at positions
22 and 24, confirming the already demonstrated interference of this antibody with the E7 binding
to the pRb tumor suppressor [30]. Finally, all the scFvs can bind to E7D36H, indicating that the CKII
serine-specific kinase region [34,35] is not involved in the anti-E7 scFv activities. The results obtained
with Surface Plasmon Resonance confirmed the partial overlapping of the scFv32 and scFv51 binding
sites, and also that they differ from the epitopes bound by scFv43M2.

Studies on antibody optimization for therapeutic use have long found that the CDR charge is
relevant for the antibody effectiveness, in influencing properties, such as folding stability, solubility and
pharmacokinetics [36]. Recently, the theoretical CDR net charge was demonstrated to be a strong
predictor of the antibody specificity, where negatively charged CDR3 and total CDRs were found to
confer antibodies a higher specificity with respect to the positively charged CDRs [26]. When analyzing
our anti-E6 and -E7 scFvs in terms of CDR3 and total CDR net charge, to identify which of them have
promising characteristics for therapeutic development, we found values of CDR net charge of around
+4.0, except for the anti-16E6 scFv, which exhibits a slightly negative charge and values ranging from
−1.0 to + 3.0 for the VH and VL CDR3 charges.

In their paper, Rabia et al. analyzed 137 antibodies in clinical stage to identify values of CDR
charges optimal for antibody specificity and biophysical properties. Of note, even though our scFvs
have values of CDR charge not fully matching the optimal values, 20–35% (depending on the number
of parameters considered) of the antibodies analyzed by Rabia with CDR net charge ≥ + 2.0 had
favorable biophysical properties [26].

Furthermore, when we considered other aa residues—uncharged polar and non-polar—that can
contribute negatively or positively to CDR specificity [26], we found that the number of residues
with positive correlation far exceeds that of residues with negative correlation. Additionally, the low
number of L residues in the CDRs of scFv32 and scFv51, and the absence of L in scFv43M2 and scFvI7,
are not in contrast with a specific interaction between the scFvs and their targets. We also compared
our scFvs to accredited therapeutic antibodies by using the recently developed Therapeutic Antibodies
Profiler (TAP) [27]. TAP considers both the sequence and structural properties of a large set of CSTs
and establishes threshold values for five parameters examined so that new candidate molecules can be
scored to highlight potential weaknesses, discouraging therapeutic development. TAP analysis of our
scFvs showed a good agreement in general with the optimal values for all the parameters, with only few
values falling in the extreme 5% of the CSTs distribution. However, it is important to note that, as far
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as it concerns the properties considered, all our scFvs show values falling within the range of values
belonging to the CSTs analyzed by the TAP software [27]. Additionally, scFv43M2, which a displays
suboptimal PPC score, has already shown an effective antiproliferative and antitumor activity [24,25].
In this regard, it should be remembered that TAP analysis allows a theoretical prediction based on
the assumption that antibodies that have reached phase I clinical trials have characteristics favorable
to therapeutic development, but it does not consider antibody features, such as immunogenicity or
stability, which are equally important for therapeutic applications. In fact, few antibodies in clinical
use have parameters which do conform to the desirable values according to TAP.

In summary, our anti-E7 scFvs scFv32 and 51, although differing in the CDR3 sequences, bind to an
almost identical region of E7, have overlapping characteristics with regard to their E7 binding capacity
and exhibit similar values of CDR3, total CDR net charge and TAP analyses. Hence, from the point of
view of therapeutic development, these two scFvs can be considered equivalent, with an advantage for
scFv51 because of its anti-proliferative activity, already demonstrated. ScFv43M2 binds instead to a
different region of E7, including the pRb-binding region, which is critical for the protein transforming
activity, and was characterized in previous studies showing its effectiveness as an antitumor molecule.
Therefore, it is worth pursuing future research regarding the clinical application of these antibodies,
alone or in combination.

We believe that the information obtained by these analyses could represent a starting point to
optimize the properties of the scFvs and to support decisions on their therapeutic development. Indeed,
small variations in the aa sequence can have an impact on the antibody biophysical characteristics,
as demonstrated by the increase in scFv43 half-life obtained by site-directed mutagenesis [22].

Once particularly favorable CDRs have been identified in an antibody framework, the cassettes,
including the VH and VL CDRs, can be grafted onto different antibody scaffolds, as needed [37].

In addition, the information acquired could help identify scFvs to be used in combination or for
the construction of bi-specific scFvs, in order to enhance the antitumor effect by targeting different
epitopes of the same oncoprotein, or both the E6 and E7 proteins at the same time.

4. Materials and Methods

4.1. ETH-2 and SPLINT Libraries of Recombinant Single-Chain Antibodies

ETH-2 is a phage display library of human recombinant antibodies in single-chain format,
consisting of a single polypeptide chain that includes an antibody VH joined by a flexible polypeptide
linker to a VL domain [28]. Only DPK-22 and DPL-16 for the light chain, and DP-47 for the heavy
chain, were used as germ-line genes for the library construction [28]. To create a large repertoire of
antibodies, random loops of 4-5-6 amino acids were appended to position 95 of the VH CDR3, whereas
six aa positions were altered in the VL CDR3. The library was cloned in the NcoI and NotI restriction
sites of the pDN332 phagemid vector, containing the M13 origin of replication, the E. coli origin of
replication, an Amp resistance, a peptide leader and a lac-Z promotor [28]. All scFvs expressed using
this vector were fused with a FLAG-tag and a 6xHistidine-tag (His-tag) at the C-terminus.

The Single Pot Library of Intracellular antibodies (SPLINT) is a murine naıve library of scFv
fragments expressed in the yeast cytoplasm. SPLINT construction was detailed elsewhere [38].

4.2. ScFv Selection

The selection of the anti-16E7 scFvs from the ETH-2 library was described in Accardi et al. [23].
Three rounds of panning in solution were carried out against the biotinylated recombinant His-E7
protein, according to Pini et al. [28]. The selected anti-E7 scFvs are cloned in the pDN332 phagermid
vector under the lac z-promoter control.

The selection of the anti-16E6 scFvI7 from the murine SPLINT is described elsewhere [25]. Briefly,
the SPLINT was transformed in the L40 yeast containing 16E6-expressing bait. After two yeast
screenings for LacZ activity and histidine prototrophy, one positive clone, specifically interacting with
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16E6 bait and not interacting with lamin bait used as an irrelevant antigen, was identified among
transformants by Intracellular Antibody Capture Technology (IACT) [38].

4.3. Sequencing

For the sequence analysis of the CDR3 regions responsible for the diversity of the anti-16E7
antibodies, two primers were used, specifically:

DP47CDR2back (priming in the VH germline gene, before the VH CDR3)
5′-TAC TAC GCA GAC TCC GTC AAC-3′;
fdseq1 (priming at the beginning of the phage gene III, which is located downstream of the

scFv sequence);
5′-GAA TTT TCT GTA TGA GG-3′.
Other primers designed to cover the whole scFv sequences were used, specifically:
PelBback (priming on the PelB leader, which is located upstream of the scFv sequence);
5′-AGC CGC TGG ATT GTT ATT AC-3′
C3 (closer to the VH CDR3):
5′-TACTACGCAGACTCCGTGAAG-3′
GVL (closer to the VLCDR3):
5′-CTCTCCTGCAGGGCCAG-3′.
The scFvI7 cloned in scFvExpress was sequenced using the following primers to cover both strands:
ScFvExRev
5′-GAG GGG CAA ACA ACA GAT GG-3′;
antiE6seqDir
5′-GTC CCT GAT CGC TTC ACA GG-3′;
antiE6seqRev
5′-CCC AGA ACC GCT GGT CGA CC-3′.
Sequence alignments to the NCBI database were carried out using Immunoglobulin BLAST.

4.4. Plasmids for Protein Expression

The anti-16E7 scFvs were all inserted in the pDN332 phagemid, also allowing expression in the
prokaryotic systems [28]. Interestingly, the coding sequences of the anti-16E6 scFvI7, which had been
selected as an intrabody, were subcloned into the scFvExCyto-SV5 eukaryotic vector for expression in
cell cytoplasm, and into the pQE30 prokaryotic vector for protein expression [25,39].

Full-length 16E6 and 16E7, fused to a 6-His Tag tail, were constructed by cloning in the pQE-30
vectors (Qiagen, Chatsworth, Ca), as described in Di Bonito et al. 2006 [40] and Accardi et al. 2005 [23].
The JM109 strain of E. coli was transformed with the recombinant pQE-30 plasmids.

The recombinant plasmids expressing mutant E7 proteins carrying specific deletions or aa
variations (kindly provided by David Pim, ICGEB, Trieste, Italy) were cloned in the pGEX-2T vector
(Sigma-Aldrich, Italy) and expressed as Glutathione-transferase (GST)-fusion proteins in the E. coli
DH5a strain.

4.5. Protein Purification

The extraction of scFvs and of the E6 and E7 proteins was performed from the respective
transformed bacteria, and the proteins were purified using protein A-Sepharose CL-4B agarose beads
(Amersham Biosciences) for the scFvs, and Ni-NTA agarose beads (Qiagen) for the oncoproteins,
as previously reported [22,23,39,40].

The purity of the proteins was evaluated by Coomassie Blue Staining after SDS-PAGE, and the
protein concentration was determined by Bradford assay (BioRad, Italy).

The E7 mutants were purified by affinity chromatography using GST-Sepharose
(Invitrogen-ThermoFisher Scientific, Waltham, MA, USA) as described in Accardi et al. [30].
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4.6. ScFv Reactivity

The reactivity of the purified scFvs (3 µg/mL) towards the recombinant His-E7 or His-E6 proteins
(0.3 µg/well), immobilized onto microtiter 96-well plates in carbonate buffer (pH 9.4) at 4◦ O/N,
was tested in ELISA. The experimental conditions used in this assay are different from those used for
scFv selection by Phage Display, where the biotinylated His-E7 was employed for panning in solution.
The scFv binding was detected by incubation with mouse anti-Flag M2 monoclonal antibody (mAb)
(2 µg/mL) (Sigma, St. Louis, MO, USA), which recognizes the FLAG-tag at the scFv C terminus. Anti-E7
polyclonal Ab produced in mice in our laboratory and anti-E6 mAb (Invitrogen-ThermoFisher Scientific,
Europe), diluted 1:500, were used as positive controls [40]. After extensive washing, the immune
complexes were revealed by goat anti-mouse Horseradish peroxidase-conjugated (GAM-HRP) IgG
(Amresco, Krackeler Scientific, Albany, NY, USA) and by using the TMB substrate kit for peroxidase
(Vector Laboratories, Inc., Burlingame, CA, USA) for colorimetric evaluation. OD was measured at
450 nm in a microtiter plate reader (iMark, Bio-Rad, CA).

4.7. Epitope Mapping of the Anti-16E7 ScFvs

Analysis by ELISA was performed using a number of GST-tagged E7 proteins carrying either
a deletion of aa stretches or a single aa variation as coating antigens (kindly provided by Dr David
Pim). In particular, the E7∆2–15 and E7∆10–20 deletion mutants lack two different but overlapping
regions, the first one belonging to CR1 and the second one also including few amino acids of
CR2, whereas E7∆21–35 maps in CR2 include the aa 20–29 involved in the binding of pRb and
TMEM173/STING. As far as regards the single aa variations, both E7E10Q and E7E18Q have a variation
from the negative charged glutamic acid (E) to the polar non-charged glutamine (Q); E7L22A has a
variation from the hydrophobic leucine (L) to a small, less hydrophobic alanine (A); E7C24P has a
variation from the reactive, sulfur-containing cysteine (C) to the cyclic non-polar proline (P); E7D36H

has a variation from the negative charged aspartic acid (D) to the positively charged histidine (H).
The scFvs in immune-complexes were detected as described above and according to the protocol
reported elsewhere [30]. The non-specific signal of the scFvs bound to the recombinant GST protein
(Kerafast, Boston, USA) was used as a cut-off value.

Western blotting analysis was performed to confirm the ELISA results. Each mutant E7 protein
was separated on 15% SDS-PAGE and electro-blotted with semidry apparatus (Bio-Rad, CA) onto
PVDF Immobilon-P membrane (Millipore). The membrane was then cut in strips (1µg of protein/strip)
and incubated with the purified scFvs at 2 µg/mL in 2% non-fat dry milk (NFDM, BioRad, Italy)
followed by mouse anti-Flag M2 mAb (Sigma, St. Louis, MO, USA) and GAM-HRP (Amresco, Krackeler
Scientific, Albany, NY, USA). In-house-produced mouse anti-E7 polyclonal Ab and anti-E7 mAb (Zymed,
ThermoFisher Scientific, Europe), diluted 1:500, were used as positive controls. Immune-complexes
were revealed by ECL with Super Signal West Pico Chemiluminescent substrate (ThermoFisher
Scientific, Europe).

4.8. Surface Plasmon Resonance (SPR)

SPR was carried out as described in Accardi et al. [33]. Briefly, the E7 recombinant protein was
immobilized to the Biacore CM5 sensor chip using conventional amine coupling. The reaction was
performed by injecting E7 at a flow rate of 5 µL/min for 7 min in HBS-P (10 mM Hepes pH 7.4, 0.15 M
NaCl, 0.005% (v/v) surfactant P20) at 25 ◦C. For the epitope mapping, the E7 surface was saturated by
an injection of the purified scFv32 at a flow rate of 10 µL/min. Then, 40 µL of the purified scFv51 were
injected at 500 nM, followed by the scFv43M2 at the same concentration.

4.9. Computational Analyses

Theoretical CDR3 net charge and total CDR charge were calculated, according to Rabia et al. [26]
and using the free tool by Kozlowski [32].
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TAP analysis was performed using the tool described in Raybould et al. [27] and which is freely
available at http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/TAP.php.

5. Conclusions

We performed a theoretical validation of several scFvs against the 16E6 and 16E7 oncoproteins
to be used as intrabodies for the treatment of HPV16-associated lesions, and highlighted some
characteristics supporting their therapeutic development. Molecular engineering could help improve
and tailor specific scFv properties according to the therapeutic needs, even in the direction of a
personalized medicine.

The opportunity of using purified scFv proteins directly as therapeutic tools is intriguing as it
embodies a very safe delivery system, free from the critical issue of exogenous DNA being internalized
and expressed by the cells. However, protein delivery may be less efficient because self-limiting and
requiring the continuous administration of the therapeutic molecules, in turn, involves the production
of large amounts of the molecule in Good Manufacturing Practice conditions.
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Abstract: Persistent infection with high-risk Human Papilloma Virus (HPV) leads to the development
of several tumors, including cervical, oropharyngeal, and anogenital squamous cell carcinoma. In the
last years, the use of high-throughput sequencing technologies has revealed a number of non-coding
RNA (ncRNAs), distinct from micro RNAs (miRNAs), that are deregulated in HPV-driven cancers,
thus suggesting that HPV infection may affect their expression. However, since the knowledge of
ncRNAs is still limited, a better understanding of ncRNAs biology, biogenesis, and function may be
challenging for improving the diagnosis of HPV infection or progression, and for monitoring the
response to therapy of patients affected by HPV-driven tumors. In addition, to establish a ncRNAs
expression profile may be instrumental for developing more effective therapeutic strategies for the
treatment of HPV-associated lesions and cancers. Therefore, this review will address novel classes
of ncRNAs that have recently started to draw increasing attention in HPV-driven tumors, with a
particular focus on ncRNAs that have been identified as a direct target of HPV oncoproteins.

Keywords: HPV; squamous cell carcinoma; non-coding RNAs; circular RNAs; PIWI-interacting RNAs;
long non-coding RNAs

1. Introduction

Worldwide, 4.5% of all cancers (630,000 new cancer cases per year) are attributable to Human
Papilloma Virus (HPV) infection [1]. HPVs are a heterogeneous group of small non-envelope
double-stranded circular DNA viruses targeting the basal cells of stratified epithelia [2,3]. The IARC
Working Group has classified alpha-HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 as carcinogenic
to humans; these high-risk (HR)-HPVs are responsible for virtually all carcinomas of the cervix and
different proportions of carcinomas of the anus, vagina, penis, vulva, and oropharynx (Table 1) [4].
Among the HR-HPV types, HPV16 is responsible for the majority of HPV-driven cancers. In addition,
some HPV types of the beta genus showing cutaneous tropism have been proposed to cooperate with
ultraviolet radiation in the development of non-melanoma skin cancer [5].
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Table 1. Worldwide burden of cancer attributable to Human Papilloma Virus (HPV) by site.

Tumor Site Predominant
HPV Types *

HPV
Attributable
Fraction (%)

New Cases
Attributable

to HPV

Prognostic
Significance of
HPV-Positivity

References

Head and
neck cancer

Oropharynx HPV16; HPV33;
HPV35 30.1 42,000 Better survival [1,6–8]

Oral cavity HPV16; HPV52;
HPV35 2.2 5900 Inconclusive [1,6–8]

Larynx HPV16; HPV31;
HPV33 2.4 4100 Inconclusive [1,6–8]

Cervical cancer HPV16; HPV18;
HPV45 100 570,000 - [1,6,9]

Anal cancer HPV16; HPV18 88.0 29,000
Better

prognosis in
men

[1,6,10]

Penile cancer HPV16; HPV6;
HPV18 50.0 18,000 Inconclusive [1,6,11,12]

Vulval cancer HPV16; HPV33 24.9 11,000 Better survival [1,6,13,14]

Vaginal cancer HPV16; HPV18;
HPV73 78.0 14,000 - [1,6,15]

* HPV16 is by far the most predominant type in all HPV-driven cancer.

Cervical squamous cell carcinoma (CSCC) is the fourth most common cancer in women
worldwide [16]. Despite the spread of screening programs has significantly reduced mortality,
nearly 50% of patients worldwide are still diagnosed with locally advanced stages. Concurrent platinum
based chemoradiation is the current standard treatment of locally advanced CSCC [17]. Several studies
have shown improved local control and survival with the use of concurrent chemoradiation with respect
to radiotherapy alone but in these patients, recurrence rate and mortality remain still high [18,19].
Infection with HR-HPV is the most significant risk factor for CSCC. Several studies shown that the
sustained expression of the oncogenic genes E6 and E7 of HPV is involved in CSCC progression [20–24]
but the prognostic role of HPV expression genes is not fully elucidated yet. In clinical practice there
are not available prognostic factors that can guide therapeutic choice in CSCC patients, and several
studies are needed to improve our knowledge, especially on the role of HPV and other molecular and
genomic factors.

The role of HPV in head and neck squamous cell carcinoma (HNSCC) has emerged in the last
decades, with relevant etiological and clinical aspects. Nowadays, approximately 30% of oropharyngeal
squamous cell carcinoma (OPSCC) is attributable to HPV worldwide [1], but this proportion is expected
to increase in the close future. Therefore, HPV has been included as one of the strongest prognostic
factors of OPSCC alongside the already well-defined stage, smoking, performance status, and quality
of treating facilities [25]. Compared to HPV-negative counterparts, HPV-positive OPSCC patients
show peculiar clinico-pathological features and improved prognosis [26]. On this basis, a different
TNM staging has been proposed for HPV-positive OPSCC [27]. Notably, a gender-specific trend
has also emerged for HPV-driven OPSCC. In fact, mirroring the downward trend of CSCC due
to HPV vaccination programs, the HPV-driven OPSCC incidence is expected to decline in women,
whereas the incidence among men has been increasing over the last years [28]. One possible explanation
could lie in the profound differences observed in male versus female immune responses in cancer
since it has become increasingly evident that the major susceptibility of women to a variety of
autoimmune diseases might contribute to enhanced immune surveillance against various tumor
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types [29]. Sex hormones can also affect the immune system since high estrogen levels have been
shown to promote antibody production, whereas androgens have been reported to suppress immune
function [30]. Consistent with this evidence, only a small proportion of seroconversions occur in men
following HPV infection [31], and HPV seroprevalence in men is significantly lower than that reported
among women [32]. The combination of clinical stage, HPV status, and smoking history lead to the
definition of three different OPSCC risk groups with different prognosis [33]. Despite a more precise
risk assessment, the therapeutic options remain unchanged and include chemo-radiation or surgery
with or without adjuvant (chemo-) radiotherapy in the radical setting [34]. Due to the evidence of a
better prognosis in HPV-driven OPSCC, several strategies in treatment de-intensification are under
evaluation with the purpose to maintain efficacy and reduce short- and long-term treatment related
side effects [35–42]. These studies are only part of a growing literature in the field of reduction of
aggressiveness of treatments for HPV-driven OPSCC, and mainly focus on the low risk OPSCC patients.
Hopefully, other trials that are still ongoing may also help clinicians in the choice of the optimal strategy
to offer to HPV-driven OPSCC (in particular results from PATHOS, HN002, HN005, and KEYCHAIN
trials). Although clinical trials move in the direction of reduced treatment intensity, 20% of HPV-positive
OPSCC patients relapse and even die of the disease [43]. For that reason, the identification of novel
prognostic factors is urgently needed not only to select HPV-positive OPSCC patients that may benefit
from de-intensified treatments, but also to identify those patients at higher risk of relapse.

Squamous cell carcinoma of the anal canal (SCCA) is a rare cancer [44] associated with HPV
infection in 80–85% of patients (usually HPV16 or HPV18 genotypes in Europe) [45]. Other important
risk factors for SCCA include human immunodeficiency virus, immune suppression in transplant
recipients, and the use of immunosuppressant drugs. Definitive chemoradiotherapy (CRT) is the
current standard of care for patients with locally advanced SCCA, whereas surgery as a salvage
treatment is indicated for patients with persistent disease after CRT or local relapse [46]. Prognostic
factors for survival in SCCA include male sex, positive lymph nodes, and primary tumor size greater
than 5 cm [46]. Despite advances in the understanding of biology and pathogenesis of SCCA, there
is considerable heterogeneity in terms of outcome, particularly for more advanced stages. Only a
limited number of biomarkers have been investigated and at present there are not current available
factors to guide prognosis or select treatment. In a systematic review, Lampejo et al. [47] examined
29 different biomarkers, but the tumor suppressor genes p53 and p21 were the only significantly
related to prognosis. Therefore, since there are no current biomarkers that strongly predict response
to CRT and prognosis in SCCA patients, the investigation of HPV-related biomarkers would be an
interesting objective.

2. HPV-Driven Cancerogenesis

The HPV genome is organized into three regions: a non-coding region, termed the long control
region, which contains the early promoter and regulatory element involved in viral replication and
transcription, and two protein-coding regions, the early (E) region coding proteins regulating viral
transcription (E2), viral DNA replication (E1, E2), cell proliferation (E5, E6, E7), and viral particle
release (E4), and the late (L) region which encodes the structural proteins (L1 and L2). E5, E6, and E7
are viral oncogenes; several studies on mucosal HR HPVs have established that E6 and E7 play a
pivotal role in altering host immune response and promoting cell proliferation and transformation [3].

The best characterized interactions, whose maintenance is considered fundamental for the
neoplastic phenotype, are those between E6 and E7 with p53 and pRb, respectively. By suppressing
p53 activity, HPV is able to bypass cellular senescence. On the other hand, the release of E2F
transcription factors allows for unscheduled cell proliferation [48]. The E6 oncoprotein of HR-HPV
binds the E6-associate protein (E6AP), an E3 ubiquitin ligase that ubiquitinates target proteins for
subsequent proteasome degradation. P53, a transcription factor that induces cell cycle arrest or
apoptosis in response to cellular stress or DNA damage, is the best characterized target of E6/E6AP
heterodimer-induced degradation leading to the loss of tumor suppression activity, accumulation of
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DNA mutations, and to genomic instability [49]. E7 of HR-HPV types interacts and inactivates pRb
and related pocket proteins (p107 and p130), which is in control of the G1-S phase transition by binding
the transcription factor E2F [50]. As a consequence, E2F is released, with consequent promotion of cell
G1-S phase transition, and transcription of genes, such as cyclin E and cyclin A, which are required
for cell cycle progression [51]. Furthermore, by recruiting p300/CBP and pRb, E7 brings the histone
acetyltransferase domain of p300/CBP into proximity to pRb and promotes its acetylation, leading to
cell cycle deregulation [52]. In addition, cells harboring transforming HR-HPV infection acquire the
capability to replicate indefinitely through the ability of E6 to reactivate the expression of telomerase
(a ribonucleoprotein complex containing an internal RNA component and a catalytic protein, TERT,
with telomere specific reverse transcriptase activity) by significantly upregulating TERT promoter
activity [53].

Although the main mechanism of the malignant transformation induced by HPV is orchestrated
by the abovementioned transforming activity of the viral E6 and E7 oncoproteins, the control of
gene expression by specific non-coding RNAs (ncRNAs) may give a significant contribution in the
process of transformation. Regarding the relationship between transforming HPV infection and the
expression pattern of host ncRNAs, numerous studies, mainly focused on the study of micro RNAs
(miRNAs), have shown a different miRNAs expression in HPV-positive tumor cells compared to
the negative counterpart [54–56]. However, different investigations give conflicting results with a
significant proportion of miRNAs being upregulated in one study but downregulated in another
study [57]. Interestingly, both by standard sequencing and next generation sequencing, it has been
successfully demonstrated that HPVs are able to generate both their own miRNAs and circular RNAs
(circRNAs) [58,59]. Although the levels of expression are rather low, the frequent identification of viral
miRNAs in cell lines and their higher expression in high-grade lesions suggest that they probably have
a role in viral replication and malignant transformation [58].

Overall, although the transforming activity of HPV is mainly based on the degradation of p53 and
pRb induced, respectively, by the viral oncoproteins E6 and E7, numerous other mechanisms including
the contribution of ncRNAs generated both by the host cell and by the virus seem to participate in the
process of carcinogenesis and tumor progression of HPV-induced tumors.

3. Non-Coding RNAs

In the last years, ncRNAs have emerged as key players in regulating the expression levels of
the coding RNAs and other cellular processes [60]. Generally, ncRNAs with lengths exceeding 200
nucleotides are known as long non-coding RNAs (lncRNAs) or circRNAs, whereas all smaller transcripts
are defined as small ncRNAs (sncRNAs); among sncRNAs small interfering RNAs (siRNAs), miRNAs,
and P-element-induced wimpy testis (PIWI)-interacting RNAs (piRNAs) have been extensively
studied so far (Figure 1) [61]. With the development of high-throughput sequencing technology and
bioinformatics, an increasing number of ncRNAs are gradually being discovered. To date, multiple
functional tumor-associated ncRNAs have been described, and several studies have shown they have
either oncogenic or tumor-suppressive properties in cancer (for review see Diamantopoulos et al. [62]).
Increasing evidence has revealed that ncRNAs play key roles not only in tumor progression and
metastasis, but also in chemoresistance [63–66]. In particular, ncRNAs have been found to act
as mediators of drug-resistance mechanisms through their ability to impair cell cycle arrest and
apoptosis [67], but also to induce and modulate epithelial–mesenchymal transition (EMT) and cell
adhesion-associated signaling pathways [68–70].
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Mature miRNAs and siRNAs are transcribed as precursors that undergo a series of nuclear and 
cytoplasmic processing events, and act in both nucleus and cytoplasm. Similarly, piRNAs are 
generated from long single-stranded piRNA precursors that are exported in the cytoplasm where 
they are processed; mature piRNAs are then transported into the nucleus in complex with PIWI. 
Most circRNAs that derive from linear pre-mRNAs, and are classified in exon-derived circRNAs 
(ecircRNAs), containing only exons and completely lacking introns, circular intronic RNAs 
(ciRNAs), which consists of only introns, exon-intron cirRNAs (EIciRNAs), in which one intron is 
inserted between two exons. RNA circularization can also occur through tRNA intron splicing thus 
generating tRNA intronic circRNAs (tricRNAs). CiRNAs and EIciRNAs are mainly nuclear, whereas 
ecircRNAs and tricRNAs are synthesized in the nuclear compartment and then exported to the 
cytosol. The lncRNAs biogenesis is mostly similar to mRNA, but they are located in the nucleus or 
cytoplasm, and rarely encode proteins. LncRNAs are classified as sense, antisense, bidirectional, 
intronic, or intergenic with respect to nearby protein-coding genes. 

Besides miRNAs, that have been extensively studied in the last years [20,24,71], other ncRNAs 
(i.e., circRNAs, piRNAs, and lncRNAs) are drawing increasing attention nowadays since they have 
been found to play a role in HPV-driven tumors, suggesting that they could function as predictive 
biomarkers and therapeutic targets. In fact, many circRNAs, piRNAs, and lncRNAs involved in 
HPV-driven tumors have recently been characterized and several models of action have also been 
proposed; in some cases, deregulation of a specific ncRNA has come from two or more different 
studies (Table A1). Given these considerations, in this review we mainly focus our attention on these 
ncRNAs, classifying them according to the different HPV-driven tumor types. 

Figure 1. Coding and non-coding classes of RNA. Precursor messenger RNA (pre-mRNA) gives rise to
mRNA, which is further translated into protein. Non-coding RNAs (ncRNAs) comprise transfer RNA
(tRNA), ribosomal RNA (rRNA), and a large variety of regulatory ncRNAs, including micro RNAs
(miRNAs), P-element-induced wimpy testis (PIWI)-interacting RNAs (piRNAs), small interfering RNAs
(siRNAs), long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs). Mature miRNAs and
siRNAs are transcribed as precursors that undergo a series of nuclear and cytoplasmic processing events,
and act in both nucleus and cytoplasm. Similarly, piRNAs are generated from long single-stranded
piRNA precursors that are exported in the cytoplasm where they are processed; mature piRNAs
are then transported into the nucleus in complex with PIWI. Most circRNAs that derive from linear
pre-mRNAs, and are classified in exon-derived circRNAs (ecircRNAs), containing only exons and
completely lacking introns, circular intronic RNAs (ciRNAs), which consists of only introns, exon-intron
cirRNAs (EIciRNAs), in which one intron is inserted between two exons. RNA circularization can also
occur through tRNA intron splicing thus generating tRNA intronic circRNAs (tricRNAs). CiRNAs
and EIciRNAs are mainly nuclear, whereas ecircRNAs and tricRNAs are synthesized in the nuclear
compartment and then exported to the cytosol. The lncRNAs biogenesis is mostly similar to mRNA,
but they are located in the nucleus or cytoplasm, and rarely encode proteins. LncRNAs are classified as
sense, antisense, bidirectional, intronic, or intergenic with respect to nearby protein-coding genes.

Besides miRNAs, that have been extensively studied in the last years [20,24,71], other ncRNAs
(i.e., circRNAs, piRNAs, and lncRNAs) are drawing increasing attention nowadays since they have
been found to play a role in HPV-driven tumors, suggesting that they could function as predictive
biomarkers and therapeutic targets. In fact, many circRNAs, piRNAs, and lncRNAs involved in
HPV-driven tumors have recently been characterized and several models of action have also been
proposed; in some cases, deregulation of a specific ncRNA has come from two or more different studies
(Table A1). Given these considerations, in this review we mainly focus our attention on these ncRNAs,
classifying them according to the different HPV-driven tumor types.

149



Cancers 2020, 12, 1246

4. CircRNAs Expression in HPV-Driven Cancers

Even though circRNAs are derived from linear pre-mRNAs, they are generally presented as
covalently linked circles lacking both 5′ cap and 3′ poly(A) tails [72]. Over 80% of the identified
circRNAs is exon-derived circRNA, containing only exons and completely lacking introns [73].
However, the splicing mechanism of circRNAs is complicated and the same position of a gene can
produce different types of circRNAs. Consistently, three other types of circRNAs have been also
identified by high-throughput sequencing: circular intronic RNAs, which consists of only introns,
exon-intron cirRNAs, in which one intron is inserted between two exons, and tRNA intronic circRNAs,
which can form stable circRNA via pre-tRNA splicing [73]. One of the most widely studied functions
of circRNAs is their role as miRNA sponges and as modulators of splicing or transcription. In addition,
circRNAs interact with RNA-binding proteins, and transport substances and information. Furthermore,
the presence of short sequences containing N6-methyladenosine (m6A) as internal ribosomal entry
site [74] allows to a small number of circRNAs to be translated into peptides or proteins that
are functionally different from their linear transcripts (for review see [75,76]. There is increasing
evidence that circRNAs play important roles in the development of several cancers [75,77,78]; however,
information regarding their involvement in HPV-driven cancer and their potential prognostic role still
remains significantly limited to CSCC (Table 2). In fact, although the role of circRNAs in HNSCC has
been recently reviewed [79], little is known about circRNA expression in HPV-driven OPSCC [59],
probably because HPV status was not fully reported in all studies.
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CSCC

By using RNA-seq, Wang et al. [100] explored the expression profiles of several ncRNAs in
HPV16-induced CSCC and matched adjacent non-tumor tissues from three patients. Authors identified
99 circRNAs that were differentially expressed in CSCC patients, and 44 circRNAs have not been
reported before. In a subsequent study, circRNA microarray demonstrated a significant increase of
circRNA8924 expression in CSCC [80]. CircRNA8924 was found to adsorb miR-518-d-5p/miR-519-5p
and to promote the expression of the polycomb protein chromobox 8, which has been shown to be
a key regulator of several cancers, including CSCC. In fact, circRNA8924 knockdown significantly
inhibited the proliferation, migration, and invasion of HPV-positive HeLa and SiHA cell lines both
in vitro and in vivo [80]. Similarly, knockdown of circ_0005576 in the HPV-positive HeLa and SiHA
cells significantly reduced CSCC aggressiveness. Mechanistically, circ_0005576 facilitated CSCC
progression by binding miR-153 and thereby upregulating the kinesin family member 20A [81]. In the
last years, other circRNAs have been identified to participate in CSCC tumorigenesis. However,
in these studies the HPV-status of CSCC tissues was not defined and/or circRNAs appeared to be
deregulated also in HPV-negative CSCC cell lines, indicating their expression might not be limited to
HPV infection [101–105].

5. PiRNAs and PIWI-Like Proteins Expression in HPV-Driven Cancers

PiRNAs are very similar in size to miRNAs since they are 26–30 nucleotides in length, but far
exceed the total number of miRNAs; in fact, about 23,439 piRNAs have been discovered so far [76].
PiRNAs specifically associate with the PIWI proteins, a subfamily of Argonaute proteins, to exert
their regulatory functions (for review see Rojas-Ríos et al. [106]). Unlike miRNAs, the piRNA/PIWI
complex principally acts through epigenetic silencing rather than mRNA targeting [107]. PiRNAs guide
PIWI proteins to the genomic region where they share complementarities, and regulate the epigenetic
status of the target sequence by recruiting epigenetic factors required for DNA methylation and/or
histone modifications [108]. Besides, the piRNA/PIWI complex can also regulate gene expression
at the post-transcriptional level, via alternative splicing or regulating mRNA stability, or at the
post-translational level through the binding of the coding protein [109]. Although piRNAs and PIWI
proteins have not been extensively studied in cancer, a limited number of published data suggest their
expression is altered in HPV-driven tumors, and associated with prognosis (Table 2).

5.1. CSCC

Due to restricted expression during embryonic development and in several tumor types, PIWI
proteins have been suggested to act as oncogenes and/or to represent a marker of cancer stem cells [110].
Interestingly, the expression of both PIWI-like protein 1 (PIWIL1) and PIWI-like protein 2 (PIWIL2) has
been observed in tissues from patients with HPV16-positive CSCC [111,112]. High PIWIL1 expression
was significantly associated with CSCC invasion [111], thus supporting the interaction between HPV16
and host cells during CSCC carcinogenesis. According to these data, both in vitro and in vivo studies
demonstrated that PIWIL1 expression increased tumorigenesis, resistance to chemotherapeutic drugs,
and self-renewal abilities of the HPV-positive HeLa and SiHa cell lines [84]. Feng et al. reported
high levels of PIWIL2 in high-grade cervical intraepithelial neoplasia (CIN) and in CSCC, whereas in
healthy tissue and low-grade CIN PIWIL2 was weakly expressed [85]. Additionally, the HPV-positive
HeLa, SiHA and CaSki cell lines constitutively expressed PIWIL2; in contrast, PIWIL2 expression
was undetectable in the HPV-negative C33A cell line [85], indicating that PIWIL2 activation in CSCC
might depend on the integration of HR-HPV DNA into the host cell genome. Consistent with this
hypothesis, authors demonstrated that PIWIL2 expression was restored in human keratinocyte cells
following transfection with lentivirus containing complete HPV16 E6 and E7 sequences. Furthermore,
PIWIL2 overexpression significantly induced histone H3 lysine 9 (H3K9) acetylation and decreased
H3K9 trimethylation, thus reprogramming human keratinocyte cells into tumor-initiating cells. On the

154



Cancers 2020, 12, 1246

other hand, PIWIL2 knockdown led to an upregulation of p53 and p21, and reduced the tumorigenic
potential of the HPV-positive HeLa and SiHa cells both in vitro and in vivo [85]. With regard to other
members of the PIWI protein family, the role of PIWI-like protein 4 (PIWIL4) has also been investigated
in CSCC, and results showed that PIWIL4 expression promoted a significant increase in cell growth
and proliferation, and prevented apoptosis, by inhibiting p14ARF/p53 pathway in HPV-positive HeLa
cell line [86].

5.2. HNSCC

Aberrant expression of piRNAs has been recently observed in HNSCC samples when compared
to normal tissue. In particular, Firmino et al. identified 41 piRNAs that were differently expressed
between HPV-positive and -negative HNSCC. Interestingly, 11 piRNAs were deregulated in tumors
positive for HPV16 or HPV18 infection and, among them, the expression of piRNAs FR018916,
FR140858, FR197104, FR237180, and FR298757 was associated with worse overall survival (OS),
thus highlighting their potential clinical utility in HPV-positive HNSCC [82]. Subsequently,
Krishnan et al. used RNA-sequencing datasets from The Cancer Genome Atlas (TCGA) to identify
30 piRNAs that were deregulated in HPV-driven HNSCC. Among them, six piRNAs (piR-36742,
piR-33519, piR-36743, piR-34291, piR-36340, piR-62011) were aberrantly expressed in smoking versus
never smoking HPV-positive HNSCC patients [83], suggesting that some piRNAs may be commonly
implicated in smoking-related and HPV-driven HNSCC. Similarly, PIWIL4 was aberrantly expressed
in smoking with respect to never smoking HPV-positive HNSCC patients as well [83]. Interestingly,
piR-36743 was previously identified to be implicated in breast cancer [113], indicating the ability of
the same piRNA to modulate other malignancies. Starting from the 30 HPV-deregulated piRNAs,
authors further verified that the expression level of piR-30652, piR-33686, piR-36340, and piR-45029
was significantly associated with higher histologic grade, with piR-30652 being significantly predictive
of patient outcome in both univariate and multivariate regression analyses.

5.3. SCCA

To date, no information on piRNAs/PIWIs involvement in HPV-driven SCCA is available, and the
existing data concerning other sncRNAs (i.e., miRNAs) is also extremely scarce [114,115]. Therefore,
there are many unknown questions about piRNAs/PIWIs that need to be explored in HPV-related
tumors, especially in HPV-positive SCCA.

6. LncRNAs Expression in HPV-Driven Cancers

LncRNAs were initially identified as mRNA-like transcripts that do not code for proteins
since they are in many ways very similar to mRNAs, including their biogenesis. However, a further
characterization of lncRNAs has allowed to distinguish them from other major classes of RNA transcripts
(for review see Karapetyan et al. [116]). LncRNAs can be subdivided according to their biogenesis loci in
sense, antisense, bidirectional, intergenic, and intronic lncRNAs (for review see Rinn et al. [117]). Sense
lncRNAs are transcribed in the same direction of exons, and they may overlap with introns and part or
the entire sequence of protein-coding genes [118]. Besides representing functional RNA molecules
able to regulate gene expression, sense lncRNAs can translate into protein [118]. Antisense lncRNAs
are transcribed from the antisense strand of protein-coding genes, whereas bidirectional lncRNAs are
expressed from the promoter of a protein-coding gene, but in the opposite direction [118]. Intergenic
lncRNAs (lincRNAs) originate from the region between two protein-coding genes, and have been found
to associate with chromatin modifying proteins [119]. Finally, intronic lncRNAs can be transcribed from
an intronic region of a protein-coding gene in the sense or antisense direction [118]. LncRNAs play
important roles in various cellular processes since their functions are highly pleiotropic; in fact, lncRNAs
can regulate gene expression at many levels, such as epigenetic, transcriptional, post-transcriptional,
translational, and post-translational [120]. Therefore, it is not surprising that upon viral infections most
modifications occur in lncRNAs expression [121]. Consistently, an increasing number of studies have
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revealed a large amount of lncRNAs whose expression is deregulated in HPV-driven cancers, with
most of them mainly focused on CSCC (Table 2). LncRNAs exhibit a more cell type-specific restricted
expression pattern than protein-coding genes [122–124]. In addition, lncRNAs are stable in a broad
range of specimen types (FFPE, plasma, and other body fluids), and are easily accessible for analysis
using non-invasive methods [125,126], thus resulting appealing as prognostic/predictive biomarkers.
So far, a small number of studies has highlighted the significant implication of lncRNAs as prognostic
biomarkers in HPV-driven cancers (Table 2).

6.1. CSCC

A microarray analysis revealed that thousands of host lncRNAs had differential expression
in oncogenic HPV-positive cells compared to the HPV-negative C33A cell line. In particular, 4750
lncRNAs were differentially expressed in the HPV16 positive SiHa cells compared with C33A cell
line, including 2127 upregulated and 2623 downregulated lncRNAs. Similarly, 5026 lncRNAs were
differentially expressed in the HPV18 positive HeLa cells respect to C33A cell line and, among these
deregulated lncRNAs, 2218 were upregulated whereas 2808 were downregulated. In this study,
the authors further demonstrated that HPV could exert effects on the development and progression of
CSCC via altering the expression of lncRNAs and their downstream mRNAs targets [89]. In fact, in the
HPV-positive SiHa cell line, the lncRNAs ENST00000503812 was upregulated whereas the expression
of its target genes RAD51 paralog B (RAD51B), which is a component of the DNA double-strand break
repair pathway [88], and interleukin-28A, which plays a role in immune defense against viruses [87],
was decreased [89]. Interestingly, HPV integration was previously shown to disrupt RAD51B expression
in CSCC [127]. Therefore, ENST00000503812 upregulation may impair DNA repair pathway and
immune responses in HPV16 positive CSCC cells. In addition, ENST00000420168, ENST00000564977
upregulation and TCONS_00010232 downregulation showed a significant correlation with the increased
expression of the oncogene forkhead box Q1 and the reduced expression of the apoptosis-related
gene caspase-3 in the HPV-positive HeLa cell line [89]. These results indicate that HPV18 might
alter ENST00000420168, ENST00000564977, and TCONS_00010232 expression in order to promote
cell proliferation and to prevent apoptosis during CSCC progression. As shown by Zhou et al. [90],
the lncRNA oncogene-induced senescence 1 (OIS1) was significantly downregulated in the majority
of tumor tissues from HPV-positive CSCC compared with adjacent non-tumor tissues, but not in
HPV-negative CSCC patients. Serum levels of OIS1 were also significantly lower in HPV-positive
CSCC [90], indicating that OIS1 downregulation was specifically involved in the pathogenesis
of HPV-driven CSCC. Accordingly, OIS1 overexpression markedly reduced the proliferation of the
HPV-positive SiHa cells, potentially by inhibiting the expression of the mitogen-activated protein kinase
kinase kinase 4 (MTK-1) [90]. MTK-1 expression was also reduced following GATA binding protein
6 antisense (GATA6-AS) overexpression in CSCC cell lines; however, GATA6-AS expression levels were
revealed to be significantly reduced in both HPV-positive and -negative CSCC patients, suggesting
GATA6-AS might play a role in CSCC through an HPV-independent pathway [128]. The study of
Wang et al., that was already discussed above, reported 19 lncRNAs that were differentially expressed
between HPV-positive CSCC and adjacent non-tumor tissues, and the co-expression network and
function prediction suggested that all of them could play a role in HPV-driven CSCC [100]. The majority
of these lncRNAs were intergenic, and three lncRNAs have not been described before. Among the
differentially expressed lncRNAs, the authors identified urothelial cancer associated 1 (UCA1) which
has gained much attention in recent years due to its aberrant expression in several cancers [100].
UCA1 has also been shown to promote cisplatin resistance, suggesting its potential use as a target for a
novel therapeutic strategy in CSCC [91]. Unfortunately, the regulatory mechanism between UCA1
expression and cisplatin resistance is still unknown. Small nucleolar RNA host gene 8 (SNHG8) was
recently clarified as a critical driving force for the development of HPV-positive CSCC [92]. Enhanced
SNHG8 expression was found in HPV-positive CSCC cell lines but not in the HPV-negative C33A
cells, thus indicating that HPV infection led to SNHG8 deregulation. In addition, SNHG8 silencing in
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HPV-positive HeLa and SiHa cells reduced cell proliferation and migration, and promoted apoptosis.
Functional studies revealed that SNHG8 could bind to the enhancer of zeste homolog 2, thus inhibiting
the transcription of the tumor suppressor reversion inducing cysteine-rich protein with kazal motifs in
CSCC cells [92]. Human ovarian cancer-specific transcript 2 has also been reported to be upregulated
in HPV-positive CSCC tissues and cell lines, and to act as sponge for the miRNA let-7b, thus promoting
CSCC cell proliferation, migration, and invasion along with reduced apoptosis [93]. Differently,
maternally expressed gene 3 (MEG3) was shown to function as a tumor suppressor in CSCC; in fact,
MEG3 expression inhibited cell proliferation and promoted apoptosis in CSCC cells through modulating
the level of miR-21-5p [96]. In addition, MEG3 expression was negatively correlated not only with
CSCC grade and survival but also with HR-HPV infection [96]. Surprisingly, low MEG3 expression was
associated with favorable prognosis in HPV-negative HNSCC [129]. However, the clinical significance
of this finding is still unclear.

6.2. HNSCC

Using TCGA RNA-seq data from 426 HNSCC and 42 adjacent normal tissues, Nohata et al. [97]
found 140 lncRNA transcripts that were significantly differentially expressed between HPV-positive
and -negative tumors. Several lncRNAs were also deregulated in a panel of HPV-positive cell lines [97],
and some of them have been already characterized, such as LINC01089 [130] and PTOV1-AS1 [131].
Interestingly, 19 lncRNAs were specifically expressed in HPV-positive and p53 wild type HNSCC,
suggesting they might represent potential key molecules in HPV-driven oncogenesis [97]. A similar
study identified eight lncRNAs that were associated with better prognoses in HPV-driven HNSCC,
including lnc-IL17RA-11 whose expression promoted HNSCC cell sensitivity to radiotherapy [98].
The regulatory mechanism of lnc-IL17RA-11 upregulation has also been illustrated. HPV infection
could stimulate estrogen receptor α to increase lnc-IL17RA-11 expression in order to upregulate the
activity of genes involved in processes that enhance sensitivity to radiation therapy [98]. These findings
might explain why HPV-positive HNSCC are more sensitive to radiotherapy. By analyzing lncRNAs
profiling data and the corresponding clinic-pathologic variables of 371 HNSCC patients from TANRIC
and cBioPortal, Cui et al. [132] defined a signature of 15 lncRNAs with prognostic significance
for recurrence-free survival. Importantly, when HNSCC patients were stratified according to their
HPV status, the 15 lncRNAs signature remained a clinically and statistically significant prognostic
model. Similarly, by referring to the TCGA data available from the cBioportal and UALCAN databases,
Kolenda et al. [99] provided experimental support on the association of the eosinophil granule ontogeny
transcript (EGOT) lncRNA upregulation with the progression of HPV-positive HNSCC, but the exact
mechanism for its involvement in HPV infection was not reported.

7. NcRNAs Modulated by E6/E7 Oncoproteins

Although the ability of HPV E6 and E7 oncoproteins to modulate the expression of many
protein-coding or miRNA-coding genes have been well documented, their role in the regulation of
ncRNA in HPV-driven cancers is still largely obscure. So far, the majority of studies have focused
specifically on CSCC where both E6 and E7 HPV oncoproteins were shown to modulate the expression
of several lncRNA (Figure 2). Furthermore, some of the HPV E6 and/or E7 deregulated lncRNAs have
been suggested as potential prognostic biomarkers (Table 3). For instance, E6 was recently proposed to
increase the expression of the cervical carcinoma expressed PCNA regulatory (CCEPR) lncRNA in
CSCC [133]. A study of Yang et al. reported that CCEPR regulated CSCC cell proliferation by binding
and stabilizing PCNA mRNA [134]. Accordingly, high levels of CCEPR indicated poor prognosis in
HPV-positive CSCC patients [135]. However, in the study of Sharma et al. perturbation of CCEPR
expression did not alter PCNA mRNA levels in CSCC cell lines [133], indicating that PCNA mRNA
stabilization might not be the primary mechanism by which CCEPR modulates CSCC proliferation.
Besides CCEPR, FAM83H-AS1 was established to be upregulated by HPV16 E6 oncoprotein both in
primary keratinocytes and in CSCC tumor samples with the expression being involved in cellular
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proliferation and migration, and associated with worse OS in CSCC patients [136]. As reported by
Barr et al. [136], HPV16 oncogene E6 mediated FAM83H-AS1 upregulation in a p300-dependent manner.
Of note, FAM83H-AS1 expression was decreased in HPV18 positive CSCC cell lines, probably because
HPV18 E6 does not have the ability to interact with p300 with high efficiency [137]. Other lncRNAs
are modulated by HPV16 E6, including H19 and the growth arrest-specific transcript 5 (GAS5) [136].
H19 was found to be upregulated in CSCC tissues compared with adjacent normal tissues, and to
promote sirtuin 1 overexpression by sponging miR-138-5p in HPV-positive CSCC HeLa and SiHa cell
lines [138]. GAS5 has showed tumor suppressor activity in several tumors, including CSCC where
its decreased expression was associated with poor prognosis [139,140], and increased proliferation,
invasion, and migration of CSCC cells [139]. More recently, GAS5 overexpression was demonstrated
to enhance cisplatin sensitivity in HPV-positive CSCC SiHa cells by directly targeting miR-21 and
regulating Akt phosphorylation [141], and to improve the radio-sensitivity of HPV-positive CSCC
SiHa cells via inducing immediate early response 3 expression by sponging miR-106b both in vitro
and in vivo [142]. Interestingly, GAS5 expression might depend on another lncRNA called GAS5-AS1,
but the regulatory mechanism between GAS5 and GAS5-AS1 has yet to be elucidated [143].
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Figure 2. Schematic diagram of Human Papilloma Virus (HPV) E6/E7 oncoproteins affecting long
non-coding RNAs (lncRNAs) expression in cervical squamous cell carcinoma. Bax, bcl-2-like protein 4;
BclxL, B-cell lymphoma-extra large; Bcl-2, B-cell lymphoma 2; CCEPR, cervical carcinoma expressed
PCNA regulatory; CDH1, E-cadherin; CDK6, cell division protein kinase 6; CCND1, cyclinD1;
CCNE1, cyclinE; CTNNB1, b-catenin; FAM83H-AS1, FAM83H Antisense RNA 1; GAS5, growth
arrest-specific transcript 5; HOTAIR, HOX transcript antisense RNA; MALAT-1, metastasis associated
lung adenocarcinoma transcript 1; MMP-9, metalloproteinase-9; PCNA, proliferating cell nuclear
antigen; TMPOP2, Thymopoietin pseudogene 2; VEGF, vascular endothelial growth factor; ZO-1,
zonula occludens-1.

On the other hand, the expression of a number of lncRNAs is exclusively modulated by the
HPV E7 oncoprotein. Along this line, Sharma et al. [144] reported that E7 could be involved in
CSCC proliferation and metastasis through regulating the expression and function of Hox transcript
antisense intergenic RNA (HOTAIR), which might represent a new marker of CSCC recurrence and
poor prognosis [145]. HOTAIR possesses distinct binding domains for chromatin-modifying complexes
and histone demethylases [146]. Thanks to that, HOTAIR might partially regulate the expression of
several genes involved in cell proliferation, migration, invasion, and EMT in CSCC [145]. Interestingly,
genetic variations within HOTAIR appeared to modify the risk of CSCC. In particular, the HOTAIR
rs2366152C polymorphism was frequently reported in low HOTAIR expressing HPV-positive CSCC

158



Cancers 2020, 12, 1246

where it allowed miR-22 to directly bind to HOTAIR [147]. The gain of the miR-22 binding site in
HOTAIR was found to be concordant with miR-22 overexpression, which led to reduced E7 expression
in low HOTAIR HPV-positive CSCC cells [147]. HOTAIR expression not only characterized HPV-driven
CSCC, but also negatively correlated with the proportion of myeloid-derived suppressor cells in the
blood samples of patients with HPV-positive HNSCC [148]; unfortunately, a causal relationship has not
yet been established. In a subsequent study, loss-of-function assays allowed to identify EWSAT1-Ewing
sarcoma-associated transcript 1 (LINC00277) and LINC01101 as the most upregulated lncRNAs in
HPV-positive CSCC HeLa cells transfected with siRNA-HPV18 E7 [149]. Consistent with these data,
HPV-positive CSCC tissues exhibited significantly reduced expression of both lncRNAs, and low
expression of LINC00277 and LINC01101 could predict poor prognostic features [149].

Table 3. Prognostic value of long non-coding RNAs (lncRNAs) modulated by Human Papilloma Virus
E6/E7 oncoproteins in cervical squamous cell carcinoma.

LncRNAs ID Sample Description Expression Change Prognostic Value References

CCEPR Cell lines, Tissues Up
Positively correlated with advanced FIGO

stage, lymph node metastasis, HPV infection,
and poor prognosis

[133–135]

FAM83H-AS1 Cell lines, Tissues Up Poor prognosis [136]

GAS5 Cell lines, Tissues Down Poor prognosis [139,140]

HOTAIR

Cell lines, Tissues

Up

Disease recurrence and poor prognosis [145]

Cell lines, Tissues
Rs2366152C polymorphism associates to
reduced HOTAIR expression and CSCC

metastatic molecular signatures
[147]

LINC00277,
LINC01101 Cell lines, Tissues Down Poor prognosis [149]

CCEPR, cervical carcinoma expressed PCNA regulatory; CSCC, cervical squamous cell carcinoma; FAM83H-AS1,
FAM83H Antisense RNA 1; FIGO, International Federation of Gynecology and Obstetrics; GAS5, growth
arrest-specific transcript 5; HOTAIR, HOX transcript antisense RNA.

Additionally, several lncRNAs are specifically regulated by both HPV E6 and E7 oncoproteins,
including the metastasis associated lung adenocarcinoma transcript 1 (MALAT-1) which is one of the
most extensively characterized lncRNA so far. By using loss of function assays Guo et al. revealed,
for the first time, the tumor promoting role of MALAT-1 in the HPV-positive CSCC CaSki cells. In fact,
MALAT-1 silencing impaired the migration ability of CaSki cells, increased caspase-8, caspase-3,
and Bax levels, and reduced Bcl-2 and Bcl-xL expression [150]. Subsequently, other research groups
studies confirmed the oncogenic functions of MALAT-1 in HPV-driven CSCC since they found that
MALAT-1 positively regulated the expression of genes involved in cell cycle regulation [151], and in
cell migration [152]. Therefore, MALAT-1 knockdown in HPV-positive CSCC CaSki cells led to
G1 arrest [151], and reduced invasion and metastasis both in vitro and in vivo [152]. In a study of
Jang et al. [151], MALAT-1 expression was detected in 6/18 cases of HPV-positive cervical normal
cells and 14/22 cases of HPV-positive cervical lesions, suggesting that HPV infection might lead to
MALAT-1 activation in CSCC. Consistent with this hypothesis, MALAT-1 expression was found
to augment in oral keratinocytes transfected with HPV E6/E7 oncoproteins [151]. MALAT-1 was
demonstrated to act as a miRNA sponge as well. For instance, MALAT-1 appeared to contribute to
CSCC progression by promoting the growth factor receptor bound protein 2 overexpression through
binding and sequestering its major negative regulator miR-124 [153]. Interestingly, MALAT-1 has
also been implicated in the mechanism of radio-resistance in HR-HPV-driven CSCC via sponging
miR-145 [154].

Besides MALAT-1, He et al. [155] has recently reported that overexpression of HPV16/18 E6 or E7
enhanced the expression of Thymopoietin pseudogene 2 (TMPOP2) lncRNA in CSCC cells, whereas
depletion of both HPV16/18 oncoproteins significantly downregulated TMPOP2. Similarly, TMPOP2
was found to regulate the expression of HPV16/18 E6 and E7, thus creating a positive feedback that
synergistically sustained CSCC. As shown by authors, the mechanism by which HPV16/18 E6 or
E7 enhanced TMPOP2 expression was predominately governed by their capacity to promote the
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degradation of p53; in fact, p53 was demonstrated to bind TMPOP2 promoter and to repress its
transcription. Once expressed, TMPOP2 was able to sequester HPV E6/E7-targeting miR-375 and
miR-139, allowing the expression of HPV oncoproteins [155]. Besides genomic ncRNAs, human cells
express a unique family of mitochondrial long noncoding RNAs (ncmtRNAs) which comprises
sense (SncmtRNA) and two antisense (ASncmtRNA-1 and ASncmtRNA-2) transcripts containing
long inverted repeats linked to the 5′ end of the 16S mitochondrial rRNA [156,157]. SncmtRNA
and ASncmtRNAs exit the mitochondria and localize to the cytosol and to the nucleus, where they
associate with chromatin and nucleoli [158]. SncmtRNA represents a marker of cell proliferation
since it is expressed in normal proliferating and in tumor cells but not in resting cells [156,157].
Similarly, ASncmtRNAs are expressed in normal proliferating cells, but they are downregulated in
several tumors [157], thus suggesting they might function as tumor suppressor. Immortalization of
keratinocytes with the complete genome of HPV16 and HPV18 downregulated ASncmtRNAs and
induced a novel sense ncmtRNAs called SncmtRNA-2. Interestingly, although ASncmtRNAs expression
was shown to depend on HPV E2 oncoprotein both ASncmtRNA-1 and -2 were downregulated in the
HPV-positive Hela and SiHa cell lines which did not express E2 [159]. On the other hand, SncmtRNA-2,
whose expression was promoted by E6 and E7 oncoproteins, was not upregulated in Hela and SiHa
cells [159], thus suggesting that other cellular factors may be involved in the regulation of ASncmtRNAs
and SncmtRNA-2 after HPV transformation.

In addition to lncRNAs, it has been recently reported that HPV16 E7 oncoprotein altered the
expression profiles of circRNAs in CSCC cells. In this study, HPV E7 expression altered the expression
of 526 circRNAs; among them, 352 were upregulated whereas 174 were downregulated. Subsequent
bioinformatic analyses indicated that differently expressed circRNAs were likely to be involved in the
mTOR signaling pathway, proline metabolism, and glutathione metabolism [160].

8. HR-HPV-Derived NcRNAs

Besides to promote aberrant ncRNAs expression, HPV has been shown to encode its own
ncRNAs. For instance, a recent study revealed that HR-HPV produced circE7, a circRNA m6A
modified, preferentially localized to the cytoplasm, and associated with polysomes [59]. Zhao et al. [59]
demonstrated that circE7 represented only 1–3% of total E7 transcripts but, although its weak
expression, it was critically involved in HPV-induced carcinogenesis since it was translated to produce
E7 oncoprotein. Accordingly, the disruption of circE7 in HPV-positive CSCC CaSki cells reduced E7
protein levels and inhibited cancer cell growth both in vitro and in vivo. CircE7 could be detected in
TCGA RNA-Seq data from HPV-positive HNSCC and CSCC [59], thus suggesting it might be used
as a molecular biomarker for the presence of HR-HPV and/or as a potential prognostic indicator of
clinical outcome in these patients. CircE7 expression was also found in HPV-driven SCCA [161].
Of note, HPV-positive SCCA with high levels of circE7 showed a trend towards improved survival
respect to those with low or absent circE7 [161] that could be probably due to a strong E7-specific
immune response.

9. NcRNAs as Potential Diagnostic Biomarkers in HPV-Driven Cancers

Consistent with increasing role of ncRNAs in HPV-driven cancers, a number of studies have
reported their potential value as diagnostic biomarkers (Table 4). For instance, MEG3 emerged as a
powerful tool for prediction of tumor size and lymph node metastasis in patients with CSCC [94].
Of note, low MEG3 expression correlated with MEG3 promoter hypermethylation in both tissues [94]
and plasma [95] from CSCC patients. Starting from this evidence, Zhang et al. investigated the
diagnostic power of plasma MEG3 methylation with favorable results; in fact, plasma MEG3 methylation
had high power to discriminate high-grade CIN patients from healthy controls, and to predict HR-HPV
infection and lymph node metastasis [95]. Serum OIS1 was also proven to be an effective diagnostic
biomarker in patients with HPV-positive CSCC since it effectively distinguished them from healthy
controls [90].
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10. Therapeutic Targeting of NcRNAs

Given their stability and distinct cytoplasmatic localization, ncRNAs can be used as novel
therapeutic molecular tools for the treatment of HPV-driven cancers. At present, a number of
RNA-based approaches have been developed to target ncRNAs, including antisense oligonucleotides
(ASOs) or siRNAs (for review see Bajan et al. [162]). In this context, treatment with MALAT-1 specific
ASO decreased the size and the number of tumor nodules in a pulmonary metastasis model of
human lung cancer [163]. Similarly, ASO-mediated knockdown of MALAT-1 expression resulted
in slower tumor growth and metastasis reduction in a mouse mammary carcinoma model [164].
More recently, Kim et al. [165] developed nanocomplexes carrying siRNAs against MALAT-1 that
efficiently enhanced sensitivity of glioblastoma tumor cells to temozolomide both in vitro and in vivo.
In addition to ASO and siRNAs, circRNAs targeting HPV-related RNAs and/or RNA-binding proteins
may represent another promising therapeutic approach. For instance, Jost et al. [166] produced an
artificial circRNA that efficiently sequestered miRNA-122 in in vitro experiments, thereby inhibiting
the propagation of Hepatitis C Virus. These results suggest that RNA-based strategies may improve
prognosis and therapeutic response in patients affected by HPV-driven tumors. However, since
many ncRNAs are located in the nucleus [167], it should be difficult to achieve their knockdown by
using RNA-based approaches. In this case, the clustered regularly interspaced short palindromic
repeats (CRISPR)-associated nuclease 9 (CRISPR/Cas9) technology would provide the best option
to achieve ncRNA-related genome editing since it directly targets the genomic DNA (for review
see Yang et al. [168]). Given these considerations, it is expected that future studies focused on the
CRISPR/Cas9 system for editing ncRNAs will receive increased interest.

Although high-throughput technologies have recently enabled the development of small molecular
compounds that may potentially inhibit ncRNAs in the coming future [169,170], several studies have
demonstrated that existing drugs may also modulate ncRNAs expression. Along this line, Xia et al.
revealed that metformin treatment decreased tumor growth and angiogenesis of HPV-positive CSCC
cell lines, that was likely to depend on the reduced binding of MALAT-1 to the tumor suppressor
miR-142-3p [171]. Besides metformin, a novel chemotherapeutic compound namely Casiopeina II-gly
(Cas-II-gly) modulated MALAT-1 expression in HPV-positive CSCC cell lines. By acting on MALAT-1,
Cas-II-gly inactivated Wnt pathway, thus inhibiting cell proliferation and promoting apoptosis in
HPV-positive HeLa and CaSki CSCC cell lines [172]. Conversely, demethylation of MEG3 promoter by
using 5-aza-2-deoxycytidine upregulated MEG3 expression and reduced proliferation of HPV-positive
HeLa and CaSki cells, indicating the potential use of epigenetic drugs in HPV-driven cancers [94].
At present, other therapeutic agents have been exploited against MEG3, GAS5, and HOTAIR [173–176],
but their effect in HPV-driven cancers still remain to be defined.

11. Conclusions

In addition to miRNAs, a huge list of ncRNAs has been identified in HPV-driven cancers
so far. In particular, the use of high-throughput sequencing technologies, along with loss- and
gain-of-function assays, has demonstrated that the expression of circRNAs, piRNAs, and lncRNAs
promoted tumorigenesis and progression of HPV-positive cancers, thus suggesting they may be
partially responsible for the clinical behavior of these tumors. Despite these findings, the functional
relevance of these ncRNAs in HPV-driven cancers remains rather incomplete, in particular in SCCA
where the field of ncRNAs is still at its infancy. Based on these considerations, more efforts will be
necessary to profile ncRNAs in each HPV-driven cancer type. Furthermore, it will be crucial to better
define molecular mechanisms underlying the association between aberrant ncRNAs expression and
HPV infection, and to fully explore ncRNAs that are directly generated from HPV. In this context,
in vivo experiments that more closely recapitulate the tumor microenvironment will be fundamental.

Numerous studies have documented that ncRNAs expression is tissue and cancer-specific,
suggesting that ncRNAs that are linked to HPV infection could be useful in the early detection of
HPV-driven cancers. More importantly, ncRNAs that show aberrant expression in both HPV-positive
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cancer tissues and biological fluids (i.e., plasma and/or saliva) may have a clinical utility in the
non-invasive liquid biopsy approach for monitoring cancer progression and its treatment response.
Despite these findings, the applicability of ncRNAs as diagnostic and prognostic biomarkers will
require additional studies with larger sample sizes.

HPV-related ncRNAs have been found to be involved in tumor resistance to chemotherapy and/or
radiotherapy, thus indicating they may also provide an important step towards personalized treatment,
in particular for HPV-driven cancers at high risk of recurrence. As mentioned above, ncRNAs can
be directly targeted by RNA-based approaches, but reliable methods for their delivery to tumor cells
are needed. CRISPR/Cas9-genome editing or small drug inhibitors will also offer an exceptional
opportunity to explore ncRNAs as druggable molecules. However, off-target effects and toxicities
should be carefully evaluated before their clinical application. Therefore, although ncRNAs seem to be
therapeutically promising, additional in vitro and in vivo preclinical studies are mandatory to design
novel and more effective targeted therapies for the treatment of HPV-driven cancers.
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Appendix A

Table A1. Long non-coding RNAs (lncRNAs) and PIWI-like proteins deregulated in two or more
different studies.

LncRNAs ID HPV-Driven Cancer Type References

CCEPR CSCC [133–135]

GAS5 CSCC [139–142]

HOTAIR CSCC [144,145,147]

MALAT-1 CSCC [150–154]

MEG3 CSCC [94–96]

PIWI-Like Proteins ID HPV-Driven Cancer Type References

PIWIL4 CSCC, HNSCC [83,86]

CCEPR, cervical carcinoma expressed PCNA regulatory; CSCC, cervical squamous cell carcinoma; GAS5, growth
arrest-specific transcript 5; HNSCC, head and neck squamous cell carcinoma; HOTAIR, HOX transcript antisense
RNA; HPV, Human Papilloma Virus; MALAT-1, metastasis associated lung adenocarcinoma transcript 1; MEG3,
maternally expressed gene 3; PIWIL4, PIWI-like protein 4.
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Abstract: Background: Certain high-risk (hr) types of human papillomavirus (HPV) can cause cervical
cancer in women and penile cancer in men. Hr-HPV can also cause cancers of the oropharynx and
anus in both sexes. In the anal and cervical region, a contribution of co-infections with Ureaplasma
spp. on the persistence of the hr-HPV infection by a profound inflammatory state is suggested.
Here, we investigated if non-HPV sexually transmitted infections are associated with oropharyngeal
carcinoma (OPC). Materials and Methods: In this case-control study, a brush test directly from the
tumor surface of OPC patients (study group) and from the oropharynx of healthy volunteers (control
group), both groups matching in age and sex, was performed. HPV subtypes were detected using
a commercially available test kit. For non-HPV sexually transmitted infections (Ureaplasma spp.,
Chlamydia trachomatis, Mycoplasma hominis, and Mycoplasma genitalium), a multiplex nucleic acid
amplification approach was performed. Results: In the study group, 96 patients (23 female/73 male),
with histologically confirmed OPC and in the control group 112 patients (19 female/93 male), were
included. Oropharyngeal hr-HPV-positivity was detected in 68% (65/96 patients) of the study group
and 1.8% (2/112 patients) of the control group (p < 0.001). In three patients in the study group,
Ureaplasma spp. was detected, whereas no patient was Ureaplasma spp. positive in the control
group (p = 0.097). Chlamydia trachomatis, Mycoplasma hominis, and Mycoplasma genitalium were
negative in both groups. Conclusion: Based on the current study, the prevalence of oropharyngeal
Ureaplasma spp. among patients with OPC is low and does not support a role in oropharyngeal
cancer. However, the detection of the pathogen only among OPC patients but not in the healthy
individuals might indicate a potential role and needs further elucidation.

Keywords: Ureaplasma spp.; sexually transmitted infections; human papillomavirus; oropharyngeal
cancer; brush test

1. Introduction

Changes in sexual behavior in the last decades, like a high number of oral sex partners, seem to
play an important etiological role in the development of human papillomavirus (HPV) positive
oropharyngeal carcinoma (OPC) by HPV transmission [1]. Once an oropharyngeal HPV infection has
occurred, the infection is usually asymptomatic and eliminated by the immune system within a few
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months. Only a small proportion of these infections persist and progress to dysplastic lesions or cancer,
and only the persistence of the virus is oncogenic [2].

Therefore, it is of high importance to understand which factors and mechanisms may contribute
to the persistence of an oropharyngeal HPV-infection and lead to the development of OPC.

Co-factors like smoking and immunosuppression were reported to play a meaningful role in
the process of HPV-persistence [3,4]. Studies in the past reported that a co-existence of HPV with
sexually transmitted infections (STIs) facilitates the persistence and dysplastic transformations of
HPV-associated lesions in the cervix or the anus [5–14].

Mycoplasma and Ureaplasma, a distinguished form of bacteria characterized by their minute
size and total lack of a cell wall, were reported to play an important role in HPV infections, abnormal
cervical cytopathology, and cervical cancer. Ureaplasma urealyticum and Mycoplasma genitalium
may increase the risk of a high-risk (hr) HPV infection, while Ureaplasma urealyticum, Ureaplasma
parvum, and Mycoplasma hominis may increase the risk of abnormal cervical cytopathology [15].

