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Abstract

:

Simple Summary


Squamous cell carcinoma of the head and neck (SCCHN) is a debilitating disease that affects hundreds of thousands of individuals worldwide and has a high mortality rate. Mainstay treatment largely consists of surgery, radiation, and chemotherapy which has been met with significant morbidity. The epidermal growth factor receptor is one that which plays a major role in cell signaling and has been extensively studied in locally advanced (LA) and recurrent metastatic (RM) SCCHN. This review paper details the major roles of the epidermal growth factor receptor (EGFR), previous and current EGFR inhibition therapeutics, resistance mechanisms, and the possible integration of immunotherapy and EGFR inhibition in this disease process.




Abstract


Recurrent metastatic (RM) and locally advanced (LA) squamous cell carcinoma of the head and neck (SCCHN) are devasting disease states with limited therapeutic options and poor overall survival. Targeting the epidermal growth factor receptor (EGFR) is one area that has helped improve outcomes in this disease. Anti-EGFR based therapies have been shown to improve overall survival and mitigate the significant toxicities incurred from standard radiation, chemotherapy, and/or surgical options. Cetuximab, the most well-studied anti-EGFR monoclonal antibody, has demonstrated a positive impact on outcomes for RM and LA SCCHN. However, the development of early resistance to cetuximab highlights the need for a wider arsenal of therapy for RM and LA diseases. The use of immune checkpoint inhibitors has recently transformed the treatment of recurrent SCCHN. Drugs such as pembrolizumab and nivolumab have demonstrated success in recent clinical trials and have been approved for the treatment of advanced disease. Given the positive results of both EGFR targeted agents and immune checkpoint inhibitors, ongoing trials are studying their synergistic effects.
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1. Introduction


Squamous cell carcinoma of the head and neck (SCCHN) is a devasting disease that accounts for over 600,000 new cancer cases worldwide on a yearly basis with nearly 45% of patients having regional lymph node metastasis at the time of diagnosis [1]. Despite advances in diagnostics and treatment of SCCHN, overall 5-year survival remains stagnant at only 50% with significant rates of second primaries [2]. The epidermal growth factor receptor (EGFR) plays an integral role in tumor biology and its expression has been correlated with more aggressive disease. It is well-known that EGFR is overexpressed in over 90% of SCCHN tumors, and close to 10–30% of SCCHN carcinomas demonstrate EGFR gene amplification [3,4]. The EGFR, also known as ErbB1 or Her-1, is a member of the complex receptor tyrosine kinase (RTK) family which also includes ErbB2 (Neu, Her-2), ErbB3 (Her-3), and ErbB4 (Her-4) [5,6].



EGFR is comprised of three components which include an extracellular component with four domains to assist in ligand binding, a transmembrane segment, and an intracellular component which contains the tyrosine kinase domain that facilitates downstream signaling cascades [3]. Numerous EGFR ligands exist, including epidermal growth factor, transforming growth factor-alpha, and heparin-binding EGFR, which bind to domains I and III of the extracellular EGFR. Ligand binding exposes domain II, promoting either homodimerization with other EGFR proteins or heterodimerization with other RTK family members. This dimerization induces autophosphorylation of the intracellular tyrosine residues and activates the eventual signaling cascades influencing gene expression, proliferation, apoptosis inhibition, metastasis, and cell mobility [3,5,7].



There are multiple mechanisms of EGFR activation. As described above, stabilization of receptor dimers through ligand binding serves as one of the three major processes. A second mechanism involves mutations in the receptor such as truncation of the N-terminal, which may allow for receptor stability and dimerization without ligand assistance. Lastly, the EGFR is a free-flowing complex within the lipid bilayer; when in close proximity to other EGFR complexes it can stimulate autophosphorylation and activate downstream signaling cascades. This ligand independent dimerization is extremely relevant in tumor cells where overexpression of the EGFR molecule can lead to increased activation, thereby promoting pathways for tumorigenesis [7,8].




2. Role of EGFR in SCCHN


The EGFR family receptors are found in various areas including epithelial, mesenchymal, and neuronal tissues. They serve to regulate critical aspects of cell physiology including cell survival, division, proliferation, and differentiation [3,9]. These vital regulatory actions are performed after ligand binding and activation through the Ras/MAPK pathway, PI3K/AKT pathway, the phospholipase C/protein kinase C cascade, and/or the signal transducers and activators of transcription (STAT) pathways, as noted in Figure 1 [10,11].



EGFR is capable of stimulating signaling pathways that can alter the cell cycle. Overexpression of this receptor in transgenic mice during organogenesis has proven lethal [6]. It has been postulated that high levels of EGFR in SCCHN may be related to poor prognosis and high expression of the receptor and its ligand may be associated with decreased disease-free survival (DFS) and overall survival (OS). However, unlike tyrosine kinase mutations occurring predominantly in non-small cell lung cancer (NSCLC), there is no known correlation between EGFR related biomarkers or specific activating mutations within the EGFR that could predict EGFR inhibitor efficacy in SCCHN [5,12].



EGFR signaling is heavily regulated through complex mechanisms at the plasma membrane and during receptor internalization. This regulation is impaired in oncogenic EGFR due to overexpression, which results in increased ligand-independent homo- and heterodimerization, or genetic mutations allowing activated EGFR to bypass endocytosis or lysosomes for degradation [11]. These changes in EGFR regulation result in tumorigenesis and create numerous obstacles that prevent effective treatment of SCCHN.




3. Targeting EGFR in SCCHN


Most SCCHN are locally advanced, stage III or stage IV diseases at the time of diagnosis. Treatment in this setting often consists of a multimodal approach with chemotherapy, radiation therapy (RT), and/or surgery. As expected, these treatment modalities are associated with significant toxicity and despite aggressive treatment, 5-year survival is only 50% [13]. In attempts to improve survival and maintain quality of life, several molecularly based therapies have been heavily investigated including monoclonal antibodies, small molecule tyrosine kinase inhibitors (TKIs), serine/threonine-specific protein kinase inhibitors, and cyclin-dependent kinase inhibitors [14]. We will focus this review on the molecular therapies that inhibit EGFR activity in SCCHN.



Cetuximab, a chimeric IgG1 monoclonal antibody against EGFR, is a monoclonal antibody for the treatment of LA and RM SCCHN approved by the US Food and Drug Administration. The promising results of cetuximab therapy in SCCHN may be attributed to several possible anti-tumor mechanisms. Cetuximab serves as a competitive ligand that binds to the extracellular domain of the EGFR with higher affinity than its natural ligand, thus preventing subsequent interaction [2,7]. In addition to direct EGFR blockade, cetuximab also decreases EGFR expression via internalization and degradation of the receptor, thereby preventing further downstream cascade signaling [5,15]. Lastly, cetuximab’s IgG1 backbone can bind NK cells and activate antibody-dependent cellular cytotoxicity (ADCC), enabling immune cells to target and kill specific cells [15,16,17].



