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Besides classic tobacco and alcohol risk factors, human papillomavirus (HPV) plays a role in the development of a subset of head and neck squamous cell carcinomas (HNSCCs), and notably oropharynx squamous cell carcinomas (OPSCCs). HPV-induced OPSCCs have a different biological behavior and a better prognosis compared to non-HPV-induced OPSCCs and the eighth-edition TNM classification now separates these two entities. Therefore, determining the HPV status of patients with OPSCC is now essential for treatment, prognosis, and development of clinical trials. In this review, after reminding essential steps of HPV implication in the cell cycle, we describe the existing tools that are currently feasible in routine practice according to facilities available in health structures, with their benefits and drawbacks: HPV PCR, E6/E7 mRNA RT-PCR, E6/E7 mRNA in situ hybridization, HPV DNA in situ hybridization, and P16 immunochemistry. Besides these traditional HPV detection tools, novel diagnostic approaches are being evaluated for HPV-induced OPSCC “ultrastaging.” E6 humoral response and ddPCR-detecting HPVct DNA are two techniques performed on blood and are therefore non-invasive. Baseline E6 humoral levels could have a prognostic value, and HPVct DNA could be helpful for HPV OPSCC recurrence monitoring. At last, next-generation sequencing (NGS)-based “capture HPV” is a technique feasible on biopsies and circulating DNA material. It helps characterize HPV integration status and sites, and it could define prognostic subgroups in HPV-induced OPSCC. These novel precision detection tools could be further integrated in the care of patients with HPV-induced OPSCC.
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INTRODUCTION

Head and neck squamous cell carcinomas (HNSCCs) constitute a group of malignant tumors located in the oropharynx, larynx, hypopharynx, nasopharynx, and oral cavity. All together, they represent approximately 800,000 new cases and 400,000 deaths per year (1). Classic risk factors include tobacco and alcohol exposure, but it is now established that human papillomavirus (HPV) plays a major role in the development of oropharyngeal squamous cell carcinomas (OPSCCs) (2–5). This role is not so clear in non-oropharyngeal squamous cell carcinomas (non-OPSCCs), but some reports suggest a possible association between HPV infection and nasopharyngeal carcinomas (6, 7). HPV infection is found in 20–60% of the OPSCCs depending on the countries (8) with, for example, approximately 20% of HPV-induced OPSCCs in Bangladesh and South China (9, 10) and higher rates of HPV-induced OPSCCs in Western Europe and North America (11). Subdividing the HNSCCs in oropharyngeal and non-oropharyngeal carcinomas is therefore well integrated now, because of their different carcinogenesis. HPV-induced OPSCCs tend to occur more often in non-smokers and are associated with more frequent nodal involvement (4, 5). Previous studies reporting the HPV-induced OPSCC occurrence mostly in younger patients seem now to be countered by recent reports revealing that they can also develop at a later age under certain geographic and sociosexual conditions (12–14). Moreover, HPV-induced OPSCCs have a better prognosis than non-HPV-induced OPSCCs, with a better sensitivity to radiations and a better overall survival (5, 15). More broadly, HPV-induced OPSCCs have a better prognosis regardless of the modality of treatment (16–18). For HPV-positive non-OPSCCs, some subgroups might also have a better prognosis, but studies are heterogeneous and controversial (19). Because of these significant biological and clinical differences, HPV-induced OPSCCs have their own classification in the eighth edition of the UICC TNM classification (Union for International Cancer Control) (20). In this context, determining HPV status in HNSCCs and especially in OPSCCs has become mandatory. Besides, several trials based on radiation de-escalation programs or on immunotherapy are evaluating performances of treatments according to HPV status in OPSCCs, and it is essential to adequately classify patients (16, 21–23). Interestingly, the College of American Pathologists has recently published guidelines for HPV testing in HNSCCs (24). These recommendations focus on diagnostic tests in routine practice, and many of them are based on expert consensus opinion. According to these guidelines, all OPSCC samples should be tested for HPV. In this review, we will present the different tests currently used and give an insight into novel diagnostic approaches currently available in research but that could be further used in routine practice.



HPV INVOLVEMENT IN THE CELL CYCLE

HPV involved in mucosal cancer can be divided into two main groups, depending on their oncogenic associated risk. Low-risk HPV are very rarely associated with the development of cancers, and HPV-induced OPSCCs are usually developed after a high-risk HPV infection. Conversely, high-risk HPV genotypes encompass HPV16, HPV18, HPV31, HPV33, HPV35, HPV39, HPV45, HPV51, HPV52, HPV56, HPV58, HPV59, and HPV68. The high-risk genotypes produce E6 and E7 oncoproteins. E6 protein binds to tumor suppressor p53 by the formation of a trimeric complex E6/E6AP/p53 (25), leading to the proteolytic degradation of p53 (26, 27). E7 protein binds to pRb (phosphorylated retinoblastoma protein), releasing E2F transcription factor and then promoting cell-cycle progression, and consecutively to p16 overexpression. Briefly, p16 is a CDK (cyclin-dependent kinase) inhibitor. This protein is involved in the pRB pathway, implicated in cell-cycle regulation. p16 protein has a cell-cycle regulation role by inhibiting the S phase. It is important to underline that interaction between p16 with CDK4/6 avoids CDK4/6-cyclin D complex formation and phosphorylation of Rb. Overall, p16 overexpression avoids phosphorylation of Rb family members, leading to capture of E2F by Rb proteins and thus to cell-cycle arrest into the G1 phase (28). Low-risk HPV produce E6 and E7 proteins which have lower affinity for p53 and pRb proteins (29) and thus are not theoretically associated with cell-cycle progression, nor with p16 overexpression. Nevertheless, no study has systematically studied the patterns of p16 expression in OPSSCs associated with low-risk HPVs. The reason why high-risk HPV-induced cancers overexpress p16 protein has been partially answered by studying epigenetic changes in HPV16 E7-expressing human epithelial cell lines (30). Independent of its function to inhibit pRB, E7 oncoprotein is responsible of KDM6B demethylase upregulation, leading to decreased levels of repressive H3K27me3 marks in the p16INK4a-encoding CDKN2A promoter region, responsible for the overexpression of the p16 protein. At last, maintenance of an HPV malignant phenotype (e.g., promotion of proliferation and prevention of apoptosis) in established HPV16-positive human OPSCC cell lines requires E6 and E7 proteins, as shown by Rampias et al. using shRNA targeting E6 and E7 transcripts (31).



MAIN TECHNIQUES USED TO DETECT HPV IN OPSCC

According to recent studies, based on this well-known molecular characteristic of the HPV virus to drive the cell toward a tumoral phenotype, different techniques have been developed. They tend to certify the HPV implication in OPSCC tissues: PCR (HPV DNA detection), RT-PCR (E6 and E7 mRNA detection), p16 immunohistochemistry, in situ hybridization targeting DNA (DNA ISH), and in situ hybridization targeting RNA (RNA ISH) (Table 1). All these assays have different advantages, diagnostic performances, and counterparts that we will detail further. These recommended routine diagnostic tests are completed to classify OPSCC HPV-positive (HPV+) or HPV-negative (HPV-) and other new performant biomarkers seem to be adapted for HPV-induced OPSCC ultrastaging. Indeed, as we already described before, the E6 and E7 HPV oncoproteins are responsible for cell transformation and carcinogenesis and have been proven to be indispensable for the maintenance of tumor phenotype (32). According to the CAP guidelines, every diagnosis of OPSCC should be followed by an assay evaluating HPV infection status in the tissue (24). Several techniques are available, depending on diagnostic performances and resources available in the laboratory. Optimal HPV detection should consider assays detecting (i) transcriptionally active infections, because transient infection does not seem sufficient to develop a carcinoma (33–35) and (ii) consistency with high-risk HPV, because those are associated with malignant processes (3, 4, 36). The 2017 revised WHO/IARC (World Health Organization/International Agency for Research on Cancer) recommendations introduced direct HPV testing based on in situ hybridization and/or PCR and/or anti-p16 immunochemistry to classify the OPSCC according to HPV status (37).


TABLE 1. Description of the benefits and drawbacks of different HPV detection techniques.
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Molecular Assays


mRNAE6/E7 Detection

The maintenance of the transformed phenotype of HPV-driven tumor cells is based on the expression of E6 and E7 proteins (33–35). Therefore, detecting E6 and/or E7 protein expression constitutes the best tool to define a tumoral sample as an HPV-driven tumoral tissue or not. However, for the time being, performant techniques based on reliable immunohistochemical probes to detect such viral protein on tissue sample are not current. A recent study compared the results of E6 protein detection in lymph-node fine-needle aspirates, and oral samples (saliva or swabs) by OncoE6TM Oral Test (Arbor Vita Corp©) to reference tests performed on FFPE material: p16 and high-risk HPV mRNA. Agreement between fine-needle aspirates OncoE6TM and FFPE p16 was good (kappa = 0.53). Agreement between oral samples and FFPE p16 and high-risk HPV mRNA was poor (kappa = 0.02 for both), probably due to lower concentrations of E6 protein in these analytes (38). Thus, using such commercial assays on minimally invasive lymph-node fine-needle aspirates could be helpful to diagnose high-risk HPV infection in routine practice. Detection of E6 and/or E7 mRNA by RT-PCR on fresh/frozen samples is considered by some authors as the gold standard to diagnose an HPV-related OPSCC, particularly based on its capacity to represent an eventual prognosis biomarker (39). Nevertheless, it is important to be cautious about the accuracy and reliability of techniques detecting mRNA by RT PCR regarding available samples. Even if the accuracy of this technique has been tested on formalin-fixed paraffin-embedded (FFPE) samples (40), such assays should be used on fresh/frozen tissues given the better diagnostic performances obtained with these types of samples when compared to FFPE ones (41–44). This may be mostly explained by higher RNA destruction and fragmentation of FFPE samples and subsequent decreased sensibility of RNA detection by RT-PCR techniques. Therefore, the gold standard E6/E7 mRNA detection for HPV-related OPSCC diagnosis requires fresh samples (45) and is not useful for routine screening as it is technically demanding. However, a recent study about the development and the validation of a novel and rapid molecular detection method for HR-HPV in FFPE tumor tissues based on combined HPV DNA and E6 mRNA detection reached an accuracy of 97 and 100%, respectively, in OPSCC and oral cavity squamous cell carcinoma (46).



