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Head and neck squamous cell carcinomas (HNSCC), emerging in the mucosa of the upper aerodigestive tract, are associated with either the classical risk factors, tobacco and alcohol consumption, or with infections with high-risk types of the human papillomavirus (HPV). Depending on the involvement of HPV, HNSCC follow different pathways of carcinogenesis and show distinct clinical presentations regarding survival, prognosis and treatment response. For instance, HPV-driven HNSCC exhibit an enhanced radiation response compared to their typically radioresistant HPV-negative counterparts. Although radiosensitivity of HNSCC has been studied by many research groups, the major causes for the difference in radiation responses between HPV-driven and HPV-negative HNSCC are still an open question. In this mini review, we discuss the reported cellular and immunological factors involved in the enhanced radiation response in HPV-driven HNSCC, focusing on the vital role of the immune response in the outcome of HNSCC radiotherapy.
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INTRODUCTION

Head and neck squamous cell carcinomas (HNSCC) associated with high-risk human papillomavirus (HPV) infections have emerged as an independent subgroup of HNSCC in recent years (1). It has further been found that it is important to differentiate HPV-positive HNSCC into merely HPV DNA-positive tumors, which however behave like HPV-negative ones, and tumors that express HPV RNA and proteins. The latter are termed “HPV-driven” and show a different biology (2). HPV-driven tumors represent about 25% of all HNSCC, and arise in specific sites in the oropharynx, namely the tonsils and base of the tongue. At these sites, they constitute up to 80% of all squamous cell carcinomas (3), which has resulted in oropharyngeal squamous cell carcinomas (OPSCC) being treated separately from other HNSCC in the new WHO Classification of Head and Neck Tumors (4). HPV-driven HNSCC are characterized by their significant better prognosis and survival advantage over HPV-negative HNSCC (5–7). Also, HPV-driven HNSCC have been observed to have a superior radiation response compared to their typically radioresistant HPV-negative counterparts (8–11). Enhanced survival and better radiation response of HPV-driven HNSCC have been assessed and reviewed by many papers; however, the major causes are still discussed, as many conflicting results have been reported (9, 12–17) (reviewed below). A tumor's response to radiotherapy is commonly determined by the so-called 6 Rs of Radiobiology including DNA Repair, cell cycle Redistribution, tumor Reoxygenation, Repopulation, cancer cell intrinsic Radiosensitivity and Reactivation of the anti-tumor immune response (18, 19). The particularly enhanced radiation response of HPV-driven HNSCC might be related to one or more of the above-mentioned factors, especially considering that radiation responses are known to be strongly determined by the cell intrinsic ability to sense DNA damage, trigger a DNA damage response (DDR) and mediate DNA repair (20). In this mini review, we cover the cellular as well as the immunological characteristics of HPV-driven vs. HPV-negative HNSCC that may result in different radiation responses (Figure 1).
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FIGURE 1. HPV-induced modifications of (A) cancer cell biology and (B) immune responses, impacting the radiation response. (A) Expression of HPV-associated proteins induces adaptations of cellular biology, including DNA repair dysfunction, proteasomal degradation of p53 altering cell cycle distribution, E7-induced PD-L1 expression, HPV-mediated oxidative stress, and viral antigen presentation. These cellular modifications as well as mitochondrial oxidative phosphorylation enhance cancer cell sensitivity to ionizing radiation and promote immunogenic cell death. (B) HPV-mediated NF-kB activation, T cell infiltration and activation, and M1-like TAM polarization are enhanced by radiation, promoting anti-cancer immunity after irradiation of HPV-driven HNSCC. HPV-associated MDSC modulation as well as NK cell exhaustion offer additional therapeutic targets to boost anti-tumor responses (Figure created with BioRender.com).




CELLULAR MECHANISMS

Numerous research groups have investigated the cellular basis of the observed differential radiosensitivity of HPV-driven and HPV-negative HNSCC, hypothesizing that viral proteins may affect the cellular radiation response. Indeed, recent work has shown that HPV inhibits the anti-viral cGAS-STING pathway, influences the cellular DNA repair machinery, alters cell cycle distribution, affects apoptosis as well as DNA replication and mediates unique kinetics of hypoxia during radiotherapy (12–16, 21–25). By analyzing cancerous and healthy tissue, Foy et al. established a radioresistance score based on the expression of 13 genes, RadR, that can potentially be utilized to predict radioresistance or radiosensitivity and thus the outcome of radiotherapy (26). The RadR score was correlated with genes in seven essential pathways: TGFβ signaling, DNA repair, angiogenesis, unfolded protein response, E2F targets, Myc targets and epithelial to mesenchymal transition. Although HPV-negative HNSCC were shown to be heterogeneous in the RadR score, HPV-driven HNSCCs had significantly lower scores, in line with the known superior radiation response of HPV-driven HNSCC (26). In the following, we discuss those pathways that are differentially regulated between HPV-driven and HPV-negative HNSCC, and highlight the most critical components for radiosensitivity.

Ionizing radiation eradicates cancer cells by inducing DNA damage, either directly or indirectly by the formation of free radicals. Therefore, the DNA repair system is crucial for the sensitivity of cancer cells toward irradiation. Liu et al. reported that abrogation of TGFβ signaling by HPV results in DNA repair deficiencies, which consequently cause elevated radiosensitivity in HPV-driven HNSCC (27). Furthermore, several groups revealed that HPV-driven HNSCC cells have DNA double-strand break (DSB) repair defects (12, 16, 28), specifically due to affected non-homologous end joining (29). Interestingly, HPV-driven HNSCC cancer cells overexpress proteins involved in base excision repair and single-strand break (SSB) repair (16). Although defects in the DSB repair system would contribute to enhanced radiosensitivity, it is unknown how increased SSB repair would affect cancer cells, particularly considering that the HPV oncoprotein E6 was shown to bind XRCC1, a factor required for SSB repair (30). On the other hand, it was recently found in patients that radioresistance of HPV-negative HNSCC was associated with overexpression of BAP-1, potentially via the promotion of homologous-recombination-mediated DNA repair and histone H2A deubiquitination (31). Then again, HPV promotes radiosensitivity of HNSCC by suppressing non-homologous end joining and promoting error-prone microhomology-mediated end-joining by the expression of the oncoprotein E7 (32). Lastly, it was shown that p16INK4a overexpression, the most established surrogate marker for diagnosing HPV involvement, suppresses homologous recombination-dependent DNA repair through suppression of RAD51 foci formation (33) and decreased expression of TRIP12 (34). Since DNA repair is particularly important after radiotherapy to restore genomic integrity, HPV sensitizes HNSCC to irradiation by impairment of error-free as well as promotion of error-prone DNA repair mechanisms.