The bacteria are widespread in nature and well known as human parasites, often causing chronic
asymptomatic infections. Mycoplasmas usually exhibit a rather strict host and tissue specificity,
and the primary habitats are the mucous surfaces of the respiratory and urogenital tracts, the eyes,
alimentary canal, mammary glands, and joints [16]. Because mycoplasmas possess the smallest
genome known for free-living organisms, the autonomy of the bacteria is limited and makes them
susceptible to changes in the host organism. Many mycoplasmas themselves cause pathological
changes in the host organism, often complicated by immune disorders. Furthermore, mycoplasmas
can inhibit the p53-mediated checkpoint control of the cell cycle and apoptosis. This indicates that
mycoplasmas might act as a cancer-promoting factors [17]. In vitro studies described the potential
of a Mycoplasma species to a malignant transformation and chromosomal instability in long term
Mycoplasma infected cell cultures [18–20]. Moreover, in epidemiological studies, the detection of
Mycoplasma strains in cancer samples or antibodies against these microorganisms in cancer patients
has been documented [21]. Idhal and coworkers evaluated the presence of anti-M genitalium antibody
in 291 women with ovarian cancer. Their results were suggestive of a potential association between M
genitalium and ovarian cancer (p = 0.01) [22]. Barykova and coworkers described M. hominis to be three
times more frequent in patients with prostate cancer than in those with benign prostatic hyperplasia
and suggested that M. hominis infections may be involved in prostate cancer development [23].
Mizuki and coworkers described a correlation between oral leukoplakia and M. salivarium using
an immunohistochemical analysis. The authors observed small granular fluorescing structures in
the cytoplasm of oral leukoplakia cells, which they identified, based on its morphology and size,
as Mycoplasma species [24]. The substantial increase in the presence of Mycoplasma within the
cytoplasm of oral leukoplakia as compared to the control group with normal oral mucosa cells further
strengthened the potential role of such bacterial pathogen in the development of malignant lesions [25].
Other common sexually transmitted pathogens like C. trachomatis are considered to be possible
co-factors facilitating HPV associated oncogenesis. An association between a C. trachomatis infection
and cervical cancer or its precursor lesions has been described in several previous studies. Potential
mechanisms include alteration of the epithelial tissue due to local inflammatory response making the
region susceptible to HPV infection [26–28].

Colleagues of our study group collected recent anal brush samples in 222 HIV-positive men who
have sex with men (MSM) for the detection of Chlamydia trachomatis, Neisseria gonorrhea, Ureaplasma
spp., Mycoplasma, and HPV genotypes. Out of these participants, 73% were hr HPV-positive, and 19.4%
harbored Ureaplasma spp. Hr HPV-infection was significantly associated with the co-presence of
Ureaplasma spp. (OR 2.59, 95% CI: 1.03–6.54) [14].

Given the similar routes of transmission, the co-presence of HPV with other STIs is not a surprise
even in the oropharyngeal region. Although previous studies reported on the frequency of Mycoplasma
and Ureaplasma spp. detection in the oral cavity [29], data on HPV and non-HPV sexually transmitted
infections (STI) are inexistent among patients with OPC.
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The aim of the study was to evaluate the prevalence of HPV and non-HPV sexually transmitted
infections among patients with a pathologically confirmed malignant tumor of the oropharynx.
To further validate the results, outcomes were compared to a control group of volunteers without head
and neck squamous cell carcinoma (HNSCC). The null hypothesis was that there is no difference in the
prevalence of non-HPV sexually transmitted infections among patients with and without OPC.

2. Results

2.1. Study Population

A total of 208 adult men and women (nOPC = 96 and nhealthy = 112) were included. The mean
age (SD) of the study participants was 61.9 (10.1) years. There was no significant difference in the age
distribution between OPC patients and healthy controls, 61.9 (9.7) versus 62.1 (10.5) years, respectively.
In the study group, the proportion of female patients (23.9%) was slightly higher than in the control
group (17%) (Table 1). Further clincal-pathological parameters of the study group revealed that 68% of
the OPC patients were HPV-positive, radiochemotherapy was the most common treatment modality,
and most patients were classified as UICC stage IV. HPV-positive OPC patients were obviously younger
than the control group (p = 0.006), had lower T-stage (p < 0.001), and lower ASA scores (p < 0.001).
P16 was in 88.5% of the HPV-associated OPC patients positive (p < 0.001) (Table 2).

Table 1. Study population.

Variables Study Group
n = 96

Control Group
n = 112 p-Value

Diagnosis OPC Healthy volunteers
Mean age at diagnosis 61.9 years 62.1 years

Sex 23 female (23.9%)
73 male (76.1%)

19 female (17%)
93 male (83%)

HPV-positivity 65 patients (68%) 2 patients (1.8%) p < 0.001
Ureaplasma spp. 3 patients (3.1%) 0 patients p = 0.097

OPC, oropharyngeal cancer; HPV, human papillomavirus

Table 2. Clinical characteristics of the OPC patients.

Variables HPV-Positive OSC
(n = 65)

HPV-Negative OSC
(n = 31) p-Value

Sex
Male 48 (73.8%) 26 (83.9%) p = 0.204

Female 17 (26.2%) 5 (16.1%)
Age

≤65 years 48 14 p = 0.006
>65 years 17 17

Clinical T-stage
cT1/T2 48 7 p < 0.001
cT3/4 17 24

UICCC
Stage I 0 2 (6.5%)

p = 0.143Stage II 3 (4.6%) 0
Stage III 17 (26.2%) 4 (12.9%)
Stage IV 45 (69.2%) 25 (80.6%)
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Table 2. Cont.

Variables HPV-Positive OSC
(n = 65)

HPV-Negative OSC
(n = 31) p-Value

Therapy
Surgery only 4 (6.3%) 5 (17.9%)

p = 0.183
Surgery and PORT 13 (20.6%) 6 (21.4%)

Surgery and RCT/RIT 6 (9.5%) 3 (10.7%)
Primary RCT/RIT 38 (60.3%) 11 (39.3%)

Primary RT 2 (3.2%) 3 (10.7%)
p16

Positive 54 (88.5%) 3 (12%) p < 0.001
Negative 7 (11.5%) 22 (88%)

ASA score
ASA I/II 55 (87.3%) 13 (50%) p < 0.001

ASA III/IV 8 (12.7%) 13 (50%)

OPC, oropharyngeal cancer; UICC, Union for International Cancer Control; PORT, postoperative radiation; RCT,
radiochemotherapy; RIT, radioimmunotherapy; RT, radiotherapy; ASA, American Society of Anesthesiologist.

2.2. HPV-DNA Detection

A total of 65 (67%) of the OPC patients were positive for HPV DNA. The most common genotype
was HPV 16 (nOPC = 52), followed by HPV 18 (nOPC =4), HPV 33 (nOPC =3) and HPV 35 (nOPC =3).
Moreover, the HPV types HPV 31, HPV 40, HPV 56, HPV 58, HPV 61, HPV 62, HPV 66, HPV 70, HPV
73 and HPV 82 were detected as a single infection or additionally to HPV 16 as a multiple infection
(Table 3). In the control group, two individuals (1.8%) harbored low-risk HPV DNA in the oropharynx.
The detected HPV types were HPV 70 and HPV 64 (Table 3).

Table 3. HPV subtypes in OPC patients.

HPV Subtypes Number and Percent of HPV+ OPC Patients

HPV 16 * 52 patients (80%)
HPV 18 * 4 patients (6.2%)
HPV 33 * 3 patients (4.6%)
HPV 35 * 3 patients (4.6%)

HPV 31 *, HPV 40 **, HPV 56 *, HPV 58 *, HPV 61 **,
HPV 62 *, HPV 66 *, HPV 70 **, HPV 73 *, HPV 82 *

each in 1 patient or additionally to HPV 16 as
multiple infection

HPV, Human Papillomavirus; OPC, oropharyngeal cancer; * high-risk (hr) and probably hr-HPV infection; ** low-risk
HPV infection

2.3. Detection of Non-HPV Sexually Transmitted Infections

Three OPC patients (3.1%) were tested positive for Ureaplasma spp., which was detected in two
patients as a co-infection with HPV 16, and in one patient with an HPV-negative OPC. All other non-HPV
sexually transmitted infections (Chlamydia trachomatis, Mycoplasma hominis, and Mycoplasma
genitalium) were negative in the study group. In the control group, all investigated non-HPV sexually
transmitted infections were tested negative. The difference between the frequency of the Ureaplasma
spp. infections in the study group (three patients) versus the control group (zero patients) did not
reach statistical significance (p = 0.097) (Table 1).

3. Discussion

To the best of our knowledge, this is the first study to examine the presence of HPV in combination
with non-HPV STIs in oropharyngeal samples of patients with histologically confirmed OPCs.
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3.1. HPV and Oropharyngeal Carcinoma

In our study, we found that the prevalence of HPV-positivity was high (68%) in the 96 OPC
patients. HPV-positive OPC patients were younger and had a lower ASA score, which indicates a
lower rate of comorbidities [30] as compared to HPV-negative OPC patients. This is in line with other
studies, which described how HPV positive patients tend to be young and otherwise healthy [31–33].
The most common genotype detected in our study group was HPV 16 (52 patients, 80%), followed by
HPV 18 (four patients, 6.2%), HPV 33 (three patients, 4.6%) and HPV 35 (three patients, 4.6%). This is
in line with previous investigations. Moreover, Fossum and coworkers reported on 166 OPC patients
HPV 16 to be the predominating genotype in 65% of the patients, followed by HPV 33 (17%), HPV 18
(2%), and HPV 31/35/56/59 in one patient each [34].

In the control group, only two patients (1.8%) were HPV-positive. The lack of hr HPV among the
control group in our study may be of high diagnostic value. Although hr HPV negativity may not
exclude the presence of OPC, based on our study, older adults with hr HPV in the oropharynx may be
suspicious of having a head and neck malignancy. These patients may probably be referred to the
department of otorhinolaryngology for clinical examination. There is currently no evidence-based
implementation of an OPC screening [35]. Additional studies are necessary in order to establish an
OPC risk algorithm and to implement this approach in the associated guidelines.

3.2. Non-HPV STI and Oropharyngeal Carcinoma

The use of a multiplex nucleic acid amplification approach enabled the search for the co-existence
of bacterial infections, namely, Chlamydia trachomatis, Ureaplasma spp., Mycoplasma hominis,
and Mycoplasma genitalium, out of a single brush sample. We used a highly sensitive and well-validated
extraction and amplification assays, which make the finding in this study a robust one. Our data show
that Ureaplasma spp. was detected in two HPV-positive OPC patients and in one HPV-negative OPC
patient. Unfortunately, this low prevalence rate of Ureaplasma spp. makes it impossible to assess the
potential role of non-HPV STI in HPV associated malignancy in the oropharynx. With only three OPC
patients in the study group and none of the control group testing positive for Ureaplasma spp., as well
as none testing positive for the other bacterial pathogens, the prevalence of non-HPV STIs was low in
our study (p = 0.097).

There is substantial molecular evidence that a non-HPV STI co-infection might be associated
with cervical or anal carcinogenesis through the induction of a profound inflammatory state [36–39].
Drago and coworkers detected a cervical HPV infection in 31 (68%) and a Ureaplasma parvum (UP)
infection in 21 (46%) out of 64 women. Eighteen patients positive for UP were co-infected with HPV
(86%), of which only two patients (11%) had a normal cytology, whereas 16 (89%) had an abnormal
cytology, showing a cervical intraepithelial neoplasia. The authors suggested that UP may be involved
in HPV persistence and promotes the development of cytological abnormalities [40]. Moreover,
Biernat-Sudolska and coworkers described in 387 women an association between the presence of
urogenital mycoplasmas and HPV infections in cervical smears of women diagnosed with abnormal
cervical cytology. Their statistical analysis demonstrated that the risk of an HPV co-infection increased
two-fold with a concomitant Mycoplasma infection and 4.7-fold with a concomitant Ureaplasma
urealyticum infection [12].

Given the increasing incidence of HPV-associated OPC [41], the observed Ureaplasma spp.
positivity exclusively among OPC patients in our study may be a non-negligible finding, particularly
considering the fact that previous studies had found an association between Ureaplasma positivity
and anogenital dysplasias [14].

There is very scarce literature on non-HPV STIs in the oropharynx. Naksahima and coworkers
investigated the prevalence of STIs in oral gargles in 213 men without OPC attending the sexually
transmitted disease (STD) clinic. The authors detected HPV in 18.8%, N. gonorrhoeae in 15.6%, C.
trachomatis in 4.2%, M. genitalium in 5.2%, and Ureaplasma spp. in 16.0% of the oral samples [29].
In contrast, Deguchi and coworkers described a low prevalence of genital mycoplasmas and ureaplasmas
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in the pharynges of Japanese female sex workers. The prevalence in the pharynx of N. gonorrhoeae,
C. trachomatis, M. genitalium, M. hominis, U. parvum, and U. urealyticum was 4.0%, 2.0%, 0%,
1.2%, 0.2%, and 0.7%, respectively [42]. Moreover, a Dutch study which aimed to assess spontaneous
clearance of chlamydia among high-risk female patients and men who have sex with men found a
relatively low prevalence of pharyngeal chlamydia [43].

Although a previous study went further to analyze the role of non-HPV STI in oral swab samples
among patients with oral dysplastic lesions, similar data among OPC patients is nonexistent. Mosmann
and coworkers examined benign oral lesions or potentially malignant disorders, including oral cancer
patients. They found a prevalence of 34% for HPV, 16% for C. trachomatis, and 3% for HSV. They failed
to test for Ureaplasma and Mycoplasma spp. [44]. By going further into examining OPC patients,
we believe that our study contributes to the pool of data known to date. The search for not only HPV
but also for several other non-HPV STIs among these patients makes this prevalence study a useful
addition to the current understanding.

Epidemiological surveys confirm that oral sexual practice significantly declines with increasing
age [45,46]. Since the median age of our study population was about 60 years, and clearly older than
study participants from previous studies, the low prevalence of non-HPV STIs in the oropharyngeal
region in this study may be partly explained by this epidemiological factor. The fact that our study
participants come from the department of otorhinolaryngology, head and neck surgery, and not from an
STD clinic might be an important factor playing a role regarding the low prevalence of oropharyngeal
STIs. Furthermore, we used a pharyngeal brush with proven high sensitivity and specificity for HPV
detection on OPC patients [47] and not an oral gargle solution. With this test method, we were able to
collect samples precisely from the tumor surface of the oropharyngeal cancer. In contrast to the gargle
solution, with the tumor surface brushing approach, there is no further contact with other regions of
the oropharynx or the oral cavity. A further strength of the study is the fact that the oropharyngeal
brush was exclusively performed by otorhinolaryngologists in the study group and by maxillofacial
surgeons in the control group.

Prospective studies need to elaborate on the clinical and epidemiological significance of this
colonization. If other studies confirm a differential predominance of Ureaplasma spp. among patients
with OPC, the issue of early detection and appropriate antibiotic therapy or eradication might be
a topic. Due to the low prevalence, there was no clear association between Ureaplasma spp. with
HPV-positivity among these patients in our study.

4. Materials and Methods

In this prospective case-control study, consecutive patients scheduled for oropharyngeal tumor
diagnosis at the outpatient unit of the Department of Otorhinolaryngology, Medical University
Innsbruck, Austria, were invited to participate. The admission period was between May 2014 and April
2019. The control group of healthy volunteers was recruited from patients presenting for dentoalveolar
procedures or control examinations at the outpatient clinic of Oral and Maxillofacial Surgery, Medical
University Innsbruck, Austria, between October and December 2019.

This project was conducted in accordance with STROBE guidelines for observational studies [48].
Written informed consent was obtained from each patient who agreed to participate in this study
following a detailed explanation of the procedural workflow. Prior to any patient enrolment, the study
had been approved by the institutional board in charge, i.e., the ethics committee of the Medical
University Innsbruck, Austria. The respective reference number was 1147/2018. The study was
conducted in full accordance with the principles expressed in the declaration of Helsinki.

Inclusion criteria for participation in the study group comprised of a minimum age of at least 18
years and a histologically confirmed OPC. For the control group, healthy volunteers with an age of
over 45 years and without previous or current HNSCC were included.
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4.1. Sample Collection

For sample collection, a validated brush test was used as described in a previous publication [47].
For OPC patients, tumor surface lesions were brushed several times using a cytology brush (digene®

HC2 DNA Collection Device, Qiagen, Hilden, Germany) and rinsed in digene Specimen Transport
Medium. Particular attention was paid to perform the brush precisely from the tumor surface without
the brush coming into contact with the mucosa of the oral cavity. Oropharyngeal brush samples from
control patients were collected by the same method.

4.2. Nucleic Acid Extraction

Nucleic acid extraction was conducted in a fully automated manner (NucliSens® easyMAG®,
Biomerieux, Marcy-l’Étoile, France) according to the manufacturer’s instructions. In brief, out of 500 µL
of the original sample, 110 µL of purified nucleic acid was extracted using magnetic silica particles.
This method is a highly sensitive approach since it allows the capture of all nucleic acid available in a
sample, and the separation from silica leads to no loss of extracted material.

4.3. HPV DNA Detection and Genotyping

After real-time amplification of the HPV-L1 genome using a one single-step PCR (5 µL of purified
nucleic acid), genotyping followed using allele-specific reverse line-blot hybridization of the PCR
products. These biotinylated PCR products then bind with target-specific probes that are bound to
a nylon membrane (strip), permitting the differentiation of 40 high-risk (hr-HPV) and low-risk HPV
genotypes. HPV genotypes detectable in this assay include types 6, 11, 16, 18, 26, 31, 33, 35, 39, 40,
42, 43, 44, 45, 51, 52, 53, 54, 55, 56, 58, 59, 61, 62, 64, 66, 67, 68a/b, 69, 70, 71, 72, 73, 81, 82, 83, 84, 87,
89, and 90. Beta-globin was used as an internal control assuring the validity of the test by controlling
for sample quality, the performance of the extraction, and the validity of nucleic acid amplification.
Moreover, the presence of the dUTP/UNG system within the reagents of the kit help prevent carry-over
contaminations. (Ampliquality Type Express, AB ANALITICA, Padua, Italy).

4.4. Detection of Non-HPV STIs

Ten µl of DNA extract (NucliSens® easyMAG®, Biomerieux) was used for the amplification of
Ureaplasma spp., Mycoplasma genitalium, Mycoplasma hominis, and Chlamydia trachomatis DNA
using a validated multiplex nucleic acid amplification kit (AmpliSens® multiprime-FRT, Moscow,
Russia) according to the thermocycling conditions recommended by the manufacturer. The kit is
equipped with negative and positive controls, as well as an internal control system verifying the
extraction and the amplification steps.

4.5. Data Analysis

Data were analyzed using SPSS® (IBM Corp. Released 2016. IBM SPSS Statistics for Windows,
Version 24.0. Armonk, NY, USA). Frequency data were tabulated and analyzed with Fisher’s exact test
or with the Kruskal-Wallis test for ordered alternatives. No statistics were computed for Chlamydia
trachomatis, Mycoplasma hominis, and Mycoplasma genitalium because these are constants in both
groups [49]. For continuous data, means and standard deviations (SD) are provided unless stated
otherwise [50]. A p-value of < 0.05 was considered statistically significant.

5. Conclusions

Our study shows that the prevalence of non-HPV sexually transmitted infections among patients
with OPC is low. Although Ureaplasma spp. has been implicated as a potential HPV-associated
carcinogen in anogenital cancers, the low frequency in this study (both in the HPV-positive and
HPV-negative patients) does not support a role in oropharyngeal cancer. However, beyond the obvious
predominance of hr-HPV, the detection of Ureaplasma spp. only among OPC patients but not in the age
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and sex-matched control group represents an interesting finding. Given the fact that Ureaplasma spp.
were previously shown to be associated with hr-HPV infection or HPV-associated dysplasia, further
evaluation of a potential link between a HPV and Ureaplasma spp. co-infection in the pathogenesis of
oropharyngeal carcinoma should be evaluated in larger studies.
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Abstract: Despite the well-known role of chronic human papillomavirus (HPV) infections in causing
tumors (i.e., all cervical cancers and other human malignancies from the mucosal squamous epithelia,
including anogenital and oropharyngeal cavity), its persistence is not sufficient for cancer development.
Other co-factors contribute to the carcinogenesis process. Recently, the critical role of the underlying
stroma during the HPV life cycle and HPV-induced disease have been investigated. The tumor
stroma is a key component of the tumor microenvironment (TME), which is a specialized entity.
The TME is dynamic, interactive, and constantly changing—able to trigger, support, and drive tumor
initiation, progression, and metastasis. In previous years, in vitro organotypic raft cultures and in vivo
genetically engineered mouse models have provided researchers with important information on the
interactions between HPVs and the epithelium. Further development for an in-depth understanding
of the interaction between HPV-infected tissue and the surrounding microenvironment is strongly
required. In this review, we critically describe the HPV-related cancers modeled in vitro from
the simplified ‘raft culture’ to complex three-dimensional (3D) organotypic models, focusing on
HPV-associated cervical cancer disease platforms. In addition, we review the latest knowledge in the
field of in vitro culture systems of HPV-associated malignancies of other mucosal squamous epithelia
(anogenital and oropharynx), as well as rare cutaneous non-melanoma associated cancer.

Keywords: human papillomaviruses (HPVs)-related cancers; tumor microenvironment (TME);
3D organotypic models; cervical cancers; anogenital cancers; oropharynx cancers

1. Introduction

Human papillomaviruses (HPVs) are double-stranded circular DNA epitheliotropic tumor viruses
that are causally associated with all cervical cancers, as well as a significant fraction of several other
human malignancies arising from the mucosal squamous epithelia of the anogenital tract (vaginal,
vulvar, anal, penile), oral, and oropharyngeal cavity (mouth, throat, nasal sinuses, larynx, pharynx,
salivary glands, and neck lymph nodes) and, infrequently, from the cutaneous epithelium (skin) [1–3].
According to 2018 data from the Global Cancer Observatory (GLOBOCAN), it is recognized that HPV
contributes to more than 90% of cervical and anal cancers, approximately 78% of vaginal, and 25% of
vulvar cancers, almost 53% of penile cancers, and 30% of head and neck cancers (HNCs), including
oropharyngeal, oral cavity, and laryngeal cancers (30%, 2.1%, and 2.4%, respectively) (Figure 1) [4].
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Figure 1. Representation of the estimated number percentage of human papillomavirus (HPV)-
associated cancers vs. different cancer subsites. *Head and Neck cancers include oropharyngeal, oral 
cavity and laryngeal cancers. 

Recent findings indicate that about 60%–70% of the oropharyngeal cancers may be linked to 
HPV, although traditionally they were considered to be caused by tobacco and alcohol, or by a 
combination of these [5,6]. Based on their oncogenic potential, HPVs are classified as low-risk (LR) 
or high-risk (HR) viruses [7]. LR-HPVs can cause benign genital warts or laryngeal papilloma, 
whereas HR-HPV types are considered causally associated with nearly all cases of cervical cancer, 
other cancers of the lower female reproductive system and anus, as well as a high number of 
oropharyngeal cancers. The HR types include HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59. 
Others are considered as potential HR including HPV 53, 66, 70, 73, and 82. The most virulent HR-
HPV genotypes (HPV16 and HPV18) are major contributors to cervical cancer (50% of cervical 
squamous cell carcinoma are HPV16-positive and 35% of cervical adenocarcinomas are positive for 
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(HPV)-associated cancers vs. different cancer subsites. *Head and Neck cancers include oropharyngeal,
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Recent findings indicate that about 60%–70% of the oropharyngeal cancers may be linked to HPV,
although traditionally they were considered to be caused by tobacco and alcohol, or by a combination
of these [5,6]. Based on their oncogenic potential, HPVs are classified as low-risk (LR) or high-risk (HR)
viruses [7]. LR-HPVs can cause benign genital warts or laryngeal papilloma, whereas HR-HPV types
are considered causally associated with nearly all cases of cervical cancer, other cancers of the lower
female reproductive system and anus, as well as a high number of oropharyngeal cancers. The HR
types include HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59. Others are considered as potential HR
including HPV 53, 66, 70, 73, and 82. The most virulent HR-HPV genotypes (HPV16 and HPV18) are
major contributors to cervical cancer (50% of cervical squamous cell carcinoma are HPV16-positive
and 35% of cervical adenocarcinomas are positive for HPV16 and HPV18), with 30% being caused by
other HR-HPV types. Of note, most cervical intraepithelial neoplasia (CIN) lesions are HPV-related
(HPV6/11/16/18 contribute to 23%–25% of CIN1, 38.4–39% to CIN2, and 58% to CIN3) [8]; HPV-negative
CIN has also been reported. HPV16 is most commonly involved in the other HPV-induced cancers
(e.g., oropharyngeal cancers ~25%) [9–12]. Recurrent respiratory papillomatosis is highly associated
with LR-HPV6/11. HPVs are also responsible for a significant proportion of precancerous lesions of
the vulva (vulvar intraepithelial neoplasia grades 2 and 3, VIN2/3), vagina (vaginal intraepithelial
neoplasia grades 2 and 3, VaIN2/3), anus (anal intraepithelial neoplasia grades 2 and 3, AIN2/3), penis
(penile high-grade squamous intraepithelial lesions), head and neck, as well as genital warts [13].

Although HPV infection is usually solved by the immune system and the vast majority of the
virus infections are transient and asymptomatic, persistent HPV infections have an increased chance to
induce epithelial cell abnormalities that can ultimately cause cancer [14,15]. HR-HPVs infect a wide
range of epithelial sites, but cause cancer at these sites at different frequencies [16]. In detail, HPV
initial infection can occur on monolayer squamocolumnar cells, or on squamocolumnar junction cells
at the transformation zone regions of the cervix and anus, as well as on the reticulated epithelium of
the palatine tonsil. However, HPV infection may also arise upon micro-abrasions of multi-layered
epithelium [16,17]. HPV affinity to junctional tissues is due to the fact that the basal cells of the
squamocolumnar transformation zone are particularly accessible and are thought to be more receptive
toward HPV-mediated transformation [18]. On the other hand, HPV life cycle is closely linked to the
differentiation program of the pluristratified epithelial host cell [19,20]. HPV may access dividing
basal epithelial cells by falling down micro-abrasions in the epithelium and attaching to cells using
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common cell surface molecules [21]. The initial HR-HPV type infection determines low grade disease
(low-grade squamous intraepithelial lesions, LSIL), due to inhibition of the normal differentiation
in the lower third of the epithelium. The lesion may remain low-grade, regress, or progress to
severe dysplasia or high-grade squamous intraepithelial lesions (HSIL). This latter stage may persist
for several years or may progress from premalignant disease (CIN2/3) to invasive cancer, which,
in some cases, leads to metastatic [22]. The relationship between HPV and the host genome may
change during progression from premalignant to malignant phases of the disease [23]. The HPV
genome integration in the host cell genome often occurs in HSIL, but episomal DNA is found in
some cancers [24]. As a consequence, investigating the involvement of the HPV infection in the
development of cancer is clinically and scientifically relevant. The progression of HPV replication
and the early viral gene expression (E6 and E7) requires a highly-regulated differentiation program
of stratified epithelia. In particular, HPV E6 and E7 oncoproteins partially inhibit and/or delay
epithelial differentiation in the host cells via a variety of mechanisms, some of which involve the
inactivation of pro-proliferative targets, such as retinoblastoma protein (pRb) and p53, promoting
the epithelial cell proliferation and evading the apoptosis process [25,26]. Moreover, upon HPV
infection, the stratified epithelium starts communication with the underlying stroma. HPVs interact
predominantly with extracellular matrix (ECM) components during keratinocytes infection through the
link with membrane-associated heparan sulfate proteoglycans, determining the HPV-infected epithelial
cells invasion across the stromal barrier [27–29]. More recently, important and emerging roles during
the HPV life cycle and HPV-induced disease of the matricellular proteins constituting the underlying
stroma, or tumor microenvironment (TME), have become clearer [30]. For several years, the role of the
TME in carcinogenesis has been underestimated, considering the stroma as a merely supportive scaffold
upon which epithelial cells adhere, but it is now recognized that the stromal-to-HPV-infected-epithelial
communication events play a key role in carcinogenesis [31]. Furthermore, stromal fibroblasts, a major
cellular component of the connective tissues, also provide important signals in the development
and progression of cancer, and it would be interesting to study their role in regulating the HPV
life cycle and their presence in the neighborhood of HPV-induced lesions [32]. Of note, there is
evidence that cancer-associated fibroblasts (CAFs), fibroblasts activated by paracrine mediators
produced by cancer cells, may facilitate HPV-mediated carcinogenesis through a variety of mechanisms
involving stromal-to-epithelial crosstalk [33]. Furthermore, the bidirectional communication between
epithelial cells and the TME has been reported to affect tumor initiation and neoplastic progression
to metastasis and drug resistance [34]. Researchers assume that, in response to this communication,
the microenvironment interchanges contact through various stromal-to-epithelial signaling events
involved in HPV-positive epithelial cell growth, disease initiation, and maintenance [35]. In vitro
model systems able to replicate the interactions between HPV-infected tissue and the surrounding
TME are required to an in-depth understanding of these phenomena (Figure 2). The aim of this review
article is to summarize the most recent advancement in the field of tissue engineering regarding the
development of the 3D organotypic model of HPV-associated disease, focusing firstly on cervical cancer
disease, and then to other human mucosal malignancies-derived, spanning from the anogenital tract,
oropharynx to cutaneous epithelium. This review also addresses the issue of the cross-talk between
the stroma and its microenvironment on HPV-infected epithelia, emphasizing the need for most
relevant human in vitro models to study the host-pathogen, as well as HPV-infected-TME interactions
in cancer development.
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Figure 2. Timeline representing the evolution of in vitro culture systems for the study of HPV-related
diseases. (a) Two-dimensional (2D) cell mono- or co-culture models have been used since the early
1900s; (b) in the 1980s, air-liquid interface (ALI) cultures were developed; these models consist of the
epithelial cells seeding onto a semi-permeable membrane, allowing the formation of the epithelial strata;
(c) three-dimensional (3D) collagen cell culture represented the first 3D model that reconstructs both
epithelium and stroma and were developed in 1990s: primary or immortalized cells are cultured for 2–3
weeks onto the fibroblasts-feeder-layer or on collagen matrix populated with fibroblasts, intending to
mimic the lamina propria. The epithelial cells, then, are induced to stratify and differentiate; (d) complex
3D organotypic models built up from tissue explant-repopulated-matrix, de-epidermized culture or
endogenously produced extracellular matrix (ECM) was developed in the 2010s. These models provide
a complex ECM with a well-differentiated epithelium that physiologically resembles the native tissue.

2. HPV-Related Cervical Diseases

In developing countries, cervical cancer is still the second leading cause of cancer death, while in
the western world the number of deaths continues to decrease thanks above all to the introduction of
an early diagnostic examination [36]. One of the main risk factors for cervical cancer is HPV infection
that is sexually transmitted. However, not all HPV infections cause cervical cancer. Most women
who come into contact with such viruses are able to resolve the infection, with their immune systems,
without subsequent consequences in their health. Finally, it has now been ascertained that only some of
the over 100 types of HPV are dangerous from an oncological point of view, while the majority remain
silent, or only give rise to small benign tumors called papillomas (also known as genital warts) [17].
Other factors can increase the risk of cervical cancer, including cigarette smoking, familiarity and
genetic features, diet and obesity, as well as bacterial infections (e.g., Chlamydia trachomatis) [37–39].
Cervical cancers are classified according to the cells from which they originate in two types: squamous
cell carcinoma, which accounts for 80% of cervical cancers, and adenocarcinoma, which accounts for
about 15% percent of cervical cancers. Squamous cell carcinoma is a tumor that arises from the cells
covering the surface of the exocervix while adenocarcinoma is a cancer that starts from the glandular
cells of the endocervix. Adenosquamous carcinomas are known to be uncommon cervical tumors with
a mixed origin [40]. The precursor lesions of cervical cancer are classified as a squamous intraepithelial
lesion (SIL) or, an alternative term, cervical intraepithelial neoplasia (CIN), and are graded into three
categories (I to III) depending on the extent of abnormal maturation: from low-grade lesions (CIN I)
to dysplastic (CIN II) and severely dysplastic (CIN III). Viral genome integration has been proposed
as an activation mechanism for progression from low- to high-grade lesions [41]. HPVs firstly infect
basal epithelial cells, amplifying their genomes as low-copy-number, autonomously replicating in
episomal form (establishment phase). Whereas, in the maintenance phase, the viral genomes are stably
maintained at an almost constant copy number. The replication of the viral genomes occur during the
S-phase, in synchrony with the host DNA replication. Moreover, in the productive or vegetative phase
in vivo, which occurs only in highly differentiated cells, a high copy of numbers of the viral genomes
are produced, and the packaging of viral capsids occurs only on the most highly differentiated layers
of the epithelium [42–44].
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2.1. In Vitro Model to Reproduce HPV Life Cycle in HPV-Related Cervical Cancers

The first models produced for investigating the HPV replication mechanisms were developed by
transplanting infected foreskin explants into immune-compromised mice with the aim to propagate
virion stocks from HR-HPVs (HPV16 and HPV18) [45,46]. However, although the animal model
can provide considerable basic information on cervical lesion formation and regression, they have a
number of limitations linked to the species specificity, different histological appearance, and epithelial
tropisms of the HPVs [19,47]. In fact, HPVs are able to reproduce their entire life cycle only in human
stratified epithelial cells and cause cancers at discrete epithelial sites for which straightforward in vivo
models are missing [48]. The first attempts to produce the HPVs life cycle in vitro have met with
little success. Researchers have hardly worked on the development of in vitro model systems that
accurately mimic the mechanism of HPV infection in humans. Due to the correlation between the HPV
life cycle and squamous epithelial differentiation, the most powerful in vitro models are represented
by three-dimensional (3D)-organotypic epithelial tissues, known as “raft” culture [49,50]. Raft cultures
have allowed normal keratinocytes to stratify and fully differentiate in air-liquid interface culture to
produce a squamous full-thickness epithelial tissue when seeded on the top of a dermal equivalent,
consisting of the fibroblast layer or fibroblast-populated collagen gel [51]. These 3D models have
provided an environment permissive for recapitulating and modulating the infection program of
cancer-associated HR-HPVs [52,53], which cause the majority of cervical cancers. Raft cultures were
first developed by Asslineau and Pruniéras [54] and then improved by Kopan et al. [55], who have
reproduced the entire HPV life cycle, including virus production, and have developed a dysplastic
lesion similar to those observed upon in vivo HPV infection. In subsequent years, the HPV particles
assembly has been studied with the use of in vitro-derived particles, such as virus-like particles (VLPs),
pseudovirions (PsV), and quasivirions (QV) [56–58]. However, these techniques suffer from technical
constraints for the production of “native” HPV virions in 3D organotypic culture. More recently,
Conway et al. showed the “native” HPV virion production in a 3D organotypic model, obtained by
immortalizing in vitro human foreskin keratinocytes (HFK) on 3T3 feeder layer, which allowed to deep
investigate the HPVs’ assembly and maturation [59]. Infectious HPV progenies were isolated from such
3D organotypic models initiated with cells that maintain the HPV genome in the extrachromosomal
replicative form [60]. In recent years, an increasing number of publications have reported the use of raft
cultures produced with in vitro integrated human papillomavirus sequences in the cervical cancer cell
line (Table 1). The latter are cervical carcinoma derived cell lines, such as SiHa cells, which contain an
integrated HPV16 genome (HPV16, 1–2 copies/cell) [61], CaSki cells that contain an integrated HPV16
genome (600 copies/cell) as well as sequences related to HPV18 [62], and HeLa cells that contain HPV18
sequences cultured on collagen-populated-fibroblast gel [63,64]. C-33a, a pseudodiploid human cell
line, was usually used as a control since these cell types are negative for human papillomavirus DNA
and RNA [65]. Additionally, established squamous carcinoma cell line were seeded onto collagen plug
to reproduce the dysplastic morphologies mimicking the pre-neoplastic lesions seen in vivo [52,66,67].
Other researchers reported the use of HPV-16 episome, containing normal immortalized human
keratinocyte line (NIKS) that has been extensively cultured to study some aspects of HPV biology and
transformation, particularly on raft culture [68]. As it is known, the physical state of the virus changes
in the host cells from ‘episomal’ to ‘integrated’ in the polyclonal premalignant lesion, potentially
promoting the disruption of human gene loci that are relevant to cancer pathogenesis [69]. In this
perspective, Stanley et al. produced a non-tumorigenic human cervical keratinocyte cell line, i.e., W12,
from a polyclonal culture of cervical squamous epithelial keratinocytes naturally infected with HPV16,
which were derived by explant culture of a low grade-SIL, histologically diagnosed as CIN I [70]. They
demonstrated that, at early passages, these ‘parental’ W12 cells are able to maintain a stable genome and
phenotype. In 3D organotypic culture, W12 cells maintain the HPV16 genome as episomes at about 100
copies per cell, recapitulating a low grade-SIL. In long-term culture, W12 cells lose these properties and
phenotypically progress to high grade-SIL and then to squamous cervical carcinoma (SCC) with HPV16
DNA integration, recapitulating the host events associated with cervical carcinogenesis in vivo [71].
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On the other hand, primary HFK isolated from clinical circumcision at a low passage, that stably
maintaining episomal HPV genome, have been frequently used in the laboratory due to the ease of
isolation and the high cell yield [72–77]. Notwithstanding, an important aspect to take into account
when the researcher decides to build a 3D organotypic model is the use of cells derived from the organs
that they intend to study. The epithelia of different organs have a dissimilar differentiation program
with or without epithelial keratinization and with different cytokeratins expression at the epithelial
layers [78,79]. Moreover, HR-HPVs differently re-program the keratinocytes to express or delay the
epithelial differentiation by altering the expression pattern of specific differentiation markers [80].
These phenomena appear to be unique in every anatomical site. For this reason, it is, however,
incorrect to use HFK to reproduce cervix uterine models in vitro, although they are more available
than cervical tissues. Such models do not reproduce the histological features of the cervical tissue
but display the distinctive cutaneous skin morphology. In addition, HPV-infected epithelial mucosa
of cervix uterine showed differences from skin particularly in terms of hormone responsiveness and
immunological activators [81]. Preferably, 3D organotypic models have to be developed from primary
cervical keratinocytes derived from healthy biopsies, and infected by introducing, experimentally,
the HPVs or by propagating cervical keratinocytes isolated from naturally HPV-infected biopsies from
cervical lesions [17,82]. In this perspective, some scientific reports have established a patient-derived
cell culture system by using fresh cervical biopsies as a more accurate alternative to traditional cervical
cancer-derived cell lines [83,84]. In detail, De Gregorio et al. developed an organotypic cervix model
by using primary cervical cells, obtaining a complete ectocervical epithelium that showed all the
characteristic epithelial differentiation markers when seeded onto a complex and auto-produced
ECM [83]. Recently, Villa et al. devised a protocol to isolate and resuscitate (after freezing) cervical
keratinocytes to model organoid culture [84]. These models closely resemble the in vivo stratified
epithelium and may be useful for investigating the complex molecular mechanism of cervical neoplastic
transformation related to persistent HPV infection.

2.2. In Vitro Organotypic Systems to Model Tumor Microenvironment in HPV-Related Cervical Cancer

It is now established that the stromal microenvironment contributes to tumorigenesis in
HPV-related cervical cancer and that the TME sends signals that guide growth, tumor progression,
and the formation of metastases, as well as resistance to anticancer drugs [85,86]. CAFs are known to
have an active role in tumorigenesis providing relevant signals in the development and progression of
the pathology through the release of growth factors that guide ECM remodeling and angiogenesis [87,88].
In addition, alterations in the production of ECM proteins, as well as ECM remodeling enzymes,
can influence the stroma by modulating the carcinogenic potential of adjacent epithelial cells [87].
Emerging evidences suggest that a bidirectional crosstalk between HPV-positive epithelia and the
underlying stroma occur during cancer progression [88,89]. In recent years, cervix models have been
developed by culturing epithelial cells onto human foreskin or mouse 3T3-J2 fibroblasts (Table 1) to
generate feeder layers as stromal equivalent, emphasizing the crucial role of the fibroblasts in the
epithelial cell culture and propagation [90]. Some researchers have also highlighted the fibroblasts
feeder layers involvement in promoting homeostasis and proliferation of the cervical epithelial cells by
direct contact-dependent and/or indirect paracrine signaling, including soluble factors, such as growth
factors and cytokines, as well as ECM components [90,91]. In this direction, researchers demonstrated
that fibroblasts enhance, specifically, the HPV16- and HPV18-positive cervical epithelial cells growth
and inhibit the normal epithelial cells growth by a ‘double-paracrine’ epithelial-stromal signaling
mechanism involving, e.g., interleukin-1 proteins production [92,93]. In addition, fibroblasts feeder
layers are also required for the HPV genome maintenance as extrachromosomal episomal form in
HPV-infected cells, such as W12 [94]. More complex 3D cervix-like constructs, consisting of foreskin
fibroblasts embedded within some matrices, such as rat tail fibrillar collagen, polymeric scaffolds,
or de-epidermalized matrix, were developed in order to promote the epithelial cell stratification and
provide support comparable to the extracellular matrix [49]. Recent studies pointed out that ‘human’
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stromal fibroblasts promoted much more epithelial invasion than ‘mouse’ fibroblasts in HPV-positive
epithelia grown on raft culture, demonstrating the need for associating tissue-specific cells with specific
tissue to better reproduce the native microenvironment for in vitro tumor modeling [95,96]. Moreover,
3D organotypic cultures built up from cervical tissue derived from healthy or tumor/cancer-associated
keratinocytes and fibroblasts, may be used to correctly resemble, in vitro, the native morphologic
and histologic cervical features, and also to better elucidate the interactions between stromal and
epithelial compartments in the carcinogenetic process [97,98]. In a pioneering work, a 3D organotypic
cervical model was developed by using tissue-specific cells from different organs, among this uterine
cervix, to replicate more faithfully the native tissue, showing the epithelial invasion through the
basement membrane during tumor progression [99]. Other studies highlighted the crucial role of
the stromal-derived factors in promoting epithelial invasion in cervical cancer [100]. Furthermore,
another important aspect to take into account when fabricating the engineered tissue equivalents
is organ complexity. Reconstructed models should provide the same structure and composition
as the cervical mucosa, including, for example, the presence of both collagen and non-collagenous
proteins (glycosaminoglycans, etc.) that, in vivo, are involved in the ECM remodeling occurring during
epithelial mesenchymal transition (EMT) process [101,102]. Although the ECM represents a non-cellular
component within tissues, to which, generally, a supporting role is ascribed, it has been recently
recognized that ECM has a fundamental functional repository role for several factors that dynamically
modulate the TME [103]. Some molecules are deposited into the ECM and remain latent until activated.
Among these, the Matrix Metalloproteinases (MMPs) hollow out space in the matrix allowing cells
to migrate by degrading ECM components [104]. MMPs also regulate the epithelial cell migration
and interactions within the stroma [105]. To demonstrate this, Fullar et al. investigated the action of
the HPV16 on the MMPs produced by epithelial cells and fibroblasts during EMT and carcinogenesis
processes [106]. Other researchers highlighted the induction of the ECM remodeling in HR-HPV positive
models [107]. It is well known that, in vivo, the cervical stroma undergoes a controlled remodeling
by quantitative/qualitative protein changes mediated by specific enzymes and the dysregulation
of the ECM composition, structure, stiffness, and abundance affects the pathophysiological tissue
status, contributing to several pathological conditions, such as invasive cancer [103,108]. Recently,
cervical microtissues have been used as functional units for the manufacture of an endogenous
cervical stroma, with stromal characteristics comparable to those of the native cervix. This complex
3D cervix tissue equivalent was provided by a specialized ECM microenvironment featured by
an autologous and responsive ECM and an auto-produced basement membrane. Indeed, the 3D
completely scaffold-free ECM was able to guide the formation of fully differentiated and stratified
epithelium, establishing the correct cross-talk between stroma and epithelium [83]. Organotypic
tissues that recapitulate in vitro the composition and structural organization (epithelial stratification,
functional basement membrane, fibroblast populated stroma, complex ECM) of their native counterpart
represent a new model for studying tumor progression and evaluating combined therapies in
non-animal models (Table 2). Consistent with this finding, unpublished work from our laboratory
indicates the importance of stromal-to-epithelial communication in guiding the mesenchymalization
in HPV-positive epithelia. The crucial role of the cervical cancer-associated fibroblasts, as well as
the stromal microenvironment in the biochemical changes that enable the epithelial cells to assume
a mesenchymal cell phenotype, were evidenced by analyzing EMT markers expression. Altered
expression of the adhesion molecules, the collagenous and non-collagenous proteins as well as the
ECM remodeling have been further highlighted. Finally, an up-regulation of the gene expression of
late viral proteins on HPV-positive epithelial cells cultured on a diseased cervical model was also
found. The epithelium-to-stroma and stroma-to-epithelium crosstalk may be the mechanism through
which the viruses manipulate their environment and vice-versa, in the case of tumor-associated
viruses, contributing to carcinogenesis [27]. It’s also noted that the carcinogenesis of cervical carcinoma
implies an intricate interplay of neoplastic, HPV-infected epithelial cells, and stromal tissue including
non-tumoral cell types [109]. The HPV-positive epithelium and stromal cells (CAFs, endothelial
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cells, immune cells and neuronal cells) communicate with HPV-infected epithelium through the
exchange of growth factors (Transforming growth factor beta (TGF-β), Vascular endothelial growth
factor (VEGF), Heparin-binding EGF-like growth factor (HB-EGF), Epidermal growth factor (EGF)),
cytokines (Interleukins (ILs), chemokine (C-X-C motif) ligand 1 (CXCLs) and CC chemokines (CCLs)),
neurotransmitters, ECM molecules (MMPs) and other molecules (macrophage colony-stimulating
factor (M-CSF), Granulocyte-colony stimulating factor (G-CSF)), leading stromal remodeling, cancer
cells proliferation and angiogenesis processes [27]. A thorough mapping of the non-tumoral cell types
that populate the TME is critical to understand their unique roles in tumor biology. Interestingly, tumor
innervation is associated with worse clinical outcomes in several solid cancers [110,111], emphasizing
nerves as microenvironmental factors that may contribute to tumor progression. Scientific reports
suggest that carcinogenesis alters cervical innervation, demonstrating the role of the HPV-positive
cervical cancer cell lines in effectively stimulate neurite outgrowth [112]. Furthermore, an essential
component of the tumor-associated stroma is the vasculature, composed of blood and lymph
vessels [109]. The induction of angiogenesis is an early event in cervical carcinogenesis [113].
In details, in low-grade lesions, there is an increase in the number of capillaries in the cervical stroma
underlying the dysplastic epithelium. In high-grade lesions there is an additional increase in the
number of vessels that appear to be organized into a dense micro-vascular array in close relation to the
overlying neoplastic epithelium. Furthermore, in some high-grade lesions, stromal vascular papillae
are formed that reach towards the surface of the epithelium [114]. Over the past years, the endothelial
cells have been used in vitro as feeder for keratinocytes to support epithelial cell differentiation [32].
Other studies reported the HPV-dependent angiogenic response in terms of proliferation and migration
of the endothelial cells when cultured with conditioned media from HPV positive cells [115]. In this
perspective, a further implementation of the complexity of the 3D organotypic cervix models may be
to insert non-tumor cells (endothelial vascular cells and/or neuronal cells) at the stromal level to study
the interaction between stroma and their adjacent complex TME [116,117]. Furthermore, immune cells
infiltrate, such as macrophages, and T-cells as potential anti-cancer cellular weaponry may also greatly
implement the 3D models’ complexity [118,119] (Figure 3). Finally, the reproduction of the microbial
species of the cervical microbiota may be a step forward for the reproduction of models that faithfully
mimic the native tissue [120,121].

Table 1. Summary of different cell types used to develop tissue engineered cervical mucosa.

Cell Lines HPV Types Physical State References

Epithelial Cells
SiHa HPV16 Int. [61,64]
CaSki HPV16/18 Int. [62,64]
HeLa HPV18 Int. [63,64]
W12 HPV16 Int./Epi. [70,71]

C-33a - - [65]
NIKS HPV16 Epi. [68]

Primary HFK HPVs Int. or Epi. [72–77]
Primary HCK HPVs Int. or Epi. [82–84]
Stromal cells

3t3J2 fibroblasts - - [90]
Primary HFF - - [91–93]
Primary HCF - - [83,84,95,106]

Int. = integrated HPV genome; Epi. = episomal HPV genome; HFK = human foreskin keratinocytes; HCK = human
cervical keratinocytes; HFF = human foreskin fibroblasts; HCF = human cervical fibroblasts; NIKS = normal
immortalized human keratinocyte line.
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Table 2. Summary of organotypic cervical models pointing out their advantages and limitations.

Cell Culture Systems Advantages Limitations References

2D cell culture
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Figure 3. Diagrammatic representation of the bidirectional cross-talk between HPV-positive
epithelium and tumor microenvironment (TME). HPV-positive epithelium and stromal cells
(CAF, endothelial cells, immune cells and neuronal cells) communicate with HPV-infected
epithelium through the exchange of growth factors (TGF-β, VEGF, HB-EGF, EGF), cytokines
(IL, CXCLs and CCLs), Neurotransmitters and ECM molecules (MMPs) and other molecules
(M-CSF, G-CSF). Large black arrows represent the bidirectional communication between
HPV-positive epithelium and stromal cells. Small black arrows in the squares represent an
increase (up arrow) of specific factor. CAF = Cancer-Associated Fibroblast; IL = Interleukins;
CXCs/CCLs = Chemokines; TGF-β = Transforming Growth Factor-beta; EGF = Epidermal Growth
Factor; HB-EGF = Heparin-binding EGF-like growth factor; FGF-2 = Fibroblast Growth Factor-2;
VEGF = Vascular Endothelial Growth Factor; M-CSF = Macrophage Colony-Stimulating Factor;
G-CSF = Granulocyte-Colony Stimulating Factor; MMPs = Metalloproteinases.

3. HPV-Related Human Malignancies Arising from Mucosal Squamous Epithelia: Head and
Neck and Anogenital-Tract Cancers

3.1. Head and Neck Cancers

Head and Neck cancers (HNCs) represent a heterogeneous group of tumors that include cancer
of squamous epithelial cells of the oral cavity (mouth and throat), nasal cavity (sinuses), larynx
and pharynx, salivary glands and lymph nodes in the neck [3]. Connective tissue cells such as
CAFs promote squamous cell carcinoma proliferation, invasion, and metastasis, on the contrary
lymphocytes are rarely involved in HNCs (about 10%) [124–126]. A large number of HPV-associated
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HNCs are caused by HPV16 and, although are hard to treat, they have favorable prognosis compared
to HPV-negative HNCs. Moreover, 3D organotypic models provide a useful tool to evaluate the
sensitivity of HPV-positive and HPV-negative cancer cells exposed to different therapeutic strategies to
identify potential druggable targets for tailored therapy [127]. Among the heterogeneous group of
Head-Neck cancers, HPV-related oropharyngeal cancers, that have a favorable prognosis compared
to HPV-unrelated tumors, were deeply studied to have a better understanding of the HPV role in
exacerbating malignant phenotypes [126]. In this direction, organotypic raft cultures, which included
immortalized oral/oropharyngeal squamous carcinoma cell lines seeded on submucosal equivalents
consisting of type I collagen and normal human oral fibroblasts, was used to study key characteristics
of cancer [128,129]. Other researchers have developed an oral cancer equivalents system prepared with
decellularized human dermal tissue that allowed to study the epithelial stratification and invasion
beyond the basement membrane into underlying connective tissue [130]. In another study, Dalley et
al. reported the cancer stem cells involvement in the progression of oral dysplasia to squamous cell
carcinoma by developing 2D monolayer or 3D organotypic culture of normal, dysplastic, and squamous
cell carcinoma-derived oral cell lines. The researchers demonstrated the usefulness of the 3D human oral
mucosa equivalent on the detection of the hierarchical expression of cancer stem cell-associated markers
(CD44, p75NTR, CD24, and ALDH), information that cannot be revealed in 2D monolayer [131].

Tonsillar carcinomas are among the most frequent HNCs, arising in the reticulated epithelial
cells of the crypts with immune cell infiltrations. HR-HPV16 persistent infections are related to
oropharyngeal carcinogenesis [80]. However, compared to cervical cancer, little is known about how
HPV drives the pathogenesis of oropharyngeal cancer. HPV could establish a productive or abortive
infection in keratinocytes of the tonsil crypt, or progresses to cancer through a neoplastic phase,
as occurs in cervical HPV infection [132]. In oropharyngeal cancer, the HPV DNA is more frequently
found un-integrated and may include novel HPV-human DNA hybrids episomes [127]. Meyers’ group
recently reported the usefulness of the organotypic raft culture (composed of immortalized primary
human tonsil and HFK cell lines persistently infected with HPV16 seeded onto collagen matrices
consisting of rat-tail type 1 collagen and containing J23T3 feeder cells) to investigate the life cycle of
HPV16 in oral (tonsil) epithelial tissue vs. genital (foreskin) tissue focusing on the titers, infectivity,
and maturation of HPV16. They demonstrated that, although some aspects of the HPV16 replication
are overlapped in foreskin and tonsil tissue, there are significant differences related to the maturation
and final structure of the virions when grown in the two different tissues [133]. In addition, other works
reported more complex 3D co-culture systems of tonsil keratinocytes, with immune components
providing a more realistic in vitro model [134], since the tonsil has significant infiltration of lymphoid
cells into the crypt that potentially explain its improved prognosis [135].

3.2. Anogenital HPV-Associated Cancers in Males and Females

To reproduce in vitro anogenital HPV-associated cancers in males and females, the main models
developed are the 3D organotypic culture that allows to accurately mimic the life cycle of several
cancer-associated HR-HPV types. In the previous sections, we focused on the culture system used to
study HPV-related cervical cancer; here, we revised the in vitro model mimicking other organs of the
human anogenital apparatus, both in male and female.

3.2.1. Vulva and Vagina

Lower genital cancers are frequent malignancies in women prevalently associated with HR-HPVs
infection. To date, some studies have reported that vulvar squamous cell carcinoma (VSCC) have
different pathological pathways related, or not, to HPV infections. HPV-related VSCC with profound
cellular atypia and basaloid/warty histology and VSCC non-dependent to HPV infection with basal
atypia and keratinized histology [136–138]. In addition, VSCCs are also associated with chronic
inflammatory dermatitis, such as vulvar lichen sclerosus [139]. Limited in vitro models have been
developed for better understanding the biology and development of VSCCs. Some researchers have
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isolated and characterized primary cells from VSCC and normal vulvar tissue adjacent to the tumor
in order to develop 3D organotypic and/or in vivo xenografts models [140–142]. Vaginal cancers
are uncommon diseases that are also related to HPV infection. Most organotypic models have been
developed for the ex vivo study of HIV infection [143]. Few works have reported the development of
raft cultures obtained by seeding vaginal cells able to study microRNA biomarkers of oncogenic HPVs
infections [144].

3.2.2. Anus

Anal cancer is closely related to high-risk HPV persistent infection that occurs in the anal
transformation zone, similar to what happens in the uterine cervix [145]. HPV infection leads to
the development of an HSIL lesion that can then evolve to invasive carcinoma. Only a few models
have been developed due to the lack of immortalized HPV-positive anal epithelial cell lines [10,146].
Among this, Wechsler et al. reported a novel in vitro model of anal cancer pathogenesis using the
first HPV-16-transformed anal epithelial cell line (AKC2 cells) that have a poorly differentiated and
invasive phenotype in three-dimensional raft culture. In this 3D contest, AKC2 cells express all three
HPV-16 oncogenes (E5, E6, and E7) involved in anal cancer progression [147].

3.2.3. Penis and Penile Urethra

For several years, the foreskin cell line derived from circumcision has been used to study various
HPV-related cancer due to the high availability of this skin fold. The penile urethra, that consists
of pluri-stratified squamous cells without keratinization process alike the foreskin or the glans,
is also routinely targeted by sexually transmitted viral pathogens such as HIV infection in the mouse
model [148]. Limited studies reported the organotypic raft culture of prenatal genital tubercle
to investigate the direct effects of the hyperestrogenic state on fetal mouse penile and urethral
development [149].

4. Other HPV-Related Cancers (Non-Melanoma Skin Cancer)

Among cutaneous malignancies, the non-melanoma skin cancer (NMSC) involves fair-skinned
populations and are mainly correlated to solar ultraviolet irradiation [150]. However, this malignancy
appears to be also related to HPV infection [151]. Current findings report studies on the critical role
of cutaneous HPV infection as a co-factor in association with genomic and mitochondrial mutations
induced by ultraviolet irradiation in NMSC development in simplified in vitro models [152]. Other
researchers have focused on the study of the HPV transformation mechanisms, as well as the epithelial
invasion in the NMSC, by using an in vitro skin-equivalent organotypic model [153]. These models
better reproduce the terminal differentiation of the epithelial cells and also the migration and invasion
through the underlying dermis after HPV infections.

5. Conclusions

In this review, we outlined the current knowledge on the HPV-related cancers modeled in vitro
from the simplified ‘raft culture’ to complex 3D organotypic models focusing on HPV-associated cervical
cancer disease platforms and we also reviewed the in vitro culture systems of human HPV-associated
mucosal malignancies from the anogenital tract, oropharynx, and cutaneous epithelium. We highlighted
the importance of using multicellular models, which involve the use of compartment-specific cell
types at both the epithelial and stromal level, and a complex ECM capable of remodeling to fully
reproduce the histomorphological features of the tissue in vivo. This review also addresses the issue of
the cross-talk between the stroma and its microenvironment on HPV-infected epithelial, emphasizing
the need for most promising in vitro models to study host-pathogen, as well as HPV-infected-TME
interactions in cancer development in humans.
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Abstract: Human papillomavirus (HPV)-positive oropharyngeal squamous cell carcinoma (OPSCC) is
a distinct subtype of head and neck cancer. Here, we investigated how frequently brushing remained
high-risk (hr)-HPV positive after treatment and whether patients with positive post-treatment
brushings have a higher recurrence rate. Following the end of treatment of patients with initially
hr-HPV positive OPSCC, surface brushings from the previous tumor site were performed and
tested for hr-HPV DNA. Of 62 patients with initially hr-HPV DNA-positive OPSCC, seven patients
remained hr-HPV-DNA positive at post-treatment follow-up. Of the seven hr-HPV-positive patients
at follow-up, five had a tumor relapse or tumor progression, of whom three died. The majority of
patients (55/62) was HPV-negative following treatment. All HPV-negative patients remained free
of disease (p = 0.0007). In this study, all patients with recurrence were hr-HPV-positive with the
same genotype as that before treatment. In patients who were hr-HPV negative after treatment,
no recurrence was observed.

Keywords: oropharyngeal squamous cell carcinoma; human papillomavirus; recurrence; surface
brushing; EGFR

1. Introduction

Approximately 85% of adults acquire a human papillomavirus (HPV) infection in their life.
Most HPV infections are transient, asymptomatic, and eliminated by the immune system [1,2].
However, HPV viral infection can persist latently in a subset of the population. Individuals with
persistent high-risk HPV (hr-HPV) infection may acquire epithelial cell abnormalities and subsequently
develop cancers at the site of infection [3]. Persistent hr-HPV infection is particularly associated with
cervical, anogenital and oropharyngeal cancers [4,5]. Hr-HPV positive oropharyngeal squamous cell
carcinoma (OPSCC) is a distinct subtype of head and neck carcinoma. Risk factors that may prevent
the natural clearance of oropharyngeal hr-HPV infection are genetic and lifestyle factors like smoking
and alcohol consumption [6]. The prevalence of cancer of the oropharynx due to hr-HPV infection has
increased, particularly in North America and Europe [7]. It differs from HPV-negative head and neck
squamous cell carcinoma (HNSCC) by its risk factor profile, clinical behavior, and molecular biology.
Compared to HPV-negative HNSCC, hr-HPV positive OPSCC better responds to treatment and has
a significantly better prognosis [8].
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It is unclear whether hr-HPV persists in oropharyngeal tissues in patients with hr-HPV-positive
OPSCC following cancer treatment and which consequences this might have. Zhang and coworkers
collected blood at diagnosis and post-treatment in 64 patients with p16-positive OPSCC to test for
serum antibodies to E6 and E7 proteins of HPV 16. At diagnosis, most patients were seropositive to
HPV 16 E6 (85%). In the post therapeutic samples, HPV 16 antibody levels decreased slowly over time,
but only three patients became seronegative [9]. In another study, salivary and serum immunoglobulin
G (IgG) antibodies targeting E2, E6, and E7 were measured in 44 patients with OPSCC at the beginning
and 6–7 weeks following the completion of treatment. In this study, E7-directed antibodies were
detected in saliva in most of the patients and were associated with the HPV status. The median of
salivary E7 antibody levels decreased significantly post-treatment [10].

Fakhry and coauthors used oral rinse samples for HPV detection in 396 patients with oral and
oropharyngeal cancer, of which 51% were HPV-positive before therapy. After treatment the HPV
prevalence decreased. In patients who received surgical resection, the HPV prevalence decreased from
69.2% to 13.7%. In a subset of patients who required postoperative radiotherapy, the HPV prevalence
decreased from 70% to 38% after surgery and then to 1% after radiotherapy. HPV detection in oral
rinses was performed several times for patients who received radiotherapy. The median time to
clearance was 42 days (95%CI, 37–49 days). The only factor significantly associated with reduced
clearance was current smoking. HPV-positivity with the same genotype was detected after treatment
in 14.3% of initially HPV-positive patients and among these patients, the cumulative incidence of
recurrence was 45.3%. HPV DNA detection after completion of therapy was significantly associated
with increased risk of recurrence and death [11].

In cervical dysplasia, hr-HPV infection can persist following treatment and promote disease
recurrence. Söderlund-Strand et al. performed a long-term follow-up study obtaining cervical samples
for HPV DNA testing and cytological analysis from 178 women with abnormal smears referred for
conization. Three years after treatment 3.1% of women were persistently HPV-positive with the
same HPV genotype as before treatment. Recurrent or residual cervical intraepithelial neoplasia
(CIN) in histopathology was found among 9 (5.1%) women during follow-up. All these women had
a type-specific HPV persistence. The authors concluded that only type-specific HPV persistence
predicted recurrent or residual disease [12].

In a previous publication, we reported that surface brushings from oropharyngeal cancer reliably
detect HPV-DNA. In 53 patients with OPSCC, sensitivity and specificity of the brush test was 86%
(95%CI: 70–95%) and 89% (95%CI: 65–99%) [13]. Also, Broglie et al. reported liquid-based brush
cytology specimens from oropharyngeal lesions to be a reliable method to identify patients with
hr-HPV OPSCC. The authors collected brush cytology specimens prospectively from 50 patients with
OPSCC. The accuracy, sensitivity, specificity, positive predictive value, and negative predictive value
of brush cytology to identify hr-HPV-DNA-positive and p16-positive OPSCC samples were 88%, 83%,
94%, 95%, and 81%, respectively [14].

In this study, we examined whether hr-HPV is still detectable in surface brushings after treatment
in patients with initially hr-HPV-positive OPSCC. Moreover, we compared the course of disease in
patients with and without post-treatment hr-HPV in oropharyngeal brushings.

2. Results

2.1. Study Population and Treatment Outcome

During the study period, 74 patients with hr-HPV DNA-positive OPSCC before treatment were
included. From 12 patients, no post-treatment brushings were available because they missed the
follow-up or received follow-up in another hospital. The mean age of the remaining 62 patients
with post-treatment brushings was 61 years. Forty-eight patients were male, and 14 were female.
Most patients had UICC stage IVa and were treated with radiochemotherapy (Table 1). After treatment,
all patients (except three) were in complete remission. One patient developed early pulmonal metastasis
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with complete remission at the primary site, another patient was in partial remission, and the third
patient had already disseminated disease during initial diagnosis with pulmonal and bone metastases.
This patient received a palliative systemic therapy. The median follow-up time was 29.3 months (95%
CI: 25–34 months).

Table 1. Study population.

Variation Patients (n = 62)

Gender

Male 48

Female 14

Age during Initial Diagnosis

≤ 50 10

51–60 21

61–70 20

71–80 7

>80 4

UICC Stage

stage I 0

stage II 5

Stage III 18

stage IVa 32

stage IVb 4

Stage IVc 2

ASA Score

ASA I/II 52

ASA III/IV 9

Therapy

Surgery only 3

Surgery and PORT 12

Surgery and RCT/RIT 5

Primary RCT/RIT 38

Primary RT 2

Chemotherapy only 1

P16

Negative 5

Positive 55

ASA, American Society of Anesthesiologists; UICC, Union internationale contre le cancer; PORT,
postoperative radiatiotherapy; RCT, radiochemotherapy; RIT, radioimmunotherapy; RT, radiotherapy.

2.2. HPV DNA Detection before and after Treatment

Before treatment, the most common HPV subtype was HPV 16 (Table 2). In 60/62 pre-HPV+

patients, p16 immunohistochemistry was available. In 55/60 patients, p16 was positive, and in five
patients, it was negative. In the five patients with p16-negative IHC, the HPV genotypes 16, 16, 18,
16 and 40 (multiple infection), and 62 and 82 (multiple infection) were detected by pre-treatment
brushing. At follow-up, 7/62 (11.3%) brushings from the previous primary tumor site were hr-HPV
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DNA-positive. In five patients, the post-treatment HPV brush test showed the same genotype as before
therapy, namely HPV 16 in three patients and HPV 33 and HPV 18 each in one patient. All patients
with HPV positivity after therapy with the same genotype as before developed a recurrence or
progressive disease.

Table 2. Human papillomavirus (HPV) genotypes before and after therapy.

Patient Number HPV Genotype before
Therapy

HPV Genotype after
Therapy

Recurrent Tumor/Tumor
Progression

1–50 single hr-HPV type * HPV negative No

51–55 multiple hr-HPV types ** HPV negative No

56–58 hr-HPV 16 hr-HPV 16 Yes

59 hr-HPV 33 hr-HPV 33 Yes

60 hr-HP 18 Hr-HPV 18 Yes

61 hr-HPV 33 hr-HPV 16 No

62 hr-HPV 18 hr-HPV 68b No

HPV, human papilloma virus; hr, high risk; * single hr-HPV infection with one of the genotypes HPV 16, 33, 35, or
58; **multiple hr-HPV infections, including almost 1 hr-HPV genotype.

The post-treatment brushing was taken during complete response in one of the five patients positive
with the same genotype. This patient with initially cT4cN2cM0 oropharyngeal cancer (Figure 1A)
was disease-free after primary radiochemotherapy (Figure 1B) for 17 months and got a recurrence
involving the hypopharynx three months after the post-treatment brush was obtained (Figure 1C).
Another patient had a complete remission at the primary site but developed new pulmonary metastasis.
The positive brushing was taken from normal oropharyngeal mucosa. The third patient had an early
recurrence, and the post-treatment brushing was taken from the recurrent tumor surface and the
fourth patient was in a palliative setting after diagnosis with a cT3cN2cM1 oropharyngeal cancer,
he received four cycles of Carboplatin and Cetuximab and then Nivolumab 240mg/every two weeks.
The fifth patient was diagnosed with an initially cT4cN2cM0 oropharyngeal cancer and was treated
with primary radiochemotherapy. In this patient, partial remission 12 weeks and 18 weeks after therapy
was found. The positive brush was taken from the surface of residual tumor.
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Figure 1. Patient presentation in radiological series. Ln, lymph nodes; TU, tumor; rTU, recurrent
tumor. (A) Oropharyngeal cancer cT4cN2cM0. (B) Full remission after primary radiochemotherapy.
(C) Recurrence involving the hypopharynx.

In two patients, post-treatment brushing was positive for another hr-HPV genotype than before
therapy. The genotypes were HPV 16 and 33 before therapy and, in the same order of patients, HPV 68b
and 16 thereafter. These two patients were in full remission after treatment, no recurrence or tumor
persistence was stated in these patients. After treatment, one hr-negative patient was positive with the
low-risk type HPV 6, and 54 patients were negative for all investigated HPV strains.
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2.3. Post-Treatment HPV-Positivity, Recurrent Disease, and Survival

In 4/7 patients with positive post-treatment hr-HPV DNA detection, a recurrence was observed,
and in 1/7, tumor progression was observed (Table 3). In contrast, persistence or recurrence were
observed in 0/55 patients who were post-treatment hr-HPV DNA-negative (p = 0.0007; OR 244.2; 95% CI:
10.4 to 5757.7). All post-treatment hr-HPV-positive patients were also p16-positive at initial diagnosis.
Interestingly, all patients with recurrent or progressive tumor (5/62) were hr-HPV positive with the
same genotype than before therapy. Three of these five patients died because of the recurrence or tumor
progression 10, 12, and 35 months after diagnosis. In contrast, in the two hr-HPV positive patients
after treatment without recurrence, another hr-HPV genotype was detected than before treatment.

Table 3. Patients with post-treatment HPV-positivity for the same genotype.

Patient 1–5 UICC Age at
Diagnosis

ASA
Score

HPV
Pre-Treatment Therapy HPV

Post-Treatment Course of Disease

Patient 1 Stage III 55 2 HPV 16 RCT HPV 16 Recurrence

Patient 2 Stage I 54 2 HPV 16 Surgery
and PORT HPV 16 Pulmonal metastasis

Locoregional control

Patient 3 Stage III 73 3 HPV 16 RCT HPV 16 Recurrence

Patient 4 Stage IV 86 2 HPV 33 CT only HPV 33 Tumor progression

Patient 5 Stage III 70 2 HPV 18 RCT HPV 18 Recurrence after
partial response

HPV, human papilloma virus; ASA, American Society of Anesthesiologists; UICC, Union internationale contre le
cancer; PORT postoperative radiotherapy; RCT radiochemotherapy; CT, chemotherapy.