PCR and HPV Genotyping

Firstly and until now, several commercially available assays have been clinically validated on cervical swabs to detect high-grade preneoplastic lesions (47, 48). However, none of these commercial molecular assays have been specifically validated for clinical routine practice on OPSCC samples. Most of these assays target the L1 gene and amplify a region from 65 to >400 bp according to the technique. Different studies in small cohorts of patients have demonstrated the possibility of using these assays for HPV detection in OPSCC on fresh tissues. These techniques are known to be stable and reproducible, and a recent meta-analysis found the pooled sensitivity and specificity of HPV DNA PCR to be respectively 98 and 84% for HPV detection in OPSCCs (49). However, FFPE samples are often the only material available for molecular testing after pathological examination in the OPSCC context and only few studies have evaluated different commercial molecular assays on head and neck FFPE biopsies (50–55). Regarding the frequent proportion of degraded DNA in FFPE samples, some authors such as Steinau et al. suggest to pretreat FFPE tissues using specific protocols to enhance DNA extraction yields before PCR assay (56). However, it is well reported that DNA recovering in FFPE specimens may be influenced by several factors, such as formalin quality and concentration, length of fixation, paraffin quality, and temperature (57) leading to nucleic-acid fragmentation (56, 58, 59). As a consequence, DNA in FFPE biopsy is either completely or partially degraded into DNA fragments of 200 bp or less (58). Low HPV viral load in FFPE biopsy samples associated with a large region targeted by the molecular assay used (>200 pb) could be a limiting factor, and in medical practice, this decreased sensitivity could sometimes hamper HPV detection in OPSCC. Since PCR is a very sensitive technique, the risk of a false positive due to contamination is not negligible. It may occur within the specimen by a fragment of normal epithelium infected with an HPV unrelated to the cancer. Contamination may also occur during specimen processing with another sample (cross-contamination) or with a soiled object in the laboratory (60). For all these reasons, HPV diagnosis and genotyping on FFPE biopsy from OPSCC using commercially available HPV molecular assays require a good expertise, particularly for preanalytical treatment. This step could require complementary technical approaches to increase sensitivity, as we recently described (52). For example, since HPV16 is known to be the most prevalent HPV genotype in OPSCC, diagnosed in more than 85% of HPV-driven OPSCC (61), we think that it is better to confirm negative results obtained with certain commercial tests through an HPV16-specific home-made PCR able to detect smaller fragments of DNA (<100 pb) from FFPE samples (52).



In situ Hybridization Targeting DNA (DNA ISH)

Many studies have evaluated the use of DNA ISH to diagnose HPV infection in oropharynx carcinomas (54, 62–66). This technique is based on the hybridization of probes against specific sequences of DNA, and conventional light microscopy is sufficient to read the assay result. It has the advantage of being cheaper than RNA in situ hybridization, but it seems that sensitivities and specificities of this assay strongly depend on the type of probes used to target HPV (e.g., different manufacturers, probe designs). Depending on the DNA targets, DNA ISH can focus only on high-risk 16 and 18 genotypes, or on broader high-risk HPV-like genotypes 16, 18, 31, 33, 51 (Enzo©’s high-risk cocktail here for example; Enzo, NY, United States). Ventana© Inform HPV III Family 16 Probe cocktail is also able to detect 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 66 types. Finally, some screening probe cocktails can detect most frequent high-risk HPV (16, 18, 31, 33, 51), as well as some low-risk HPV (6 and 11 types for Enzo©’s screening probe for example).

Data about consistency of DNA ISH results in OPSCCs are quite controversial. For Schlecht et al., comparison of high-risk HPVs probe cocktail (Ventana©, AZ, United States) and HPV16/18 DNA probe cocktail (Dako©, CA, United States) showed better performances by the first manufacturer (66). Conversely, Keung et al. did not find significant differences between performances of three different manufacturers’ probe: Enzo© (NY, United States), Leica© (Germany), and Ventana© (AZ, United States) (67). It seems that DNA ISH quality is highly dependent on quality control procedures, and experience of the laboratory with this technique should be taken into account (68). Importantly, Bishop et al. reported that an important background signal could hinder the visualization of the punctuate signal corresponding to target DNA and thus lead to false-negative cases (69). More precisely, it seems that when less than 100 copies of target HPV are present in tumor cells, approximately 25–45% of cases would be reported falsely negative (67). For all these technical reasons, the popularity of DNA ISH appears to have come to a standstill whereas RNA ISH interest is surely growing. Figure 1A shows an example of positive DNA ISH targeting HPV in OPSCC.
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FIGURE 1. In situ exploration of HPV presence: DNA ISH showing blue punctate staining in tumor cells (A); RNA ISH showing brown punctate staining in tumor cells (B); P16 immunohistochemistry showing diffuse and intense nuclear and cytoplasmic staining in almost all tumor cells (C).




In situ Hybridization Targeting RNA (RNA ISH)

Studies about RNA ISH have been rising in the last 10 years and showing excellent diagnostic performances. Sensitivities vary from 87 to 100%, and specificities vary from 88 to 100%, being more frequently around 95% (62–65, 69–72). Importantly, studies using RT-PCR as the reference test found the best diagnostic performances, making RNA ISH the method of choice for detecting high-risk HPV infections (62, 65, 71). The RNAscope© (ACD©, DC, United States) technology is the most used one and gives excellent results. This technology can detect E6 and E7 transcripts from 18 high-risk HPV genotypes (HPV16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, and 82). RNA ISH has the advantage of being feasible on paraffin-embedded tissues. In short, RNAscope© has a good specificity thanks to paired “Z” probes system and a good sensitivity thanks to the amplification system. Moreover, the small size of probes used for this assay enables hybridization to partially degraded mRNA, notably in paraffin-embedded tissues (Figure 1B). Another advantage of this method is to be readable on conventional optic light microscope (73). Biologically, RNA ISH is relevant because it addresses several points: (i) the presence of signal indicates the presence of one of the 18 high-risk HPVs included in the probe cocktail, (ii) whether there is a transcriptionally active infection, and (iii) the location of the signal within the tumor cells. Some studies suggest that the analysis of signal could be quantitative or semiquantitative (63, 74, 75), but more studies are necessary to confirm these data. Combining RNA ISH with other assays does not seem to be worthwhile, because it has great diagnostic performances and it would hamper the workflow of specimens using two assays. Nevertheless, to answer that question, a study testing RNA ISH and p16 immunostaining using RT-PCR as the gold standard would be required. In a perspective of clinical routine use of RNA ISH, Kerr et al. compared the diagnostic performances of manual and automated assays in a series of 45 HNSCCs, approximately two thirds being OPSCCs (76). Concordance between manual and automated assays was high (96%). Another study showed the same results with a high concordance between automated and manual RNA ISH, with only 3 cases out of 42 HNSCCs (35 OPSCCs) being discrepant (kappa = 0.915) (77). These data are in favor of the utilization of RNA ISH on automated platforms. This would enhance workflow efficiency in a routine practice with a high volume of specimens.

The main inconvenient of RNA ISH is its cost, rendering this diagnostic option poorly available for numerous pathology laboratories. A secondary limit of this assay is its incapacity to assess which one of the high-risk HPV types is present in the tumor tissue, whereas this information could be useful to precise prognosis of HPV-positive OPSCCs (78).

It has been shown that oropharynx cancers with transcriptionally active HPV infections are genetically different entities and have a better prognosis (79, 80). In practice, it was necessary to ascertain that RNA ISH was able to predict survival of patients, as well as RT-PCR. Studies have shown that in situ hybridization is equivalent for appreciation of prognosis compared to RT-PCR. They showed better survival for patients with HPV-driven OPSCC sought by E6/E7 in situ hybridization (65, 81–83). Additionally, our team has shown a difference in prognosis within HPV-related OPSCC depending on the intensity of the RNA ISH staining. Over 50 histologically confirmed p16 positive oropharyngeal squamous cell carcinomas, we applied HPV RNA ISH with a E6/E7 high-risk RNA probe. The staining was assessed semiquantitatively to define two scores: RNA ISH “low” and RNA ISH “high.” This series contained 29 RNA ISH low cases (58%) and 21 RNA ISH high cases (42%). RNA ISH high staining was associated with a better overall survival in both univariate and multivariate analyses (p = 0.033 and p = 0.042, respectively) (84). Nowadays, this technique is not yet recommended to be used routinely and is only applied for research purposes.



p16 Immunostaining

Immunostaining against p16 protein is a cost-effective method to diagnose a high-risk HPV infection within tissues. Overexpression of p16 protein may be an indirect sign of expression of E6 and E7 proteins with cell-cycle upregulation (24, 30). Nevertheless, other processes can lead to p16 overexpression: inflammation, regeneration, and p53 mutations (85, 86). Diagnostic performances of p16 immunostaining are considered high enough to diagnose a high-risk HPV infection in oropharyngeal squamous cells carcinomas, and according to the College of American Pathologists and to the eighth edition of the TNM classification, this assay can be used as a surrogate marker of high-risk HPV infection (24). Sensitivity and specificity of p16 immunostaining for high-risk HPV infection vary from approximately 80–98% according to studies. Among other causes, these differences may be explained by the number of cases included for comparison, by the reference test used as gold standard (RT-PCR, PCR, RNA ISH), and by whether tissue microarray (TMA) were used or not. Interestingly, studies using TMA to evaluate diagnostic performances of p16 immunostaining tend to report lower sensitivities (54, 87). This might be explained by intratumoral heterogeneity of p16 immunostaining (88). Chen et al. have shown that a diffuse nuclear and cytoplasmic staining is significantly associated with HPV positivity in OPSCCs regardless of the intensity of staining, contrary to focal nuclear and cytoplasmic staining (89). Nevertheless, this information is difficult to evaluate on biopsies. Concerning subcellular localization, according to Lai et al. and Zhao et al., it seems that OPSCCs associated with a highly intense nuclear and slightly intense cytoplasmic p16 immunostaining have poor prognosis, similarly to p16-negative OPSCCs. In both studies, OPSCCs with a high nuclear and high cytoplasmic p16 immunostaining are confirmed to be significantly associated with a better prognosis (90, 91). Figure 1C shows an example of positive p16 immunohistochemistry with a diffuse and intense nuclear and cytoplasmic staining of most of tumor cells.