Differential regulation of cell cycle components has also been shown to affect the radiation response. For instance, Lohavanichbutr et al. discovered that the differential expression of Retinoblastoma-binding protein 4 and cyclin D1 genes (RBBP4 and CCND1) was associated with radiosensitivity in HPV-driven OPSCC (24). Sepiashvili et al. reported that differential regulation of several target genes of AP-1, such as cyclin-dependent kinase inhibitor 2A (CDKN2A) and TP53, leads to radioresistance in HPV-negative OPSCC (25). A major cell cycle-related cause of the enhanced radiation response, as thoroughly discussed by many papers, stems from the presence or absence of functional p53 protein. While it has been demonstrated that TP53 is commonly mutated in HPV-negative HNSCC but not in HPV-driven HNSCC (35), the HPV E6 oncoprotein induces proteasomal degradation of p53 leading to low amounts of the functional form of this tumor suppressor in HPV-driven tumors (36). Whether these low amounts of functional p53 affect the radiosensitivity of HPV-driven HNSCC however remains questionable. Indeed, despite the fact that complete knock-down of p53 was shown to induce radioresistance in HPV-driven HNSCC (37), Seltzsam et al. recently showed that radiation-induced p53 pathway activation after functional restoration of p53 by inhibition of proteasomal degradation does not sensitize HNSCC cells to irradiation (38). Furthermore, Pang et al. reported p53-independent radiation-induced death of HPV-driven HNSCC cells (39). Therefore, even if p53 plays an important role in the radiation response, it cannot be the main and mere factor of HPV-driven HNSCC radiosensitivity.

Differential regulation of the tumor metabolism has been shown to enhance HPV-driven HNSCC radiosensitivity. Jung et al. demonstrated that HPV-negative HNSCC display high rates of glycolysis in comparison to HPV-driven HNSCC, whose energy supply is predominantly fueled by mitochondrial oxidative phosphorylation. Additionally, in contrast to their HPV-driven counterparts, HPV-negative HNSCC were characterized by high expression levels of HIF1α, promoting cancer cell resistance and aggressiveness (40). Pharmacological manipulation to reverse the glycolytic phenotype in HPV-negative HNSCC cells resulted in elevated radiosensitivity (40). Supporting this data, the effect of hypoxia has been evaluated in many papers (41–43); however, these studies surmise that hypoxia may only partially play a role in radioresistance of HPV-negative HNSCC, and no effect of hypoxia on radiosensitivity was detected for HPV-driven HNSCC. Another important metabolic factor determining radiosensitivity is oxidative stress, as induced by ionizing radiation. Several HPV proteins have been shown to increase levels of reactive oxygen and nitrogen species in HNSCC cells and to alter the expression of antioxidant enzymes leading to impaired oxidative stress reduction (44). Therefore, HPV-driven HNSCC metabolism plays an important role in the increased radiosensitivity, potentially through a synergistic action between HPV-induced and radiation-induced oxidative stress.



IMMUNE RESPONSES

In addition to differences in DNA repair, cell cycle control and tumor metabolism, the importance of an intact immune system for the radiation response was highlighted by Spanos et al. They examined the effect of radiotherapy in HPV-driven and HPV-negative HNSCC in vitro as well as in immune-competent and immune-incompetent mice. They showed that HPV-driven tumors were more sensitive to irradiation in immune-competent mice but not in mice lacking an adaptive immune system. These results suggest that an intact immune system plays a crucial role in the radiosensitivity of HPV-driven HNSCC compared to HPV-negative HNSCC (45).

There are many publications correlating specific immune parameters in HPV-driven HNSCC patients with better disease-free and overall survival (46–49). This is most likely due to immune responses triggered by HPV infection, which may be further enhanced by radiotherapy (20). It is well-documented that radiation promotes anti-cancer immune responses in various types of cancer, by favoring immunogenicity via immunogenic cell death, increased antigen presentation, promoting inflammation, dendritic cell maturation, and T cell activation (50–55). Therefore, the impact of HPV on any of these immune-related mechanisms could contribute to the higher treatment response and improved prognosis of HPV-driven vs. HPV-negative HNSCC. So far, none of the published studies could however establish a direct relationship between the immune response in HPV-driven HNSCC and their increased radiosensitivity. Thus, in the following we discuss the known immunological aspects of HPV-driven HNSCC, which are potentially modifying tumor radiosensitivity in comparison to HPV-negative HNSCC.

