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Papillomaviruses (PVs) are ubiquitous intracellular pathogens that have co-evolved with many different species. Regardless of species, infection with PVs typically induces benign hyperplastic growths of epithelial cells [1]. In humans, there are over 400 identified human papillomavirus (HPV) types that have an exclusive tropism for either cutaneous or mucosal epithelia [2]. The mucosa-associated types are some of the most researched viruses in the world, due to their established carcinogenic potential. Indeed, the World Health Organization’s (WHO’s) International Agency for Research on Cancer (IARC) have designated 12 HPV types as potent biological carcinogens due to their collective role in causing an estimated 4.1% of the global cancer burden [3,4]. Worldwide, HPVs are the most common sexually transmitted viral infection and because of their highly transmissible nature, most sexually active individuals will become infected at some point throughout their lifetime [5]. HPVs sexual mode of transmission allows it to infect several different mucosal tissues, where most infections will likely be asymptomatic and self-resolving; however, some can potentially lead to the development of cancer at different sites that include the cervix, penis, other anogenital sites, and the head and neck region [6].



According to the most recent global statistics of new cancers, in 2018, HPV was estimated to be responsible for virtually all cases of cervical and anal cancers, a significant fraction of vaginal (78%), vulvar (25%), penile (53%), and an increasing number of head and neck cancers (HNC; 34%)—inclusive of the oropharynx (30%), oral cavity (2%), and larynx subsites (2%) [3]. Importantly, the percentage of these different HPV-induced cancers varies by geographical region and level of economic development. This is evidenced by head and neck cancers and other anogenital cancers being highest in high-income countries, and inversely, cervical cancers being highest in low-income countries [3,7]. This disproportionate variation is partly due to the lack of access to preventative HPV vaccination programs and cervical screening initiatives in low-income countries that have been extensively implemented in high-income economies [3,8].



Pioneering research conducted in the early 90s demonstrated the ability of recombinant L1, HPVs major capsid protein, to self-assemble into virus-like particles (VLPs). These VLPs were type-restrictive in their ability to induce neutralizing antibodies, and therefore multiple VLPs generated from the major wart-inducing and carcinogenic types were necessary to achieve broad protection [6]. The availability of these vaccines will have a major impact in reducing the prevalence of HPV-induced cancers in countries that have successfully implemented vaccination programs against these epitheliotropic viruses. However, many low- to middle-income countries do not have the resources to implement these programs and there are many infections caused by HPV types that these vaccines will not protect against that could develop into cancer [3,8]. In addition, these vaccines are not therapeutic; they are prophylactic, meaning that they will not benefit the millions of people worldwide with existing HPV infections. Consequently, despite the availability of 3 commercial vaccines, HPV will remain an important human pathogen and a major cause of cancer, and therefore will continue to be extensively studied in the long term. Interestingly, this situation is akin to the hepatitis B virus, despite the widespread availability of a commercial vaccine, since 1986, it remains a major health threat for humans [9].



An exciting, and hot area, of clinical research on HPV-induced cancers is the revelation of distinct differences compared to anatomically-similar HPV-negative (HPV−) counterparts that has implications for diagnosis, treatment, and outcomes. In recent years, many clinical research initiatives, specifically in the head and neck region, have profiled these differences at the epidemiological, molecular, immunological, and clinical levels. Indeed, in the context of HNCs, the HPV+ subtype has more immune cell infiltration into the local tumor microenvironment, greater incidence of T-cell activation, and higher levels of immunoregulatory stimuli compared to HPV− HNCs [10,11,12]. Interestingly, there is evidence that the same immunological differences could hold true for HPV+ and HPV− cervical cancers [13]; however, this area of research seems to be limited, most likely due to difficulties of obtaining HPV− cervical cancer samples since virtually all cervical cancers are caused by this sexually transmitted virus.