2.4. Factors Associated with Post-Treatment HPV-Positivity

Post-treatment hr-HPV positivity was more frequent in patients whose primary tumor expressed
epidermal growth factor receptor (EGFR) (Figure 2). EGFR expression was observed in 5/7 patients
with and in 14/44 patients without post-treatment hr-HPV-positivity (p = 0.025). Another associated
factor was advanced primary tumor T-stage (p = 0.031). No association was observed between
post-treatment hr-HPV-positivity and UICC stage, treatment modality and radiotherapy dose.
Post-treatment hr-HPV positivity was also not associated with PD-L1 expression, patient-reported
smoking status, and consumption of alcoholic beverages at initial diagnosis.
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2.5. Post-Treatment HPV-Positivity Virus Persistence or New Infection?

Before therapy HPV 16 was the most common genotype (50 patients, 80.6%) and HPV 18 the
second most common (4 patients, 2.5%). Other genotypes were HPV 33 (three patients, 1.9%) and
HPV 35 (three patients, 1.9%). HPV 70, 66, 58, 82, 31, and 40 were detected each in a single patient or
additionally to HPV 16 as a multiple infection. As mentioned before, after therapy five patients were
hr-HPV-positive with the same genotype than before therapy. Only in these patients a recurrence or
tumor progression was stated. The genotypes HPV16 were detected in three patients, and HPV 33 and
HPV 18 were each detected in a single patient after therapy. As HPV 18 and HPV 33 are rare in the
population of HPV-positive OPSCC patients, we suspect a virus persistence instead of a new infection.

3. Discussion

In this study, we questioned whether patients with hr-HPV DNA-positive OPSCC remain hr-HPV
DNA-positive after treatment and if post-treatment hr-HPV DNA at the initial tumor site is associated
with the rate of disease persistence or recurrence. Before and after treatment, brushings were taken
from the oropharynx, including the surface of the previous tumor site and tested for hr-HPV-DNA.
Post-treatment brushings were available in 62 patients. Overall, 88.7% of hr-HPV-positive patients were
hr-HPV negative at follow-up. In seven patients, hr-HPV after treatment was detected, and all patients
hr-HPV-positive for the same genotype developed a recurrence or tumor persistence. Detection of
hr-HPV at follow-up was associated with a substantially increased risk for persistent or recurrent
disease (OR 244.2; 95% CI: 10.4 to 5757.7).

Post-treatment hr-HPV positivity and persistent or recurrent disease are rare events in
hr-HPV-related oropharyngeal carcinoma. Accordingly, the results on potential influencing factors are
based on a low number of patients and should be considered with caution. However, our results are in
line with previous data.

Also, Hanna and coworkers described a significant decrease in post-treatment E7 antibody levels
in the salivary glands of patients with OPSCC [10]. Rettig and coworkers investigated hr-HPV DNA
in oral rinses in 157 patients with OPSCC. At initial diagnosis, HPV type 16 was detected in 67/124
patients. After therapy, oral HPV 16 DNA was detected in six patients (9%). All five patients with
persistent oral HPV 16 DNA developed a recurrent disease. Of these patients, three died. Persistent
HPV 16 DNA detection in oral rinses was associated with a greater than 20-fold increased risk of
recurrence (hazard ratio [HR], 29.7 [95% CI, 9.0–98.2]) and death (HR, 23.5 [95% CI, 4.7–116.9]) [15].
In a similarly designed study on 93 patients with OPSCC and HPV 16-positive cancer of unknown
primary, pre- and post-treatment serum or saliva samples were taken to detect HPV 16 E6. The authors
reported hr-HPV-positive post-treatment saliva to be associated with higher risk of recurrence (hazard
ratio [HR], 10.7; 95% CI, 2.36–48.50) and reduced overall survival (HR, 25.9; 95% CI: 3.23–208.00).
The combined saliva and plasma post-treatment HPV 16 DNA status was 90.7% specific and 69.5%
sensitive in predicting recurrence within three years [16]. Fakhry and coauthors used oral rinse samples
for HPV detection and described a significant decrease in HPV DNA after therapy, about 14.3% patients
remained HPV-positive compared to 11.3% in our study. Also in this study, the authors described
a significantly lower two-year overall survival among HPV-positive patients with persistent HPV
detection for the same genotype (tumor-type) after therapy than among those without detectable
tumor-type DNA after therapy (68% vs. 95%; adjusted HR, 6.61; 95% CI, 1.86–23.44; p = 0.003), as was
recurrence-free survival (55% vs. 88%; adjusted HR, 3.72; 95% CI, 1.71–8.09; p < 0.001) [11].

Although, only few studies analyzed HPV-positivity after treatment in OPSCC patients and
although the number of patients in our study is low, post-treatment HPV-positivity seems to be
a strong predictor for overall survival. An inclusion of this observation in the clinical management in
patients diagnosed with hr-HPV-positive OPSCC should be discussed. Post-treatment HPV detection
in the early follow-up period can be a possible new standard to evaluate and predict the clinical
course of those patients. As the brush test does not require biopsies and is easy to perform in awake
patients without anesthesia, this is a very suitable and simple test method for HPV-DNA detection.
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Post-treatment hr-HPV-positive patients may require a very close clinical and radiological follow-up,
these patients can be at high risk for a poor overall survival. One of our patients with post-treatment
HPV-positivity received an HPV vaccination with Gardasil®9 (Recombinant Human Papillomavirus
9-valent Vaccine, Merck Sharp & Dohme BV, Haarlem, Netherlands) during full remission, hoping to
reduce virus activity. However, he developed a locoregional recurrence. Interestingly, 2/7 patients
were HPV-positive after therapy with a different hr-HPV genotype, these two patients were in full
remission and experienced no recurrence. It seems that a new hr-HPV infection occurred and the risk
in these patients for recurrence after therapy is as low as in post-treatment HPV-negative patients.
However, higher numbers of patient are needed for further evaluation.

Also, in patients with cervical cancer, persistent HPV infection is associated with an increased risk
for recurrence [17]. In a study on 72 women with CIN, persistence or clearance of hr-HPV DNA was
described as an early valid prognostic marker of failure or cure after treatment, more accurate than
cytology or section margin status at the time of conisation. The absence of hr-HPV DNA had a 100%
negative predictive value [18]. Söderlund-Strand et al. described a type-specific HPV-persistence in
women with a residual CIN. No recurrent or residual disease was detected in women with any other
patterns of HPV positivity, e.g., type change or fluctuating positivity [12].

In our study HPV 16 was the most common genotype before therapy, other genotypes like HPV
18, 33, and 35 were rare. Two patients were pre- and post-treatment positive for comparatively rare
HPV genotypes 18 and 33. As reinfection with these rare types is unlikely, we assume tumor virus
persistence rather than new HPV infection. Our findings about pretreatment HPV genotypes are in
line with other studies. Chatfield-Reed and coauthors reported that of 99 hr-HPV positive HNSCC
patients, 75.6% were positive for HPV 16 and 3% for HPV 18. In this study, 16.2% were positive for the
genotype HPV 33, which we detected in only 1.9% [19]. Fossum and coworkers reported in 166 OPSCC
patients (77% hr-HPV positive), HPV 16 to be the predominating genotype (65%), followed by HPV 33
(17%), HPV 18 (2%), and HPV 31/35/56/59 in one patient each [20].

In this study, post-treatment hr-HPV positivity was associated with clinical T-stage at diagnosis
and tumor EGFR expression. An association of post-treatment hr-HPV positivity and primary tumor
EGFR expression has not yet been reported. However, this observation is based on very few patients.
EGFR protein over-expression has been reported in 70–100% of HNSCC, but 46–72% of OPSCC [21–23].
Although the reason why HPV-positive tumors express less EGFR expression is currently unknown,
smoking has been hypothesized to be a contributory factor [24].

We did not observe an association of smoking and post-treatment hr-HPV positivity. This might
be due to the low number of patients. Active smoking was admitted by 8/45 patients. Kero et al.
reported a correlation between persistent oral HPV infection and smoking in 131 men who were
sampled by serial oral scrapings. Genotype-specific HPV persistence was detected in 18/129 men.
The mean persistence time ranged from 6 months to 30.7 months. The authors concluded that most of
the persisting oral infections in males were caused by HPV 16, and smoking increased the oral hr-HPV
persistence [25]. Another assumed risk factor for HPV persistence is immunosuppression. In a cohort
of 97 HIV/AIDS patients, a genotype-specific oral and oropharyngeal HPV persistence was described
in 33.3% of patients, of which 13.3% were hr-HPV positive [26].

However, the most significant observations of this study are that the majority of patients
are hr-HPV-negative after therapy and that post-treatment hr-HPV positive patients seem to have
an increased risk of tumor persistence or recurrence.

Limitations of the study are that not all OPSCC patients were enrolled consecutively in the study.
From 12 patients, no post-treatment brushings were available because they missed the follow-up
or received follow-up in another hospital. This includes also patients who may have had a relapse.
Moreover, several otorhinolaryngologists were involved in sampling, but all were instructed how to
collect samples. In this study, the brushings were obtained in some patients under general anesthesia
during restaging panendoscopy and in some patients awake during clinical follow-up.
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The brush test is a simple test method and does not require tumor biopsies for HPV-DNA detection,
future clinical usefulness of this test includes an oropharyngeal HPV screening for populations at risk,
e.g., immunosuppressed elderly population. Partners of HPV-positive OPSCC patients, who are often
concerned about oral HPV transmission, can also be tested by oropharyngeal brushings.

4. Material and Methods

The aim of the study was to determine how many patients with hr-HPV-DNA-positive
oropharyngeal carcinoma before treatment have positive hr-HPV-DNA detection in the former tumor
region after completing therapy. We were also interested in whether post-treatment hr-HPV-DNA
detection is related to disease recurrence.

This prospective study was conducted in accordance with the GCP guidelines. Written informed
consent was obtained from each patient who agreed to participate in this study following detailed
explanation of the procedural workflow. Prior to any patient enrolment, the study had been approved
by the institutional board in charge, i.e., the ethics committee of the Medical University Innsbruck,
Austria. The respective reference number was 1147/2018. The study was conducted in full accordance
with the principles expressed in the Declaration of Helsinki.

4.1. Inclusion and Exclusion Criteria

Patients with incident oropharyngeal cancer positive for HPV-DNA before treatment were included.
Virus DNA detection was performed by tumor surface brushings and/or by HPV-DNA isolation from
formalin-fixed and paraffin-embedded (FFPE) tumor biopsies [13]. All patients were treated at the
Department of Otorhinolaryngology—Head and Neck Surgery, Medical University of Innsbruck
between April 2014 and October 2019 according to the recommendations of the interdisciplinary
tumor board. Patients were invited to undergo a post-treatment surface brushing from the initial
tumor site at least 12 weeks following end of treatment. Patients who were not able or willing to
undergo a post-treatment brushing were excluded from the analysis. The follow-up for HNSCC
patients is standardized, the restaging is performed 8–12 weeks after the treatment and includes a CT
scan and panendoscopy with sampling from the former tumor region. In the case of full remission,
further clinical and radiological controls are arranged every six weeks for three times, every three
months for three times and then every six months. The follow-up ends five years after diagnosis.

4.2. Specimen Harvest and Handling

Before the start of the treatment, all patients underwent routine endoscopy under anesthesia,
including tracheobronchoscopy, esophagoscopy, and laryngopharyngoscopy. During this examination,
a cytology brush (Digene® HC2 DNA Collection Device, Qiagen, Hilden, Germany) of the tumor
surface was taken. The brush test reliably detects HPV-DNA in patients with OPSCC, sensitivity and
specificity of this method is 86% (95%CI: 70–95%) and 89% (95%CI: 65–99%) [13]. The brush was then
kept in a sterile container in 0.05% sodium azide and sent to the Division of Virology of the Medical
University of Innsbruck. Biopsies of the tumor were then obtained, fixed in formalin, and sent to the
Department of Pathology for routine histopathological investigation. Moreover, immunohistochemistry
(IHC) of p16, epidermal growth factor receptor (EGFR), and programmed death-ligand 1 (PD-L1)
was performed.

After completion of therapy, a second surface brushing was taken from all subsites of the
oropharynx, including the initial tumor site. This second surface brush was obtained during follow-up
examinations at least 12 weeks after therapy during a restaging endoscopy or during clinical follow-up.

4.3. Processing of Brush Specimens

Nucleic acid extraction was performed within two days of arrival of the samples at the laboratory.
The DNA extraction was performed in a fully automated manner (NucliSens® easyMAG®, Biomerieux,
Marcy-l’Étoile, France) [27,28]. A total of 500 µL of the sample was pipetted into a disposable well.
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After an initial cell lysis, the nucleic acid components were isolated from the mixture using magnetic
silica particles, resulting in a total of 110 µL purified DNA extract. Approximately 5–10 µL of this
extract was used for HPV-DNA detection and genotyping.

4.4. DNA Amplification and HPV Genotyping

For the detection of HPV DNA, real-time polymerase chain reaction (PCR) was used based on
the amplification of the L1 open reading frames (ORF). As an internal control for the availability of
cell material, a PCR for the household beta-globin gene was performed in parallel. The HPV DNA
was considered positive if the fluorescence signal appeared before the 40th cycle [29]. In the next step,
all HPV-positive samples were further genotyped after an amplification step using reverse line blot
hybridization on nitrocellulose membrane strips containing genotype-specific probes (AmpliQuality
HPV-TYPE EXPRESS, AB Analitica®, Padova, Italy) [30]. The genotyping kit is able to identify
40 different HPV types, namely 6, 11, 16, 18, 26, 31, 33, 35, 39, 40, 42, 43, 44, 45, 51, 52, 53, 54, 55,
56, 58, 59, 61, 62, 64, 66, 67, 68a/b, 69, 70, 71, 72, 73, 81, 82, 83, 84, 87, 89, and 90 (AB Analitica®,
Padova, Italy). Using the 2′-deoxyuridine 5′-triphosphate/uracil-DNA N-glycosylase dUTP/UNG
system, which degrades non-specific residual RNAs, contamination due to carry-over was minimized.
The detection limit of the test kit is 1000 viral copies per ml for HPV 16 and HPV 6, which is in accordance
with the required detection limit by the World Health Organization (WHO) and the international
HPV reference center [31]. Based on the International Agency for Research on Cancer classification,
the HPV genotypes were classified as established high-risk, probably high-risk, established low-risk,
and uncharacterized [32,33].

4.5. IHC

Five-micrometer-thick paraffin sections were dewaxed, and antigens were retrieved in
an automated staining system (Ventana, Discovery, Tucson, AZ, USA). A commercial in vitro diagnostic
(IVD) certified assay containing ready-to-use prediluted mouse monoclonal antibody was used for
p16 detection (CINtec® Histology V-Kit, Roche Diagnostics, Basel, Switzerland). EGFR was detected
by a rabbit monoclonal IVD certified antibody (clone: A20-E) of Diagnostic Biosystems (Kosice,
Slovakia), PD-L1 was detected by a rabbit monoclonal antibody (clone:E1L3N®) of Cell Signaling
Technology (Frankfurt am Main, Germany), both of these primary rabbit monoclonal antibodies
were used in a 1:200 final dilution in a Ventana Discovery staining system. Staining was completed
using universal secondary antibody solution, hematoxilin counterstaining, and the DAB MAP Kit
(all Ventana products, Ventana, Discovery, Tucson, AZ, USA). The tumor cell areas were evaluated
by one experienced observer. Specimens were judged p16-positive if ≥60% of the cells in tumor
areas revealed immunohistochemical reaction products. Staining of fibroblastic stroma cells was not
counted. EGFR staining was scored based on previous publications as a positive membrane reaction in
tumor cell nests: “0”: no staining, “1”: 1–9%, “2”: 10–49%, “3”: over 50% of the cells positive [34,35].
PD-L1 was estimated in cells located in tumor cell areas as follows: “0”: no staining, “1”: 1–5%, “2”:
5–10%, and “3”: at least 10% of the cell stained, as published by Ferris et al. in 2016 [36].

4.6. Data Analysis

Frequency data are tabulated and analyzed with Fisher’s exact test or with the Kruskal–Wallis test
for ordered alternatives [37]. To calculate 95% CIs of proportions, the Wilson method with continuity
correction was used [38]. For continuous data, means, and standard deviations (SD) are provided unless
stated otherwise. Median follow-up was calculated by with the reverse Kaplan–Meier method [39].

5. Conclusions

In this study, most patients with initially hr-HPV-positive OPSCC were HPV-negative after
treatment, none of these patients experienced a recurrence. The five patients with recurrence or tumor
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progression were all post-treatment hr-HPV-positive with the same genotype. No recurrence was
observed in two post-treatment hr-HPV-positive patients with a different genotype than at diagnosis.
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Abstract: In 2018, there were an estimated 570,000 new cases of cervical cancer globally, with most of
them occurring in women who either had no access to cervical screening, or had not participated in
screening in regions where programs are available. Where programs are in place, a major barrier
for women across many cultures has been the requirement to undergo a speculum examination.
With the emergence of HPV-based primary screening, the option of self-collection (where the woman
takes the sample from the vagina herself) may overcome this barrier, given that such samples
when tested using a PCR-based HPV assay have similar sensitivity for the detection of cervical
pre-cancers as practitioner-collected cervical specimens. Other advantages of HPV-based screening
using self-collection, beyond the increase in acceptability to women, include scalability, efficiency,
and high negative predictive value, allowing for long intervals between negative tests. Self-collection
will be a key strategy for the successful scale up of cervical screening programs globally in response
to the WHO call for all countries to work towards the elimination of cervical cancer as a public health
problem. This review will examine self-collection for HPV-based cervical screening including the
collection devices, assays and possible routine laboratory processes considering how they can be
utilized in cervical screening programs.

Keywords: human papillomavirus; cervical screening; diagnostic testing; self-collection

1. Introduction

Cervical cancer is a major public health problem with approximately 570,000 new cases,
and 311,000 deaths globally in 2018, the majority of these in low- and middle-income countries [1].
Even within high income countries, most cervical cancers occur in women who are never
or under-screened [2–5].

Participation in a screening program involves a woman knowing the reasons for screening, believing
that screening is relevant to her, and that being screened provides benefits that outweigh any potential risks
or costs. Being able to access a trusted service provider and the ability to undergo a speculum examination
are also contributors to women’s decisions about participating in a screening program [6]. Women who
live in settings where screening programs are available may be under- or never-screened for a variety of
reasons including practical barriers such as work and parenting commitments, financial costs related to
attending an appointment for screening, lack of access to appropriate health care services or providers,
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or other barriers such as a previous negative experience with undergoing a screening test, history of sexual
trauma, female genital mutilation, or cultural beliefs [6,7].

Traditional cervical cytology relied on healthcare practitioners visualizing the cervix and sampling
cervical cells from the transformation zone of the cervix [8]. Human papillomavirus (HPV)-based
cervical screening programs generally use the same sampling approach because HPV positive samples
are often then reflexly examined using liquid-based cytology from the same specimen [9]. An advantage
of HPV-based testing is that it detects viral nucleic acid, rather than morphological changes in the
cell, and as such there is no need to sample from the transformation zone of the cervix because viral
nucleic acid is shed from the cervix into the vaginal canal. [10]. Using self-collection, a woman can
take the sampling device, insert it into her own vagina to collect a specimen, and then return it
to a healthcare provider (either directly or through the mail) without the physical intervention of
a healthcare practitioner [11]. This sample can then be processed using a nucleic acid test for the
presence of HPV DNA or RNA. In contrast, at present there is not a body of evidence that supports
self-collection for morphological analysis (e.g., Pap-stained cells) for the purpose of cervical screening.

Self-sampling has been shown to increase participation in never- or under-screened
populations [10]. Several methods for engaging currently non-screening women in cervical screening by
utilizing self-collection have been trialed, with varied uptake levels. Pooled analysis of 25 self-collection
participation trials showed community campaigns that included community outreach and media
support, or door-to-door campaigns, achieved higher participation in the self-collection arms than
control arms with practitioner collected cytology or HPV samples, or visual inspection of the cervix
with acetic acid by a practitioner (community campaign: 15.6% vs. 6.0%, door-to-door campaign 94.2%
vs. 53.0%). Mailing out self-collection kits has also achieved higher participation in the participant arm
offered self-collection than the practitioner collection arm (19.2% vs. 11.5%); however, ‘opt in’ trials did
not (7.8% vs. 13.4%) [10]. There is some evidence to suggest that face-to-face interactions with a trained
healthcare practitioner have the highest likelihood of the largest increases in participation [12].

Self-sampling facilitated cervical screening can be performed in a variety of settings including
health care facilities, homes or workplaces facilitated by community health outreach teams [10],
with HPV testing of the samples carried out centrally in a laboratory [13–18], or on location in the case
of Point of Care HPV testing assays [19,20].

This flexibility of self-collection based cervical screening can substantially increase participation
in cervical screening in rural, remote or low resource settings [12], and therefore has the potential to
increase equity in cervical screening. Modelling by the WHO Cervical Cancer Elimination Modelling
Consortium predicts that reducing cervical screening inequity, particularly in low- and middle-income
countries, can reduce the burden of cervical cancer at a global level [21]. With the World Health
Organization’s call to eliminate cervical cancer as a public health problem by 2120 [22], and the draft
elimination strategy target of 70% of the world’s women being screened with a high-performance HPV
test by 35 and 45 years of age by 2030 [23], self-collection is likely the only feasible way to scale up and
realize this target, given both health workforce constraints and costs, and the limited acceptability to
women of speculum-based sample collection in many settings.

In this review, informed by key papers in the literature and our emerging experience in the
HPV-based screening program in Australia, we examine a range of different assays and collection
devices and consider other pragmatic issues for introducing self-collection into the laboratory as part of
an organized HPV-based cervical screening program. We focus not only on emerging research findings
but also on how this evidence can be utilized in the paradigm of clinical testing undertaken at pathology
laboratories with the sample volumes that could be expected from an organized screening program.
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2. Materials and Methods

2.1. PCR-Based Technologies for HPV Testing of Self-Collected Specimens

There are a large number of HPV testing technologies available but some of the most common are
polymerase chain reaction (PCR)-based assays. Major manufacturers such as Abbott, BD, Cepheid,
Qiagen, Roche, and Seegene all produce medium- to high-volume, PCR-based HPV assays for use
in cervical screening programs. The meta-analysis by Arbyn et al. [10] clearly demonstrated that
when self-collected specimens were processed on PCR-based HPV assays, they were as sensitive as
clinician-collected specimens for cervical intraepithelial grade 2 or above (CIN2+) across 17 studies,
and for CIN3+ across eight studies. There were small but significant reductions in specificity (0.98 (95%
CI 0.97–0.99) compared with clinician-collected specimens observed for both CIN2+ and CIN3+.
Further analyses [10] also revealed no significant reductions in sensitivity based on the device used for
self-collection nor the storage medium. Currently the wealth of evidence supports PCR-based assays for
use in self-collection protocols, and this is explicitly stated in the Australian technical requirements for
HPV-based cervical screening [24]. It should also be noted that most of the currently utilised medium-
to high-volume HPV assays test for the same 14 HPV types; 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59,
66, and 68. It is important to note that each different combination of device, buffer and assay/system
requires validation, either by the manufacturer or by individual laboratories. A recent study examined
dry flocked swabs collected then eluted in ThinPrep media and then tested on six different PCR-based
HPV assays, and this was used as the basis for accreditation of this protocol as part of the National
Cervical Screening Program in Australia. [25]. As the evidence-base for different combinations of
devices and assays grows, there may be refinements to these requirements for component validation,
but these are more likely to relate to evidence regarding how stability affects the sensitivity of the
assays over time [15].

2.2. Non-PCR-Based Technologies for HPV Testing of Self-Collected Specimens

2.2.1. Hologic Aptima

There is a wealth of data, including a recent meta-analysis [10], that demonstrate that when
self-collected specimens are tested on polymerase chain reaction (PCR)-based diagnostic HPV assays
they produce results which are non-inferior to clinician-collected specimens for the detection of
underlying high grade cervical lesions (CIN2+). Signal amplification assays such as the Hybrid
Capture 2 or Cervista have also been examined but analyses have demonstrated that these types
of assays have lower sensitivity for CIN2+ using self-collected specimens than clinician-collected
samples [10,26]. The Hologic Aptima assay targets the mRNA of the HPVE6/E7 region of the same
14 types as many of the other clinically validated and automated HPV assays, with a reflex test for
partial genotyping of HPV16 and a combined HPV18/45. In a recent meta-analysis, Arbyn et al. [10]
examined three studies [27–29] which utilised the Aptima HPV assay and determined that, whilst
results from self-collected specimens indicated good specificity for cervical intraepithelial neoplasia
grade 2 or above (CIN2+), they were significantly less sensitive than clinician-collected samples.
Histological results are generally used as the gold standard for assessing cervical screening tests
performance with most studies using either CIN2(+) or CIN3(+) as their marker for cervical disease, a
precursor to cervical cancer. In the three studies examined by Arbyn and colleagues for the detection
of CIN2+ by self-collected specimens tested for HPV on the Aptima, the results indicated that 4/30 [27],
10/69 [28], and 6/16 [29] of histologically-confirmed CIN2+ cases were missed. All 20 of these cases
were detected by the paired clinician-collected specimens.

A recent methodological paper trialled a different protocol for diagnostic testing of self-collected
vaginal samples on the Aptima. Borgfeldt and Forslund [30] used an additional heating step (90 ◦C for
1 h) on specimens stored in the Aptima media. This heating step caused 11/20 previously negative
samples to return a positive result on the Aptima assay, and these results were independently confirmed
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using different assays. When the full cohort of samples (172 specimens) was retested after the novel
heating step, the HPV positivity rate increased from 5.3% to 15.9%. This novel protocol raises interesting
questions about future optimisation of the Aptima assay for self-collection. It may be worthwhile for
the manufacturers to consider further studies, investigating whether the performance of Aptima on
self-collected specimens could potentially be improved by the addition of such a heating step.

Another aspect of the Aptima assay is that it lacks a control for cellularity (sample adequacy),
and as a result there is no way of knowing how many of the HPV negative specimens actually contained
cellular material. In a cervical screening environment where co-testing (HPV and cytology) are always
undertaken, there is no need for a cellularity control as a lack of cellular material is easily identified
on cytology. However, with self-collection there is an inherent difficulty in knowing the validity of
a negative result unless evidence is available to demonstrate that a sample was actually taken by
the woman. Even in clinician-collected cervical screening there is a failure of the cellularity control
of between 0.1–0.3% [31–33], although inhibition (e.g., by blood or lubricant) can cause the same
control failure. There appears to be a growing body of evidence suggesting an increased percentage of
invalid specimens (likely due to a lack of endogenous material) in self-collected specimens compared
to practitioner-collected samples. [7,25,32–34] suggesting some women may agree to self-collect but
actually not undertake the test. The presence of common inhibiting reagents, such as lubricants,
is likely to be less frequent than when a speculum examination is undertaken. It should be noted that
the presence of the endogenous cellularity control does not indicate that specimens have been taken
from the cervix or vagina.

The current data appears to suggest that the Aptima assay may not be optimised for self-collection
using the current manufacturer’s instructions for use. Further studies using the endpoint of
histologically confirmed CIN2/3+ would be useful to confirm the current findings of the Arbyn
meta-analysis relating to Aptima [10]. There remains a possibility of further developments to increase
the sensitivity of self-collected specimens by altering the extraction protocol. Additionally, the
other issue of assay design—the lack of a sample adequacy control—may be resolved by the use of
a Hologic-manufactured, research use only cellularity control as is currently in use in Australia.

2.2.2. careHPV

careHPV is an adapted form of the Hybrid Capture 2 assay and was developed as an affordable
HPV-DNA detection technology [35,36]. It is specifically designed for low-resource settings, and for
potential use as a point of care test, and has been utilised in a variety of geographical locations such
as Ghana [36], Bhutan [37], Western Kenya [38] and rural China [35], with diverse demographics
including amongst the general population, unscreened women, and women living with HIV [35–37].
It should be noted that the suggested cost per test of US$5 may not be achievable [39].

Therefore, is careHPV an appropriate assay for self-collection, when meta-analyses have clearly
demonstrated that the Hybrid Capture 2 it was developed from is not [10]? We acknowledge the tension
between having an assay that is not cost-prohibitive and able to screen otherwise never-screened
women, and the use of an assay that is less sensitive for HPV than a clinician-collected specimen.
In general, minor variations in specificity are likely less critical in under- or never-screened populations
than reductions in sensitivity.

There is certainly evidence to suggest that self-collection tested on careHPV facilitates screening
by being more acceptable than traditional, speculum-assisted, cervical cytology [37]. A number of
studies have been undertaken where there is a lack of a comparator test, either clinician-collected
specimen tested on careHPV, or testing of the self-collected specimen on a different HPV assay [37,38],
which makes interpretation of the value of the results difficult. A study undertaken in Ghana [36]
produced highly concordant results between self- and clinician-collected samples tested on careHPV
but did not collect further data to allow assessment of the sensitivity of either test for either cytological
or histological markers of disease.
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The careHPV assay lacks a control for sample adequacy, or for inhibition (such as by blood).
The meta-analysis by Arbyn [10] determined that careHPV was significantly less sensitive for HPV
associated with CIN2+ lesions when a self-collected sample was used rather than a clinician-collected
sample. The current state of data indicates that careHPV, whilst being cheaper and therefore more
accessible, has significantly lower sensitivity for HPV from self-collected specimens and is therefore
unlikely to be appropriate for cervical screening of these samples because of the risk of cases of
disease being missed. This is a significant issue in settings where women may only receive a once- or
twice-in-a-lifetime screening.

2.3. Self-Collection Devices for HPV Testing

2.3.1. Evalyn Brush

Of the current devices in use for self-collection, the Evalyn brush (Rovers Medical Devices,
Lekstraat, The Netherlands) is possibly the most established and evidence-based device. It is currently
used in a number of jurisdictions, including as the device used in the self-collection pathway of The
Netherlands national cervical screening program. The Evalyn brush is marketed as a customized
device designed to be used for self-collection for HPV-based cervical screening.

There are a wide range of studies examining the use of Evalyn brush in detecting 14 oncogenic
HPV genotypes on multiple clinically validated PCR-based HPV assays, including the Roche cobas
4800 [13–15], Abbott RealTime [16,17], BD Onclarity [18], Cepheid Xpert [15], Seegene Anyplex II [15],
GP5+/6+ PCR enzyme immunoassay [40–42], and SPF10 PCR-DEIA-LiPA25 [43,44]. These studies
were undertaken across a range of developed countries including China [17], Germany [16],
Netherlands [13,40,41], Denmark [14], Norway [15], and Spain [42].

In the Arbyn meta-analysis [10] there were four studies using the Evalyn brush, one tested on the
HC2, and three on validated, PCR-based tests. When an Evalyn brush self-collected specimen was
tested on the HC2 [45], it had a relative sensitivity compared with clinician-collected specimens of 0.66.
When the Evalyn brush self-collected samples were tested on PCR-based assays, they had a relative
sensitivity of 0.99. These data suggest that, in most cases, it is likely to be the type of assay, rather than
the collection device, that will predict the clinical quality of the result.

An interesting study published by a Norwegian group [17] examined the sensitivity and specificity
of the Evalyn brush and a Copan FLOQswab (Copan, Brescia, Italy) compared to clinician-collected
samples tested on three PCR-based assays: Cepheid Xpert, Seegene Anyplex II, and the Roche cobas
4800 HPV test. Relative sensitivity, compared to clinician-collected specimens, for CIN3+ demonstrated
that the Copan swab was significantly less sensitive than the clinician-collected across all three assays,
but that the Evalyn brush was not. The authors presented a further analysis which segregated the
results based on the time between collection and specimen preparation (stabilization). If the time
between specimen collection and preparation was 28 days or less, there was no longer a significant
drop in sensitivity for the Copan swab for CIN3+. There was also variation in which the self-collection
device was more sensitive depending on the assay used. Another study [15], comparing the sensitivity
for CIN2+ of the Evalyn brush with the Qvintip device (Aprovix, Stockholm, Sweden), found no
significant differences between either of the self-collection devices or the clinician-collected sample.
For longer intervals between collection and preparation, the Evalyn brush showed similar levels of
sensitivity which suggests that this device may be superior when extended delays between collection
and processing cannot be avoided [15]. The major concern with using the Evalyn brush, particularly in
low- or middle-income countries, is the cost. Prices obviously vary depending on local conditions but
the cost of the Evalyn brush appears to be between 3–5 times the price of other self-collection devices,
such as the Copan FLOQswab.
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2.3.2. Viba-Brush

As highlighted above, the one major drawback of the Evalyn brush is its cost. Rovers Medical
Devices have sought to address this issue by introducing a more affordable version of the Evalyn
collection device called the Viba-brush. The Viba-brush utilises the same collection head but mounts it
more simply on a straight handle and is reported to have a price equivalent to other low-cost devices.

There are two paired sample studies [43,44] which examined the relative sensitivity of HPV tests
performed on self-collected samples using the Viba-brush compared with clinician-collected specimens
using CIN2+ as the clinical endpoint.

In the Dijkstra study [44] undertaken in the Netherlands, 43/135 recruited women had
biopsy-confirmed CIN2+. The self-collection had a sensitivity of 93.0% (40/43) and clinician-collection
had a sensitivity of 90.7% (39/43) using a PCR-based assay. Two CIN 2 lesions were hrHPV negative in
both sample types.

In the study undertaken by Geraets et al. [43] biopsies were undertaken from 49 women (out of
a cohort of 182) after evidence of an abnormality was discovered during colposcopy. Two HPV assays
were used to test all clinician- and self-collected specimens. The clinician-collected specimens were
more sensitive for CIN2+ than the self-collected samples on both assays (Table 1.)

Table 1. Sensitivity for CIN2+of clinician-collected specimens and self-collection using Viba-brush specimens.

Specimen Type GP5+/6+-EIA PCR
Assay [43]

SPF10 PCR-DEIALiPA25
PCR Assay [43]

GP5+/6+-EIA PCR
Assay [44]

Clinician-collected 48/49 (98.0%) 49/49 (100%) 39/43 (90.7%)
Self-collected 43/49 (87.8%) 47/49 (95.9%) 40/43 (93.0%)

2.3.3. Qvintip

There are only a few studies in the past ten years which examine the use of the Qvintip device for
HPV testing. Four of these studies [46–49] are from the same research group where a senior member
was a minority shareholder in the company that produces Qvintip. These studies do provide good
information on the acceptability of self-collection using the Qvintip device but lack controls with none
comparing paired samples, either two self-collected or one self-collected and one clinician-collected
specimens. Follow-up (cytology, histology) was only undertaken on HPV positive participants so
sensitivity is not calculable.

There is a direct comparison study by Jentschke and colleagues [16] which provide data that
suggest that the Qvintip may be easier to use and less likely to cause discomfort than the Evalyn brush.
These data also suggest, although this is not a statistically significant result, that the Qvintip is less
sensitive for CIN2+ (83.7%) compared with either the Evalyn brush (89.8%) or a clinician-collected
specimen (89.8%). The differences in both ease of use and sensitivity are small and it is possible that
these differences may stem from the different instructions for use; the Evalyn brush was inserted into
the vagina and rotated five times before being removed, whereas the Qvintip was simply inserted then
removed without any rotation. Interestingly, the Qvintip instructions for use [50] now indicate that it
should be rotated after insertion into the vagina.

2.3.4. Copan FLOQSwab

Another option for self-collection being increasingly used in cervical screening programs is the
flocked swab, generally the FLOQswab made by Copan (Brescia, Italy). There are a few studies that
examined self-sampling using flocked swabs, but it is difficult to assess these studies together as the
specific type of FLOQswab used is not always described. A small study [51] examining the Copan
self-collection swab compared with a cotton swab determined that the flocked swab was more sensitive
for HPV16, HPV18 and for other high-risk HPV types. Although numbers of histologically confirmed
CIN2+ were low, there was a tendency for better detection by the flocked sample (9 CIN2+) compared

221



Cancers 2020, 12, 1053

with the cotton swab (5 CIN2+). Another small study [52] used the Copan ESwab™ for self-collection
and compared it to a self-collection sample stabilized on an FTA®-cartridge, and a clinician-collected
specimen. The flocked swab had equal or greater sensitivity than both the FTA®-cartridge and
the clinician-collected specimen. The flocked swab also matched the clinician–collected sample for
detection of cytological high-grade squamous intraepithelial (HSIL) lesions and cervical cancers and
was more sensitive than the FTA®-cartridge method. Both of these studies used the clinically-validated
Seegene Anyplex HPV assay.

The Copan flocked swab (product number #552) has also be used in the national cervical screening
programs in both Malaysia and Australia after successful pilot implementation studies [7,20].

2.4. Other Considerations for Clinical Testing of Self-Collection Specimens for HPV

2.4.1. Validated Assays

It is emerging best practice for the use of HPV assays in screening to require the assay to have
evidence of being clinically validated, with the two major mechanisms for assessing clinical sensitivity
and specificity being the Meijer Criteria [53] or VALGENT [54]. The Meijer Criteria [53] examines
the assay’s clinical sensitivity and specificity (for histologically confirmed CIN2+) compared with
a reference assay, with an additional group of HPV positive enriched specimens for examining intra-
and inter-laboratory reproducibility. VALGENT (VALidation of HPV GENotyping Tests) [54] uses
a slightly different protocol for assessing specificity and sensitivity compared to a reference assay.
It requires 1300 consecutive screening specimens supplemented with 300 abnormal cytology specimens
and HPV results, along with follow-up histology where appropriate to determine relative sensitivity
and specificity for CIN2+.

Both The Netherlands and Australia have self-collection pathways as part of a HPV-based national
cervical screening program, with The Netherlands using the Evalyn brush and laboratories in Australia
who are accredited currently all utilizing the Copan FLOQSwab. Currently only Roche cobas HPV
assays (cobas or cobas 4800) are being used in these national programs for self-collected specimens.
In Australia the availability of self-collection was delayed by lack of any suitable clinically validated
HPV assays having manufacturer validated claims for the use of self-collected specimens (on label use),
which required laboratories to independently validate their self-collection protocols against paired
clinician-collected specimens ([25], other studies not published).

Whilst a number of assays present data from the scientific literature indicating that their assays
perform well with self-collected specimens, at the time of writing, there does not appear to be any
clinically validated assays with widely accepted (e.g., CE mark or FDA-approved) instructions for use
covering self-collected specimens.

2.4.2. Sample Preparation

One of the less commonly addressed issues with self-collection is the actual processing of the
sample within an accredited pathology laboratory, as opposed to a research laboratory. Many of the
research studies investigating self-collection involve the self-collected specimen being transported to
the laboratory as a dry sample where it is then resuspended in a liquid media [7,13,16]. The mechanism
by which these dry samples are resuspended is highly varied. The most common buffers used are
liquid-based cytology media, such as Hologic PreservCyt or BD SurePath, as these solutions are
validated for use with HPV assays. Different volumes are used in different studies and often the
mechanism by which the dry sample is eluted into these solutions is poorly described. At present,
there is no consensus protocol for sample preparation, but this is likely to change if any of the major
assay manufacturers add a self-collection claim to their assays. Use of such a manufacturer’s protocol
would simplify pathology laboratory accreditation for self-collection.

Another important consideration in the resuspension of dry samples is the availability of media.
Many countries do not have stable supplies of liquid-based cytology media and even transporting
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these media can be difficult, as they are alcohol-based and flammable. This means that they must be
shipped as a dangerous good (in volumes > 300 mL), increasing costs which may be prohibitive for
low- and middle-income countries. Some manufacturers are looking to validate non-alcohol-based
media to reduce these issues, although this may in turn result in reduced stability which could restrict
use to point of care testing.

2.4.3. Pre-Analytic Considerations

In addition to a lack of validated HPV assays for self-collection and a consensus elution protocol,
another issue for future scale up of its use is that self-collection is currently dependent on a number
of manual steps. If self-collection is going to become widely available, and laboratories are going
to process hundreds of samples a day, there will be a need for pre-analytic automation—both for
workflow and for the reduction in inter-operator error. Current automated pre-analytic instruments,
such as the Roche p480, do not have the ability to process self-collected devices.

Another possible mechanism would be to elute dry swabs directly into a solution already used for
the processing of specimens, such as the BD diluent or the Roche cobas PCR media. There are currently
two studies [55,56] which utilised the Roche cobas PCR media as the buffer into which a dry swab was
eluted. This methodology (sample in Roche cobas PCR media) could be suitable using the Roche p480
pre-analytic instrument. Both studies transferred the swab directly into the cobas PCR media at the
point of collection, and as such there are currently no data on the stability of a swab transported dry to
a laboratory before being resuspended into this media. BD diluent has been used as buffer, but only in
an ad hoc method rather than using the commercially available diluent tubes [57].

3. Discussion

The updated meta-analysis on the validity of using self-collection methods for HPV testing in 2018
by Arbyn et al. [10] was of critical importance as it demonstrated that the body of evidence had grown
over the four years since the initial meta-analysis to a point where it could be clearly demonstrated that
PCR-based assays offered similar levels of sensitivity for HPV in self-collected specimens compared
with clinician-collected specimens. All 11 assays included in the analysis had self-collection sensitivities
for HPV that were not significantly lower than the clinician-collected samples.

This review also aimed to summarize the current evidence on the utility of other technologies
in national screening programs. careHPV presents as a viable test because of the very low cost,
although the exact cost per test appears to be in question [39]. The data presented in the review
supports the analysis by Arbyn et al. [10], that the lack of sensitivity of careHPV is likely to result in
false negative results for specimens from women with CIN2+.

The Hologic Aptima HPV test uses RNA as its template, which may potentially give better
specificity which could be beneficial for managing limited follow-up resources such as colposcopy
more effectively. There are only a relatively small number of studies using Aptima and, because
of the different mechanism of detection of HPV results compared to other assays, results cannot be
pooled with PCR-based tests. All studies comparing self-collection on Aptima indicate that it is a less
sensitive test for CIN2+ which suggests that, if there is higher specificity, it is to the detriment of
detecting disease.

The evidence supporting non-PCR-based HPV tests for use with self-collected samples is not
as favourable or as comprehensive as that supporting PCR-based testing. Further evidence on the
application and performance of non-PCR-based technologies for self-sampling are likely to emerge and
any new information will be critical for any re-assessment of use of these technologies for self-collection.

In contrast to the importance of correct HPV assay selection for the testing of self-collected
specimens, a wide range of vastly different sampling devices appear to produce good results. The Arbyn
meta-analysis [10] covered 10 different self-sampling devices and none produced significantly lower
sensitivity than the clinician-collected specimen. This review examined a number of these devices in
detail. The information seems to suggest that factors other than clinical sensitivity may be the deciding
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factor for the use of a device within a specific cervical screening program. The cost of self-collection
devices can be prohibitive, with the FTA®-cartridge costing more than US$5 whereas a Copan flocked
swab is under US$1 [52]. Environmental stability is also a variable requirement depending on
the situation—temperature and humidity vary greatly from region to region. Another aspect of
a self-collection device is whether it can be modified to high volume throughput. Few of the current
device/assay combinations are designed for medium to high throughput (>200, and >1000 clinical
specimens a day respectively), the exception being the cobas swab shipped in cobas PCR media. As
we move towards self-collection as a primary cervical screening pathway, throughput will have to be
considered, and incorporated into the design of the next general of pre-analytic automation.

Another emerging methodology for self-collection is the use of urine for HPV-based cervical
screening. This particular method was not covered in this review as there is a paucity of data
on the predictive value of a urine HPV positive result as it relates to clinical outcomes such as
histologically—confirmed high-grade cervical disease. There is currently a diagnostic test accuracy
study being undertaken called Validation of Human Papillomavirus Assays and Collection Devices for
Self-samples and Urine Samples (VALHUDES) [58], which seeks to examine the clinical sensitivity
and specificity of urine, and vaginal self-collected samples, against both a clinician-collected samples
and against the histological diagnosis of followed up cases. It is likely that VALHUDES will address
a number of other issues surrounding the development of a standardized urine collection and testing
protocol [59], although this trial utilises a specific urine collection device, the Colli-Pee (Novosanis NV,
Wijnegem, Belgium), which may be cost prohibitive in low- and middle-income countries.

There is a need for further research into the acceptance and feasibility of using self-collection in
diverse under- or never-screened populations, but this falls outside the scope of the current review
which is more focused on the technical aspects of self-collection.

4. Conclusions

This review sought to examine how the current evidence base could be used to support
self-collection as a method of increasing cervical screening. There were three key findings relating to
what type of test should be used, what type of collection devices should be used and what factors need
to be considered moving forwards:

1. Self-collection is an attractive mechanism to increase participation in cervical screening worldwide.
The current evidence strongly supports the need for PCR-based HPV assays with internal controls,
specifically for both sample adequacy and detection of inhibition.

2. Whilst there does not appear to be major differences in the sensitivity of different collection
devices, their cost, acceptability, and scalability as part of population level screening programs
need to be considered.

3. This area of clinical testing for HPV as part of organized cervical screening programs will likely
be a fast evolving one, with the continued development of new HPV assays, pre-analytic devices,
and hopefully, manufacturer-validated claims for the use of self-collection.
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Abstract: Head and neck squamous cell carcinomas (HNSCCs) are a very heterogeneous group of
malignancies arising from the upper aerodigestive tract. They show different clinical behaviors
depending on their origin site and genetics. Several data support the existence of at least two genetically
different types of HNSCC, one virus-related and the other alcohol and/or tobacco and oral trauma-related,
which show both clinical and biological opposite features. In fact, human papillomavirus (HPV)-related
HNSCCs, which are mainly located in the oropharynx, are characterized by better prognosis and response
to therapies when compared to HPV-negative HNSCCs. Interestingly, virus-related HNSCC has shown
a better response to conservative (nonsurgical) treatments and immunotherapy, opening questions
about the possibility to perform a pretherapy assessment which could totally guide the treatment
strategy. In this review, we summarize molecular differences and similarities between HPV-positive
and HPV-negative HNSCC, highlighting their impact on clinical behavior and on therapeutic strategies.

Keywords: human papilloma virus; squamous cell carcinoma of the head and neck; translational
research; oncogenes; tumor suppressor genes

1. Background

Head and neck squamous cell carcinoma (HNSCC) is an heterogeneous group of malignancies
comprised of several entities arising from different anatomical subsites, including the oral cavity,
hypopharynx, oropharynx, larynx and nasopharynx. They are characterized by different etiologies,
genetics and clinical behaviors. HNSCC development is strongly related to tobacco and/or alcohol
consumption and/or oral trauma, and/or, in particular in some countries such as Iran and Southeast Asia,
betel quid chewing. Nevertheless, in the last 15 years, remarkable changes in HNSCC epidemiology have
been observed and a critical increase in the diagnosis of some kinds of HSNCC, e.g., the oropharyngeal
carcinoma, have been noted. This feature is probably due to the increasing incidence of human
papilloma virus (HPV)-related tumors [1–3]. Several lines of evidence support the existence of
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at least two genetically different types of HNSCC, one virus-related and the other alcohol and/or
tobacco and oral trauma-related, characterized by both clinical and biological opposite features [3,4].
Unlike HPV-negative HNSCC, HPV-positive HNSCC often occurs in younger patients with minimal or
no tobacco exposure [5,6]. HPV-positive HNSCC, similarly to its HPV-negative counterpart, has a male
predominance, with men suffering a three-to-five times higher incidence than women worldwide [7].

HPV-positive HNSCC carries a favorable prognosis if compared to HPV-negative tumors. In fact,
five-year survival rates for patients with advanced-stage HPV-positive HNSCC are 75–80%, versus
values less than 50% in patients with similarly staged HPV-negative tumors [8,9]. The cause
of the aforementioned different behavior is the different chemo- and radiosensitivity shown by
the HPV-positive and HPV-negative HNSCCs. In fact, several clinical trials have shown that HPV-positive
HNSCC patients have a better response to chemotherapy and radiation therapy than HPV-negative
cases [10–12]. The reasons for this different behavior should be searched in the opposite genetic features
which characterize the two types of tumors.

In this review, we will analyze the genetics of both HPV-positive and HPV-negative HNSCC,
highlighting their impact on the clinical behavior and finally on the therapeutic strategies.

2. Genetics of HPV-Positive HNSCC

Carcinogenesis, which is the complex process through which the normal cell is pushed to
transform itself into a cancer cell, is very different between HPV-related and non-HPV-related HNSCC.
Viral carcinogenesis in HNSCC is partly due to HPV infection, with the oropharynx being the most
commonly involved site. HPV-mediated carcinogenesis is driven by a few viral oncoproteins expressed
by high-risk HPV genotypes. In particular, E6 and E7 have shown to inactivate p53 and retinoblastoma
protein (pRb), respectively, and to impair several metabolic pathways in the infected cells [13–15].

The dominant viral type associated with the development of HNSCC (especially oropharyngeal
carcinoma) is HPV16, while HPV18, 31 and 33 are less frequently detected [16,17]. The commonly
acknowledged paradigm of HPV carcinogenesis, based on studies conducted upon uterine cervical
cancer, highlights the importance of HPV genome integration as a premalignant lesion [18].
Nevertheless, recent acquisitions support the issue that nearly 30% of HPV-positive HNSCC
contained only episomal HPV, prompting new theories about the alternative mechanisms of
HPV-driven carcinogenesis.

The HPV life cycle is related to the host cell capability of proliferation, since its genome does
not encode the polymerase or other enzymes necessary for viral replication; so HPV, once entered
in the cell, both by integrating itself in the host DNA remaining in the form of episomes, becomes
able to promote cell cycle progression mainly through the above mentioned genes, E6 and E7 [19,20].
In particular, E6 inactivates p53, affecting its capability to activate p21, which, in turns, blocks CDK
(Kinase Cyclin Dependent)/Cyclin heterodimers. This latter protein, through phosphorylation of pRB,
provokes E2F release. E2F is able to act as an oncogene stimulating the G1/S transition. The final result
is a deregulation of the cell cycle [21,22]. On the other hand, E7 allows for retinoblastoma protein (pRB)
degradation, which in normal conditions binds and puts off the transcriptional factor E2F. Moreover,
pRB degradation is able to remove the inhibitory feedback upon p16 synthesis, thus leading to its
hyperproduction. For this reason, in HPV-infected tumor cells, p16 is always upregulated [23,24].
The cell cycle dysregulation caused by HPV infection can lead to accumulation of DNA damage,
and thus promotes carcinogenesis (see Figure 1).

The E7 protein is also able to induce methylation of suppressors with a morphogenetic effect
on genitalia (SMG-1) gene promoter, provoking its dysfunction. SMG-1 is a tumor suppressor gene
encoding for a protein able to arrest the cell cycle in response to DNA damage [25,26].

In addition, HPV DNA often integrates in host DNA, and the integration takes place in specific loci,
such as RAD51. This nonrandom integration leads to RAD51 gene dysfunction. RAD51 is an enzyme
involved in double-strand DNA break repair, and its function results in impairment in virus-related
HNSCC [27].
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Figure 1. Oncoproteins E6 and E7 induce cell cycle progression acting upon cell cycle regulation, in 
particular during G1/S transition. E6 binds and inactivates P53, affecting its capability to activate P21, 
which in turn is not able to arrest CyclinD1/Cdk4/6 heterodimer. Oncoprotein E7 directly acts on RB, 
linking and inactivating it, leading to E2F upregulation and cell cycle progression.E2F: elongation 
factor 2; pRB: retinoblastoma protein; Cdk4/6: cyclin dependent kinase; p21: protein 21; E6: 
oncoprotein 6; E7: oncoprotein 7. 

The E7 protein is also able to induce methylation of suppressors with a morphogenetic effect on 
genitalia (SMG-1) gene promoter, provoking its dysfunction. SMG-1 is a tumor suppressor gene 
encoding for a protein able to arrest the cell cycle in response to DNA damage [25,26]. 

In addition, HPV DNA often integrates in host DNA, and the integration takes place in specific 
loci, such as RAD51. This nonrandom integration leads to RAD51 gene dysfunction. RAD51 is an 
enzyme involved in double-strand DNA break repair, and its function results in impairment in 
virus-related HNSCC [27]. 

Overall, from a genetic point of view, HPV-related tumors present unique features, such as p16 
overexpression, CyclinD1 and pRB down-regulation, a low EGFR (Epithelial growth factor receptor) 
expression with a high proliferating index (Ki-67). Interestingly, the most mutated and disrupted 
pathway in those tumors is the Akt-related one [28,29]. 

HPV-related carcinogenesis is characterized by a relatively low number of DNA mutations and 
chromosomal changes while, on the other hand, by a higher percentage of epigenetic changes. As a 
matter of fact, virus-related HNSCCs are associated with a significantly lower mutational rate, when 
compared to non-virus-related HNSCC [30–32]. The lower tumor mutational burden (TMB) typical 
of HPV-related HNSCC leads to a generation of oligoclonal tumors which are intrinsically more 
chemo- and radiosensitive. Table 1 describes the main genetic differences between HPV-positive and 
the HPV-negative HSNCC.   

Figure 1. Oncoproteins E6 and E7 induce cell cycle progression acting upon cell cycle regulation, in
particular during G1/S transition. E6 binds and inactivates P53, affecting its capability to activate P21,
which in turn is not able to arrest CyclinD1/Cdk4/6 heterodimer. Oncoprotein E7 directly acts on RB,
linking and inactivating it, leading to E2F upregulation and cell cycle progression.E2F: elongation factor
2; pRB: retinoblastoma protein; Cdk4/6: cyclin dependent kinase; p21: protein 21; E6: oncoprotein 6; E7:
oncoprotein 7.

Overall, from a genetic point of view, HPV-related tumors present unique features, such as p16
overexpression, CyclinD1 and pRB down-regulation, a low EGFR (Epithelial growth factor receptor)
expression with a high proliferating index (Ki-67). Interestingly, the most mutated and disrupted
pathway in those tumors is the Akt-related one [28,29].

HPV-related carcinogenesis is characterized by a relatively low number of DNA mutations
and chromosomal changes while, on the other hand, by a higher percentage of epigenetic changes.
As a matter of fact, virus-related HNSCCs are associated with a significantly lower mutational rate,
when compared to non-virus-related HNSCC [30–32]. The lower tumor mutational burden (TMB)
typical of HPV-related HNSCC leads to a generation of oligoclonal tumors which are intrinsically
more chemo- and radiosensitive. Table 1 describes the main genetic differences between HPV-positive
and the HPV-negative HSNCC.

Table 1. The picture describes the main genetic features characterizing the virus-related, the mutagens-related
HSNCC and the HPV positive but not related HSNCC.

HPV-related HSNCC Alcohol and Tobacco related HSNCC HPV-positive (but not related) HSNCC

-P16 upregulation (not mutated INK-4 gene)
-CCND1 wild type
-TP53 wild type
-Low number of genic/chromosomal abnormalities
-Higher rate of PI3Kca mutations
-Extensive TSG promoters methylation
-High immune infiltrate

-P16 downregulation (INK-4 mutations)
-TP53 mutations
-CCND1 amplification
-High number of genic/chromosomal
abnormalities
-Low immune infiltrate

-P16 upregulation (not mutated INK-4 gene)
-TP53 mutations
-CCND1 amplification
-High number of genic/chromosomal
abnormalities
-Low immune infiltrate

CCND1: Cyclin D1; PI3Kca: the gene encoding for protein 3 Kinase; TSG: tumor suppressor genes; INK-4: INhibitors
of CDK4; HPV: human papillomavirus; HSNCC: Head and neck squamous cell carcinoma.

On the other hand, in the HPV-negative (mutagen-related) HSNCCs, the gradual acquisition
of mutations involving both “oncogenes” and “tumor suppressor genes”, by effect of the mutagens
contained in alcohol, tobacco and betel, is critical to cause neoplastic transformation and is reflected
by their high mutation load. Thus, the pathogenesis of mutagen-related HSNCC is strongly linked
to progressive accumulation of mutations which affect several DNA traits. Interestingly, these DNA
changes often concern some important and crucial genes, namely TP53, CCND1, INK-4, EGFR,
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and NOTCH1. Mutagen-related HSNCC often presents EGFR and CCND1 amplification, INK-4
mutations, inducing p16 down-regulation, and disruption of the NOTCH-1 pathway [4]. The wide
number of genic aberrations generates heterogeneous neoplastic populations, which are responsible
for chemo- and radioresistance often observed in alcohol- and tobacco-related SCCHN.

In addition, it is very important to discern between HPV-positive and HPV-“related” HNSCC.
These two categories of tumors may be very different from each other, due to the fact that in
the HPV-related HNSCC, the entire carcinogenesis process is initiated and sustained by HPV, which may
be defined as the sole “driver”. In this case only, the tumor is characterized by a low TMB, a wild-type
p53 status, p16 overexpression and the concomitant wild-type status of the genes INK4 (which encodes
for p16), EGFR and CCND1 (the gene encoding for cyclin D1). Nevertheless, there is another category
of HPV-positive tumors which harbor p53 mutations, CCND1 amplification and INK4 mutations, too.
The latter have a poor prognosis, similarly to the HPV-negative HNSCC.

Weinberger et al. [33] performed a molecular analysis on 80 cases of oropharyngeal carcinomas,
analyzing the status of a panel of biomarkers, such as p16, p53 and pRB and correlating it with
the clinical outcome. On the basis of the results obtained, they divided HNSCCs into three classes.
Class I was characterized by the absence of the HPV, and the contemporaneous presence of p53
mutations and p16 inactivation; these tumors were considered to be mutagen-related and showed
poor prognosis. Class II was characterized by HPV positivity, and in concomitance, p53 mutations
and p16 inactivation; these were considered to be HPV-positive but not HPV-related, and showed poor
prognosis. Finally, class III encompassed all the HPV-related HNSCCs characterized by HPV positivity,
wild-type for p16 and p53. Figure 2 describes the classification of oropharyngeal carcinomas suggested
by Weinberger et al.
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Figure 2. Proposed model for head and neck squamous cell carcinomas (HNSCC) carcinogenesis.
Not all the human papillomavirus (HPV)-positive HNSCCs are also HPV-related. Both HPV-negative
and HPV-positive but not HPV-related HSNCC (Class I and II, respectively) are characterized by
INK-4 (the gene encoding for P16) and TP53 mutations which allow for a high expression of P53
and a down-regulation of P16 on the immunohistochemical assay. On the other hand, HPV-related
HSNCC (Class III) show reverse features. 33. Source: Weinberger PM et al., J Clin Oncol. 2006, 24,
736–747 [33]. ETOH: alcohol; SCCHN: squamous cell carcinoma of the head and neck.

This last classification may be of help in improving the identification of the virus-related HNSCCs
and in separating them from their mutagen-related counterpart, aiming to modulate the therapy options.
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3. HPV-Related Tumors: Implications in Clinical Practice

Due to the high chemo- and radiosensitivity shown by HPV-related HNSCC, some authors have
hypothesized the possibility of under-treating affected patients. The rationale for de-intensification of
chemoradiotherapy is to reduce the side-effects caused by combination therapy. In fact, radiotherapy
is associated with dose-related adverse side effects, from acute toxicities like mucositis and loss of
taste to long-term problems including renal dysfunction, severe dysphagia, significant xerostomia,
hearing loss, osteoradionecrosis, strong neck muscle fibrosis, accelerated arteriosclerosis and trismus.
These toxicities may cause a cascade of events, such as infections, dysphagia, feeding tube necessity
and increased hospitalizations, that can markedly affect the quality of life. All the above side effects are
strongly boosted up by the addition of chemotherapy. Thus, it is deductive to think that the reduction of
the dose of radiation therapy and/or the chemotherapy may reduce the percent of cumulative toxicities.

In 2014, Cmelak et al. presented at ASCO (American Society of clinical Oncology) the preliminary
results of phase II trials enrolling HPV-positive HNSCC patients. Patients underwent induction
chemotherapy followed by two different regimens of concurrent cetuximab radiotherapy (RT) on
the basis of the obtained response. In particular, patients who completely responded to induction
chemotherapy were treated with an underpowered RT regimen, consisting in 50 Gy instead of
the standard 70 Gy, while concurrent cetuximab and 70 Gy RT was administered in those who
showed only a partial response. As a result, a better outcome was obtained by patients treated with
underpowered RT [34]. This study paved the way to different trials assessing the de-intensification
strategies in HPV-related HNSCC.

Chera BS et al., in a prospective phase II trial, enrolled 44 patients with diagnosis of T0-T3,
N0-N2c, M0, p16-positive HNSCC and treated them with 60 Gy of intensity-modulated radiotherapy
with concurrent weekly intravenous cisplatin. As a result, 3-year local control, regional control,
cause-specific survival, distant metastasis-free survival, and overall survival rates were 100%, 100%,
100%, 100%, and 95%, respectively. The authors concluded that, in HPV-HNSCC patients, a protocol
consisting of under-dosed radiation therapy (IMRT) given concomitantly with weekly cisplatin was able
to obtain a good preservation of quality of life and an excellent 3-year tumor control and survival [35].

Woody NM et al. treated a cohort of patients with HPV-positive oropharyngeal squamous cell
carcinoma with definitive chemoradiotherapy (70–74.4 Gy) to the primary site and, since a postradiation
neck dissection was planned, 54 Gy to the involved nodal areas. The authors observed a five-year
locoregional control, disease-free survival and overall survival of 96%, 81% and 86%, respectively.
The conclusion was that regional lymph node control in HPV-positive oropharyngeal cancer was not
compromised by a de-escalated dose of radiotherapy to involved nodes in the setting of concurrent
cisplatin-based chemotherapy [36].

These aforementioned trials, although being considered positive due to the good activity shown
by the de-intensified treatments, suffered from being only phase II and nonrandomized trials.

Onita et al. [37] performed a retrospective review of patients with p16-positive oropharyngeal
carcinomas who underwent, from 2006 to 2016, definitive radiotherapy concurrently with either
triweekly cisplatin (n = 251) or cetuximab (n = 40). The study comprised also patients with stage I
disease. Median follow-up was 40 months. On multivariate analysis comparing cisplatin and cetuximab,
the 3-year locoregional recurrence (LRR) was 6% vs. 16% (p = 0.07); the 3-year distant metastasis rate
(DM) was 8% vs. 21% (p = 0.04), the 3-year overall recurrence rate (ORR) was 11% vs. 29% (p = 0.01),
and the 3-year cause-specific survival (CSS) was 94% vs. 79% (p = 0.06), respectively. The aforementioned
results sharply favored the cisplatin arm. Nevertheless, when a stage-based subgroup analysis was
done, the results were interesting; in fact, for stage I-II patients, 3-year LRR, DM, ORR and CSS did
not significantly differ. The same parameters were significantly superior in the cisplatin arm, only
when the authors considered stage III diseases. The authors concluded that, when given concurrently
with radiotherapy, cetuximab and triweekly cisplatin demonstrated comparable efficacy for stage
I–II p16-positive oropharyngeal squamous carcinomas (OPSCC). However, cetuximab appeared to be
associated with higher rates of treatment failure and cancer-related deaths in stage III disease. Lately,
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Gillison ML et al. [38] published the results of a large (987 patients enrolled) prospective phase III trial
comparing concurrent cisplatin (at the standard dose of 100 mg for square meter of body surface) and 70
Gy radiation therapy, with the combination of cetuximab and the same radiation therapy regimen.
This trial aimed to demonstrate the noninferiority of cetuximab and radiotherapy with respect to
the standard of care, namely cisplatin-radiation therapy, in a population of patients affected by locally
advanced HPV-related HNSCC. As a result, the experimental combination of cetuximab and radiation
therapy did not meet the primary endpoint, showing to be inferior to the standard cisplatin radiotherapy
(estimated 5-year overall survival was 77.9% in the cetuximab group versus 84.6% in the cisplatin group).
Similar results were obtained also with regard to progression-free survival. The authors concluded
that for patients with HPV-positive oropharyngeal carcinoma, radiotherapy plus cetuximab showed
inferior overall and progression-free survival if compared to radiotherapy plus cisplatin, so that in those
patients, radiotherapy plus cisplatin remained the standard of care (for eligible patients).

Mehanna H et al. performed a very similar trial aiming to demonstrate the noninferiority of
the cetuximab-radiotherapy combination, in comparison with cisplatin and radiotherapy (De-ESCALaTE
HPV trial). They enrolled 334 patients with locally advanced HPV-positive oropharyngeal carcinoma
and randomized them to receive standard 70 Gy radiation therapy associated with cetuximab or cisplatin
(100 mg for square meter of body surface). The results were similar to the previously mentioned trial,
showing the significant less efficacy of cetuximab if compared with the standard cisplatin (2-year overall
survival 97.5% in the cisplatin arm vs. 89.4% in the cetuximab arm, p = 0.001) [39].

Recently, Jones et al. published the updated results of the aforementioned phase III De-ESCALaTE
HPV trial. Three hundred and thirty-four (334) patients were randomized to cisplatin (166) or cetuximab
(168). Two-year overall survival (97.5% vs. 90.0%, HR: 3.268, p = 0·0251) and recurrence rates (6.4%
vs. 16.0%, HR: 2.67; p = 0.0024) favored the cisplatin arm. Furthermore, the results of this phase III
large trial highlighted that in HPV-positive patients, the standard association of cisplatin-radiotherapy
should not be avoided [40].

On the basis of the conflicting results obtained in clinical trials, de-intensification therapies have not
been taken into account in clinical practice, and moreover, it is not yet clear if the de-intensification should
involve systemic therapy or radiation therapy. Table 2 shows the main studies exploring the concept of
de-intensification of the standard chemoradiotherapy regimen in patients with HPV-positive HSNCC.

Overall, HPV status has a prognostic significance in HSNCC, but it has not yet altered the treatment
guidelines. As a matter of fact, the last version of the National Comprehensive Cancer Network (NccN)
Guidelines has sharply separated treatment pathways for p16-positive and p16-negative oropharyngeal
carcinomas, but the treatment options for p16-positive and p16-negative oropharyngeal carcinomas
are almost identical, with the below-mentioned differences only.

HPV-positive oropharyngeal carcinomas staged as T1 N1 M0, which in the previous version of
the guidelines were suitable for chemoradiotherapy, should be treated now with upfront surgery or
alternatively with radiation alone. T2 N1 M0 tumors (with a single <3 cm lymph node metastasis) may
be suitable for chemoradiation, but concomitant chemoradiation is considered to be only a 2B (namely,
not strongly supported by evidence) category of choice [41]. The surgical approach that should be
chosen is the trans oral robotic surgery (TORS) which in clinical trials is able to guarantee the same
efficacy at a price of a significantly minor morbidity [42,43].

Another difference between HPV-positive and HPV-negative oropharyngeal carcinoma takes
into account the role of adjuvant chemoradiotherapy for the so-called “high-risk” disease. Adjuvant
concurrent chemoradiation represents a category 1 recommendation for all the patients surgically
resected and with presence of extranodal extension. Nevertheless, recent data have highlighted
that HPV-related carcinomas staged as T1–2 N1 (single <3 cm metastases) M0, should undergo
adjuvant radiotherapy alone [44,45]. On these bases, the NCCN panel of experts recommend
the omission of chemotherapy in concomitance with adjuvant radiotherapy in patients with T1–2 N1
M0 HPV-related oropharyngeal carcinoma surgically resected with extranodal extension; nevertheless,
this recommendation is only a 2B category option.

235



Cancers 2020, 12, 975

Table 2. Trials exploring the concept of de-intensification of the standard chemoradiotherapy regimen
in patients with HPV-positive HSNCC.

Study Design Type of Study Number
of Patients Setting Results

Eur. J. Cancer 2020, 124, 178–185
(Update De-Escalate trial)

[40]

cDDP-RT vs. Cet-RT
in HPV-positive oropharyngeal

Carcinomas

Phase III
randomized trial 334

Stage II-IV
oropharyngeal

carcinoma

cDDP-RT better than
Cet-RT

in terms of 2-year OS

Lancet 2019, 393, 51–60
[39]

cDDP-RT vs. Cet-RT
in HPV-positive oropharyngeal

Carcinomas

Phase III
randomized trial 334

Stage II-IV
oropharyngeal

carcinoma

cDDP-RT better than
Cet-RT

in terms of 2-year OS
and ORR

Lancet 2019, 393, 40–50
[38]

cDDP-RT vs. Cet-RT
in HPV-positive oropharyngeal

Carcinomas

Phase III
randomized trial 849

Stage II-IV
oropharyngeal

carcinoma

cDDP-RT better than
Cet-RT

in terms of OS and PFS

Rep. Pract. Oncol. Radiother. 2018,
23, 451–457

[37]

cDDP-RT vs. Cet-RT
in HPV-positive oropharyngeal

Carcinomas

Retrospective
Study 291

Stage I-IV
oropharyngeal

carcinoma

cDDP-RT better than
Cet-RT

in terms of ORR and CSS

Oral Oncol. 2016, 53, 91–96
[36]

Reduced RT dose (54 vs. 70 Gy
upon nodes) plus cisplatin in
HPV-positive oropharyngeal

Carcinomas

Phase II
prospective trial 50

Stage II-IV
oropharyngeal

carcinoma

5-year LCR, DFS and OS
were 96%, 81% and 86%

Cancer 2018, 124, 2347–2354. [35]

Reduced RT dose (60 vs. 70 Gy)
plus weekly cisplatin in

HPV-positive oropharyngeal
Carcinomas

Phase II
prospective trial 44

Stage II-IV
oropharyngeal

carcinoma

3-year LCR, CSS, DMFS
and OS were 100%,

100%, 100% and 95%

J. Clin. Oncol. 2014, 32, 5s,
(suppl; abstr LBA6006)

[34]

Induction Cddp-Pac and Cet
followed by Cet + underpowered

IMRT (54 Gy) in patients
obtaining a CR or a PR

Phase II
prospective trial 90

Stage II-IV
oropharyngeal

carcinoma

70% of CR after IC
2-year PFS and OS were

80 and 94%

cDDP: cisplatin; RT: radiotherapy; IMRT: intensity modulated radiation therapy; Cet: cetuximab; Pac: paclitaxel; OS:
overall survival; PFS: progression-free survival; ORR: overall response rate; LCR: locoregional failure rate; DFS:
disease-free survival; CSS: cause-specific survival; DMFS: distant-metastases-free survival; CR: complete response;
IC: induction chemotherapy.