Other EGFR monoclonal antibodies such as panitumumab, zalutumumab and nimotuzumab have been investigated, but have failed to show similar survival advantages in SCCHN [15]. Although all are monoclonal antibodies, they do not possess identical mechanisms of inhibition. Panitumumab is an IgG2 mAb that inhibits ligand binding, but it does not possess the additional benefit of ADCC, which may explain the discrepancies observed in clinical outcome when compared to cetuximab [15]. In addition, panitumumab was introduced at a later date and patients on these clinical trials may have had access to cetuximab and other systemic agents to treat their metastatic disease. Both zalutumumab and nimotuzumab are IgG1 mAbs, but they have also failed to show similar advantages to cetuximab in OS [18].



Most small molecule tyrosine kinase inhibitors (TKIs) are competitive inhibitors of adenosine-5′-triphosphate (ATP) binding and can inhibit multiple oncogenic tyrosine kinases. They have been approved for several hematologic, lymphoid, and solid malignancies. However, there is a subset of TKIs which solely inhibit members of the RTK family. These include single-target TKIs, such as erlotinib and gefitinib in addition to multi-targeted TKIs such as lapatinib, afatinib, and dacomitinib [19]. These agents bind to the intracellular domain harboring the intrinsic tyrosine activity of the EGFR and prevent activation of pathways such as Ras/MAPK or PI3K/AKT [12,14]. The activity of these agents has been limited in SCCHN with responses below single agent cetuximab.




4. Resistance Mechanisms to EGFR Inhibition


As discussed, there are currently multiple investigational treatments underway to target EGFR. However, the high rates of recurrence and treatment failure need to be further addressed. One possible explanation can be attributed to the development of varying resistance patterns to SCCHN treatment modalities. Therefore, a deeper understanding of the development of anti-EGFR resistance patterns in SCCHN may hold the key to unlocking the potential of these agents. As a single agent, cetuximab has an overall response rate (ORR) of only 13% and a median time to progression of 70 days suggesting possible development of early drug resistance [20]. Proposed mechanisms of resistance to EGFR targeted therapies include increased ligand production, upregulation of EGFR expression, mutations in KRAS, BRAF, NRAS, and PIK3CA genes, expression of the EGFR truncation mutation EGFRvIII, or upregulation of other ErbB family members [21]. Figure 1 highlights some of these resistance mechanisms.



Studies have demonstrated overexpression of alternative members of the RTK family, notably ErbB2/HER2 and ErbB3/HER3, in SCCHN which confer treatment resistance by promoting growth and poor differentiation [22]. In preclinical studies, increased levels of ErbB2/HER2 were associated with treatment resistance to cetuximab in several different cancer lines including SCCHN cell lines [23]. In vitro analysis of SCCHN cell lines demonstrated a similar association with gefitinib, where the addition of an ErbB2 antibody improved gefitinib’s inhibitory effect [24]. It should be noted that almost 39% of tumor samples from patients with untreated SCCHN had overexpression of ErbB2/HER2, which suggests that it can serve as a possible target for therapy [16]. ErbB3/HER3 resistance may be mediated by its receptor ligand, HRG1, such that upon binding, HER3 heterodimerizes and is activated. Increased expression of HRG1 has been correlated with worse outcomes in SCCHN through activation of HER3 [25]. Several studies have reported elevated HRG1 levels in SCCHN compared to other solid tumors [26].



EGFR-independent signaling patterns can also confer resistance in SCCHN treatment. It is postulated that the PI3K signaling pathway can mediate cetuximab-resistance through mutation in the phosphatidylinositol-4,5- bisphosphate 3-kinase catalytic subunit alpha. In preclinical data, targeting this mutation with a PI3KA inhibitor and cetuximab inhibited growth in the cetuximab-resistant cell lines [27]. Studies also suggest the JAK/STAT pathway may mediate cetuximab resistance. STAT3 activation was elevated in patients who received cetuximab treatment compared to no treatment. Additionally, inhibiting STAT3 in cell lines with either intrinsic or acquired cetuximab resistance demonstrated decreased cell growth [28].



Altered expression in proteins involved in epithelial-to-mesenchymal transition (EMT) is a well-known mechanism for chemoresistance, tumor invasion and metastasis. Several studies have suggested its association with RTK resistance in SCCHN [29]. One study assessed the NGF/TrkA axis, which activates downstream signaling cascades such as Ras/MAPK, PI3K/AKT, and PLCy resulting in cell proliferation, invasion, and even metastasis. Overexpression of the NGF/TrkA axis conferred a STAT3 mediated resistance to erlotinib where inhibiting TrkA resulted in increased erlotinib sensitivity [30]. Erlotinib resistance was also demonstrated in SCCHN cell lines that expressed high levels of E-cadherin repressor delta-crystallin enhancer binding factor 1 (δEF1 or ZEB1). However, erlotinib sensitivity was regained after knockdown of δEF1, suggesting its potential use as a marker for RTK treatment response rates [16]. In another study, an EMT protein, cortactin, affected downstream signaling pathways inducing gefitinib resistance [31].



Additionally, EGFR activation induces cell cycle progression and can mediate cyclin D1 transcription or stabilization [10]. Cyclin-D1 in complex with CDK4/CDK6 augments cell cycle proliferation via phosphorylation and inactivation of the tumor suppressor retinoblastoma protein [10,32]. CCND1 encodes for cyclin-D1 and preclinical data have linked EGFR inhibition resistance in SCCHN with the overexpression of CCDN1 [33]. This interaction suggests CDK4/CDK6 inhibitors in conjunction with monoclonal antibodies such as cetuximab, may be of significance in SCCHN. Despite encouraging results reported in a single arm phase II trial of palbociclib and cetuximab, a recent confirmatory randomized phase II trial assessing palbociclib with cetuximab vs. single agent cetuximab in platinum-resistant, cetuximab-naïve SCCHN carcinoma failed to report a significant benefit in median OS or PFS [34,35].




5. Overcoming Resistance in EGFR Therapy in SCCHN


Given the numerous mechanisms for the development of treatment resistance against monoclonal antibodies and TKIs in SCCHN, it is crucial to find strategies to overcome these resistance patterns. Much of the data surrounding resistance patterns in anti-EGFR treatment modalities are currently under investigation. Some treatment modalities have reached phase II or III in development and aim to inhibit multiple aspects of the EGFR signaling pathway. These therapies can target other members of the RTK family through multitargeted TKIs or mAbs, inhibition of parallel pathways, or affect downstream signaling cascades.



Lapatinib, afatinib, and dacomitinib are single agent TKIs that target both EGFR and other ErbB family receptors [36]. Lapatinib is a dual inhibitor of EGFR and HER2, and it has been studied in conjunction with chemoradiotherapy (CRT) in either LA or RM SCCHN. A phase II study in therapy-naïve LA SCCHN suggested lapatinib had an ORR of 17% when used prior to CRT [37]. However, more recent studies demonstrated no response, regardless of prior EGFR inhibition with stable disease as the best response [38]. A phase II study assessed capecitabine and lapatinib as first line therapies for RM SCCHN. Although the study met the primary endpoint of an OS of 9.3 months, the authors did not believe this response rate was due to lapatinib as only two patients overexpressed HER2, and progression free survival (PFS) curves matched previously reported data of capecitabine alone [39]. A phase III trial with adjuvant lapatinib and concurrent CRT followed by maintenance lapatinib in stage II to IVA SCCHN in high-risk surgically resected patients failed to show additional survival benefits and was associated with higher toxicity compared to placebo [40].