Sensitivity of p16 immunostaining in the oropharynx is around 80–90% (8, 62, 63, 70, 71, 81, 82, 87, 88, 92–95). One study compared the performances of p16 immunostaining according to the threshold of positivity used to assess p16 immunostaining positivity (96). The authors show that determining p16 positivity using a 75% threshold is associated with a poor reproducibility, whereas a 50% threshold is more reproducible. Besides, although a 70% threshold is recommended by most institutions (24, 97, 98), several teams have shown that 50–70% of positivity is often consistent with high-risk HPV infection (88). Thus, one could wonder if using a 50% positivity threshold to assess p16 positivity in routine practice might be an effective diagnostic approach. Further studies led in different OPSCC populations and comparing different thresholds of positivity are required. Considering that specificity of p16 immunostaining varies from 80 to 90% (8, 62, 63, 70, 71, 81, 82, 87, 88, 92–95), some patients with OPSCC may be diagnosed as having a transcriptionally active HPV infection when it is not the case. Rietbergen et al. showed especially that OPSCCs with a p16 immunostaining, and no transcripts of E6 and E7 proteins have a poorer prognosis compared to those with E6 and E7 transcripts (86). Using RNA ISH, we have found similar results (63). Using p16 immunostaining alone could misclassify some patients, but in a large scale of OPSCC management, this option makes sense because the assay is affordable and available for many pathologic departments. However, for trials evaluating impact of treatments according to HPV status, this diagnostic option does not seem performant enough for us, and an assay detecting E6 and E7 transcripts could then be used (RT-qPCR if frozen samples are available, RNA ISH if only formalin-fixed paraffin-embedded tissues are available).

Several studies and meta-analyses have shown that p16-positive OPSCCs have a better overall survival and a better disease-free survival compared to p16-negative OPSCCs (5, 99–101), whatever the age of patients (102). Within p16 + OPSCC, it is unclear whether the prognosis is solely related to HPV or whether p16 expression could be a prognostic factor in itself. Indeed, few studies compare the prognosis of p16 + /HPV- OPSCC patients to p16 + /HPV + or p16-/HPV- OPSCC patients: this p16 + /HPV- subgroup in OPSCC most often has a small number of patients, and the results are therefore not representative. The studies are moreover contradictory, demonstrating for some that there is a better prognosis in spite of the expression of p16 alone in OPSCC (100), and for others that there is no difference in prognosis in OPSCC between the p16 + /HPV- and p16-/HPV- subgroups (70, 101, 103). Studies with a higher number of patients are needed to clarify this issue. One caveat about p16 immunostaining is that it does not provide any data about HPV types involved in the oncogenic process, although this information may be important because a recent study suggested that some high-risk HPV types might be associated with a worse prognosis than others. Indeed, Chatfield-Reed et al. showed that compared to HPV16 type, HPV33 type could be independently associated with a shorter survival, making p16 immunostaining suboptimal to predict survival differences within high-risk HPV-positive OPSCCs (78).

As p16 immunostaining is not a good surrogate marker of high risk HPV infection in non-OPSCC (104), it is rational to ask whether this marker is of prognostic interest in these cancers. Studies are contradictory, but those with larger cohorts seem to support an absence of prognostic difference. In over 1362 HNSCC from the United States, Brazil, and Europe, D’souza et al. found that p16-positive cases had a lower risk of death compared to p16-negative cases among non-OP HNSSCs in univariate analysis (HR = 0.74, 95% CI = 0.57–0.96), but it was not confirmed after adjusting for other risk factors (aHR = 0.83, 95% CI = 0.60–1.14) (101). In another cohort of 621 non-OPSCC, Fakhry et al. found a similar result: overall survivals of patients with p16−positive non−OP HNSCC (n = 62) and with p16−negative non−OP HNSCC (n = 559) were not significantly different (p = 0.26) (105). More specifically, regarding laryngeal and hypopharyngeal SCC in a small cohort of 31 patients, there was no significant difference in overall survivals (p = 0.34) between the p16-positive and p-16 negative patients (106).

There are few data concerning the response to anti-EGFR treatment according to the p16 status. In locally advanced OPSCC, patients with p16−positive tumors had significant superior OS than those with p16−negative tumors in both cetuximab plus radiotherapy (RT) and RT-alone treatment arms (107). Regarding recurrent or metastatic HNSCC, p16−positive status was associated with better overall survival in both the cetuximab plus platinum plus 5−FU and platinum plus 5−FU treatment arms (108). On the contrary, with the panitumumab in the SPECTRUM study, median overall survival in patients with p16-negative HNSCC was longer in the panitumumab group than in the control group (p = 0.0115). This difference was not shown for p16-positive patients (p = 0.998) (109).

Finally, concerning the response to immunotherapies there are again few data available, but p16 status is quite consistently used. In KEYNOTE-012, for the head-and-neck cohorts, the percentage of p16 + patients was relatively small with 45 (23%) being p16 + and 147 (77%) being p16- (110). When stratified by p16 status, response rates were higher in p16 + patients compared to p16- patients, with demonstrated ORRs of 24% (95% CI, 13–40%) and 16% (95% CI, 10–23), respectively (110, 111). These results are contradictory with the CheckMate 141 study in which 63 (26%) patients were p16-positive, 50 (21%) were p16-negative, and 127 (53%) were not tested (112). Analyses revealed nivolumab to be beneficial compared to standard-of-care chemotherapy, irrespective of p16 (112). This was confirmed in a recent update, with significant benefit in both p16- patients and p16 + patients (113).



NEW HPV BIOMARKERS IN THE MANAGEMENT OF HPV-DRIVEN OPSCC

Completing these recommended routine diagnostic tests used to properly classify OPSCC due or not to HPV infection, other new performant biomarkers seem to be useful for HPV-induced OPSCC ultrastaging. Indeed, as we already described before, the E6 and E7 HPV oncoproteins are involved in cell transformation and carcinogenesis and have been proven to be indispensable for maintenance of tumor phenotype (32). Moreover, recent in vitro data suggest that E6 and E7 oncoproteins and spliced isoforms of E6 oncoprotein would be associated with higher levels of IL6, responsible of an immunosuppressive environment within cancer (114). This immunosuppressive context could be targeted by therapies associating IL6 and PD-1/PD-L1 blockade (115). To our knowledge, HPV-derived nucleic acids, and particularly the E6 and E7 genes, have not been detected in blood samples in case of simple HPV mucosal infection but only in HPV-related cancer cases (116). Therefore, HPV circulating tumoral DNA (ctDNA) based on detection of HPV DNA in plasma with new ultrasensitive methods appears to have a clinical interest in HPV OPSCC (52, 117). The detection of humoral response against HPV early proteins, especially antibodies against E6, has also been associated with an increased risk to develop oropharyngeal cancer (118).


E6 Humoral Response

The detection of humoral response against HPV early proteins, particularly antibodies against E6 protein, has been associated with a 132-fold increase risk to develop oropharyngeal cancer (118). Rather interestingly, these antibodies seem to develop more than 10 years before HPV-driven OPSCC diagnosis (119). Meanwhile, these E6 antibodies are detectable in <1% of healthy controls (120, 121). Finally, different studies have shown that the vast majority of HPV-positive OPSCC patients (>90%) present an HPV16 E6 antibody response in blood at the time of their HPV16-OPSCC diagnosis (119–124). Even if some authors argue that E6 serology could be helpful for HPV OPSCC monitoring, particularly to track residual disease or recurrence (125), its interest must be confirmed and validated before considering its general use in clinical routine. Even if baseline HPV16 E6 antibodies may have a potential clinical utility for the diagnosis and/or prognosis of HPV-induced OPSCC because HPV16 E6 seropositivity is associated with significant reduced risk of recurrence, E6 serology does not represent a good biomarker for posttreatment monitoring and early identification of relapses. Indeed, HPV16 E6 antibody level remains stable in patients after treatment and eventual variations in antibodies level were not associated with recurrence (126).



HPVct DNA by ddPCR

As we previously mentioned, HPV circulating tumoral DNA (ctDNA) based on detection of plasmatic HPV DNA (E6 or E7 genes) with new ultrasensitive methods appears to have a clinical interest in HPV OPSCC. Indeed, the liquid-biopsy approach using the detection of ctDNA released from tumor cells and detectable in blood has garnered growing interest (127) particularly in HNSCC (128). Detection of ctDNA has demonstrated its relevance in lung or colorectal cancer with the detection of EGFR and KRAS mutations for non-invasive tumors genotyping, treatment response follow-up, and relapse prediction (129). HPV-related cancers are an ideal model to monitor ctDNA by detecting HPV oncogenes E6 or E7. The feasibility and the interest of HPV ctDNA detection in the plasma of HPV-related OPSCC patients using new ultrasensitive molecular tools such as droplet-based digital PCR (ddPCR) assays have been recently reported and correlated with clinical outcome (52, 117) and early detection of recurrences in posttreatment monitoring (130). This quantitative method of ddPCR is characterized by its high sensitivity, its accuracy, and its reproducibility inter- and intra-laboratories (131). Our team has recently highlighted the interest of quantifying HPVctDNA in plasma samples of OPSCC patients at baseline (52). Indeed, it is the first time that pre-therapeutic HPVctDNA using ddPCR technology was evaluated as a biomarker for OPSCC staging correlated with the new AJCC staging algorithm for HR HPV-associated OPSCC (132) and for patients’ clinical outcome. We demonstrated a positive correlation between the level of HPVctDNA load quantified by ddPCR and T status, N status, and the specific stages of the new HPV OPSCC staging algorithm. Moreover, in our series, we observed a positive correlation between HPVctDNA detection by ddPCR and patient clinical outcome. Even if further studies need to be performed in larger cohorts to confirm the prognostic interest of this biomarker before considering its use in routine practice, HPVctDNA appears to be a very interesting biomarker to monitor for optimization of HPV-related OPSCC management with potential interest to select patients for whom treatment de-escalation could eventually be offered.

Finally, the performance of HPVctDNA has also been evaluated to monitor treatment response early, showing that HPVctDNA kinetics are clearly correlated with treatment failure or success and this feature would be more precocious than classical Response Evaluation Criteria in Solid Sumours (RECIST) criteria (52, 117, 133). In the future, the monitoring of HPVctDNA could also be considered as an easy-to-use plasmatic biomarker to determine treatment efficacy early considering the increasing use of very specific and expensive treatment such as immunotherapies in OPSCC medical support. According to the different studies already published on HPVctDNA in HPV-driven OPSCC, this biomarker has a very high sensitivity and specificity, recently estimated at 89 and 97%, respectively by Chera et al. (133). Finally, another great interest of the quantification of HPVctDNA by ddPCR is its very low cost compared to other innovative technologies.