4. HPV Infection and Immunotherapy

Immunotherapy is a therapeutic strategy aiming to reinforce the host immune system, helping it in
reacting against tumor cells. The entire rationale of the immunotherapy has its roots in the existence of
the so-called “tumor-associated antigens” (TAAs), namely protein antigens exposed by the tumor cells,
able to elicit a strong immune response. Several strategies of immunotherapy are available in clinical
practice and others are still being tested, but the most recent immunotherapeutic drugs are those
acting in the “checkpoint” phases. The two well-acknowledged checkpoint phases are the “priming
phase” (during which the naïve T-lymphocytes mature and became able to attack the tumor cells)
and the “effector phase” (during which the matured T-lymphocytes attack and destroy the tumor cells,
by recognizing the TAA).

Virus-related and mutagen-related HNSCCs display different genetic and immunologic features.
Some data indicate that tobacco and alcohol, provoking several DNA mutations, also alter the tumor
immune microenvironment. These last immune microenvironment alterations strongly affect
tumor response to immunotherapy, thus leading to lower response rates after immunotherapy [46].
Desrichard et al. demonstrated a significant correlation between a specific “smoking-signature”,
which characterizes the smoke-related HNSCC, and the entity of the tumor-immune-infiltrate.
In particular, they observed that a specific smoke-associated signature (the signature defined by
Alexandrov), characterized by a wide number of DNA changes and a very high mutational burden,
significantly correlated to a low immune tumor infiltrate. Interestingly, this signature also related
to poor response to immunotherapy [47,48]. On the other hand, the HPV-related HNSCC subgroup
showed the opposite features, being characterized by a robust CD8 lymphocyte-mediated response
and a better response to immunotherapy. The main implications of the aforementioned features are
that the HPV-related HNSCC responds better to immunotherapy, and in particular, to checkpoint
inhibitors, while the mutagen-related one does not, being characterized by a noninflamed phenotype.
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5. Future Implications on Therapy

The future therapeutic approaches should start from the statement that HPV-related HNSCC
represents an entity which is very different genetically to mutagen-related HNSCC, mainly due to
their intrinsic chemo- and radiosensitivity. Consequently, when, in clinical practice, there is a doubt
whether to choose surgery or chemoradiotherapy, we can hypothesize, to address HPV-related tumors,
that conservative treatment instead of surgery be used, especially if the surgical procedure is burdened
with greater compromise of quality of life. On these bases, our effort should be aimed at rapid
identification of the HPV-related tumors, in particular those belonging to the class III, as reported by
Weinberger et al. [33]. According to more and more data [49–51], the latter seem to be characterized by
a genetic signature, namely a pattern of genetic and epigenetic changes, which may sharply distinguish
them from the other non-virus-related tumors. HPV-related HNSCC (in particular, oropharyngeal
cancers) often shows the following features—P16 overexpression, low EGFR expression, wild-type
TP53 and low CyclinD1 expression; in addition they show a lower TMB and an higher number of
epigenetic changes, if compared with the mutagen-related counterpart [4,52,53].

Further complicating the matter is the molecular heterogeneity existing within HPV-positive
tumors. As a matter of fact, a 2014 study of HNSCC from The Cancer Genome Atlas (TCGA) found
that in a group of 35 HPV-positive tumors, 25 had integration of the viral genome while 10 tumors
lacked integration [54] Further data have highlighted that nearly 30% of HPV-positive oropharyngeal
carcinomas contained only episomal HPV [55]. Oropharyngeal cancers showing integrated versus
nonintegrated HPV have differences in somatic gene methylation, gene expression patterns, mRNA
processing, and inter- and intrachromosomal rearrangements [56]. In a recent biomolecular analysis
of a subgroup of HPV-positive HNSCC, authors identified the presence of deletions or mutations of
two proteins that inhibit NF-kB and activate interferon, TNF receptor-associated factor 3 (TRAF3)
and cylindromatosis (CYLD) [57]. Furthermore, the presence of these DNA changes was related to
the prognosis, with survival improved for patients whose tumors carried defects in either TRAF3 or
CYLD. Conversely, the survival of HPV-positive patients without these mutations was similar to that
of HPV-negative patients [58].

TRAF3 and CYLD gene deletions or disruptive mutations were identified in 28% of HPV-positive
specimens in the initial TCGA HNSCC cohort and it correlated to the absence of HPV gene
integration and decreased tobacco exposure [59], leading to the consideration that both DNA damage
and the presence of reactive oxygen species (induced by tobacco mutagens) may favor HPV integration.

In conclusion, we can assert that the positivity for HPV (p16 test) is not enough to consider
the tumor as HPV-related, and other markers should be taken into account for this scope.

A subgroup analysis carried out in the TAX 324 study, as well as the results of the ECOG 2399 trial,
clearly demonstrated that HPV-related HSNCC responded better to induction TPF (docetaxel, cisplatin
and 5-FU) followed by chemoradiation, when compared with the p16-negative counterpart [60,61],
(Figure 3).

Moreover, Feng et al. [62] demonstrated that wild-type (WT) CCND1 (the gene encoding for
CyclinD1) HNSCC displayed a significantly better response to induction chemotherapy compared with
tumors showing CCND1 gene amplification (Figure 4). HPV-related HNSCCs often show the wild-type
status for CCND1 concomitantly with wild-type status of p16. The authors concluded that the WT
status for CCND1 could predict good response to induction chemotherapy and, consequently, we can
assume that the presence of HPV-related carcinogenesis may represent a predictive factor of good
response to induction chemotherapy, followed by chemoradiation (Figure 4).

The two latter studies have furtherly highlighted the concept that HPV-related tumors not only
have a better prognosis but also a better response to conservative treatments when compared with
the HPV-negative counterpart.
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HPV presence in the tumor cells could also guide the immunotherapy strategies. Starting from
the hypothesis that viral antigens are much more immunogenic than those “self”, a number of clinical
trials have tested vaccination strategies which selectively target the viral antigens, such as E6 and E7
proteins [63]. Results are encouraging but data are still immature.

Regarding the use of the checkpoint inhibitors, only nivolumab and pembrolizumab are presently
approved drugs for the treatment of recurrent/metastatic HSNCC. Both the drugs are indifferently
employed in HPV-positive and HPV-negative patients. Nevertheless, it is interesting to highlight
that a subgroup analysis in the context of the Keynote 141 trial (the study that led to the approval
of nivolumab in clinical practice) has revealed that, among patients with HPV-positive tumors,
the median OS was 9.1 months for patients treated with nivolumab versus 4.4 months for those treated
with the standard-therapy, confirming the possibility that virus-related HSNCC better responds to
checkpoint inhibitors [64]. More data are needed to assert the aforementioned issue, but it seems clear
enough that virus-related HSNCC is more suitable to respond to immunotherapy compared with its
mutagen-related counterpart.

6. Conclusions

HNSCCs are a very heterogeneous group of tumors affecting more than 65,000 patients per
year in the United States. Mortality is strongly related to the initial staging, with both advanced
and locally-advanced diseases having a poor prognosis. Lately, the knowledge of HNSCC genetics, as well
as the translational research in this field, have gained more and more importance in the management of
patients. Thus, the discovery of a subgroup of HNSCC, HPV-related HNSCC, particularly different from
the others, paved the way to a different approach to HNSCC in clinical practice.

As largely demonstrated by scientific literature, HPV-related tumors are much more radiosensitive
and chemosensitive when compared with their mutagen-related counterpart, and this feature can
significantly impact on the clinical management of the patients.

Nevertheless, there are at least two problems to face—the importance of sharply distinguishing
the HPV-related tumors from the non-HPV-related ones, independently from the presence of the viral
DNA in the tumor cells, and the possibility to employ this information in clinical practice.

The identification of the viral protein E6 and E7 may be the best way to identify virus-related
HNSCC [15], but this methodology does not take into account some important considerations.
As a matter of fact, there is a subgroup of HPV-positive HNSCC that displays both viral DNA
and E6/E7 proteins which is characterized by nonviral carcinogenesis. In this last case, some particular
DNA and chromosomal changes such as p53, CCND1 and EGFR mutations, as well as a high TMB,
are often present. In these cases, the carcinogenesis is due to mutagens from alcohol and tobacco,
and the presence of HPV is not relevant, with these tumors having a prognosis comparable with those
that are HPV-negative.

Different markers, other than p16, have been taken into account with the aim to best identify
the HPV-driven carcinogenesis—TP53, pRB and CCND1, with their expression being very peculiar in
HPV-related HNSCC (class III according to Weinberger).

The second and most relevant problem to be solved is the applicability of the aforementioned
information in clinical practice. In fact, the last TNM version distinguishes between HPV-related
(p16-positive) and non-HPV-related tumors, highlighting the impact that HPV has on the prognosis.
Nevertheless, the therapeutic strategies used for HPV-related oropharyngeal cancers are almost
the same as in non-HPV-related tumors, with few exceptions.

According to the latest translational acquisitions, we can speculate that in the near future,
the HPV-related HNSCC could have different treatments when compared with the mutagen-related
tumors. In particular, the locally advanced virus-related HNSCC could be treated with conservative
strategies in spite of radical surgery, being very chemo and radiosensitive. On the same bases,
HPV-related tumors, which are more suitable to respond to immunotherapy, could benefit from
a single drug immunotherapy, such as checkpoint inhibitors; the mutagen-related counterpart,
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which often have a noninflamed phenotype, necessitates stronger immune modulation with two or
more immunotherapeutic drugs.

Further studies on translational research should be designed with the aim to discern therapeutic
options on the bases of the genetics of tumors.
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Tomaić, V.; et al. The Human Papillomavirus E6 PDZ Binding Motif: From Life Cycle to Malignancy. Viruses
2015, 7, 3530–3551. [CrossRef]

22. Delury, C.P.; Marsh, E.; James, C.D.; Boon, S.S.; Banks, L.; Knight, G.; Roberts, S. The role of protein kinase
A regulation of the E6 PDZ-binding domain during the differentiation-dependent life cycle of human
papillomavirus type 18. J. Virol. 2013, 87, 9463–9472. [CrossRef]

23. Songock, W.K.; Kim, S.-M.; Bodily, J. The human papillomavirus E7 oncoprotein as a regulator of transcription.
Virus Res. 2017, 231, 56–75. [CrossRef] [PubMed]
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Abstract: Aberrant regulation of the cell cycle is a typical feature of all forms of cancer. In head and
neck squamous cell carcinoma (HNSCC), it is often associated with the overexpression of cyclin
D1 (CCND1). However, it remains unclear how CCND1 expression changes between tumor and
normal tissues and whether human papillomavirus (HPV) affects differential CCND1 expression.
Here, we evaluated the expression of D-type cyclins in a cohort of 94 HNSCC patients of which 82
were subjected to whole genome expression profiling of primary tumors and paired normal mucosa.
Comparative analysis of paired samples showed that CCND1 was upregulated in 18% of HNSCC
tumors. Counterintuitively, CCND1 was downregulated in 23% of carcinomas, more frequently in
HPV-positive samples. There was no correlation between the change in D-type cyclin expression and
patient survival. Intriguingly, among the tumors with downregulated CCND1, one-third showed an
increase in cyclin D2 (CCND2) expression. On the other hand, one-third of tumors with upregulated
CCND1 showed a decrease in CCND2. Collectively, we have shown that CCND1 was frequently
downregulated in HNSCC tumors. Furthermore, regardless of the HPV status, our data suggested
that a change in CCND1 expression was alleviated by a compensatory change in CCND2 expression.

Keywords: human papillomavirus; head and neck squamous cell carcinoma; cell cycle; D-type cyclins;
CCND1; CCND2; CCND3; patient survival; paired tumor-normal samples; 11q13 amplification
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1. Introduction

Head and neck squamous cell carcinomas (HNSCC) are malignant neoplasms that arise from
the mucosal epithelial surface of the upper respiratory and digestive tracts. The worldwide annual
incidence of head and neck cancers is more than 550,000 cases, thus making HNSCC the sixth-most
common cancer in the world [1]. Unfortunately, the incidence of this tumor type continues to increase.

HNSCC is more prevalent in men than in women, and the majority of HNSCC cases occur in
patients over the age of 60 [2]. The most affected subsites are the oral cavity, oropharynx, hypopharynx,
nasopharynx and larynx. Early-stage, locally contained disease responds favorably to treatment,
presenting very good cure rates of 70–90%. However, advanced HNSCC exhibit aggressive loco-regional
invasions, frequent second primary tumors and lymph node metastases, while distant metastases are
relatively rare. Despite advances in the treatment of HNSCC using molecularly targeted therapies, the
five-year survival rate of loco-regional or recurrent/metastatic diseases has remained at 50–60% [3,4].

The main risk factors for the development of head and neck cancers include tobacco exposure
and alcohol consumption, which are associated with more than 70% of all HNSCC cases [5,6], and the
infection of high-risk oncogenic types of human papillomavirus (HPV) [7]. Among HPV high-risk types,
HPV16 and HPV18 are the most common, accounting for more than 85% of all HPV-positive (HPV(+))
tumors [8,9]. HPV status, combined with the traditional tumor-node-metastasis (TNM) staging system,
is considered to be a particularly significant biological prognostic marker and distinguishes two
etiologically different subtypes of HNSCC [10]. Individuals with HPV(+) HNSCCs have a considerably
better prognosis compared to those who possess HPV-negative (HPV(−)) cancers [11].

In HNSCC, the alterations which lead to functional loss of the tumor suppressor function are
much more frequent than oncogene-activating mutations. These changes in both HPV subtypes almost
invariably deregulate cell cycle entry and progression and, thus, are detrimental to cell proliferation.
In HPV(−) tumors, p53 tumor suppressor is inactivated by genetic mutations, and retinoblastoma
protein (pRb) is inactivated by cyclin D1 (CCND1) and the CDK4/6 complex. On the other hand, in
HPV(+) tumors, viral proteins E6 and E7 inactivate p53 and pRb, thus enabling these tumors to evade
cell cycle checkpoints [8,12]. Functional loss of p53, either by mutation or proteasomal degradation,
occurs early in HNSCC development in approximately 75% of cases [13,14]. Likewise, another tumor
suppressor gene, CDKN2A, that encodes cyclin-dependent kinase inhibitor p16INK4a, is frequently
inactivated by a copy number loss in HPV(−) HNSCC [15,16]. In contrast, p16INK4a overexpression is
typical for HPV(+) HNSCC [17] and is used as a surrogate marker of HPV infection [13,16].

A mutation detected in negative regulators of the cell cycle is often paralleled by the increased
expression of cyclin D1, a potent oncogene and positive regulator of the cell cycle that is encoded
by the CCND1 gene [15]. CCND1 is a member of the D-type cyclin family that includes cyclin D2
(CCND2) and cyclin D3 (CCND3). Cyclins D1, D2 and D3 show roughly 50% of sequence identity at
the amino acid level, and all have been shown to activate CDK4/6 and promote G1/S transition [18].
In nontransformed cells, the expression of D-type cyclins is controlled by mitogenic, adhesion and
differentiation signals and, thus, integrates extracellular signals with the cell cycle. Overexpression of
the D-type cyclins bypasses the requirement for mitogenic stimuli promoting unchecked proliferation
and is believed to be an early cause of tumor formation [18–20]. Cyclin D1 protein overexpression
has been reported in up to 70% of HNSCC cases [21,22], and gene amplification represents the most
prominent mechanism of increased CCND1 expression [15]. In addition, amplification of CCND2 in
HNSCC has also been reported [23]. Despite the frequent CCND1 upregulation and its positive role in
cell proliferation, the value of CCND1 as an independent prognostic marker in HNSCC is inconsistent.
Several studies have suggested that elevated CCND1 expression correlates with poor prognosis of some
types of HNSCC [21,24,25]; however, other studies have not found a significant correlation [26–29].

In the present study, we examined the expression of D-type cyclins in a new cohort of 94 HNSCC
patients with known clinical data. For 82 of these patients, the expression profiles of both the tumor
and matching normal mucosa were obtained using DNA microarrays. Analysis of expression changes
between tumor and normal tissues revealed that a considerable fraction of tumors downregulates
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CCND1 expression. However, the reduction of cyclin D1 expression did not correlate with a favorable
clinical outcome. We also found that tumors with downregulated cyclin D1 expression frequently
upregulate the expression of cyclin D2. Taken together, these results suggest a compensatory mechanism
where the upregulation of cyclin D2 may be a direct consequence of the loss of related cyclin D1 function.

2. Results

2.1. Patient Characteristics

Normal (n = 86) and tumor (n = 90) samples were obtained from a total of 94 HNSCC patients
from which clinical and pathological data were collected (Table 1 and Table S1). Overall, patients
were users of tobacco (81%) and alcohol (59%). HPV was detected in 26 cases (28%). In contrast
to previous reports [30–32], there was almost no difference in the average age of HNSCC diagnosis
between HPV(−) and HPV(+) subgroups. Primary treatment consisted of surgery alone in 15 (16%)
cases, surgery combined with adjuvant radiotherapy in 73 (78%) cases and surgery combined with
adjuvant chemoradiotherapy in 6 (6%) cases. Median follow-up length was 110 months for HPV(+)
patients and 29 months for HPV(−) patients. HPV infection was associated with significantly longer
overall survival (OS) (Figure 1A, left panel). Five-year OS was 77% (CI 62–95%) and 32% (CI 22–48%) in
HPV(+) and HPV(−) groups, respectively. Hazard ratio (HR) of HPV(−) vs HPV(+) 2.13–9.15, p < 0.001).
Disease-free survival (DFS) was also shorter for HPV(−) patients (five-year survival 61%; CI 46–81%)
than for HPV(+) patients (five-year survival 85%; CI 72–100%) (Figure S1A). However, the difference
between HPV(−) and HPV(+) patients did not reach statistical significance (HR = 2.89, CI 0.95-8.77, p =

0.06).
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Table 1. Summary of clinical data for all patients in the present cohort (n = 94). For four patients,
only samples from normal mucosa were available, and thus, the human papillomavirus (HPV) status
was not determined. Statistical significance gauges the association between a variable and the HPV
subtypes: (n.s.) non-significant, (*) p < 0.05 and (***) p < 0.001. Percentages are column-wise by default,
row-wise if “r” is behind the value. (NA) not available.

Variable (Stat. Signif.) All Patients N
(%)

HPV(−) N
(%)

HPV(+) N
(%)

No. patients 94 - -
Sample groups

No. samples per normal mucosa 86 - -
No. samples per tumor 90 64 (71r) 26 (29r)

Patients
No. patients with paired samples 82 57 (70r) 25 (30r)

No. patients with paired samples and known
follow-up 76 51 (68r) 25 (32r)

Age at surgery (n.s.)
Median (range) 60 (26–94) 59 (26–94) 62 (41–72)

No. age < 40 1 1 0
Gender (n.s.)

Female 10 (11) 6 (9) 4 (15)
Male 84 (89) 58 (91) 22 (85)

Smoking (*)
No 17 (18) 7 (11) 9 (35)
Yes 76 (81) 56 (88) 17 (65)
NA 1 (1) 1 (2) 0

Alcohol usage (n.s.)
No 38 (40) 22 (34) 14 (54)
yes 55 (59) 41 (64) 12 (46)
NA 1 (1) 1 (2) 0

Tumour site (***)
base of the tongue 16 (17) 9 (14) 7 (27)

hypopharynx 4 (4) 4 (6) 0
larynx 21 (22) 20 (31) 0

oral cavity 21 (22) 18 (28) 1 (4)
oropharynx part 9 (10) 6 (9) 2 (8)

tonsils 23 (24) 7 (11) 16 (62)
Stage (n.s.)

I 8 (9) 6 (9) 2 (8)
II 8 (9) 5 (8) 3 (12)
III 21 (22) 17 (27) 4 (15)
IV 56 (60) 35 (55) 17 (65)

NA 1 (1) 1 (2) 0
Grade (*)

G1 19 (20) 18 (28) 1 (4)
G2 46 (49) 26 (41) 18 (69)
G3 28 (30) 19 (30) 7 (27)
G4 1 (1) 1 (2) 0

Months of follow-up (median) (range) (n.s.) 47 (0–139) 29 (0–138) 110 (16–139)
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Figure 1. CCND1 gene expression changes between tumor and normal tissues and patient survival in
human papillomavirus (HPV) (+) and HPV(−) groups. (A) Kaplan-Meier plots of overall survival (OS)
for HPV(−) and HPV(+) groups: entire cohort (left panel, n = 82) and tonsillar carcinoma (right panel,
n = 23). (B) CCND1 gene expression in a cohort of 94 patients (left panel) and stratified according to
the HPV status (middle and right panel). The boxplot displays interquartile range with the whiskers
indicating the greatest and smallest observations, excluding outliers. (C) CCND1 deregulation between
paired tumor and normal tissues. Paired samples are connected by the lines color-coded according
to the change of CCND1 expression (red—CCND1 upregulation, fold-changes (FC) > 2; green—no
deregulation, 0.5 < FC < 2 and blue—CCND1 downregulation, FC < 0.5). (D) Kaplan–Meier plots for
OS stratified according to CCND1 gene deregulation in the HPV(−) group. (E) Kaplan–Meier plot for
OS by CCND1 deregulation in the HPV(+) group. Up—group with CCND1 upregulated, not—group
without CCND1 deregulation and down—group with CCND1 downregulated. Tick marks and crosses
in (A,D,E) indicate right censoring.

We next analyzed whether HPV infection results in better prognosis of patients with the same
tumor location. We analyzed tumors from the tonsils and the base of the tongue, as these subsites
were significantly represented in respect of both the number and the proportion of HPV(+) tumors.
Similar to the entire cohort, HPV infection of tonsil tumors was associated with significantly longer
overall survival (Figure 1A, right panel). Five-year OS was 69% (CI 49–96%) and 43% (CI 18–100%)
in the HPV(+) and HPV(−) groups, respectively. The hazard ratio of HPV(+) tonsil tumors was 0.3
(CI 0.09–0.99, p < 0.05). A similar trend was observed in patients with tumors originating in the
base of the tongue, although in this case, statistical significance was not reached (Supplementary
Figure S1B). Five-year OS was 71% (CI 24–100%) and 29% (CI 9–92%) in the HPV(+) and HPV(−)
groups, respectively. The hazard ratio of the HPV(+) base of the tongue tumors was 0.27 (CI 0.07–1.11,
p = 0.07).

Whole genome expression profiles were obtained for a cohort of 94 patients (90 tumor samples,
86 normal tissue samples). From this cohort, a group of 82 patients had expression profiles from both
tumor and matched normal tissues. Of these 82 patients, 25 and 57 individuals had HPV(+) and HPV(−)
tumors, respectively.
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2.2. Deregulation of Cyclin D1 Expression in HPV(−) and in HPV(+) HNSCC Tumors Does Not Correlate
with Patient Outcomes

Analysis of expression profiles from the cohort of 94 HNSCC cases revealed that the mean
expression of CCND1 does not differ between the normal mucosae and carcinomas. However, CCND1
expression in tumors showed a visible spread toward both increased and decreased values (Figure 1B).
Decreased CCND1 expression was significant mainly in the HPV(+) group. We thus determined the
changes in expression of CCND1 between 82 paired tumor and normal tissues patient by patient.
We considered CCND1 to be deregulated in the tumor if the fold-change of expression between tumor
and normal tissues was above two (CCND1 upregulation) or less than 0.5 (CCND1 downregulation),
respectively. This categorization resulted in the formation of three different clusters: 47 cases (57.3%) in
which there was no change in CCND1 expression and 15 cases (18.3%) where CCND1 was upregulated
as expected in proliferating tumor tissue. However, a substantial number of tumors downregulated
CCND1 (20 cases, 24.4%) (Figure 1C). Further stratification according to HPV status revealed that CCND1
downregulation was typical for HPV(+) tumors (13 cases, 52.0%), while almost all of the remaining
11 (44.0%) HPV(+) tumors did not deregulate CCND1 expression. Only in one HPV(+) case (4.0%),
CCND1 was found to be upregulated (Figure 1C). On the other hand, HPV(−) tumors were spread
across all three categories: tumors with CCND1 expression upregulated (14 cases, 24.6%), unchanged
(36 cases, 63.2%) or downregulated (7 cases, 12.3%). We examined whether these changes in CCND1
expression correlated with patient outcomes and clustered 76 patients with known follow-up according
to their CCND1 regulation. Survival analysis revealed that neither OS (Figure 1D, Table 2 and Table S2)
nor DFS (Supplementary Figure S1C and Table S2) were affected by CCND1 upregulation in the HPV(−)
group. CCND1 downregulation was associated with a shorter five-year OS (Figure 1D and Table 2);
however, the clinical data for this group was available for four patients only, showing no statistically
significant difference (Table 2 and Table S2). In the HPV(+) group, CCND1 downregulation did not
affect OS or DFS significantly (Figure 1E, Supplementary Figure S1D and Table 2). This data suggested
that there is no significant association between worse clinical outcome and CCND1 upregulation and,
conversely, between better outcomes in patients with CCND1 downregulation.

Table 2. Survival analysis, overall survival (OS). Patients with paired samples and known survival
(n = 76, see Table 1) were clustered according to the deregulation of D-type cyclin expression in
matching samples. Thresholds for deregulation were the following: not (0.5 < fold-changes (FC) < 2),
up (FC > 2) and down (FC < 0.5). HR—hazard ratio and NA—not available.

Five-Year Survival (%) Univariate HR (95% CI), P

HPV(−) HPV(+) HPV(−) HPV(+)
CCND1

not 38 82 1 1

up 29 0 1.04 (0.5–2.17), 0.92 46.95 (2.26–973.39),
0.01

down 0 77 2.6 (0.86–7.85), 0.09 2.88 (0.58–14.3), 0.2
CCND2

not 30 81 1 1

up 28 50 1.16 (0.59–2.29),
0.67 2.04 (0.54–7.69), 0.29

down 60 100 0.51 (0.15–1.72),
0.28 NA

CCND3
not 32 77 1 1
up 100 67 NA 0.9 (0.11–7.22), 0.92

down 0 0 NA NA
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2.3. Cyclin D1 Upregulation Correlates with Bona Fide Amplification of Its Genomic Locus

The observed low number of tumors with upregulated CCND1 expression was unexpected,
as CCND1 overexpression was generally reported in up to 70% of patients at the protein level [21,22].
The common mechanism underlying CCND1 upregulation is its gene locus amplification, with
frequency ranging from 17% to 50% of cases [33,34]. While we do not possess direct data on the
amplification, we analyzed changes in the expression of genes surrounding the CCND1 gene as
its surrogate marker [15,22]. Locus amplification would lead to upregulation of other genes in the
locus, together with the CCND1 upregulation. Out of 20 genes present in the two-megabase window
around the CCND1 genomic locus, we could analyze changes in the expression of 12 genes, while the
expression of the other six genes was not detected by the microarray technology (Figure 2A). In the
group of 15 predominantly HPV(−) cases where CCND1 expression was upregulated in the tumor
tissues (FC > 2), we observed upregulation of the genes that were downstream of CCND1 in 14 (93%)
cases (Figure 2B,C). Notably, ANO1 was upregulated both in the majority of HPV(−) tumors and in
HPV(+) tumors, probably reflecting the fact that this protein is a potential driver oncogene [35]. With
the exception of TPCN2, the genes upstream of CCND1 were not upregulated along with CCND1 in
HPV(−) tumors. The expression of MRGPRF and MYEOV were rather downregulated (Figure 2B,C).
The downregulation of MYEOV may be explained by frequent epigenomic silencing of the gene [36].
In summary, we observed a strong signal for amplification of the CCND1 genomic loci in HPV(−)
tumors. In the HPV(+) group, the co-amplification was observed only in one case, in agreement with
previously published data that amplification of the CCND1 locus is rare in HPV(+) tumors [22].

Figure 2. CCND1 gene locus amplification as estimated from expression changes between tumor and
normal tissues in HPV(+) and HPV(−) patient groups. (A) Schematics of the CCND1 gene locus spanning
~ 2 Mb indicating position of the surrounding genes. Position of the CCND1 gene (red) is indicated by
the arrowhead. Black rectangles indicate expressed genes, and beige rectangles indicate genes expressed
below the detection threshold. Position on chromosome 11 is given in Mb, million base pairs. (B) Heatmap
of gene expression changes between tumor and normal tissues in the HPV(−) group for expressed genes
from the CCND1 locus. LFC—log2 fold-change in expression. (C) Heatmap of gene expression changes
between tumor and normal tissues in the HPV(+) group for expressed genes from the CCND1 locus.
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2.4. Deregulation of Cyclin D2 Does Not Correlate with Patient Outcomes

The expression levels of other D-type cyclins, CCND2 and CCND3, were also examined. In contrast
to CCND1, the median expression of CCND2 was slightly elevated, yet it was statistically significant
in both HPV(−) and HPV(+) tumors (Figure 3A). Comparative analysis of CCND2 gene expression
between paired tumor and normal samples revealed upregulation of CCND2 expression in 26 cases
(31.7%) (Figure 3B). In 49 cases (59.8%), there was no change in CCND2 expression, and downregulation
of CCND2 was observed in seven cases (8.5%) only. Stratification according to HPV status revealed
that both HPV(+) and HPV(−) tumors displayed significant upregulation of CCND2 (Figure 3B), while
downregulation of CCND2 was observed only in a few HPV(−) tumors and a single HPV(+) tumor.
Neither CCND2 upregulation nor downregulation affected the OS (Figure 3C,D and Table 2) and DFS
(Supplementary Figure S1E,F and Table S2).

Figure 3. CCND2 gene expression changes between tumor and normal tissues and patient survival
in HPV(+) and HPV(−) groups. (A) CCND2 gene expression in a cohort of 94 patients (left
panel) and stratified according to the HPV status (middle and right panels). The boxplot displays
interquartile range with the whiskers indicating the greatest and smallest observations, excluding
outliers. (B) CCND2 deregulation between paired tumor and normal tissues. Paired samples are
connected by the lines color-coded according to the change of CCND2 expression (red—CCND2
upregulation, FC > 2; green—no deregulation, 0.5 < FC < 2 and blue—CCND2 downregulation, FC <

0.5). (C,D) Kaplan–Meier plots for OS stratified according to CCND2 gene deregulation in HPV(−) and
HPV(+) groups. Up—group with CCND2 upregulated, not—group without CCND2 deregulation and
down—CCND2 group with CCND2 downregulated. Tick marks in (C,D) indicate right censoring.

The analysis of CCND3 mean expressions revealed elevated CCND3 expression only in HPV(+)
tumors (Figure 4A). Expression changes between paired tumor and normal samples also revealed the
upregulation of CCND3 expression in four cases (6.6%), predominantly in HPV(−) tumors (Figure 4B).
Downregulation of CCND3 was not observed. Due to the small number of patients with CCND3
expression changes, statistical analysis did not yield any significant results (Table 2 and Table S2).
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Figure 4. CCND3 gene expression changes between tumor and normal tissues. (A) CCND3 gene
expression in a cohort of 94 patients (left panel) and stratified according to the HPV status (middle
and right panels). The boxplot displays interquartile range with the whiskers indicating the greatest
and smallest observations, excluding outliers. (B) CCND3 deregulation between paired tumor and
normal tissues. Paired samples are connected by the lines color-coded according to the change of
CCND3 expression (red—CCND3 upregulation, FC > 2; green—no deregulation, 0.5 < FC < 2 and
blue—CCND3 downregulation, FC < 0.5).

2.5. Cyclin D2 is Often Upregulated in Tumors with Downregulated Cyclin D1 and Vice Versa

The finding that CCND1 was downregulated in more than a fourth of the cases (Figure 1C) and
that these patients did not display a better prognosis (Table 2) suggests the hypothesis that additional
cyclins could compensate for the CCND1 deficiency. We thus examined whether CCND1 mRNA
downregulation is paralleled by upregulation of CCND2 and/or CCND3. Indeed, the comparison
revealed that a substantial number of tumors with downregulated CCND1 upregulated CCND2 (7 out
of 20; 35%) and CCND3 in one individual case (Figure 5A). Intriguingly, we also found that tumors
that upregulated CCND1 often downregulated CCND2 expression (5 out of 15; 33.3%) (Figure 5A).
This observation suggests that expression of CCND1 and CCND2 is coupled.

Figure 5. Compensatory expression of CCND2 in tumors with deregulated CCND1. (A) D-type cyclins
expression changes presented as log2 fold-change between tumor and normal tissues in a cohort of 82
patients (left panel) and stratified according to the HPV status (middle and right panels). For clarity,
only tumors with FC > 2 (red dots) and FC < 0.5 (blue dots) are shown. Lines connect the same patients.
(B) D-type cyclins deregulation between paired tumor and normal tissues in The Cancer Genome Atlas
(TCGA) cohort of 39 HPV(−) patients. Paired samples are connected by the lines color-coded according to
the change in D-type cyclin expression (red—upregulation, FC > 2; green—no deregulation, 0.5 < FC < 2
and blue—downregulation, FC < 0.5). (C) D-type cyclins expression changes presented as log2 fold-change
between paired tumor and normal tissues in the TCGA cohort of 39 HPV(−) patients. For clarity, only
tumors with FC > 2 (red dots) and FC < 0.5 (blue dots) are shown. Lines connect the same patients.
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2.6. Validation in an Independent Cohort

To validate our findings in an independent cohort, we analyzed the expression profiles from a
cohort of 490 patients from The Cancer Genome Atlas (TCGA) obtained from cBioPortal (see Materials
and Methods for details). In this cohort, there were 42 paired tumor and normal mucosa samples with
follow-up clinical data; however, only three of these pairs contained HPV(+) tumors. Hence, we focused
on HPV(−) pairs. Analysis of CCND1, CCND2 and CCND3 expression recapitulated the findings
in our dataset. CCND1 deregulation between tumor and normal tissues clustered patients in three
groups (Figure 5B) with no correlation with OS and DFS (Table S3). Substantial fraction of patients
had CCND2 in tumors upregulated (20 cases, 50.0%) or downregulated (12 cases, 30.0%) (Figure 5B).
Importantly, we observed again that a significant fraction of the tumors with upregulated CCND1 had
downregulated CCND2 (6 out of 9; 60.0%) or vice versa (7 out of 10, 70.0%) (Figure 5C).

2.7. Immunohistochemical Analysis of Tumor Samples

To evaluate the expression of cyclins at the protein level, we performed immunohistochemical
analysis of 10 independent tumor samples (Figure 6). We observed cyclin D1 focal staining with
variable intensity in the cytoplasm (10/10) and in the nuclei as well (9/10) (Figure 6A,B). The expression
of cyclin D2 was weaker, and it was completely negative in three samples (Figure 6A); the nuclear
signal of cyclin D2 was observed only in three cases (3/10) (Figure 6B). Frequently, we observed that
the nuclear signal of cyclin D1 was accompanied by low or negative nuclear signals of cyclin D2
(Figure 6C,D). Vice versa, in the regions with high nuclear staining of cyclin D2, we observed that the
level of cyclin D1 was low (Figure 6E,F).

Figure 6. Immunohistochemistry of cyclin D1 and cyclin D2 expression in head and neck squamous
cell carcinomas (n = 10). (A) Low-to-medium intensity staining of cyclin D1 was detected in all tumor
samples. The staining of cyclin D2 was negative in three cases. (B) Nuclear and cytoplasmic distribution
of cyclin D1 and cyclin D2 staining in the tumor samples. (C,D) In cases with high nuclear intensity of
cyclin D1 (panel C), the nuclear staining of cyclin D2 was weak or negative (panel D). (E,F) Vice versa,
higher intensity of cyclin D2 (panel F) was observed in tumor buds with a lack of nuclear cyclin D1
(panel E). Inset in panel E shows a negative control. The bar is 0.1 mm.

3. Discussion

Amplification of the CCND1 gene encoding cyclin D1 is one of the most frequent genomic
alterations in human cancers [37]. Altered CCND1 expression has been reported in many different
cancers [18,19], including head and neck squamous cell carcinoma [13,38]. In this work, we have
focused on the expression patterns of cyclin D1, as well as the other two members of the cyclin D family,
in a new cohort of 94 HNSCC patients. This dataset contains expression data from 82 tumor samples
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and paired normal mucosa and, to our best knowledge, represents the largest collection of paired
HNSCC samples. Analysis of expression changes between paired tumor and normal samples revealed
that expression of the CCND1 gene is upregulated mainly in HPV(−) patients, and, unexpectedly, it may
also be downregulated, predominantly in HPV(+) patients. Nonetheless, there was no statistically
significant correlation between CCND1 deregulation and the disease outcome. Further analysis showed
that CCND1 upregulation was frequently accompanied by CCND2 downregulation, and, conversely,
its downregulation was found to be often accompanied by upregulation of CCND2 or, in one case, of
CCND3. Based on these data, we speculate that upregulation of one D-type cyclin could be compensated
by downregulation of another one. Such compensatory effects may explain previously observed poor
correlations between CCND1 expression and patient prognosis [26–28].

The importance of D-type cyclins for tumorigenesis has been demonstrated in mouse models,
where the presence of cyclin D proteins is required for both tumor initiation and maintenance, while they
seem largely dispensable for normal development [39,40]. It is presumed that the increase in the cyclin
D expression is an early oncogenic event that causes tumor formation and continuous uncontrolled
proliferation of tumor cells [18,19,41]. Concordantly, with these studies, the analysis of almost 500
HNSCC samples showed amplification of chromosomal region 11q13 containing the CCND1 gene in
31% of cases [15], although the CCND1 amplification frequency has been reported to range from 17% to
50% [33,34]. The amplified 11q13 locus harbors several other genes that could promote tumorigenesis.
Among them, ANO1 coding for anoctamin-1 and CTTN coding for cortactin are frequently coamplified
with CCND1. These genes were shown to promote HNSCC progression and to be associated with poor
prognosis [22,29,35,42]. In agreement with that, we found that LTO1, ANO1 and CTTN are coregulated
in the HPV(−) tumors, and they could cooperate with CCND1 to affect the clinical outcome.

In addition to gene amplification, other mechanisms likely contribute to cyclin D1 protein
upregulation, as its overexpression estimated by immunohistochemistry has been documented in
up to 70% of HNSCC tumors [21,22]. In our dataset, we observed CCND1 mRNA upregulation in
approximately 20% of cases, and, surprisingly, roughly 25% of tumors showed a decreased expression
of the CCND1 gene when compared to normal mucosa. Since the repression of cyclin D1 promotes
cell cycle exit, cellular quiescence and, in some cases, cell differentiation [43] and, in HNSCC tumor
models, reduces cell growth and survival [44], these findings indicated that a CCND1 decrease may
have a positive impact on patient outcome. However, our data did not show any statistically significant
correlation between CCND1 expression and disease outcomes.

Why patient outcome does not correlate with the changes in CCND1 expression remains
unknown. According to our data, we speculate that a functional significance of change in CCND1
expression could be alleviated by the compensatory change in the expression of another D-type
cyclin. Compensation among D-type cyclins has been observed in mice, where cyclins D1, D2 and
D3 are expressed redundantly in most tissues. Genetic ablation of individual D-type cyclin does
not generally affect normal development; however, the simultaneous ablation of cyclins resulted in
more severe developmental defects and embryonal lethality. These studies suggested that D-cyclins
can compensate for the loss of another family member [45]. A compensatory effect was notably
evident in mice engineered to express only one D-type cyclin. In embryos, the sole expressed cyclin
became upregulated in most tissues which were otherwise negative for this type of cyclin [46].
Cyclin compensation was also observed in adult mice in the proliferating uterine epithelium, where
the cyclin D1 absence can be compensated by cyclin D2 [47], and in B-lymphocytes, where D2 absence
is compensated by upregulation of cyclin D3 [48]. All these observations point to a mechanism
where perturbation of one cyclin D member may induce the compensatory expression of other family
members and correspond to our findings, where one-third of tumors with downregulated cyclin
D1 mRNA upregulated the expression of cyclin D2. We also observed the opposite trend, where in
one-third of tumors with cyclin D1 upregulation, cyclin D2 was downregulated, further supporting the
hypothesis that genetic compensation in response to the perturbation of cyclin D function is a common
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phenomenon in HNSCC. We have validated our results in an independent TCGA dataset and also by
immunohistochemical staining.

The best prognostic factor for HNSCC remains to be HPV infection, as HPV(+) patients display
better clinical outcomes. The worse prognosis of HPV(−) patients may be the consequence of different
mutational burdens in HPV(+) and HPV(−) HNSCC tumors [38]. It may also reflect the fact that the
CCND1 locus is rarely amplified in HPV(+) tumors [22,49], which is consistent with our findings that
a positive correlation of expression of CCND1 and the genes in the 11q13 locus is observed almost
exclusively in HPV(−) tumors. The genes coamplified with CCND1, such as LTO1/ORAOV1, ANO1
and CTTN, are associated with HNSCC metastasis and recurrence and may therefore account for the
worse prognosis of HPV(−) patients [22,29,42,50,51]. Our observations that cyclin D1 expression is
downregulated in half of HPV(+) tumors was surprising. Given that cyclin D1 is required for tumor
formation induced by HPV proteins E6 and E7 [52], it indicated that cyclin D1 downregulation may
also contribute to a better prognosis of HPV(+) patients. Indeed, previous studies have associated
low cyclin D1 expression in HPV(+) tumors with improved survival rates when in combination with
high p16INK4a, low pRb and low p53 [53,54]. However, we have not observed an improved outcome
in HPV(+) patients who exhibit low expressions of cyclin D1 mRNA. In addition to the proposed
compensatory effect of cyclin D2, it is also possible that the decrease in CCND1 expression in HPV(+)
tumors is a consequence of low pressure on cyclin D expression and lower CDK4/6 activity in general,
as the G1 transcriptional repressor complex pRb/E2F is already disrupted by the viral protein E7 [14,38].
It is of note that, in HPV-associated cervical tumors, D-type cyclins and CDK4/6 activity inhibition by
p16INK4a promotes tumor cell survival [55]. It is possible to speculate that cyclin D1 downregulation
contributes to the survival of HPV(+) HNSCC tumor cells, similarly to cervical cancer.

In conclusion, in our study with independent validation, we have analyzed the mRNA expression
level changes between paired tumor and normal samples at the patient level. Availability of paired
samples provided us with the opportunity to show a significant variation in D-type cyclin gene
expression between individual patients and to further stratify the patients according to the changes in
the expression of the D-type cyclins. Although our results do not support a role for a specific D-cyclin
in patient prognosis, it is possible to speculate about a compensatory mechanism between D-type
cyclin expressions. These results are in agreement with the current opinion that tumors can be addicted
to cyclin D-dependent CDK4/6 kinase activity [56] and that CDK4/6–cyclin D complexes represent
promising targets in cancer therapy [18,20,41]. In the clinical trials conducted in HNSCC patients with
radioresistant recurrent tumors, a combination of cetuximab and palbociclib targeting the EGF receptor
and CDK4/6, respectively, indeed show promising results [57,58]. Analysis of cyclin expression changes
between patient tumors and normal tissues may lead to the employment of more effective personalized
therapies that could enhance the efficiency of currently adopted cancer treatment regimens.

4. Materials and Methods

4.1. Sample Collection

Sample collection, detection of HPV and microarray analysis were performed as described in
Valach et al. [59] and Szabo et al. [60]. In short, normal mucosa and tumor tissue specimens were
collected from 94 patients suffering from HNSCC, after their informed consent in full agreement with
the local ethical committee and the Declaration of Helsinki. Specimens were chemically protected from
RNA degradation and stored at –85 ◦C. Detection of high-risk oncogenic HPV types (16, 19, 31, 33 and
45) in tumor samples was done by RT-qPCR of the E6 and E7 genes.

For immunohistochemical analysis, the tissues were fixed in 10% neutral buffered formalin and
routinely processed for paraffin block preparation. Tissue sections (5-µm thick) were deparaffinized in
xylene and ethanol baths with decreasing concentrations of ethanol (5 min each). Heat-induced epitope
retrieval was performed at pH = 6.0 (citrate buffer). Sections were blocked in hydrogen peroxide
blocking reagent and protein block (ab64218 and ab64226, respectively; both Abcam, Cambridge,
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UK). Primary antibodies (cyclin D1, clone DCS-6, mouse monoclonal; Dako, Glostrup, Denmark and
cyclin D2 (D52F9) rabbit monoclonal #3741; Cell Signaling Technology, Danvers (MA), USA) were
diluted 1:100, and sections were incubated at room temperature for 2 hours followed by incubation
with HRP-tagged secondary antibody (Histofine simple stain MAX PO MULTI; Nichirei Biosciences,
Tokyo, Japan) for 15 minutes. The reaction was developed for 10 minutes using Histofine simple
stain AEC solution (Nichirei Biosciences, Tokyo, Japan) and counterstained with Gill´s hematoxylin
(Sigma Aldrich, Prague, Czech Republic). For the negative control, the primary antibody was replaced
by control nonimmune serum (X0910 and X0903; Dako, Glostrup, Denmark). Imaging was performed
with a Leica DM2000 microscope using the LAS software package (Leica Microsystems GmbH, Wetzlar,
Germany). The annotation of immunohistochemical results was performed using the method described
in detail in Protein Atlas version 19.2 (https://www.proteinatlas.org/about/assays+annotation).

4.2. Transcription Profiling

Whole genome transcription profiling was performed on HumanWG-6 v3 Expression BeadChip
microarrays (Illumina, San Diego, California, USA). Subsequent data analysis was done in R statistical
environment [61]: raw data was processed using the limma package [62] of the Bioconductor
Project [63]. Background corrected and quantile normalized data were corrected for batch effects using
the ComBat function from the R package sva [64], and expression intensities of technical replicates
were averaged at the probe level. Detected transcripts were annotated using the provided manifest file
(HumanWG-6_V3_0_R2_11282955_A.bgx; Illumina, San Diego, CA, USA). Expression changes between
the sample groups (tumor HPV(−), tumor HPV(+) and normal) were detected by the moderated t-test
within the limma package.

4.3. Clinical Data

The following patient data was recorded: TNM stages, tumor grade and localization, presence of
keratinization, extracapsular extensions, angiogenesis and perineural spread. Information regarding
treatment was also recorded (surgery and adjuvant chemo-/radiotherapy), together with patient
characteristics (smoking, alcohol usage, personal and family cancer anamnesis). Vital status was
recorded by the clinician/investigator at time of last follow-up. For overall survival, vital status was
alive or dead. For disease-free survival, four statuses were recorded: disease free, exitus of other reason,
recidive and exitus of the disease. The latter two vital statuses were taken as events in the disease-free
survival analysis. Association between the HPV(−) and HPV(+) groups and clinical variables was
tested using either a Kruskal-Wallis or Fisher’s exact test.

4.4. Analysis of CCND1 Coamplification

To verify the co-amplification of the 11q13 region in HPV(−) tumors, we calculated log2

fold-changes of genes near CCND1 (one megabase upstream and downstream of the CCND1 start and
end, respectively). The intensity of the probes targeting a particular gene was averaged, and genes with
a mean probe log2-intensity lower than 5 were omitted. We used Gviz [65] and ComplexHeatmap [66]
packages of the Bioconductor Project for visualization.

4.5. The Cancer Genome Atlas (TCGA) Validation Dataset

To provide an external validation, we used the head and neck squamous cell carcinoma TCGA
PanCancer RNA-seq dataset of 490 HNSCC patients [15,67], provided through cBioPortal [68,69].
Read count matrices, clinical and follow-up data were downloaded and imported to the R statistical
environment. DESeq2 [70] package was used for sequencing depth and variance-stabilizing
normalization. DESeq2 was also used for statistical testing of the mean difference between sample
groups (normal, tumor HPV(−) and tumor HPV(+)) using the Wald test.
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4.6. Survival Analysis

We calculated fold-changes (FC) in expression of the D-type cyclins between tumor and normal
mucosa samples for each patient and split the patients in three groups depending on FC: patients
with cyclin upregulation (FC > 2), no deregulation (0.5 < FC < 2) and downregulation (FC < 0.5).
These groups were used in survival analyses using the R packages survival [71] and survminer [72].
For each D-type cyclin, univariate Cox proportional hazard model, Kaplan-Meier estimator and its
associated log-rank test were computed, using patients with no deregulation of cyclin as a reference.

4.7. Data Availability

The present dataset is available in MIAME-compliant form from the ArrayExpress database
under accession E-MTAB-8588. The dataset used to validate our findings is available from The Cancer
Genome Atlas via cBioPortal (https://www.cbioportal.org).

4.8. Ethics Approval and Consent to Participate

Ethical approval for patient recruitment, sample collection, clinical follow-up and data analysis
based on the Declaration of Helsinki was granted by the Ethics Committee for Multi-Centric Clinical
Trials of the University Hospital Motol and 2nd Faculty of Medicine, Charles University in Prague
(Approval No EK-890/15).

5. Conclusions

In this study, we examined the expression of cyclin D1 and other D-type cyclins in a new cohort
of HNSCC patients. The availability of both tumor sample and normal tissue sample from the same
individual allowed us to analyze the relative changes in D-type cyclin expression rather than their
absolute expression levels. The comparison of the D-type cyclin expression in tumor and healthy
tissue from the same patients revealed an unexpected pattern of their expression. A subset of tumors
increased the cyclin D1 expression that was specific, with one exception, to HPV-negative tumors.
Unexpectedly, we also observed that the cyclin D1 expression was often downregulated in some tumors,
with a higher frequency observed in HPV-positive patients. We have not found any direct effect of
the changes in D-type cyclin expression on patient prognosis, even after stratification of the patients
according to their HPV status. This observation could be a consequence of cyclin D2 upregulation,
which frequently compensates cyclin D1 downregulation and vice versa. The compensatory expression
among D-type cyclins was also observed in an independent dataset obtained from The Cancer
Genome Atlas, further validating our data. We thus propose that absent correlation between the
cyclin D1 expression and patient survival in both subtypes of HNSCCs may be a consequence of a
compensatory mechanism where the effect of change in the cyclin D1 expression could be alleviated
by the reciprocal change in the expression of cyclin D2. These findings highlight the importance of
analyses of matched tissues from the same individual, as they can reveal molecular changes associated
with the cancer development.
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Abstract: The metaplastic epithelium of the transformation zone (TZ) including the squamocolumnar
junction (SCJ) of the uterine cervix is a prime target of human papilloma virus (HPV) infection
and subsequent cancer development. Due to the lack of adequate in vitro models for SCJ, however,
investigations into its physiological roles and vulnerability to carcinogenesis have been limited.
By using Matrigel-based three-dimensional culture techniques, we propagated organoids derived from
the normal SCJ region, along with metaplastic squamous cells in the TZ. Consisting predominantly of
squamous cells, organoids basically exhibited a dense structure. However, at least in some organoids,
a small but discrete population of mucin-producing endocervix cells co-existed adjacent to the
squamous cell population, virtually recapitulating the configuration of SCJ in a TZ background.
In addition, transcriptome analysis confirmed a higher expression level of many SCJ marker genes
in organoids, compared to that in the immortalized cervical cell lines of non-SCJ origin. Thus,
the obtained organoids appear to mimic cervical SCJ cells and, in particular, metaplastic squamous
cells from the TZ, likely providing a novel platform in which HPV-driven cervical cancer development
could be investigated.

Keywords: organoid; uterine cervix; squamocolumnar junction; human papillomavirus; Matrigel

1. Introduction

The uterine cervix consists of three distinct epithelial types; tall mucin-secreting columnar cells
of the endocervix in a single layer, glycogenated stratified squamous cells in the ectocervix, and a
transformation zone (TZ) in between, which results from gradual metaplastic replacement of columnar
cells by squamous cells during the reproductive age [1]. Reserve cells, putative stem cells in the
squamocolumnar junction (SCJ) region, are implicated in this metaplastic process; thereby, their roles
have been intensively investigated [2,3]. Whereas the SCJ originally resides at the boundary of the
endocervix and ectocervix, the newly formed SCJ is shifted, alongside the extension of the TZ toward
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the endocervix, to the region connecting the TZ and endocervix. The SCJ and the TZ have been regarded
as the most important cytological and colposcopic landmarks in the clinic, based on the fact that
the large majority of uterine cervical cancers (UCC) and high-grade squamous intraepithelial lesions
(HSIL) arise at this region [4,5]. Whereas human papillomavirus (HPV) is a major cause of neoplastic
changes in the cervix for both squamous cell carcinoma (SCC) and adenocarcinoma [6], the incidence
of UCC is significantly higher than that of cancers arising from other genital tract tissues [7]. However,
the precise mechanisms underlying the predisposition of the cervix toward HPV-driven carcinogenesis
have remained elusive.

Recently, a residual embryonic cell population harboring the capacity to differentiate and the
vulnerability to undergo neoplastic transformation was documented in both gastro-esophageal [8] and
ecto-endocervical junctions [9]. With regard to the uterine cervix, a small discrete population of cuboidal cells
in the SCJ region was histologically identified. By micro-dissection and microarray analysis, over 70 genes
were identified as upregulated genes by more than two-fold, compared to adjacent squamous or columnar
cell populations. In particular, Cytokeratin7 (KRT7), Anterior gradient protein 2 homolog (AGR2), Cluster
differentiation 63 (CD63), Matrix metalloproteinase-7 (MMP7) and Guanine deaminase (GDA) were further
demonstrated to specifically mark these cuboidal SCJ cells by immunohistochemistry [9]. Intriguingly,
all these five markers remained positive in all HPV-related neoplastic tissues and cervix-derived cancer cell
lines, but not in the SCC of other tissues in the lower genital tract [9]. Besides, it was demonstrated that
SCJ cells give rise to reserve cells [10] and are specific targets of HPV infection in the cervix [11]. These
observations point toward the notion that SCJ cells might be highly vulnerable to, and a major cell of origin
for, HPV-driven cervical carcinogenesis [12]. As a resource for in vitro studies investigating the relationship
between HPV and UCC, several cell lines have been generated. For example, End1/E6E7 and Ect1/E6E7,
which are widely used as normal controls for cervical cells originating from columnar cells and squamous
cells in the cervix, respectively, were immortalized by the introduction of HPV-derived oncogenes E6 and
E7 [13]. Normal immortal human keratinocytes (NIKS) comprise an undifferentiated keratinocyte cell
line derived from neonatal foreskin [14] and has been intensively used for the investigation of biological
impacts mediated by the introduction of the HPV genome [15]. However, none of these cell lines are,
in fact, derived from a discrete population of the SCJ, limiting detailed analysis that focuses on HPV-driven
UCC development from SCJ cells.

Organoid culture is an emerging technique that enables the infinite expansion of normal stem
cells in culture [16]. It has been applied to various research fields, including infectious diseases [17],
developmental biology [18], and tissue regeneration [19]. By taking advantage of propagating normal
stem cells in vitro, we have established murine organoid-based ex vivo carcinogenesis models for
the intestine [20], lungs [21], hepatobiliary tract [22], and pancreas [23], by in vitro lentiviral gene
transduction [24] or chemical treatment [25], followed by inoculation in the dorsal skin of nude
mice. More recently, organoid culture techniques have been further applied to patient-derived tumor
samples of diverse organs, which revealed that organoids basically retained the histological features
and genetic aberrations of the original tumors [26–28]. However, there was little progress in their
applicability to gynecologic tumors until recently [29], when we established an efficient culture method
for ovarian and endometrial tumors [30], by modification of our Matrigel bilayer organoid culture
(MBOC) protocol [31], which we previously developed for various murine cells. Moreover, for the
first time, we established patient-derived organoids of cervical clear cell carcinoma, a rare type of
cervical adenocarcinoma [32], further confirming the validity of the modified culture protocol for
gynecologic tumors.

In this study, we aimed to propagate normal cervical cells from the SCJ region by applying our
modified MBOC protocol. We successfully expanded HPV-negative SCJ organoids, which were proved
to retain many features of the SCJ. These organoids would, therefore, likely contribute to gaining
mechanistic insights into how SCJ cells could be deregulated for neoplastic changes.

264



Cancers 2020, 12, 694

2. Results

2.1. Propagation of Patient-Derived Organoids from the Cervical SCJ Region

For future elucidation of the mechanisms underlying UCC development, we set out to conduct
an organoid culture of SCJ cells with a modified MBOC protocol [30]. We first tested outpatient
biopsy samples targeting the SCJ region (Figure S1A), but we did not achieve robust propagation of
organoids. Typical failures included cases where organoids stopped proliferating in early passages
or dissociated cells predominantly appeared flat, reminiscent of surface squamous cells (Figure S1B).
Based on these observations, we reasoned that collecting tiny amounts of tissue by single biopsy might
not be ideal to accurately spot the SCJ and to practically obtain stem or progenitor populations in
sufficient amounts. To address this issue, we then selected normal uteri that were surgically co-resected
with non-cervical gynecologic tumors. Through careful observation of surface texture, the areas for
columnar and squamous epithelium were macroscopically estimated. New SCJ was postulated to be
located around their borderline zones. Unlike original SCJ, new SCJ could appear broad in width.
Consequently, to ensure collection from the new SCJ region, we comprehensively collected epithelial
cells from the areas within a sufficient margin from the estimated SCJ region. Such tissue samples were
collected in a hospital immediately after surgery, and processed the next morning following overnight
transfer to the lab while maintained in a cold media (Figure 1A). As a culture media, we tested the
standard culture media supplemented with EGF, R-spondin-1, Noggin, Jagged-1, and Rho-associated,
coiled-coil containing protein kinase (ROCK) inhibitor Y27632, which we have confirmed robustly
applicable to organoid culture of murine primary cells from various organs and human gynecological
neoplasms [20,22,23,30,32], to facilitate future cross-referencing of organoids from various organs.

We tested SCJ samples from four independent patients (Table 1). Dissociated cells were plated onto
solidified Matrigel and subjected to 3D culture. Organoids kept proliferating for at least one month
over several passages until we ceased the culture. For example, organoids Cx-1 (Figure 1B) derived
from Patient #1, initially exhibited a round morphology with dense and cystic features, but grew in
an irregular shape with multiple budding or chain-like structures after several passages (Figure 1C).
Similar results were obtained for Cx-2 and Cx-3 from Patients #2 and #3, respectively, while some
organoids became resistant to enzymatic and physical dissociation, forming dense homogeneous cell
aggregates, as seen in Cx-2 (Figure 1C). Since these observed features are not common to the usual
organoids from the intestine [33] but from those of the esophagus [34], we speculated that squamous
cell differentiation might be prominent in organoids. With regard to Cx-4 from Patient #4, the majority
of the cells appeared to be differentiated squamous surface cells, as frequently observed in biopsy
samples, and resulted in a gradual decline of an actively proliferating population, suggesting that
the SCJ was not properly collected in this case. A total of 31 HPV genotypes proved negative in the
three propagated organoids (Table 1). Besides, organoids were feasible for highly efficient lentiviral
gene transduction (Figure S2) and tolerated cryopreservation (Figure 1D). These observations strongly
suggested that normal SCJ cells were established for studies to reconstitute UCC development ex vivo.
In Papanicoloau staining, a routine procedure for cervical smear samples in the clinic, organoids Cx-1
and Cx-3 appeared to exhibit a solid nature with a layer of cuboidal or thin epithelial cells on the
surface, and orange-colored flat cells were observed in Cx-2 organoids, both suggestive of the presence
of terminally differentiated squamous cells (Figure 1E).

Table 1. Summary of clinicopathological features of the patients.

Patient Organoid Age Parity Menstrual Cycle Disease HPV

#1 Cx-1 53 0 Proliferative phase Ovarian cancer Negative
#2 Cx-2 33 0 Secretory phase Ovarian borderline tumor Negative
#3 Cx-3 40 0 Secretory phase Ovarian cancer Negative
#4 Cx-4 50 0 Not available Uterine body tumor Not tested

Abbreviation: HPV, human papillomavirus
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Figure 1. Organoid culture of normal cervical cells derived from the squamocolumnar junction (SCJ) 
region. (A) Schematic presentation of procedures for the establishment of SCJ-derived organoids. A 
modified Matrigel bilayer organoid culture (MBOC) protocol was used (see Materials and Methods). 
(B) Tissue samples collected from the cervical SCJ. A scale bar indicates 10 mm. White arrowheads 
depict tissue fragments. (C) Phase-contrast images of organoids. Upper panel, representative time-
lapse images of SCJ-derived organoids (Cx-1) in the bright field (passage P0 and P2) at 1–6 days and 
15 days. Lower panel: representative bright field images of the other SCJ-derived organoids (Cx-2 and 
Cx-3). Note dense homogeneous cell aggregates in the upper left area of the panel for Cx-2 at day 28. 
Insets show magnified images of organoids. Scale bars indicate 200 μm. (D) Propagation of organoids 
after cryopreservation. A phase contrast image of Cx-3 organoids at day 14 (passage P1) after thawing 
is shown. (E) Papanicolaou staining of SCJ-derived organoids. Open arrowheads show superficial 
squamous cells. Scale bars indicate 50 μm. 

Figure 1. Organoid culture of normal cervical cells derived from the squamocolumnar junction (SCJ)
region. (A) Schematic presentation of procedures for the establishment of SCJ-derived organoids.
A modified Matrigel bilayer organoid culture (MBOC) protocol was used (see Materials and Methods).
(B) Tissue samples collected from the cervical SCJ. A scale bar indicates 10 mm. White arrowheads
depict tissue fragments. (C) Phase-contrast images of organoids. Upper panel, representative time-lapse
images of SCJ-derived organoids (Cx-1) in the bright field (passage P0 and P2) at 1–6 days and 15 days.
Lower panel: representative bright field images of the other SCJ-derived organoids (Cx-2 and Cx-3).
Note dense homogeneous cell aggregates in the upper left area of the panel for Cx-2 at day 28. Insets
show magnified images of organoids. Scale bars indicate 200 µm. (D) Propagation of organoids after
cryopreservation. A phase contrast image of Cx-3 organoids at day 14 (passage P1) after thawing
is shown. (E) Papanicolaou staining of SCJ-derived organoids. Open arrowheads show superficial
squamous cells. Scale bars indicate 50 µm.
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2.2. Mutually Exclusive Localization of Ectocervix-Like Cells and Endocervix-Like Cells within Organoids

With thin sections of formalin-fixed and paraffin-embedded (FFPE) samples, we found that
organoids basically displayed dense structures (Figure 2A). Although cavity-like structures or cysts
were occasionally observed within organoids, they tended to lack the regular lining of cells with
apico-basal cell polarity, unlike typical cystic structures seen in columnar cell organoids (Figure 2A).
Immunostaining for the squamous cell marker p40, the delta N isoform of p63, revealed that most
cells, if not all, were positively stained throughout organoids (Figure 2A). This observation is in
line with the notion that collected samples would contain TZ/squamous cells in large quantities.
On the other hand, given that the SCJ region resides in the interface between TZ/squamous cells and
columnar endocervix cells, the propagated organoids are supposed to contain endocervical cells as well.
However, cystic structures reminiscent of columnar epithelial cell features were not particularly evident
and those few cystic structures were invariably p40-positive in organoids (Figure 2A). To facilitate
identification of cells with endocervical differentiation, we conducted Periodic acid-Schiff (PAS) reaction
for staining organoids, anticipating that visualized mucins would serve as a surrogate marker of
endocervical differentiation. Whereas intense staining was detected only in a subset of organoids
(~10%), its distribution invariably showed a reciprocal pattern to that of p40 (Figure 2B). Indeed,
p40-positive cells were circumferentially lined along cystic structures as in Cx-1, concentrated in the
middle as in Cx-2 or exclusively along one half of an organoid, as in Cx-3, whereas PAS-positive
cells were all p40-negative (Figure 2B). After careful histological examination of many organoids,
we concluded that the staining patterns of p40 and PAS were, indeed, mutually exclusive, with no
intermediate cells, such as both positive or both negative, for p40 and PAS staining.

The co-existence of two distinct cell populations in a back-to-back manner within single organoids
greatly resembles the configuration of the actual SCJ, which prompted us to ask whether previously
described cuboidal SCJ cells [9] could also be identified in the organoids. As KRT7 and AGR2 have been
shown to specifically mark cuboidal SCJ cells by immunohistochemistry [9], we examined expression
of these two proteins in organoids. In all three cases, a pan-cytokeratin antibody targeting epithelial
cells diffusely stained organoids, while KRT7 was only focally detected (Figure 2C). Similarly, AGR2
was also focally detected, albeit to a lesser extent in terms of the stain-positive area (Figure 2C).
With regard to Cx-2 organoids, serial sections were subjected to PAS staining and immunostaining,
which clearly indicated that SCJ marker-positive cells appeared to coincide with PAS-positive cells
(Figure 2B,C). These observations suggest that SCJ cells might be present in organoids, but only as
a fraction of PAS-positive cells. Given the absence of markers highly specific to each population,
however, endocervical cells and SCJ cells were indistinguishable. There were only a few cells that
were positive for Ki-67, but their localization did not seem to be correlated with that of SCJ marker- or
p40-positive cells (Figure 2C).
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Figure 2. Histological characterization of SCJ-derived organoids. (A) Histological examination of thin 
sections. Organoids Cx-1 to Cx-3 were analyzed. Upper panel, hematoxylin and eosin (H&E) staining. 
Lower panel, immunostaining for the squamous cell marker p40. Insets show magnified images. Scale 
bars indicate 50 μm. (B) Characterization of cell lineages in SCJ-derived organoids. Serial sections of 
organoids were immunostained for p40 and by Periodic acid-Schiff (PAS) reaction. PAS reaction 
visualizes mucins produced by endocervix cells. Note that each staining shows a reciprocal pattern. 
Scale bars indicate 50 μm. (C) Expression of SCJ markers in organoids. Serial sections of organoids 
were histologically analyzed. H&E staining and immunohistochemical staining are shown. Scale bars 
indicate 50 μm. Insets show magnified images. 

Figure 2. Histological characterization of SCJ-derived organoids. (A) Histological examination of thin
sections. Organoids Cx-1 to Cx-3 were analyzed. Upper panel, hematoxylin and eosin (H&E) staining.
Lower panel, immunostaining for the squamous cell marker p40. Insets show magnified images. Scale
bars indicate 50 µm. (B) Characterization of cell lineages in SCJ-derived organoids. Serial sections
of organoids were immunostained for p40 and by Periodic acid-Schiff (PAS) reaction. PAS reaction
visualizes mucins produced by endocervix cells. Note that each staining shows a reciprocal pattern.
Scale bars indicate 50 µm. (C) Expression of SCJ markers in organoids. Serial sections of organoids
were histologically analyzed. H&E staining and immunohistochemical staining are shown. Scale bars
indicate 50 µm. Insets show magnified images.
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2.3. Many SCJ Markers Exhibited Higher Levels of Expression in Organoids than in Non-SCJ Cervical
Cell Lines

To gain insights into the extent to which the organoids functionally reflect the properties of SCJ
cuboidal cells, we next performed microarray analysis of the organoids. Immortalized cervical cell
lines Ect1/E6E7 and End1/E6E7 [13] were analyzed as normal references representing ectocervix cells
and endocervix cells, respectively. NIKS, undifferentiated keratinocytes [14], were also included as
a reference in light of their frequent use in HPV infection experiments. Of 77 genes proposed as
SCJ markers [9], 12 genes did not match the corresponding probes in the microarray used in this
study (Table S2). Among the remaining 65 genes, 17 genes only had low expression throughout
all samples in this study (Table S1). Twenty-eight genes had more than a two-fold expression level
in the organoids compared to the three cervical cell lines (Figure 3A). Notably, 13 genes, including
MMP7 and AGR2, had more than a 10-fold upregulation in organoids. The expression level was
similar and lower in the organoids in 13 and five genes, respectively. GDA, KRT7, and CD63 were not
necessarily upregulated compared to non-SCJ cell lines (Figure 3A). These results strongly suggest that
the organoids might retain most, if not all, expressions of many SCJ markers, strongly suggesting the
superiority of organoids to non-SCJ cervical cell lines as a model of SCJ cells.

For five representative SCJ markers previously well characterized in immunohistochemistry [9],
we performed RT-qPCR to validate the microarray data. Whereas we included one primary SCJ
tissue sample, all five SCJ markers were expressed in the primary SCJ tissue sample in RT-qPCR
analysis, confirming their validity as SCJ marker genes. The expression levels of MMP7 and AGR2
were strikingly higher in all the organoids compared to those in the cell lines (Figure 3B). Although
the organoids abundantly expressed KRT7 and GDA, their high-level expression was also observed
in End1/E6E7 and Ect1/E6E7, respectively, questioning the specificity of these SCJ markers. Besides,
all organoids and cell lines expressed CD63 at similar levels, also negating its specificity for SCJ
cells. These results were essentially consistent with the microarray data, suggesting the validity as a
transcriptional profile. In addition, these observations also pointed toward the notion that, among
77 genes previously proposed as SCJ markers, a subset of genes, including MMP7 and AGR2, might be
SCJ cell markers with the highest specificity and sensitivity that can be expressed, even in an in vitro
setting, in a cell-autonomous manner.