It has been shown that HPV-driven OPSCC present viral antigens that elicit HPV-oncoprotein-specific antibody as well as T cell responses. These responses are believed to be due to the tight anatomical proximity of mucosa and immune tissue in the oropharynx (tonsils) (56, 57). Especially T cells responses are thought to participate in tumor rejection and long-term immune surveillance. In addition, radiation has been described to promote T cell-mediated anti-tumor immunity (55). Several groups examined tumor infiltrating lymphocytes (TILs) in HPV-negative and HPV-driven HNSCC (58), specifically in HPV-driven OPSCC (57, 59–62), and demonstrated that compared to HPV-negative HNSCC, HPV-driven tumors were infiltrated by significantly more immune cells. A recent study further showed that HPV-driven OPSCC have stronger immune cell infiltration than HPV-driven HNSCC at other sites (63). Analysis of CD8+ cytotoxic TILs showed that HPV-driven tumors displayed higher levels of activated CD8+ T cell infiltration with elevated effector cytokine expression (58), despite the fact that Liu et al. reported HPV-associated E7 expression directly favoring T cell dysfunction by PD-L1 overexpression (64). The correlation of CD8+ T cell infiltration with overall survival in HPV-driven and in HPV-negative HNSCC demonstrated that independent of the HPV status, higher cytotoxic T cell infiltration is associated with increased overall survival (57, 59, 61). These results are in line with recent in silico studies analyzing The Cancer Genome Atlas (TCGA) data, that showed a higher level of T cell signatures in HPV-positive compared to virus-negative tumors (58, 63, 65–67), and especially that an immune response signature is associated with a favorable prognosis in patients with HPV-driven HNSCC (58, 63, 65, 66). Furthermore, Hess et al. established an immune signature risk score (ISRS), based on the expression on 13 genes, robustly distinguishing patients with either a more favorable overall survival prognosis or a less favorable prognosis. Even though HPV-driven HNSCC patients were present in both subgroups, they clearly accumulated in the group with better overall survival (67). These results highlight that inflammation and T cell responses as promoted by HPV as well as irradiation might contribute to an improved response to radiotherapy in HPV-driven HNSCC.

On the other hand, some immune cell types are frequently described to be pro-tumorigenic and immunosuppressive. The most prominent examples are tumor associated macrophages (TAMs) and regulatory T cells (Tregs). Lee et al. defined the number of CD68+ TAMs and the distribution of Tregs as negative factors that determine the outcome of concurrent chemoradiotherapy in HPV-driven tonsillar cancer (68). Nevertheless, it should be considered that TAMs are highly plastic cells that can act pro- or anti-inflammatory. In this context, Chen et al. discovered a predominantly M1-like proinflammatory phenotype in HPV-driven cancer (65, 69), which favors an enhanced radiation response (69). However, the phenotype of TAMs and therefore their role in long-term treatment response is known to be affected by various anti-cancer therapies including radiotherapy, as reviewed in further detail by Genard et al. (70). Treg infiltration in HPV-driven tumors was analyzed by Mandal et al. (58), Punt et al. (59), and Bron et al. (71). Surprisingly, all these studies reported a higher Treg infiltration than in HPV-negative HNSCC, and a correlation of Treg infiltration with good prognosis. Recently, Santegoets et al. focused the analysis on Tbet-positive Tregs, which also were found to be increased in HPV-driven OPSCC, and correlated with improved survival (72). The authors argue that these counterintuitive findings most likely reflect Treg recruitment by the presence of a strong ongoing (effector T cell based) protective immune response, with the net effect being anti-tumorigenic. Similarly, PD-1 expressing tumor-infiltrating T cells were found at higher frequencies in HPV-driven HNSCC, and were positively correlated with a favorable outcome (73, 74). This again most likely reflects an ongoing protective immune response, with PD-1 representing an activation rather than an exhaustion marker.

Additionally, Mandal et al. characterized another cell type to have an “exhausted” phenotype: both HPV-driven and HPV-negative HNSCC were infiltrated with CD56dim NK cells expressing the inhibitory killer cell immunoglobulin-like (KIR) receptor (58). Despite intrinsically inducing unfavorable immune responses, an exhausted or immunosuppressive phenotype of defined cell subsets could be targeted and influenced by using immunomodulators such as anti-PD-1/PD-L1 antibodies, anti-CTLA-4 antibodies and anti-KIR antibodies. Indeed, the KEYNOTE-012 trial, testing the anti-PD-1 antibody pembrolizumab in PD-1-positive HNSCC patients, reported a higher rate of overall responses in patients with HPV-positive tumors (25%) as compared to HPV-negative ones (14%) (74). These results suggest that the combination of immune-checkpoint blockage with radiotherapy, which is reported to promote immunogenicity of various types of cancer cells (51), might harbor important potential for the treatment of head and neck cancer, particularly HPV-driven HNSCC.

Lastly, CD11b+LIN−HLA-DR−CD33+ myeloid-derived suppressor cells (MDSCs) were also defined to be a pivotal cell population in HPV-driven HNSCC that moderates inflammatory responses and immune suppression (75). In order to modulate the immunosuppressive effect of MDSCs in HNSCC, Jayaraman et al. treated the MDSCs with TGFβ-containing conditioned medium. As a result, it was observed that TGFβ-MDSCs exhibited a novel immunostimulatory phenotype with enhanced antigen presenting capability and no inhibitory effect on T cell proliferation. Increased Fas-L expression by TGFβ-MDSCs led to killing of HPV-driven HNSCC cells. In addition, combination of radiotherapy and intratumoral injection of TGFβ-MDSCs augmented MHC class I expression and promoted the tumor infiltration of HPV E7 tetramer-positive CD8+ T cells, resulting in clearance of established tumors and long-term survival in mice (76). The authors also observed that in parallel to the mouse TGFβ-MDSCs, human TGFβ-MDSCs lost their immunosuppressive activity and gained tumor killing characteristics (76). As a result, the immunosuppressive effect of MDSCs may also be manipulated in favor of anti-tumor immune responses, which could affect radiosensitivity.