HPV Capture Technology and Viral Molecular Signatures

In cervical carcinomas, integration of HPV DNA into the host genome seems to be the main critical etiological event in the progression from normal cervix to intraepithelial neoplasm, and finally to invasive cervical cancer. This HPV oncogenic process is considered to be identical in OPSCC, but with no scientific certainties as pretumoral lesions are not yet characterized in head and neck cancer. However, for cervical cancers, different studies have already shown that a part of HPV-driven tumor does not present any integration and is associated only with episomal HPV (134–136). Therefore, HPV molecular status (integrated or not) in the tumor cells could represent an interesting profile to clarify and to correlate with clinical data. Moreover, if integration occurred, the site of HPV integration could also have a real impact on cancer progression (disruption of cancer suppressor genes, immunomodulatory genes, etc.). Finally, HPV genotype variant description could also be of interest as HPV variants have been shown to differ biologically and functionally, thereby affecting persistence and potentially the risk of progression (137, 138). Identifying HPV genotype variants could be pertinent to classify them according to their tumoral aggressiveness.

Recently, using a next-generation sequencing (NGS) technology called “Capture HPV” (135) on biopsies and circulating DNA material, five molecular signatures of HPV integration have been identified in HPV cervical cancer and correlated with survival (but not significantly). To describe the molecular HPV profile and variants in tumor samples, this new and innovative “HPV capture” technology is based on a generic and comprehensive HPV genome capture (235 genotypes and variants) followed by NGS. Exhaustive data will be obtained as HPV whole-genome sequencing/HPV molecular status (integrated or episomal)/HPV integration site, both in virus and human genomes/HPV genotype variant sequences.

“HPV capture” technology has already been performed on HPV cervical and anal cancers (135, 139) to determine a potential prognosis value of the HPV molecular signatures described. Investigations based on this new technology are actually in process in HPV oropharyngeal cancer. The deep information obtained with such technology such as viral molecular status, genotype variants, integration of viral genes deletion, and sites of integration could be extremely informative regarding the viral oncogenic process and could allow the possibility to ultrastratify HPV-driven OPSCC based on virological information.



Which Sample for Which Test?

Depending on the material obtained from patients, different HPV assays are feasible. Some samples require more invasive procedures than others. For this reason, except for the specific context of a clinical trial, performing a second “fresh” biopsy for RT-PCR is not standard because it requires invasive procedures. The new generation of HPV assays is highly sensitive and can be performed on non-invasive or minimally invasive samples, such as blood puncture and oral rinse. These approaches will undoubtedly be complementary to current classical routine practice HPV assays and will help to stratify and monitor HPV-positive HNSCCs. Considering the availability of human samples and technical aspects of assays cited above, we have briefly, through this review, given an overview of the techniques feasible on each kind of sample.



CONCLUSION

In this review, we have explored main HPV detection tools available in routine practice on fresh, frozen, and formalin-fixed tissues in the HNSCC context. If p16 immunostaining is the most affordable technique, it seems that the threshold of 70% of positive tumor cells recommended by the College of American Pathologists might be a little too high because a fraction of cases with a nuclear and cytoplasmic staining in 50–70% of tumor cells are clearly associated with high-risk HPV infection. Of the two in situ hybridization assays, the popularity of RNA ISH stems from its excellent diagnostic performances and the biological value of the assay, because positive cases show evidence of transcriptionally active HPV infection. Nevertheless, the price of this assay hampers its use in routine practice. DNA ISH is more difficult to read, and the technique process is highly dependent on the level of expertise of pathology laboratories. This variability leads to moderate diagnostic performances, and this assay is becoming unpopular. RT-PCR and PCR are non-spatial assays but are powerful tools to detect HPV infection. RT-PCR is more performant on fresh and frozen tissues which are often not available in routine practice. For PCR, several commercial assays have been developed for cervical cancers and could be used for HNSCCs, but an important work of comparative evaluation of these tools is needed in HNSCCs and some pre-PCR steps might be optimized to enhance the yield of the technique. Pragmatically, the high sensitivity of p16 immunostaining and the value of PCR to specify HPV type make these tools really interesting in routine practice. Indeed, using p16 immunostaining as a screening tool than PCR constitutes a performant way to diagnose and specify the HPV type since this information is important because of its prognostic value even among high-risk HPV types. In case RNA ISH is feasible, using it as a standalone test might be a seductive solution but it does not provide any precision on the HPV type. We think that further studies evaluating the impact of high-risk HPV type in the prognosis of patients should be conducted to be sure that this information requires a second PCR assay. Among new HPV biomarkers, HPVctDNA detection could be a useful monitoring tool to detect early disease recurrence. This latter tool also seems to have prognostic value, since quantification of HPVctDNA is correlated with T and N stages in OPSCCs. Finally, HPV capture, based on next-generation sequencing, gives insights into the integration process of various genotypes of HPV. In the near future, this assay could be a stratification and prognostic tool for patients with HPV-induced OPSCC.



AUTHOR CONTRIBUTIONS

JA, CL, and CBa designed the manuscript. JA, CL, and HP wrote the first draft. AM and AB illustrated the manuscript. JA, CL, CBa, AM, AB, DV, CBr, HP, and HM edited and revised the manuscript. All authors contributed to the article and approved the submitted version.



REFERENCES

1. WHO Global Cancer Observatory. (2020). Available online at: http://gco.iarc.fr/ (accessed February 19, 2020).

2. Chaturvedi AK, Engels EA, Pfeiffer RM, Hernandez BY, Xiao W, Kim E, et al. Human papillomavirus and rising oropharyngeal cancer incidence in the United States. J Clin Oncol. (2011) 29:4294–301. doi: 10.1200/JCO.2011.36.4596

3. Gillison ML, Koch WM, Capone RB, Spafford M, Westra WH, Wu L, et al. Evidence for a causal association between human papillomavirus and a subset of head and neck cancers. J Natl Cancer Inst. (2000) 92:709–20. doi: 10.1093/jnci/92.9.709

4. D’Souza G, Kreimer AR, Viscidi R, Pawlita M, Fakhry C, Koch WM, et al. Case-control study of human papillomavirus and oropharyngeal cancer. N Engl J Med. (2007) 356:1944–56. doi: 10.1056/NEJMoa065497

5. Ang KK, Harris J, Wheeler R, Weber R, Rosenthal DI, Nguyen-Tân PF, et al. Human papillomavirus and survival of patients with oropharyngeal cancer. N Engl J Med. (2010) 363:24–35. doi: 10.1056/NEJMoa0912217

6. Wotman M, Oh EJ, Ahn S, Kraus D, Costantino P, Tham T. HPV status in patients with nasopharyngeal carcinoma in the United States: a SEER database study. Am J Otolaryngol. (2019) 40:705–10. doi: 10.1016/j.amjoto.2019.06.007

7. Verma V, Simone CB, Lin C. Human papillomavirus and nasopharyngeal cancer. Head Neck. (2018) 40:696–706. doi: 10.1002/hed.24978

8. Castellsagué X, Alemany L, Quer M, Halec G, Quirós B, Tous S, et al. HPV involvement in head and neck cancers: comprehensive assessment of biomarkers in 3680 patients. J Natl Cancer Inst. (2016) 108:djv403. doi: 10.1093/jnci/djv403

9. Lam EWH, Chan JYW, Chan ABW, Ng CS, Lo STH, Lam VSC, et al. Prevalence, clinicopathological characteristics, and outcome of human papillomavirus-associated oropharyngeal cancer in Southern Chinese patients. Cancer Epidemiol Biomarkers Prev. (2016) 25:165–73. doi: 10.1158/1055-9965.EPI-15-0869

10. Shaikh MH, Khan AI, Sadat A, Chowdhury AH, Jinnah SA, Gopalan V, et al. Prevalence and types of high-risk human papillomaviruses in head and neck cancers from Bangladesh. BMC Cancer. (2017) 17:792. doi: 10.1186/s12885-017-3789-0

11. Lim MY, Dahlstrom KR, Sturgis EM, Li G. Human papillomavirus integration pattern and demographic, clinical, and survival characteristics of patients with oropharyngeal squamous cell carcinoma. Head Neck. (2016) 38:1139–44. doi: 10.1002/hed.24429

12. Fakhry C, Waterboer T, Westra WH, Rooper LM, Windon M, Troy T, et al. Distinct biomarker and behavioral profiles of human papillomavirus-related oropharynx cancer patients by age. Oral Oncol. (2020) 101:104522. doi: 10.1016/j.oraloncology.2019.104522

13. Del Mistro A, Frayle H, Menegaldo A, Favaretto N, Gori S, Nicolai P, et al. Age-independent increasing prevalence of Human Papillomavirus-driven oropharyngeal carcinomas in North-East Italy. Sci Rep. (2020) 10:9320. doi: 10.1038/s41598-020-66323-z

14. Rettig EM, Zaidi M, Faraji F, Eisele DW, El Asmar M, Fung N, et al. Oropharyngeal cancer is no longer a disease of younger patients and the prognostic advantage of human Papillomavirus is attenuated among older patients: analysis of the National cancer database. Oral Oncol. (2018) 83:147–53. doi: 10.1016/j.oraloncology.2018.06.013

15. Lassen P, Lacas B, Pignon J-P, Trotti A, Zackrisson B, Zhang Q, et al. MARCH collaborative group. prognostic impact of HPV-associated p16-expression and smoking status on outcomes following radiotherapy for oropharyngeal cancer: the MARCH-HPV project. Radiother Oncol. (2018) 126:107–15. doi: 10.1016/j.radonc.2017.10.018

16. Misiukiewicz K, Gupta V, Miles BA, Bakst R, Genden E, Selkridge I, et al. Standard of care vs reduced-dose chemoradiation after induction chemotherapy in HPV+ oropharyngeal carcinoma patients: the Quarterback trial. Oral Oncol. (2019) 95:170–7. doi: 10.1016/j.oraloncology.2019.06.021

17. Wang MB, Liu IY, Gornbein JA, Nguyen CT. HPV positive oropharyngeal carcinoma: a systematic review of treatment and prognosis. Otolaryngol Head Neck Surg. (2015) 153:758–69. doi: 10.1177/0194599815592157

18. Posner MR, Lorch JH, Goloubeva O, Tan M, Schumaker LM, Sarlis NJ, et al. Survival and human papillomavirus in oropharynx cancer in TAX 324: a subset analysis from an international phase III trial. Ann Oncol. (2011) 22:1071–7. doi: 10.1093/annonc/mdr006

19. Chung CH, Zhang Q, Kong CS, Harris J, Fertig EJ, Harari PM, et al. p16 protein expression and human papillomavirus status as prognostic biomarkers of nonoropharyngeal head and neck squamous cell carcinoma. J Clin Oncol. (2014) 32:3930–8. doi: 10.1200/JCO.2013.54.5228

20. Wiley TNM Classification of Malignant Tumours. 8th ed. (2020). Available online at: https://www.wiley.com/en-gb/TNM+Classification+of+Malignant+Tumours%2C+8th+Edition-p-9781119263579 (accessed February 17, 2020).