Now that we had established that SCJ cells would likely reside in organoids, we asked if reserve
cells, putative stem-like cells in the cervix and those implicated in squamous metaplasia [10], could
also be detected in organoids. We conducted immunostaining of organoids for reserve cell marker
KRT17, to unexpectedly find that it was diffusely expressed in nearly all cells throughout organoids for
Cx-1, Cx-2, and Cx-3 (Figure S3A). Moreover, a similar level of KRT17 expression was observed in
microarray analysis for all non-SCJ-derived cell lines (Figure S3B). Considering that KRT17 also marks
squamous metaplasia and immature types of cells [35], we supposed that the observed high level and
ubiquitous expression of KRT17 in vitro might not be informative in spotting reserve cells, but rather
might reflect the metaplastic and undifferentiated status of the cell lines and organoids, respectively.
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Figure 3. Expression profiles of putative SCJ cell markers in SCJ-derived organoids. (A) Expression 
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normal immortal human keratinocytes (NIKS), three SCJ-derived organoids Cx-1 to Cx-3, and one 
SCJ tissue sample. Five commonly used SCJ markers are highlighted in red. Ratio of mean signal 
intensity for cell line and organoids was calculated. Dashed lines indicate two-fold and 0.5-fold 
changes. (B) Validation of microarray data by RT-qPCR. Expression of the five SCJ markers was 
examined. 
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To further explore common features of organoids in an unbiased manner, we conducted a two-
way hierarchical cluster analysis on microarray data. Intriguingly, the organoids displayed highly 
similar gene expression patterns and segregated as a cluster (Figure 4A), although they were derived 
from different patients. We focused on three gene clusters, Clusters 1–3, in which gene expression 

Figure 3. Expression profiles of putative SCJ cell markers in SCJ-derived organoids. (A) Expression
levels of SCJ marker genes. Microarray analysis of non-SCJ-derived immortalized cell lines: End, Ect,
normal immortal human keratinocytes (NIKS), three SCJ-derived organoids Cx-1 to Cx-3, and one
SCJ tissue sample. Five commonly used SCJ markers are highlighted in red. Ratio of mean signal
intensity for cell line and organoids was calculated. Dashed lines indicate two-fold and 0.5-fold changes.
(B) Validation of microarray data by RT-qPCR. Expression of the five SCJ markers was examined.

2.4. Genes Related to Inflammation and Immune Response Were Highly Expressed in Organoids

To further explore common features of organoids in an unbiased manner, we conducted a two-way
hierarchical cluster analysis on microarray data. Intriguingly, the organoids displayed highly similar
gene expression patterns and segregated as a cluster (Figure 4A), although they were derived from
different patients. We focused on three gene clusters, Clusters 1–3, in which gene expression levels
were significantly higher in the organoids than in the cell lines. KEGG pathway analysis was conducted
based on the genes included in each cluster. Genes related to inflammatory reactions, such as the
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IL-17 signaling pathway, TNF signaling pathway, and rheumatoid arthritis pathway, were significantly
enriched in Clusters 1 and 2. Among the SCJ cell markers most upregulated in organoids, MMP7, AGR2,
LCN2, CXCL5, and CFB were co-segregated in Cluster 1, raising the possibility that transcription of SCJ
markers might be commonly regulated as a result of the activation of specific pathways. On the other
hand, genes related to ECM-receptor interaction were significantly enriched in Cluster 3 (Figure 4B),
which might reflect the presence of Matrigel in the organoid culture.
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Cx-1 to Cx-3 were analyzed. Note that MMP7 and AGR2 were included in Cluster 1. (B) Clusters of
specifically upregulated genes in SCJ-derived organoids.
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3. Discussion

No SCJ-derived cells in culture have been documented to date, despite their relevance in HPV
infection to the cervix and subsequent carcinogenesis. In this study, we demonstrated that normal
SCJ samples from patients could give rise to organoids that are robustly propagated and exhibit
many features of cuboidal SCJ cells. Intriguingly, they specifically expressed many SCJ markers and
comprised dual cell lineages, with many squamous cells resembling TZ. Moreover, unlike widely
used cervical cell lines, long-term culture was feasible in this study, even without immortalization
by introduction of HPV-derived E6 and E7 oncogenes. These organoids are therefore likely the first
in vitro model for normal SCJ cells under physiological conditions. Whereas 77 genes were originally
reported to be specifically upregulated in SCJ cells [9], we confirmed through transcriptome analysis
that only a subset of genes in fact showed higher levels of expression in organoids compared to those
in non-SCJ cell lines. Notably, of five representative SCJ markers in immunohistochemistry, only
two (MMP7 and AGR2) were specifically upregulated in organoids. We, therefore, assume that these
77 genes need to be curated by thorough comparison with genes specifically upregulated in SCJ-derived
organoids, as revealed in this study. In microarray and qPCR analyses, KRT7 and GDA were highly
expressed in End1 and Ect1, respectively. These observations suggest that KRT7 and GDA might be
broadly expressed in cells with endocervical and ectocervical differentiation, respectively, and that
these immortalized non-SCJ-derived cell lines might likely retain the features of their original tissues.
In this regard, SCJ markers superior to the five molecules currently used might well be identified based
on this study.

We found that the obtained organoids were mostly solid and showed a significant bias toward
squamous differentiation. Considering that the SCJ region harbors reserve cells that drive squamous
metaplasia, we initially assumed that reserve cells would be present in SCJ-derived organoids and
yield metaplastic squamous cells, leading to the reconstitution of a TZ equivalent in organoids.
Naturally, we aimed to detect reserve cells in organoids by immunostaining for a reserve cell marker
KRT17. However, nearly all the cells in organoids were positively stained for KRT17, making it
impossible to pinpoint reserve cells. As KRT17 is also highly expressed in squamous metaplasia, these
observations might rather reflect the predominant presence of metaplastic cells, mimicking the TZ in
organoids. Future development of reserve cell-specific markers will clarify KRT17′s localization in
organoids. Another feature of the SCJ region is that it accommodates two distinct cell populations
with differentiation into ectocervix/squamous cells and endocervix/columnar cells. We adopted PAS to
readily identify mucin-secreting columnar cells in organoids with mostly squamous cells. Whereas PAS
staining is generally used for detection of glycogen in the surface and intermediate layer of squamous
epithelium, or mucin in the glandular epithelium, PAS-positive cells in this study were confined to a
p40-negative non-squamous cell population within organoids. Hence, it is likely that PAS-positive
cells in the organoid would represent an endocervix cell-like population. Since PAS-positive cells
largely overlapped with a population positively stained for SCJ markers, SCJ cells in organoids might
be present as PAS-positive cells, which could, in turn, give rise to reserve-like cells. Given the lack of
highly specific markers, it is currently difficult to distinguish between endocervix-like cells and SCJ
cells solely by histological approaches.

The co-existence of a dual cell population of distinct lineages in a single organoid strongly suggests
that SCJ cells gave rise to both populations. However, there is a possibility that a similar observation can
be alternatively achieved. One is that squamous cells and endocervix cells have their own progenitor
cells, which can propagate on their own, but which coincidentally aggregate during subculture to
form single organoids. Given that PAS-positive cells were detected only in a subset of organoids,
the presence of organoids genuinely consisting of squamous cells cannot be completely ruled out.
Nonetheless, since PAS was only focally stained in any PAS-positive organoids, we speculate that the
seeming lack of PAS-positive cells across organoids in many cases might be simply attributable to
examination on cross-sections. Whole organoid-basis analysis, such as flow cytometry, might be able to
address this issue, given the future development of highly specific markers that distinguish endocervix
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cells from SCJ cells. We also assume that the presence of endocervix cell-only organoids would be
unlikely, because there were no such organoids in any cross-section. The other possibility is that
differentiated squamous cells and endocervix cells derived from the original SCJ cells coincidentally
attached to each other to form hybrid organoids as we observed. We presume that this is also unlikely,
because we learned that differentiated squamous cells in the clinical specimens were extremely difficult
to proliferate in organoid culture conditions. Collectively, it is likely that the new SCJ, along with
the TZ, was functionally reconstituted in organoids, although it remains to be confirmed by further
investigations, such as single cell transcriptome analysis. It should be also noted that, as a limitation
of this study, SCJ-derived organoids were characterized only in terms of expression markers and
histological features. Functional evaluation of organoids and optimization of culture conditions are to
be pursued, in order to further solidify the authenticity of the organoids. By making these efforts, the
mechanisms of how estrogens could induce development of TZ, for example, might be clarified in a
future study.

Previous HPV infection studies have mainly utilized NIKS as a host and provided enormous
knowledge on HPV-dependent transformation of keratinocytes and, thereby, SCC development.
Although the implications from these studies are still valid in terms of the relationship between
HPV and keratinocytes, it is unclear whether the results could be extrapolated to SCJ-originating
UCC development, as it is highly vulnerable to HPV infection and subsequent carcinogenesis, unlike
keratinocytes. Now that we have established SCJ-derived organoids, investigations on cervical
carcinogenesis by using more common and susceptible cells of origin would pave the way to gaining
more detailed insights into HPV-driven UCC development. It is also tempting to speculate that high
expression level of genes related to inflammation immune response might underlie the high affinity
of HPV to SCJ cells. Synchronous transcriptional regulation across organoids from different patients
suggests that there might be a common upstream regulator for SCJ cells, which could also serve as a
specific stem cell marker. By using these organoids, exploration of such factors will be warranted.

4. Materials and Methods

4.1. Patient Information

Normal cervical tissues were obtained from four patients who underwent hysterectomy in the
University of Tokyo Hospital. None of the four patients had any malignant findings on the cervix.
They had regular menstrual cycles and no episode of hormonal treatment for at least 6 months
before hysterectomy. Menstrual cycle was determined by histological examination. HPV status
was determined by genotyping of organoids. The Ethics Committee of The University of Tokyo
Hospital (approval number 12017) and Chiba Cancer Center (approval number H30-216) approved all
experimental procedures in this study. Written informed consent was obtained from all the patients.

4.2. HPV Genotyping

HPV genotyping assays were performed by PCR with PGMY primers followed by reverse line
blot hybridization, as previously described [36]. This assay can detect 31 HPV genotypes, including
HPV 6, 11, 16, 18, 26, 31, 33, 34, 35, 39, 40, 42, 44, 45, 51, 52, 53, 54, 55, 56, 57, 58, 59, 66, 68, 69, 70, 73, 82,
83 and 84.

4.3. Isolation and Organoid Culture of SCJ Cells

A median section in the anterior wall of the resected uterus, from the endocervical canal to
the fundus, was obtained immediately after surgical resection. Through careful observation of the
surface texture of the uterine mucosa, the areas for columnar and squamous epithelium were roughly
estimated. The SCJ region was postulated to be located around their borderline zone. SCJ samples were
obtained with scissors, from almost the entire area around the postulated SCJ region, approximately
2 cm width and 2–3 mm depth, except for the median part of the posterior wall, so as not to interfere
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with pathological diagnosis. Such samples were collected in a hospital immediately after surgery
and preserved overnight at 4 ◦C in Advanced DMEM/F12 (Thermo Fisher Scientific, Waltham, MA,
USA). The next morning, SCJ samples were further dissociated into cell aggregates or single cells
by enzymatic digestion with 2 µ/mL dispase II, 1 mg/mL collagenase P (Roche Diagnostics K.K.,
Tokyo, Japan) and Accumax (Innovative Cell Technologies, San Diego, CA, USA). Primary organoid
culture was conducted according to the modified MBOC protocol, as previously described [30].
Briefly, resuspended cells were plated on solidified Matrigel (BD Biosciences, Franklin Lakes, NJ,
USA). The following morning, viable cells attached onto Matrigel were covered with Matrigel and
overlaid with media to start the organoid culture. Organoid culture media was advanced DMEM/F12
(Thermo Fisher Scientific) supplemented with 50 ng/mL human EGF (Peprotech, Rocky Hill, NJ, USA),
250 ng/mL R-spondin1 (R&D, Minneapolis, MN, USA), 100 ng/mL Noggin (Peprotech), 10 µM Y27632
(Wako, Osaka, Japan), 1 µM Jagged-1 (AnaSpec, Fremont, CA, USA), L-glutamine solution (Wako),
penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA), and amphotericin B suspension (Wako).
pCDH-CMV-MCS-EF1-copGFP (System Biosciences, Mountain View, CA, USA) was introduced into
organoids as a green fluorescent protein (GFP)-expressing vector, as previously described [24].

4.4. Pathological Analysis

Following de-polymerization of Matrigel with Cell Recovery Solution (BD Biosciences, Franklin
Lakes, NJ, USA), organoids were collected at day 14 (P2) for Cx-1, d21 (P2) for Cx-2, and d10 (P1) for
Cx-3, followed by resuspension in iPGell (GenoStaff, Tokyo, Japan). The iPGell-embedded organoids
were fixed in 10–15% buffered neutral formalin, dehydrated and embedded in paraffin. FFPE samples
were sectioned at 3 µm thickness and stained with hematoxylin and eosin (H&E). Periodic acid-Schiff
(PAS) reaction was conducted to visualize mucin production. Dako Autostainer Link48 (Agilent, Santa
Clara, CA, USA) was used for automatic immunohistochemical (IHC) staining with the following
primary antibodies; KRT7 (clone OV-TL 12/30, Thermo Fisher, 1:100), AGR2 (clone D9V2F, Cell
Signaling Technology, 1:800), pan-cytokeratin (clone AE1/AE3, Abcam, 1:40), Ki-67 (clone MIB-1,
Dako, ready-to-use). The following primary antibodies were used for manual staining: p40 (clone
BC28, Abcam, 1:40), Cytokeratin 17 (clone E-4, Santa Cruz, 1:250). The reactions were visualized with
the Dako REAL EnVision Detection System (DAKO, Glostrup, Denmark) using diaminobenzidine
chromogen as the substrate. For cytology, organoids were immediately fixed in 95% ethyl alcohol and
subjected to Papanicolaou staining.

4.5. Cell Lines

Ect1/E6E7 (ATCC CRL-2614TM, Manassas, VA, USA) and End1/E6E7 (ATCC CRL-2615TM) were
maintained as previously described [13]. Normal immortal human keratinocytes (NIKS, ATCC
CRL-12191TM) were cultured in F medium in the presence of mitomycin C-treated NIH3T3 cells, as
previously described [14].

4.6. Microarray Analysis

Total RNA of cell lines and organoids was extracted using an RNeasy Mini Kit (QIAGEN, Hilden,
Germany), at day 14 (P2) for Cx-1, d25 (P3) for Cx-2, and d10 (P1) for Cx-3. These RNA samples were
subjected to the TORAY 3D-gene analysis service using the 3D-Gene Human Oligo chip 25K (TORAY,
Tokyo, Japan). Total RNA was amplified and labeled with Cy5, then hybridized with a 3D-Gene
chip. Signals were detected on a 3D-Gene scanner (TORAY) and normalized according to a global
normalization method in which the median value of the detected signal intensities was adjusted to
25. With regard to SCJ markers, genes without corresponding probes and with an average signal
intensity lower than 20 are listed in Table S2. Differentially expressed genes between three cell lines
and organoids were extracted from the microarray data. Genes with normalized signal intensities
less than 20 in more than three samples were excluded from the analysis. GeneSpring GX (Ver.14.9.1,
Agilent Technologies, Santa Clara, CA, USA) was used to generate a heat map. Metascape [37] was
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used to identify enriched KEGG pathways of the focused clusters. A p-value < 0.05 was considered
statistically significant. Microarray data were deposited to GEO accession: GSE138554.

4.7. RT-qPCR

Extracted RNA was reverse transcribed using ReverTra Ace® qPCR RT Master Mix (TOYOBO,
Osaka, Japan) according to the manufacturer’s instructions. To assess mRNA expression of GAPDH,
KRT7, AGR2, MMP7, CD63 and GDA, qRT–PCR was performed using a Light Cycler 480 (Roche
Diagnostics, Mannheim, Germany). Relative expression to GAPDH is shown. PCR reactions were
conducted in triplicate and means ± SD are shown. Primer sequences and annealing temperatures are
listed in Table S2.

5. Conclusions

In conclusion, normal cervical organoids were established, which exhibited features of SCJ
cuboidal cells and TZ metaplastic cells. To the best of our knowledge, this is the first demonstration of
stably propagating primary SCJ cells. As an in vitro model for cell of origin in UCC development, these
organoids would likely become a useful resource relevant for the elucidation of multi-step processes of
HPV-dependent cervical carcinogenesis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/3/694/s1,
Figure S1: A failed case of organoid culture of biopsy samples, Figure S2: Highly efficient gene transduction of
SCJ-derived organoids, Figure S3: KRT17 expression in organoids, Table S1: SCJ marker genes whose expression
was not verified in organoids, Table S2: Primers for RT-qPCR.
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Abstract: Human papillomaviruses (HPV) are the causative agents of the most common sexually
transmitted infection worldwide. While infection is generally asymptomatic and can be cleared
by the host immune system, when persistence occurs, HPV can become a risk factor for malignant
transformation. Progression to cancer is actually an unintended consequence of the complex HPV
life cycle. Different antiviral defence mechanisms recognize HPV early in infection, leading to
the activation of the innate immune response. However, the virus has evolved several specific
strategies to efficiently evade the antiviral immune signalling. Here, we review and discuss
the interplay between HPV and the host cell innate immunity. We further highlight the evasion
strategies developed by different HPV to escape this cellular response and focus on the correlation
with HPV-induced persistence and tumorigenesis.

Keywords: human papillomavirus; innate immunity; cancer; intracellular antiviral response;
immune evasion

1. Introduction

Human papillomaviruses (HPV) are the main causative agents of cervical cancer and represent
the most common sexually transmitted infection worldwide [1,2]. To this date, over 200 HPV types
have already been identified [2]. HPV infections are usually asymptomatic and cleared by the immune
system within 12 months [3]. However, HPV-infected immunocompromised individuals are susceptible
to the development of HPV-associated carcinomas and, depending on the HPV type, infection can be
a major risk factor for malignant progression [1]. High-risk HPV (HR-HPV) types are associated with
the development of several other carcinomas, such as anal, vulvovaginal and penile, head and neck
cancers [1,3,4].

The innate immune system is an early defence mechanism triggered upon detection of pathogens,
such as viruses [5]. The efficient activation of the immune response is the key between viral
clearance and viral persistence. Upon infection, the recognition of essential viral components, named
pathogen-associated molecular patterns (PAMPs), by the cellular pattern-recognition receptors (PRRs)
leads to the activation of the innate immune response and, ultimately, the adaptive immune response [6].

In general, cellular PRRs can detect either viral RNA or DNA, and they can be either associated
with membranes or localize freely in the cytosol [7,8]. These different classes of PRRs use common
pathways to convey their signals, ultimately culminating in the expression of pro-inflammatory
cytokines, such as type I interferons (IFNs), and IFN-stimulated genes (ISGs), restricting infection
establishment and spreading [9]. This is accomplished by triggering the activation of downstream
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signalling pathways, namely the IFN-regulatory factors (IRFs) pathways, the janus kinase/signal
transducers and activators of transcription (JAK-STAT) pathway and the nuclear factor-κB (NF-κB)
signalling pathway [6,10].

Understanding the biology of HPV infection was only possible in the last few decades with
the advent of molecular cloning and the development of organotypic cultures, allowing not only
the study of individual viral genes but also the analysis of viral infections and their progression.
Nevertheless, there is still a gap in the knowledge concerning the interplay between innate immune
evasion and cancer progression during HPV infection. Here, we review and clarify these different
evasion mechanisms and discuss their correlation with cancer progression during infection.

2. Human Papillomavirus Biology

HPV can infect cutaneous epithelial cells or mucosal tissues and, depending on their tropism,
HPV are categorized either as cutaneous or mucosal. Additionally, HPV can be further divided into
two categories: Low-risk HPV (LR-HPV), which cause benign warts, and HR-HPV with oncogenic
potential (Table 1) [1,2,4,11].

Table 1. Human papillomavirus (HPV) types and associated lesions. Represented in bold are the most
frequent high-risk HPV. HPV types that are not yet fully established as high-risk are represented
between brackets.

Group Type of Lesions HPV Types

High-risk Intraepithelial neoplasia and cervical cancer 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 68, 73, 82
(26, 53, 66)

Low-risk Intraepithelial neoplasia or genital warts 6, 11, 40, 12, 43, 44, 53, 54, 61, 72, 73, 81

HPV particles are composed by a non-enveloped icosahedral capsid that shields the viral genome.
The HPV genome consists of a single circular double-stranded DNA (dsDNA) molecule associated with
host-derived histones, and, typically, encodes seven to eight open reading frames (ORFs) (Figure 1).

Figure 1. HPV genome organization and functions of the main viral proteins.

The genome’s main structural and organizational features are shared, with some variations,
among different HPV types [12,13]. The genome is divided into three functional regions: Early (E),
late (L) and the upstream regulatory region (URR) (Figure 1). The E region is composed of six ORFs that
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codify the proteins E1, E2, E6, E7, E4 and E5. Additionally, it has been reported that some HPV can also
express E3, E8 and an ‘E5 like protein’ also known as E10 [13,14]. The L region encodes for the structural
proteins L1 and L2. The URR (previously known as long control region or LCR) corresponds to
a non-coding segment containing the cis elements essential for viral replication and transcription by
the host machinery [2,13]. E1, E2, L1 and L2 have well-conserved sequences, while the remaining genes
display a greater variability, resulting in the differences observed during infections with the different
HPV types [15].

2.1. HPV Life Cycle

HPV infects the basal stem cells of the stratified epithelia (which are the only epithelial cells
capable of undergoing cell division) of the skin, oral cavity and anogenital track [1,2]. As the basal
layer of the epithelium is protected by several layers of differentiated cells, HPV reaches this area via
micro wounds in the tissue (Figure 2a) [16,17].

Figure 2. HPV life cycle and progression to cancer. (a) HPV reaches the basal cells of the epithelium
through tissue abrasions. Upon recognition, endocytosis of the virion occurs, and HPV is transported
through the endosomal pathway. At endosomes, L2 mediates viral egressing and HPV vesicles are
transported along microtubules to the nucleus, where early transcription is initiated, with a quick but
transient expression of the early proteins and through the recruitment of the cellular DNA replication
machinery. Afterwards HPV can enter the latency phase. (b) Once basal cells start to differentiate,
they migrate towards the surface of the tissue. Here, structural proteins are expressed, allowing virion
assembly and release, which occurs alongside with tissue desquamation. (c) Viral persistence in basal
cells can result in HPV genome integration, which promotes cancer progression.
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Upon recognition of L1 at the cell surface, the viral capsid undergoes structural modifications,
required for endocytosis of the virion [18–20]. Then, while HPV travels along the endosomal pathway,
L1 dissociates from the viral genome and L2 mediates viral egressing from the endosomes, guiding
HPV vesicles along microtubules [21–23]. When the nuclear envelope is disrupted during mitosis,
L2-viral DNA complexes are delivered into the nucleus [17,24,25]. Upon nuclear entry, viral early
transcription is initiated with the expression of the early proteins E1 and E2, essential factors for viral
DNA replication, as they recruit the cellular DNA replication machinery [26,27]. Additionally, E2 is
also critical for transcription, since it has splicing-regulating activities that control the processing of
viral pre-mRNA [28–30]. E1, E2, E6 and E7 are the most early proteins and are found in the basal layers
of the epithelium, while E5 and E4 only start to be detected at the suprabasal layers [11].

Three phases of replication in the viral life cycle have been identified: Initial amplification,
maintenance replication and vegetative amplification (reviewed in [11,31,32]). Initially, replication
starts at the URR, causing a quick but transient increase of viral genome copies (Figure 2a). Afterwards,
viral DNA is stably maintained in low copy numbers during basal cells division. This is accomplished
through the establishment of stable episomes at specific regions of the nucleus. E2 is then responsible
for tethering the viral genome to host chromatin, thus guarantying its successful partition in equal
amounts upon cell division [32]. HPV infection can persist in the latent form for years to decades until
a switch from genome maintenance to vegetative viral replication occurs, allowing virion production
(Figure 2b) [2,11].

In non-infected epithelia, the daughter cells from the proliferative basal layer lose contact with
the basement membrane and stop dividing, initiating the process of terminal differentiation and ceasing
their proliferative capacity [11,17]. However, as HPV is highly dependent on the host-cell machinery for
viral genome replication and translation, it has evolved to carry out its replication cycle in concert with
epithelial differentiation, alongside viral gene expression. HPV-infected cells retain their differentiation
capacity and are capable of moving into the upper epithelial layers [11]. The molecular mechanisms
behind this cell reprogramming are not yet well understood, but viral-encoded oncogenes seem to
have a central role in this process. Moreover, vegetative amplification, besides being associated to
an increase in HPV genome copy numbers, is also followed by the expression of the structural proteins
L1 and L2 [2,11]. In the infected cells from the upper epithelium layers, virion assembly starts at
the nucleus, where the capsid and genome packaging occur. Since HPV is a non-lytic virus, virions are
only released when the infected cells reach the granular surface layers of the epithelium (Figure 2b) [11].

2.2. From HPV Infection to Malignant Transformation

Progression to cancer is a rare event in HPV infection. Indeed, this is an unwanted event for
the virus, since infected cells that suffer transformation do not produce any virions. The mechanisms
behind transformation of infected cells are not yet clearly understood, but it is known to be highly
dependent on HR-HPV E6 and E7 oncogenes [33]. These proteins present a broad-spectrum functionality
and modify different pathways, mainly associated to cell growth, differentiation and host genome
stability (reviewed in [34]). It is thought that the trigger for cell transformation starts with the integration
of viral episomes into the host genome (Figure 2c). In the reported cases, the viral genome is partially
integrated occurring the loss of E2 ORF, which codifies the transcription repressor of the oncoproteins
E6 and E7 genes [33,35,36]. It was also suggested that integration may occur as an indirect effect of
episomes tethering, close to chromosomal regions that accumulate DNA break repair factors, which
are required for viral genome replication [37].

Without the E2 repressor function, E6 and E7 start to be highly expressed during progression
from cervical intraepithelial neoplasia (CIN) in HR-HPV infected tissues, contributing to a malignant
evolution to invasive cancer [38–40]. Additionally, the integrated HPV genome seems to recruit DNA
repair/recombination systems, which induce alterations in the host cell genome and eventually affect
several genes, including cellular oncogenes that aid the transformation initiated by HPV oncoproteins.
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It was even suggested that de novo infections by new HPVs in cells that already present integrated
HR-HPV genome can occur, potentiating the genomic instability [31,41].

The most important functions of E6 and E7 for carcinogenesis are the impairment of p53 and pRb
tumour suppressor’s pathways, respectively [42]. Independently, E6 also stimulates the telomerase,
which prevents senescence by stabilizing telomere length at the chromosomes’ ends [34,42]. E6 also
contains a binding motif for PDZ (PSD-95/DLG/ZO-1) proteins, which induces the degradation or
subcellular localization alterations of numerous cellular proteins. Both of these functions are assigned
exclusively to HR-HPV E6 proteins [34].

3. Activation of the Antiviral Immune Signalling

The epithelial cells that constitute the cutaneous and mucosal tissues are the first line of defence of
the innate immune system, and constitutively express low levels of IFNs and cytokines. Additionally, in
the case of mucosal epithelia, cells produce mucin that prevents viral attachment and penetration [43].
HPV is able to bypass this protection through abrasions in the tissue [17].

While viral infections are generally extremely immunogenic, the efficient HPV life cycle grants
protection against epithelia defences. The hallmarks of HPV infection are the slow replication
cycle and the virus capability to maintain low levels of viral proteins expression and secretion.
Additionally, since HPV virions are only released at the epithelium surface without inducing cell
lysis, no inflammatory response or viremia occur [1,12]. Thus, HPV is able to delay viral detection
and elimination by the innate immune system. Nonetheless, to further ensure its ability to surpass
immune surveillance, HPV has developed numerous strategies to evade and manipulate the cellular
antiviral defences, by interfering with the function of host antiviral proteins or by inhibiting their
expression (Figure 3).

Upon HPV infection, viral DNA is released into the cytosol and can be sensed by the PRRs
IFN-inducible protein 16 (IFI16) [44,45], absent in melanoma 2 (AIM2) [46], and the toll-like receptors 4
(TLR4) [47] and TLR9 [48]. It has been reported that the activation of the cytosolic dsDNA sensors
IFI16 and AIM2, induces the formation of the inflammasome complex that is required for processing
and release of the pro-inflammatory cytokines interleukin-1β (IL-1β) and IL-18. Moreover, it was
demonstrated that the ISG IFI16 ultimately restricts HPV replication by inducing epigenetic alterations
on the viral genome [45].

Regarding the TLRs signalling, it has been shown that TLR4 is able to recognize the association of
HPV11 with the heparin sulfate [49] or the glycosaminoglycans at the cell surface [49,50]. Additionally, it
has been shown that TLR9 is able to recognize and be stimulated by the CpG motifs present in the HPV16
E6 gene sequence [48], during viral capsid disassembling in the endosome [20]. Induction of TLRs
signalling pathways ultimately leads to the expression of IFNs and pro-inflammatory cytokines [51].
In fact, an association between the clearance of initial HPV infection in young women and higher
expression levels of TLR3, TLR7, TLR8 and TLR9 has been reported [52,53]. Nevertheless, the signalling
behind HPV genome recognition by TLRs remains to be elucidated.

It was reported that several cytokines, namely IL-1α, IL-4 IL-13, transforming growth factor β
(TGF-β), tumor necrosis factor α (TNF-α), IFN-α and IFN-β, act as inhibitors of HPV16 URR activity,
suppressing early gene transcription [54]. Furthermore, type I IFNs, TNF-α and TGF-β restrain
the growth of non-infected and HPV-infected keratinocytes, while this suppression tends to cease
in oncogenic cells [55,56]. Additionally, epithelial cells of cutaneous and mucosal tissues produce
a single specific type I IFN, IFN-κ [57], which has been shown to have antiviral functions during
HPV16 and HPV31 infection [58,59].

In addition to cytokines and ISGs, it was found that apolipoprotein B mRNA-editing catalytic
polypeptide 3 (APOBEC3) proteins, an IFN-inducible antiviral family, promote hypermutations in
the HPV genome [60], and reduces HPV infectivity [61]. Recently, the Myb-related transcription factor
partner of profilin (MYPOP) was also shown to have antiviral activity against HPV by repressing the URR
function [62]. Another important class of molecules that impede HPV infection are human α-defensins,
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immune system components that have broad antimicrobial effects [63]. Different mechanisms of
inhibition have been proposed: For example, the α-defensin 5 (HD5) was reported to inhibit the furin
cleavage of HPV L2, as well as to impede the dissociation of L1 from L2, which is essential for the entry
process of HPV [64,65]. Moreover, it has been shown that human neutrophil peptides 1-4 (HNP1-4)
and HD5 block escape from endocytic vesicles instead of inhibiting the binding or internalization in
multiple serotypes of HPV infection [63,66]. Furthermore, defensins have been proposed to recruit
immune cells, thus contributing to the activation of adaptive immunity [67].

These findings demonstrate that several immune effectors mount a response to HPV infection,
eventually leading to viral clearance.

Figure 3. Evasion of the cellular innate immunity response by HPV proteins. HPV E2, E5, E6
and E7 target several steps of the pattern-recognition receptors (PRRs) signalling, downregulating
the expression of interferons (IFNs), pro-inflammatory cytokines and IFN-stimulated genes (ISGs),
and consequently inhibiting the cellular antiviral response, as well as antigen presentation at cell surface.

4. Cellular Innate Immunity Evasion by HPV

During its life cycle, HPV produces a small number of proteins, which therefore have
multifunctional roles during infection. Curiously, HR-HPV oncoproteins E6 and E7 are the ones
that interfere the most with the cellular innate immunity, alongside with minor roles of E5 and E2
(summarized in Figure 3 and Table 2).
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Table 2. HPV proteins’ functions on the evasion of the cellular antiviral response.

Viral Protein HPV Type Effects on Innate Immunity

E2 HPV16 HPV18 impairs transcription of the stimulator of IFN genes (STING) and IFN-κ,
and their downstream antiviral genes [68]

E5 HPV16 inhibits the human leukocyte antigen class I (HLA-I) transport,
decreasing its surface expression [69–71]

E6

HPV16 induces degradation of pro-IL-β through the ubiquitin ligase E6-AP [72]

HPV16
induces the tripartite motif-containing protein 25 (TRIM25) degradation

suppressing the retinoic acid-inducible gene-I (RIG-I)-mediated
expression of IFN-β, chemokines, and ISGs [73]

HPV16 binds to IRF3, inhibiting its transcription activities [74]

HPV16 reduces transcription activity of CBP/p300, and consequentially NF-κB
promoter activity [75,76]

HPV18 binds to the tyrosine-protein kinase (TYK2), inhibiting the downstream
signalling [77]

HPV16
HPV31

re-localizes the protein kinase R (PKR) to P-bodies, impeding
the downstream signalling [78]

HPV31
HPV16
HPV18

inhibits STAT1 binding and ISGs transcription [79,80]

E7

HPV16 induces the overexpression of endoplasmic reticulum aminopeptidase 1
(ERAP1) decreases epitopes presentation [81]

HPV16
HPV11
HPV18

binds to IRF1, inhibiting its promoter activity through histone
deacetylases (HDACs) [82–84]

HPV16
HPV18

binds to the NF-κB kinase (IKK) complex, impairing NF-κB signalling
[75]

HPV16 impairs DNA binding activity of NF-κB, through impairment of p65
subunit functions [82,85]

HPV16 binds to p48, inhibiting the IFN-stimulated gene factor 3
(ISGF3)-mediated gene expression [86]

HPV16 binds to the DNA methyltransferase (DNMT1), impairing antiviral gene
transcription through epigenetic modification [87]

HPV18 binds to STING, impairing IFNs and pro-inflammatory cytokines
expression [88]

HPV18 induces of the H3K9 methyltransferase (SUV39H1) transcription, which
promotes epigenetic silencing of PRRs [89]

HPV16
HPV38

inhibits of TLR9 promoter region through the formation of a inhibitory
complex and induction of HDACs [90,91]

E6
E7 HPV16 competes with the transcription promoters of interleukin-18 (IL-18),

impairing its expression [85]

E6/E7 HPV16 inhibit of STAT1 binding to DNA and antiviral genes transcription [92]

E6/E7 HPV16 induce the overexpression of p100 and p105 and their re-localization,
which inhibit the transcriptional activity of NF-κB [93]

E6/E7 HPV38 decrease MHC-I (human HLA-I) expression through downregulation of
STAT1 expression [94]

Besides interfering with the cellular antiviral signalling pathways, HPV also impairs the antigen
processing machinery, impeding T-cell recognition of infected cells. HPV directly impedes the generation
of cytotoxic T-lymphocyte (CTL) epitopes through different mechanisms mediated by E7 and E5 [69–71,81].
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HPV16 E7 also increases the expression of ERAP1, an immunopeptidase essential for epitope editing [81],
which leads to a reduction of CD8+ T cell responses. It has furthermore been shown that the attenuation
of ERAP1 induces CTL-mediated HPV-infected cell death [81]. Similarly, HPV16 E5 also impairs
the transport of HLA-I to the cell surface [69–71]. In the last few years, new data on HPV epigenetic
control has been emerging. Lo Cigno et al. showed that HPV E7 upregulates the H3K9 methyltransferase
SUV39H1, which, through alterations in the chromatin structure, promotes epigenetic inhibition of
nucleic acid sensors, such as RIG-I, cyclic GMP-AMP synthase (cGAS) or even STING [89].

4.1. HPV Targets Pattern Recognition Receptors

Several reports have shown different HPV strategies to directly impair PRRs signalling. It has
been demonstrated that HPV16 and HPV18 E7 bind to STING, inhibiting the cGAS-STING signalling
pathway [88]. STING is the adaptor protein that mediates the immune signalling upon recognition
of viral DNA by a numerous set of cytosolic receptors, leading to the expression of type I IFNs
and pro-inflammatory cytokines [95–99]. The role of STING in HPV infection recognition is still unclear
and further studies should be performed.

Interestingly, it has been shown that HPV16 E6, but not E7, forms a complex with TRIM25
and its regulator ubiquitin carboxyl-terminal hydrolase 15 (USP15), inducing TRIM25 degradation [73].
TRIM25 is an E3 ubiquitin ligase essential for RIG-I activation, allowing the induction of its downstream
signalling and consequential expression of IFNs and ISGs [100–102]. Whereas RIG-I only recognizes
dsRNA, different studies have shown the activation and evasion of this signalling pathway by DNA
viruses [103–111]. Thus, the role of RIG-I signalling in HPV sensing needs to be further investigated,
but its targeting by E6 suggests that it plays a critical role on the HPV immune signalling.

4.2. HPV Targets Interferon Regulatory Factors Signalling

Several PRRs signalling pathways converge to activate the transcription factor IRF3, responsible
for IFNs expression. As expected, HPV also targets this transcription factor to inhibit its translocation
to the nucleus. It has been shown that HPV16 E6 binds to IRF3, although the same was not observed
for HPV6 or HPV18 [74]. The IFN-κ induced IRF1 is another target of E7 from HPV16, HPV 18
and HPV11, resulting in the inactivation of its promoter activity [82–84,94]. It was proposed that IRF1
targeting prevents the correct binding to the IFN-β promoter region, in a mechanism that involves
HDACs, leading to reduced IFN-β production [83]. Thus, IRFs targeting by HPV proteins leads to
the impairment of IFN-α [79], IFN-β [74,83] and IFN-κ expression [112].

HPV16 was also reported to upregulate the ubiquitin carboxyl-terminal hydrolase L1 (UCHL1),
to indirectly impair IRF signalling. This protein inhibits the K63 poly-ubiquitination of TNF
receptor-associated factor 3 (TRAF3), suppressing IRFs activation [113].

4.3. HPV Targets NF-κBs Signalling

Another transcription promoter activated by PRRs signalling is the NF-κB. NF-κB signalling is
a tightly regulated pathway that culminates on the regulation of several genes associated with immune
and stress responses, as well as apoptosis, proliferation, differentiation and development (reviewed
in [114,115]). HPV has evolved mechanisms to abrogate the immune and inflammatory response
promoted by NF-κB signalling through E6 and E7.

When inactivated, NF-κB is complexed with its repressors and, upon activation, their degradation
is induced in order to allow translocation of NF-κB to the nucleus [114,115]. It has been reported that
HPV E7 associates with the inhibitor of IKK complex, impairing the release of NF-κB [75]. Furthermore,
HPV16 E6 reduces the transcriptional activity of NF-κB, by interacting with its coactivators CREB
binding protein (CBP) and p300 [75,76]. Interestingly, HPV6 E6 was also reported to bind the same
coactivators, although less efficiently, and with a smaller inhibitory effect [76]. E7 was also reported
to decrease the DNA binding activity of NF-κB and to reduce nuclear translocation and acetylation
of the p65 subunit of NF-κB [82,116,117]. Furthermore, E7 was shown to bind to P/CAF, impairing
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its interaction with p65 [83], and to target the transcriptional coactivator p300 [85]. However, it has
been demonstrated that the E2-dependent transcription requires CBP/p300. Thus, E7 interferes with
the regulation of E2 transcriptional activity by associating with p300 [118]. It has also been reported
that HPV16 E6 and E7 proteins induce the overexpression and modulate the subcellular localization of
p105 and p100, NF-κB precursors [93].

As previously mentioned, HPV16 induces the overexpression of UCHL1 [113]. Binding of UCHL1
to TRAF6 leads to the degradation of NF-κB essential modulator (NEMO), which in turn results in
the suppression of p65 phosphorylation, blocking the canonical NF-κB signalling [113]. UCHL1 also
targets IκBα by attenuating its ubiquitination, preventing the release of NF-κB [119].

NF-κB signalling is a crucial mediator of inflammatory responses and regulates the expression of
different interleukins [120]. Cellular inflammatory responses are also targets of HPV E6 and E7 proteins.
It has been shown that E6 inhibits IL-18, a pro-inflammatory cytokine, by binding to its receptor [121,122].
E7 was also reported to bind and impair IL-18 receptor signalling [122]. Moreover, HPV16 E6 binds to
the ubiquitin ligase E6-AP, inducing the degradation of pro-IL-1β in a proteasome-dependent manner,
impairing IL-1β processing and secretion [72]. HPV also represses NF-κB-mediated transcription of
AIM2, through overexpression of sirtuin 1 (SIRT1) [123].

While these studies propose an anti-inflammatory role for HPV E6 and E7, there is still some
contradictions associated with the HPV effect over NF-κB signalling, since in vivo data suggests that
HPV promotes chronic inflammation, which correlates with HPV-induced carcinogenesis [124,125].

4.4. HPV Targets JAK/STAT Signalling

E6, from HPV16 and HPV18 but not HPV11, directly interacts with TYK2 impairing binding
with the transmembrane IFN-α/β receptor (IFNAR) and the consequent activation of the downstream
signalling [77]. Additionally, HPV16 E7 targets p48 (also known as IRF9) impairing the translocation
to the nucleus of ISGF3, a heterodimer formed by STAT1-STAT2-p48, and consequential activation of
antiviral genes expression [86,126,127].

Microarray analysis of HPV31 or HPV16 infected-keratinocytes showed a decrease in STAT1
transcription promoted by E6 and E7 [79,80,92]. Like STAT1, several other ISGs were shown to be
downregulated upon HPV31, HPV18 and HPV16 infection [79,80]. PKR (an IFN-inducible protein
that recognizes dsRNA, activating IFNs expression, and shuts-down host transcription) was shown
to have its transcription impaired during HPV infection, and to be re-localized from the cytosol
to P-bodies by E6 [78,128]. The same downregulation on transcription induced by E6 and E7 has
been reported in different studies for several PRRs, such as TLR3, TLR9 and RIG-I [48,80,90,129,130].
The mechanism proposed for E7-mediated downregulation of TLR9 transcription was through histone
modifications [90,91]. HPV16 and HPV18 E2 were even associated with the decrease in STING
and IFN-κ transcription [68]. Moreover, this was also observed in clinical samples of low-grade
CIN [68].

HPV E7 also impairs antiviral genes transcription through the induction of host DNA methylation
by DNMT1, a transcription repressor [87]. Transcription of the chemokine CXCL14, essential for
leukocyte attraction to the infection site, is affected by this process. HPV E6 was also associated to
DNA methylation of the IFN-κ gene [112].

Curiously, IFNs have been used as therapy in clinical cases with HPV lesions,
and non-responsiveness to IFNs was associated with higher levels of E7 protein [131].

5. Cellular Innate Immunity and Cancer Progression in HPV Infection

As previously mentioned, malignant transformation is an unwanted consequence for HPV, as it
implies a lack of production of new virions. This event is rather a consequence of the unspecific targeting
of HPV E6 and E7, whose sequences get integrated into the host genome while losing their viral
transcription regulator. Besides modifying cell growth, differentiation and genome stability processes,
these proteins alter specific cellular antiviral response mechanisms that have been associated with
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cancer progression and have a critical role in inflammatory processes and tumorigenesis (summarized
in Figure 4).

Figure 4. HPV evasion of the antiviral signalling and corresponding impact on carcinogenesis.

APOBEC3 proteins exert their antiviral function through the induction of hypermutations in
the HPV genome [60,61]. They may furthermore contribute to cancer mutagenesis by inducing
somatic mutations in host genome [61]. Similarly, SIRT1 overexpression induced by HPV impairs
AIM2-mediated immunity, and this inhibition allows HPV-infected cervical cancer cells to escape
death and continue their growth. Moreover, SIRT1 expression in HPV-infected cervical cancers was
associated with a poor clinical outcome [123].

Additionally, as TRIM25 has been associated to cancer–related pathways, its targeting by E6 may
also regulate other functions of this protein that should be addressed in the context of HPV-associated
cancer progression [132].

The influence of HPV on the inflammatory response is still controversial. While most studies using
cell lines show an inhibition of the NF-κB pathway, in CIN and cervical cancer, HPV seems to induce
the expression of inflammatory cytokines, which correlates with cancer progression [124,125]. A recent
study has shown an increase of nitric oxide (NO) and inducible NO synthase (iNOS), which was
suggested to be mediated by TLR-induced NF-κB signalling, in cervical samples from HR-HPV-infected
patients [133]. Since NO is a critical component of the tumour microenvironment and promotes tumour
angiogenesis, as well as tumour cell invasion and metastasis, it has been studied as a possible target
for cancer therapy [134].

Contrary to the mentioned components of JAK/STAT, which are inhibited during viral infection,
HPV also modulate STAT3 and STAT5, respectively, by increasing their activity. STAT3 stimulation
leads to cell cycle progression and cell survival, suggesting its importance in the life cycle of
HPV18 [135–139]. Likewise, STAT5 activation induces genome amplification in differentiating cells,
through the exploitation of the DNA damage response [140]. Both STAT3 and STAT5 have been
extensively studied in the context of tumorigenesis [141,142]. Moreover, it has been suggested that
STAT3 expression correlates with increased severity of HPV lesions, being a possible target for
therapy [139].

6. Conclusions

The antiviral defence mechanisms that recognize HPV early in infection are still poorly elucidated
and most of what is known was inferred from HPV proteins’ overexpression studies. Nonetheless,
several reports have demonstrated that different HPV efficiently evade the cellular antiviral signalling
pathways using diverse strategies throughout their life cycle.
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The oncogenes E6 and E7 are the viral proteins most involved in immune evasion, targeting
almost all cellular innate immune pathways in a synergetic manner. However, most of the evasion
mechanisms reported for HPV have been observed in vitro, and whether these results can be translated
to the clinic remains unknown. The effectiveness of these studies is highly impaired by the fact that
the interplay between HPV and their host cells changes during the different cell differentiation stages
and disease progression. Nonetheless, it has been shown that E6 and E7 levels are inversely correlated
to IFN treatment response and, more importantly, as discussed above, many of these evasion strategies
directly correlate to the development of HPV-induced tumorigenesis (Figure 5).

Figure 5. Overview of the interplay between HPV and the cellular antiviral signalling and its impact
on carcinogenesis. Orange arrows represent HPV-mediated events, while green arrows represent host
defence processes.

Furthermore, although prophylactic vaccines are effective in averting infection of the most
medically relevant HR-HPV, they do not exert any effect on existing infections [143]. Hence, it is
essential to further analyse and understand the mechanisms behind HPV evasion of the cellular
innate immunity and their correlation to HPV-induced persistence and tumorigenesis. These studies
may reveal essential to the discovery of new cellular targets for the development of novel antiviral
and anticancer therapies.
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Abstract: Human papillomavirus-negative (HPV-neg) oropharyngeal squamous cell carcinomas
(OPSCCs) are associated with poorer overall survival (OS) compared with HPV-positive (HPV-pos)
OPSCCs. The major obstacle in improving outcomes of HPV-neg patients is the lack of robust
biomarkers and therapeutic targets. Herein, we investigated the role of centrosome amplification
(CA) as a prognostic biomarker in HPV-neg OPSCCs. A quantitative evaluation of CA in clinical
specimens of OPSCC revealed that (a) HPV-neg OPSCCs exhibit higher CA compared with HPV-pos
OPSCCs, and (b) CA was associated with poor OS, even after adjusting for potentially confounding
clinicopathologic variables. Contrastingly, CA was higher in HPV-pos cultured cell lines compared to
HPV-neg ones. This divergence in CA phenotypes between clinical specimens and cultured cells can
therefore be attributed to an inaccurate recapitulation of the in vivo tumor microenvironment in the
cultured cell lines, namely a hypoxic environment. The exposure of HPV-neg OPSCC cultured cells
to hypoxia or stabilizing HIF-1α genetically increased CA. Both the 26-gene hypoxia signature as
well as the overexpression of HIF-1α positively correlated with increased CA in HPV-neg OPSCCs.
In addition, we showed that HIF-1α upregulation is associated with the downregulation of miR-34a,
increase in CA and expression of cyclin- D1. Our findings demonstrate that the evaluation of CA may
aid in therapeutic decision-making, and CA can serve as a promising therapeutic target for HPV-neg
OPSCC patients.

Keywords: hypoxia; human papillomavirus; oropharyngeal squamous cell carcinoma; centrosome
amplification; miRNA
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1. Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide [1].
Although the incidence and mortality rates for HNSCC are declining globally, there has been a gradual
increase in the incidence rate of oropharyngeal squamous cell carcinomas (OPSCCs) in recent years [2].
OPSCC is a type of HNSCC, which includes cancer of the tonsils, base of the tongue, back of the roof of
the mouth and the side and back walls of the throat. A major factor underlying the increased incidence
rate of OPSCCs is human papillomavirus (HPV) infection [3]. Studies have shown that HPV-positive
(HPV-pos) OPSCC patients respond better to treatment compared to patients with HPV-negative
(HPV-neg) OPSCC. A randomized trial comparing accelerated-fractionation with standard-fractionation
radiotherapy, in combination with cisplatin therapy showed better rates of three-year overall survival
(82.4%) in HPV-pos OPSCC patients compared to their HPV-neg counterparts (57.1%) [4]. In the
absence of a good therapeutic target, conventional chemotherapy is unfortunately still the mainstay of
treatment for HPV-neg OPSCC patients, whose prognosis remains dismal.

Treatment decisions for OPSCC patients are made based on disease stage and tumor location,
without taking into account the tumor’s HPV status [5]. Recent studies have suggested that HPV-pos and
HPV-neg OPSCCs are biologically unique entities [4], with different tumor biologies and characteristics.
Thus, a new stage categorization has been introduced for HPV-pos OPSCC in the 8th edition TNM
[T describes the size of the tumor and any spread of cancer into nearby tissue; N describes spread
of cancer to nearby lymph nodes; and M describes metastasis (spread of cancer to other parts of the
body)] classification system [6], wherein p16 staining serves as a surrogate for HPV status. Studies
have indicated that HNSCC is a heterogeneous disease with higher chromosomal instability (CIN)
in HPV-neg (50% higher mutational load) compared to HPV-pos HNSCCs [7]. The inactivation of
tumor suppressor genes such as TP53 and CDKNA2 and the oncogenic activation of the CCND1 gene
have been shown to be crucial for pathogenesis and disease progression in HPV-neg HNSCCs [8]. By
contrast, the inactivation of the tumor suppressor genes and activation of oncoproteins in HPV-pos
tumors have been linked to the viral E6 and E7 oncoproteins [9]. A key feature of E6 and E7
oncoproteins is that they both converge to induce centrosome amplification (CA) [10], a hallmark of
cancer. Amplified centrosomes are well-recognized to drive CIN, which fuels tumorigenesis, tumor
progression, drug resistance and, as a result, poor prognosis [11]. CA can be numerical (increase in the
number of centrosomes) as well as structural (increase in size/volume of centrosomes) and can arise in
multiple ways, including the failure of the cell to undergo cytokinesis, inappropriate replication of
centrosomes, and de novo generation of centrosomes [12,13].

Past genomic analyses of HNSCCs have described CIN to be a more prominent feature in
HPV-neg tumors than in HPV-pos tumors [14]. Drivers of CA are distinct in HPV-pos and HPV-neg
HNSCCs; CA in the former subtype is driven by viral oncoproteins, and that in the latter is driven
by the misexpression of host cell-encoded proteins. Aurora A kinase and PLK1 are major factors
contributing to CIN in HPV-neg HNSCCs [15]. Both Aurora A and PLK1 promote CIN by deregulating
the spindle assembly checkpoint, resulting in chromosome mis-segregation and the amplification of
centrosomes [16]. Therefore, we reasoned that CA may be a readily quantifiable prognostic biomarker
and a potentially druggable target for HPV-neg tumors.

Another critical factor underlying poorer prognosis in patients with HPV-neg cancers is
tumor hypoxia. Tumor hypoxia has long been associated with poor responses to radiotherapy
and chemotherapy [17]. A recent study has shown that HPV-neg oropharyngeal tumors display
higher tumor hypoxia [18]. Additionally, reduced partial pressure of oxygen inside tumors plays
a significant role in overexpression of Aurora-A/STK15 [19], and this overexpression results in CA,
CIN, and aneuploidy. The hypoxia-mediated overexpression of PLK4 has been well-documented to
induce CA [20]. Recently, we have shown that hypoxic tumor microenvironment can induce CA via
the stabilization of the transcriptional factor HIF-1α in breast cancer, facilitating an aggressive disease
course [21]. Thus, there is mounting evidence that hypoxia-associated CA may underlie the aggressive
disease course and treatment resistance of HPV-neg OPSCCs.

297



Cancers 2020, 12, 517

No studies to date have reported quantitation of centrosomal aberrations in OPSCCs with
inherently different HPV status. Herein, we performed a thorough quantitative analysis of centrosomal
aberrations in OPSCC tumors to compare differences in incidence and severity of CA between HPV-pos
and HPV-neg OPSCCs. Interestingly, we found that HPV-neg OPSCCs exhibited significantly higher
CA when compared with HPV-pos OPSCCs, and CA was associated with the poor overall survival in
HPV-neg OPSCCs. Furthermore, we found that HPV-neg tumors show a higher expression of HIF-1α
than HPV-pos OPSCCs, and there was a strong association between CA and HIF-1α expression in
HPV-neg OPSCCs. In addition, we found that HPV-neg tumors exhibited a higher expression of the
CA-associated protein, cyclin D1. Our study also showed that HIF-1α upregulation is associated with
the downregulation of miR-34a, an increase in CA and the expression of cyclin- D1. Taken together,
these results shed new light on the drivers of tumor biology in HPV-neg tumors and emphasize
the role of CA as new prognostic marker and actionable target to improve outcomes in HPV-neg
OPSCC patients.

2. Results

2.1. Discordant Relationship between CA in Cultured Cells versus Patient Samples for HPV-Pos and
HPV-Neg OPSCC

Previous studies from our group have shown that higher levels of CA are associated with poor
prognosis and aggressive disease course in multiple malignancies, including breast cancer, pancreatic
cancer, and serous ovarian adenocarcinoma [22–24]. We are the first to perform a rigorous quantitative
study to compare CA in HPV-pos and HPV-neg OPSCCs. Given that the HPV-neg OPSCCs exhibit
a higher expression of DNA damage response genes and are associated with a more aggressive disease
course and poorer overall survival than HPV-pos OPSCCs, we postulated that HPV-neg tumors
might exhibit significant CA. In this study, centrosomes in resection samples from 98 OPSCC patients
(n = 47 HPV-pos and n = 51 HPV-neg samples) were visualized by immunofluorescence confocal
imaging (details in supplementary information). Centrosome numbers and volumes were evaluated
to generate a cumulative percentage of structurally and numerically amplified centrosomes for each
sample (patient cohort details are shown in Table 1). Wilcoxon distribution scores revealed that HPV-neg
OPSCCs exhibit significantly higher CA (numerical and structural) compared to HPV-pos OPSCCs
(p = 0.034; Figure 1A,B). In agreement with the view that CA drives tumor progression, our data (Figure
S1A) showed that, among HPV-neg tumors, higher CA was associated with a higher disease stage
(p = 0.1013). Moreover, HPV-neg tumors displayed higher CA compared to stage-matched (stage III
and stage IV; p = 0.1225 and p = 0.0551, respectively) HPV-pos tumors (Figure S1B,C).

However, when cultured cells from HPV-pos and HPV-neg OPSCCs were stained for CA, we
observed that HPV-pos OPSCC cells (SCC090) exhibit higher CA (p < 0.05) relative to the HPV-neg
OPSCC cells (FaDu and SCC-25) (Figure 1C,D). Our findings from RT-PCR also indicate significantly
higher levels of centrosomal (pericentrin, γ-tubulin and centrin-1) and CA-associated (PLK4) mRNA
expression in HPV-pos OPSCC cells compared to levels observed in HPV-neg OPSCC cells (Figure 1E).
Taken together, these findings clearly demonstrate a high prevalence of CA in HPV-neg OPSCC tissue
sections from patient samples, but not in cultured cell lines, and suggest that differences between the
in vivo tumor microenvironment and in vitro culture conditions are at least partly responsible for this
discrepant observation.
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Table 1. Descriptive statistics of clinicopathological characteristics and treatment for OPSCC patients
in the clinical samples analyzed for centrosome amplification phenotypes.

Baseline Characteristics HPV-Neg HPV-Pos p Value

Gender, n (%)

Female 11 (21.57) 19 (40.43)
0.0430

Male 40 (78.43) 28 (59.57)

Tumor Grade, n (%)

1 5 (9.80) 1 (2.13)

0.29572 22 (43.14) 27 (57.45)

3 18 (32.29) 13 (27.66)

N/A 6 (11.76) 6 (12.77)

Tumor Stage, n (%)

II 1 (1.96) 0 (0.00)

0.1933III 15 (29.41) 9 (19.15)

IV 28 (54.90) 35 (74.47)

N/A 7 (13.73) 3 (6.38)

Smoking, n (%)

0 6 (11.76) 5 (10.64)

<0.00011 3 (5.58) 29 (61.70)

2 4 (7.84) 6 (12.77)

3 38 (74.51) 7 (14.89)

Alcohol, n (%)

No 42 (82.35) 46 (97.87)
0.0393Yes 8 (15.69) 1 (2.13)

N/A 1 (1.96) 0 (0.00)

CA, n (%)

High 34 (66.67) 26 (55.32)
0.2494

Low 17 (33.33) 21 (44.58)

Chemotherapy, n (%)

None 32 (62.75) 18 (38.30)

0.0070
Concomitant 12 (23.53) 26 (55.32)

Neoadjuvant 2 (3.92) 0 (0.00)

Adjunctive 2 (3.92) 0 (0.00)

N/A 3 (5.88) 3 (6.39)

Radiotherapy, n (%)

None 5 (9.80) 2 (4.26)

0.1828
Primary 11 (21.57) 14 (29.79)

Adjuvant 26 (50.98) 29 (61.70)

Palliative 6 (11.76) 1 (2.13)

N/A 3 (5.88) 1 (2.13)
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Figure 1. HPV-neg OPSCC specimens exhibit higher CA when compared with the HPV-pos OPSCCs. 

(A) Confocal immunomicrographs showing numerical and structural CA in HPV-pos and HPV-neg 

OPSCC sections. OPSCC tissue sections were immunostained for centrosomes (γ-tubulin, red) and 

counterstained with Hoechst (blue). Scale bar (white), 20 μm. (B) Percentage distribution of cells with 

CA (structural and numerical) in HPV-neg (n = 51) and HPV-pos (n = 47) patients (p < 0.0340). (C) 

Confocal immunomicrographs showing numerical CA in HPV-pos and HPV-neg tumor cells. OPSCC 

cells were immunostained for centrosomes (γ-tubulin, green), microtubules (α- tubulin, red) and 

counterstained with Hoechst (blue). Scale bar (white), 20 μm. (D) Percentage distribution of cells with 

CA (structural and numerical) in HPV-neg and HPV-pos cells (p < 0.05). (E) qRT-PCR analysis of 

mRNAs for γ-tubulin, pericentrin, centrin-1, and PLK4 in FaDu, SCC25, and SCC090 cells. Data were 

normalized by the amount of GAPDH mRNA, expressed relative to the corresponding value for all 

the cells and are means ± SD from triplicate data. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

Figure 1. HPV-neg OPSCC specimens exhibit higher CA when compared with the HPV-pos OPSCCs.
(A) Confocal immunomicrographs showing numerical and structural CA in HPV-pos and HPV-neg
OPSCC sections. OPSCC tissue sections were immunostained for centrosomes (γ-tubulin, red) and
counterstained with Hoechst (blue). Scale bar (white), 20 µm. (B) Percentage distribution of cells
with CA (structural and numerical) in HPV-neg (n = 51) and HPV-pos (n = 47) patients (p < 0.0340).
(C) Confocal immunomicrographs showing numerical CA in HPV-pos and HPV-neg tumor cells.
OPSCC cells were immunostained for centrosomes (γ-tubulin, green), microtubules (α- tubulin, red)
and counterstained with Hoechst (blue). Scale bar (white), 20 µm. (D) Percentage distribution of cells
with CA (structural and numerical) in HPV-neg and HPV-pos cells (p < 0.05). (E) qRT-PCR analysis of
mRNAs for γ-tubulin, pericentrin, centrin-1, and PLK4 in FaDu, SCC25, and SCC090 cells. Data were
normalized by the amount of GAPDH mRNA, expressed relative to the corresponding value for all the
cells and are means ± SD from triplicate data. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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2.2. CA Is Associated with Poor Overall Survival in HPV-Neg OPSCCs

Consistent with previous studies, our data show that patients with HPV-neg OPSCCs had poorer
overall survival when compared to patients with HPV-pos OPSCCs (HR = 4.332; p = 0.005) (Figure 2A).
When HPV-pos and HPV-neg patients were stratified into low- and high-CA (threshold used was the
one that minimized log-rank p-value), we found that high-CA HPV-neg OPSCCs were associated with
a poorer overall survival relative to high-CA HPV-pos OPSCCs (HR = 9.848; p = 0.007) (Figure 2B).
Furthermore, within HPV-neg OPSCCs, the high-CA subgroup was associated with worse overall
survival relative to the subgroup with low-CA HPV-neg OPSCCs (Figure 2C). This association of overall
survival with CA was significant (HR = 7.3; p = 0.02) in our multivariable analysis when potentially
confounding factors like smoking, alcohol consumption, grade and tumor stage were accounted
for (Table 2). In univariate and multivariate analyses, only CA remained significantly associated
with OS (Table 2). In contrast, no significant differences were found between the overall survival of
low-CA HPV-pos and HPV-neg subgroups. Taken together, HPV-neg OPSCCs exhibit higher CA when
compared with HPV-pos OPSCCs and higher CA in the HPV-neg OPSCCs is associated with poorer
overall survival.
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Figure 2. CA is associated with poor overall survival in HPV-neg OPSCCs. (A) Kaplan Meier survival
curves representing the survival probabilities of HPV-neg (n = 51) and HPV-pos (n = 47) OPSCC patients
(HR = 4.629; p = 0.0062), (B) Kaplan Meier survival curves representing the survival probabilities of
high-CA HPV-neg (n = 34) and HPV-pos (n = 26) OPSCC patients (HR = 5.07; p = 0.003), and (C) Kaplan
Meier survival curves representing the survival probabilities of high-CA HPV-neg (n = 34) and low CA
HPV-neg (n = 17) OPSCC patients (HR = 5.379, p = 0.08).

Table 2. Univariate and multivariate Cox proportional regression analysis for overall survival in
HPV-neg OPSCCs, comparing the influence of common clinicopathological variables relative to the
percentage of CA on patients’ overall survival.

Variable
Univariate Analysis Multivariate Analysis

p-Value Hazard
Ratio

95% Hazard Ratio
Confidence Limits p-Value Hazard

Ratio
95% Hazard Ratio
Confidence Limits

CA High vs. low 0.05 5.38 1.69 42.17 0.02 7.38 1.32 41.28

Gender Female 0.35 0.37 0.05 2.90 0.61 1.64 0.23 11.49

Age at diagnosis High vs. low 0.37 0.96 0.86 1.06 0.27 1.09 0.93 1.29

Overall stage IV vs. other 0.77 0.84 0.27 2.64 0.49 1.87 0.32 11.04

Alcohol abuse Yes vs. no 0.46 1.79 0.38 8.37 0.18 7.12 0.39 129.29

Radiotherapy Yes 0.81 1.29 0.16 10.20 0.99 0.00 0.00 -

Smoking No vs. yes 0.95 0.96 0.26 3.57 0.85 1.16 0.24 5.69

Tumor size >vs. ≤4 0.35 1.86 0.50 6.88 0.56 0.58 0.09 3.62

Nodal metastasis Present vs. absent 0.94 0.92 0.11 7.85 0.17 0.29 0.05 1.71

To strengthen our clinical findings, we performed an in silico analysis of the publicly available the
cancer genome atlas (TCGA) microarray data of HNSCC patients (Table S1) [25]. Herein, we evaluated
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the expression levels of seven CA-related genes and the associations between this signature and overall
survival in these patients. A cumulative score (CA7) was generated by adding the log-transformed
values, normalized gene expression for CCND1, NEK2, PIN1, TUBG1, PLK1, BIRC5 and AURKA.
First, we evaluated the CA7 score in all (n = 521) HNSCCs, regardless of subtype and HPV status.
The patients were then stratified into high- and low-CA subgroups using the optimal CA7 score
cut-off point (based on the log-rank test). Our findings demonstrate that (Figure S2A) high CA7 score
HNSCCs (n = 420) were associated with poorer survival (HR = 1.497; p = 0.0389) when compared with
the low CA7 HNSCCs (n = 101). Interestingly, among OPSCC patients (n = 80; HPV-neg = 26 and
HPV-pos = 54) we found that a high CA7 score was associated with poor overall survival (Figure S2B),
regardless of HPV status (HR = 11.369; p < 0.0001).

CA7 score was not able to stratify HPV-neg HNSCCs into high- and low-risk subgroups significantly.
Since HPV-pos and HPV-neg tumors are distinct disease entities, we designed a subtype-specific
weighted gene expression signature based on the appropriately weighted expression of the CA7 genes
in each subgroup. To develop this signature, the expression for each CA7 gene was split into high-
versus low-expression subgroups through the optimization of the log-rank test statistic, and then the
hazard ratio parameter estimate for the high expression group was determined. High-expression gene
groups that had a negative impact on survival had a positive parameter estimate, while genes that
correlated positively with good prognosis had a negative parameter estimate. The total weighted
sum for each patient was generated by adding the parameter estimates for each gene which had
above threshold expression (if they were in the low expression group, they were given a 0 for that
gene weight). The cutoff between high- and low-weighted CA7 scores was optimized using log-rank
statistics. Notably, this new model was able to stratify HPV-neg HNSCCs into high- and low-risk
groups with higher significance (HR = 1.867; p < 0.001) (Figure S2C,D). Among HPV-neg OPSCCs,
the high CA7 group (n = 6) showed a strong trend towards poorer overall survival (HR = 2.242; p =

0.113) when compared to the low CA7 group (n = 20) (data not shown), but owing to the small sample
size, this difference did not attain achieve statistical significance.

2.3. Hypoxia Enhances CA in HPV-Neg OPSCCs via HIF-1α

Our laboratory has previously identified that hypoxia induces CA in breast tumors via HIF-1α.
Given that the discordance in CA is much higher between patient samples and cultured cell lines in
HPV-neg OPSCCs compared to HPV-pos ones, we hypothesized that this discrepancy may be a result of
the divergent tumor cell micro-environments under in vivo and in vitro conditions. Hypoxia, which is
inadequately reflected in in vitro cell cultures, may underlie this observed divergence in CA. To test this
hypothesis, we exposed HPV-neg (SCC-25 and FaDu) and HPV-pos (SCC90) OPSCC cell lines to hypoxia
for 48 h using a hypoxic chamber flushed with a 1% O2 gas mixture. The presence of hypoxia was
confirmed by the upregulation of HIF-1α through Western blot (Figure 3C and Figure S8 and Table S3).
We observed that following hypoxia treatment, HPV-neg OPSCC cells (SCC-25 and FaDu) exhibited
significantly higher CA (p < 0.05) compared to their normoxic controls, whereas no significant difference
in CA levels was observed in HPV-pos OPSCC cells (SCC90) (Figure 3A,B). It is well-recognized that
hypoxia mediates its function through the regulation of hypoxia-regulated genes by the transcription
factor hypoxia-inducible factor-1 (HIF-1). The functional HIF-1 heterodimer (composed of alpha and
beta subunits) is stabilized under hypoxic conditions and binds to hypoxia response elements (HREs)
in target gene promoters. To confirm that the increase in CA under hypoxia was due to HIF-1α, cells
cultured under normoxic conditions were transfected with GFP-tagged degradation-resistant HIF-1α
(Figures S3C and S9 and Table S3). These transfected SCC25 and FaDu (HPV-neg) cell lines displayed
higher CA (FaDu HIF-1α OE ~24%, SCC-25 HIF-1α OE ~22%) under normoxic conditions than vector
controls (FaDu HIF-1α CV 12%, SCC-25 HIF-1α CV 9%) (Figure S3A,B) and the increase in CA was
further confirmed with RT- PCR (Figure S3D). Meanwhile, no significant difference was observed
between the control (control vector- CV) and HIF-1α overexpressing (overexpression- OE) HPV-pos
OPSCC cells (SCC90).
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Figure 3. HPV-neg OPSCCs show a strong association between CA and HIF-1α expression. (A) Confocal
immunomicrographs showing numerical CA in HPV-pos and HPV-neg tumor cells cultured in
normoxic and hypoxic conditions. OPSCC cells were immunostained for centrosomes (γ-tubulin,
green), microtubules (α- tubulin, red) and counterstained with Hoechst (blue). Scale bar (white),
20 µm. (B) Percentage distribution of cells with CA (structural and numerical) in HPV-neg and
HPV-pos cells in normoxic (Nx) and hypoxic (Hx) conditions. (C) Immunoblots of HIF-1α in FaDu,
SCC-25, and SCC090 OPSCC cells cultured in normoxic (Nx) and hypoxic (Hx) conditions. (D) Box
plot depicting the distribution of CA in HIF-1α-high (n = 30) and -low (n = 12) HPV-neg tumors
(p = 0.0479). (E) Representative immunohistochemical micrographs of HPV-pos and HPV-neg OPSCC
tumors stained for HIF-1α. (F) Kaplan Meier survival analysis representing overall survival in HPV-neg
OPSCCs stratified based on HIF-1α scores (HR = 3.191; p = 0.0826). * p < 0.05.
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Next, to corroborate our findings in the clinical samples, we asked whether the high-CA HPV-neg
OPSCC patient samples also showed higher HIF-1α expression compared to the low-CA ones. For this,
serial sections of the 87 OPSCC samples (used to quantify CA in Figure 1—due to the loss of tissue,
eleven cases were not included in the HIF-1α analysis) were immunohistochemically stained for
HIF-1α. The nuclear HIF-1α weighted index (WI) was calculated as indicated in Materials and Methods.
The patients were stratified into high- and low- HIF-1α expressing subgroups using the optimal HIF-1α
expression cut-point (based on the log-rank test). In the whole cohort, the expression of HIF-1α was
positively correlated with the CA (R = 0.319; p = 0.03). Figure S4 shows that OPSCCs with high HIF-1α
showed higher CA compared with low HIF-1α OPSCCs. Figure 3D depicts that HPV-neg OPSCCs with
high HIF-1α (n = 30) showed higher CA (p = 0.0479) compared with low HIF-1α HPV-neg OPSCCs
(n = 12). The survival analysis (Figure 3E,F) demonstrated that the high HIF-1α expressing HPV-neg
OPSCCs were associated with poorer overall survival (HR = 3.191; p = 0.0826) than the low HIF-1α
HPV-neg OPSCCs.