Apart from immune cells, another immune related factor that is essential in anti-tumor immune responses is MHC class I expression by tumor cells. The effect of MHC class I expression on clinical outcome in HPV-driven HNSCC has been studied only by a few research groups. Interestingly, low MHC class I (HLA-A, B, C) expression of HPV-driven tonsillar squamous cell carcinoma was significantly associated with a favorable clinical outcome (77). This unexpected correlation was further supported by another paper from the same group that correlates absence of HLA class I expression in HPV-driven HNSCC with high survival (78) and by a study by Tertipis et al., claiming that absence of HLA-A*02 correlated with better disease-free survival in HPV-driven tonsillar and base of tongue cancer (79). As described by Wagner et al., the improved prognosis of HPV-driven HNSCC despite decreased HLA class I expression might be mediated by increased NK cell cytotoxicity (80). Nevertheless, the findings that describe a correlation between low HLA class I expression and better survival are surprising and need further investigation with larger patient cohorts.



CONCLUSION AND OUTLOOK

Considering all the factors enhancing the radiation response that have been reviewed above and in the light of the research certifying that HPV-positivity predicts a better outcome (8, 10, 11), we conclude that the cellular factors DNA repair, cell cycle control, and tumor metabolism partially mediate the superior radiation response of HPV-driven HNSCC. However, high immunogenicity of HPV-driven tumors, further enhanced by radiotherapy, constitutes another main factor in radiosensitivity of HPV-driven tumors. Hence, in order to predict the radiation response for HNSCC patients, it is paramount to characterize the immunologically active subtypes of HNSCC. Even if HPV-driven HNSCC tumors are postulated to have an “active immune response” in general (81) and to promote an inflammatory environment by co-activation of classic and alternative NF-κB pathways (82), two distinct HPV-driven HNSCC subtypes have been defined based on gene expression-based consensus clustering that might explain the significant heterogeneity in clinical behavior in HPV-driven HNSCC (83, 84). In this classification, an “inflamed/mesenchymal” subtype was characterized by expression of immune response genes such as CD8, ICOS and HLA-DRA; decreased expression of epithelial markers and upregulation of mesenchymal markers (suggesting an epithelial-mesenchymal transition signature). The “classical” subtype was represented by enrichment of components of the polyamine degradation pathway, related to an even higher proliferation rate. Associated with HPV infection, both subtypes displayed high cell cycle-related activities (84). The authors revealed that HPV-driven HNSCC have different subgroups, some of which are less immunogenic or lack immune-related markers. A comprehensive classification of HNSCC types based on immune phenotype was recently established by Chen et al. (49). This study describes a new molecular immune phenotyping of HNSCC, called “immune class” depending on the presence of immune cell subsets, cytolytic activity, immune metagenes and enrichment of a 6-gene interferon signature. Application of this phenotyping defined a non-immune class and two groups of immune class. The first of these was “active immune class,” described by enrichment of B cells, M1-like macrophages, cytolytic activity, high numbers of tumor TILs and high HPV infection; it was found to be correlated with a favorable prognosis, better overall and disease-free survival. Of the HNSCC tumors with known HPV status (by p16 immunohistochemistry), 63% assigned to the “active immune class” were HPV-positive. On the other hand, the “exhausted immune class” was characterized by a more “exhausted phenotype” and had tumor-promoting activated stroma, activated TGFβ and Wnt signaling, markers of M2-like TAM polarization and poor survival. Only 13% of “exhausted immune class” HNSCC with known HPV status were HPV-positive. When comparing within the HPV-positive tumors, 67% fell into the “active” category and only 5% into “exhausted” (49).

In summary, characterization of HNSCCs according to their immune-related markers, independent from HPV status, will most likely contribute to tailor therapies more efficiently in the future, and help understand the difference in radiotherapy response between HPV-driven and HPV-negative HNSCC.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 1. Taberna M, Mena M, Pavón MA, Alemany L, Gillison ML, Mesía R. Human papillomavirus-related oropharyngeal cancer. Ann Oncol. (2017) 28:2386–98. doi: 10.1093/annonc/mdx304

 2. 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

 3. Stephen JK, Divine G, Chen KM, Chitale D, Havard S, Worsham MJ. Significance of p16 in site-specific HPV positive and HPV negative HNSCC. Cancer Clin Oncol. (2012) 2:51–61. doi: 10.5539/cco.v2n1p51

 4. El-Naggar AK, Chan JKC, Grandis JR, Takata T, Slootweg PJ editors. WHO Classification of Head and Neck Tumours. 4th ed. IARC (2017).

 5. Fakhry C, Westra WH, Li S, Cmelak A, Ridge JA, Pinto H, et al. Improved survival of patients with human papillomavirus-positive head and neck squamous cell carcinoma in a prospective clinical trial. J Natl Cancer Inst. (2008) 100:261–9. doi: 10.1093/jnci/djn011

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

 7. Ko HC, Harari PM, Sacotte RM, Chen S, Wieland AM, Yu M, et al. Prognostic implications of human papillomavirus status for patients with non-oropharyngeal head and neck squamous cell carcinomas. J Cancer Res Clin Oncol. (2017) 143:2341–50. doi: 10.1007/s00432-017-2481-8

 8. Mirghani H, Amen F, Tao Y, Deutsch E, Levy A. Increased radiosensitivity of HPV-positive head and neck cancers: Molecular basis and therapeutic perspectives. Cancer Treat Rev. (2015) 41:844–52. doi: 10.1016/j.ctrv.2015.10.001

 9. Cleary C, Leeman JE, Higginson DS, Katabi N, Sherman E, Morris L, et al. Biological features of human papillomavirus-related head and neck cancers contributing to improved response. Clin Oncol. (2016) 28:467–74. doi: 10.1016/j.clon.2016.03.001

 10. Dave E, Ozbek U, Gupta V, Genden E, Miles B, Teng M, et al. The prognostic impact of human papillomavirus status following treatment failure in oropharyngeal cancer. PLoS ONE. (2017) 12:e0181108. doi: 10.1371/journal.pone.0181108