21. Howard J, Dwivedi RC, Masterson L, Kothari P, Quon H, Holsinger FC. De-intensified adjuvant (chemo)radiotherapy versus standard adjuvant chemoradiotherapy post transoral minimally invasive surgery for resectable HPV-positive oropharyngeal carcinoma. Cochrane Database Syst Rev. (2018) 12:CD012939. doi: 10.1002/14651858.CD012939.pub2

22. Jones DA, Mistry P, Dalby M, Fulton-Lieuw T, Kong AH, Dunn J, et al. Concurrent cisplatin or cetuximab with radiotherapy for HPV-positive oropharyngeal cancer: medical resource use, costs, and quality-adjusted survival from the De-ESCALaTE HPV trial. Eur J Cancer. (2020) 124:178–85. doi: 10.1016/j.ejca.2019.10.025

23. Beaty BT, Moon DH, Shen CJ, Amdur RJ, Weiss J, Grilley-Olson J, et al. PIK3CA mutation in HPV-associated OPSCC patients receiving deintensified chemoradiation. J Natl Cancer Inst. (2019) 112:855–8. doi: 10.1093/jnci/djz224

24. Lewis JS, Beadle B, Bishop JA, Chernock RD, Colasacco C, Lacchetti C, et al. Human papillomavirus testing in head and neck carcinomas: guideline from the college of American pathologists. Arch Pathol Lab Med. (2018) 142:559–97. doi: 10.5858/arpa.2017-0286-CP

25. Martinez-Zapien D, Ruiz FX, Poirson J, Mitschler A, Ramirez J, Forster A, et al. Structure of the E6/E6AP/p53 complex required for HPV-mediated degradation of p53. Nature. (2016) 529:541–5. doi: 10.1038/nature16481

26. Scheffner M, Werness BA, Huibregtse JM, Levine AJ, Howley PM. The E6 oncoprotein encoded by human papillomavirus types 16 and 18 promotes the degradation of p53. Cell. (1990) 63:1129–36. doi: 10.1016/0092-8674(90)90409-8

27. Hoppe-Seyler K, Bossler F, Braun JA, Herrmann AL, Hoppe-Seyler F. The HPV E6/E7 oncogenes: key factors for viral carcinogenesis and therapeutic targets. Trends Microbiol. (2018) 26:158–68. doi: 10.1016/j.tim.2017.07.007

28. Serrano M. The tumor suppressor protein p16INK4a. Exp Cell Res. (1997) 237:7–13. doi: 10.1006/excr.1997.3824

29. Oh ST, Longworth MS, Laimins LA. Roles of the E6 and E7 proteins in the life cycle of low-risk human papillomavirus type 11. J Virol. (2004) 78:2620–6. doi: 10.1128/jvi.78.5.2620-2626.2004

30. McLaughlin-Drubin ME, Crum CP, Münger K. Human papillomavirus E7 oncoprotein induces KDM6A and KDM6B histone demethylase expression and causes epigenetic reprogramming. Proc Natl Acad Sci USA. (2011) 108:2130–5. doi: 10.1073/pnas.1009933108

31. Rampias T, Sasaki C, Weinberger P, Psyrri A. E6 and E7 gene silencing and transformed phenotype of human papillomavirus 16-positive oropharyngeal cancer cells. JNCI J Natl Cancer Inst. (2009) 101:412–23. doi: 10.1093/jnci/djp017

32. Alvarez-Salas LM, Cullinan AE, Siwkowski A, Hampel A, DiPaolo JA. Inhibition of HPV-16 E6/E7 immortalization of normal keratinocytes by hairpin ribozymes. Proc Natl Acad Sci USA. (1998) 95:1189–94. doi: 10.1073/pnas.95.3.1189

33. Begum S, Cao D, Gillison M, Zahurak M, Westra WH. Tissue distribution of human papillomavirus 16 DNA integration in patients with tonsillar carcinoma. Clin Cancer Res. (2005) 11:5694–9. doi: 10.1158/1078-0432.CCR-05-0587

34. Jones DL, Alani RM, Münger K. The human papillomavirus E7 oncoprotein can uncouple cellular differentiation and proliferation in human keratinocytes by abrogating p21Cip1-mediated inhibition of cdk2. Genes Dev. (1997) 11:2101–11. doi: 10.1101/gad.11.16.2101

35. Münger K, Phelps WC, Bubb V, Howley PM, Schlegel R. The E6 and E7 genes of the human papillomavirus type 16 together are necessary and sufficient for transformation of primary human keratinocytes. J Virol. (1989) 63:4417–21.

36. Marur S, D’Souza G, Westra WH, Forastiere AA. HPV-associated head and neck cancer: a virus-related cancer epidemic. Lancet Oncol. (2010) 11:781–9. doi: 10.1016/S1470-2045(10)70017-6

37. El-Naggar AK, Chan JKC, Grandis JR, Takata T, Slootweg PJ eds WHO Classification of Head and Neck Tumours. 4th ed. Lyon: International Agency for Research on Cancer. (2017).

38. Chernesky M, Jang D, Schweizer J, Arias M, Doerwald-Munoz L, Gupta M, et al. HPV E6 oncoproteins and nucleic acids in neck lymph node fine needle aspirates and oral samples from patients with oropharyngeal squamous cell carcinoma. Papillomavirus Res. (2018) 6:1–5. doi: 10.1016/j.pvr.2018.05.003

39. Schache AG, Liloglou T, Risk JM, Filia A, Jones TM, Sheard J, et al. Evaluation of human papilloma virus diagnostic testing in oropharyngeal squamous cell carcinoma: sensitivity, specificity, and prognostic discrimination. Clin Cancer Res. (2011) 17:6262–71. doi: 10.1158/1078-0432.CCR-11-0388

40. Smeets SJ, Hesselink AT, Speel E-JM, Haesevoets A, Snijders PJF, Pawlita M, et al. A novel algorithm for reliable detection of human papillomavirus in paraffin embedded head and neck cancer specimen. Int J Cancer. (2007) 121:2465–72. doi: 10.1002/ijc.22980

41. Wimmer I, Tröscher AR, Brunner F, Rubino SJ, Bien CG, Weiner HL, et al. Systematic evaluation of RNA quality, microarray data reliability and pathway analysis in fresh, fresh frozen and formalin-fixed paraffin-embedded tissue samples. Sci Rep. (2018) 8:6351. doi: 10.1038/s41598-018-24781-6

42. Masuda N, Ohnishi T, Kawamoto S, Monden M, Okubo K. Analysis of chemical modification of RNA from formalin-fixed samples and optimization of molecular biology applications for such samples. Nucleic Acids Res. (1999) 27:4436–43. doi: 10.1093/nar/27.22.4436

43. von Ahlfen S, Missel A, Bendrat K, Schlumpberger M. Determinants of RNA quality from FFPE samples. PLoS One. (2007) 2:e1261. doi: 10.1371/journal.pone.0001261

44. Benchekroun M, DeGraw J, Gao J, Sun L, von Boguslawsky K, Leminen A, et al. Impact of fixative on recovery of mRNA from paraffin-embedded tissue. Diagn Mol Pathol. (2004) 13:116–25. doi: 10.1097/00019606-200406000-00008

45. Bussu F, Ragin C, Boscolo-Rizzo P, Rizzo D, Gallus R, Delogu G, et al. HPV as a marker for molecular characterization in head and neck oncology: looking for a standardization of clinical use and of detection method(s) in clinical practice. Head Neck. (2019) 41:1104–11. doi: 10.1002/hed.25591

46. Mes SW, Heideman DAM, Bloemena E, Brink A, Bogaarts M, Leemans CR, et al. Development and validation of a novel and rapid molecular detection method for high-risk human papillomavirus in formalin-fixed, paraffin-embedded tumor tissue. J Mol Diagn. (2020) 22:262–71. doi: 10.1016/j.jmoldx.2019.10.009

47. Arbyn M, Castle PE. Offering self-sampling kits for HPV testing to reach women who do not attend in the regular cervical cancer screening program. Cancer Epidemiol Biomarkers Prev. (2015) 24:769–72. doi: 10.1158/1055-9965.EPI-14-1417

48. Hesselink AT, Sahli R, Berkhof J, Snijders PJF, van der Salm ML, Agard D, et al. Clinical validation of AnyplexTM II HPV HR detection according to the guidelines for HPV test requirements for cervical cancer screening. J Clin Virol. (2016) 76:36–9. doi: 10.1016/j.jcv.2016.01.009

49. Prigge E-S, Arbyn M, von Knebel Doeberitz M, Reuschenbach M. Diagnostic accuracy of p16INK4a immunohistochemistry in oropharyngeal squamous cell carcinomas: a systematic review and meta-analysis. Int J Cancer. (2017) 140:1186–98. doi: 10.1002/ijc.30516

50. Donà MG, Rollo F, Pichi B, Spriano G, Pellini R, Covello R, et al. Evaluation of the Xpert® HPV assay in the detection of human Papillomavirus in formalin-fixed paraffin-embedded oropharyngeal carcinomas. Oral Oncol. (2017) 72:117–22. doi: 10.1016/j.oraloncology.2017.07.016

51. Pettus JR, Wilson TL, Steinmetz HB, Lefferts JA, Tafe LJ. Utility of the Roche Cobas 4800 for detection of high-risk human papillomavirus in formalin-fixed paraffin-embedded oropharyngeal squamous cell carcinoma. Exp Mol Pathol. (2017) 102:47–9. doi: 10.1016/j.yexmp.2016.12.004