Afatinib is an irreversible inhibitor of EGFR, HER2, and HER4 thereby inhibiting most homo-heterodimerization of the ErbB family receptors. In preclinical data, afatinib has demonstrated a dose-dependent antiproliferative effect, a slight improvement of radiosensitivity in in-vitro cells, and significant tumor growth delay with daily administration [41]. It has shown comparable activity to cetuximab in RM SCCHN, with continued benefit after crossover suggesting minimal cross-resistance [42]. To further assess this the LUX-Head and Neck 2 study examined adjuvant afatinib after complete response from CRT and found no benefit in disease-free survival compared to placebo in patients with unresected, intermediate to high risk SCCHN [43]. Ongoing studies in LA SCCHN include dual inhibition such as afatinib and cetuximab or afatinib with pembrolizumab (Table 1).



Dacomitinib is similar to afatinib and irreversibly binds to EGFR, HER2, and HER4 receptors. Preclinical studies not only demonstrated dacomitinib’s equal efficacy but also showed a reduction in EGFR activity and downstream Akt and ERK pathways compared to cetuximab and erlotinib [44]. Dacomitinib also demonstrated clinical activity as a monotherapy in RM SCCHN with a partial response in eight (13%) and stable disease in 36 (57%) patients [45]. Another phase II trial assessed dacomitinib in patients with progressive RM SCCHN on platinum-based chemotherapy and reported a partial response in 10 (21%) and stable disease in 31 (65%) patients [46]. There are currently no ongoing studies with dacomitinib.



Inhibitors of other pathways in ongoing trials include PI3K inhibitors such as PX-866 and BYL719, with preliminary data suggesting a benefit from BYL719. Inhibition of PI3KCA gene mutation via copanlisib in conjunction with cetuximab is also being studied [36]. Another synergistic inhibitory combination involves anti-EGFR therapy and various inhibitors of the PI3K/Akt/mTOR pathway, including mTOR inhibitors temsirolimus and everolimus. Initial preclinical data suggested possible synergetic effects of mTOR and EGFR inhibition. However, phase II studies have failed to prove these theories in clinical practice. The combination of temsirolimus and cetuximab in cetuximab-resistant SCCHN showed poor PFS, but did demonstrate a clinically significant response rate of 3.6–9.1 months in 12.5% of patients [47]. A similar study showed no added benefit of everolimus and erlotinib in platinum-resistant SCCHN [48]. A phase Ib study assessing everolimus with cetuximab and carboplatin for RM SCCHN demonstrated an ORR of 61.5% (all partial responses) and a PFS of 8.15 months [49]. These results highlight the need for more studies with combination regimens.




6. Role of EGFR Inhibition in Definitive Therapy


Bonner et al conducted a landmark phase III clinical trial assessing cetuximab and RT vs. RT alone in patients with stage III or IV LA SCCHN and demonstrated a prolonged median duration of control (24.4 vs. 14.9 months), OS (49 vs. 29.3 months), and PFS in the cetuximab group [50]. Cetuximab monotherapy in patients with progressive disease on platinum-based therapy was found to be well-tolerated and had an ORR of 13%, a disease control rate of 46%, and a median time to progression of 70 days. The study allowed patients to move to cetuximab and platinum-based chemotherapy if they experienced progressive disease on cetuximab monotherapy, but patients who progressed to the combination arm had limited benefit [20]. In 2006, these two landmark studies resulted in the first FDA approval of cetuximab use in combination with RT for LA SCCHN and as monotherapy for platinum-refractory RM SCCHN.



Panitumumab is a fully humanized IgG2 mAb that inhibits EGFR ligand binding. Several phase II trials conducted in patients with LA or RM SCCHN suggested a benefit of PFS when used in conjunction with chemotherapy [51,52]. Two randomized controlled trials assessed panitumumab in LA SCCHN. The CONCERT-1 trial assessed cisplatin and RT with panitumumab vs. CRT alone in previously untreated LA SCCHN patients. The study did not report an improvement in local control rate or PFS and demonstrated a trend towards worse OS in the panitumumab arm [53]. CONCERT-2 studied panitumumab with radiation vs. CRT alone, but PCR, PFS, and OS favored the CRT arm demonstrating that panitumumab cannot replace cisplatin [54].



The use of zalutumumab in LA SCCHN was assessed in the large phase III randomized trial DAHANCA 19. Patients were randomized to RT or CRT (based on disease stage) with or without zalutumumab. However, there was no improvement in LCR, OS, or disease-specific survival in the zalutumumab arms [55]. Nimotuzumab works similarly to zalutumumab and has been approved in other countries for treatment of SCCHN; however, it has not been approved for use in the United States. Several phase II trials have demonstrated a survival benefit with nimotuzumab and CRT [56,57]. A phase III trial demonstrated improved PFS, LRC, and DFS with the addition of nimotuzumab to concurrent cisplatin CRT in LA disease [58].



Small molecule TKIs are also being studied for use in LA SCCHN and include single targeted agents such as gefitinib and erlotinib and multitargeted TKIs such as lapatinib and afatinib. A single arm phase II study assessed oral gefitinib with concurrent platinum-based CRT in LA SCCHN and reported a one year OS of 87% and a distant metastatic control rate of 98%. However, the study had five treatment-related deaths and overall had high levels of toxicity [59]. As discussed earlier, multitargeted TKIs in high risk SCCHN failed to show additional survival benefits [40,43]. An initial phase I/II study with CRT and erlotinib demonstrated an improved complete response rate (CRR) and OS at 3 years of 72% [60]. However, a phase II trial assessing CRT with or without erlotinib had worse CRR (52% vs. 40%, p = 0.08) and no improvement in PFS demonstrating the need for further investigation in this area [61]. Table 1 lists current ongoing or unpublished trials with EGFR inhibition in locally advanced disease.




7. Role of EGFR Inhibition in Recurrent Metastatic Disease in SCCHN


Despite the vast number of completed and ongoing studies aiming to target EGFR and other downstream signaling pathways, cetuximab remains the only FDA approved EGFR targeted mAb for the treatment of SCCHN. Prior to the introduction of molecularly targeted agents, first line treatment for RM SCCHN was largely comprised of several cytotoxic agents that were associated with significant morbidity [62]. Eventually, cisplatin was studied in SCCHN and was found to have a favorable response rate (RR) compared to best supportive care (BSC) and methotrexate. The addition of 5-FU to cisplatin improved objective response without improving OS, but due to the tolerable side effect profile became the primary regimen for RM SCCHN [63].



The benefits demonstrated by single agent cetuximab fostered studies assessing cetuximab with cisplatin as a first line therapeutic option. The Eastern Cooperative Oncology Group (ECOG) studied cisplatin plus cetuximab vs. cisplatin plus placebo, which demonstrated significant improvement in ORR with the addition of cetuximab (26% vs. 10%), but failed to show significant improvements in OS (9.2 vs. 8.0 months) and PFS (4.2 vs. 2.7 months) [64]. The landmark EXTREME trial randomized 442 patients with RM SCCHN to platinum-based chemotherapy, 5-FU, and cetuximab vs. platinum-5FU and placebo for a maximum of six cycles. There was a statistically significant improvement in prolonged median OS (10.1 vs. 7.4 months), prolonged median PFS (5.6 vs. 3.3 months), and increased RR (20% to 36%) favoring the cetuximab arm [65]. This trial led to the approval of cetuximab in combination with platinum and 5FU-based therapy as first line treatment of recurrent metastatic SCCHN [16].