These distinctive immunological features observed in HPV+ HNC may be due to the continuous expression of the viral E6 and E7 oncoproteins within the local tumor microenvironment that initiate an immune response. In addition, patients with HPV+ HNC also have greater sensitivity to chemotherapy and radiotherapy compared to those with the HPV− subtype, leading to a more favorable prognosis, with lower recurrence rate, and longer overall survival time [14,15]. This has initiated several clinical trials to evaluate the de-escalation of current therapeutic protocols for the management of patients with HPV+ HNC, with the goal of sparing individuals from high-grade toxicities induced by aggressive radiation and chemotherapies that were originally developed for the treatment of individuals with the HPV− subtype of cancer [16,17]. The improved response to treatment and superior clinical outcomes in patients with HPV+ HNC could be due to the differences in the immune landscape of these anatomically identical carcinomas with very different etiologies. Intriguingly, prognosis for patients with HPV+ cervical cancer is also better than their HPV− counterparts, supporting the presence of parallel processes of treatment response in completely separate anatomical sites [18,19,20].



An abundance of clinical research has provided clear evidence that immune checkpoints, negative regulators of the immune response, are upregulated in HPV+ HNC. Indeed, these tumor microenvironments have higher levels of LAG3, PD1, TIGIT, TIM3, and VISTA compared to their HPV− counterparts [11,21,22,23]. This phenomenon has allowed for the potential of novel treatment options since many of these upregulated immune checkpoints are targets of current clinically approved inhibitors for other cancers. Notably, a recent meta-analysis illustrated that those patients with HPV+ HNC, with high levels of PD1 expression, displayed improved outcomes when treated with PD1 inhibitors compared to those patients with the HPV− subtype [24]. This demonstration of improved response to PD1 checkpoint inhibitors in clinical trials suggests that HPV+ HNCs may similarly respond to other immune checkpoint inhibitors, which has implications for de-intensification from the highly toxic traditional therapies and the possible reduction of treatment-induced sequelae.



From the explicit demonstration of the viral origins and contagious nature of warts in the 20s, to the ground-breaking discovery of select HPV types as the causative agents of cervical cancer and a subset of head and neck cancers in the ‘80s and early 2000s, respectively. Clinical research on this important human pathogen has continuously shaped the field and pushed the boundaries of our collective knowledge. Today, it is well-established that infection with certain types of HPVs can give rise to cervical cancers, other anogenital cancers, and HNCs—one of the fastest rising cancers in some countries despite the availability of effective vaccines. The culmination of nearly a century of clinical research initiatives have established certain HPV types as potent human biological carcinogens, collectively responsible for an estimated 4.1% of the global cancer burden that are distinct from their HPV− counterparts from an epidemiological, molecular, immunological, and clinical perspective. For this Special Issue, we invite authors working in the field to submit state-of-the-art original research and comprehensive reviews that encompass the current landscape of human papillomavirus clinical research, from infection to cancer. Although the primary focus is on infection and cancer of the head and neck region, we will consider HPV relevant manuscripts from other anatomical disease sites.






Funding


This work was supported from a grant provided by the Canadian Institutes of Health Research to JSM (PJT-173496). SFG was supported by a Canadian Institutes of Health Research Postdoctoral Fellowship (MFE-181856).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rector, A.; Van Ranst, M. Animal papillomaviruses. Virology 2013, 445, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



Van Doorslaer, K.; Li, Z.; Xirasagar, S.; Maes, P.; Kaminsky, D.; Liou, D.; Sun, Q.; Kaur, R.; Huyen, Y.; McBride, A.A. The Papillomavirus Episteme: A major update to the papillomavirus sequence database. Nucleic Acids Res. 2017, 45, D499–D506. [Google Scholar] [CrossRef] [PubMed]

	



de Martel, C.; Georges, D.; Bray, F.; Ferlay, J.; Clifford, G.M. Global burden of cancer attributable to infections in 2018: A worldwide incidence analysis. Lancet Glob. Health 2020, 8, e180–e190. [Google Scholar] [CrossRef]

	



Bouvard, V.; Baan, R.; Straif, K.; Grosse, Y.; Secretan, B.; El Ghissassi, F.; Benbrahim-Tallaa, L.; Guha, N.; Freeman, C.; Galichet, L.; et al. A review of human carcinogens—Part B: Biological agents. Lancet Oncol. 2009, 10, 321–322. [Google Scholar] [CrossRef]