 11. O'Sullivan B, Huang SH, Perez-Ordonez B, Massey C, Siu LL, Weinreb I, et al. Outcomes of HPV-related oropharyngeal cancer patients treated by radiotherapy alone using altered fractionation. Radiother Oncol. (2012) 103:49–56. doi: 10.1016/j.radonc.2012.02.009

 12. Rieckmann T, Tribius S, Grob TJ, Meyer F, Busch C-J, Petersen C, et al. HNSCC cell lines positive for HPV and p16 possess higher cellular radiosensitivity due to an impaired DSB repair capacity. Radiother Oncol. (2013) 107:242–6. doi: 10.1016/j.radonc.2013.03.013

 13. Arenz A, Ziemann F, Mayer C, Wittig A, Dreffke K, Preising S, et al. Increased radiosensitivity of HPV-positive head and neck cancer cell lines due to cell cycle dysregulation and induction of apoptosis. Strahlenther Onkol. (2014) 190:839–46. doi: 10.1007/s00066-014-0605-5

 14. Güster JD, Weissleder SV, Busch C-J, Kriegs M, Petersen C, Knecht R, et al. The inhibition of PARP but not EGFR results in the radiosensitization of HPV/p16-positive HNSCC cell lines. Radiother Oncol. (2014) 113:345–51. doi: 10.1016/j.radonc.2014.10.011

 15. Skinner HD, Giri U, Yang LP, Kumar M, Liu Y, Story MD, et al. Integrative analysis identifies a novel AXL–PI3 Kinase–PD-L1 signaling axis associated with radiation resistance in head and neck cancer. Clin Cancer Res. (2017) 23:2713–22. doi: 10.1158/1078-0432.CCR-16-2586

 16. Nickson CM, Moori P, Carter RJ, Rubbi CP, Parsons JL. Misregulation of DNA damage repair pathways in HPV-positive head and neck squamous cell carcinoma contributes to cellular radiosensitivity. Oncotarget. (2017) 8:29963–75. doi: 10.18632/oncotarget.16265

 17. Göttgens EL, Ostheimer C, Span PN, Bussink J, Hammond EM. HPV, hypoxia and radiation response in head and neck cancer. Br J Radiol. (2019) 92:20180047. doi: 10.1259/bjr.20180047

 18. Steel GG, McMillan TJ, Peacock JH. The 5Rs of radiobiology. Int J Radiat Biol. (1989) 56:1045–8. doi: 10.1080/09553008914552491

 19. Boustani J, Grapin M, Laurent PA, Apetoh L, Mirjolet C. The 6th R of radiobiology: reactivation of anti-tumor immune response. Cancers. (2019) 11:860. doi: 10.3390/cancers11060860

 20. Rödel F, Martin D, Balermpas P, Wieland U, Winkelmann R, Riekmann T, et al. Modulation of radiation sensitivity and antitumor immunity by viral pathogenic factors: Implications for radio-immunotherapy. Biochim Biophys Acta Rev Cancer. (2019) 1871:126–37. doi: 10.1016/j.bbcan.2018.12.006

 21. Lau L, Gray EE, Brunette RL, Stetson DB. DNA tumor virus oncogenes antagonize the cGAS-STING DNA-sensing pathway. Science. (2015) 350:568–71. doi: 10.1126/science.aab3291

 22. Swick AD, Chatterjee A, De Costa AM, Kimple RJ. Modulation of therapeutic sensitivity by human papillomavirus. Radiother Oncol. (2015) 116:342–5. doi: 10.1016/j.radonc.2015.09.002

 23. Gupta AK, Lee JH, Wilke WW, Quon H, Smith G, Maity A, et al. Radiation response in two HPV-infected head-and-neck cancer cell lines in comparison to a non-HPV-infected cell line and relationship to signaling through AKT. Int J Radiat Oncol Biol Phys. (2009) 74:928–33. doi: 10.1016/j.ijrobp.2009.03.004

 24. Lohavanichbutr P, Houck J, Fan W, Yueh B, Mendez E, Futran N, et al. Genomewide gene expression profiles of HPV-positive and HPV-negative oropharyngeal cancer. Arch Otolaryngol Head Neck Surg. (2009) 135:180–8. doi: 10.1001/archoto.2008.540

 25. Sepiashvili L, Waggott D, Hui A, Shi W, Su S, Ignatchenko A, et al. Integrated omic analysis of oropharyngeal carcinomas reveals human papillomavirus (HPV)–dependent regulation of the activator protein 1 (AP-1) pathway. Mol Cell Proteomics. (2014) 13:3572–84. doi: 10.1074/mcp.M114.041764

 26. Foy J-P, Bazire L, Ortiz-Cuaran S, Deneuve S, Kielbassa J, Thomas E, et al. A 13-gene expression-based radioresistance score highlights the heterogeneity in the response to radiation therapy across HPV-negative HNSCC molecular subtypes. BMC Med. (2017) 15:165. doi: 10.1186/s12916-017-0929-y

 27. Liu Q, Ma L, Jones T, Palomero L, Pujana MA, Martinez-Ruiz H, et al. Subjugation of TGFβ signaling by human papilloma virus in head and neck squamous cell carcinoma shifts DNA repair from homologous recombination to alternative end joining. Clin Cancer Res. (2018) 24:6001–14. doi: 10.1158/1078-0432.CCR-18-1346

 28. Weaver AN, Cooper TS, Rodriguez M, Trummell HQ, Bonner JA, Rosenthal EL, et al. DNA double strand break repair defect and sensitivity to poly ADP-ribose polymerase (PARP) inhibition in human papillomavirus 16-positive head and neck squamous cell carcinoma. Oncotarget. (2015) 6:26995–7007. doi: 10.18632/oncotarget.4863

 29. Shin KH, Ahn JH, Kang MK, Lim PK, Yip FK, Baluda MA, et al. HPV-16 E6 oncoprotein impairs the fidelity of DNA end-joining via p53-dependent and -independent pathways. Int J Oncol. (2006) 28:209–15. doi: 10.3892/ijo.28.1.209