As mentioned above, panitumumab has failed to show significant improvement in LA SCCHN. The phase III trial, SPECTRUM, assessed cisplatin and 5-FU with or without panitumumab in patients with RM SCCHN. The authors reported a statistically significant difference in PFS (5.8 vs. 4.6 months), but the study failed to meet the primary endpoint of OS [66]. The PARTNER trial evaluated whether cisplatin and docetaxel with or without panitumumab could be a potential first line therapy in RM SCCHN. The primary endpoint, PFS, was improved in the panitumumab arm (6.9 vs. 5.5 months, p = 0.048), but there was no difference in OS. Additionally, the experimental arm had higher rates of grade 3 and 4a adverse events [51]. This stark contrast from the efficacy demonstrated by cetuximab may be attributed to the lack of ADCC activity secondary to panitumumab’s IgG2 subclass, and may be due to the possible access to cetuximab by some patients [15]. Zalutumumab has shown benefit in PFS but not OS, when compared to BSC in patients with platinum refractory RM SCCHN [67]. There are currently no active trials with zalutumumab.



In terms of small molecule TKI, several studies with single-target TKIs have been conducted in RM SCCHN as mentioned above. Gefitinib monotherapy had a RR of 10.6%, a DCR of 53%, and a median OS of 8.1 months with a daily dose of 500 mg [68]. However, in a phase III trial comparing gefitinib vs. methotrexate in RM SCCHN, the gefitinib arms failed to improve OS and demonstrated no differences in ORR [69]. Another phase III trial assessing the addition of gefitinib to docetaxel did not improve OS [70]. Erlotinib monotherapy has reported an IRR of 4.3%, a median PFS of 9.6 weeks, and a median OS of 6 months [71]. A randomized phase II study with cisplatin, docetaxel, and erlotinib in patients with RM SCCHN demonstrated improved PFS [72].



Multi-targeted TKIs such as afatinib and dacominitib have been studied in RM SCCHN. In the phase III LUX-Head and Neck 1 trial, patients with RM SCCHN refractory to first line platinum-based chemotherapy were randomized to receive oral afatinib vs. intravenous methotrexate. The authors reported improved PFS (2.6 vs. 1.7 months) in the afatinib group vs. the methotrexate group, respectively [73]. Dacomitinib demonstrated a partial response as a monotherapy in platinum progressed RM SCCHN [45,46]. Table 2 lists current active or unpublished trials involving treatment of RM SCCHN.




8. Current Applications of EGFR Inhibition in SCCHN in the Era of Immunotherapy


Despite the addition of EGFR targeted therapy, the survival rate of patients with RM SCCHN remains quite low. Since their approval in the treatment of RM SCCHN, immune checkpoint inhibitors (ICIs) are being investigated as an adjunct to EGFR inhibition. The programmed cell death 1 (PD-1) is expressed on activated T cells and programmed cell death ligand 1 (PD-L1) is upregulated on tumor cells possibly by activation of EGFR and PI3K-Akt or JAK/STAT pathways. Targeting the cytotoxic T lymphocyte antigen-4 (CTLA4) immune checkpoint has also been suggested from preclinical data. This axis serves a major role in SCCHN immune evasion [74]. Cancer immunotherapy currently relies on the inhibition of immune checkpoints to hinder the PD-1/PD-L1 axis which allows for recovery of tumor specific immunity of T cells [75,76]. Cancer cells are recognized as foreign antigens by immune cells thus stimulating the adaptive immune system to direct a response against the cancer cells [75]. However, it is well known that cancer cells are able to evade this immune response by preventing recognition or cytotoxic actions of T cells through immune escape mechanisms such as the PD-1/PD-L1 axis [63].



The recent approval of the ICIs, pembrolizumab and nivolumab, for the treatment of the RM SCCHN has changed the therapeutic landscape of this disease. Both are humanized IgG4 mAbs with high affinity for PD-1 receptors, and thereby block the PD-1/PD-L1 axis [63]. Nivolumab was FDA approved after the CHECKMATE-141 trial which compared nivolumab to standard of care (SOC, methotrexate, docetaxel, or cetuximab). The study randomized 362 patients with progressive RM SCCHN, despite them receiving platinum-based therapy and reported significant improvement in median OS (7.5 vs. 5.1 months, p = 0.01) and ORR in the nivolumab group (13.3% vs. 5.8%, 95% CI 1.07–5.82 ). Although PFS was shorter in the nivolumab arm (2.0 vs. 2.3 months), the rate of PFS at 6 months was higher in the nivolumab arm (19.7% vs. 9.9%) [77]. These findings were confirmed at a 2-year follow-up analysis [78]. This trial led to the approval of nivolumab for patients with RM SCCHN who failed platinum-based therapy [77]. In post hoc analysis, nivolumab demonstrated significant improvement in 30-month OS in age groups <65 and >65 when compared to SOC [79]. The increased efficacy of nivolumab was unrelated to prior cetuximab use [80]. Additionally, tumor burden reduction occurred in 18 of 60 patients receiving nivolumab after RECIST-defined progression demonstrating possible efficacy in this subset of patients [81]. Nivolumab is also being assessed in combination therapy. CheckMate651 is currently assessing nivolumab and ipilimumab compared to the EXTREME regimen (NCT02741570) and CheckMate714 is currently assessing nivolumab with and without ipilimumab in RM SCCHN (NCT02823574).



The phase1b trial KEYNOTE-012 assessed pembrolizumab in tumors with PD-L1 expression >1% and demonstrated an ORR of 18% in all patients, an ORR of 25% in HPV+ patients, and a median OS of 8 months with a favorable side effect profile. A follow up two-year analysis continued to demonstrate ongoing response in some patients [82,83]. These findings were confirmed in a phase II single-arm study, KEYNOTE-055, which assessed 171 patients with platinum- and cetuximab- refractory RM SCCHN and demonstrated an ORR of 16.4% in all patients, a median OS of 8 months, and a PFS of 2.1 months [84]. To assess whether pembrolizumab monotherapy was comparable to SOC in RM SCCHN, a phase III randomized study, KEYNOTE-040, compared pembrolizumab to investigators’ choice of methotrexate, docetaxel, or cetuximab. The study found median OS in intention-to-treat analysis of 8.4 months vs. 6.9 months in the pembrolizumab and SOC groups, respectively. Additionally, the SOC group had more grade 3 or higher adverse effects. These results suggested that pembrolizumab monotherapy in progressive RM SCCHN could be an alternative to more traditional cytotoxic chemotherapies [85]. However, to characterize the effects of the addition of pembrolizumab to chemotherapy on OS the KEYNOTE-048 trial allocated 882 patients to pembrolizumab monotherapy, pembrolizumab with platinum-based chemotherapy, or chemotherapy with cetuximab as first line treatment. Of the 882 patients, 85% had a PD-L1 combined positive score (CPS) of 1 or more and 43% had CPS of 20 or more, where a higher CPS value signifies increased PD-L1 by tumor cells. The pembrolizumab monotherapy group vs. cetuximab with chemotherapy showed improved OS in patients with CPS of 20 or more (median 14.9 vs. 10.7 months, hazard ratio 0.61, 95% CI 0.45–0.83) and in CPS of 1 or more (median 12.3 vs. 10.3 months, hazard ratio 0.78, 95% CI 0.64–0.96), but was non-inferior in the total population (11.6 vs. 10.7 months). Additionally, pembrolizumab with chemotherapy improved OS vs. cetuximab with chemotherapy (13 vs 10.3 months, hazard ratio 0.77, 95% CI 0.63–0.93). These findings suggest pembrolizumab plus platinum based chemotherapy is appropriate for first line RM SCCHN, and pembrolizumab monotherapy can be used for PD-L1 positive RM disease [86]. Currently, there are several ongoing studies assessing combination immunotherapy, immunotherapy with RT, and immunotherapy with chemotherapy for possible synergistic effects [75].