	



Crosbie, E.J.; Einstein, M.H.; Franceschi, S.; Kitchener, H.C. Human papillomavirus and cervical cancer. Lancet 2013, 382, 889–899. [Google Scholar] [CrossRef]

	



Gameiro, S.F.; Evans, A.M.; Mymryk, J.S. The tumor immune microenvironments of HPV(+) and HPV(-) head and neck cancers. WIREs Mech. Dis. 2022, 14, e1539. [Google Scholar] [CrossRef]

	



Roden, R.B.S.; Stern, P.L. Opportunities and challenges for human papillomavirus vaccination in cancer. Nat. Rev. Cancer 2018, 18, 240–254. [Google Scholar] [CrossRef]

	



Schiffman, M.; Doorbar, J.; Wentzensen, N.; de Sanjose, S.; Fakhry, C.; Monk, B.J.; Stanley, M.A.; Franceschi, S. Carcinogenic human papillomavirus infection. Nat. Rev. Dis. Prim. 2016, 2, 16086. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, C. Recent Insights into the Control of Human Papillomavirus (HPV) Genome Stability, Loss, and Degradation. J. Clin. Med. 2015, 4, 204–230. [Google Scholar] [CrossRef]

	



Bhat, A.A.; Yousuf, P.; Wani, N.A.; Rizwan, A.; Chauhan, S.S.; Siddiqi, M.A.; Bedognetti, D.; El-Rifai, W.; Frenneaux, M.P.; Batra, S.K.; et al. Tumor microenvironment: An evil nexus promoting aggressive head and neck squamous cell carcinoma and avenue for targeted therapy. Signal Transduct. Target. Ther. 2021, 6, 12. [Google Scholar] [CrossRef]

	



Gameiro, S.F.; Ghasemi, F.; Barrett, J.W.; Koropatnick, J.; Nichols, A.C.; Mymryk, J.S.; Maleki Vareki, S. Treatment-naive HPV+ head and neck cancers display a T-cell-inflamed phenotype distinct from their HPV- counterparts that has implications for immunotherapy. Oncoimmunology 2018, 7, e1498439. [Google Scholar] [CrossRef] [PubMed]

	



Mandal, R.; Senbabaoglu, Y.; Desrichard, A.; Havel, J.J.; Dalin, M.G.; Riaz, N.; Lee, K.W.; Ganly, I.; Hakimi, A.A.; Chan, T.A.; et al. The head and neck cancer immune landscape and its immunotherapeutic implications. JCI Insight 2016, 1, e89829. [Google Scholar] [CrossRef] [PubMed]

	



Wei, E.; Reisinger, A.; Li, J.; French, L.E.; Clanner-Engelshofen, B.; Reinholz, M. Integration of scRNA-Seq and TCGA RNA-Seq to Analyze the Heterogeneity of HPV+ and HPV- Cervical Cancer Immune Cells and Establish Molecular Risk Models. Front. Oncol. 2022, 12, 860900. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, A.S.; Koldjaer Solling, A.S.; Ovesen, T.; Rusan, M. The interplay between HPV and host immunity in head and neck squamous cell carcinoma. Int. J. Cancer 2014, 134, 2755–2763. [Google Scholar] [CrossRef]

	



Ang, K.K.; Harris, J.; Wheeler, R.; Weber, R.; Rosenthal, D.I.; Nguyen-Tan, P.F.; Westra, W.H.; Chung, C.H.; Jordan, R.C.; Lu, C.; et al. Human papillomavirus and survival of patients with oropharyngeal cancer. N. Engl. J. Med. 2010, 363, 24–35. [Google Scholar] [CrossRef] [PubMed]

	



Gillison, M.L.; Trotti, A.M.; Harris, J.; Eisbruch, A.; Harari, P.M.; Adelstein, D.J.; Jordan, R.C.K.; Zhao, W.; Sturgis, E.M.; Burtness, B.; et al. Radiotherapy plus cetuximab or cisplatin in human papillomavirus-positive oropharyngeal cancer (NRG Oncology RTOG 1016): A randomised, multicentre, non-inferiority trial. Lancet 2019, 393, 40–50. [Google Scholar] [CrossRef]