 30. Iftner T, Elbel M, Schopp B, Hiller T, Loizou JI, Caldecott KW, et al. Interference of papillomavirus E6 protein with single-strand break repair by interaction with XRCC1. EMBO J. (2002) 21:4741–8. doi: 10.1093/emboj/cdf443

 31. Liu X, Kumar M, Yang L, Molkentine DP, Valdecanas D, Yu S, et al. BAP1 Is a novel target in HPV-negative head and neck cancer. Clin Cancer Res. (2018) 24:600–7. doi: 10.1158/1078-0432.CCR-17-1573

 32. Leeman JE, Li Y, Bell A, Hussain SS, Majumdar R, Rong-Mullins X, et al. Human papillomavirus 16 promotes microhomology-mediated end-joining. Proc Natl Acad Sci USA. (2019) 116:21573–9. doi: 10.1073/pnas.1906120116

 33. Dok R, Kalev P, Van Limbergen EJ, Asbagh LA, Vazquez I, Hauben E, et al. p16INK4a impairs homologous recombination-mediated DNA repair in human papillomavirus-positive head and neck tumors. Cancer Res. (2014) 74:1739–51. doi: 10.1158/0008-5472.CAN-13-2479

 34. Wang L, Zhang P, Molkentine DP, Chen C, Molkentine JM, Piao H, et al. TRIP12 as a mediator of human papillomavirus/p16-related radiation enhancement effects. Oncogene. (2017) 36:820–8. doi: 10.1038/onc.2016.250

 35. Hong A, Zhang X, Jones D, Veillard A-S, Zhang M, Martin A, et al. Relationships between p53 mutation, HPV status and outcome in oropharyngeal squamous cell carcinoma. Radiother Oncol. (2016) 118:342–9. doi: 10.1016/j.radonc.2016.02.009

 36. Gillison ML, Shah KV. Human papillomavirus–associated head and neck squamous cell carcinoma: mounting evidence for an etiologic role for human papillomavirus in a subset of head and neck cancers. Curr Opin Oncol. (2001) 13:183–8. doi: 10.1097/00001622-200105000-00009

 37. Kimple RJ, Smith MA, Blitzer GC, Torres AD, Martin JA, Yang RZ, et al. Enhanced radiation sensitivity in HPV-positive head and neck cancer. Cancer Res. (2013) 73:4791–800. doi: 10.1158/0008-5472.CAN-13-0587

 38. Seltzsam S, Ziemann F, Dreffke K, Preising S, Arenz A, Schotz U, et al. In HPV-positive HNSCC cells, functional restoration of the p53/p21 pathway by proteasome inhibitor bortezomib does not affect radio- or chemosensitivity. Transl Oncol. (2019) 12:417–25. doi: 10.1016/j.tranon.2018.11.013

 39. Pang E, Delic NC, Hong A, Zhang M, Rose BR, Lyons JG. Radiosensitization of oropharyngeal squamous cell carcinoma cells by human papillomavirus 16 oncoprotein E6*I. Int J Radiat Oncol Biol Phys. (2011) 79:860–5. doi: 10.1016/j.ijrobp.2010.06.028

 40. Jung Y-S, Najy AJ, Huang W, Sethi S, Snyder M, Sakr W, et al. HPV-associated differential regulation of tumor metabolism in oropharyngeal head and neck cancer. Oncotarget. (2017) 8:51530–41. doi: 10.18632/oncotarget.17887

 41. Toustrup K, Sørensen BS, Lassen P, Wiuf C, Alsner J, Overgaard J. Gene expression classifier predicts for hypoxic modification of radiotherapy with nimorazole in squamous cell carcinomas of the head and neck. Radiother Oncol. (2012) 102:122–9. doi: 10.1016/j.radonc.2011.09.010

 42. Trinkaus ME, Hicks RJ, Young RJ, Peters LJ, Solomon B, Bressel M, et al. Correlation of p16 status, hypoxic imaging using [18F]-misonidazole positron emission tomography and outcome in patients with loco-regionally advanced head and neck cancer. J Med Imaging Radiat Oncol. (2014) 58:89–97. doi: 10.1111/1754-9485.12155

 43. Tawk B, Schwager C, Deffaa O, Dyckhoff G, Warta R, Linge A, et al. Comparative analysis of transcriptomics based hypoxia signatures in head- and neck squamous cell carcinoma. Radiother Oncol. (2016) 118:350–8. doi: 10.1016/j.radonc.2015.11.027

 44. Williams VM, Filippova M, Filippov V, Payne KJ, Duerksen-Hughes P. Human papillomavirus type 16 E6* induces oxidative stress and DNA damage. J Virol. (2014) 88:6751–61. doi: 10.1128/JVI.03355-13

 45. Spanos WC, Nowicki P, Lee DW, Hoover A, Hostager B, Gupta A, et al. Immune response during therapy with cisplatin or radiation for human papillomavirus–related head and neck cancer. Arch Otolaryngol Head Neck Surg. (2009) 135:1137–46. doi: 10.1001/archoto.2009.159

 46. Aarstad HJ, Vintermyr OK, Ulvestad E, Aarstad HH, Kross KW, Heimdal JH. Peripheral blood monocyte and T-lymphocyte activation levels at diagnosis predict long-term survival in head and neck squamous cell carcinoma patients. APMIS. (2015) 123:305–14. doi: 10.1111/apm.12356

 47. Solomon B, Young RJ, Rischin D. Head and neck squamous cell carcinoma: genomics and emerging biomarkers for immunomodulatory cancer treatments. Semin Cancer Biol. (2018) 52:228–40. doi: 10.1016/j.semcancer.2018.01.008

 48. Zhang X-M, Song L-J, Shen J, Yue H, Han Y-Q, Yang C-L, et al. Prognostic and predictive values of immune infiltrate in patients with head and neck squamous cell carcinoma. Hum Pathol. (2018) 82:104–12. doi: 10.1016/j.humpath.2018.07.012