We further evaluated the differences in the expression of hypoxia-associated genes in HPV-neg
and HPV-pos HNSCCs. A 26-gene hypoxic signature was probed in the same dataset (TCGA) used in
Results Section 2 [26]. Interestingly, our results indicate significantly higher expression (p = 3.77 × 10−7)
of the 26 hypoxia-associated genes (ALDOA, ANGPTL4, ANLN, BNC1, C20ORF20, CA9, CDKN3,
COL456, DCBLD1, ENO1, FAM83B, FOSL1, GNAL1, HIG2, KCTD11, KR717, LDHA, MPRS17, P4HA1,
PGAM1, PGK1, SDC1, SLC16A1, SLAC2A1, TPI1, VEGFA) and HIF-1α in HPV-neg (n = 422) head
and neck tumors compared with those that were HPV-pos (n = 97) (Figure S5A). More so, in the
analysis of the subset consisting of only OPSCCs among the cohort, we found similar results, wherein
HPV-neg OPSCCs (n = 26) showed significantly (p < 0.001) higher expression of the hypoxia gene
signature compared with the HPV-pos OPSCCs (n = 54) (Figure S5B). In addition, the hypoxia score
was able to stratify the OPSCCs into high and low-risk groups. The high-hypoxia group was associated
with significantly poorer overall survival when compared with the low-hypoxia group (HR = 3.297;
p = 0.0127). Notably, among the HPV-neg OPSCCS, high-hypoxia HPV-neg OPSCCs exhibited poorer
overall survival (HR = 2.197; p = 0.205) relative to the low-hypoxia HPV-neg OPSCCs (Figure S6).
We also observed a positive correlation between the CA7 and the hypoxia 26 gene scores in HPV-neg
OPSCCs (R = 0.34760; p = 0.0819).

Collectively, the findings from our clinical data and TCGA analysis confirm that HIF-1α and CA
are positively correlated in OPSCCs with higher significance in the HPV-neg tumors. These results
suggest that the CA observed in HPV-neg OPSCCs may be hypoxia-induced and may underlie their
poorer prognoses relative to the HPV-pos ones.

2.4. HIF-1α Upregulation Is Associated with Downregulation of miR-34a, Increase in CA and Expression
of Cyclin D1

Having established the relationship between hypoxia and CA in HPV-neg OPSCCs, we sought to
delineate the possible mechanism through which HIF-1α induces CA in OPSCC. Studies have also
shown that hypoxia and HIF-1α regulate a panel of miRNAs [27]. miRNAs regulate the expression
of genes involved in many vital events related to angiogenesis, tumorigenesis and even CA in
multiple malignancies, including head and neck cancer [28]. Through our in silico analysis of the
publicly-available TCGA miRNA-seq data, we analyzed the differential expression of the top 19
CA-associated miRNAs (list and expression reported in Table S2) in HPV-neg vs. HPV-pos OPSCCs.
Among these 19, 12 miRNAs were upregulated in HPV-pos and seven were upregulated in the HPV-neg
OPSCCs. The significant overexpression of miR-34a in HPV-pos tumors compared to HPV-neg ones
(p = 0.000248) was particularly interesting. CCND1 mRNA is a known target of miR-34a, which has
been shown to downregulate cyclin D1 expression [29]. In line with this, we observed CCND1 gene
expression levels to be significantly downregulated in HPV-pos tumors (p = 9.88× 10−9), with a negative
correlation between miR-34a and CCND1 (Figure S7) expression levels. Furthermore, it has been
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reported that HIF-1α represses the expression of miR-34a in p53 deficient cancer cells [30]. Intriguingly,
we observed a significantly higher expression of HIF-1α in HPV-neg HNSCCs in the TCGA dataset.

Based on these in silico findings, we hypothesized that hypoxia may induce the expression of
CA-associated genes through the regulation of miR-34a in HPV-neg OPSCCs. To test this hypothesis,
we performed quantitative PCR to evaluate the levels of miRNA-34a in HPV-pos and HPV-neg
cells, both in control vector- and HIF-1α-overexpressing cells. Interestingly, in line with published
studies, we observed that in all the cells, regardless of HPV status, HIF-1α overexpression negatively
correlated with the levels of miRNA-34a, and this effect was more pronounced in HPV-neg cells
(Figure 4A(i,ii)) than in HPV-pos cells. This decrease in miRNA-34a inversely correlated with the
expression of CCND1 which encodes cyclin D1 (which otherwise was not significantly different in
the OPSCC cells) (Figure 4Bi). More so, cyclin D1 expression only increased in HPV-neg OPSCC
cells (Figure 4Bii). Collectively, we observed that in HPV-neg OPSCC tumors, CCND1 expression is
associated with HIF-1α upregulation and the downregulation of miR-34a, and an increase in CA.

To further bolster our in silico and in vitro findings, we examined the relationship of HIF-1α and
cyclin D1 in clinical samples. To this end, we immunohistochemically stained the serial sections of the
87 OPSCC samples used in Results Sections 1 and 2. Nuclear cyclin D1 WI was calculated as indicated in
Materials and Methods. We found that cyclin D1 expression was significantly (p = 0.0001) higher in the
HPV-neg (n = 43) OPSCCs when compared with the HPV-pos (n = 44) OPSCCs (Figure 4A,B) and high
cyclin D1 expression was associated with poorer overall survival in OPSCCs (HR = 3.409; p = 0.0646)
(Figure 4C). These findings are in line with the previous studies that showed a low expression of Cyclin
D1 in HPV-pos HNSCCs (p16 inhibits cyclinD1-CDK4/6 (cyclin-dependent kinase 4/6) complexes).
Also, cyclin D1 further stratified with HPV-neg OPSCCs in high- and low- risk groups (HR = 3.62;
p = 0.0152) (Figure 4D). We also observed a strong positive correlation between HIF-1α and cyclin D1
scores in HPV-neg OPSCCs (Spearman’s rho % = 0.642, p < 0.001). Several studies have confirmed the
overexpression of cyclin D1 in promoting CA, aneuploidy, and tumorigenesis [31]. In line with this,
we also observed that the percentage of CA in HPV-neg OPSCC samples was positively correlated
with cyclin D1 expression (Spearman’s rho % = 0.637, p < 0.001. Thus, these findings substantiate the
paradigm that hypoxia induces CA in HPV-neg OPSCCs, at least in part, by the overexpression of
cyclin D1.

Finally, we wanted to gain insight into the most informative biomarker for clinical decision making.
We thus asked which biomarker (CA, HIF-1α, or cyclin D1) was best able to stratify HPV-neg OPSCCs
into high- and low-risk groups. First, we performed a multivariate analysis, and noted that only CA
showed a significant association with poor overall survival when other confounding factors like stage,
therapy, gender, alcohol consumption, as well as expression levels of HIF-1α and cyclin D1, were taken
in account (HR = 4.43; p = 0.062) (Table 3A). Next, to measure the performance of the prognostic
models, we used a measure of model fit, 2 Log Likelihood (−2LogL) (the model that minimized the
−2LogL was considered superior). The results from this statistical test indicate that CA is the best-fit
model (Table 3B). Similarly, when we performed the same test for our in silico findings, the weighted
CA7 score better stratified the HPV-neg HNSCCs in high- and low-risk groups than the hypoxia score
(Table 3C). Thus, collectively, these findings suggest that CA can serve as a clinically-informative
phenotypic biomarker for the identification of high-risk HPV-neg OPSCC patients and can potentially
also serve as a novel therapeutic target for these patients.
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Figure 4. Hypoxia induces CA by upregulating the expression of cyclin D1 via downregulating
miR-34a in HPV-neg OPSCCs. qRT-PCR analysis of (Ai) miR-34a in FaDu, SCC25, and SCC090
OPSCC cells cultured in normoxic and hypoxic conditions (normalized to normoxic conditions for
each individual cell line), (Aii) miR-34a in FaDu, SCC25, and SCC090 OPSCC cells grown under
hypoxic conditions compared to the expression of miR-34a in FaDu, SCC25, and SCC090 OPSCC
cells grown under normoxic conditions, (Bi) Cyclin D1 in FaDu, SCC25, and SCC090 OPSCC cells
cultured in normoxic and hypoxic conditions (normalized to normoxic conditions for each individual
cell line), (Bii) Cyclin D1 in FaDu, SCC25, and SCC090 OPSCC cells cultured in hypoxic conditions.
Data were normalized by the amount of Ctrl_miRTC_1 and beta-actin mRNA, for miR34a and CCND1,
respectively, expressed relative to the corresponding value for all the cells and are means ± SD from
triplicate data. (C) Immunohistochemical micrographs of HPV-pos and HPV-neg OPSCC tumors
labeled with nuclear cyclin D1. Scale bar (red), 50 µm (D) Box plot representing the distribution of
cyclin D1 WI in HPV-pos (n = 44) and HPV-neg (n = 43) tumors (p < 0.0001). (E) Kaplan Meier survival
curves representing the overall survival of cyclin D1 high (n = 28) and low (n = 59) groups in HPV-neg
and HPV-pos OPSCC patients (HR = 3.409; p = 0.0646). (F) Kaplan Meier survival curve representing
the overall survival of cyclin D1-high (n = 24) and -low (n = 19) groups in HPV-neg OPSCC patients
(HR = 3.626; p = 0.0152). * p ≤ 0.05, **** p ≤ 0.0001.
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Table 3. Multivariate analysis for HPV-neg OPSCCs comparing the high- and low-CA group. (A) −2log
L model fit test for clinical samples. (B) and (C) −2log L model fit test for in silico TCGA dataset.

A

Variables
Multivariate Analysis

p-Value Hazard Ratio

CA High vs. low 0.063 4.433
Gender Male 0.939 1.070

Age at diagnosis High vs. low 0.227 1.076
Overall stage IV 0.852 1.163

Alcohol abuse Yes vs. no 0.166 0.160
Radiotherapy Yes 0.994 0.000

HIF-1α Yes 0.994 0.991
Cyclin D1 Yes 0.287 3.343

B

Variable Cyclin D1 HIF-1α CA

−2 Log L 74.741 76.340 74.547

C

Variable −2 Log L

Null 1912.9
Weighted Index of CA7 1897.6

Basic Sum CA7 1911.0
Hyp26 Score 1911.9

CCNDI 1907.1

3. Discussion

CA, a key driver of CIN and an early driver of intratumoral heterogeneity [32], is associated
with tumorigenesis and tumor progression in multiple cancers, including that of the head and neck.
Previous studies in surgically resected HNSCCs have shown an association between higher CA
and local recurrence, with CA being a better predictor of recurrence than other commonly used
parameters such as T stage [33,34]; furthermore, higher CA has been linked with poor overall survival
in HNSCCs [35]. Despite this, no rigorous comparison of CA in OPSCCs that differ in their HPV status
has been performed to date. Neither has the prognostic potential of CA in OPSCCs been investigated.
The generation of CA in HPV-pos HNSCCs is known in greater detail and is related to HPV infection,
jump-started by the viral oncoproteins (E6 and E7). For a long time, the comparatively lower CA
observed in in vitro HPV-neg HNSCC cell lines was presumed to be due to the absence of the drivers
E6 and E7. In fact, the HPV-neg HNSCCs display a CA driving mechanism distinct from that of
HPV-pos HNSCCs, which lacks a detailed description. To shed light on this subject, we performed
rigorous quantitation of CA (structural and numerical centrosomal aberrations) in a large cohort of
HPV-neg and HPV-pos OPSCC tumor samples and explored the role of hypoxia, a hitherto overlooked
driver of CA, in the generation of CA in HPV-neg tumors.

The findings from this study uncover that HPV-neg OPSCCs exhibit higher CA than HPV-pos
OPSCCs, and that CA was associated with poorer overall survival in HPV-neg OPSCCs, even when all
the other confounding factors were controlled for. In addition, higher CA was associated with poorer
overall survival in OPSCCs, regardless of HPV status. These findings were corroborated by our in
silico analysis of CA-associated genes in the large, well-annotated TCGA microarray dataset (Figure 2).
Since CA can be induced by perturbations in the expression of many different genes, we focused on a set
of seven genes commonly associated with centrosome structure/biogenesis and whose dysregulation is
known to induce CA. Impressively, this “CA7” gene signature was significantly prognostic in HNSCCs
as well as in OPSCCs, and was able to stratify HPV-neg HNSCCs into high and low-risk groups.
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Multiple factors are responsible for differences in the biology of HPV-neg and HPV-pos OPSCCs,
the prime among which is a varied tumor microenvironment [36]. Hypoxia is a classic feature of the
tumor microenvironment that makes tumors more resistant to treatments and is associated with poor
prognosis across a variety of cancers. In accordance with this, we observed higher HIF-1α expression
in the HPV-neg OPSCCs [37]. Also, high HIF-1α expression strongly correlated with high CA in
HPV-neg OPSCCs. Previously, however, separate studies have reported conflicting results regarding
HIF-1α expression in HPV-pos versus HPV-neg tumors [38,39]. Other endogenous hypoxia markers
such as CA IX have also not yielded definitive results [40]. Scrutinizing a panel of hypoxia markers
rather than relying on individual ones can provide a far more comprehensive picture of the hypoxic
environment in HNSCCs as well as the intratumoral heterogeneity and cellular responses it drives.
Therefore, in this study, a previously established 26-gene hypoxia signature with addition of HIF-1α
gene expression was used in in silico analyses of the publicly-available TCGA dataset, revealing higher
expression of hypoxia-associated genes in HPV-neg OPSCCs, which correlated with poorer overall
survival within this subset. The observation that hypoxia and the resulting HIF-1α activation can
induce CA provides a compelling explanation for the higher CA observed in our HPV-neg OPSCC
clinical samples, and consequently the poorer survival, compared with HPV-pos OPSCCs.

The analysis of miRNA expression in OPSCC has revealed a possible mechanistic link between
hypoxia and CA. In this study, we have newly identified miR-34a as a probable player in driving CA
in OPSCC. The dysregulation of miR-34a has been observed in different types of cancers. For example,
by targeting CCND1, miR-34a controls the expression of cyclin D1, a protein whose upregulation
triggers CA. Since hypoxia through HIF-1α has been shown to repress the expression of miR-34a [41],
a downregulation of miR-34a in HPV-neg tumors leads to cyclin D1 overexpression and CA. Our in vitro
findings are commensurate with this observation, wherein clinical samples of HPV-neg OPSCCs
expressed higher levels of cyclin D1 and higher CA, and was associated with poor overall survival
in these patients. Therefore, our findings indicate a HIF-1α-mediated downregulation of miR-34a in
HPV-neg tumors which drives its distinct tumor biology and establishes a causative link between
hypoxia and CA, which co-occur in many solid tumors.

Studies have shown that EGFR inhibitors such as cetuximab are effective in treating HPV-neg
HNSCCs [42]. However, only a modest effect on survival has been shown when cetuximab was
co-administered with conventional chemotherapy. Therefore, new molecular targets are required to
improve survival in HPV-neg HNSCCs. Our study has uncovered CA as an objectively evaluable and
actionable phenotypic biomarker and has yielded novel insights into potential therapeutic targets for
HPV-neg OPSCCs.

4. Materials and Methods

4.1. Clinical Tissue Samples

Formalin-fixed paraffin-embedded OPSCC tissue microarrays (TMA) of tonsil, base of tongue, and
soft palate tumors were procured from the Greater Poland Cancer Centre, Poznan in Poland. Patients
were diagnosed between the years 2007 and 2014, and based on the location of tumor (tonsil, base of
tongue and soft palate) the patients were selected for the TMA construction. Clinicopathologic
characteristics of the patients are provided in Table 1. The Institutional Review Board of Greater Poland
Cancer Centre, Poznan, PL approved all aspects of the study (The IRB code: 412/18). The methods were
carried out in accordance with the approved guidelines stipulated in the Material Transfer Agreements
and Data User Agreements between Greater Poland Cancer Centre, Poznan, PL, and Georgia State
University. Informed consent was obtained from all subjects.

4.2. HPV Analysis

The detection of high-risk HPV was performed using GP5+/GP6+ HPV DNA PCR with
enzyme-immunoassay (EIA). For the genotyping of the viral DNA, the Luminex platform was
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used for bead-based array. The EIA detected 14 HPV types: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59,
66, 68. β-globin PCR was used to test for sample quality post-DNA extraction [43].

4.3. Immunohistofluorescence Staining and Quantitation

The TMA slides were deparaffinized as described previously [21]. Antigen retrieval was performed
by heating in a pressure cooker with citrate buffer (pH 6.0). The tissues were blocked with 5% BSA in
PBS solution for 30 min. After blocking, primary antibody incubation with γ-tubulin (Sigma, St. Louis,
MO, USA) at a dilution of 1:1000 was performed for 1 h at room temperature. The tissues were then
washed 3× with PBS after which incubation with secondary antibody (Alexa-488 anti-mouse) was
performed at room temperature for 1 h at a dilution of 1:2000. After 3× washes in PBS, coverslips were
mounted with Prolong-Gold Antifade with DAPI (Invitrogen, Waltham, MA, USA). Tissue sections
were imaged using the Zeiss LSM 700 confocal microscope (Ziess, Oberkochen, Germany). Details on
imaging and analysis are included in Supplementary Materials.

4.4. Immunohistochemistry of Cyclin D1 and HIF-1α and Scoring

The initial steps from deparaffinization to antigen retrieval were performed as described for
immunofluorescence. The tissues were then blocked with Ultravision Protein Block (ThermoFisher,
Waltham, MA, USA) for 30 min followed by hydrogen peroxide block with Ultravision Hydrogen
Peroxide Block (ThermoFisher) for 10 min. The tissues were then incubated with antibodies directed
against HIF-1α (Abcam, Cambridge, MA, USA) or cyclin D1 (ThermoFisher) at a dilution of 1:1000
for 1 h. After 3×washes in TBST, the slides were subjected to secondary antibody incubation using
anti-Rabbit HRP (Biocare, Pacheco, CA, USA) for 1 h. Enzymatic detection was performed using DAB
Chromogen Kit (Biocare). Nuclear HIF-1α and cyclin D1 staining were categorized as 0 = none, 1 = low,
2 =moderate, and 3 = high. The percentage of positive cells, defined as cells with a staining intensity of
1+, quantitated from a total of around 500 cells, was determined. The weighted index (WI) for each
sample was calculated as the product of the percentage of cell positivity and staining intensity.

4.5. Cell Culture and Hypoxia Treatment

FaDu, SCC25 (HPV-negative) and SCC90 (HPV-positive) cells were purchased from American
Type Culture Collection, Manassas, VA. FaDu cells were maintained in EMEM medium supplemented
with 10% FBS and 1% penicillin/streptomycin. SCC25 cells were maintained in 1:1 mixture of
DMEM and Ham’s F12 medium supplemented with 400 ng/mL hydrocortisone, 10% FBS and 1%
penicillin/streptomycin. SCC 90 cells were maintained in EMEM supplemented with 2mM L-glutamine,
10% FBS, and 1% penicillin/streptomycin. All the cell lines were cultured under standard culture
conditions—37 ◦C and 5% CO2. For hypoxia induction, the cells were placed in a hypoxic modulated
incubator chamber which was flushed with 5% CO2 and a gas mixture containing 1% CO2 and 94%
N2 gas mixture at 20 L/min for 7–10 min every 3–6 h. HIF-1α was genetically overexpressed by
transfecting cells with GFP-tagged degradation resistant HIF-1α. HA-HIF-1α P402A/P564A-pcDNA3
was a generous gift from Dr. Willian Kaelin (Addgene plasmid # 18955). Cells at a confluency of ~70%
were transfected using Lipofectamine LTX according to the manufacturer’s instructions.

4.6. RNA Extraction and Quantitative Real Time PCR

The total RNA from the cell lines after transfection and hypoxia induction was extracted
using TRIzol reagent (Takara Bio, Inc., Otsu, Japan). Genomic DNA contamination was eliminated
from RNA preparation by digesting with RNase-free DNase (Qiagen). cDNA was prepared using
iScript™ cDNA Synthesis Kit (Bio-Rad). All PCR reactions were performed using the fluorescent
SYBR Green methodology. Quantitative RT-PCR (qRT-PCR) was run in Quant Studio 3 Real-Time PCR
system (Thermo Fisher Scientific, Inc.) with SYBR-Green PCR Master Mix (ThermoFisher Scientific)
following the manufacturer’s protocol. The relative quantification was calculated by the 2−∆∆Ct method.
The expression of all mRNAs was normalized with respect to GAPDH or beta-actin.
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4.7. miRNA Extraction and Quantitative Real Time PCR

The total RNA was isolated from the cell lines after transfection and hypoxia induction using
miRNeasy Micro Kit (Qiagen) per the manufacturer’s protocol. Genomic DNA contamination was
eliminated by digesting the RNA with RNase-free DNase (Qiagen). cDNA was prepared using
the miScript II RT Kit (Qiagen). qRT-PCR was performed using the miScript SYBR green PCR kit,
and specific miRNA primer assays (Qiagen) following the manufacturer’s protocol. qRT-PCR was run
in Quant Studio 3 Real-Time PCR system (Thermo Fisher Scientific, Inc.) and relative expression was
quantitated using the 2−∆∆Ct method. The expression of mir-34 A was normalized to Ctrl_miRTC_1.

4.8. Immunocytofluorescence Staining

HPV-pos and HPV-neg cells were grown on poly-l-lysine-coated cover glasses. Following hypoxia
treatment, the cells were fixed with ice cold methanol for 10 min. After sequentially blocking in PBS
with 5% BSA and 10% goat serum for 30 min, the cells were incubated with primary antibodies directed
against α-tubulin and γ-tubulin (1:1000 dilution) prepared in 1% BSA-PBS (with 0.1% Triton X-100) at
37 ◦C for 35 min. Following primary antibody incubation, the cells were washed five times with PBS
before adding the secondary antibody. The cells were incubated with Alexa 555-and 488-conjugated
antibodies (Invitrogen) at 37 ◦C for 35 min, after which the cells were washed with PBS for 10 min.
For DNA visualization, the cells were stained with Heochst33342 (Invitrogen) and then mounted onto
glass slides with ProLong Gold Antifade Reagent. Fluorescent images were captured using the Zeiss
LSM 700 confocal microscope (Oberkochen, Germany) and processed with Zen software (Oberkochen,
Germany).

4.9. Statistical Analyses

For clinical data, as well as our in silico data analysis, patients’ overall survival was used as the
endpoint for survival analysis. A log-rank test was applied to determine the significance of survival
differences between subgroups. The cut-off points that we found for CA and HIF1-α were those which
maximized survival differences between high- and low-risk subgroups. The range of CA value was
4.85–71.31 and 23 was used as the cut-off point as it resulted in the minimization of the log-rank
p-value. The test of group mean differences shown in box-whisker plots is based on the Mann–Whitney
U test. In cases with more than two groups, the differences were evaluated by the Kruskal–Wallis test.
Statistical analyses were performed using SAS software 9.4 (SAS Institute Inc., Cary, NC). Details of
the survival model used in our in silico analysis are included in the Supplementary Materials.

5. Conclusions

This is the first report to substantiate the previously unrecognized role of HIF-1α-induced CA in
HPV-neg OPSCCs, revealing a molecular pathway that may be responsible for the CIN, intratumoral
heterogeneity, and poor prognosis associated with these tumors. The prognostic potential of CA is
especially resounding within HPV-neg OPSCCs, facilitating the enhanced identification of higher risk
patients, influencing future treatment strategies, and providing a platform for the discovery of effective
molecular targets.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/517/s1,
Figure S1: Analysis of CA in OPSCC clinical samples. Figure S2: Upregulation of CA7 genes is associated
with poor overall survival in HNSCCs. Figure S3: (A) Confocal immunomicrographs showing numerical CA
in HPV-pos and HPV-neg OPSCC cells transfected with empty vector or degradation-resistant HIF-1α. OPSCC
cells were immunostained for centrosomes (γ-tubulin, green), microtubules (α- tubulin, red) and counterstained
with Hoechst (blue). Scale bar (white), 20 µm. (B) Quantitation of centrosome aberrations per microscopic
examination for HPV-pos and HPV-neg OPSCC cells transfected with empty vector or degradation-resistant HIF-1α.
(C) Immunoblots of HIF-1α in FaDu, SCC-25, and SCC090 OPSCC cells transfected with degradation-resistant
HIF-1α and control vector. (D) qRT- PCR analysis of mRNAs for γ-tubulin, pericentrin, centrin-1, and PLK4 in
FaDu, SCC-25, and SCC090 OPSCC cells transfected with empty vector or degradation-resistant HIF-1α. Data were
normalized by the amount of beta-actin mRNA, expressed relative to the corresponding value for all the cells and
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are means ± SD from triplicate data. Figure S4: Box plot depicting the distribution of CA in HIF-1α-high (n = 40)
and -low (n = 47) OPSCCs (p = 0.0007). Figure S5: Comparison of 26-gene hypoxia gene signature in HPV-pos
versus HPV-neg HNSCC tumors. Figure S6: (A) and (B) Kaplan Meier survival curves representing the survival
probabilities of high and low hypoxia score OPSCC patients (HR = 3.297; p = 0.0127) and the survival probabilities
of high and low hypoxia score hypoxia HPV-neg OPSCC patients (HR = 2.197; p = 0.2050), respectively. Figure S7:
CCND1 gene expression is negatively correlated with the miR-34a expression in HPV-pos HNSCCs. Figure S8:
Whole blot showing all the bands with all molecular weight markers are shown for Figure 3C. Figure S9: Whole
blot showing all the bands with all molecular weight markers are shown for Figure S3C. Table S1: Descriptive
statistics of clinicopathological characteristics for HNSCC patients in the cohort (TCGA) used for in silico analysis
of the prognostic value of CA7 signature. Table S2: List of CA associated miRNAs sorted by logFC values. Table S3:
Densitometry values relative to loading control β-actin calculated using Image-J for immunoblot assays provided
in main manuscript and supplementary data.
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Abstract: Cervical intraepithelial neoplasia (CIN) has a natural history of bidirectional transition
between different states. Therefore, conventional statistical models assuming a unidirectional disease
progression may oversimplify CIN fate. We applied a continuous-time multistate Markov model to
predict this CIN fate by addressing the probability of transitions between multiple states according
to the genotypes of high-risk human papillomavirus (HPV). This retrospective cohort comprised
6022 observations in 737 patients (195 normal, 259 CIN1, and 283 CIN2 patients at the time of entry
in the cohort). Patients were followed up or treated at the University of Tokyo Hospital between
2008 and 2015. Our model captured the prevalence trend satisfactory, particularly for up to two
years. The estimated probabilities for 2-year transition to CIN3 or more were the highest in HPV
16-positive patients (13%, 30%, and 42% from normal, CIN1, and CIN2, respectively) compared with
those in the other genotype-positive patients (3.1–9.6%, 7.6–16%, and 21–32% from normal, CIN1,
and CIN2, respectively). Approximately 40% of HPV 52- or 58-related CINs remained at CIN1 and
CIN2. The Markov model highlights the differences in transition and progression patterns between
high-risk HPV-related CINs. HPV genotype-based management may be desirable for patients with
cervical lesions.

Keywords: cervical intraepithelial neoplasia; high-risk human papillomavirus; multistate Markov
model; retrospective cohort study; survival analysis

1. Introduction

Cervical cancer is the second most commonly diagnosed type of cancer, and the third leading
cause of cancer-related death among females in developed countries [1]. In 2012, an estimated 527,600

Cancers 2020, 12, 270; doi:10.3390/cancers12020270 www.mdpi.com/journal/cancers

314



Cancers 2020, 12, 270

new cases of cervical cancer were diagnosed and 265,700 related deaths were reported worldwide [1].
In Japan, 33,114 women were newly diagnosed with cervical cancer in 2013 [2], and the mortality
rate was 4.1 per 100,000 person-years [3]. Infection with human papillomaviruses (HPVs) is the main
cause of cervical cancer development [4–6]. The types of HPV are categorized on the basis of their
carcinogenesis. The International Agency for Research on Cancer divided the HPV genotypes into the
following groups according to their carcinogenesis: the highly carcinogenic Group 1 (HPVs 16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58, and 59); the probably carcinogenic Group 2A (HPV 68); and the possibly
carcinogenic Group 2B (HPVs 26, 30, 34, 53, 66, 67, 69, 70, 73, 82, 85, and 97) [7]. The high-risk HPV
(hrHPV)-derived oncogenes E6 and E7 are necessary for malignant conversion. E6 and E7 inactivate the
p53 tumor suppressor, and suppress the expression of retinoblastoma proteins, resulting in resistance
to apoptosis and the promotion of cell proliferation [6]. The stabilized expression of E6 and E7 is the
critical step in the progression of cervical cancer [8,9].

Worldwide, patients with a high-grade squamous intraepithelial lesion (HSIL) undergo surgical
interventions (e.g., conization and loop electrosurgical excision or laser vaporization), regardless of
the HPV genotype [10,11]. In Japan, surgical intervention to patients with CIN2 was not common,
because approximately half of these patients regress within two years [12]. A prospective cohort
study involving patients with cervical intraepithelial neoplasia (CIN) has demonstrated that, without
treatment, approximately 20% of CIN2 patients with HPVs 16, 18, 31, 33, 35, 45, 52 or 58 progress to
CIN3 within 5 years [12]. On the basis of the available evidence, excision strategies can be considered
in patients with CIN2 as a risk-reducing treatment when the lesion is caused by these hrHPVs [13].
However, surgical excision in patients with HSIL occasionally leads to poor obstetric outcome, including
preterm birth, low-birth-weight infants, and cesarean delivery, due to cervical incompetence after
surgery [14,15]. Therefore, surgical treatment is unfavorable for patients who desire to be pregnant
when their risk for progression to CIN3 or cancer is low.

Among the hrHPVs, HPVs 16 and 18 are the most frequently observed genotypes in patients
with cervical cancer, and approximately 70% of cervical cancers are HPV 16 or 18 positive [4,16].
Several studies, including prospective cohort studies, demonstrated that the risk of HPV 16-positive
patients to develop CIN2 or CIN3 lesions is higher than that reported in patients positive for other
hrHPVs [12,17–19]. Matsumoto et al. revealed that seven hrHPV types, including HPV 16, show a
high rate of progression of CIN1–2 to CIN3 compared with the other hrHPVs [12]. In addition, several
reports demonstrated that patterns of persistent infection or persistent cervical lesions may differ
according to the HPV types [20–22]. Collectively, we consider that the natural history of HPV-infected
CIN lesions differs depending on the HPV genotypes; i.e., some HPV genotype-related lesions are
likely to progress to cervical cancer, some are likely to regress, and others are likely to result in
persistent disease.

The Cox proportional hazards model is most frequently used to predict the risk of transition from
one state to another. However, the natural history of CIN shows a bidirectional transition between
different states, and patients intricately move between a series of states. For example, CIN2 can
progress to CIN3 or regress to CIN1 during the follow-up period. A model capable of estimating the
risks of transitions from and to multiple states is more suitable for assessing the fate of CIN patients
compared with the traditional Cox proportional hazards model, accounting only for the transition
between two states. A solution is the use of multistate Markov models that enable investigators
to estimate the transitions between multiple states [23–25]. Use of this approach has recently been
adopted in various clinical settings [26–34].
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In the present study, we retrospectively analyzed a cohort of patients with HPV genotype-confirmed
CIN to investigate the relationship between HPV genotypes and clinicopathological features in
CIN/cervical cancer. We applied a continuous-time multistate Markov model to independently
estimate the prognosis of cervical lesions for designated HPV categories.

2. Results

2.1. Patients

Among the 1417 patients, 737 patients were enrolled with the following diagnoses at the time of
entry: normal, 195 patients; CIN1, 259 patients; and CIN2, 283 patients. The median age was 37.6 years
(interquartile range [IQR]: 31.8–44.5 years), the median number of visits was seven (IQR: 4–12), and the
median duration of the follow-up was 3.03 years (IQR: 1.21–4.91 years). Table 1 displays the summary
statistics for the combination of the defined HPV categories and diagnoses at the time of entry. In these
patients, HPVs 16, 52, and 58 were the three most frequently observed HPV types. Because HPV 18 is
the second most frequently observed HPV genotype in cervical cancer [35], in this study, we focused
on HPVs 16, 52, 58, and 18.
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Table 2 displays a summary of the transitions from each diagnosis of cervical epithelial lesions for
the six HPV categories. Of the total 6022 transitions, 702, 270, 1008, and 852 transitions were observed
for HPVs 16, 18, 52, and 58, respectively. The remaining 1501 and 2300 transitions were observed
for other hrHPVs and no hrHPVs, respectively. For normal patients, 75–90% remained at the same
state (e.g., 84.4% of HPV 16-positive normal patients at a visit were also diagnosed as normal at the
subsequent visit). For CIN1 patients, 29–55% regressed to normal, 34–44% remained at the same state,
and the rest progressed to CIN2 or CIN3. For CIN2 patients, >50% remained at the same state and the
probability of progression to CIN3 was HPV type dependent: 15.6%, 10.3%, 11.1%, 7.7%, and 8.5% for
HPVs 16, 18, 52, 58, and other hrHPVs, respectively. HPV 16-positive patients tended to shift to more
severe states compared with those who were positive for the other HPV genotypes (e.g., 37% of those
with CIN1 shifted to more severe states at the subsequent visit).

Table 2. Summary of the transitions from each diagnosis of cervical epithelial lesions for the six human
papillomavirus (HPV) categories.

Diagnosis at tth Visit

Diagnosis at (t-1)th Visit HPV Category Normal CIN1 CIN2 CIN3 Cancer

Normal HPV 16 206 (84.4) 13 (5.3) 21 (8.6) 4 (1.6) 0 (0.0)
HPV 18 89 (81.6) 12 (11.0) 8 (7.3) 0 (0.0) 0 (0.0)
HPV 52 277 (75.8) 54 (14.7) 32 (8.7) 2 (0.5) 0 (0.0)
HPV 58 230 (80.4) 33 (11.5) 21 (7.3) 2 (0.6) 0 (0.0)

Other hrHPVs 611 (86.1) 72 (10.1) 23 (3.2) 3 (0.4) 0 (0.0)
No hrHPVs 1289 (90.2) 109 (7.6) 26 (1.8) 3 (0.2) 1 (0.0)

CIN1 HPV 16 29 (28.9) 34 (34.0) 35 (35.0) 2 (2.0) 0 (0.0)
HPV 18 18 (38.2) 19 (40.4) 8 (17.0) 2 (4.2) 0 (0.0)
HPV 52 80 (35.0) 90 (39.4) 53 (23.2) 5 (2.1) 0 (0.0)
HPV 58 51 (31.6) 68 (42.2) 40 (24.8) 2 (1.2) 0 (0.0)

Other hrHPVs 132 (40.7) 143 (44.1) 45 (13.8) 4 (1.2) 0 (0.0)
No hrHPVs 203 (54.5) 132 (35.4) 34 (9.1) 3 (0.8) 0 (0.0)

CIN2 HPV 16 31 (12.1) 37 (14.4) 147 (57.4) 40 (15.6) 1 (0.3)
HPV 18 10 (12.9) 8 (10.3) 51 (66.2) 8 (10.3) 0 (0.0)
HPV 52 41 (13.8) 53 (17.9) 168 (56.9) 33 (11.1) 0 (0.0)
HPV 58 32 (10.2) 45 (14.4) 210 (67.5) 24 (7.7) 0 (0.0)

Other hrHPVs 49 (16.7) 52 (17.8) 166 (56.8) 25 (8.5) 0 (0.0)
No hrHPVs 58 (27.2) 31 (14.5) 114 (53.5) 10 (4.6) 0 (0.0)

CIN, cervical intraepithelial neoplasia; HPV, human papillomavirus; hrHPV, high-risk human papillomavirus.
Values are the number (percentage) of transitions observed from prior diagnosis to current diagnosis for each HPV
category. Cytological and histological results were combined to classify the results into the following diagnoses:
normal, CIN1, CIN2, CIN3, and cervical cancer. HPVs 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68 were
classified as hrHPVs. Of these, HPV 16, 18, 52, and 58 were categorized separately. hrHPVs other than HPVs 16, 18,
52, and 58 were classified as “other hrHPVs.” Patients who were not infected with any hrHPVs were referred to as
“no hrHPVs” patients. In cases of observed coinfection with different HPV genotypes, it was possible to include the
same patient in multiple HPV categories.

2.2. Prognosis of HPV-Infected Cervical Lesions Estimated Using the Markov Model

Table 3 shows the predicted probabilities of transitions from states to states within two years for
the six HPV categories, as estimated by the Markov model. Regarding HPV 16-positive patients, 13%,
30%, and 42% of normal, CIN1, and CIN2 patients, respectively, progressed to CIN3/cancer. In contrast,
43% and 34% of CIN1 and CIN2 patients, respectively, regressed to the normal state. The fates of
HPV 18-infected cervical lesions were similar to those of HPV 16-infected cervical lesions. However,
exceptions to these were the probabilities for progression to CIN3/cancer: from the normal state, 7.6%;
from CIN1, 15%; and from CIN2, 32%, respectively. The fates of HPV 52/58-positive cervical lesions
differed considerably versus those of HPV 16/18-positive cervical lesions: one-third to two-fifths of
HPV 52/58-positive patients were eventually diagnosed with CIN1 or CIN2 regardless of the initial
state, and their probability of progression from CIN2 to CIN3/cancer was approximately 25%. Among
the hrHPV-positive patients, those with other hrHPVs were most likely to regress to the normal state
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and least likely to progress to CIN3/cancer: probability of regression to normal state, 66% and 52%
from CIN1 and CIN2, respectively, and probability of progression to CIN3/cancer, 3.4%, 8.4%, and 22%
from normal, CIN1, and CIN2, respectively. The probability of regression to the normal state of no
hrHPVs patients was higher than that of hrHPV-positive patients: 81% and 71% for CIN1 and CIN2,
respectively. The Cox model yielded the progression probability from CIN1 to CIN2 or more severe
lesions to be 50%, 9%, 53%, 50%, 25%, and 13% for HPVs 16, 18, 52, 58 other hrHPVs, and no hrHPVs,
respectively (Supplementary Table S1).

Table 3. Predicted 2-year transition probabilities from states to states and their 95% confidence intervals
(CIs) for the six HPV categories.

Current State
State after 2 Years

HPV Category Normal CIN1 CIN2 CIN3/Cancer

Normal HPV 16 0.598 (0.506–0.684) 0.099 (0.074–0.128) 0.169 (0.127–0.215) 0.132 (0.090–0.183)
HPV 18 0.610 (0.479–0.719) 0.156 (0.109–0.215) 0.156 (0.093–0.230) 0.076 (0.033–0.148)
HPV 52 0.533 (0.474–0.593) 0.189 (0.162–0.219) 0.180 (0.146–0.216) 0.096 (0.070–0.130)
HPV 58 0.559 (0.484–0.627) 0.171 (0.140–0.205) 0.206 (0.162–0.255) 0.062 (0.041–0.089)

Other hrHPVs 0.723 (0.676–0.766) 0.155 (0.132–0.182) 0.085 (0.066–0.108) 0.034 (0.023–0.050)
No hrHPVs 0.838 (0.814–0.861) 0.105 (0.090–0.121) 0.042 (0.032–0.054) 0.012 (0.007–0.020)

CIN1 HPV 16 0.434 (0.349–0.512) 0.089 (0.067–0.115) 0.175 (0.134–0.223) 0.300 (0.225–0.378)
HPV 18 0.535 (0.396–0.652) 0.146 (0.100–0.207) 0.172 (0.102–0.257) 0.146 (0.069–0.267)
HPV 52 0.473 (0.413–0.529) 0.178 (0.152–0.208) 0.183 (0.150–0.221) 0.164 (0.122–0.219)
HPV 58 0.469 (0.399–0.535) 0.165 (0.135–0.197) 0.239 (0.192–0.291) 0.126 (0.084–0.181)

Other hrHPVs 0.656 (0.606–0.702) 0.156 (0.133–0.181) 0.102 (0.079–0.128) 0.084 (0.058–0.119)
No hrHPVs 0.808 (0.781–0.835) 0.107 (0.091–0.123) 0.049 (0.038–0.065) 0.034 (0.021–0.054)

CIN2 HPV 16 0.335 (0.266–0.404) 0.079 (0.059–0.101) 0.165 (0.121–0.218) 0.418 (0.330–0.512)
HPV 18 0.373 (0.245–0.501) 0.119 (0.074–0.178) 0.186 (0.099–0.302) 0.320 (0.178–0.507)
HPV 52 0.381 (0.324–0.434) 0.156 (0.129–0.184) 0.175 (0.138–0.216) 0.286 (0.220–0.367)
HPV 58 0.356 (0.291–0.419) 0.150 (0.122–0.181) 0.260 (0.209–0.319) 0.232 (0.167–0.307)

Other hrHPVs 0.518 (0.453–0.571) 0.146 (0.122–0.169) 0.117 (0.089–0.148) 0.218 (0.159–0.299)
No hrHPVs 0.706 (0.643–0.749) 0.106 (0.090–0.123) 0.063 (0.045–0.089) 0.124 (0.079–0.191)

CIN, cervical intraepithelial neoplasia; HPV, human papillomavirus; hrHPV, high-risk human papillomavirus.
Values are the predicted probabilities (95% confidence intervals) of transitions from the current state to the state after
two years for each HPV category. Cytological and histological results were combined to classify the results into the
following diagnoses: normal, CIN1, CIN2, CIN3, and cervical cancer. HPVs 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,
59, and 68 were classified as hrHPVs. Of these, HPV 16, 18, 52, and 58 were categorized separately. hrHPVs other
than HPVs 16, 18, 52, and 58 were classified as “other hrHPVs.” Patients who were not infected with any hrHPVs
were referred to as “no hrHPVs” patients. In cases of observed coinfection with different HPV genotypes, it was
possible to include the same patient in multiple HPV categories. We used the continuous-time multistate Markov
model to estimate the prognosis of each patient. We defined four states: normal (state 1), cervical intraepithelial
neoplasia 1 (CIN1, state 2), CIN2 (state 3), and CIN3/cancer (state 4). Arrows in Figure 2 specify possible transitions
between the states defined in our model; all transitions between adjacent states, except the backward transition from
CIN3/cancer to CIN2, were allowed. CIN3/cancer was the absorbing state. We truncated observations after the
diagnosis of CIN3 or cancer.

Figure 1 demonstrates the observed and simulated prevalence transition of each state for the
HPV categories. Overall, our model captured the trend of the prevalence, especially up to two years.
However, as time progressed, the overestimation (underestimation) of the prevalence of the normal
(CIN3/cancer) state expanded.

Supplementary Tables S2 and S3 display the summary statistics and the summary of the transitions
from the dataset of the alternative model. Supplementary Table S4 and Supplementary Figure S1
show the results of all sensitivity analyses using the dataset and categories of the alternative model.
These data indicate that the results of the main model were fairly robust when we altered the study
population and categories.
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prevalence transition of each state for the six HPV categories. Cytological and histological results were 

combined to classify the results into the states of the model. HPVs 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 

58, 59, and 68 were classified as high-risk HPVs (hrHPVs). Of these, HPV 16, 18, 52, and 58 were 

separately categorized. hrHPVs other than HPVs 16, 18, 52, and 58 were classified as “other hrHPVs.” 

Patients who were not infected with any hrHPVs were referred to as “no hrHPVs” patients. In cases 

of observed coinfection with different HPV genotypes, it was possible to include the same patient in 

multiple HPV categories. 

Supplementary Tables S2 and S3 display the summary statistics and the summary of the 

transitions from the dataset of the alternative model. Supplementary Table S4 and Supplementary 

Figure S1 show the results of all sensitivity analyses using the dataset and categories of the alternative 

model. These data indicate that the results of the main model were fairly robust when we altered the 

study population and categories. 

3. Discussion 

This study is the first to estimate the parameters of the continuous-time multistate Markov 

model from one data set to shed light on the prognosis of cervical lesions based on the infected HPV 

types. The results indicated that the prognosis of hrHPV-infected cervical lesions differs according to 

the types of HPV and the grades of CIN. 

The Markov model revealed that the rate of progression to CIN3 from any condition was highest 

in HPV 16-positive patients, followed by HPV 18-positive patients. These results are consistent with 

those reported in previous studies. In addition, our Markov model also revealed that HPV 52/58-

positive patients tend to remain between CIN1 and CIN2. The Markov model clarifies the 

characteristics of HPV 52- and HPV 58-related lesions, as it demonstrates the probabilities of 

transitioning from state to state. Contrary to HPV 16-positive lesions, which highly progress to 

CIN3/cancer, HPV 52- and 58-related lesions were characterized by their stability between CIN1 and 

CIN2. In this study, we estimated the 2-year prognosis of patients with CIN using two types of 

models. The main model reflects transitions based upon objective results, and it is not always in line 

with clinical practice, because some patients with CIN2 undergo treatment without a final diagnosis 

of CIN3. On the other hand, the alternative model well reflects the trajectory of clinical practice. 

Figure 1. Observed and simulated prevalence transition of each state for the human papillomavirus
(HPV) categories. The figure demonstrates the observed (solid line) and simulated (dotted line)
prevalence transition of each state for the six HPV categories. Cytological and histological results were
combined to classify the results into the states of the model. HPVs 16, 18, 31, 33, 35, 39, 45, 51, 52,
56, 58, 59, and 68 were classified as high-risk HPVs (hrHPVs). Of these, HPV 16, 18, 52, and 58 were
separately categorized. hrHPVs other than HPVs 16, 18, 52, and 58 were classified as “other hrHPVs.”
Patients who were not infected with any hrHPVs were referred to as “no hrHPVs” patients. In cases
of observed coinfection with different HPV genotypes, it was possible to include the same patient in
multiple HPV categories.

3. Discussion

This study is the first to estimate the parameters of the continuous-time multistate Markov model
from one data set to shed light on the prognosis of cervical lesions based on the infected HPV types.
The results indicated that the prognosis of hrHPV-infected cervical lesions differs according to the
types of HPV and the grades of CIN.

The Markov model revealed that the rate of progression to CIN3 from any condition was highest in
HPV 16-positive patients, followed by HPV 18-positive patients. These results are consistent with those
reported in previous studies. In addition, our Markov model also revealed that HPV 52/58-positive
patients tend to remain between CIN1 and CIN2. The Markov model clarifies the characteristics of
HPV 52- and HPV 58-related lesions, as it demonstrates the probabilities of transitioning from state
to state. Contrary to HPV 16-positive lesions, which highly progress to CIN3/cancer, HPV 52- and
58-related lesions were characterized by their stability between CIN1 and CIN2. In this study, we
estimated the 2-year prognosis of patients with CIN using two types of models. The main model
reflects transitions based upon objective results, and it is not always in line with clinical practice,
because some patients with CIN2 undergo treatment without a final diagnosis of CIN3. On the other
hand, the alternative model well reflects the trajectory of clinical practice. However, treatment is
occasionally affected by the physicians’ decision and patients’ choice; therefore, the alternative model
may lack objectivity. Admitting that our models both have advantages and disadvantages, we consider
the results for the 2-year prognosis of CIN patients to be reasonably robust, as both models essentially
yielded identical results.
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The continuous-time multistate Markov model is more capable of reflecting the features of
HPV-infected cervical lesions than the frequently used Cox proportional hazards model. Most of the
previous studies have focused on the risk of progression to CIN3 or cervical cancer according to the
types of HPV or grades of CIN, implicitly assuming a unidirectional disease progression. Considering
the bidirectional nature of CIN, the Markov model has the potential to more accurately estimate the
fates of HPV-infected cervical lesions than the standard Cox proportional hazards model. Indeed, the
Markov model and the Cox model led to quite different predicted 2-year transition probabilities from
CIN1 to CIN2 or more severe lesions. Notably, we could not detect higher disease progression risk in
HPV 16-positive patients than in HPV 52/58-positive patients in the Cox model. The Markov model
can estimate the transition between multiple states besides the probability of the customarily used
endpoint, e.g., CIN3 and cervical cancer. The use of this model highlighted the difference between
the natural history of cervical lesions infected with the focused four HPV types. We conclude that
the model may improve our understanding of the natural history of cervical lesions and aid in the
management of hrHPV-related lesions.

The Markov model was suitable for HPV-infected cervical lesions because the virus–host interaction
(virus vs. host immune system) leads to bidirectional transitions between states. Activated host
immune responses contribute to CIN regression, whereas immunosuppressive conditions promote
CIN progression [36–38]. Likewise, this model can be applied to virus-induced persistent conditions,
such as hepatitis B virus- or hepatitis C virus-infected liver conditions, and human immunodeficiency
virus-related conditions. Indeed, previous studies applied the model to hepatitis C virus-related
liver diseases with three states (i.e., none or mild fibrosis, moderate fibrosis and cirrhosis) to quantify
differences in the prognosis among cohorts [34].

In this study, we could not fully estimate the transitions of HPV 18-positive patients with the
present Markov model due to the limited sample size. HPV 18 is the second most frequently observed
HPV genotype in patients with cervical cancer, whereas it is not frequently detected in those with
precancer lesions [35]. In addition, the detection rate of HPV 18 is higher in adenocarcinoma than
that in squamous cell carcinoma [39]. Further accumulation of cases may enable us to model the
complicated transitions of HPV 18-positive patients.

This study has several limitations. First, we performed the HPV genotyping test once for each
patient. Therefore, the change to negative for the HPV test (latent infection or clearance) was not
taken into account. Previous reports demonstrate that patients with HPV clearance tend to regress
compared with those with persistent HPV infection [40,41]. Patients with the transient HPV infection
and persistent infection might take different courses.

Second, in this study, we did not evaluate the effect of concurrent multiple HPV infections. In
previous reports, coinfections with multiple α9 species were associated with an increased risk of CIN2
or more severe lesions compared with single infections [42,43]. Because there are many different
possible combinations of concurrent infection, the numbers of patients for each possible combination
was expected to be too small for an analysis of the effect of concurrent infection. Further analysis with
a larger sample size is warranted to unveil the fates of cervical lesions with multiple HPV infections.

Third, the evaluation of model fitness uncovered that the simulated prevalence of the normal
state (CIN3/cancer) was overstated (understated) compared with the observed prevalence. These
discrepancies imply a violation of the Markov property, i.e., the distribution of the next states depends
only upon the present state. Misclassification and omitted covariates, such as age, can be a potential
source of the violation. The application of a hidden Markov model that can incorporate the possibility
of misclassification through the information from the previous or more distant visits may be an
intriguing direction for further research.

Fourth, we have not assessed the validity of our model with the use of a test set separate from the
training set, which is the dataset used for parameter estimation. Instead, we prioritized improving the
parameter estimation accuracy by using all data for parameter estimation. This is currently a common
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practice in the literature [26–34]. If a sufficient sample size can be acquired, the external validity can be
assessed to some degree using a test set, which will be an issue for future research.

Lastly, this study was based on data obtained from a single institute with some censoring.
Especially, there is a selection bias; for example, patients enrolled in this study previously had abnormal
cytology. In addition, some patients with relatively severe CIN2 were censored because of the treatment
according to the physician’s decision. However, by conducting the sensitivity analysis, we confirmed
that the impact on the results was limited. Nevertheless, as we have not assessed the external validity
of our model in the general population, care must be taken when extrapolating the present results to
the entire population, unless similar results are yielded from other institutes.

4. Materials and Methods

4.1. Study Design and Patients

This study was performed in accordance with the Declaration of Helsinki. Approval was obtained
from the internal institutional review board (Approval number: 1390-1, G10082-7, and G0637-6) for
this study.

This study was a retrospective cohort analysis of data extracted from the electronic health records
of a teaching hospital in Japan. Since 2008, human papillomavirus (HPV) genotyping has been
performed in the University of Tokyo Hospital (Tokyo, Japan) for outpatients. The patients who
had abnormal cytology in the population-based screening, or whose abnormal cytology was found
in the outpatient visits at the Obstetrics and Gynecology Department of the University of Tokyo
Hospital or other hospitals, were enrolled. At the first visit, we confirmed the diagnosis by performing
punch biopsy under colposcopic examination (based on the histological diagnosis). As follow-up
screening, we routinely performed combination examinations of cytology and colposcopy because
these examinations are non-invasive. We performed histological diagnosis only when the disease
progressed. We reviewed the electronic health records of 1417 patients for whom genotyping was
performed between October 1, 2008, and March 31, 2015, to construct a retrospective cohort. Patients
were included in the study if they were (i) diagnosed with normal cervical lesion, CIN1, or CIN2 and
(ii) observed for at least two visits during the study period. Patients were excluded if they had HPV
6- or HPV 11-single-positive lesions with only the diagnosis of condyloma during their follow-up
period, or had only glandular lesions. Patients were followed up until they were diagnosed with
cervical cancer, underwent treatment, transferred to another hospital, or until the date March 31, 2018,
whichever came first. In our practical management, most patients with CIN2 were followed up without
any treatment. Patients diagnosed with CIN3 underwent surgical intervention, such as conization and
loop electrosurgical excision or laser vaporization.

4.2. Variables

The date of birth was extracted for each patient. Patient age was defined as their age at the time of
entry. Follow-up interval was defined as the length of time between two consecutive visits.

Patient cytological and histological results and the date were recorded for each visit. Cytological
and histological results were combined to classify the results into any of the following four diagnoses:
normal, CIN1, CIN2, and CIN3/cancer. The investigators (experts in gynecologic oncology) convened
and determined the criteria for pathological diagnosis as follows: (1) CIN1–2 was classified into
CIN2; (2) CIN2–3 and carcinoma in situ were classified into CIN3; (3) uncertain diagnoses (e.g.,
atypical squamous cells of uncertain significance, atypical squamous cells that cannot exclude HSIL,
and dysplasia without grading) were excluded from the study due to concerns regarding diagnostic
reliability; and (4) in the presence of histological and cytological examinations, the most severe
classification was adopted as the final diagnosis.

The results of the HPV genotyping in cervical samples collected using swabs were recorded.
Genotyping was performed once for each patient; thus, the HPV type assigned to a patient did not
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change over time. It was permitted to assign multiple genotypes to a single patient. On the basis of the
classification of the International Agency for Research on Cancer, we defined HPVs classified in Group
1 or Group 2A (HPVs 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68) as “high-risk HPVs (hrHPVs)”.
Of these, HPVs 16, 18, 52, and 58 were separately categorized. hrHPVs other than HPVs 16, 18, 52, and
58 were classified as “other hrHPVs.” Patients who were not infected with any hrHPVs were referred
to as “no hrHPVs” patients. Patients without HPV infection were also categorized in this group.

4.3. DNA Extraction and HPV Genotyping

Cervical samples were tested for HPV DNA using PGMY line-blot hybridization, as previously
described [44]. DNA was extracted from cervical samples using the DNeasy Blood Mini Kit (Qiagen,
Crawley, UK). HPV genotyping was performed using the PGMY-CHUV assay method. Briefly,
standard polymerase chain reaction (PCR) was performed using the PGMY09⁄11 L1 consensus primer
set and the human leukocyte antigen-DQ primer set, as previously described [44]. Reverse blotting
hybridization was performed. Heat-denatured PCR amplicons were hybridized to probes specific for
32 HPV genotypes and the human leukocyte antigen-DQ references.

4.4. Continuous-Time Multistate Markov Model

We used the continuous-time multistate Markov model to estimate the prognosis of each patient
with HPV-infected cervical lesions [23–25]. We defined the following four states: normal (state 1), CIN1
(state 2), CIN2 (state 3), and CIN3/cancer (state 4) (Figure 2). The arrows in Figure 2 specify possible
transitions between the states defined in our model; all transitions between adjacent states, except the
backward transition from CIN3/cancer to CIN2, were allowed. CIN3/cancer was the absorbing state.
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Figure 2. Markov model for the disease progression and regression of cervical epithelial lesions. The
figure displays the schema of the Markov model for the model specified in this study. We defined
four states: normal (state 1), cervical intraepithelial neoplasia 1 (CIN1, state 2), CIN2 (state 3), and
CIN3/cancer (state 4). The arrows in the figure specify possible transitions between these states; all
transitions between adjacent states, except the backward transition from CIN3/cancer to CIN2, were
allowed. CIN3/cancer was the absorbing state. Each transition parameter λ indicates the transition
intensity; i.e., λij is interpreted as an “instantaneous risk” of transition from state i to j.

Each transition parameter λ in Figure 2 indicates the transition intensity; i.e., λij is interpreted as
an “instantaneous risk” of transition from state i to j [24]. Identification of transition parameters in the
continuous-time multistate Markov model requires observation of the corresponding transitions.

4.5. Dataset Construction

Initially, an unbalanced panel data with the unit of observation being one visit was constructed on
the basis of the chart review. We truncated observations after the diagnosis of CIN3 or cancer to make
the data used in the estimation compatible with the model in Figure 2. Additionally, we excluded
samples that left only one observation after the truncation to estimate the model, as these samples do
not contribute to the estimation. Figure 3 shows the transitions of typical samples from the baseline
dataset, which illustrates that the patterns of disease progression or regression varied among patients.
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Figure 3. Possible transition paths for the selected patients. The figure shows possible transition paths
for four selected patients (patient 01–patient 04). Cytological and histological results were combined
to classify the results into the states of the model. We truncated observations after the diagnosis of
cervical intraepithelial neoplasia 3 or cancer. The filled circles indicate actual observations or visits.
The solid line is a possible transition path during the follow-up period. The possible transition paths
were randomly selected on the basis of the observed states.

4.6. Statistical Analysis

Summary statistics are reported for the combination of defined HPV categories (HPV 16, HPV 18,
HPV 52, HPV 58, other hrHPVs, and no hrHPVs) and diagnoses at the time of entry (normal, CIN1,
and CIN2). In cases of observed coinfection with different HPV genotypes, it was possible to include
the same patient in the summary statistics of multiple HPV categories.

A maximum likelihood estimation was performed to estimate the parameters using the msm
package in R [45]. Intuitively, the likelihood function consists of the sum of the probabilities of all
possible paths given the observations, and each observed transition contributes to it. Parameters
for the defined HPV categories were independently estimated. In cases of coinfection, the patients
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could contribute to the parameter estimation of several HPV categories. According to the estimated
parameters, we simulated the probabilities of transitioning from state to state after two years. This
2-year transition probability was selected for two reasons. First, since the typical follow-up duration of
this study was <5 years (upper quartile value of the follow-up duration was 4.9 years), a prediction
beyond this period was unwarranted. Second, a 2-year prediction is considered a good benchmark
for the prognosis of hrHPV-related cervical lesions. Notably, ≥50% of these lesions regress to the
normal state, and approximately 10% of these lesions progress to CIN3 within two years [12]. The Cox
proportional hazards model was also used to predict the 2-year transition probability from CIN1 to
CIN2 or more severe lesions for each HPV category. To this end, we restricted the patients to those
who were diagnosed with CIN1 at the time of entry and followed them until they were diagnosed as
CIN2 or more severe lesions or at the end of their observation period.

Additionally, we simulated the change in the prevalence of each state over the five years for the
HPV categories. To make it easier to compare the observed and the simulated prevalence, the initial
prevalence of each state was set to be the same as the data used for parameter estimation. The fit of the
model was assessed on the basis of the comparison of the observed and the simulated prevalence.

4.7. Sensitivity Analysis

Some patients with CIN2 underwent treatment without a final diagnosis of CIN3. Some patients
with CIN3 were observed without any treatment if the lesion immediately regressed to CIN2 or a lower
state. Therefore, we specified an alternative model that encompasses these situations with the following
four states: normal (state 1), CIN1 (state 2), CIN2/CIN3 (state 3), and treatment (state 4) (Supplementary
Figure S2). The arrows in Supplementary Figure S2 specify possible transitions between these states;
all transitions between adjacent states, except the backward transition from treatment to CIN2/CIN3,
were allowed. Treatment was the absorbing state. We truncated observations after the diagnosis of
treatment intervention in this alternative model, and excluded samples that left only one observation
after the truncation to estimate the model. Typical sampling situations from this alternative dataset are
illustrated in Supplementary Figure S3.

5. Conclusions

In this study, we applied a continuous-time multistate Markov model to predict the prognosis of
patients with HPV-infected cervical lesions. We demonstrated that the Markov model is a promising
analytical method considering the bidirectional nature of these lesions. The study revealed that
the natural history of hrHPV-related cervical lesions differed among the focused four HPV types:
HPV 16-positive lesions were likely to be upgraded to CIN states in a step-by-step manner; HPV
52/58-positive lesions were likely to be maintained between CIN1 and CIN2; lesions positive for the
other hrHPVs were most likely to regress to the normal state and least likely to progress to CIN3/cancer.
On the basis of the present findings, HPV genotype-based management may be desirable for patients
with cervical lesions.
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six HPV categories in the alternative model.

Author Contributions: Conceptualization, A.T., K.H., and K.K.; methodology, A.T. and K.H.; data collection and
data curation, A.T., K.H., T.T. (Tomoki Tanaka), S.B., A.K., S.E., M.M., T.T. (Tetsushi Tsuruga), and K.A.; formal
analysis, K.H.; writing—original draft preparation, A.T. and K.H.; writing—review and editing, J.T., T.N., K.O.,

325



Cancers 2020, 12, 270

and K.K.; supervision, T.N., K.O., T.Y., J.T., K.K, Y.O., and T.F.; funding acquisition, A.T. and K.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by Grants-in-Aid for Practical Research for Innovative Cancer Control (KK,
Grant Number: 15656298) and J-PRIDE (AT, Grant number: 19fm0208013h0003) from the Japan Agency for
Medical Research and Development (AMED).

Acknowledgments: We thank Terufumi Yokoyama for the excellent technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. Ca
Cancer J. Clin. 2015, 65, 87–108. [CrossRef]

2. National Cancer Center. National Estimates of Cancer Incidence based on Cancer Registries in Japan
(1975–2013). Available online: https://ganjoho.jp/en/professional/statistics/table_download.html (accessed
on 1 January 2019).

3. National Cancer Center. Cancer mortality from Vital Statistics in Japan (1958–2016). Available online:
https://ganjoho.jp/en/professional/statistics/table_download.html (accessed on 1 January 2019).

4. Lowy, D.R.; Schiller, J.T. Reducing HPV-Associated Cancer Globally. Cancer Prev. Res. 2012, 5, 18–23.
[CrossRef] [PubMed]

5. Viens, L.J.; Henley, S.J.; Watson, M.; Markowitz, L.E.; Thomas, C.C.; Thompson, T.D.; Razzaghi, H.; Saraiya, M.
Human Papillomavirus–Associated Cancers—United States, 2008–2012. Mmwr. Morb. Mortal. Wkly. Rep.
2016, 65, 661–666. [CrossRef] [PubMed]

6. Yim, E.; Park, J. The Role of HPV E6 and E7 Oncoproteins in HPV-associated Cervical Carcinogenesis. Cancer
Res. Treat. 2005, 37, 319. [CrossRef] [PubMed]

7. Bzhalava, D.; Guan, P.; Franceschi, S.; Dillner, J.; Clifford, G. A systematic review of the prevalence of mucosal
and cutaneous human papillomavirus types. Virology 2013, 445, 224–231. [CrossRef]

8. Jeon, S.; Allen-Hoffmann, B.L.; Lambert, P.F. Integration of human papillomavirus type 16 into the human
genome correlates with a selective growth advantage of cells. J. Virol. 1995, 69, 2989–2997. [CrossRef]

9. McBride, A.A.; Warburton, A. The role of integration in oncogenic progression of HPV-associated cancers.
Plos Pathog. 2017, 13, e1006211. [CrossRef]

10. Wright, T.C.; Massad, L.S.; Dunton, C.J.; Spitzer, M.; Wilkinson, E.J.; Solomon, D. 2006 consensus guidelines
for the management of women with cervical intraepithelial neoplasia or adenocarcinoma in situ. Am. J. Obs.
Gynecol. 2007, 197, 340–345. [CrossRef]

11. Wright, T.C.; Massad, L.S.; Dunton, C.J.; Spitzer, M.; Wilkinson, E.J.; Solomon, D. 2006 consensus guidelines
for the management of women with abnormal cervical cancer screening tests. Am. J. Obs. Gynecol. 2007, 197,
346–355. [CrossRef]

12. Matsumoto, K.; Oki, A.; Furuta, R.; Maeda, H.; Yasugi, T.; Takatsuka, N.; Mitsuhashi, A.; Fujii, T.; Hirai, Y.;
Iwasaka, T.; et al. Predicting the progression of cervical precursor lesions by human papillomavirus
genotyping: A prospective cohort study. Int. J. Cancer 2011, 128, 2898–2910. [CrossRef]

13. Japan Society of Obstetrics and Gynecology; Japan Association of Obstetricians and Gynecologists (Eds.)
Guideline for Gynecological Practice 2017; Japan Society of Obstetrics and Gynecology: Tokyo, Japan, 2017;
pp. 53–57. (in Japanese)

14. Kyrgiou, M.; Koliopoulos, G.; Martin-Hirsch, P.; Arbyn, M.; Prendiville, W.; Paraskevaidis, E. Obstetric
outcomes after conservative treatment for intraepithelial or early invasive cervical lesions: Systematic review
and meta-analysis. Lancet 2006, 367, 489–498. [CrossRef]

15. Kyrgiou, M.; Athanasiou, A.; Paraskevaidi, M.; Mitra, A.; Kalliala, I.; Martin-Hirsch, P.; Arbyn, M.; Bennett, P.;
Paraskevaidis, E. Adverse obstetric outcomes after local treatment for cervical preinvasive and early invasive
disease according to cone depth: Systematic review and meta-analysis. BMJ 2016, 71, i3633. [CrossRef]
[PubMed]

16. Miura, S.; Matsumoto, K.; Oki, A.; Satoh, T.; Tsunoda, H.; Yasugi, T.; Taketani, Y.; Yoshikawa, H. Do we
need a different strategy for HPV screening and vaccination in East Asia? Int. J. Cancer 2006, 119, 2713–3715.
[CrossRef] [PubMed]

326



Cancers 2020, 12, 270

17. Adebamowo, S.N.; Olawande, O.; Famooto, A.; Dareng, E.O.; Offiong, R.; Adebamowo, C.A. Persistent
Low-Risk and High-Risk Human Papillomavirus Infections of the Uterine Cervix in HIV-Negative and
HIV-Positive Women. Front. Public Heal. 2017, 5, 1–11. [CrossRef]

18. Wright, T.C.; Stoler, M.H.; Behrens, C.M.; Sharma, A.; Zhang, G.; Wright, T.L. Primary cervical cancer
screening with human papillomavirus: End of study results from the ATHENA study using HPV as the
first-line screening test. Gynecol. Oncol. 2015, 136, 189–197. [CrossRef]

19. Naucler, P.; Ryd, W.; Törnberg, S.; Strand, A.; Wadell, G.; Hansson, B.G.; Rylander, E.; Dillner, J. HPV
type-specific risks of high-grade CIN during 4 years of follow-up: A population-based prospective study. Br.
J. Cancer 2007, 97, 129–132. [CrossRef]

20. Rositch, A.F.; Koshiol, J.; Hudgens, M.G.; Razzaghi, H.; Backes, D.M.; Pimenta, J.M.; Franco, E.L.; Poole, C.;
Smith, J.S. Patterns of persistent genital human papillomavirus infection among women worldwide: A
literature review and meta-analysis. Int. J. Cancer 2013, 133, 1271–1285. [CrossRef]

21. Rodriguez, A.C.; Schiffman, M.; Herrero, R.; Wacholder, S.; Hildesheim, A.; Castle, P.E.; Solomon, D.; Burk, R.
Rapid Clearance of Human Papillomavirus and Implications for Clinical Focus on Persistent Infections. Jnci.
J. Natl. Cancer Inst. 2008, 100, 513–517. [CrossRef]

22. Schiffman, M.; Herrero, R.; DeSalle, R.; Hildesheim, A.; Wacholder, S.; Cecilia Rodriguez, A.; Bratti, M.C.;
Sherman, M.E.; Morales, J.; Guillen, D.; et al. The carcinogenicity of human papillomavirus types reflects
viral evolution. Virology 2005, 337, 76–84. [CrossRef]

23. Cox, D.R.; Miller, H.D. The Theory of Stochastic Processes, 1st ed.; Routledge: London, NY, USA; Chapman &
Hall/CRC: London, UK, 1965.