52. Veyer D, Wack M, Grard O, Bonfils P, Hans S, Bélec L, et al. HPV detection and genotyping of head and neck cancer biopsies by molecular testing with regard to the new oropharyngeal squamous cell carcinoma classification based on HPV status. Pathology. (2019) 51:421–5. doi: 10.1016/j.pathol.2019.02.002

53. Rollo F, Donà MG, Pichi B, Pellini R, Covello R, Benevolo M. Evaluation of the anyplex II HPV28 assay in the detection of human Papillomavirus in archival samples of oropharyngeal carcinomas. Arch Pathol Lab Med. (2019) 144:620–5. doi: 10.5858/arpa.2019-0199-OA

54. Craig SG, Anderson LA, Moran M, Graham L, Currie K, Rooney K, et al. Comparison of molecular assays for HPV testing in oropharyngeal squamous cell carcinomas: a population-based study in Northern Ireland. Cancer Epidemiol Biomarkers Prev. (2020) 29:31–8. doi: 10.1158/1055-9965.EPI-19-0538

55. Huho AN, Yadak N, Bocklage TJ, Yang S. Evaluation of diagnostic utility of a high-risk human Papillomavirus PCR test on formalin-fixed, paraffin-embedded head and neck tumor tissues. J Mol Diagn. (2018) 20:232–9. doi: 10.1016/j.jmoldx.2017.11.008

56. Steinau M, Patel SS, Unger ER. Efficient DNA extraction for HPV genotyping in formalin-fixed, paraffin-embedded tissues. J Mol Diagn. (2011) 13:377–81. doi: 10.1016/j.jmoldx.2011.03.007

57. Klopfleisch R, Weiss ATA, Gruber AD. Excavation of a buried treasure–DNA, mRNA, miRNA and protein analysis in formalin fixed, paraffin embedded tissues. Histol Histopathol. (2011) 26:797–810. doi: 10.14670/HH-26.797

58. Gilbert MTP, Haselkorn T, Bunce M, Sanchez JJ, Lucas SB, Jewell LD, et al. The isolation of nucleic acids from fixed, paraffin-embedded tissues-which methods are useful when? PLoS One. (2007) 2:e537. doi: 10.1371/journal.pone.0000537

59. Kocjan BJ, Hošnjak L, Poljak M. Detection of alpha human papillomaviruses in archival formalin-fixed, paraffin-embedded (FFPE) tissue specimens. J Clin Virol. (2016) 76(Suppl. 1):S88–97. doi: 10.1016/j.jcv.2015.10.007

60. Boscolo-Rizzo P, Pawlita M, Holzinger D. From HPV-positive towards HPV-driven oropharyngeal squamous cell carcinomas. Cancer Treat Rev. (2016) 42:24–9. doi: 10.1016/j.ctrv.2015.10.009

61. Gillison ML, Chaturvedi AK, Anderson WF, Fakhry C. Epidemiology of human papillomavirus-positive head and neck squamous cell carcinoma. J Clin Oncol. (2015) 33:3235–42. doi: 10.1200/JCO.2015.61.6995

62. Schache AG, Liloglou T, Risk JM, Jones TM, Ma X-J, Wang H, et al. Validation of a novel diagnostic standard in HPV-positive oropharyngeal squamous cell carcinoma. Br J Cancer. (2013) 108:1332–9. doi: 10.1038/bjc.2013.63

63. Augustin J, Outh-Gauer S, Mandavit M, Gasne C, Grard O, Denize T, et al. Evaluation of the efficacy of the 4 tests (p16 immunochemistry, polymerase chain reaction, DNA, and RNA in situ hybridization) to evaluate a human papillomavirus infection in head and neck cancers: a cohort of 348 French squamous cell carcinomas. Hum Pathol. (2018) 78:63–71. doi: 10.1016/j.humpath.2018.04.006

64. Randén-Brady R, Carpén T, Jouhi L, Syrjänen S, Haglund C, Tarkkanen J, et al. In situ hybridization for high-risk HPV E6/E7 mRNA is a superior method for detecting transcriptionally active HPV in oropharyngeal cancer. Hum Pathol. (2019) 90:97–105. doi: 10.1016/j.humpath.2019.05.006

65. Mirghani H, Casiraghi O, Amen F, He M, Ma X-J, Saulnier P, et al. Diagnosis of HPV-driven head and neck cancer with a single test in routine clinical practice. Mod Pathol. (2015) 28:1518–27. doi: 10.1038/modpathol.2015.113

66. Schlecht NF, Brandwein-Gensler M, Nuovo GJ, Li M, Dunne A, Kawachi N, et al. A comparison of clinically utilized human papillomavirus detection methods in head and neck cancer. Mod Pathol. (2011) 24:1295–305. doi: 10.1038/modpathol.2011.91

67. Keung ES, Souers RJ, Bridge JA, Faquin WC, Graham RP, Hameed MR, et al. Comparative performance of high-risk human papillomavirus RNA and DNA in situ hybridization on college of american pathologists proficiency tests. Arch Pathol Lab Med. (2019) 144:344–9. doi: 10.5858/arpa.2019-0093-CP

68. Unger ER. In situ diagnosis of human papillomaviruses. Clin Lab Med. (2000) 20:289–301, vi.

69. Bishop JA, Ma X-J, Wang H, Luo Y, Illei PB, Begum S, et al. Detection of transcriptionally active high-risk HPV in patients with head and neck squamous cell carcinoma as visualized by a novel E6/E7 mRNA in situ hybridization method. Am J Surg Pathol. (2012) 36:1874–82. doi: 10.1097/PAS.0b013e318265fb2b

70. Craig SG, Anderson LA, Schache AG, Moran M, Graham L, Currie K, et al. Recommendations for determining HPV status in patients with oropharyngeal cancers under TNM8 guidelines: a two-tier approach. Br J Cancer. (2019) 120:827–33. doi: 10.1038/s41416-019-0414-9

71. Gao G, Chernock RD, Gay HA, Thorstad WL, Zhang TR, Wang H, et al. A novel RT-PCR method for quantification of human papillomavirus transcripts in archived tissues and its application in oropharyngeal cancer prognosis. Int J Cancer. (2013) 132:882–90. doi: 10.1002/ijc.27739

72. Rahimi S, Akaev I, Brennan PA, Virgo A, Marani C, Gomez RS, et al. A proposal for classification of oropharyngeal squamous cell carcinoma: morphology and status of HPV by immunohistochemistry and molecular biology. J Oral Pathol Med. (2020) 49:110–6. doi: 10.1111/jop.12956

73. Wang F, Flanagan J, Su N, Wang L-C, Bui S, Nielson A, et al. RNAscope: a novel in situ RNA analysis platform for formalin-fixed, paraffin-embedded tissues. J Mol Diagn. (2012) 14:22–9. doi: 10.1016/j.jmoldx.2011.08.002

74. Wang H, Su N, Wang L-C, Wu X, Bui S, Nielsen A, et al. Quantitative ultrasensitive bright-field RNA in situ hybridization with RNAscope. Methods Mol Biol. (2014) 1211:201–12. doi: 10.1007/978-1-4939-1459-3_16

75. Chang H-H, Tseng Y-F, Lu M-Y, Yang Y-L, Chou S-W, Lin D-T, et al. MYCN RNA levels determined by quantitative in situ hybridization is better than MYCN gene dosages in predicting the prognosis of neuroblastoma patients. Mod Pathol. (2019) 33:531–40. doi: 10.1038/s41379-019-0410-x

76. Kerr DA, Arora KS, Mahadevan KK, Hornick JL, Krane JF, Rivera MN, et al. Performance of a branch chain RNA in situ hybridization assay for the detection of high-risk human papillomavirus in head and neck squamous cell carcinoma. Am J Surg Pathol. (2015) 39:1643–52. doi: 10.1097/PAS.0000000000000516

77. Rooper LM, Gandhi M, Bishop JA, Westra WH. RNA in-situ hybridization is a practical and effective method for determining HPV status of oropharyngeal squamous cell carcinoma including discordant cases that are p16 positive by immunohistochemistry but HPV negative by DNA in-situ hybridization. Oral Oncol. (2016) 55:11–6. doi: 10.1016/j.oraloncology.2016.02.008

78. Chatfield-Reed K, Gui S, O’Neill WQ, Teknos TN, Pan Q. HPV33+ HNSCC is associated with poor prognosis and has unique genomic and immunologic landscapes. Oral Oncol. (2020) 100:104488. doi: 10.1016/j.oraloncology.2019.104488

79. Jung AC, Briolat J, Millon R, de Reyniès A, Rickman D, Thomas E, et al. Biological and clinical relevance of transcriptionally active human papillomavirus (HPV) infection in oropharynx squamous cell carcinoma. Int J Cancer. (2010) 126:1882–94. doi: 10.1002/ijc.24911

80. Braakhuis BJM, Snijders PJF, Keune W-JH, Meijer CJLM, Ruijter-Schippers HJ, Leemans CR, et al. Genetic patterns in head and neck cancers that contain or lack transcriptionally active human papillomavirus. J Natl Cancer Inst. (2004) 96:998–1006. doi: 10.1093/jnci/djh183

81. Jordan RC, Lingen MW, Perez-Ordonez B, He X, Pickard R, Koluder M, et al. Validation of methods for oropharyngeal cancer HPV status determination in US cooperative group trials. Am J Surg Pathol. (2012) 36:945–54. doi: 10.1097/PAS.0b013e318253a2d1

82. Ukpo OC, Flanagan JJ, Ma X-J, Luo Y, Thorstad WL, Lewis JS. High-risk human papillomavirus E6/E7 mRNA detection by a novel in situ hybridization assay strongly correlates with p16 expression and patient outcomes in oropharyngeal squamous cell carcinoma. Am J Surg Pathol. (2011) 35:1343–50. doi: 10.1097/PAS.0b013e318220e59d

83. Shi W, Kato H, Perez-Ordonez B, Pintilie M, Huang S, Hui A, et al. Comparative prognostic value of HPV16 E6 mRNA compared with in situ hybridization for human oropharyngeal squamous carcinoma. J Clin Oncol. (2009) 27:6213–21. doi: 10.1200/JCO.2009.23.1670

84. Augustin J, Mandavit M, Outh-Gauer S, Grard O, Gasne C, Lépine C, et al. HPV RNA CISH score identifies two prognostic groups in a p16 positive oropharyngeal squamous cell carcinoma population. Mod Pathol. (2018) 31:1645–52. doi: 10.1038/s41379-018-0090-y