 49. Chen YP, Wang YQ, Lv JW, Li YQ, Chua MLK, Le QT, et al. Identification and validation of novel microenvironment-based immune molecular subgroups of head and neck squamous cell carcinoma: implications for immunotherapy. Ann Oncol. (2018) 31:316–8. doi: 10.1093/annonc/mdy470

 50. Formenti SC, Demaria S. Systemic effects of local radiotherapy. Lancet Oncol. (2009) 10:718–26. doi: 10.1016/S1470-2045(09)70082-8

 51. Gameiro SR, Jammeh ML, Wattenberg MM, Tsang KY, Ferrone S, Hodge JW. Radiation-induced immunogenic modulation of tumor enhances antigen processing and calreticulin exposure, resulting in enhanced T-cell killing. Oncotarget. (2014) 5:403–16. doi: 10.18632/oncotarget.1719

 52. Spiotto M, Fu YX, Weichselbaum RR. The intersection of radiotherapy and immunotherapy: mechanisms and clinical implications. Sci Immunol. (2016) 1:EAAG1266. doi: 10.1126/sciimmunol.aag1266

 53. Derer A, Frey B, Fietkau R, Gaipl US. Immune-modulating properties of ionizing radiation: rationale for the treatment of cancer by combination radiotherapy and immune checkpoint inhibitors. Cancer Immunol Immunother. (2016) 65:779–86. doi: 10.1007/s00262-015-1771-8

 54. Miyauchi S, Kim SS, Pang J, Gold KA, Gutkind JS, Califano JA, et al. Immune modulation of head and neck squamous cell carcinoma and the tumor microenvironment by conventional therapeutics. Clin Cancer Res. (2019) 25:4211–23. doi: 10.1158/1078-0432.CCR-18-0871

 55. Manukian G, Bar-Ad V, Lu B, Argiris A, Johnson JM. Combining radiation and immune checkpoint blockade in the treatment of head and neck squamous cell carcinoma. Front Oncol. (2019) 9:122. doi: 10.3389/fonc.2019.00122

 56. 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

 57. Welters MJP, Ma W, Santegoets S, Goedemans R, Ehsan I, Jordanova ES, et al. Intratumoral HPV16-specific T cells constitute a type I-oriented tumor microenvironment to improve survival in HPV16-driven oropharyngeal cancer. Clin Cancer Res. (2018) 24:634–47. doi: 10.1158/1078-0432.CCR-17-2140

 58. Mandal R, Senbabaoglu Y, Desrichard A, Havel JJ, Dalin MG, Riaz N, et al. The head and neck cancer immune landscape and its immunotherapeutic implications. JCI Insight. (2016) 1:1–18. doi: 10.1172/jci.insight.89829

 59. Punt S, Dronkers EA, Welters MJ, Goedemans R, Koljenovic S, Bloemena E, et al. A beneficial tumor microenvironment in oropharyngeal squamous cell carcinoma is characterized by a high T cell and low IL-17(+) cell frequency. Cancer Immunol Immunother. (2016) 65:393–403. doi: 10.1007/s00262-016-1805-x

 60. Balermpas P, Rodel F, Rodel C, Krause M, Linge A, Lohaus F, et al. CD8+ tumour-infiltrating lymphocytes in relation to HPV status and clinical outcome in patients with head and neck cancer after postoperative chemoradiotherapy: a multicentre study of the German cancer consortium radiation oncology group (DKTK-ROG). Int J Cancer. (2016) 138:171–81. doi: 10.1002/ijc.29683

 61. De Meulenaere A, Vermassen T, Aspeslagh S, Zwaenepoel K, Deron P, Duprez F, et al. Prognostic markers in oropharyngeal squamous cell carcinoma: focus on CD70 and tumour infiltrating lymphocytes. Pathology. (2017) 49:397–404. doi: 10.1016/j.pathol.2017.02.002

 62. Ruangritchankul K, Sandison A, Warburton F, Guerrero-Urbano T, Reis Ferreira M, Lei M, et al. Clinical evaluation of tumour-infiltrating lymphocytes as a prognostic factor in patients with human papillomavirus-associated oropharyngeal squamous cell carcinoma. Histopathology. (2019) 75:146–50. doi: 10.1111/his.13873

 63. Chakravarthy A, Henderson S, Thirdborough SM, Ottensmeier CH, Su X, Lechner M, et al. Human papillomavirus drives tumor development throughout the head and neck: improved prognosis is associated with an immune response largely restricted to the oropharynx. J Clin Oncol. (2016) 34:4132–41. doi: 10.1200/JCO.2016.68.2955

 64. Liu C, Lu J, Tian H, Du W, Zhao L, Feng J, et al. Increased expression of PDL1 by the human papillomavirus 16 E7 oncoprotein inhibits anticancer immunity. Mol Med Rep. (2017) 15:1063–70. doi: 10.3892/mmr.2017.6102

 65. Chen X, Yan B, Lou H, Shen Z, Tong F, Zhai A, et al. Immunological network analysis in HPV associated head and neck squamous cancer and implications for disease prognosis. Mol Immunol. (2018) 96:28–36. doi: 10.1016/j.molimm.2018.02.005

 66. Cao S, Wylie KM, Wyczalkowski MA, Karpova A, Ley J, Sun S, et al. Dynamic host immune response in virus-associated cancers. Commun Biol. (2019) 2:109. doi: 10.1038/s42003-019-0352-3

 67. Hess AK, Johrens K, Zakarneh A, Balermpas P, Von Der Grun J, Rodel C, et al. Characterization of the tumor immune micromilieu and its interference with outcome after concurrent chemoradiation in patients with oropharyngeal carcinomas. Oncoimmunology. (2019) 8:1614858. doi: 10.1080/2162402X.2019.1614858