	



Mehanna, H.; Robinson, M.; Hartley, A.; Kong, A.; Foran, B.; Fulton-Lieuw, T.; Dalby, M.; Mistry, P.; Sen, M.; O’Toole, L.; et al. Radiotherapy plus cisplatin or cetuximab in low-risk human papillomavirus-positive oropharyngeal cancer (De-ESCALaTE HPV): An open-label randomised controlled phase 3 trial. Lancet 2019, 393, 51–60. [Google Scholar] [CrossRef]

	



Rodriguez-Carunchio, L.; Soveral, I.; Steenbergen, R.D.; Torne, A.; Martinez, S.; Fuste, P.; Pahisa, J.; Marimon, L.; Ordi, J.; del Pino, M. HPV-negative carcinoma of the uterine cervix: A distinct type of cervical cancer with poor prognosis. BJOG Int. J. Obstet. Gynaecol. 2015, 122, 119–127. [Google Scholar] [CrossRef]

	



Onuki, M.; Matsumoto, K.; Tenjimbayashi, Y.; Tasaka, N.; Akiyama, A.; Sakurai, M.; Minaguchi, T.; Oki, A.; Satoh, T.; Yoshikawa, H. Human papillomavirus genotype and prognosis of cervical cancer: Favorable survival of patients with HPV16-positive tumors. Papillomavirus Res. 2018, 6, 41–45. [Google Scholar] [CrossRef]

	



Lei, J.; Ploner, A.; Lagheden, C.; Eklund, C.; Nordqvist Kleppe, S.; Andrae, B.; Elfstrom, K.M.; Dillner, J.; Sparen, P.; Sundstrom, K. High-risk human papillomavirus status and prognosis in invasive cervical cancer: A nationwide cohort study. PLoS Med. 2018, 15, e1002666. [Google Scholar] [CrossRef]

	



Krishna, S.; Ulrich, P.; Wilson, E.; Parikh, F.; Narang, P.; Yang, S.; Read, A.K.; Kim-Schulze, S.; Park, J.G.; Posner, M.; et al. Human Papilloma Virus Specific Immunogenicity and Dysfunction of CD8(+) T Cells in Head and Neck Cancer. Cancer Res. 2018, 78, 6159–6170. [Google Scholar] [CrossRef] [PubMed]

	



Partlova, S.; Boucek, J.; Kloudova, K.; Lukesova, E.; Zabrodsky, M.; Grega, M.; Fucikova, J.; Truxova, I.; Tachezy, R.; Spisek, R.; et al. Distinct patterns of intratumoral immune cell infiltrates in patients with HPV-associated compared to non-virally induced head and neck squamous cell carcinoma. Oncoimmunology 2015, 4, e965570. [Google Scholar] [CrossRef] [PubMed]

	



Wuerdemann, N.; Putz, K.; Eckel, H.; Jain, R.; Wittekindt, C.; Huebbers, C.U.; Sharma, S.J.; Langer, C.; Gattenlohner, S.; Buttner, R.; et al. LAG-3, TIM-3 and VISTA Expression on Tumor-Infiltrating Lymphocytes in Oropharyngeal Squamous Cell Carcinoma—Potential Biomarkers for Targeted Therapy Concepts. Int. J. Mol. Sci. 2020, 22, 379. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Zhu, G.; Maroun, C.A.; Wu, I.X.Y.; Huang, D.; Seiwert, T.Y.; Liu, Y.; Mandal, R.; Zhang, X. Programmed Death-1/Programmed Death-Ligand 1-Axis Blockade in Recurrent or Metastatic Head and Neck Squamous Cell Carcinoma Stratified by Human Papillomavirus Status: A Systematic Review and Meta-Analysis. Front. Immunol. 2021, 12, 645170. [Google Scholar] [CrossRef]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  jcm-11-04225


  
    		
      jcm-11-04225
    


  




  





media/file0.png