85. Khleif SN, DeGregori J, Yee CL, Otterson GA, Kaye FJ, Nevins JR, et al. Inhibition of cyclin D-CDK4/CDK6 activity is associated with an E2F-mediated induction of cyclin kinase inhibitor activity. Proc Natl Acad Sci USA. (1996) 93:4350–4. doi: 10.1073/pnas.93.9.4350

86. Rietbergen MM, Snijders PJF, Beekzada D, Braakhuis BJM, Brink A, Heideman DAM, et al. Molecular characterization of p16-immunopositive but HPV DNA-negative oropharyngeal carcinomas. Int J Cancer. (2014) 134:2366–72. doi: 10.1002/ijc.28580

87. Holzinger D, Schmitt M, Dyckhoff G, Benner A, Pawlita M, Bosch FX. Viral RNA patterns and high viral load reliably define oropharynx carcinomas with active HPV16 involvement. Cancer Res. (2012) 72:4993–5003. doi: 10.1158/0008-5472.CAN-11-3934

88. Hong A, Jones D, Chatfield M, Lee CS, Zhang M, Clark J, et al. HPV status of oropharyngeal cancer by combination HPV DNA/p16 testing: biological relevance of discordant results. Ann Surg Oncol. (2013) 20(Suppl. 3):S450–8. doi: 10.1245/s10434-012-2778-4

89. Chen ZW, Weinreb I, Kamel-Reid S, Perez-Ordoñez B. Equivocal p16 immunostaining in squamous cell carcinoma of the head and neck: staining patterns are suggestive of HPV status. Head Neck Pathol. (2012) 6:422–9. doi: 10.1007/s12105-012-0382-3

90. Lai S, Wenaas AE, Sandulache VC, Hartman C, Chiao E, Kramer J, et al. Prognostic significance of p16 cellular localization in oropharyngeal squamous cell carcinoma. Ann Clin Lab Sci. (2016) 46:132–9.

91. Zhao N, Ang M-K, Yin X-Y, Patel MR, Fritchie K, Thorne L, et al. Different cellular p16(INK4a) localisation may signal different survival outcomes in head and neck cancer. Br J Cancer. (2012) 107:482–90. doi: 10.1038/bjc.2012.264

92. Isayeva T, Xu J, Dai Q, Whitley AC, Bonner J, Nabell L, et al. African Americans with oropharyngeal carcinoma have significantly poorer outcomes despite similar rates of human papillomavirus-mediated carcinogenesis. Hum Pathol. (2014) 45:310–9. doi: 10.1016/j.humpath.2013.09.006

93. Nauta IH, Rietbergen MM, van Bokhoven AAJD, Bloemena E, Lissenberg-Witte BI, Heideman DAM, et al. Evaluation of the eighth TNM classification on p16-positive oropharyngeal squamous cell carcinomas in the Netherlands and the importance of additional HPV DNA testing. Ann Oncol. (2018) 29:1273–9. doi: 10.1093/annonc/mdy060

94. Näsman A, Nordfors C, Holzhauser S, Vlastos A, Tertipis N, Hammar U, et al. Incidence of human papillomavirus positive tonsillar and base of tongue carcinoma: a stabilisation of an epidemic of viral induced carcinoma? Eur J Cancer. (2015) 51:55–61. doi: 10.1016/j.ejca.2014.10.016

95. Plath M, Broglie MA, Förbs D, Stoeckli SJ, Jochum W. Prognostic significance of cell cycle-associated proteins p16, pRB, cyclin D1 and p53 in resected oropharyngeal carcinoma. J Otolaryngol Head Neck Surg. (2018) 47:53. doi: 10.1186/s40463-018-0298-3

96. Shelton J, Purgina BM, Cipriani NA, Dupont WD, Plummer D, Lewis JS. p16 immunohistochemistry in oropharyngeal squamous cell carcinoma: a comparison of antibody clones using patient outcomes and high-risk human papillomavirus RNA status. Mod Pathol. (2017) 30:1194–203. doi: 10.1038/modpathol.2017.31

97. Fakhry C, Lacchetti C, Perez-Ordonez B. Human papillomavirus testing in head and neck carcinomas: ASCO clinical practice guideline endorsement summary of the CAP guideline. J Oncol Pract. (2018) 14:613–7. doi: 10.1200/JOP.18.00433

98. Mehanna H, Evans M, Beasley M, Chatterjee S, Dilkes M, Homer J, et al. Oropharyngeal cancer: United Kingdom national multidisciplinary guidelines. J Laryngol Otol. (2016) 130:S90–6. doi: 10.1017/S0022215116000505

99. Sedghizadeh PP, Billington WD, Paxton D, Ebeed R, Mahabady S, Clark GT, et al. Is p16-positive oropharyngeal squamous cell carcinoma associated with favorable prognosis? A systematic review and meta-analysis. Oral Oncol. (2016) 54:15–27. doi: 10.1016/j.oraloncology.2016.01.002

100. Albers AE, Qian X, Kaufmann AM, Coordes A. Meta analysis: HPV and p16 pattern determines survival in patients with HNSCC and identifies potential new biologic subtype. Sci Rep. (2017) 7:16715. doi: 10.1038/s41598-017-16918-w

101. D’Souza G, Anantharaman D, Gheit T, Abedi-Ardekani B, Beachler DC, Conway DI, et al. Effect of HPV on head and neck cancer patient survival, by region and tumor site: a comparison of 1362 cases across three continents. Oral Oncol. (2016) 62:20–7. doi: 10.1016/j.oraloncology.2016.09.005

102. Windon MJ, D’Souza G, Rettig EM, Westra WH, van Zante A, Wang SJ, et al. Increasing prevalence of human papillomavirus-positive oropharyngeal cancers among older adults. Cancer. (2018) 124:2993–9. doi: 10.1002/cncr.31385

103. Weinberger PM, Yu Z, Haffty BG, Kowalski D, Harigopal M, Brandsma J, et al. Molecular classification identifies a subset of human papillomavirus–associated oropharyngeal cancers with favorable prognosis. J Clin Oncol. (2006) 24:736–47. doi: 10.1200/JCO.2004.00.3335

104. D’Souza G, Westra WH, Wang SJ, van Zante A, Wentz A, Kluz N, et al. Differences in the prevalence of human papillomavirus (HPV) in head and neck squamous cell cancers by sex, race, anatomic tumor site, and HPV detection method. JAMA Oncol. (2017) 3:169–77. doi: 10.1001/jamaoncol.2016.3067

105. Fakhry C, Westra WH, Wang SJ, van Zante A, Zhang Y, Rettig E, et al. The prognostic role of sex, race, and human papillomavirus in oropharyngeal and nonoropharyngeal head and neck squamous cell cancer. Cancer. (2017) 123:1566–75. doi: 10.1002/cncr.30353

106. Meshman J, Wang P-C, Chin R, John MS, Abemayor E, Bhuta S, et al. Prognostic significance of p16 in squamous cell carcinoma of the larynx and hypopharynx. Am J Otolaryngol. (2017) 38:31–7. doi: 10.1016/j.amjoto.2016.09.007

107. Rosenthal DI, Harari PM, Giralt J, Bell D, Raben D, Liu J, et al. Association of human papillomavirus and p16 status with outcomes in the IMCL-9815 phase III registration trial for patients with locoregionally advanced oropharyngeal squamous cell carcinoma of the head and neck treated with radiotherapy with or without cetuximab. J Clin Oncol. (2016) 34:1300–8. doi: 10.1200/JCO.2015.62.5970

108. Vermorken JB, Psyrri A, Mesía R, Peyrade F, Beier F, de Blas B, et al. Impact of tumor HPV status on outcome in patients with recurrent and/or metastatic squamous cell carcinoma of the head and neck receiving chemotherapy with or without cetuximab: retrospective analysis of the phase III EXTREME trial. Ann Oncol. (2014) 25:801–7. doi: 10.1093/annonc/mdt574

109. Vermorken JB, Stöhlmacher-Williams J, Davidenko I, Licitra L, Winquist E, Villanueva C, et al. Cisplatin and fluorouracil with or without panitumumab in patients with recurrent or metastatic squamous-cell carcinoma of the head and neck (SPECTRUM): an open-label phase 3 randomised trial. Lancet Oncol. (2013) 14:697–710. doi: 10.1016/S1470-2045(13)70181-5

110. Mehra R, Seiwert TY, Gupta S, Weiss J, Gluck I, Eder JP, et al. Efficacy and safety of pembrolizumab in recurrent/metastatic head and neck squamous cell carcinoma: pooled analyses after long-term follow-up in KEYNOTE-012. Br J Cancer. (2018) 119:153–9. doi: 10.1038/s41416-018-0131-9

111. Seiwert TY, Burtness B, Mehra R, Weiss J, Berger R, Eder JP, et al. Safety and clinical activity of pembrolizumab for treatment of recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-012): an open-label, multicentre, phase 1b trial. Lancet Oncol. (2016) 17:956–65. doi: 10.1016/S1470-2045(16)30066-3

112. Ferris RL, Blumenschein G, Fayette J, Guigay J, Colevas AD, Licitra L, et al. Nivolumab for recurrent squamous-cell carcinoma of the head and neck. N Engl J Med. (2016) 375:1856–67. doi: 10.1056/NEJMoa1602252

113. Ferris RL, Blumenschein G, Fayette J, Guigay J, Colevas AD, Licitra L, et al. Nivolumab vs investigator’s choice in recurrent or metastatic squamous cell carcinoma of the head and neck: 2-year long-term survival update of CheckMate 141 with analyses by tumor PD-L1 expression. Oral Oncol. (2018) 81:45–51. doi: 10.1016/j.oraloncology.2018.04.008

114. Artaza-Irigaray C, Molina-Pineda A, Aguilar-Lemarroy A, Ortiz-Lazareno P, Limón-Toledo LP, Pereira-Suárez AL, et al. E6/E7 and E6∗ From HPV16 and HPV18 Upregulate IL-6 expression independently of p53 in keratinocytes. Front Immunol. (2019) 10:1676. doi: 10.3389/fimmu.2019.01676

115. Tsukamoto H, Fujieda K, Miyashita A, Fukushima S, Ikeda T, Kubo Y, et al. Combined blockade of IL6 and PD-1/PD-L1 signaling abrogates mutual regulation of their immunosuppressive effects in the tumor microenvironment. Cancer Res. (2018) 78:5011–22. doi: 10.1158/0008-5472.CAN-18-0118