24. Kalbfleisch, J.D.; Lawless, J.F. The Analysis of Panel Data under a Markov Assumption. J. Am. Stat. Assoc.
1985, 80, 863–871. [CrossRef]

25. Kay, R. A Markov Model for Analysing Cancer Markers and Disease States in Survival Studies. Biometrics
1986, 42, 855–865. [CrossRef] [PubMed]

26. Buchman, A.S.; Leurgans, S.E.; Yu, L.; Wilson, R.S.; Lim, A.S.; James, B.D.; Shulman, J.M.; Bennett, D.A.
Incident parkinsonism in older adults without Parkinson disease. Neurology 2016, 87, 1036–1044. [CrossRef]
[PubMed]

27. Buter, T.C.; van den Hout, A.; Matthews, F.E.; Larsen, J.P.; Brayne, C.; Aarsland, D. Dementia and survival in
Parkinson disease: A 12-year population study. Neurology 2008, 70, 1017–1022. [CrossRef] [PubMed]

28. Dancourt, V.; Quantin, C.; Abrahamowicz, M.; Binquet, C.; Alioum, A.; Faivre, J. Modeling recurrence in
colorectal cancer. J. Clin. Epidemiol. 2004, 57, 243–251. [CrossRef]

29. Jack, C.R.; Therneau, T.M.; Wiste, H.J.; Weigand, S.D.; Knopman, D.S.; Lowe, V.J.; Mielke, M.M.; Vemuri, P.;
Roberts, R.O.; Machulda, M.M.; et al. Transition rates between amyloid and neurodegeneration biomarker
states and to dementia: A population-based, longitudinal cohort study. Lancet Neurol. 2016, 15, 56–64.
[CrossRef]

30. Pan, S.-L.; Lien, I.-N.; Yen, M.-F.; Lee, T.-K.; Chen, T.H.-H. Dynamic Aspect of Functional Recovery after
Stroke Using a Multistate Model. Arch. Phys. Med. Rehabil. 2008, 89, 1054–1060. [CrossRef]

31. Price, M.J.; Ades, A.E.; De Angelis, D.; Welton, N.J.; Macleod, J.; Soldan, K.; Simms, I.; Turner, K.; Horner, P.J.
Risk of Pelvic Inflammatory Disease Following Chlamydia trachomatis Infection: Analysis of Prospective
Studies With a Multistate Model. Am. J. Epidemiol. 2013, 178, 484–492. [CrossRef]

32. Sharples, L.D.; Jackson, C.H.; Parameshwar, J.; Wallwork, J.; Large, S.R. Diagnostic accuracy of coronary
angiography and risk factors for post-heart-transplant cardiac allograft vasculopathy. Transplantation 2003,
76, 679–682. [CrossRef]

33. Skogvoll, E.; Eftestøl, T.; Gundersen, K.; Kvaløy, J.T.; Kramer-Johansen, J.; Olasveengen, T.M.; Steen, P.A.
Dynamics and state transitions during resuscitation in out-of-hospital cardiac arrest. Resuscitation 2008, 78,
30–37. [CrossRef]

34. Sweeting, M.J.; De Angelis, D.; Neal, K.R.; Ramsay, M.E.; Irving, W.L.; Wright, M.; Brant, L.; Harris, H.E.
Estimated progression rates in three United Kingdom hepatitis C cohorts differed according to method of
recruitment. J. Clin. Epidemiol. 2006, 59, 144–152. [CrossRef]

35. Bulk, S.; Berkhof, J.; Rozendaal, L.; Fransen Daalmeijer, N.C.; Gök, M.; de Schipper, F.A.; van Kemenade, F.J.;
Snijders, P.J.; Meijer, C.J. The contribution of HPV18 to cervical cancer is underestimated using high-grade
CIN as a measure of screening efficiency. Br. J. Cancer 2007, 96, 1234–1236. [CrossRef] [PubMed]

327



Cancers 2020, 12, 270

36. De Gruijl, T.D.; Bontkes, H.J.; Walboomers, J.M.M.; Stukart, M.J.; Doekhie, F.S.; Remmink, A.J.;
Helmerhorst, T.J.M.; Verheijen, R.H.M.; Duggan-Keen, M.F.; Stern, P.L.; et al. Differential T helper cell
responses to human papillomavirus type 16 E7 related to viral clearance or persistence in patients with
cervical neoplasia: A longitudinal study. Cancer Res. 1998, 58, 1700–1706. [PubMed]

37. Ahdieh, L.; Munoz, A.; Vlahov, D.; Trimble, C.L.; Timpson, L.A.; Shah, K. Cervical Neoplasia and
Repeated Positivity of Human Papillomavirus Infection In Human Immunodeficiency Virus-seropositive
and -seronegative Women. Am. J. Epidemiol. 2000, 151, 1148–1157. [CrossRef]

38. Brennan, D.C.; Aguado, J.M.; Potena, L.; Jardine, A.G.; Legendre, C.; Säemann, M.D.; Mueller, N.J.; Merville, P.;
Emery, V.; Nashan, B. Effect of maintenance immunosuppressive drugs on virus pathobiology: Evidence and
potential mechanisms. Rev. Med. Virol. 2013, 23, 97–125. [CrossRef]

39. De Sanjose, S.; Quint, W.G.V.; Alemany, L.; Geraets, D.T.; Klaustermeier, J.E.; Lloveras, B.; Tous, S.; Felix, A.;
Bravo, L.E.; Shin, H.-R.; et al. Human papillomavirus genotype attribution in invasive cervical cancer: A
retrospective cross-sectional worldwide study. Lancet Oncol. 2010, 11, 1048–1056. [CrossRef]

40. Brown, D.R.; Shew, M.L.; Qadadri, B.; Neptune, N.; Vargas, M.; Tu, W.; Juliar, B.E.; Breen, T.E.; Fortenberry, J.D.
A longitudinal study of genital human papillomavirus infection in a cohort of closely followed adolescent
women. J. Infect. Dis. 2005, 191, 182–192. [CrossRef]

41. Cho, H.W.; So, K.A.; Lee, J.K.; Hong, J.H. Type-specific persistence or regression of human papillomavirus
genotypes in women with cervical intraepithelial neoplasia 1: A prospective cohort study. Obstet. Gynecol.
Sci. 2015, 58, 40–45. [CrossRef]

42. Wentzensen, N.; Schiffman, M.; Dunn, T.; Zuna, R.E.; Gold, M.A.; Allen, R.A.; Zhang, R.; Sherman, M.E.;
Wacholder, S.; Walker, J.; et al. Multiple human papillomavirus genotype infections in cervical cancer
progression in the study to understand cervical cancer early endpoints and determinants. Int. J. Cancer 2009,
125, 2151–2158. [CrossRef]

43. Chaturvedi, A.K.; Katki, H.A.; Hildesheim, A.; Rodríguez, A.C.; Quint, W.; Schiffman, M.; Van Doorn, L.-J.;
Porras, C.; Wacholder, S.; Gonzalez, P.; et al. Human Papillomavirus Infection with Multiple Types: Pattern
of Coinfection and Risk of Cervical Disease. J. Infect. Dis. 2011, 203, 910–920. [CrossRef]

44. Kojima, S.; Kawana, K.; Tomio, K.; Yamashita, A.; Taguchi, A.; Miura, S.; Adachi, K.; Nagamatsu, T.;
Nagasaka, K.; Matsumoto, Y.; et al. The Prevalence of Cervical Regulatory T Cells in HPV-Related Cervical
Intraepithelial Neoplasia (CIN) Correlates Inversely with Spontaneous Regression of CIN. Am. J. Reprod
Immunol. 2013, 69, 134–141. [CrossRef]

45. Jackson, C.H. Multi-State Models for Panel Data: The msm Package for R. J. Stat. Softw. 2011, 38, 1–29.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

328



cancers

Article

Survival-Associated Metabolic Genes in Human
Papillomavirus-Positive Head and Neck Cancers

Martin A. Prusinkiewicz 1,†, Steven F. Gameiro 1,†, Farhad Ghasemi 2, Mackenzie J. Dodge 1,
Peter Y. F. Zeng 3, Hanna Maekebay 1, John W. Barrett 3, Anthony C. Nichols 3,4,5

and Joe S. Mymryk 1,3,4,5,*
1 Department of Microbiology and Immunology, The University of Western Ontario,

London, ON N6A 3K7, Canada; mprusink@uwo.ca (M.A.P.); sgameiro@uwo.ca (S.F.G.);
mdodge@uwo.ca (M.J.D.); hmaekeba@uwo.ca (H.M.)

2 Department of Surgery, The University of Western Ontario, London, ON N6A 3K7, Canada;
fghasemi2019@meds.uwo.ca

3 Department of Otolaryngology, Head & Neck Surgery, The University of Western Ontario,
London, ON N6A 3K7, Canada; yzeng2023@meds.uwo.ca (P.Y.F.Z.); john.barrett@lhsc.on.ca (J.W.B.);
anthony.nichols@lhsc.on.ca (A.C.N.)

4 Department of Oncology, The University of Western Ontario, London, ON N6A 3K7, Canada
5 London Regional Cancer Program, Lawson Health Research Institute, London, ON N6C 2R5, Canada
* Correspondence: jmymryk@uwo.ca; Tel.: +1-519-685-8600 (ext. 53012)
† Contributed equally to this project.

Received: 29 November 2019; Accepted: 16 January 2020; Published: 20 January 2020

Abstract: Human papillomavirus (HPV) causes an increasing number of head and neck squamous
cell carcinomas (HNSCCs). Altered metabolism contributes to patient prognosis, but the impact
of HPV status on HNSCC metabolism remains relatively uncharacterized. We hypothesize
that metabolism-related gene expression differences unique to HPV-positive HNSCC influences
patient survival. The Cancer Genome Atlas RNA-seq data from primary HNSCC patient samples
were categorized as 73 HPV-positive, 442 HPV-negative, and 43 normal-adjacent control tissues.
We analyzed 229 metabolic genes and identified numerous differentially expressed genes between
HPV-positive and negative HNSCC patients. HPV-positive carcinomas exhibited lower expression
levels of genes involved in glycolysis and higher levels of genes involved in the tricarboxylic acid
cycle, oxidative phosphorylation, and β-oxidation than the HPV-negative carcinomas. Importantly,
reduced expression of the metabolism-related genes SDHC, COX7A1, COX16, COX17, ELOVL6, GOT2,
and SLC16A2 were correlated with improved patient survival only in the HPV-positive group. This
work suggests that specific transcriptional alterations in metabolic genes may serve as predictive
biomarkers of patient outcome and identifies potential targets for novel therapeutic intervention in
HPV-positive head and neck cancers.

Keywords: human papillomavirus; head and neck cancer; cancer metabolism; glycolysis; cellular
respiration; TCGA

1. Introduction

As of 2018, head and neck squamous cell carcinomas (HNSCC), namely cancers of the oral cavity,
oropharynx, nasopharynx, larynx, and hypopharynx, had the 8th highest combined incidence rate
and the 5th highest 5-year prevalence as interpreted from GLOBOCAN data [1,2]. This translates to
834,860 new head and neck cancers per year and 2,164,271 active head and neck cancers within the past
five years worldwide [1,2]. Recent incidence rates of some oropharyngeal cancers, such as those of the
tonsils and base of the tongue, have been rapidly increasing due to high-risk human papillomavirus
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(HPV) infection [3]. Infection by specific high-risk HPVs, such as HPV16, was only recognized as a
contributing factor for oropharyngeal cancer by the International Agency for Research on Cancer in
2003 [4]. However, the number of oropharyngeal cancers caused by HPV has risen at epidemic rates
over the last decades in many parts of the world [5], while the number of HNSCCs caused by exposure
to mutagens from excessive smoking and drinking has been decreasing [6].

HPV-positive (HPV+) HNSCCs are distinct from their HPV-negative (HPV-) counterparts from a
molecular perspective, with characteristic genetic, epigenetic, and protein expression profiles [7–9].
In addition, patient outcomes are generally far more favorable for HPV+ than HPV- HNSCC [10].
The underlying molecular reasons for this difference are not entirely clear. However, approximately 10%
of all HPV+ HNSCC patients still succumb to their disease [11]. Identification of prognostic markers
predicting favorable survival outcomes in patients could allow for treatment deintensification, thereby
avoiding potential lifelong complications from unnecessarily aggressive treatments. Alternatively,
identification of cellular pathways contributing to poor prognosis could lead to the development of
new effective therapies for those not responding to the current standard of care.

Altered metabolism is a cancer hallmark that was recognized decades ago with the discovery of
the Warburg effect, also known as aerobic glycolysis [12]. Aerobic glycolysis involves an upregulation
of glycolysis despite the presence of ample oxygen for efficient cellular respiration. Many tumours
exhibit this metabolic phenotype, as it provides rapid energy and an ample supply of precursors for
macromolecule biosynthesis. Tumours can also rely on cellular respiration, often via glutaminolysis,
which is the breakdown of glutamine into intermediates of the tricarboxylic acid (TCA) cycle. [13].
TCA intermediates can be funneled off for macromolecule biosynthesis. Many viruses are known
to extensively modulate cellular metabolic processes to facilitate infection [14]. These changes can
include similar tumour-associated metabolic changes as described above. Infection with HPV has
been shown to phenocopy cancer-like metabolic changes that are maintained in HPV+ HNSCC [15].
Examination of how the metabolic phenotype differs between HPV+ and HPV- HNSCC could lead to
the identification of targetable metabolic changes and potential new treatment options that are specific
for either HPV+ HNSCCs or HPV- HNSCCs. Admittedly, cancer metabolism is complex as it impinges
on a variety of other cellular processes and can vary across an individual tumour [16]. In addition,
tumours can be highly adaptive to metabolic perturbations [16]. Identifying multiple metabolic targets
that are specific to a cancer type from a large dataset that contains information from an extensive
number of tumours, such as The Cancer Genome Atlas (TCGA), is an ideal step towards selecting or
generating useful anti-metabolic cancer therapeutics.

In this study, we used RNA-seq data from over 500 HNSCC primary tumour samples from the
TCGA to comprehensively compare the expression of genes across key cellular metabolic pathways
between HPV+, HPV-, and normal-adjacent control tissues. Expression of a number of metabolic genes
were significantly altered in HPV+ versus HPV- HNSCC. Specifically, genes involved in glycolysis
were expressed at lower levels in HPV+ compared to HPV- HNSCC. In contrast, genes involved in the
TCA cycle, oxidative phosphorylation, and β-oxidation exhibited higher expression in HPV+ samples
compared to their HPV- counterparts. Importantly, we identified that low expression of multiple
metabolic genes—SDHC, COX7A1, COX16, COX17, ELOVL6, GOT2, and SLC16A2—correlated with
markedly improved patient survival in HPV+, but not HPV- HNSCC. The products of these genes
could potentially be exploited as targets for therapeutic intervention. Furthermore, the low expression
of these seven genes appears useful in predicting improved overall survival in HPV+ HNSCC and
could serve as biomarkers of patient outcome.

2. Results

2.1. Expression of Pathway-specific Metabolic Genes Were Altered Between HPV+, HPV-, and Normal Control
Samples from The TCGA HNSC Cohort

In order to identify differences in metabolic gene expression between HPV+ and HPV- HNSCC,
we analyzed the TCGA Illumina HiSeq RNA expression dataset from the HNSC cohort for expression

330



Cancers 2020, 12, 253

of 229 metabolic genes in central metabolic pathways (Supplementary Table S1). This clinical cohort
is comprised of 73 HPV+, 442 HPV-, and 43 normal control samples with available RNA-seq data.
Significant differences were seen in a subset of genes in each pathway between HPV+ and HPV- HNSCC.
In addition, significant changes were observed between either HPV+ HNSCC or HPV- HNSCC and
normal control tissue. To simplify interpretation of these differences, we plotted the fraction of genes
in each pathway that were significantly different for each pairwise comparison (Figure 1).

Figure 1. Genes differentially expressed between HPV-positive (HPV+) head and neck squamous
cell carcinomas (HNSCC), HPV-negative (HPV-) HNSCC, and normal control tissues by metabolic
pathway. The y-axis reflects the proportion of genes that are up or downregulated in a given pathway
comparison. For example, the positive fraction of genes reflects the proportion of genes upregulated in
the first group (e.g., HPV+) when compared to the second group (e.g., HPV-). The negative fraction of
genes reflects the proportion of genes downregulated in the same comparison. Blue = HPV+ tissue vs
HPV- tissue comparison; Red = HPV+ tissue vs normal control tissue comparison; Green = HPV- tissue
vs normal control tissue comparison. Numbers in brackets denote total number of genes analyzed
from each pathway. Abbreviations: TCA, tricarboxylic acid cycle; Resp., respiratory; F.A., fatty acid;
PPP, pentose phosphate pathway.

This analysis illustrates that glycolytic genes in HPV- HNSCC tissue are more upregulated
in comparison to normal tissue than in HPV+ HNSCC when compared to normal tissue. This is
particularly evident between HPV+ HNSCC and HPV- HNSCC tissues, since most glycolytic genes are
downregulated in HPV+ HNSCC when compared to HPV- HNSCC. However, genes involved in the
TCA cycle, oxidative phosphorylation, and β-oxidation were downregulated in both HPV+ and HPV-
HNSCC in comparison to normal control tissue. This means that, despite differences in metabolic
gene expression between HPV+ and HPV- HNSCC, the metabolism of both types of tumours could
resemble the Warburg effect, with lower cellular respiration rates compared to normal control tissue.
When compared to one another, HPV+ HNSCC had generally higher expression of these genes than
HPV- HNSCC. Other metabolic pathways appeared to have a more similar split between upregulated
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and downregulated genes in all comparisons, suggesting that the presence of HPV may have minimal
impact on transcriptionally mediated changes in these pathways. Overall, it appears that HPV+

HNSCC may be more reliant on cellular respiration than HPV- HNSCC.

2.2. Low Expression of Genes Encoding Multiple Components of the Mitochondrial Electron Transport Chain
Are Associated with Improved Patient Survival in HPV+ HNSCC

Tumour-associated metabolic alterations have functional consequences that impact disease
progression, response to therapy, and patient survival [13]. We dichotomized the expression data for
each of the 229 metabolic genes by median expression and calculated the impact of high versus low
expression on overall patient survival for HPV+ HNSCC patients, as well as HPV- HNSCC patients
(Supplementary Table S2). We identified seven genes that were significantly associated with patient
survival in HPV+, but not HPV- HNSCC patients. These genes were SDHC, part of the mitochondrial
respiratory complex II; COX7A1, COX16, and COX17, all part of the mitochondrial respiratory complex
IV; ELOVL6, involved in fatty acid elongation; GOT2, involved in amino acid metabolism; and SLC16A2
(also known as MCT8), which encodes a thyroid hormone transporter. We performed a pathway
enrichment analysis of our seven significant genes utilizing a PANTHER overrepresentation test which
indicated that 5 of these 7 genes were significantly associated with the mitochondria (p = 5.10 × 10−5;
FDR = 1.46 × 10−2). These genes were SDHC, COX7A1, COX16, COX17, and GOT2. Detailed studies of
the relative expression of each of these genes in HPV+, HPV- and normal control tissue, as well as their
association with overall patient survival are presented below.

Previous studies indicate that HPV+ HNSCC is more reliant on oxidative phosphorylation as
an energy source than HPV- HNSCC [15]. Oxidative phosphorylation requires electron transport
via mitochondrial cellular respiratory complexes I-IV [17]. Reduced expression of SDHC, which
encodes a component of the mitochondrial cellular respiration complex II, correlated with increased
HPV+ HNSCC patient survival (Figure 2).

Figure 2. Low expression of SDHC is associated with favorable survival outcomes in HPV+ HNSCC.
(A) Transcript levels of SDHC across all HNSCC tissues samples and normal control tissues. Bracketed
numbers refer to the sample size of each group. Overall five-year survival outcomes in (B) HPV+

HNSCC and (C) HPV- HNSCC patients dichotomized by SDHC expression. p = Two-sided log-rank
test, q = Benjamini-Hochberg FDR method. Gray = low transcript expression, Black = high transcript
expression. * p ≤ 0.05, ** p ≤ 0.01, ns (not significant).

Overall expression of SDHC was not significantly different between HPV+ and HPV- HNSCC,
and both types of HNSCC expressed lower levels of SDHC than normal control tissue (Figure 2A).
HPV+ HNSCC patients with tumours exhibiting low SDHC expression had better overall five-year
survival outcomes than HPV+ HNSCC patients with tumours exhibiting high SDHC expression
(p = 0.011, FDR = 0.043) (Figure 2B). However, SDHC expression was not correlated with improved
patient survival in HPV- HNSCC (p = 0.34, FDR = 0.45) (Figure 2C).
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Consistent with the possibility that HPV+ HNSCCs are more reliant on cellular respiration than
HPV- HNSCCs, three genes encoding components of the mitochondrial cellular respiration complex IV
were also correlated with HPV+ HNSCC patient survival (Figure 3). These genes were COX7A1 and
COX17, which encode structural components of complex IV, and COX16, whose product is involved in
complex IV assembly.

Figure 3. Low expression of three mitochondrial respiration complex IV genes in HPV+ HNSCC
is associated with improved survival. Expression of (A) COX7A1, (D) COX16, and (G) COX17 in
HNSCC tissues samples and normal control tissues. Overall 5-year survival outcomes in HPV+ HNSCC
patients and HPV- HNSCC dichotomized by median (B,C) COX7A1 expression, (E,F) COX16 expression,
and (H,I) COX17 expression. p = Two-sided log-rank test, q = Benjamini-Hochberg FDR method.
Gray = low transcript expression, Black = high transcript expression. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤
0.001, **** p ≤ 0.0001, ns (not significant).
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COX7A1 expression was significantly lower in both HPV+ and HPV- HNSCC samples compared
to normal control tissues (Figure 3A). In addition, HPV+ HNSCC had significantly lower expression
of COX7A1 than HPV- HNSCC (Figure 3A). Overall survival of patients with HPV+ (Figure 3B) or
HPV- HNSCC (Figure 3C) were dichotomized based on median COX7A1 expression. We found that
low expression of COX7A1 was correlated with favourable survival outcomes in patients with HPV+

(p = 0.0095, FDR = 0.092) (Figure 3B), but not HPV- HNSCC (p = 0.41, FDR = 0.59) (Figure 3C).
Compared to normal control tissue, COX16 expression was lower in HPV+, but not in HPV-

HNSCC (Figure 3D). COX16 expression was also significantly lower in HPV+ compared to HPV-
HNSCC (Figure 3D). HPV+ and HPV- HNSCC samples were dichotomized based on median COX16
expression. Low levels of COX16 expression were correlated with improved survival in patients
with HPV+ (p = 0.0080, FDR = 0.092) (Figure 3E), but not in patients with HPV- HNSCC (p = 0.33,
FDR = 0.59) (Figure 3F).

In contrast to COX7A1 and COX16, COX17 expression was higher in HPV+ than HPV- HNSCC
(Figure 3G). Expression of COX17 across HPV+ and HPV- HNSCC samples was significantly higher
than in normal control tissues (Figure 3G). However, the same association between low expression
of COX17 and better overall 5-year patient survival was observed for patients with HPV+ HNSCC
(p = 0.00040, FDR = 0.012) (Figure 3H), but not patients with HPV- HNSCC (p = 0.35, FDR = 0.59)
(Figure 3I).

2.3. Low Expression of ELOVL6, Involved in Fatty Acid Synthesis, Is Associated with Better Overall Survival
in Patients with HPV+ HNSCC

ELOVL6 expression in HPV+ HNSCC was not significantly different from HPV- HNSCC. However,
both HPV+ and HPV- HNSCC had significantly lower overall levels of ELOVL6 expression than normal
control tissues (Figure 4A). HPV+ HNSCC samples were dichotomized based on median ELOVL6
expression. HPV+ patients with tumours expressing low levels of ELOVL6 had significantly better
five-year overall survival than patients with tumours expressing high levels of ELOVL6 (p = 0.0040,
q = 0.084) (Figure 4B). Reduced ELOVL6 expression was not correlated with altered survival in HPV-
HNSCC patients (p = 0.34, q = 0.83) (Figure 4C).

2.4. Low Expression of GOT2, Involved in Amino Acid Metabolism, Is Associated with Better HPV+ HNSCC
Patient Survival

GOT2 expression was significantly lower in HPV+ than HPV- HNSCC or normal control tissues
and significantly lower in HPV- HNSCC than normal control tissues (Figure 4D). The high normalized
RNA-seq read levels for GOT2 suggest that it is abundantly expressed in normal head and neck tissues.
HPV+ HNSCC samples were dichotomized based on median GOT2 expression. Low expression of
GOT2 was associated with better five-year overall survival outcomes in patients with HPV+ HNSCC
(p = 0.012, q = 0.086; Figure 4E). Although low GOT2 expression appeared to be significantly correlated
with favourable patient survival in HPV- HNSCC (p = 0.029; Figure 4F), it lost its significance after
correcting for FDR (q = 0.20).

2.5. Low Expression of SLC16A2, a Thyroid Hormone Transporter, in HPV+ HNSCC Is Associated with Better
Overall Survival

Increased expression of the monocarboxylic acid transporter family member, SLC16A1 (MCT1) was
recently reported to be associated with poor survival outcomes in HNSCC [15]. Although, expression
of SLC16A1 was significantly higher than normal head and neck tissues for both HPV+ and HPV-
HNSCC, and expression of SLC16A1 was higher in HPV- HNSCC than HPV+ HNSCC, the impact
of differential expression of SLC16A1 on overall survival in either HPV+ or HPV- HNSCC was not
significant (p > 0.05). Of the various family members, only expression of SLC16A2 (MCT8), whose
main function is thyroid hormone transport, appeared to be associated with altered overall survival
(Figure 4G–I).

334



Cancers 2020, 12, 253

Expression of SLC16A2 was significantly lower in HPV+ HNSCC when compared to either HPV-
HNSCC or normal control tissues (Figure 4G). HPV+ HNSCC samples were dichotomized based on
median SLC16A2 expression. Again, low expression of SLC16A2 was associated with improved patient
survival in HPV+ HNSCC patients (p = 0.0036, FDR = 0.047) (Figure 4H), but not in patients with HPV-
HNSCC (p = 0.26, FDR = 0.48) (Figure 4I).

Figure 4. Low expression of ELOVL6, GOT2 and SLC16A2 is associated with improved patient survival
in HPV+ HNSCC. Expression of (A) ELOVL6, (D) GOT2, and (G) SLC16A2 in HPV+, HPV- HNSCC
tissue samples and normal control tissues. Overall five-year survival outcomes in HPV+ HNSCC and
HPV- HNSCC patients dichotomized by median (B,C) ELOVL6 expression, (E,F) GOT2 expression,
and (H,I) SLC16A2 expression. p = Two-sided log-rank test and q = Benjamini-Hochberg FDR method.
Gray = low transcript expression, Black = high transcript expression. **** p ≤ 0.0001, ns (not significant).
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2.6. COX16, COX17, and SLC16A2 Are Independently Correlated with Favourable Survival Outcomes in
HPV+ HNSCC

To determine the extent that each of the HPV+ HNSCC survival-associated genes could influence
patient outcomes, we generated a hazard ratio (HR) for each gene and a variety of clinical variables
by univariate analysis (Table 1). Each HR describes the relative increase in risk of death for the first
variable x vs y [18]. As expected, the HR for each metabolic gene was significantly below 1, indicating
a greatly reduced risk of death. In contrast, a comparison of the oral cavity vs the oropharynx subsites
for HPV+ HNSCC generated a hazard ratio of 2.82, indicating that HPV+ HNSCC in the oral cavity is
associated with a 2.82x increased risk of mortality compared to oropharynx.

Table 1. Univariate and multivariate analysis of the association of clinical variables and expression of
metabolic genes with overall survival in HPV+ HNSCC.

Variables
Univariate Multivariate

HR (95% CI) P value HR (95% CI) P value

Sex Male vs Female 0.81 (0.18–3.62) 0.78

Age per every additional year 0.99 (0.94–1.04) 0.74

Oral cavity vs Oropharynx 2.82 (1.02–7.80) 0.045 13.59 (2.67–69.11) 0.002
Subsite Larynx vs Oropharynx 1.52 x 10−8 (0–Inf) 1.00 3.67 x 10−10 (0–Inf) 1.00

Hypopharynx vs Oropharynx 1.57 x 10−8 (0–Inf) 1.00 1.10 x 10−8 (0–Inf) 1.00

T Stage T3–T4 vs T1–T2 1.03 (0.36–2.91) 0.96

N Stage N2b–N3 vs N0–N2a 0.41 (0.14–1.19) 0.10

Overall Stage IV vs I–III 0.76 (0.26–2.24) 0.62

HPV Type 33, 35, 56 vs 16 3.33 (1.14–9.78) 0.028 16.88 (3.24–87.88) 0.0008

COX16 Low vs High Expression 0.19 (0.05–0.72) 0.015 0.059 (0.009–0.39) 0.003

COX17 Low vs High Expression 0.13 (0.03–0.47) 0.002 0.03 (0.003–0.35) 0.005

COX7A1 Low vs High Expression 0.22 (0.06–0.77) 0.018 0.25 (0.04–1.56) 0.14

ELOVL6 Low vs High Expression 0.17 (0.04–0.65) 0.009

GOT2 Low vs High Expression 0.24 (0.07–0.79) 0.019

SDHC Low vs High Expression 0.23 (0.07–0.77) 0.018

SLC16A2 Low vs High Expression 0.17 (0.04–0.63) 0.008 0.07 (0.01–0.37) 0.002

As the contribution of these genes to overall survival might not be independent of one another,
we also analyzed the relationship between survival and gene expression for all survival-associated
metabolic genes and clinical variables concurrently by multivariate analysis (Table 1). The hazard
ratios for COX16, COX17, and SLC16A2 remained significant, indicating that low expression of each of
these genes is a significant, and potentially independent, contributor to overall survival. COX7A1 had
a minor contribution to survival in this model. The multivariate model also included subsite (oral
cavity vs. oropharynx) and HPV type as significant contributing factors to survival as previously
reported in the literature [19–22].

To test whether concurrent low expression of these genes had an additive effect on survival,
we stratified the HPV+ HNSCCs into groups, based on high expression or low expression for a
combination of any two of these seven survival-associated genes. When survival of HPV+ HNSCC
patients with low expression of both COX16 and COX17 in their tumours was compared to survival
of patients with high expression of both genes, survival was significantly greater in the COX16 and
COX17 double low expression group (p = 0.0015) (Figure 5A). In patients with low expression of both
COX16 and SLC16A2, survival was virtually 100% until approximately 4.75 years and significantly
better (p = 0.0021) than samples expressing high levels of both genes (Figure 5B). In patients with
low expression of both COX17 and SLC16A2 (Figure 5C), survival was 100%, which was significantly
higher than patients expressing high levels of both COX17 and SLC16A2 (p = 0.00027; Figure 5C).
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Figure 5. HPV+ HNSCC patient survival stratified by double low or double high expression of
survival-associated metabolic genes. (A) COX16 and COX17, (B) COX16 and SLC16A2, (C) COX17
and SLC16A2. Comparisons made with a two-sided log-rank test. Gray = low transcript expression,
Black = high transcript expression. Bracketed value indicates number of HPV+ HNSCCs with double
high or double low expression for genes of interest.

Supplementary Figure S1 shows that there was no significant correlation between the expression
of SLC16A2 and COX16 or SLC16A2 and COX17. This provides further evidence that the improved
survival associated with low expression for each of these genes may occur independently of one
another. Additionally, the multivariate analysis indicates that COX16 and COX17 independently
contribute to survival despite the correlation between these two genes (Supplementary Figure S1).

3. Discussion

Our analysis identified many changes in expression of metabolism-associated genes between
HPV+ and HPV- HNSCC when compared to normal control tissues. The expression of seven genes
was predictive of survival for HPV+ HNSCC patients. In each case, reduced expression correlated
with improved survival, suggesting that reduced tumour cell metabolism is prognostically favorable.
None of these genes were associated with altered survival in HPV- HNSCC, reinforcing the concept
that HPV+ and HPV- HNSCC are distinct tumour entities [7–9,23]. This is not unexpected, as E6 from
HPV16 and HPV18 can increase the expression of mitochondrial cellular respiration genes in a head
and neck cancer cell line [24], which matches our observation of increased expression of these genes in
HPV+ HNSCCs when compared to HPV- HNSCCs. In addition, E6 and E7 may also be responsible
for perturbing glycolysis in HPV+ cervical cancer cells [25,26], which could explain our observation
of increased expression of glycolytic genes in HPV+ HNSCC as compared to normal control tissues.
Interestingly, most of the survival-associated genes we identified in our study can be inhibited by small
molecule inhibitors as outlined below.

As shown in our results, limiting SDHC may serve as a unique target in virally transformed HPV+

HNSCCs. SDHC encodes part of mitochondrial respiratory complex II, for which a few selective
inhibitors exist. α-tocopheryl succinate (α-TOS) is a vitamin E analogue, which has selective growth
inhibitory properties for some human cancer cells [27]. α-TOS can induce apoptosis by increasing
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the levels of reactive oxidative species (ROS), triggering stress response pathways [27]. α-TOS is
also effective at inhibiting tumour growth [28] in in vivo xenograft mouse models. Interestingly,
α-TOS inhibited growth of several HNSCC cell lines in vitro and in vivo [29]. Given that all of these
experiments were done using HPV- HNSCC, α-TOS may be even more toxic to HPV+ HNSCCs based
on the correlation between SDHC expression and HPV+ HNSCC survival outcomes we observed.

Specific small molecule inhibitors for both the COX7A1 and COX16 gene products have not yet
been identified. However, as both are part of mitochondrial respiratory complex IV, it is possible
that the complex IV inhibitors ADDA 5 [30] and tetrathiomolybdate [31] could prove useful to
phenocopy any metabolic effects associated with low gene expression, promoting enhanced survival in
HPV+ HNSCC. It is also important to note that COX16 is an inhibitor of p53 activity, which means
that non-mitochondrial functions of COX16 should not be discounted [32]. E6 has been shown to
inhibit expression of COX16 [33], which may contribute to the lower levels observed in HPV+ versus
HPV- HNSCC (Figure 3D). MitoBloCK-6 is an inhibitor of mitochondrial respiratory complex IV that
specifically targets the COX17 protein [34]. Whether inhibition of cellular respiration is less effective in
HPV- HNSCCs because they are already more oxidatively stressed than HPV+ HNSCCs [35], perhaps
as a result of being less adapted to utilize cellular respiration, is an open question.

Two inhibitors of ELOVL6 were able to reduce the fatty acid composition of hepatocytes and the
liver in a murine model of obesity [36,37], but the effects of these compounds on cancer cells have not
been explored. Another potential druggable target to influence ELOVL6 expression is ATP citrate
lyase (ACLY), which has a wide variety of inhibitors [38]. Expression of ELOVL6 has been shown
to decrease concurrently with ACLY inhibition [39]. Whether ELOVL6 inhibition would reduce the
growth of HPV+ HNSCC cell lines remains to be examined.

In our study, we found that low expression of GOT2 was associated with statistically significant
survival in both groups (p < 0.05). However, only expression of GOT2 in our HPV+ HNSCC group met
the FDR cut-off of q = 0.1. This means that while GOT2 may be important for survival outcomes in both
HPV+ and HPV- HNSCC, it is likely that it has a more substantial contribution to patient survival in
HPV+ HNSCC. In breast cancer, sensitivity to a nucleotide synthesis inhibitor, methotrexate, has been
linked to high GOT2 expression [40]. This is likely due to the function of GOT2 in providing aspartate
for nucleotide biosynthesis [40]. It is possible that HPV+ HNSCCs, or potentially any HNSCCs
expressing high levels of GOT2, may be sensitive to methotrexate, but this remains to be explored.

SLC16A2 encodes a plasma membrane T3/T4 transporter. Once inside the cell, T3/T4 can
bind nuclear and mitochondrial-localized thyroid hormone receptors, which are key regulators of
mitochondrial biogenesis [41]. As HPV+ HNSCC may be more reliant on cellular respiration than
HPV- HNSCC, it is possible that inhibiting SLC16A2-mediated thyroid hormone transport across the
plasma membrane could preferentially inhibit ATP generation in HPV+ HNSCCs. Some tyrosine
kinase inhibitors (TKIs), such as sunitinib, imatinib, dasatinib, and bosutinib, may inhibit SLC16A2 [42].
These TKIs are already employed to treat a wide variety of cancers and are being evaluated for
the treatment of HNSCC [43]. As such, they may be especially suitable for the treatment of HPV+

HNSCCs expressing SLC16A2 at high levels. We extracted data from our previous study of 27
HNSCC cell lines (6 HPV+ and 21 HPV- HNSCC cell lines) examining the effects of a variety of agents
on cell growth and proliferation, including the TKI inhibitors mentioned above [44]. Of the TKIs
tested, dasatinib was selectively cytotoxic to HPV+, but not HPV- HNSCC cell lines (Supplementary
Figure S2), suggesting that it could be used as a treatment for HPV+ HNSCC that expresses high levels
of SLC16A2. A flavonoid, silychristin, also inhibits SLC16A2 [45], but has not been studied in cancer
models. Other antithyroid hormones used to treat hyperthyroidism, such as carbimazole, methimazole,
and potassium perchlorate, could preferentially inhibit HPV+ HNSCC by mimicking inhibition of
the SLC16A2 transporter. In one study, methimazole was used to experimentally treat patients with
end-stage solid tumours and resulted in improved survival [46]. High levels of thyroid hormone
can promote proliferation of some cancers [47], and thyroid hormone mimetics which function as
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antagonists, such as tetraiodothyroacetic acid (tetrac) and triiodothyroacetic acid (triac) appear to
exhibit an antiproliferative effect on breast cancer [47] and T cell lymphomas [48].

While our univariate analysis of all seven genes confirmed that their expression was significantly
correlated with survival, our multivariate analysis indicated that COX16, COX17, and SLC16A2 were
independently associated with overall survival. This suggested that the collective changes in the
expression of these three genes could be a powerful predictor of clinical outcome. This was supported
by our observation that the overall survival for the group of patients exhibiting simultaneously
low expression of any two of these genes was far better than those simultaneously expressing high
levels. Thus, expression of these genes may have prognostic utility. Furthermore, COX16, COX17,
and SLC16A2 may represent attractive therapeutic targets for HPV+ HNSCC that warrant further
exploration, especially considering that treatment with specific inhibitors may phenocopy the effects of
low expression of these metabolic genes.

It is important to be cognizant of the limitations to this kind of study. One limitation to this study
was the lack of protein data in the TCGA to corroborate our HPV+ HNSCC mRNA expression data.
This is an important consideration, as levels of protein expression do not necessarily mirror mRNA
expression [49]. As with any high throughput dataset, batch effects that result from processing could
be reflected in the data [50]. In addition, the RNA-seq data contained within the TCGA reflects average
mRNA expression within the whole tumour and does not identify expression differences between
the various tumour cells as could be obtained from single-cell RNA sequencing platforms [51,52].
However, the bulk of the tissue that was sequenced is of tumour origin [52]. Also, it is important to be
aware that the TCGA contains HNSCC data from a single, albeit high quality, cohort and it would be
useful to validate these genes of interest in other cohorts in the future. Finally, the concept of biomarker
identification itself has its own caveats. Specifically, all of the survival-associated genes we identified
in this study are only correlated with survival, which does not equal causation [53]. In addition, as
with all studies of this type, there exists the possibility that these correlations are due to chance or occur
as the result of another confounder [53]. However, despite these limitations, the seven metabolic genes
identified in this study provide an interesting starting point for considering the metabolic differences
between HPV+ and HPV- HNSCC as new prognostic markers or potential targets for therapy.

4. Materials and Methods

4.1. Data Collection

Level 3 RNA-seq by Expectation Maximization normalized Illumina HiSeq RNA expression
data (build 2016012800) for the TCGA HNSC cohort, was downloaded from the Broad Genome Data
Analysis Centers Firehose server (https://gdac.broadinstitute.org/). Patient survival data for the TCGA
HNSC cohort, as reported by the Pan-Cancer Atlas [54], was downloaded from: https://www.cell.com/

cms/10.1016/j.cell.2018.02.052/attachment/f4eb6b31-8957-4817-a41f-e46fd2a1d9c3/mmc1.xlsx.

4.2. RNA Expression Comparisons

RNA-seq by Expectation Maximization normalized expression data for the TCGA HNSC cohort
was extracted and analyzed as described previously [23]. Briefly, primary patient samples with known
HPV status were manually grouped as HPV+, HPV-, or normal-adjacent control tissue based on
other previously published datasets [21,35]. In these datasets, HPV status was assigned by aligning
RNA-seq reads for the HPV oncogenes expressed in the tumours to the different high risk HPV types.
This resulted in 73 HPV+, 442 HPV-, and 43 normal-adjacent control samples with data available for
gene expression comparisons. Note that all HPV+ samples had high risk HPV as follows: HPV16
(61 samples), HPV33 (8 samples), HPV35 (3 samples), and HPV56 (1 sample). The five-number
summary, mean, and pairwise statistical tests were calculated using R (version 3.4.0) for all 229
metabolic genes analyzed (see Supplementary Table S1). These 229 genes were manually selected
(Supplementary Table S1) as they are involved in eight central cellular metabolic pathways or processes,
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of which cellular respiration was then separated into its respective complexes. The number of genes
examined from each pathway was as follows: glycolysis, 36 genes (adapted from GO:0061621 and [55]);
TCA cycle, 20 genes (adapted from GO:0006099 and [56]); mitochondrial respiratory complex I, 43
genes (adapted from GO:0045333, GO:0046043 and [57]); mitochondrial respiratory complex II, 4 genes
(adapted from GO:0045333, GO:0046043 and [58]); mitochondrial respiratory complex III, 9 genes
(adapted from GO:0045333, GO:0046043 and [59,60]); mitochondrial respiratory complex IV, 31 genes
(adapted from GO:0045333, GO:0046043 and [61]); mitochondrial ATPase, 16 genes (adapted from
GO:0046043 and [62]); fatty acid synthesis, 21 genes (adapted from GO:0019368, GO:0046949, GO:
0006629 and [63–66]); β-oxidation, 18 genes (adapted from GO:0003995, GO:0003985, GO: 0004300
and [67]); glutaminolysis, 7 genes (adapted from GO:0004069, GO:0004352, GO: 0004359, GO: 0004021
and [68]); pentose phosphate pathway, 11 genes (GO:0006098 and [69]); monocarboxylic acid transport
(MCT) family, 13 genes (adapted from GO:0008028 and [15]). Boxplot comparisons of gene expression
were made with GraphPad Prism v7.0 (Graphpad Software, Inc., San Diego, California, USA). For the
boxplots, center lines show the medians, box limits indicate the 25th and 75th percentiles, and whiskers
extend 1.5 times the interquartile range from the 25th and 75th percentiles. P-values were assigned
using a two-tailed non-parametric Mann-Whitney U test using Graphpad Prism. Bivariate analysis
for selected genes was performed through R (version 3.4.0) using the Spearman rank correlation
coefficient. The proportion of genes in each pathway that were up or downregulated among each
comparison was represented in a bar graph and was calculated as follows: number of genes upregulated
(or downregulated) in a comparison (e.g., HPV+ HNSCC vs HPV- HNSCC) divided by the total
number of genes in that pathway. The proportion of downregulated genes were represented as a
negative value.

4.3. Survival Analysis

Five-year overall survival outcomes were compared in both HPV+ and HPV- subsets of HNSCC
patients dichotomized by median expression for all metabolic genes listed in Supplementary Table S1.
Log-rank statistical p-values were calculated for each Cox survival model. The derived log-rank
p-values for all tested genes (listed in Supplementary Table S2) were assessed for significance after
correcting for false discovery rate (FDR) using the Benjamini–Hochberg method, and an FDR threshold
of 0.1 was set for significance. Univariate analysis was performed through R (version 3.4.0) based on a
Cox Proportional Hazard Model using the survival package (version 2.41-3). Stepwise bidirectional
multivariate analysis was then carried out with clinical variables (sex, age, subsite, T stage, N stage,
Overall stage, and HPV type), and SDHC, COX7A1, COX16, COX17, ELOVL6, GOT2, and SLC16A2
expression—low expression of these 7 genes were found to be statistically correlated with improved
survival after univariate analysis. The p-values derived from the Wald test on survival coefficients were
reported for investigated variables. Furthermore, a second set of survival outcomes were determined
to compare HPV+ tumours expressing low levels of each combination of genes that were significantly
correlated with improved survival after multivariate analysis—COX16, COX17, and SLC16A2.

4.4. Gene Enrichment Analysis

We performed a gene enrichment analysis on our seven survival-associated genes using the
Go Enrichment Analysis feature on http://geneontology.org [70,71]. This analysis is powered by
PANTHER14.1 (PANTHER Overrepresentation Test) using the “GO cellular component complete”
annotation data set with a Fisher’s exact test followed by a calculation of false discovery rate
(cutoff = FDR P < 0.05) to determine statistical significance [72].

4.5. Analysis of Differential Cell Line Sensitivity to Tyrosine Kinase Inhibitors Based on HPV Status

B-scores (mean ± SEM) reflecting drug activity were extracted from a previously conducted
high throughput drug screen using 27 HNSCC cell lines [44]. The average B-scores for the indicated
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tyrosine kinase inhibitors (TKIs) was calculated for the 6 HPV+ and 21 HPV- HNSCC lines and plotted
(Supplementary Figure S2).

5. Conclusions

In summary, our analysis of HNSCC TCGA data stratified by HPV status indicated that the
metabolic profile of HPV+ and HPV- HNSCC are strikingly different. HPV- HNSCCs may utilize
glycolysis to a greater extent than HPV+ HNSCCs, while HPV+ HNSCCs may be more reliant on
the TCA cycle, cellular respiration, and β-oxidation than HPV- HNSCCs. Despite this difference,
both types of HNSCCs likely exhibit far less cellular respiration than normal head and neck tissues,
consistent with a cancer-associated Warburg phenotype [73]. Importantly, expression of genes involved
in mitochondrial complex II and mitochondrial complex IV were associated with survival for HPV+

HNSCC patients. Namely, low expression of SDHC, COX7A1, COX16, or COX17 was associated
with better survival outcomes. Low expression of ELOVL6, involved in fatty acid elongation; GOT2,
involved in amino acid metabolism; and SLC16A2, involved in thyroid hormone transport, were also
all associated with better survival outcomes in HPV+ HNSCC patients. However, of these genes, only
COX16, COX17 and SLC16A2 were independently correlated with survival outcomes according to
our multivariate analysis. Importantly, COX16, COX17, and SLC16A2 were associated with near 100%
survival in all patients with low expression of any two of these genes. The products of these genes
may represent useful new therapeutic targets for HPV+ HNSCC, as inhibition of their functions could
phenocopy the metabolism of those tumours with low levels of metabolic gene expression, leading to
improved survival in HPV+ HNSCC patients.
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expression, Table S2: Survival curve statistics.
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Abstract: High-risk human papillomaviruses (HPVs) are responsible for a subset of head and
neck squamous cell carcinomas (HNSCC). Expression of class II major histocompatibility complex
(MHC-II) is associated with antigen presenting cells (APCs). During inflammation, epithelial
cells can be induced to express MHC-II and function as accessory APCs. Utilizing RNA-seq data
from over 500 HNSCC patients from The Cancer Genome Atlas, we determined the impact of
HPV-status on the expression of MHC-II genes and related genes involved in their regulation, antigen
presentation, and T-cell co-stimulation. Expression of virtually all MHC-II genes was significantly
upregulated in HPV+ carcinomas compared to HPV− or normal control tissue. Similarly, genes that
encode products involved in antigen presentation were also significantly upregulated in the HPV+

cohort. In addition, the expression of CIITA and RFX5—regulators of MHC-II—were significantly
upregulated in HPV+ tumors. This coordinated upregulation of MHC-II genes was correlated with
higher intratumoral levels of interferon-gamma in HPV+ carcinomas. Furthermore, genes that encode
various co-stimulatory molecules involved in T-cell activation and survival were also significantly
upregulated in HPV+ tumors. Collectively, these results suggest a previously unappreciated role for
epithelial cells in antigen presentation that functionally contributes to the highly immunogenic tumor
microenvironment observed in HPV+ HNSCC.

Keywords: human papillomavirus; MHC-II; major histocompatibility complex; antigen presentation;
head and neck carcinoma; co-stimulatory molecules; survival signals; T-cell

1. Introduction

High-risk human papillomaviruses (HPVs) are small, non-enveloped, double-stranded DNA
viruses that are responsible for an estimated 5% of all human cancers [1,2]. These biological carcinogens
are the causative agents of virtually all cervical cancers and a subset of head and neck squamous
cell carcinomas (HNSCC) [1]. HNSCC are a heterogenous group of malignancies caused by multiple
distinct etiologies. Infection with high-risk HPVs is responsible for approximately 85,000 of the
600,000 global annual cases of HNSCC, making it the second most common cause of HPV-induced
cancers [3–5]. HPV-positive (HPV+) tumors are distinct from their HPV-negative (HPV−) counterparts
from a molecular perspective, with distinct genetic, epigenetic, and protein expression profiles [6–11].
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Interestingly, patients with HPV+ HNSCC tumors have markedly better clinical outcomes compared to
those with HPV− tumors, leading to the recognition of HPV+ HNSCC as unique clinical entities [12–14].

We and others have noted significant differences in the immune landscape between the tumor
microenvironments of HPV+ and HPV−HNSCC [7,9,15–19]. Specifically, HPV+ tumors express higher
levels of class I major histocompatibility complex (MHC-I) compared to their HPV− counterparts,
which could be a consequence of the higher intratumoral levels of interferon-gamma (IFNγ) observed
in the tumors of the HPV+ cohort [9]. Utilizing an immunogenomic approach, we have also
shown that HPV+ HNSCC tumors exhibited a strong Th1 response characterized by increased
infiltration with multiple types of T-cells—CD4+, CD8+, and regulatory T-cells—and expression
of their effector molecules [7]. In addition, HPV+ HNSCC also expressed higher levels of CD39
and multiple T-cell exhaustion markers including LAG3, PD1, TIGIT, and TIM3 compared to HPV−
HNSCC. Importantly, patients with higher expression of these exhaustion markers—indicative of a
T-cell-inflamed tumor—exhibited markedly improved survival in HPV+, but not HPV−, HNSCC [7].

In order for an effective T-cell-specific anti-tumor response to occur, a tumor associated antigen
must be presented in either the context of MHC-I or class II MHC (MHC-II) [20]. This process is
dependent on the initial acquisition of specific antigenic peptides by surveilling antigen presenting
cells (APCs). APCs present these exogenous peptides on their cell surface in the context of major
histocompatibility complex-II (MHC-II) to activate cognate CD4+ helper T-cells in an antigen-specific
fashion [21]. This crosslinking of T-cell receptor (TCR) with its cognate antigen-MHC-II complex is the
initial step in the activation of T-cells. The next step is the crosslinking of co-stimulatory molecules
between T-cell and APCs that will provide the appropriate signals to initiate T-cell proliferation and
survival [22]. Once activated, CD4+ T-cells then stimulate the proliferation of CD8+ cytotoxic T-cells
(CTLs) that recognize and respond to the initial antigenic peptide. CTLs subsequently target tumor
cells for lysis based on presentation of the cognate endogenously derived antigenic peptides on the
tumor cell surface in the context of MHC-I [23,24].

Although the ability of HPV to suppress MHC-I expression in cell culture systems is well
known [25,26], this is not likely the case in actual human tumors. Indeed, we previously reported that
HPV+ head and neck cancers express higher levels of MHC-I than HPV− tumors [9]. Thus, HPV+

tumor cells may be more effective at displaying endogenously derived viral or neo-antigenic peptides,
making them more easily targeted for CTL lysis. Expression of MHC-II molecules is typically restricted
to professional APCs, such as dendritic cells (DCs), macrophages, and B-cells [27]. However, epithelial
cells can be stimulated by proinflammatory cytokines—specifically IFNγ—to express MHC-II and
function as accessory APCs to stimulate T-cell responses [28–30]. As mentioned above, MHC-II proteins
play a key role in presenting exogenously-derived peptide antigens that ultimately lead to an effective
CTL response, and it is likely that the induced tumor-specific MHC-II expression on epithelial cells
may accentuate this process. Indeed, the role of tumor cell derived MHC-II in anti-tumor immunity
has become increasingly appreciated [31], with accumulating evidence suggesting that tumor-specific
MHC-II expression is correlated with favorable outcomes in melanoma, classic Hodgkin’s lymphoma,
breast cancer, and oropharyngeal cancers [31–35].

In this study, we used RNA-seq data from over 500 human head and neck tumors from The
Cancer Genome Atlas (TCGA) to determine if the presence of oncogenic HPV is associated with altered
expression of all classical MHC-II genes and other key genes involved in their regulation, antigen
presentation, and T-cell co-stimulation. We found that expression of virtually all classical MHC-II
genes was significantly upregulated in HPV+ tumors compared to their HPV− counterparts or normal
control tissue. Similarly, genes that encode products that are fundamental to proper antigen loading
and presentation were also significantly upregulated in HPV+ tumors. Importantly, the relative level
of expression of these inducible MHC-II genes was far beyond those genes associated with professional
APCs. Furthermore, the expression of class II major histocompatibility complex transactivator (CIITA)
and regulatory factor X5 (RFX5)—essential master regulators of the MHC-II transcriptional control
system—were significantly upregulated in the HPV+ cohort. This coordinated upregulation of the
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mRNA levels of genes involved in the MHC-II antigen presentation pathway and their regulation were
correlated with the higher intratumoral levels of IFNγ observed in HPV+ carcinomas. In addition,
genes that encode various T-cell co-stimulatory molecules involved in T-cell activation and survival
were found to be significantly upregulated in HPV+ tumors compared to HPV− tumors and normal
control tissue. Taken together, these results suggest a previously unappreciated role for epithelial cells in
antigen presentation that functionally contributes to the highly immunogenic tumor microenvironment
observed in HPV+ HNSCC. This further illustrates the profound differences in the immune landscape
between the tumor microenvironments of HPV+ and HPV− HNSCC and may in part contribute to the
superior clinical outcomes that are associated with HPV+ HNSCC.

2. Results

2.1. Classical MHC Class II α- and β-Chain Genes are Expressed at Higher Levels in HPV+ Head and Neck
Carcinomas

Constitutive expression of classical MHC-II molecules is typically restricted to professional
antigen presenting cells—DCs, macrophages, and B-cells [27]. However, in non-immune cells that
lack constitutive expression, such as those of the epithelia, their expression can be induced through
exposure to proinflammatory cytokines [28,29,36]. In humans, the genes that encode the three classical
polymorphic MHC-II molecules HLA-DP, HLA-DQ, and HLA-DR are expressed as α- and β-chains
that form heterodimers on the cell surface [25]. We began by analyzing the Illumina HiSeq RNA
expression data from the TCGA HNSC cohort for expression of HLA-DPA1, -DPB1, -DQA1, -DQA2,
-DQB1, -DQB2, -DRA, -DRB1, -DRB5, and -DRB6 genes, encoding the various α- and β-chains for
all three classical isotypes (Figure 1). Uniformly, all HPV+ patient samples expressed significantly
higher levels of mRNA for all 10 MHC-II genes analyzed compared to HPV− patient samples and
virtually all normal control tissues—with the exception of HLA-DQB2 (HPV+ versus Normal). As the
majority of the HPV+ samples are from the oropharynx subsite, we repeated this analysis with HPV+

and HPV− samples that occur only in the oropharynx. Similarly, to the analysis including all subsites,
HPV+ oropharyngeal tumors expressed significantly higher levels of MHC-II α- and β-chain genes
compared to their HPV− oropharyngeal tumor counterparts (Supplementary Materials Figure S1).
Collectively, these results indicate that HPV+ head and neck tumors express high levels of the mRNAs
encoding the α- and β-chain heterodimers of the classical MHC-II molecules versus HPV− tumors or
normal control tissues. It is noteworthy that based on the normalized read levels, all of these genes are
expressed at levels several orders of magnitude above any markers of professional APCs, such as CD19
(B-cells) [37], CCL13 (DCs) [38], and CD84 (macrophages) [39] (Supplementary Materials Figure S2A).
However, these normalized read levels are comparable to that of an established epithelial cell marker,
E-cadherin (CDH1) [40] (Supplementary Materials Figure S2B). Thus, it is likely that these genes are
being expressed by epithelial cells within the actual tumor.

2.2. Genes Encoding Key Components of the MHC-II Antigen Presentation Pathway are Expressed at Higher
Levels in HPV+ Head and Neck Carcinomas

In the endoplasmic reticulum (ER), newly synthesized MHC-II α- and β-chains form a trimeric
complex with a non-polymorphic protein called the invariant chain (Ii), which is encoded by the HLA-DR
antigens-associated invariant chain or Cluster of Differentiation 74 (CD74) gene [41]. This association with
the Ii chain prevents premature peptide loading and also dictates the trafficking of the Ii-MHC-II
complex to the endosomal-lysosomal antigen-processing compartments, which contain the antigenic
peptides [21,42]. Once in this compartment, Ii is proteolytically cleaved, leaving only a small fragment in
the peptide-binding groove called the class II-associated invariant chain peptide (CLIP). Similarly, to the
genes encoding the classical MHC-II α- and β-chains, CD74 was found to be significantly upregulated
in HPV+ HNSCC compared to their HPV− counterparts or normal control tissues (Figure 2).
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Figure 1. Expression of classical class II major histocompatibility complex (MHC-II) α- and β-chain
genes in head and neck squamous cell carcinomas stratified by high-risk human papillomaviruses
(HPV)-status. RNA-Seq by Expectation Maximization (RSEM)-normalized RNA-seq data for the
indicated MHC-II genes was extracted from The Cancer Genome Atlas (TCGA) database for the head
and neck squamous cell carcinoma (HNSC) cohort for HPV+, HPV−, and normal control tissues.
Numbers in brackets refer to the number of samples included in each analysis. Statistical analysis
was performed using a two-tailed non-parametric Mann–Whitney U test. ** p ≤ 0.01, *** p ≤ 0.001,
**** p ≤ 0.0001, ns—not significant.

In order for antigenic peptide-binding to occur, CLIP must be removed from the peptide-binding
groove [21,41]. The enzymatic removal of CLIP is mediated by the MHC class II-like heterodimer,
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HLA-DM. After HLA-DM-mediated removal of CLIP, the class II molecules can now bind lysosomally
generated antigenic peptides [43,44]. The binding of antigenic peptides is influenced by another MHC
class II-like heterodimer, HLA-DO, which regulates the MHC-II peptide repertoire by modulating the
activity of HLA-DM [45,46]. The α- and β-chains of these dimeric class II-like molecules are encoded
by the HLA-DMA, HLA-DMB, HLA-DOA, and HLA-DOB genes. Like the classical MHC-II genes,
all four genes encoding the class II-like MHC molecules are similarly upregulated in HPV+ HNSCC
versus HPV− tumors or normal control tissues (Figure 2).

When repeated only considering the oropharynx subsite, HPV+ oropharyngeal tumors expressed
significantly higher levels of the invariant chain and MHC-II-like genes compared to their
HPV− oropharyngeal tumor counterparts (Supplementary Materials Figure S1). Taken together,
the upregulation of the genes encoding the MHC-II invariant chain and class II like genes, suggests that
key components of the MHC-II antigen presentation pathway are transcribed in HPV+ HNSCC at levels
that are significantly higher than observed in HPV− tumors or normal control tissues. Furthermore,
these genes are also expressed at very high levels, with the exception of HLA-DOB, that are indicative
of being expressed by epithelial cells within the actual tumor.
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Figure 2. Expression of the invariant chain and MHC class II-like genes in head and neck carcinomas
stratified by HPV-status. RSEM normalized RNA-seq data for the indicated genes involved in
MHC-II-dependent antigen processing and presentation was extracted from the TCGA database for
the HNSC cohort for HPV+, HPV−, and normal control tissues. Numbers in brackets refer to the
number of samples included in each analysis. Statistical analysis was performed using a two-tailed
non-parametric Mann–Whitney U test. ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns—not significant.
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2.3. Impact of HPV-Status on the Expression of Transcriptional Regulators of MHC-II Gene Expression

Transcriptional control of MHC-II genes and the related genes that encode key components of the
MHC-II antigen presentation pathway is among one of the best understood systems in mammals. It is
a complex transcriptional system with a unique method of regulation that is completely dependent
on the master transcriptional regulator CIITA [29,47]. In agreement with the high levels of MHC-II
genes and related genes, analysis of the TCGA data reveals significantly higher levels of CIITA in
HPV+ samples compared to HPV− or normal control tissues (Figure 3). In addition, RFX5—another
important transcriptional regulator of MHC-II genes [29]—was similarly expressed at significantly
higher levels in HPV+ samples with respect to HPV− tumors or normal control tissues (Figure 3).
Again, these differences were also observed when only considering the expression of these genes in the
oropharynx (Supplementary Materials Figure S1).

Expression of MHC-II genes and related genes are restricted to APCs, however non-hematopoietic
cells such as fibroblasts, endothelial cells, and epithelial cells can be stimulated by IFNγ to express
MHC-II molecules and related proteins involved in the antigen presentation pathway [28,29,36].
We analyzed the expression level of the IFNγ gene (IFNG) (Figure 3). As expected, the relative level of
IFNG expression was similar in magnitude to that of other leukocyte specific genes (Supplementary
Materials Figure S2A). However, IFNG was expressed at significantly higher levels in HPV+ tumors
compared to its HPV− counterpart or normal control tissues (Figure 3). In addition, when only
considering the oropharynx, the expression of the IFNγ gene was significantly higher in HPV+ samples
compared to HPV− oropharyngeal tumors (Supplementary Materials Figure S1).

To further illustrate the IFNγ-specific coordinated upregulation of MHC-II genes and related genes
that encode products essential for antigen processing and presentation, we generated a correlation matrix
for both HPV+ (Figure 4: upper triangle) and HPV− samples (Figure 4: lower triangle). As expected,
regardless of HPV-status, we found that expression of all MHC-II antigen presentation-specific genes
were statistically correlated in a pairwise fashion in each patient sample (see also Supplementary
MaterialsTable S1).
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Figure 3. Expression of class II major histocompatibility complex transactivator (CIITA), regulatory factor
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ns—not significant.
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HPV− samples (lower triangle). Pairwise spearman correlation was performed followed by hierarchical
clustering to group based on correlation. Number in boxes indicate Spearman’s rank correlation
coefficient of analyzed gene pairs.

Thus, the upregulated expression of CIITA, RFX5, and subsequent expression of all the classical
MHC-II genes and related genes required for antigen loading and presentation observed in HPV+

head and neck carcinomas are likely a consequence of IFNγ exposure. Furthermore, the correlation
matrix illustrates the unique simultaneous coordination of the MHC-II transcriptional control system
that has been shown to be dictated by the master transcriptional regulator CIITA [29,47].

2.4. Impact of HPV-Status on the Expression of T-Cell Co-Stimulatory Molecules in HPV-Positive Head and
Neck Carcinomas

Co-stimulation of T-cells occurs through the interaction of its constitutively expressed CD28
receptor with either CD80 or CD86 on APCs [22]. Utilizing RNA expression data for the levels of
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each of these co-stimulatory molecules, we found higher levels of CD28 in HPV+ tumors compared to
HPV− or normal control tissues (Figure 5). While the levels of both CD80 and CD86 in HPV+ tumors
were not significantly different compared to their HPV− counterparts, they were significantly higher
compared to normal control tissues (Figure 5). In addition, we found that the mRNA levels of CD152,
which encodes for CTLA-4, a marker of T-cell activation [48], was significantly upregulated in HPV+

tumors compared to HPV− and normal control tissues (Figure 5). Again, these differences were also
observed when only considering the expression of these genes in the oropharynx (Supplementary
Materials Figure S1). These results suggest that, like the MHC-II genes and the genes involved in
antigen loading and presentation, co-stimulatory molecules are similarly present at higher levels in
HPV+ tumors and this is correlated with a higher level of T-cell activation.
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Figure 5. Expression of genes that encode for T-cell co-stimulatory molecules in head and neck
carcinomas stratified by HPV-status. RSEM normalized RNA-seq data for genes that encode T-cell
specific co-stimulatory molecules was extracted from the TCGA database for the HNSC cohort for
HPV+, HPV−, and normal control tissues. Statistical analysis was performed using a two-tailed
non-parametric Mann–Whitney U test. Numbers in brackets refer to the number of samples included
in each analysis. **** p ≤ 0.0001, ns—not significant.

2.5. Impact of HPV-Status on the Expression of Inducible T-cell Survival Signal Molecules in HPV-Positive
Head and Neck Carcinomas

Utilizing the RNA-seq HNSC dataset from the TCGA, we looked at genes that encode for inducible,
T-cell activation-dependent, survival signal molecules and their respective ligands [22,49]. We found
that CD137 (4-1BB, TNFRSF9) was significantly upregulated in HPV+ tumors compared to HPV−
or normal control tissues (Figure 6). However, its ligand TNFSF9 (CD137L, 4-1BBL) was found to
be significantly downregulated in HPV+ tumors compared to HPV− and not significantly different
compared to normal control tissues (Figure 6). Next, we looked at the genes that encode for the inducible
T-cell co-stimulator (ICOS) and its ligand ICOSLG and found that both were significantly upregulated
in HPV+ tumors compared to HPV−, but only ICOS was significantly upregulated in comparison
to normal control tissues (Figure 6). Finally, we looked at OX40 (TNFRSF4, CD134) and its ligand
OX40L (TNFSF4, CD252) and found that both genes were significantly upregulated in HPV+ tumors
compared to their HPV− counterparts and normal control tissues (Figure 6). Again, these differences
were also observed when only considering the expression of these genes in the oropharynx with the
exception of TNFSF4 (Supplementary Materials Figure S1). Taken together, these results suggest that
T-cells are activated and proliferating within the HPV+ tumor microenvironment via the observation
of an increase in expression of genes that encode for survival signal molecules that are only induced
following TCR-mediated antigen-specific T-cell activation and/or CD28 co-stimulation [22,49].
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Figure 6. Expression of inducible T-cell survival signal molecules in head and neck carcinomas stratified
by HPV-status. RSEM normalized RNA-seq data for inducible genes that encode for T-cell survival
molecules was extracted from the TCGA database for the HNSC cohort for HPV+, HPV−, and normal
control tissues. Statistical analysis was performed using a two-tailed non-parametric Mann–Whitney
U test. Numbers in brackets refer to the number of samples included in each analysis. * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns—not significant.

3. Discussion

Expression of MHC-II is typically associated with professional APCs, which are considered
essential for the initiation of the adaptive immune response. They function by sampling their
local environment via phagocytosis, acquiring particles and processing them internally in order to
present them on their cell surface to CD4+ T-cells in the context of an antigen-MHC-II complex [21].
The crosslinking of the CD4+ TCR and antigen-MHC-II complex initiates the T-cell activation protocol
that, in conjunction with co-stimulatory signals, can ultimately lead to an effective adaptive immune
response against a threat of internal or external origin, such as cancerous cells or bacteria and viruses,
respectively [22].

In non-hematopoietic cells, such as epithelia, MHC-II expression can be induced through exposure
to the pro-inflammatory cytokine IFNγ [28,29,36]. This induction of MHC-II on epithelial cells bestows
on them the ability to act as accessory APCs, and this can accentuate the presentation of antigens to
CD4+ T-cells [30]. However, the ability of epithelial cells to function as accessory APCs is generally
underappreciated, with most existing information related to the gastrointestinal and respiratory
tracts [50]. Interestingly, cancerous tissues can retain tumor-specific MHC-II expression, and this has
the potential to increase recognition of a tumor by the immune system [31]. Indeed, tumor specific
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MHC-II expression has been associated with superior prognosis and/or improved response to immune
checkpoint inhibitor therapy in several human cancers, as well as increased tumor rejection in murine
models [31–35]. The importance of the immune response for successful resolution of cancers cannot be
understated. Indeed, mouse models have shown that neither chemotherapy nor radiation treatment
functioned effectively in the absence of a functional immune system, at least in HPV+ HNSCC [51].

While MHC-II expression has been reported in head and neck tumors [35], existing studies
have been limited to individual classical isotypes, such as HLA-DR, based on limitations in available
antibodies [52]. Cell culture models based on established head and neck cancer lines have also
demonstrated MHC-II expression, often in response to IFNγ, or transfection with CIITA—master
regulator of MHC-II transcription [53,54]. However, no existing studies have comprehensively assessed
the transcriptional status of the entire MHC-II antigen presentation system in head and neck cancers.
In this study, our goal was to determine if MHC-II components were widely expressed in human head
and neck cancers and whether expression was influenced by HPV-status.

Using data from over 500 primary human head and neck tumors, we provide evidence that
HPV+ head and neck carcinomas display high mRNA levels for virtually all MHC-II genes, including
the classical and non-classical α- and β-chains, the invariant γ chain, as well as factors required for
MHC-II loading and trafficking (Figures 1 and 2). Increased expression of these genes was observed
whether the comparison included all head and neck cancer subsites or was restricted to just the
oropharynx, where the majority of HPV+ head and neck cancers arise (Supplementary Materials Figure
S1). These results are in good agreement with the concurrent detection of high levels of expression of
CIITA and RFX5, important global regulators of MHC-II transcription [29,47], in HPV+ tumors. HPV+

head and neck carcinomas express significantly higher levels of these genes as compared to normal
control tissues, and these levels are generally higher than in HPV− carcinomas (Figure 3). This likely
reflects the T-cell inflamed nature of HPV+ cancers [7], and specifically the higher levels of IFNγ

expressed in these tumors (Figure 3). This IFNγ-dependent coordinated upregulation of MHC-II genes
and related genes involved in antigen processing and presentation was further illustrated in Figure 4,
where we observed a strong global correlation with all genes analyzed in the MHC-II transcriptional
control system.

After generation and programming in the thymus, CD8+ and CD4+ T-cells circulate in the body
until they encounter their specific antigen presented on either class I or class II MHC molecules,
respectively [23,24,55]. This interaction between TCR and antigen-loaded MHC complex represents
signal 1, which triggers the activation of T-cells. However, in order for the activated T-cell to fully
respond to the presented threat, and not enter a state of unresponsiveness, it requires a secondary signal
through co-stimulatory molecules [22]. We found higher levels of CD28 in HPV+ tumors compared to
their HPV− counterparts and normal control tissues (Figure 5). The binding of CD28 with either CD80
or CD86 leads to clonal expansion of the T-cell pool that is specific to the recognized antigen [22,49].
In order to attenuate this response, the aforementioned interaction leads to the induction of the
co-inhibitory molecule CTLA-4, which is encoded by the gene CD152. This co-inhibitory molecule
will compete with CD28 for binding to either CD80 or CD86 to attenuate the T-cell response [22,48].
We found that CD152 was significantly upregulated in the HPV+ cohort (Figure 5). Collectively, this data
indirectly illustrates the higher number of infiltrating T-cells within the tumor microenvironments of
HPV+ HNSCC through the identification of significantly higher levels of the constitutively expressed
T-cell-specific CD28 marker. In addition, it provides good evidence that the interaction of co-stimulatory
molecules in HPV+ HNSCC is effective, given that we detected significantly higher levels of expression
of CD152 mRNA, which encodes for the inducible co-inhibitory molecule CTLA-4.

In order for proliferating T-cells to persist and survive after antigen-recognition and subsequent
stimulation with co-stimulatory molecules, they require survival signals that are delivered through the
cross-linking of various molecules [22,49]. Interestingly, unlike other co-stimulatory molecules—such
as CD28—that can be found constitutively expressed on T-cells, the molecules that convey these
survival signals are encoded by genes that are only expressed following TCR-mediated antigen-specific
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T-cell activation and/or CD28 co-stimulation [22,49]. We found that all inducible T-cell survival genes
analyzed, with the exception of TNFSF9, were expressed at significantly higher levels in HPV+ tumors
compared to HPV− and normal control tissues (Figure 6). TNFSF9 was significantly downregulated
in HPV+ tumors compared to its HPV− counterpart (Figure 6). This downregulation of TNFSF9
is indicative of a mechanistic response to excessive CD137-mediated signaling [56–58]. This data
indirectly illustrates that the HPV+ tumor microenvironment contains increased levels of activated and
proliferating T-cells via the observation of an increase in expression of genes that encode for survival
signal molecules that are induced following TCR-mediated antigen-specific T-cell activation and/or
CD28 co-stimulation. These results agree well with previous reports by our group and others that
HPV+ tumors contain more T-cells [7,16–19], but goes further in that it indirectly provides evidence of
productive MHC-II-dependent tumor-antigen recognition.