Monotherapy with the PD-L1 inhibitor durvalumab was investigated in the HAWK trial and demonstrated antitumor activity with an acceptable safety profile in patients with >25% PD-L1 expressing tumor cells [87]. The phase II CONDOR study demonstrated a manageable safety profile with durvalumab, tremelimumab (CTLA-4 inhibitor), and combination durvalumab–tremelimumab. It also demonstrated clinical benefit in both durvalumab monotherapy and combination arms in RM SCCHN in an ongoing phase III trial [88]. These trials suggest durvalumab demonstrates efficacy regardless of PD-L1 expression. In contrast to these trials, the EAGLE study did not demonstrate improvement in OS with either durvalumab monotherapy or durvalumab plus tremelimumab compared to SOC in second-line RM SCCHN [89]. Of note, these negative results may be secondary to the high rate of immunotherapy received by the SOC arm [90].



In terms of LA disease, a phase Ib study with 59 patients assessed pembrolizumab with weekly cisplatin-based CRT and demonstrated a favorable toxicity profile, with an end of treatment complete response of 85.3% and 78.3% based on imaging in HPV positive and negative groups, respectively [91]. Currently, a phase III trial KEYNOTE-412 is ongoing and is assessing pembrolizumab with CRT in LA SCCHN (NCT03040999) [92]. In addition, a trial assessing dual ICI blockade with RT in LA SCCHN is actively recruiting patients (NCT03426657).




9. Dual EGFR Inhibition and Immunotherapy


Both EGFR mAbs and ICIs have individually demonstrated significant success in the treatment of advanced SCCHN. Due to this success, there is significant interest in assessing treatment efficacy with dual inhibition. EGFR inhibition has a large impact on the tumor microenvironment through activation of ADCC via NK cells, promoting cross-talk between NK cells and dendritic presenting cells (DC), and priming cytotoxic T cells [93]. However, these immune related mechanisms lead to negative feedback loops which may decrease the efficacy of EGFR-targeted therapy. For example, cetuximab’s ADCC activity can stimulate IFN-y secretion from NK cells, improving NK and DC cross-talk, but it also induces PD-L1 expression and therefore inhibits active T and NK cells and assists in tumor immune escape [93,94]. This suggests that the simultaneous use of cetuximab and ICIs may have synergistic effects that can improve patient outcomes.



To assess these synergistic effects a phase I/II study evaluated the combination of cetuximab and nivolumab in RM SCCHN and found it was well-tolerated, but it did not improve OS at one year in this heavily pre-treated population. However, cetuximab and nivolumab combination therapy did have a more favorable PFS trends in patients without prior ICI therapy [95]. Currently, a study assessing pembrolizumab and cetuximab in RM SCCHN (NCT03082534) is actively recruiting patients [96]. For LA SCCHN, a phase III trial assessing avelumab–cetuximab-RT, RT-cisplatin, vs. RT–cetuximab in 41 patients was found to have an acceptable toxicity profile and is awaiting further results [97]. Another study assessing combination therapy with nivolumab and EGFR therapy in cisplatin-ineligible patients has been completed and is awaiting results [9].



Novel approaches beyond the combination of ICI and cetuximab will be crucial. NK cells play a significant role in the immune related mechanisms of cetuximab action and cannot be overlooked. NK cells can be suppressed in SCCHN through inhibitory ligands and targeting these inhibitory NK cell receptors may serve as another area of therapy [98]. One such receptor is the NKG2A, which can be targeted with the mAb inhibitor monalizumab. A phase II trial studied the combination of monalizumab and cetuximab in RM SCCHN and demonstrated partial responses in 8 of 26 patients and stable disease in 14 of 26 patients [99]. Another potential therapeutic involves motolimod, a toll-like receptor 8 agonist, which may interact with the innate and adaptive immune response. It has been studied in combination with the EXTREME regimen and has a favorable toxicity profile; however, it did not improve PFS or OS in RM SCCHN [100]. There are currently several ongoing studies with various combination therapies assessing response rates in SCCHN.




10. Conclusions


Effective therapies for locally advanced and RM SCCHN remain elusive. Unfortunately, even with the extensive research involving EGFR inhibition as well as immunotherapy, SCCHN remains a very challenging disease with an overall poor prognosis. The more recent development of ICIs such as pembrolizumab gives hope for new effective treatment strategies that have the potential to improve survival while offering acceptable toxicity profiles. However, there is minimal data on combination therapy with EGFR inhibition and PD-1/PD-L1 blockade. Given the in vitro data and limited early phase trials, these combinations deserve to be pursued with the goal of providing patients with decreased treatment toxicity, improved quality of life, and a significant improvement in overall survival.







Author Contributions


N.F.S. conceptualized. B.P. and N.F.S. wrote and edited manuscript. N.F.S. supervised the study. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Santuray, R.T.; Johnson, D.E.; Grandis, J.R. New Therapies in Head and Neck Cancer. Trends Cancer 2018, 4, 385–396. [Google Scholar] [CrossRef] [PubMed]

	



Zimmermann, M.; Zouhair, A.; Azria, D.; Ozsahin, M. The epidermal growth factor receptor (EGFR) in head and neck cancer: Its role and treatment implications. Radiat. Oncol. 2006, 1, 11. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.J.; Johnson, D.E.; Grandis, J.R. EGFR-targeted therapies in the post-genomic era. Cancer Metastasis Rev. 2017, 36, 463–473. [Google Scholar] [CrossRef]

	



Juergens, R.A.; Bratman, S.V.; Tsao, M.-S.; Laurie, S.A.; Kuruvilla, M.S.; Razak, A.R.A.; Hansen, A.R. Biology and patterns of response to EGFR-inhibition in squamous cell cancers of the lung and head & neck. Cancer Treat. Rev. 2017, 54, 43–57. [Google Scholar] [CrossRef] [PubMed]

	



Vigneswara, V.; Kong, A. Predictive biomarkers and EGFR inhibitors in squamous cell carcinoma of head and neck (SCCHN). Ann. Oncol. 2018, 29, 794–796. [Google Scholar] [CrossRef] [PubMed]

	



Sibilia, M.; Kroismayr, R.; Lichtenberger, B.M.; Natarajan, A.; Hecking, M.; Holcmann, M. The epidermal growth factor receptor: From development to tumorigenesis. Differentiation 2007, 75, 770–787. [Google Scholar] [CrossRef] [PubMed]