116. Jeannot E, Becette V, Campitelli M, Calméjane M-A, Lappartient E, Ruff E, et al. Circulating human papillomavirus DNA detected using droplet digital PCR in the serum of patients diagnosed with early stage human papillomavirus-associated invasive carcinoma. J Pathol Clin Res. (2016) 2:201–9. doi: 10.1002/cjp2.47

117. Hanna GJ, Lizotte P, Cavanaugh M, Kuo FC, Shivdasani P, Frieden A, et al. Frameshift events predict anti-PD-1/L1 response in head and neck cancer. JCI Insight. (2018) 3:e98811. doi: 10.1172/jci.insight.98811

118. Anantharaman D, Gheit T, Waterboer T, Abedi-Ardekani B, Carreira C, McKay-Chopin S, et al. Human papillomavirus infections and upper aero-digestive tract cancers: the ARCAGE study. J Natl Cancer Inst. (2013) 105:536–45. doi: 10.1093/jnci/djt053

119. Kreimer AR, Johansson M, Waterboer T, Kaaks R, Chang-Claude J, Drogen D, et al. Evaluation of human papillomavirus antibodies and risk of subsequent head and neck cancer. J Clin Oncol. (2013) 31:2708–15. doi: 10.1200/JCO.2012.47.2738

120. Kreimer AR, Johansson M, Yanik EL, Katki HA, Check DP, Lang Kuhs KA, et al. Kinetics of the human papillomavirus type 16 E6 antibody response prior to oropharyngeal cancer. J Natl Cancer Inst. (2017) 109:djx005. doi: 10.1093/jnci/djx005

121. Lang Kuhs KA, Anantharaman D, Waterboer T, Johansson M, Brennan P, Michel A, et al. Human papillomavirus 16 E6 antibodies in individuals without diagnosed cancer: a pooled analysis. Cancer Epidemiol Biomarkers Prev. (2015) 24:683–9. doi: 10.1158/1055-9965.EPI-14-1217

122. Holzinger D, Wichmann G, Baboci L, Michel A, Höfler D, Wiesenfarth M, et al. Sensitivity and specificity of antibodies against HPV16 E6 and other early proteins for the detection of HPV16-driven oropharyngeal squamous cell carcinoma. Int J Cancer. (2017) 140:2748–57. doi: 10.1002/ijc.30697

123. Lang Kuhs KA, Pawlita M, Gibson SP, Schmitt NC, Trivedi S, Argiris A, et al. Characterization of human papillomavirus antibodies in individuals with head and neck cancer. Cancer Epidemiol. (2016) 42:46–52. doi: 10.1016/j.canep.2016.03.003

124. Broglie MA, Jochum W, Michel A, Waterboer T, Foerbs D, Schoenegg R, et al. Evaluation of type-specific antibodies to high risk-human papillomavirus (HPV) proteins in patients with oropharyngeal cancer. Oral Oncol. (2017) 70:43–50. doi: 10.1016/j.oraloncology.2017.05.010

125. Mirghani H, Lang Kuhs KA, Waterboer T. Biomarkers for early identification of recurrences in HPV-driven oropharyngeal cancer. Oral Oncol. (2018) 82:108–14. doi: 10.1016/j.oraloncology.2018.05.015

126. Lang Kuhs KA, Kreimer AR, Trivedi S, Holzinger D, Pawlita M, Pfeiffer RM, et al. Human papillomavirus 16 E6 antibodies are sensitive for human papillomavirus-driven oropharyngeal cancer and are associated with recurrence. Cancer. (2017) 123:4382–90. doi: 10.1002/cncr.30966

127. Corcoran RB, Chabner BA. Application of cell-free DNA analysis to cancer treatment. N Engl J Med. (2018) 379:1754–65. doi: 10.1056/NEJMra1706174

128. Kulasinghe A, Kapeleris J, Kimberley R, Mattarollo SR, Thompson EW, Thiery J-P, et al. The prognostic significance of circulating tumor cells in head and neck and non-small-cell lung cancer. Cancer Med. (2018) 7:5910–9. doi: 10.1002/cam4.1832

129. Phallen J, Leal A, Woodward BD, Forde PM, Naidoo J, Marrone KA, et al. Early noninvasive detection of response to targeted therapy in non-small cell lung cancer. Cancer Res. (2019) 79:1204–13. doi: 10.1158/0008-5472.CAN-18-1082

130. Chera BS, Kumar S, Shen C, Amdur R, Dagan R, Green R, et al. Plasma circulating tumor HPV DNA for the surveillance of cancer recurrence in HPV-associated oropharyngeal cancer. J Clin Oncol. (2020) 38:1050–8. doi: 10.1200/JCO.19.02444

131. Whale AS, Fernandez-Gonzalez A, Gutteridge A, Devonshire AS. Control materials and digital PCR methods for evaluation of circulating cell-free DNA extractions from plasma. Methods Mol Biol. (2018) 1768:45–65. doi: 10.1007/978-1-4939-7778-9_4

132. Lydiatt WM, Patel SG, O’Sullivan B, Brandwein MS, Ridge JA, Migliacci JC, et al. Head and neck cancers-major changes in the American Joint Committee on cancer eighth edition cancer staging manual. CA Cancer J Clin. (2017) 67:122–37. doi: 10.3322/caac.21389

133. Chera BS, Kumar S, Beaty BT, Marron D, Jefferys S, Green R, et al. Rapid clearance profile of plasma circulating tumor HPV type 16 DNA during chemoradiotherapy correlates with disease control in HPV-associated oropharyngeal cancer. Clin Cancer Res. (2019) 25:4682–90. doi: 10.1158/1078-0432.CCR-19-0211

134. Cancer Genome Atlas Research Network, Albert Einstein College of Medicine, Analytical Biological Services, Barretos Cancer Hospital, Baylor College of Medicine, Beckman Research Institute of City of Hope, et al. Integrated genomic and molecular characterization of cervical cancer. Nature. (2017) 543:378–84. doi: 10.1038/nature21386

135. Holmes A, Lameiras S, Jeannot E, Marie Y, Castera L, Sastre-Garau X, et al. Mechanistic signatures of HPV insertions in cervical carcinomas. NPJ Genom Med. (2016) 1:16004. doi: 10.1038/npjgenmed.2016.4

136. Vinokurova S, Wentzensen N, Kraus I, Klaes R, Driesch C, Melsheimer P, et al. Type-dependent integration frequency of human papillomavirus genomes in cervical lesions. Cancer Res. (2008) 68:307–13. doi: 10.1158/0008-5472.CAN-07-2754

137. Sichero L, Ferreira S, Trottier H, Duarte-Franco E, Ferenczy A, Franco EL, et al. High grade cervical lesions are caused preferentially by non-European variants of HPVs 16 and 18. Int J Cancer. (2007) 120:1763–8. doi: 10.1002/ijc.22481

138. Touze A, El Mehdaoui S, Sizaret PY, Mougin C, Muñoz N, Coursaget P. The L1 major capsid protein of human papillomavirus type 16 variants affects yield of virus-like particles produced in an insect cell expression system. J Clin Microbiol. (1998) 36:2046–51.

139. Morel A, Neuzillet C, Wack M, Lameiras S, Vacher S, Deloger M, et al. Mechanistic signatures of human papillomavirus insertions in anal squamous cell carcinomas. Cancers (Basel). (2019) 11:1846. doi: 10.3390/cancers11121846


Conflict of Interest: CBa is consultant for Roche, MSD and HP is consultant for MSD Vaccin.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Augustin, Lepine, Morini, Brunet, Veyer, Brochard, Mirghani, Péré and Badoual. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		HPV Detection in Head and Neck Squamous Cell Carcinomas: What Is the Issue?



		INTRODUCTION



		HPV INVOLVEMENT IN THE CELL CYCLE



		MAIN TECHNIQUES USED TO DETECT HPV IN OPSCC



		Molecular Assays



		mRNAE6/E7 Detection



		PCR and HPV Genotyping



		In situ Hybridization Targeting DNA (DNA ISH)



		In situ Hybridization Targeting RNA (RNA ISH)



		p16 Immunostaining











		NEW HPV BIOMARKERS IN THE MANAGEMENT OF HPV-DRIVEN OPSCC



		E6 Humoral Response



		HPVct DNA by ddPCR



		HPV Capture Technology and Viral Molecular Signatures



		Which Sample for Which Test?







		CONCLUSION



		AUTHOR CONTRIBUTIONS



		REFERENCES

















OPS/images/fonc-10-01751-t001.jpg
Detection technique

HPV PCR

E6/E7 mRNA RT-PCR

EB/E7 mRNA in situ
hybridization

HPV DNA in situ

hybridization

P16 immunochemistry

Serology for antibodies
against E6 protein

HPV circulating tumoral
DNA by ddPCR

Benefits

High sensitivity

HPV genotype information

FFPE manageable

Easy and inexpensive technique
High sensitivity and specificity
Detects active viral infection

Gold standard for research

High specificity and good sensitivity
In situ detection of a transcriptionally
active HPV infection

FFPE manageable

In situ detection of HPV DNA

High specificity

FFPE manageable

High sensitivity

Inexpensive technique

FFPE manageable

Present in more than 90% of patient
with OPSCC related to HPV16
Easy to set up

Correlation with clinical outcome
Early detection of recurrences in
posttreatment monitoring

High sensitivity and specificity

Low cost

Drawbacks

No information about viral transcription
High risk of contamination (intrinsic and extrinsic)

Time-consuming

Non-FFPE manageable (fresh or frozen tissue only)
RNA fragility

RNA degradation over time

Expensive technique

Reduced sensitivity (needs a minimum DNA
copy number)

Moderate specificity
Surrogate marker of HPV infection

Lack of clinical data and hindsight

Need to be validated on larger cohorts

References

(49-60)

(39-45)

(62-65, 69-72)

(54, 62-67)

(8,62, 63,70, 71, 81, 82)

(87, 88, 92-95)

(119-124, 126)

(52,117, 130, 133)

HPV, human papillomavirus; RT-PCR, reverse-transcriptase polymerase chain reaction; ddPCR, droplet digital PCR; FFPE, formalin-fixed paraffin-embedded tissues.





OPS/images/cover.jpg
’ frontiers
in Oncology

HPV Detection in Head
and Neck Squamous Cell
Carcinomas: What Is the Issue?









OPS/images/fonc-10-01751-g001.jpg





OPS/images/logo.jpg
, frontiers
in Oncology