4. Materials and Methods

4.1. TCGA RNA-Seq Boxplot Comparisons

Level 3 RNA-Seq by Expectation Maximization (RSEM)-normalized Illumina HiSeq RNA
expression data for the TCGA head and neck cancer (HNSC) cohort was downloaded from the Broad
Genome Data Analysis Centers Firehose server (https://gdac.broadinstitute.org/). The normalized,
gene level Firehose dataset was utilized for all the genes analyzed. RSEM-normalized RNA-Seq
data was extracted into Microsoft Excel and the HPV-status was determined based on published
datasets [59–62]. For all genes analyzed in this study, patient samples from primary tumors with
known HPV-status were grouped as HPV+, HPV−, or normal control samples. Patient samples
with undetermined HPV-status or samples from secondary metastatic lesions were omitted from our
calculations. This resulted in 73 HPV+, 442 HPV−, and 43 normal control samples with RNA-Seq
data available for gene expression analysis. Oropharynx-only gene reanalysis was performed by
utilizing patient samples that were isolated from the tissues of the oropharynx (tonsils, base of tongue,
or oropharynx) for both HPV+ and HPV− samples. This resulted in 53 HPV+ and 26 HPV− samples
with RNA-Seq data available for gene expression analysis. Graphpad Prism v7.0 (Graphpad Software,
Inc., San Diego, California, USA) was used to generate boxplot comparisons of gene expression
between the indicated HPV+, HPV−, and normal control samples as well as the oropharynx-only
reanalysis between HPV+ and HPV− samples. For each boxplot, the center line indicates the median,
the lower and upper box limits represent Q1 (25th percentile) and Q3 (75th percentile), respectively,
and the whiskers extend 1.5 times the interquartile range (IQR) from Q1 (lower whisker) and Q3
(upper whisker). An unpaired, two-tailed non-parametric Mann–Whitney U test was utilized to assign
p-values. G*Power Software version 3.1.9.2 [63] was used to perform post-hoc power calculations,
with effect size selected as 0.8 and α = 0.05. All boxplot comparisons achieved a power value > 0.8.
Figures were assembled into final form using Adobe Illustrator CS6.

4.2. Correlation Matrix

Level 3 RSEM normalized RNA-seq data for the genes listed above were extracted from the TCGA
database and processed as detailed in Materials and Methods 4.1. For the HPV+ (upper triangle)
and HPV− samples (lower triangle), pairwise spearman correlation was performed for each gene
involved in the MHC-II transcriptional control system. Hierarchical clustering was utilized to group
genes based on strength of correlation. Correlations and clustering were performed using R statistical
environment (version 3.4.0; https://cran.r-project.org/bin/macosx/) utilizing packages ggplot2 and
reshape2. Correlation matrix figure was assembled into final form using Adobe Illustrator.

5. Conclusions

HPV+ HNSCC tumors are remarkably different from their HPV− counterparts in that they express
high levels of all components of the MHC-II antigen presentation apparatus. Importantly, while some
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of this signal can be attributed to professional APCs, the extremely high relative level of expression
supports a model whereby the T-cell inflamed environment in HPV+ HNSCC induces a functionally
effective MHC-II presentation system based on tumor epithelial cells. As MHC-II-dependent antigen
presentation is critical for CD4+ help in CD8+ T-cell responses, which are essential for the control
and clearance of cancerous cells, it is likely that the expression of non-self-derived viral antigens or
tumor derived neoantigens, combined with intact MHC-II presentation and appropriate co-stimulation
contributes to the markedly better patient outcomes for HPV+ versus HPV− head and neck carcinomas.
As immune checkpoint inhibition therapy in other cancers has been reported to be most effective
for tumors with high MHC-II levels, suggesting that stratification based on MHC-II levels may help
predict those likely to respond to checkpoint inhibition therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/8/1129/s1,
Figure S1: Gene expression reanalysis in the oropharynx. Figure S2: Gene expression comparisons of (A) APC
and (B) Epithelia markers. Table S1: MHC-II genes pairwise correlation, Spearman coefficients, and P-values.
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Abstract: Cidofovir (CDV) is an antiviral agent with antiproliferative properties. The aim of our
study was to investigate the efficacy of CDV in HPV-positive and -negative head and neck squamous
cell carcinoma (HNSCC) cell lines and whether it is caused by a difference in response to DNA
damage. Upon CDV treatment of HNSCC and normal oral keratinocyte cell lines, we carried out
MTT analysis (cell viability), flow cytometry (cell cycle analysis), (immuno) fluorescence and western
blotting (DNA double strand breaks, DNA damage response, apoptosis and mitotic catastrophe).
The growth of the cell lines was inhibited by CDV treatment and resulted in γ-H2AX accumulation
and upregulation of DNA repair proteins. CDV did not activate apoptosis but induced S- and G2/M
phase arrest. Phospho-Aurora Kinase immunostaining showed a decrease in the amount of mitoses
but an increase in aberrant mitoses suggesting mitotic catastrophe. In conclusion, CDV inhibits cell
growth in HPV-positive and -negative HNSCC cell lines and was more profound in the HPV-positive
cell lines. CDV treated cells show accumulation of DNA DSBs and DNA damage response activation,
but apoptosis does not seem to occur. Rather our data indicate the occurrence of mitotic catastrophe.

Keywords: human papillomavirus; head and neck cancer; double-stranded DNA breaks; DNA repair;
cell line; cyclin B1; Aurora Kinase A

1. Introduction

Each year ~600,000 people worldwide are diagnosed with head and neck squamous cell carcinoma
(HNSCC), making HNSCC the sixth most common cancer in the world [1]. Important risk factors for
the development of HNSCC are alcohol consumption and/or smoking as well as high-risk human
papillomavirus (HPV) infections. HPV-positive HNSCC is considered to be a distinct clinical and
molecular entity in comparison to HPV-negative HNSCC [2]. The mortality rates have hardly
decreased over the last decades and the five-year survival rate still ranges between 40–50%, even
though improvements in detection and treatment have been achieved [3]. The HPV status of the
tumor possesses powerful prognostic value, where HPV-positive patients have a more favorable
prognosis [4,5]. There is an urgent need for new agents that can be integrated into or replace current
treatment regimens to improve outcome and quality of life of HNSCC patients.

Cidofovir (CDV) is an acyclic nucleoside phosphonate which targets DNA viruses that encode for
their own DNA polymerase, because the active diphosphate metabolite (CDVpp) has a higher affinity
for viral DNA polymerase compared to cellular DNA polymerase. CDVpp competitively inhibits the
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incorporation of deoxycytidine triphosphate (dCTP) into viral DNA by viral DNA polymerase, which
results in reduction in the rate of viral DNA synthesis [6,7]. Currently, CDV is approved by the Food and
Drug Administration for intravenous administration in the therapy of cytomegalovirus retinitis in AIDS
patients [8,9]. CDV is also used off-label for the treatment of infections caused by other DNA viruses,
including papilloma- and polyomaviruses. In earlier studies, CDV has shown to have anti-proliferative
properties against HPV-positive cervical carcinoma and HPV-negative transformed cell lines [10]. CDV
has also been reported to be effective in a number of HPV-negative malignancies in vivo, such as
glioblastoma and nasopharyngeal carcinoma [11,12]. The effects of CDV on HPV-positive induced
benign and malignant proliferations should be linked to the antiproliferative effects of the compound
as HPV uses the host DNA polymerase for replication [10,13]. Today, the molecular mechanisms
underlying the effectivity of CDV are not completely understood. One hypothesis is that the selectivity
of CDV for HPV-transformed cells is based on differences in replication rate, CDV incorporation into
the cellular DNA, and in response to DNA damage caused by CDV [14]. The aim of our study was
to investigate the in vitro efficacy of CDV in HPV-positive and -negative HNSCC cell lines and the
normal oral keratinocyte (NOK) cell line, which is immortalized by the activation of hTERT [15], and
whether this efficacy is caused by a difference in response to DNA damage.

2. Results

2.1. Effect of CDV Treatment on the Cell Viability of HNSCC and Uterine Cervical Carcinoma (UCC) Cell Lines

To determine the cell viability in the presence of CDV, all cell lines were cultured for 3, 6 and
9 days with increasing concentrations of CDV. CDV inhibited cell growth in the HPV-positive and
-negative HNSCC-, the HPV-positive UCC- and the NOK cell lines as determined by the MTT assay.
The anti-proliferative activity of CDV increased over time from day 3 to day 9 in all the cell lines tested.
There was only a significant difference between the IC50 of the HPV-positive HNSCC and UCC cell
lines versus the HPV-negative HNSCC cell lines after 6 days of treatment (p = 0.0102). The IC50 values
of day 6 and 9 varied considerably between the different cell lines (Figure 1). We used the IC50 of day 9
for further experiments.
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Figure 1. Effect of CDV on cell viability. The viability of the used cell lines was assessed using an MTT
assay. The IC50 value is the drug dose that causes 50% growth inhibition. Showing the results of 9 days
CDV treatment: (A) HPV-positive UCC cell lines, (B) HPV-positive HNSCC cell lines, (C) HPV-negative
HNSCC cell lines, (D) NOK cell line, (E) Overview of IC50 values after 6 and 9 days of treatment. The
experiments were performed in triplicate.
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2.2. CDV Treatment Results in DNA Damage

The HPV-positive cell lines 93-VU-147T and UM-SCC-47, HPV-negative cell line UPCI-SCC-72
and NOK were used to investigate DNA damage induction by CDV. The occurrence of DNA damage
induction in the cell lines was confirmed by irradiation of 93-VU-147T, as there was an increase of
γ-H2AX in the irradiated cells compared to the non-irradiated cells after both 4 and 24 h (Figure S1).

All four cell lines were treated for 3 and 6 days with CDV and processed for γ-H2AX
immunofluorescence. Figure 2A illustrates representative nuclei of the untreated and treated cells
of 93-VU-147T. γ-H2AX was visible after 3 days of CDV treatment and increased further after 6
days (Figure 2B). The increased expression of phospho-H2AX (p-H2AX) in CDV treated cells was
also seen in western blot analyses (Figure 2C). Similar results were observed for UM-SCC-47 and
UPCI-SCC-72. NOK showed in the control and treated cells accumulation of DNA damage. There was
more upregulation of γ-H2AX in the cell lines with the highest anti-proliferative effects (93-VU-147T
and UM-SCC-47), compared to the cell line with the lowest anti-proliferative effect (UPCI-SCC-72).Cancers 2019, 11, x 4 of 16 
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Figure 2. DNA damage induced by CDV as detected by γ-H2AX analysis. Cells were treated with CDV
or PBS (control) and after 3 and 6 days immunostaining of γ-H2AX was performed. (A) DNA-damage is
accumulated in the treated 93-VU-147T cells. Nuclei are stained with Hoechst in blue, DSBs are shown
by γ-H2AX in green. (B) Quantification of γ-H2AX positive cells after 3 and 6 days CDV treatment.
(C) Cell lysates of 93-VU-147T were examined by western blotting with p-H2AX after 3 and 6 days.
β-actin was used as loading control. (D) DNA damage is accumulated in treated UM-SCC-47 cells.
(E,F) Quantification of y-H2AX positive cells after 3 and 6 days CDV treatment and western blotting
analysis of p-H2AX for UM-SCC-47, (G,H) UPCI-SCC-72, (I,J) and NOK. Statistical significance was
indicated as follows: p < 0.05 (*). The experiments were performed in triplicate.

2.3. Activation of DNA Damage Response by CDV

Since increased γ-H2AX expression upon CDV treatment suggests accumulation of DNA double
strand breaks (DNA DSBs), the DNA damage response pathway was investigated at protein level. In
response to DNA damage, cells normally activate the DNA damage response pathway, which causes
G1/S arrest via the p53 pathway and G2/M arrest via checkpoint kinases Chk1 and Chk2. We performed
both western blotting of DNA damage response proteins and p53 mutation analysis on the cell lines.
In 93-VU-147T, starting from day 3 a strongly increased expression of the phosphorylated checkpoint
kinases Chk1 (p-Chk1) and Chk2 (p-Chk2), phosphorylated BRCA1 (p-BRCA1) and a moderately
increased expression of phosphorylated p53 at ser15 (ser15p53) was observed upon CDV treatment
compared to the control. In addition, cdc2 was phosphorylated at Tyr15 (p-cdc2), which is one of the
two inhibition sites for the activation of the cdc2-cyclin B complex. P53 and p21 were upregulated in
the treated and untreated cells (Figure 3A). This may be explained by presence of both wild type and
mutant TP53 (L275R; allelic frequency (AF) 51%) in this cell line. In UM-SCC-47 the upregulation of
the pathway appeared at day 6. In this cell line, there is only an upregulation of p53 and p21 in the
CDV treated cells (Figure 3B). This cell line proved to harbor wild type TP53, which is down regulated
by HPV oncoprotein E6. In the two HPV-positive cell lines, there was still a significant amount of DNA
damage visible in the treated cells after 6 days. Analysis of UPCI-SCC-72 and NOK showed lower
expression levels of the DNA damage response proteins in comparison to UM-SCC-47 and 93-VU-147T.
UPCI-SCC-72 showed an upregulation of p-Chk1, p-Chk2 and ser15p53 after 6 days. p53, p-BRCA1
and p-cdc2 were detected at similar levels in the treated and untreated cells, and p21 showed lower
expression levels in CDV treated cells (Figure 3C). This cell line harbors a pathogenic TP53 mutation
(H179N; AF 100%), which is in agreement with earlier observations [16]. NOK showed upregulation of
p-Chk1, p-Chk2, ser15p53 and p-cdc2. p53 and p-BRCA1 were detected at similar levels in the treated
and untreated cells, and p21 showed reduced expression in CDV treated cells (Figure 3D). This cell line
has both wild type and mutant TP53 (R213Ter; AF 39%).
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blot analysis of whole protein extracts. The cells were treated for 3 and 6 days with the IC50 value of 
CDV or control (PBS). β-actin was used as loading control. For the cell lines (A) 93-VU-147T and (B) 

Figure 3. Expression levels of proteins involved in the DNA damage response pathway by western
blot analysis of whole protein extracts. The cells were treated for 3 and 6 days with the IC50 value
of CDV or control (PBS). β-actin was used as loading control. For the cell lines (A) 93-VU-147T and
(B) UM-SCC-47 protein extracts of 10µg were used, where for (C) UPCI-SCC-72 and (D) NOK protein
extracts of 30µg were used. The experiments were performed in triplicate.

2.4. CDV Treatment Results in Mitotic Catastrophe

A consequence of the activation of the DNA damage response pathway may be cell cycle arrest
followed by apoptosis. For this purpose, we first analyzed the cell cycle distribution by Flow Cytometry
analysis after 3 and 6 days of CDV treatment. In the four cell lines there was a decrease of cells in the G1
phase and an increase of cells in the S-phase compared to the control. Furthermore, in the UM-SCC-47,
UPCI-SCC-72 and NOK also after 6 days an increase in cells in the G2/M phase was observed. These
results indicate that under CDV treatment cells accumulate in S- and G2/M-phase (Figure 4).

This was further confirmed by cyclin B1 immunostaining in CDV treated cell lines, showing an
increase in intensity as well as the number of cyclin B1 positive cells after 6 days of CDV treatment
(Figure 5). The most significant increase of cells in the G2/M phase after 6 days was seen for UM-SCC-47
and NOK. These cell lines showed also the most significant increase in cyclin B1 intensity after
6 days treatment.
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Figure 5. Upregulation of cyclin B1 expression in the nucleus after treatment of cell lines with
CDV. The cells were treated for 3 and 6 days with the IC50 value of CDV followed by cyclin B1
immunofluorescence staining. Nuclei were considered positive if the intensity was higher than the
average intensity plus two times standard deviation of the negative control. (A) Representative images
of cyclin B1 immunofluorescence (right side) of the HPV-positive UM-SCC-47 cell line after 6 days CDV
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treatment vs. PBS control, left side showing blue nuclear DAPI staining. (B) Cell lysates of UM-SCC-47
were examined by western blotting of cyclin B1 after 6 days. β-actin was used as loading control.
(C) cyclin B1 intensity of 93-VU-147T after 3 and 6 days of treatment. (D) cyclin B1 intensity of
UM-SCC-47, UPCI-SCC-72 and NOK after 6 days of treatment. (E) % positive cyclin B1 cells of
93-VU-147T, UM-SCC-47, UPCI-SCC-72 and NOK after 6 days treatment. n = number of analyzed
cells. Statistical significance was indicated as follows: p < 0.05 (*). The experiments were performed in
triplicate. Scale bar of (A): 100 µm.

In order to assess if cells go into apoptosis under CDV treatment, we performed an Annexin-V
assay. First, all cell lines were treated with 1 µM Staurosporine for 1 day, a known inducer of apoptosis.
In the three HNSCC cell lines there was a strong increase of apoptotic cells observed, whereas only
a slight increase was observed in the NOK cell line. In contrast, after CDV treatment there was no
increase in apoptotic cells observed in the HNSCC cell lines, except for the 93-VU-147T, showing a
significant increase of apoptotic cells after CDV treatment, but this was an increase of 2.7%. The NOK
cell line showed a strong increase in apoptotic cells. Taken together, CDV induced apoptosis in the
NOK cell line, but not in the HNSCC cell lines (Figure 6).Cancers 2019, 11, x 8 of 16 
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Figure 6. Effect of CDV treatment on induction of apoptosis. Cells were either treated for 1 day with
1µM Staurosporine, a known inducer of apoptosis or for 3 and 6 days with CDV, followed by analysis
of Annexin V staining. Results are shown for (A) 93-VU-147T, (B) UM-SCC-47, (C) UPCI-SCC-72
and (D) NOK. Statistical significance was indicated as follows: p < 0.05 (*). The experiments were
performed in triplicate.

Cyclin B1 accumulation in the nucleus indicates that a part of the cells enter mitosis and with
an inactive apoptosis machinery, this may lead to mitotic catastrophe. To visualize this process, we
used immunofluorescence detection of phospho-Aurora Kinase, which is detected at the centrosomes
along mitotic spindle microtubules and plays a role in the mitotic chromatid segregation. The first
observation in these experiments were an increase in cell nuclei size after CDV treatment in comparison
with the control cells (Figure S2). CDV treated cells showed a decrease in number of mitotic figures
and an increase in cells in mitotic catastrophe (Figure 7). NOK showed a slight increase in mitoses
after treatment with CDV instead of a decrease, but also an increase in mitotic catastrophe. Because so
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far, the cell lines were treated with CDV concentrations resulting in equal toxicity (IC50 value), we
also wanted to investigate if mitotic catastrophes could explain the differences in sensitivity. Indeed,
Figure 7I shows that more mitotic catastrophes were observed with increasing sensitivity for CDV.Cancers 2019, 11, x 9 of 16 
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3. Discussion 

Figure 7. Induction of mitosis and mitotic catastrophe after treatment with CDV. The cells were
treated with CDV or PBS for 3 and 6 days after which immunostaining of phospho-Aurora Kinase was
performed. The cells were treated with an equal toxicity (IC50) and with the same CDV concentration
(50 µM). (A) The number of cells in mitosis (2 centrosomes) per 1000 counted cells and (B) percentage of
cells in mitosis undergoing mitotic catastrophe when treated with PBS or CDV (IC50). (C) Representative
nuclei of 93-VU-147T untreated and (D) treated with CDV for 6 days. (E) Magnification of a normal
mitotic figures and (F) 2 nuclei in mitotic catastrophe with multiple spindles visible (G) 93-VU-147T
and (H) UM-SCC-47 cell line treated with IC50 vs. 50 µM. (I) Percentage of control and treated cells in
mitotic catastrophe when treated with 50 µM. Statistical significance was indicated as follows: p < 0.05
(*). The experiments were performed in triplicate. Scale bar of (C–F): 50 µm.
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3. Discussion

The antiproliferative effects of CDV were studied in three HPV-positive, two HPV-negative
HNSCC cell lines, two HPV-positive UCC cell lines and the immortalized NOK cell line. In all the
cell lines the cell growth was inhibited by CDV with differences in response between the cell lines.
Treatment with CDV caused DNA damage by means of DNA DSBs and as a result the DNA damage
response pathway became activated. There was an accumulation of cells in the S- and G2/M phase and
with an inappropriate apoptosis machinery, the cells appeared to undergo mitotic catastrophe.

CDV targets DNA viruses that encode for their own DNA polymerase. In addition, CDV has
been shown to have antiproliferative properties against HPV-positive and HPV-negative malignancies
in vitro and vivo [10–12]. The molecular mechanism underlying the efficacy of CDV is not completely
understood, as HPV uses the host DNA polymerase for replication [10,13]. The aim of our study
was to investigate the efficacy of CDV in HPV-positive and -negative HNSCC cell lines in vitro and
whether this efficacy is caused by a difference in response to DNA damage. Our results show that
CDV inhibits the cell growth of all the HPV-positive and -negative HNSCC, the UCC cell lines and the
NOK cell line, and is more effective in the HPV-positive cell lines than in the HPV-negative cell lines
after 6 days. Treatment with CDV caused DNA damage by means of DNA DSB’s. There was more
DNA damage visible in the two HPV-positive cell lines showing the strongest inhibition as compared
to the HPV-negative cell line showing much less inhibition by CDV. The IC50 values of the cell lines
SiHa, CaSki, UM-SCC-47 and UD-SCC-2 were in accordance to those found by Mertens et al. [17].
They reported that CDV incorporation into DNA caused DNA damage, but there was no correlation
between the occurrence of DNA damage and the anti-proliferative effects of CDV.

In order to further investigate the mechanism of action of CDV, we examined the activation of the
DNA damage response pathway, the cell cycle and the induction of apoptosis. After treatment with
CDV, the DNA damage response pathway became activated by means of phosphorylation of the DNA
repair proteins (BRCA-1, Chk-1, Chk-2 and p53) in the two HPV-positive HNSCC cell lines. This effect
was seen to a lesser extent in the HPV-negative cell line and NOK cell line. In the HPV-positive cell
lines only a slight upregulation of phosphorylated p53 would be expected, because of inactivation by
E6, which in turn is not influenced by CDV [14,18]. This was observed in UM-SCC-47. The higher
expression of p53 in 93-VU-147T might be the consequence of a TP53 mutation in one allele.

We found a S-phase arrest after 3 and 6 days CDV treatment and after 6 days there was also a
G2/M arrest visible. The expression of cyclin B1 in the nucleus after treatment with CDV was also
increased after 6 days. Additionally, the phosphorylation of cdc-2 on Tyr15 increased, also suggesting
G2/M arrest. However, there was still a significant amount of DNA damage visible in the treated
cells after 6 days, which implies that DNA repair does not occur efficiently in the HPV-positive cell
lines. Similar results were found in HPV-positive UCC cells (SiHa, HeLa) by De Schutter et al. [14].
They found that these tumor cells lacked appropriate cell cycle regulation and DNA repair as did
the immortalized keratinocyte cell line (HaCaT). Earlier studies have also indicated that an impaired
DNA damage repair is responsible for the elevated radiosensitivity of HPV-positive tumor cells [19,20].
An explanation for this observation might be that the expression of HPV E6 and E7 in cells hinder
the homologous recombination pathway through the mislocalization of Rad51 away from the DSBs
through a yet unknown mechanism [21].

We noted that CDV treatment did not lead to an increase in Annexin-V staining. Abdulkarim
et al. also did not detect apoptosis after CDV treatment in HPV-positive UCC and HNSCC cells and
proposed cell cycle arrest to occur [22]. These results are in agreement with studies inducing DNA
damage by radiotherapy in HNSCC cell lines, which also showed no occurrence of apoptosis [19,23].

Immunofluorescence of phospho-Aurora Kinase revealed nuclei increased in size and the presence
of multiple centrosomes in CDV treated cells. Combined with the suggested G2/M arrest, this finding
indicates the development of mitotic catastrophe being the predominant cause leading to cell death.
Indeed, more mitotic catastrophes were observed with increasing sensitivity for CDV. Radiation as well
as various antitumor drugs have been described to induce mitotic catastrophe [24–26]. Progression
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from G2- to M-phase is driven by the activation of the cyclin B1/cdc2 complex. Aberrant mitotic
entry before the completion of DNA replication can cause mitotic catastrophe and is associated with
multinuclear enlarged cells and multipolar spindles [27]. Upregulation of cyclin B1 and prolonged
activation of cyclin B1/cdc2 complex are typical features of mitotic catastrophe [28].

In contrast to the HNSCC cell lines that do not show an evident increase in apoptosis due to DNA
damage caused by CDV, already substantial apoptosis was detectable at baseline in the NOK cell line
which increased under CDV treatment. Assuming that NOK cells contain a least one wild-type allele of
TP53, one would expect less DNA damage at baseline and induction of apoptosis under CDV treatment
because of functional p53. An alternative explanation of the observed results could be that this cell
line is polyclonal, with subclones having homozygous wild-type TP53 or homozygous mutated TP53.
This would explain the baseline DNA damage (in the mutated p53 cells) and detection of apoptosis
under CDV treatment (occurring in the wild-type p53 cells). Hence, the question is whether or not
the NOK cell line is a good normal keratinocyte control. Rather, the observed features, including the
presence of a TP53 mutation, more resemble features seen in the HNSCC cell lines. The fact that normal
keratinocytes cell lines that are not immortalized do not show DNA damage after CDV treatment, as
has been reported by Mertens et al., further underscores this suggestion [17].

In conclusion, we found that CDV inhibits the cell growth of HPV-positive and -negative HNSCC
cell lines, and was more profound in HPV-positive cell lines. CDV treated cells showed accumulation
of DNA DSBs and DNA damage activation, but apoptosis did not seem to occur. Rather our data
indicate the occurrence of mitotic catastrophe.

4. Materials and Methods

4.1. Cell Lines and Culture Conditions

Three HPV16-positive head and neck squamous cell carcinoma (HNSCC) cell lines: UD-SCC-2
(from Thomas Hoffmann, University of Ulm, Germany), 93-VU-147T (Johan. P. De Winter, VU Medical
Center, the Netherlands), and UM-SCC-47 (Thomas E. Carey, University of Michigan, Ann Arbor, MI,
USA) were used. Two HPV16-negative HNSCC cell lines: UPCI-SCC-72 and UPCI-SCC-003 (both from
Susanne M. Collins, University of Pittsburgh, Pittsburgh, PA, USA) were used. Two HPV16-positive
uterine cervical carcinoma cell lines, SiHa and CaSki, were purchased from the American Type Culture
Collection (ATCC). The normal oral keratinocyte (NOK) cell line (Karl Munger, Tufts University
Medical School, Boston, MA, USA), which is immortalized by activation of h-TERT [15] is a cell line
prepared from gingival tissues obtained from oral surgeries [29] as described previously [30].

Cells were cultured at 37 ◦C in a humidified atmosphere with 5% CO2. All HNSCC cell lines used
in this study were cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal calf
serum (FCS). CaSki was cultured in Roswell Park Memorial Institute (RPMI) with 10% FCS. SiHa was
cultured in Minimum Essential Medium (MEM) with 10% FCS, supplemented with L-glutamine and
non-essential amino acids. The NOK cell line was cultured in keratinocyte serum-free medium (KSFM)
supplemented with (2.6 µg/mL) bovine pituitary extract (BPE) and (0.16 ng/mL) recombinant epidermal
growth factor (rEGF). All the cell lines were regularly tested and found to be mycoplasma-free. All
cell lines were confirmed to have unique genotypes, as tested using the ProfilerPlus assay [18]. The
presence of HPV DNA was detected by PCR using the consensus primer set GP51/61 [31].

4.2. In Vitro Cell Proliferation Assay

Cells were seeded in 96-well flat bottom plates at densities that allowed exponential growth for
the duration of the experiment. They were placed in the cell culture incubator overnight at 37 ◦C
allowing the cells to attach, after which they were treated with concentrations of Cidofovir (Vistide,
Gilead Sciences Inc, Foster City, CA USA) of 10, 100, 200 and 300 µM or PBS (control). At indicated time
points post-treatment (3, 6 and 9 days), the MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
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bromide) assay (Sigma-Aldrich, Saint Louis, MO, USA) was performed as previously described [32].
The experiments were performed in triplicate.

4.3. Irradiation

The cells were irradiated at room temperature with 4 Gray (Gy). After 4 and 24 h of incubation
the irradiated cells and the no irradiated control cells were fixed with methanol for 15 min at −20 ◦C
and analyzed for γ-H2AX expression by immunofluorescence (see below).

4.4. Cell Cycle Analysis

Cells were seeded in T25 culture flasks and placed in the cell culture incubator at 37 ◦C and
allowed to attach overnight. Culture medium was added containing CDV (IC50) or PBS. After 3 and
6 days, cells were washed with PBS and trypsinized to form a cell pellet. Ice-cold 70% ethanol was
added to the cell pellet while vortexing, assuring fixation of the cells and minimizing cell clumping.
Cells in 70% ethanol were stored at −20 ◦C for a minimal duration of 30 min. Cells were washed with
PBS and resuspended in 0.5 mL propidium iodide(PI)/RNAse staining solution (100 µg/mL PI and 1
mg/mL RNAse in PBS). Cells were incubated on ice for 30 min and analyzed by flow cytometry using
a FACScanto II (BD Biosciences, San Jose, CA, USA). Data analysis was performed using FACSdiva
software (BD Biosciences). The different cell cycle regions were set to those defined by the untreated
control cells for each cell line individually.

4.5. Apoptosis Assay

As a positive control for apoptosis, the cells were treated with 1 µM Staurosporine (Sigma-Aldrich).
For the Annexin-V assay cells were seeded in 96-wells plates and allowed to attach overnight at 37 ◦C.
Cells were treated with CDV (IC50) or PBS for 3 and 6 days. Cells were stained with Hoechst 33,342
(200 µg/mL, Sigma-Aldrich) in culture medium for 15 min at 37 ◦C. Cells were washed with Annexin-V
binding buffer (10 mM HEPES, 140 mM NaCl, 5 mM CaCl2 in PBS) and stained with Annexin-V-FITC
(2.5 µg/mL in Annexin-V binding buffer) for 15 min at 37 ◦C. Staining intensities of cells were measured
in High-Content Imaging. Data was acquired using a BDpathway855 High-Content Bioimager (BD
Biosciences). Digitalization and segmentation of acquired data was done with Attovision software (BD
Biosciences). Processed data was evaluated by DIVAsoftware (BD Biosciences).

4.6. Immunofluorescence Staining of γ-H2AX, Cyclin B1 and Phospho-Aurora Kinase A/B/C

Cells were grown in 96-well plates (γ-H2AX) or on coverslips (cyclin B1 and phospho-Aurora
Kinase A/B/C) and allowed to attach overnight at 37 ◦C. Culture medium containing CDV (IC50) or
PBS was added, and cells were incubated at 37 ◦C. After 3 and 6 days, cells were washed with PBS
followed by fixation in CytoRich Red for 20 min at RT (γ-H2AX) or methanol for 15 min at −20 ◦C
(cyclin B1 and phospho-Aurora Kinase A/B/C). After washing with PBS, the cells were permeabilized
with 0.1% Triton in TBS/T (0.1% Tween20 in TBS) for 20 min and then blocked with 5% bovine serum
albumin (BSA) in TBS/T for 30 min at RT. Cells were incubated with the primary antibody (Table S1)
diluted in blocking buffer overnight at 4 ◦C. After washing with TBS/T, the cells were incubated with a
fluorescent-labeled secondary antibody directed against the primary antibody (Table S1).

For the quantification of γ-H2AX expression after CDV treatment, cells were stained with
(200 µg/mL) Hoechst 33,342 for 10 min at 37 ◦C. Staining intensities of cells were measured in
High-Content Imaging. Data was acquired using a BDpathway855 High-Content Bioimager (BD
Biosciences). Digitalization and segmentation of acquired data was done with Attovision software (BD
Biosciences). Processed data was evaluated by DIVAsoftware (BD Biosciences).

For cyclin B1, phospho-Aurora Kinase A/B/C, and for γ-H2AX expression in the radiotherapy
experiment, nuclear morphology was visualized with 4′6-diadomidino-2-phenylindole (DAPI). Cell
images were obtained using a Leica DM5000B microscope (Leica Microsystems, Wetzlar, Germany) with
filters for DAPI and fluorescein and Leica Qwin Software (Leica Microsystems). For further analysis of
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cyclin B1 and phospho-Aurora Kinase A/B/C, Cell Profiler image analysis software (Carpenter Lab,
Cambridge, CA, USA) was used [33].

For cyclin B1 and γ-H2AX analysis, the ‘IdentifyPrimaryObjects’ module has been run on the
DAPI image to identify the cell nuclei and ‘MeasureObjectSizeShape’ to determine the nucleus diameter.
This was followed by the ‘MeasureObjectIntensity’ to measure the antibody intensity inside the nuclei.
The intensity in each nucleus was normalized to the fluorescence background intensity measured in a
cell-free area of the image. Nuclei were considered positive if the intensity was higher than the average
intensity plus two times standard deviation of the negative control. Phospho-Aurora Kinase A/B/C
was analyzed using the ‘IdentifyPrimaryObjects’ and ‘MeasureObjectSizeShape’ module. Mitosis and
mitotic catastrophes were counted manually.

4.7. Western Blot

Cells treated with CDV or PBS were lysed by incubation with RIPA buffer (Cell Signaling, Danvers,
MA, USA) containing Protease/Phosphatase Inhibitor Cocktail for 5 min on ice, followed by brief
sonication. After centrifugation, the pellet was discarded and the protein extracts were quantified using
the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, CA, USA) as per manufacturers’
instructions. Equal amounts of the extracts (10 µg for UM-SCC-47 and 93-VU-147T versus 30 µg for
UPCI-SCC-72 and NOK) were separated on 8–12% SDS-PAGE and electrotransferred to nitrocellulose
membranes according to the manufacturers’ instructions using Mini-Protean Tetra System (Bio-Rad,
Hercules, CA, USA). Membranes were blocked with non-fat dry milk (NFDM) and incubated with
primary antibodies diluted in blocking buffer (5% NFDM or BSA diluted in TBS). For detection,
secondary antibodies labeled with Horseradish Peroxidase (HRP) (Dako Agilent, Santa Clara, CA,
USA and Cellsignaling) were incubated on membranes during 1 h at RT. Bands were visualized with
enhanced chemiluminescence (SuperSignal West Dura Extended Duration Substrate, Thermo Scientific)
on the Image reader LAS-3000 (Fuji Film, Minato, Japan).

4.8. P53 Mutation Analysis

DNA was extracted using Maxwell FFPE LEV Automated DNA Extraction Kit (Promega
Corporation, Madison, WI, USA). DNA concentration was measured using the QuantiFluor dsDNA
Dye System (Promega Corporation) [34]. DNA was examined using single molecule molecular
inversion probes (smMIP) analysis, as previously described [35]. A smMIP-based library preparation
was used to target coding sequences of the TP53 gene; NN_000546 exon 2-11.

4.9. Statistical Analysis

GraphPad Prism (version 6, San Diego, CA, USA) was used to conduct all statistical analyses.
All results were expressed as the mean ± standard error of the mean. Independent experiments
were analyzed by an unpaired Student’s t-test. Levels of p < 0.05 were considered to be of
statistical significance.

5. Conclusions

CDV inhibits the cell growth of HPV-positive and -negative HNSCC cell lines and was more
profound in the HPV-positive cell lines. CDV treated cells showed accumulation of DNA DSBs
and DNA damage response activation, but apoptosis did not occur. Instead, our data indicate the
occurrence of mitotic catastrophe.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/7/919/s1,
Table S1: Primary and secondary antibodies used for western blotting and immunofluorescence. Figure S1: The
occurrence of DNA-damage in 93-VU-147T treated with irradiation in vitro, Figure S2: Effect of CDV treatment on
the cell nucleus diameter.
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Abstract: Head and neck squamous cell carcinoma (HNSCC) shows wide disparities, association with
human papillomavirus (HPV) infection, and prognosis. We aimed at determining HPV prevalence,
and its prognostic association with overall survival (OS) in Saudi HNSCC patients. The study included
285 oropharyngeal and oral-cavity HNSCC patients. HPV was detected using HPV Linear-Array
and RealLine HPV-HCR. In addition, p16INK4a (p16) protein overexpression was evaluated in 50
representative cases. Oropharyngeal cancers were infrequent (10%) compared to oral-cavity cancers
(90%) with no gender differences. Overall, HPV-DNA was positive in 10 HNSCC cases (3.5%), mostly
oropharyngeal (21%). However, p16 expression was positive in 21 cases of the 50 studied (42%) and
showed significantly higher OS (p = 0.02). Kaplan–Meier univariate analysis showed significant
associations between patients’ OS and age (p < 0.001), smoking (p = 0.02), and tumor stage (p < 0.001).
A Cox proportional hazard multivariate analysis confirmed the significant associations with age,
tumor stage, and also treatment (p < 0.01). In conclusion, HPV-DNA prevalence was significantly
lower in our HNSCC patients than worldwide 32–36% estimates (p ≤ 0.001). Although infrequent,
oropharyngeal cancer increased over years and showed 21% HPV-DNA positivity, which is close
to the worldwide 36–46% estimates (p = 0.16). Besides age, smoking, tumor stage, and treatment,
HPV/p16 status was an important determinant of patients’ survival. The HPV and/or p16 positivity
patients had a better OS than HPV/p16 double-negative patients (p = 0.05). Thus, HPV/p16 status
helps improve prognosis by distinguishing between the more favorable p16/HPV positive and the
less favorable double-negative tumors.

Keywords: head and neck cancer; squamous cell carcinoma; human papillomavirus (HPV); oral cavity
tumors; oropharyngeal cancer; p16Ink4a biomarker; p16-immunostaining; prognosis; overall survival

1. Introduction

Head and neck (H&N) cancer is the 9th most frequent malignancy worldwide, accounting for
around 5% of all new cases and exhibits wide demographic variations [1,2]. The global incidence is
estimated at 600,000 cases per year, with evidence indicating rising trends especially in young adults [3].
Squamous cell carcinoma (SCC) is the most common type of Head and Neck (H&N) cancers [4], and
accounts for more than 90%. Lifestyle and several anecdotal risk factors are suspected to contribute
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to the development of various H&N cancers, including smoking, chewing (smokeless) tobacco and
other products, alcohol consumption, dietary factors, chemical irritants, and poor oral hygiene [5].
Recently, however, infection with human papillomavirus (HPV) was recognized as being an important
determinant and independent of other risk factors for H&N squamous cell carcinoma (HNSCC) [6–8].
While infection with the Epstein–Barr virus (EBV) is a known risk factor for nasopharyngeal carcinoma,
HPV is mostly linked to a subset of HNSCC, particularly oropharyngeal cancer [9,10].

Syrjanen et al. [11] were historically, the first to evoke such an association between HNSCC and
HPV based on histopathological observations followed by confirmation of HPV DNA presence in
oral lesions [12]. These results gained momentum when it was later observed that the incidence of
oropharyngeal squamous cell carcinomas in young patients (<50 years old), particularly in the tonsils
and the base of tongue, increased significantly even though most patients are not regular tobacco or
alcohol users [9,13]. This observation holds true despite the initial decline in H&N cancer incidence in
North America consequent to active antismoking campaigns [9,14,15]. Large meta-analysis studies
have estimated that 32% of HNSCC are associated with HPV, with higher rates in oropharyngeal than
oral cancers [16]. Globally, HPV16 was considerably the most common subtype, accounting for 82% of
all HPV positive cases, followed by HPV18 and ensued by a minority of other sporadic genotypes.

The more prominent turning point is that HNSCC HPV-positive cancers appear to form a distinct
tumor entity from smoking- and alcohol-related counterparts with distinguished epidemiology, genetics,
characteristic histopathology, therapeutic response, and predictive clinical outcome to chemo-radiation
treatment [17–19]. Their noticeable molecular characteristics include p16Ink4a (p16) overexpression,
modulation of PI3K/AKT and Wnt pathways, and lack of inactivating p53 mutations [20]. Furthermore,
the observed HPV-associated overexpression of p16 protein in HNSCC has been largely considered as
a surrogate marker diagnostic for HPV infection and also prognostic for a more favorable treatment
outcome [21]. It was incorporated in the recent release of TNM-8, leading to marked changes
in the classification of these malignant tumors [17,22]. Thus, the detection of HPV infection and
histopathological determination of p16 protein expression in tumor samples are expected to gain
importance in clinical settings and marks a major shift in managing HNSCC cancer patients.

The epidemiology of HPV infection is known to have wide variations in human populations,
remnant of socioeconomic, ethnic, and genetic predisposing factors [23,24]. According to the Saudi
Cancer Registry, H&N cancers, excluding nasopharynx, forms about 4% of all malignancies in this
country [25]. If a third of those tumors are HPV-driven, then the projected burden of HPV, along with
cervix, uterine, and other anogenital malignancies, would represent, in both genders, approximately 3%
of all cancers in Saudi Arabia [26]. This is a significant medical issue for a health authority, particularly
for the cost-effectiveness analysis of implementing a nationwide HPV vaccine in order to render
these HPV-mediated tumors preventable. This is in addition to introducing personalized treatment
modalities to boost cure rate and reduce patients’ morbidity and mortality. However, actual data
about the implication of HPV infection in HNSCC in Saudi cancer patients is completely lacking.
Therefore, the main aims of this retrospective exploratory study were to determine the prevalence of
HPV infection and its oncogenic genotypes, and the association with patients’ overall survival (OS).
The correlation with p16 protein expression was also studied in a subset of these tumors, to assess the
prognostic values of HPV status and p16 protein positivity.

2. Results

2.1. Patients and Clinical Data

The characteristics of the 285 H&N cancer patients included in the study are summarized in
Table 1. The age of patients at diagnosis of HNSCC ranged between 22 and 90 years (median = 57 years).
The incidence showed a Gaussian distribution that increased with age to reach a peak at 59-year-old,
and then decreased gradually (Figure 1A). There were 120 females and 165 males with no noticeable
difference by gender in the distribution of cancer patients by age at diagnosis. Although the median
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age of females (60-year, range 23–90) was slightly higher than that of males (57-year, range 22–90), there
was no statistical difference (p = 0.09; two-tailed Mann–Whitney Rank Sum test). By anatomical sites,
28 patients (10%) had oropharyngeal while 257 (90%) had oral cavity cancers. Interestingly, the number
of oropharyngeal cancer cases increased with time: 8 cases were diagnosed in 2002–2008 (142 patients)
compared to 20 cases in 2009–2016 (143 patients). The distribution of sub-anatomical sites of oral and
oropharyngeal cancers by 5-year age groups is illustrated in Figure 1B. The stage of the tumors varied
from T1N0M0 to T4N2cM0 with 63% of patients having early stage (T1–2) compared to 37% with
advanced (T3–4) tumors. Patients followed mainly standardized curative treatment according to the
stage of the tumor as described above. The length of patients’ follow-up extends to 15 years (mean =

4.36 years; standard deviation = 3.88) after diagnosis. There were seven ambiguous cases with locally
advanced invasion, without evidence of distal metastatic cancer, who displayed an overall short mean
survival of about six months.
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A. Age distribution of HNSCC by gender

Age (Year)
20 30 40 50 60 70 80 90

Nu
m

be
r o

f p
at

ie
nt

s

0

2

4

6

8

10

12

14

16

Female 
Male 

Peak: 58.7 year
Standard Error = 1.5
p < 0.0001

Age Group (Year)

0

10

20

30

40

50
Oropharynx:

Tonsil 
Softe palate 
Base of tongue 

B. Age-group distribution of HNSCC by anatomical site

Oral cavity:
Retromolar 
Buccal 
Floor of mouth 
Hard palate 
Tongue 
Others 

22
25

26
30

31
35

36
40

41
45

46
50

51
55

56
60

61
65

66
70

71
75

76
80

81
85

85
90

 

 

 
Figure 1. Incidence of head and neck squamous cell carcinoma in 285 Saudi cancer patients.
(A) Age-distribution by gender of patients. Clustering analysis indicates a peak of maximum occurrence
at the age of 58.7 years old. (B) Distribution by 5-year age groups of oropharyngeal and oral cavity
tumors by sub-anatomical sites.
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Patients’ characteristics were significantly associated with OS for groups of age, separated by
the median of 57 years/old (p < 0.001), and smoking (p = 0.02), while gender (p = 0.28) had no effect
(Figure 2). In addition, patients’ OS declined significantly (p < 0.001) from T1 to T4 (Figure 3A).
Although oropharyngeal cancer displayed a slightly improved OS compared to oral cavity patients,
the difference was not statistically significant (p = 0.14; Figure 3B). Alcohol dependence or abuse was
reported in only 8% of the patients, meanwhile years of daily tobacco smoking was common in this
cohort (62%) in both genders, comprising 28% who were Shamma (a chewing tobacco mixture) users.
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Figure 3. Kaplan–Meier Log-Rank overall survival (OS) analysis by tumor stage (A) and anatomical
tumor site (B) of 285 patients with head and neck squamous cell carcinomas. The p-value in (A) represents
the overall significance level. Al pairwise comparisons were statistically significant (p ≤ 0.03) except T4
vs. T3 (p = 0.32).

2.2. Detection of HPV Infection and Genotyping

The Linear Array HPV Genotyping Test was first used to detect and genotype HPV infection.
Results indicated that only 10 patients (3.5%) were HPV positive while 275 specimens (96.5%) proved
to be negative after at least two separate tests and an independent concordant confirmation using
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the RealLine HPV HCR Genotype (Table 1). By HPV genotype, nine cases were HPV16 and one case
was HPV33. These were detected in three females and seven males with a median age of 57 years
(range 32–78). A Mann–Whitney Rank Sum test showed no significant difference in the median age
between HPV-positive and HPV-negative patients (p = 0.65). By anatomical site, 21% (6/28) of the
oropharyngeal and 2% (4/257) of the oral cavity cancers were positive for HPV infection. Most frequent
HPV-positive cases were recorded from the tonsils (3/12), the base of the tongue (3/14), the retromolar
(2/24), followed by the buccal (1/19) and the tongue (1/198). Thus, the highest HPV-DNA positivity
was in oropharyngeal cancers (21%), which is not statistically different from the worldwide 36–46%
estimates (p = 0.16). Overall, survival analyses showed a trend toward better OS for HPV-positive
(67% survival) compared to HPV-negative (27% survival) patients but that did not reach statistical
significance (p = 0.12), most probably due to the small number of HPV-positive cases (Figure 4A).
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squamous cell carcinomas in 285 cancer patients, p16INK4a (B), and the combination of HPV and
p16INK4a (C) status in a subset of 50 cases. The p-value in (C) represents the overall significance level.
There was no significant difference between single-positive and double-positive cases (p = 0.85).

2.3. p16Ink4a Protein Immunohistochemical (IHC) Staining

In view of the small number of HPV-positive HNSCC patients found in this cohort, and the limited
amount of pathological materials available, a subset of 50 representative specimens were processed for
p16 protein IHC staining. These included all the 28 oropharyngeal cases, which are known as highly
suspicious for HPV infection. In addition, 22 cases of oral cavity subsites were processed comprising
10 retromolar, 10 tongue and 2 buccal for which at least one cancer was positive for HPV. Thus, the
10 HPV-positive tumors along with 40 HPV-negative cases were included. Examples of p16 protein
IHC strong (positive) and weak (negative) staining is given in Figure 5. In total, p16 was positive
in 42% (21 tumors) of the 50 tested cases. Interestingly, p16 was positive in all the 10 HPV-positive
tumors (double-positive for HPV and p16-over-expression) in addition to 11 HPV-negative cases
(single-positive for p16 overexpression) while the remaining 29 samples were double-negative. The p16
positivity was 39% in the 28 oropharyngeal cases and 45% in the 22 cases studied of oral cavity cancers.
There were no significant differences in patients’ age or male to female ratios between p16 positive
and negative cases (p > 0.05). A survival analysis showed a statistically significant (p = 0.02) better
OS for p16-positive (64% survival) compared to p16-negative (29% survival) patients (Figure 4B).
In addition, the survival analysis of the combined HPV/p16 status in the 50 cases studied (Figure 4C),
showed an overall significant difference in OS (p = 0.05), whereby HPV and/or p16 positive patients
displayed better survival (64–67% survival) compared to HPV/p16 double-positive patients (29%
survival). However, there was no significant difference between double-positive and single positive
patients (p = 0.85).
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Figure 5. Examples of pathological tissue sections of head and neck squamous cell carcinomas stained
with hematoxylin and eosin (upper panels) and the corresponding immunohistochemical staining for
p16Ink4a (lower panels) showing nuclear (solid arrows) and cytoplasmic staining (dashed arrows).
Sample (A) shows strong staining (usually involving >70% of the tumor cells) scored as p16-positive as
compared to sample (B) with weak patchy staining, arbitrated as p16-negative.

3. Discussion

H&N cancer is an important health issue worldwide [1,3,4]. The identification of HPV
infection as an independent risk factor, particularly in the oropharynx, with favorable prognosis for
treatment response and survival spurred out research to stratify patients to deliver more personalized
treatment [6–8]. However, HPV-associated HNSCC cancers are known to display wide epidemiological
variation between populations [24]. To the best of our knowledge, this is the first study on the association
between HNSCC and HPV in Saudi cancer patients. We have systematically reviewed 1633 medical
records spanning more than one decade of H&N cancer patients admitted at our tertiary care hospital.
We have first targeted oropharyngeal and secondly oral cavity cancers as they are potentially the
most associated with HPV [27]. Following a review of the pathological samples, only 285 cases were
available for the study.

Patients’ characteristic data showed that the incidence of oropharyngeal and oral cavity HNSCC
increased with age from 22 years to reach a peak at 59 years, then decreased to 90 years old (Figure 1A).
There were no obvious differences in the incidence by gender or cancer sites. Females composed 42%
of the patients compared to 58% of males in this cohort. This relatively high incidence in females is
rather unusual for HNSCC; however, it confirms a previous study in the country [28]. Although the
exact reason is still unknown, it might be related to the increased habits of females consuming tobacco
products (including Shamma) as 55% were smokers (68% in males). Oropharyngeal tumors, however,
were infrequent and formed only 10% (28/285) of the patients while 90% (275/285) had oral cavity
cancers (Table 1; Figure 1B). This 10% ratio is significantly lower (p ≤ 0.001) than the projected 32%
computed from the estimated number of incident cases worldwide [1], suggesting lower incidence of
these types of cancers in our population. Although this is a single institution study, the low rate is
representative of the country because the King Faisal Specialist Hospital and Research Centre (KFSHRC)
is the primary tertiary care referral hospital, which captures more than 50% of cancer patients in the
Kingdom. The low incidence of oropharyngeal cancers found in this study is in agreement with the

382



Cancers 2019, 11, 820

national registry with an age-standardized rate of 0.07 (Cancer Today, Globocan 2018 statistics on
oropharyngeal cancer in Saudi Arabia available at: http://gco.iarc.fr/today/home). Nevertheless, our
data indicate an increase in the number of oropharyngeal cancer cases over time as it doubled in the
last decade in the country. The subsites of H&N cancers that are most frequently associated with HPV
infection are the tonsils, the soft palate, the base of the tongue (oropharynx) and the retromolar (oral
cavity). These together formed 18% (52/285) of the cases in this cohort. The remaining 233 patients had
other various oral cavity tumors including mostly tongue (Table 1).

As expected, tumor stage had independently major impact on patients’ OS which significantly
(p < 0.001) decreased gradually from T1 to T4 (Figure 3A). This statement incorporates the standardized
patient treatment that depended mainly on tumor stage. Interestingly, our results showed that age
and tobacco consumption affect prognosis, as statistically significant better survival was observed for
younger-age (p < 0.001) and non-smokers (p = 0.02), but not for patients’ gender (Figure 2). As for HPV
oncogenic risk factor, only 10 samples were positive for HPV-DNA out of the 285 patients (Table 1). This
indicates that only 3.5% (10/285) of HNSCC are infected with HPV in our cancer patients. In an early
global systematic meta-analysis that comprised 60 eligible studies and included 5046 cases, the overall
HPV prevalence in HNSCC was 25.9% with significantly higher presence in oropharyngeal (35.6%)
than in oral (23.5%) and in laryngeal (24%) cancers [29]. In a more recent meta-analysis, HPV-DNA was
detected in 32% (3837 out of 12,163 cases) of HNSCC, with again a higher prevalence in oropharyngeal
(46%) than oral (24%) or laryngeal and hypopharyngeal (22%) cancers [16]. The 3.5% prevalence of
HPV in HNSCC in our patients is significantly lower than the estimated 32–36% worldwide (p ≤ 0.001,
one sample z-test).

In agreement with published data, the highest prevalence of HPV was observed in oropharyngeal
cancers (21%), mostly in tonsils (3/12) followed by the base of the tongue (3/14). Although this 21%
prevalence remains below the compiled worldwide estimates of 36–46%, it was not statistically different
(p = 0.16), indicating similar pathogenic association. As for oral cavity, only 2% were HPV-positive,
mainly recorded from the retromolar (2 cases), the tongue, and the buccal cavity (one case each).
This low prevalence is in agreement with a recent study by Vidal Loustau et al. [30], but again much
lower than the worldwide estimate of 23.5% stated above. Overall, these results imply that the
prevalence of HPV-driven HNSCC in our population is very low. The reasons for this low rate is
unknown, but could be related to the predominance of other risk factors, such as various tobacco
products consumption, which is as high as 62% of patients, socio-cultural differences, or the presence
of relative protective variants of genetic predisposing factors as has been shown previously for cervical
cancer patients [31]. Most infections (90%) were with HPV16 (9/10) followed by 10% with HPV33 (1/10)
genotypes. These results are in line with other studies even though HPV33 was much less commonly
observed. In fact, the latter was a case of SCC of the tongue (Table 1). The patient was a young male
who had bone marrow transplant for leukemia two decades ago. It is probable that his relatively
compromised immune response resulted in a persistent HPV infection with this rare HPV33 genotype
leading to this neoplasia [32].

One of the most significant advancements in H&N oncology of the precedent decade is the
demonstration that cancer patients with HPV-mediated HNSCC, particularly in the oropharynx, have
p16 protein expression and are associated with significantly improved treatment outcomes expressed
as higher rate of patients’ survival, compared to HPV-negative patients [6,33]. Furthermore, these
observations have laid the foundations for exploratory clinical trials examining the impact of proposed
“treatment deintensification” for patients with HPV-driven cancers [34,35]. The rationale is to improve
treatment outcome, by reducing side effects without compromising tumor control. Our results for p16
protein expression in 50 HNSCC cases showed that 42% (21/50) were positive for p16 over-expression
(Figure 5, sample A), including all the 10 HPV-positive tumors (double-positive). Interestingly, 11
p16-positive cases were HPV-negative (single-positive). It is known that the clinical relevance of
HPV-DNA positivity is a matter of debate, because it is likely to represent both transcriptionally
active (RNA+) and inactive (RNA−) HPV genomes. Therefore, detection of HPV-RNA by in situ
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hybridization is considered the gold standard for clinically relevant, HPV transcriptionally active
lesions. However, the availability of this RNA methodology and concern for lower sensitivity compared
to the affordable HPV-DNA polymerase chain reaction (PCR) led to the evaluation of IHC-p16 protein
as a surrogate marker for the presence of active HPV in tumor cells [15]. Therefore, the Union for
International Cancer Control (UICC) 8th edition defines HPV-mediated oropharyngeal cancer by use
of p16 immunohistochemistry [36]. With this argument in mind, it is probable that the p16-positive
samples in the 50 cases studied represent active HPV infection, as many of them could not be picked by
the HPV-DNA PCR-based techniques. In such an arguable case, it is acknowledged that the incidence
of HPV-related HNSCC would be higher (up to 42%) in our patients. However, a larger study with
more patients is needed to confirm this assumption, particularly that active HPV-RNA is considered
rare in non-oropharyngeal tumors [37]. The alternative view could be that it is possible that p16
positivity is not exclusively related to HPV infection, which would debate its use as a surrogate marker
for the presence of HPV in all HNSCC [38]. Indeed, discrepancies in the p16/HPV-positivity have been
observed and it is questionable if all HPV-positive and/or p16-positive tested cancers are HPV-driven.
It is possible that sometimes HPV is an innocent bystander and p16 is independently positive [39].
This highlights the importance of identifying robust fingerprints of HPV-driven carcinogenesis to
improve the estimate of HPV-attributable HNSCC and to predict the effectiveness of implementing
preventive HPV vaccination and therapeutic interventions.

The relationship between HPV and OS after the treatment showed a clear trend toward a longer
survival of HPV-positive patients (Figure 4A) as described elsewhere [40]. However, in our study
a survival analysis did not reach statistical significance (p = 0.12) due to, most probably, the small
number of HPV-positive cases (10/285). In addition, those patients had mainly T1–2 tumor stages with
basically a favorable survival prognosis. Nonetheless, in a subset of 50 cases, a statistically significant
(p = 0.02) better survival was observed for p16-positive compared to p16-negative patients (Figure 4B).
Although tumor stages were distributed more evenly in this group (T1–2 = 58%, T3–4 = 42%), there was
slight preponderance (32%) of early stages in the p16-positive patients and vice versa. Furthermore,
tumor stage as well as age remained significantly associated with OS in multivariate analysis (Table 2).
In addition, the treatment offered to patients showed statistically significant (p = 0.006) association
with OS. It also shows that surgery, which mainly underlies early stage tumors, result in higher
survival compared to any other combined treatment. In other word, this result essentially captures
that of the tumor stage since the treatment was stage standardized with some subtle adaptation to
each individual case. In addition, a trend toward association with OS was apparent for HPV/p16 and
smoking status but they did not reach statistical significance in the multivariate analysis. Nevertheless,
our results are in overall agreement with published data with the overwhelming belief that p16-positive
HNSCC have improved locoregional tumor control and survival with conventional therapy [21,27,41].
Potential future refinement could be brought about by including the copy number variation of the
CDKN2A gene that encodes p16ink4a [42], and involving other related prognostic biomarkers such
as epidermal growth factor receptor (EGFR), and key transcription factors as molecular signature of
HPV presence [19,43], especially for de-escalation of radiotherapy combined with anti-EGFR receptor
treatment [44].

While the study points out toward the need of systematic testing of p16 overexpression, results
obtained in a subset of patients, the results are also in line with a recent study evaluating the 8th
TNM classification that integrates p16 status (as independent or surrogate markers for HPV infection)
in oropharyngeal cancer [17,45]. The study included 1204 patients where 32% were p16-positive
which is close to the 42% observed in our study despite the limited number of cases processed for p16
expression. Importantly, the authors found that 12% of p16 positive cases were negative for HPV-DNA.
This HPV-negative subgroup had distinct features and a poorer OS. Therefore, we have analyzed
the OS with the various combination of HPV and p16 status in a subset of 50 cases with sufficient
pathological materials (Figure 4C). Interestingly, the Kaplan–Meier Log-Rank survival analysis showed
a significant difference (p = 0.05) where HPV/p16-positive cases showed substantially better OS
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than double-negative patients. Although double-positive cases showed slightly better survival than
single-positive patients, the difference was not statistically significant, most probably due to the small
number of patients who tested positive for HPV and/or p16. Nonetheless, taken together, these results
highlight the importance of performing independent HPV and p16 testing when predicting individual
patient’s prognosis [39,46]. These results are in line with a recent study on oropharyngeal cancer in
four Catalonian hospitals where double positivity for HPV-DNA/p16 showed the strongest diagnostic
biomarker accuracy and prognostic value [47]. The findings may have major impact in clinical practice,
in particular when selecting cases for deintensified treatment regimens.

Table 2. Multivariate analysis using a Cox proportional hazard model to test the influence of various
risk factors on overall survival in 285 patients with HNSCC.

Risk Factors Categories HR 95%CI p Value

Age Younger * 0.57 0.38–0.87 0.009
Gender Females 1.01 0.66–1.55 0.963

Smoking Non-smokers 0.77 0.48–1.22 0.258
Tumor site Oropharynx 0.71 0.31–1.63 0.422

Tumor stage Early (T1–2) 0.53 0.33–0.83 0.005
Treatment Surgery ** 0.40 0.20–0.77 0.006

HPV/p16 status Positive 0.38 0.11–1.28 0.118

HR: Hazard Ratio. CI: Confidence Interval. * Younger denote patients whose age is ≤ the median age of 57 years/old.
** Surgery vs. any combined treatment.

4. Materials and Methods

4.1. Ethical Considerations

The study was carried out using archival pathologic materials of H&N cancer obtained during
routine diagnostic procedures. The samples were anonymized and processed with no patients’
identifiable characters. The study was reviewed by the institutional review board and approved by
the Research Centre Ethics Committee at the King Faisal Specialist Hospital and Research Centre
(KFSHRC) under the number RAC#2130 025.

4.2. Clinical Specimens

Medical records of 1633 H&N cancer patients diagnosed between 2002 and 2016 at the KFSHRC
tertiary care hospital were screened. The main eligibility criteria were adult patients with squamous cell
carcinoma in anatomical location potentially associated with HPV infection. Following the exclusion of
palliative cases and cancer sites that had not been proven to be HPV-driven (for instance nasopharynx,
salivary glands, and trachea), only 330 patients with oropharyngeal and oral cavity tumors remained
for possible inclusion. After the examination of the histopathological slides, 285 patients’ samples were
included due to the limited amount of pathological blocks available for this study. Patients’ treatment
with curative intent followed timely standard clinical guidelines that depends on primary tumor
location and extension [48]. Briefly, early stage (I–II) oral cavity tumors were treated with conservative
surgery (S) and/or external radiotherapy (RT) 66–70 Gy in 33–35 fractions. Locally advanced stages
(III–IV) were treated with surgery including reconstruction plus postoperative radiotherapy 60–66 Gy
in 30–33 fractions. Patients found at surgery to have high-risk features were treated with post-operative
chemoradiotherapy (S + CRT) 66 Gy in 33 fractions with 3 weekly cisplatin 100 mg/m2. Patients
having resectable tumors with poor prognosis were treated with combined concomitant CRT 66–70 Gy
in 33–35 fractions with 3 weekly cisplatin 100 mg/m2. A combined concomitant CRT was also the
standard treatment in oropharyngeal and non-resectable oral cavity cancer patients. Cetuximab was
used for patients who were not fit for cisplatin chemotherapy. Radiotherapy modalities included 3D
conformal that was gradually replaced with intensity-modulated radiation therapy (IMRT) in 2006,
and also RapidArc in 2010 and TomoTherapy in 2012. Although some HPV-related histopathologic
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features were available for few cases, the treatment followed the same guideline for all patients with
no difference between positive and negative HPV.

4.3. DNA Extraction

Formalin-fixed, paraffin-embedded (FFPE) tissues proven to contain tumor sections of the
285 patients were obtained from the pathology department’s archive. For each case, 3–6 sections
of 10 µm thickness were taken from the block for the extraction of DNA using the QIAamp DNA
FFPE tissue kit (Qiagen, Dusseldorf, Germany), using the manufacturer’s recommended instructions.
Briefly, the FFPE sections were deparaffinized using xylene followed by ethanol to extract residual
xylene. The specimens are covered with ATL lysis buffer with 20 µL proteinase K (20 mg/mL, Roche,
Mannheim, Germany) and incubated at 56 ◦C and 90 ◦C for 1 h each. Then, 2 µL 100 mg/mL DNase-free
RNase A (Qiagen) was added, mixed and incubated at room temperature for 2 min. After the lysis
and heating, followed by binding and washing steps, DNA was eluted in 50 µL of ATE buffer and
quantified using a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

4.4. HPV Detection and Genotyping

Two different methods were consecutively used to detect and genotype HPV infection in all the
H&N samples along with HPV negative (HTB-31) and HPV-16 positive (HTB-35) external controls:

1 The Linear Array HPV Genotyping Test (LA HPV GT; Roche Diagnostics, Mannheim, Germany).
This PCR-based test detects and genotypes the 37 most common anogenital HPVs (13 high-risk: 16,
18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, and 24 low-risk: 6, 11, 26, 40, 42, 53, 54, 55, 61, 62, 64, 66,
67, 69, 70, 71, 72, 73 (MM9), 81, 82 (MM4), 83 (MM7), 84 (MM8), 89 (CP6108) and IS39). Procedures
followed the manufacture’s instruction described in detail previously [31,49]. Briefly, the methodology
involves the PCR amplification of the target DNA, the hybridization of the amplified DNA segments to
oligonucleotide probes immobilized on strips of membranes, and finally, the colorimetric detection of
the hybridized products using the Linear Array Detection Kit. The adequacy of samples is determined
by the β-globin gene as an internal control. HPV positive reactions show visible blue bands localized
on the strip. The HPV genotype is determined using the HPV reference guide provided in the kit.
Results were deemed negative when no HPV band was detected after at least 2 independent tests with
confirmed adequacy of samples.

2 RealLine HPV HCR Genotype Fla-Format (Bioron, Diagnostics GmbH, Ludwigshafen,
Germany). This Real-Time PCR test allows the differential determination of the 12 most frequent
high-risk HPV-DNA genotypes, 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59, isolated from clinical
specimens. It is based on the detection of the unquenched fluorescence produced by a specific
reporter molecule that intensifies as PCR reaction cycles increased. The reporter molecule is a
fluorophore-quencher dual-labeled DNA-probe designed to bind exclusively to the HPV-DNA target
region. Fluorescent signal increases as a result of the cleavage of the probe by Taq DNA-polymerase
exonuclease activity, which separates the fluorescent dye from the quencher during the repeated cycles
of hybridization and amplification. The threshold cycle value (Ct) is defined as the cycle number at
which the generated fluorescence crosses a set threshold within the reaction where the signal increases
significantly above the background fluorescence of the procedure. Ct depends on the initial quantity
of the HPV-DNA template present. A positive HPV control is run with the samples and an internal
control (IC) detecting the content of human DNA (β-actin) is used to validate the quality of sampling
and improve the reliability of results by preventing generation of false negatives which can be caused
by the possible loss of a DNA template during sample preparation.

3 Procedures followed the manufacture’s recommended methodology. Briefly, to analyze each
sample for the detection of the 12 HPV-DNA genotypes, 4 tubes containing Master Mix (MM1, MM2,
MM3, MM4) in 0.2 mL 96-well plates were used. The amplification is carried out on the CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using the recommended cycling
program. The sample is flagged as positive (i.e., containing HPV-DNA) when the Ct value via the
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fluorescent dyes, FAM, HEX, and ROX channels, for this sample (in any of MM 1–4 tubes) is less than or
equal to 35 for HPV types 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, or is less than or equal to 40 for HPV types
16 and 18. The HPV genotype is determined using a reference table provided by the manufacturer,
which correlates each MM with an individual dye channel to one of the 12 specific high-risk HPV types.

4.5. Immunohistochemical (IHC) Staining of p16 Protein Expression

Procedures examining the expression of p16 protein were carried out using a Bond-III Automated
IHC/ISH Stainer (Leica Biosystem, Wetzlar, Germany) according to manufacturer’s instruction and
reagents. Briefly, where available, 4 µm FFPE sections were mounted on glass microscope slides
coated with Poly-L-Lysine. They were deparaffinized using Bond Dewax Solution (Leica Biosystem),
rehydrated, and washed with Bond Wash Solution. The slides were incubated with Bond Epitope
Retrieval Solution and heated at 100 ◦C for 20 min, washed, and Peroxide Wash Solution applied
for 5 min. The p16 primary antibody (mouse monoclonal Anti-p16INK4a (E6H4), Ventana, Tucson,
AZ, USA) was added on the slides for 15 min, followed by the anti-mouse secondary antibody (Post
Primary Rabbit anti mouse IgG, ProClin, Leica Biosystem) for 8 min and the Bond Polymer Refine
Detection solutions with intermittent washing. Slides were counterstained with Hematoxylin, and
then dehydrated and mounted with DPX by using a Tissue-Tek film coverslipper (Sakura Finetek,
Tokyo, Japan). Negative controls were obtained by excluding the primary antibody. Scoring of p16
IHC cytoplasmic and nucleic staining were evaluated by an experienced pathologist, based on defined
characteristics whereby p16 was scored as positive if it was strong and diffuse (>70% of tumor cells),
and negative if absent, weak, or focal [50].

4.6. Statistical Analysis

A one sample z-test was used to detect differences in proportions when the referenced proportion
was deemed constant. The non-parametric Mann–Whitney Rank Sum test was used to assess
differences between groups. A univariate Kaplan–Meier Log-Rank survival analysis was used to
evaluate the relationship between various risk factors and overall survival (OS) represented by the
length of patients’ follow-up. A multivariate Cox proportional hazards model was used to test
the effects of multiple covariates on patients’ OS. All statistical tests conducted were two-sided.
A p-value < 0.05 was considered statistically significant. Statistical analyses were done using the
SigmaPlot platform (Version 12.5, SPSS Science, San Jose, CA, USA), and MedCalc, Ostend, Belgium
(https://www.medcalc.org/calc/test_one_proportion.php).

5. Conclusions

This study indicates an overall low prevalence of HPV infection in our HNSCC patients. Although
oropharyngeal cancer cases were infrequent, they increased over years and 21% were associated with
HPV infection. Age, smoking, tumor stage, and treatment had important effect on survival. Although
all HPV-positive cases were p16-positive (double-positive), the p16 positivity is not exclusive and could
be positive in HPV-DNA negative tumors. HPV and/or p16 positivity had better prognosis of survival
than HPV and/or p16 negative patients. An important clinical application is in the stratification
of patients according to HPV and p16 status. These tests could improve survival predictions by
distinguishing between the more favorable HPV-positive/p16-positive group, and the less favorable
double-negative HPV/p16 group of HNSCC patients who have the worst prognosis.
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