	



Cruz, J.J.; Ocaña, A.; Del Barco, E.; Pandiella, A. Targeting receptor tyrosine kinases and their signal transduction routes in head and neck cancer. Ann. Oncol. 2007, 18, 421–430. [Google Scholar] [CrossRef]

	



Singh, D.; Attri, B.K.; Gill, R.K.; Bariwal, J. Review on EGFR inhibitors: Critical updates. Mini Rev. Med. Chem. 2016, 16, 1134–1166. [Google Scholar] [CrossRef]

	



Saba, N.F.; Chen, Z.G.; Haigentz, M.; Bossi, P.; Rinaldo, A.; Rodrigo, J.P.; Mäkitie, A.A.; Takes, R.P.; Strojan, P.; Vermorken, J.B.; et al. Targeting the EGFR and Immune Pathways in Squamous Cell Carcinoma of the Head and Neck (SCCHN): Forging a New Alliance. Mol. Cancer Ther. 2019, 18, 1909–1915. [Google Scholar] [CrossRef]

	



van Caloen, G.; Machiels, J.-P. Potential role of cyclin-dependent kinase 4/6 inhibitors in the treatment of squamous cell car-cinoma of the head and neck. Curr. Opin. Oncol. 2019, 31, 122–130. [Google Scholar] [CrossRef]

	



Sigismund, S.; Avanzato, D.; Lanzetti, L. Emerging functions of the EGFR in cancer. Mol. Oncol. 2018, 12, 3–20. [Google Scholar] [CrossRef]

	



Schmitz, S.; Machiels, J.-P. Molecular biology of squamous cell carcinoma of the head and neck: Relevance and therapeutic implications. Expert Rev. Anticancer Ther. 2010, 10, 1471–1484. [Google Scholar] [CrossRef] [PubMed]

	



Marur, S.; Forastiere, A.A. Head and Neck Squamous Cell Carcinoma: Update on Epidemiology, Diagnosis, and Treatment. Mayo Clin. Proc. 2016, 91, 386–396. [Google Scholar] [CrossRef] [PubMed]

	



Kozakiewicz, P.; Grzybowska-Szatkowska, L. Application of molecular targeted therapies in the treatment of head and neck squamous cell carcinoma (Review). Oncol. Lett. 2018, 15, 7497–7505. [Google Scholar] [CrossRef]

	



Taberna, M.; Oliva, M.; Mesía, R. Cetuximab-Containing Combinations in Locally Advanced and Recurrent or Metastatic Head and Neck Squamous Cell Carcinoma. Front. Oncol. 2019, 9, 383. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, N.P.; Hensing, T.A.; Bhayani, M.K.; Shaikh, A.Y.; Brockstein, B.E. Targeting pathways mediating resistance to anti-EGFR therapy in squamous cell carcinoma of the head and neck. Expert Rev. Anticancer. Ther. 2016, 16, 847–858. [Google Scholar] [CrossRef]

	



Baysal, H.; De Pauw, I.; Zaryouh, H.; De Waele, J.; Peeters, M.; Pauwels, P.; Vermorken, J.B.; Smits, E.; Lardon, F.; Jacobs, J.; et al. Cetuximab-induced natural killer cell cytotoxicity in head and neck squamous cell carcinoma cell lines: Investigation of the role of cetuximab sensitivity and HPV status. Br. J. Cancer 2020, 123, 752–761. [Google Scholar] [CrossRef]

	



Hopper-Borge, E.A.; Nasto, R.E.; Ratushny, V.; Weiner, L.M.; Golemis, E.A.; Astsaturov, I. Mechanisms of tumor resistance to EGFR-targeted therapies. Expert Opin. Ther. Targets 2009, 13, 339–362. [Google Scholar] [CrossRef]

	



Sola, A.M.; Johnson, D.E.; Grandis, J.R. Investigational multitargeted kinase inhibitors in development for head and neck neo-plasms. Expert Opin. Investig. Drugs 2019, 28, 351–363. [Google Scholar] [CrossRef]

	



Vermorken, J.B.; Trigo, J.; Hitt, R.; Koralewski, P.; Diaz-Rubio, E.; Rolland, F.; Knecht, R.; Amellal, N.; Schueler, A.; Baselga, J. Open-Label, Uncontrolled, Multicenter Phase II Study to Evaluate the Efficacy and Toxicity of Cetuximab As a Single Agent in Patients with Recurrent and/or Metastatic Squamous Cell Carcinoma of the Head and Neck Who Failed to Respond to Platinum-Based Therapy. J. Clin. Oncol. 2007, 25, 2171–2177. [Google Scholar] [CrossRef]

	



Hrustanovic, G.; Lee, B.J.; Bivona, T.G. Mechanisms of resistance to EGFR targeted therapies. Cancer Biol. Ther. 2013, 14, 304–314. [Google Scholar] [CrossRef]

	



Leonard, B.; Brand, T.M.; O’Keefe, R.A.; Lee, E.D.; Zeng, Y.; Kemmer, J.D.; Li, H.; Grandis, J.R.; Bhola, N.E. BET Inhibition Overcomes Receptor Tyrosine Kinase–Mediated Cetuximab Resistance in HNSCC. Cancer Res. 2018, 78, 4331–4343. [Google Scholar] [CrossRef] [PubMed]

	



Yonesaka, K.; Zejnullahu, K.; Okamoto, I.; Satoh, T.; Cappuzzo, F.; Souglakos, J.; Ercan, D.; Rogers, A.; Roncalli, M.; Takeda, M.; et al. Activation of ERBB2 Signaling Causes Resistance to the EGFR-Directed Therapeutic Antibody Cetuximab. Sci. Transl. Med. 2011, 3, 99ra86. [Google Scholar] [CrossRef] [PubMed]

	



Erjala, K.; Sundvall, M.; Junttila, T.T.; Zhang, N.; Savisalo, M.; Mali, P.; Kulmala, J.; Pulkkinen, J.; Grenman, R.; Elenius, K. Signaling via ErbB2 and ErbB3 Associates with Resistance and Epidermal Growth Factor Receptor (EGFR) Amplification with Sensitivity to EGFR Inhibitor Gefitinib in Head and Neck Squamous Cell Carcinoma Cells. Clin. Cancer Res. 2006, 12, 4103–4111. [Google Scholar] [CrossRef] [PubMed]

	



Shames, D.S.; Carbon, J.; Walter, K.; Jubb, A.M.; Kozlowski, C.; Januario, T.; An, D.; Fu, L.; Xiao, Y.; Raja, R.; et al. High Heregulin Expression Is Associated with Activated HER3 and May Define an Actionable Biomarker in Patients with Squamous Cell Carcinomas of the Head and Neck. PLoS ONE 2013, 8, e56765. [Google Scholar] [CrossRef]

	



Qian, G.; Jiang, N.; Wang, D.; Newman, S.; Kim, S.; Chen, Z.; Garcia, G.; MacBeath, G.; Shin, D.M.; Khuri, F.R.; et al. Heregulin and HER3 are prognostic biomarkers in oropharyngeal squamous cell carcinoma: Heregulin as Prognostic Marker in OPSCC. Cancer 2015, 121, 3600–3611. [Google Scholar] [CrossRef]