 68. Lee YS, Park JY, Cho KJ, Kim SB, Lee SW, Choi S-H, et al. Composition of inflammatory cells regulating the response to concurrent chemoradiation therapy for HPV (+) tonsil cancer. Oral Oncology. (2015) 51:1113–9. doi: 10.1016/j.oraloncology.2015.10.001

 69. Chen X, Fu E, Lou H, Mao X, Yan B, Tong F, et al. IL-6 induced M1 type macrophage polarization increases radiosensitivity in HPV positive head and neck cancer. Cancer Lett. (2019) 456:69–79. doi: 10.1016/j.canlet.2019.04.032

 70. Genard G, Lucas S, Michiels C. Reprogramming of tumor-associated macrophages with anticancer therapies: radiotherapy versus chemo- and immunotherapies. Front Immunol. (2017) 8:828. doi: 10.3389/fimmu.2017.00828

 71. Bron L, Jandus C, Andrejevic-Blant S, Speiser DE, Monnier P, Romero P, et al. Prognostic value of arginase-II expression and regulatory T-cell infiltration in head and neck squamous cell carcinoma. Int J Cancer. (2013) 132:E85–93. doi: 10.1002/ijc.27728

 72. Santegoets SJ, Duurland CL, Jordanova ES, van Ham JJ, Ehsan I, van Egmond SL, et al. Tbet-positive regulatory T cells accumulate in oropharyngeal cancers with ongoing tumor-specific type 1 T cell responses. J Immunother Cancer. (2019) 7:14. doi: 10.1186/s40425-019-0497-0

 73. Badoual C, Hans S, Merillon N, Van Ryswick C, Ravel P, Benhamouda N, et al. PD-1-expressing tumor-infiltrating T cells are a favorable prognostic biomarker in HPV-associated head and neck cancer. Cancer Res. (2013) 73:128–38. doi: 10.1158/0008-5472.CAN-12-2606

 74. 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

 75. Liu X, Ma X, Lei Z, Feng H, Wang S, Cen X, et al. Chronic inflammation-related HPV: a driving force speeds oropharyngeal carcinogenesis. PLoS ONE. (2015) 10:e0133681. doi: 10.1371/journal.pone.0133681

 76. Jayaraman P, Parikh F, Newton JM, Hanoteau A, Rivas C, Krupar R, et al. TGF-β1 programmed myeloid-derived suppressor cells (MDSC) acquire immune-stimulating and tumor killing activity capable of rejecting established tumors in combination with radiotherapy. Oncoimmunology. (2018) 7:e1490853. doi: 10.1080/2162402X.2018.1490853

 77. Näsman A, Andersson E, Nordfors C, Grün N, Johansson H, Munck-Wikland E, et al. MHC class I expression in HPV positive and negative tonsillar squamous cell carcinoma in correlation to clinical outcome. Int J Cancer. (2013) 132:72–81. doi: 10.1002/ijc.27635

 78. Näsman A, Andersson E, Marklund L, Tertipis N, Hammarstedt-Nordenvall L, Attner P, et al. HLA class I and II expression in oropharyngeal squamous cell carcinoma in relation to tumor HPV status and clinical outcome. PLoS ONE. (2013) 8:e77025. doi: 10.1371/journal.pone.0077025

 79. Tertipis N, Villabona L, Nordfors C, Näsman A, Ramqvist T, Vlastos A, et al. HLA-A*02 in relation to outcome in human papillomavirus positive tonsillar and base of tongue cancer. Anticancer Res. (2014) 34:2369–75. doi: 10.1371/journal.pone.0095624

 80. Wagner S, Wittekindt C, Reuschenbach M, Hennig B, Thevarajah M, Wurdemann N, et al. CD56-positive lymphocyte infiltration in relation to human papillomavirus association and prognostic significance in oropharyngeal squamous cell carcinoma. Int J Cancer. (2016) 138:2263–73. doi: 10.1002/ijc.29962

 81. Wang J, Sun H, Zeng Q, Guo XJ, Wang H, Liu HH, et al. HPV-positive status associated with inflamed immune microenvironment and improved response to anti-PD-1 therapy in head and neck squamous cell carcinoma. Sci Rep. (2019) 9:13404. doi: 10.1038/s41598-019-49771-0

 82. Yang X, Cheng H, Chen J, Wang R, Saleh A, Si H, et al. Head and neck cancers promote an inflammatory transcriptome through coactivation of classic and alternative NF-κB pathways. Cancer Immunol Res. (2019) 7:1760–74. doi: 10.1158/2326-6066.CIR-18-0832

 83. Seiwert TY, Zuo Z, Keck MK, Khattri A, Pedamallu CS, Stricker T, et al. Integrative and comparative genomic analysis of HPV-positive and HPV-negative head and neck squamous cell carcinomas. Clin Cancer Res. (2015) 21:632–41. doi: 10.1158/1078-0432.CCR-13-3310

 84. Keck MK, Zuo Z, Khattri A, Stricker TP, Brown CD, Imanguli M, et al. Integrative analysis of head and neck cancer identifies two biologically distinct HPV and three non-HPV subtypes. Clin Cancer Res. (2015) 21:870–81. doi: 10.1158/1078-0432.CCR-14-2481

Conflict of Interest: The 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 © 2019 Özcan-Wahlbrink, Schifflers and Riemer. 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/xhtml/Nav.xhtml




Contents





		Cover



		Enhanced Radiation Sensitivity of Human Papillomavirus-Driven Head and Neck Cancer: Focus on Immunological Aspects



		Introduction



		Cellular Mechanisms



		Immune Responses



		Conclusion and Outlook



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Immunology

Enhanced Radiation Sensitivity of
Human Papillomavirus-Driven Head
and Neck Cancer: Focus on
Immunological Aspects





OPS/images/fimmu-10-02831-g001.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