	



Rebucci, M.; Peixoto, P.; Dewitte, A.; Wattez, N.; De Nuncques, M.-A.; Rezvoy, N.; Vautravers-Dewas, C.; Buisine, M.-P.; Guerin, E.; Peyrat, J.-P.; et al. Mechanisms underlying resistance to cetuximab in the HNSCC cell line: Role of AKT inhibition in bypassing this resistance. Int. J. Oncol. 2011, 38, 189–200. [Google Scholar] [CrossRef]

	



Sen, M.; Joyce, S.; Panahandeh, M.; Li, C.; Thomas, S.M.; Maxwell, J.; Wang, L.; Gooding, W.E.; Johnson, D.E.; Grandis, J.R. Targeting Stat3 Abrogates EGFR Inhibitor Resistance in Cancer. Clin. Cancer Res. 2012, 18, 4986–4996. [Google Scholar] [CrossRef]

	



Umbreit, C.; Erben, P.; Faber, A.; Hofheinz, R.-D.; Schultz, J.D.; Hoermann, K.; Wenzel, A. Lapatinib-induced mesenchymal-epithelial transition in squamous cell carcinoma cells correlates with unexpected alteration of β-catenin expression. Oncol. Lett. 2016, 11, 2715–2724. [Google Scholar] [CrossRef]

	



Lin, C.; Ren, Z.; Yang, X.; Yang, R.; Chen, Y.; Liu, Z.; Dai, Z.; Zhang, Y.; He, Y.; Zhang, C.; et al. Nerve growth factor (NGF)-TrkA axis in head and neck squamous cell carcinoma triggers EMT and confers resistance to the EGFR inhibitor erlotinib. Cancer Lett. 2020, 472, 81–96. [Google Scholar] [CrossRef]

	



Timpson, P.; Wilson, A.S.; Lehrbach, G.M.; Sutherland, R.L.; Musgrove, E.A.; Daly, R.J. Aberrant Expression of Cortactin in Head and Neck Squamous Cell Carcinoma Cells Is Associated with Enhanced Cell Proliferation and Resistance to the Epidermal Growth Factor Receptor Inhibitor Gefitinib. Cancer Res. 2007, 67, 9304–9314. [Google Scholar] [CrossRef]

	



Alao, J.P. The regulation of cyclin D1 degradation: Roles in cancer development and the potential for therapeutic invention. Mol. Cancer 2007, 6, 24. [Google Scholar] [CrossRef]

	



Chien, H.-T.; Cheng, S.-D.; Liao, C.-T.; Wang, H.-M.; Huang, S.-F. Amplification of the EGFR and CCND1 Are Coordinated and Play Important Roles in the Progression of Oral Squamous Cell Carcinomas. Cancers 2019, 11, 760. [Google Scholar] [CrossRef] [PubMed]

	



Adkins, D.; Ley, J.; Neupane, P.; Worden, F.; Sacco, A.G.; Palka, K.; Grilley-Olson, J.E.; Maggiore, R.; Salama, N.; Trinkaus, K.; et al. Palbociclib and cetuximab in platinum-resistant and in cetuximab-resistant human papillomavirus-unrelated head and neck cancer: A multicentre, multigroup, phase 2 trial. Lancet Oncol. 2019, 20, 1295–1305. [Google Scholar] [CrossRef]

	



Adkins, D.R.; Lin, J.-C.; Sacco, A.; Ley, J.; Oppelt, P.; Vanchenko, V.; Komashko, N.; Yen, C.-J.; Wise-Draper, T.; Gonzalez, J.L.-P.; et al. Palbociclib and cetuximab compared with placebo and cetuximab in platinum-resistant, cetuximab-naïve, human papillomavirus-unrelated recurrent or metastatic head and neck squamous cell carcinoma: A double-blind, randomized, phase 2 trial. Oral Oncol. 2021, 115, 105192. [Google Scholar] [CrossRef] [PubMed]

	



Price, K.A.R.; Cohen, E.E.W. Mechanisms of and therapeutic approaches for overcoming resistance to epidermal growth factor receptor (EGFR)-targeted therapy in squamous cell carcinoma of the head and neck (SCCHN). Oral Oncol. 2015, 51, 399–408. [Google Scholar] [CrossRef] [PubMed]

	



Del Campo, J.M.; Hitt, R.; Sebastian, P.; Carracedo, C.; Lokanatha, D.; Bourhis, J.; Temam, S.; Cupissol, D.; De Raucourt, D.; Maroudias, N.; et al. Effects of lapatinib monotherapy: Results of a randomised phase II study in therapy-naive patients with locally advanced squamous cell carcinoma of the head and neck. Br. J. Cancer 2011, 105, 618–627. [Google Scholar] [CrossRef] [PubMed]

	



De Souza, J.A.; Davis, D.W.; Zhang, Y.; Khattri, A.; Seiwert, T.Y.; Aktolga, S.; Wong, S.J.; Kozloff, M.F.; Nattam, S.; Lingen, M.W.; et al. A Phase II Study of Lapatinib in Recurrent/Metastatic Squamous Cell Carcinoma of the Head and Neck. Clin. Cancer Res. 2012, 18, 2336–2343. [Google Scholar] [CrossRef]

	



Weiss, J.M.; Bagley, S.; Hwang, W.T.; Bauml, J.; Olson, J.G.; Cohen, R.B.; Hayes, D.N.; Langer, C. Capecitabine and lapatinib for the first-line treatment of metastatic/recurrent head and neck squamous cell carcinoma: Capecitabine/Lapatinib for Head/Neck Cancer. Cancer 2016, 122, 2350–2355. [Google Scholar] [CrossRef]

	



Harrington, K.; Temam, S.; Mehanna, H.; D’Cruz, A.; Jain, M.; D’Onofrio, I.; Manikhas, G.; Horvath, Z.; Sun, Y.; Dietzsch, S.; et al. Postoperative Adjuvant Lapatinib and Con-current Chemoradiotherapy Followed by Maintenance Lapatinib Monotherapy in High-Risk Patients with Resected Squamous Cell Carcinoma of the Head and Neck: A Phase III, Randomized, Double-Blind, Placebo-Controlled Study. J. Clin. Oncol. 2015, 33, 4202–4209. [Google Scholar]

	



Specenier, P.; Vermorken, J. Afatinib in squamous cell carcinoma of the head and neck. Expert Opin. Pharmacother. 2016, 17, 1295–1301. [Google Scholar] [CrossRef]

	



Seiwert, T.Y.; Fayette, J.; Cupissol, D.; del Campo, J.M.; Clement, P.M.; Hitt, R.; Degardin, M.; Zhang, W.; Blackman, A.; Ehrnrooth, E.; et al. A randomized, phase II study of afatinib versus cetuximab in metastatic or recurrent squamous cell carcinoma of the head and neck. Ann. Oncol. 2014, 25, 1813–1820. [Google Scholar] [CrossRef]

	



Burtness, B.; Haddad, R.; Dinis, J.; Trigo, J.; Yokota, T.; de Souza Viana, L.; Romanov, I.; Vermorken, J.; Bourhis, J.; Tahara, M.; et al. Afatinib vs Placebo as Adjuvant Therapy After Chemoradiotherapy in Squamous Cell Carcinoma of the Head and Neck: A Randomized Clinical Trial. JAMA Oncol. 2019, 5, 1170. [Google Scholar] [CrossRef] [PubMed]

	



Elicin, O.; Ozsahin, M. Current Role of Dacomitinib in Head and Neck Cancer. Expert Opin. Investig. Drugs 2016, 25, 735–742. [Google Scholar] [CrossRef] [PubMed]

	



Abdul Razak, A.R.; Soulières, D.; Laurie, S.A.; Hotte, S.J.; Singh, S.; Winquist, E.; Chia, S.; Le Tourneau, C.; Nguyen-Tan, P.F.; Chen, E.X.; et al. A phase II trial of dacomitinib, an oral pan-human EGF receptor (HER) inhibitor, as first-line treatment in recurrent and/or metastatic squamous-cell carcinoma of the head and neck. Ann. Oncol. 2013, 24, 761–769. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.S.; Kwon, H.J.; Jung, I.; Yun, M.R.; Ahn, M.-J.; Kang, B.W.; Sun, J.-M.; Kim, S.B.; Yoon, D.-H.; Park, K.U.; et al. Phase II Clinical and Exploratory Biomarker Study of Dacomitinib in Patients with Recurrent and/or Metastatic Squamous Cell Carcinoma of Head and Neck. Clin. Cancer Res. 2014, 21, 544–552. [Google Scholar] [CrossRef]

	



Seiwert, T.Y.; Kochanny, S.; Wood, K.; Worden, F.P.; Adkins, D.; Wade, J.L.; Sleckman, B.G.; Anderson, D.; Brisson, R.J.; Karrison, T.; et al. A randomized phase 2 study of temsirolimus and cetuximab versus temsirolimus alone in recurrent/metastatic, cetuximab-resistant head and neck cancer: The MAESTRO study. Cancer 2020, 126, 3237–3243. [Google Scholar] [CrossRef]

	



Massarelli, E.; Lin, H.; Ginsberg, L.E.; Tran, H.T.; Lee, J.J.; Canales, J.R.; Williams, M.D.; Blumenschein, G.R., Jr.; Lu, C.; Heymach, J.V.; et al. Phase II trial of everolimus and erlotinib in patients with platinum-resistant recurrent and/or metastatic head and neck squamous cell carcinoma. Ann. Oncol. 2015, 26, 1476–1480. [Google Scholar] [CrossRef]

	



Saba, N.F.; Hurwitz, S.J.; Magliocca, K.; Kim, S.; Owonikoko, T.K.; Harvey, D.; Ramalingam, S.S.; Chen, Z.; Rogerio, J.; Mendel, J.; et al. Phase 1 and pharmacokinetic study of everolimus in combination with cetuximab and carboplatin for recurrent/metastatic squamous cell carcinoma of the head and neck: Everolimus, Cetuximab, and Carboplatin in SCCHN. Cancer 2014, 120, 3940–3951. [Google Scholar] [CrossRef]

	



Bonner, J.A.; Harari, P.M.; Giralt, J.; Azarnia, N.; Shin, D.M.; Cohen, R.B.; Jones, C.U.; Sur, R.; Raben, D.; Jassem, J.; et al. Radiotherapy plus Cetuximab for Squamous-Cell Carcinoma of the Head and Neck. N. Engl. J. Med. 2006, 354, 567–578. [Google Scholar] [CrossRef]

	



Wirth, L.J.; Dakhil, S.; Kornek, G.; Axelrod, R.; Adkins, D.; Pant, S.; O’Brien, P.; Debruyne, P.R.; Oliner, K.S.; Dong, J.; et al. PARTNER: An open-label, randomized, phase 2 study of docetaxel/cisplatin chemotherapy with or without panitumumab as first-line treatment for recurrent or metastatic squamous cell carcinoma of the head and neck. Oral Oncol. 2016, 61, 31–40. [Google Scholar] [CrossRef]

	



del Barco Morillo, E.; Mesía, R.; Klain, J.C.A.; Fernández, S.V.; Martínez-Galán, J.; Borgoñon, M.P.; González-Rivas, C.; Daroqui, J.C.; Berrocal, A.; Martínez-Trufero, J.; et al. Phase II study of panitumumab and paclitaxel as first-line treatment in recurrent or metastatic head and neck cancer. TTCC-2009-03/VECTITAX study. Oral Oncol. 2016, 62, 54–59. [Google Scholar] [CrossRef] [PubMed]

	



Mesía, R.; Henke, M.; Fortin, A.; Minn, H.; Ancona, A.C.Y.; Cmelak, A.; Markowitz, A.B.; Hotte, S.J.; Singh, S.; Chan, A.T.C.; et al. Chemoradiotherapy with or without panitumumab in patients with unresected, locally advanced squamous-cell carcinoma of the head and neck (CONCERT-1): A randomised, controlled, open-label phase 2 trial. Lancet Oncol. 2015, 16, 208–220. [Google Scholar] [CrossRef]

	



Giralt, J.; Trigo, J.; Nuyts, S.; Ozsahin, M.; Składowski, K.; Hatoum, G.; Daisne, J.-F.; Ancona, A.C.Y.; Cmelak, A.; Mesía, R.; et al. Panitumumab plus radiotherapy versus chemoradiotherapy in patients with unresected, locally advanced squamous-cell carcinoma of the head and neck (CONCERT-2): A randomised, controlled, open-label phase 2 trial. Lancet Oncol. 2015, 16, 221–232. [Google Scholar] [CrossRef]

	



Eriksen, J.G.; Maare, C.; Johansen, J.; Primdahl, H.; Evensen, J.F.; Kristensen, C.A.; Andersen, L.J.; Overgaard, J. Evaluation of the EGFR-Inhibitor Zalutumumab Given with Primary Curative (Chemo)radiation Therapy to Patients with Squamous Cell Carcinoma of the Head and Neck: Results of the DAHANCA 19 Randomized Phase 3 Trial: Definitive Management of Head-and-Neck Squamous Cell Carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2014, 88, 465. [Google Scholar]

	



Reddy, B.K.M.; Lokesh, V.; Vidyasagar, M.S.; Shenoy, K.; Babu, K.G.; Shenoy, A.; Naveen, T.; Joseph, B.; Bonanthaya, R.; Bapsy, P.P.; et al. Nimotuzumab provides survival benefit to patients with inoperable advanced squamous cell carcinoma of the head and neck: A randomized, open-label, phase IIb, 5-year study in Indian patients. Oral Oncol. 2014, 50, 498–505. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.-Y.; Guo, Y.; Zhu, Y.-X.; Wang, Y.; Zhu, G.-P.; Hu, C.-S.; Ji, Q.-H. Clinical analysis of nimotuzumab plus cisplatin and fluorouracil regimen as induction treatment in resectable head and neck squamous cell carcinoma. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi = Chin. J. Otorhinolaryngol. Head Neck Surg. 2012, 47, 536–539. [Google Scholar]

	



Patil, V.M.; Noronha, V.; Joshi, A.; Agarwal, J.; Ghosh-Laskar, S.; Budrukkar, A.; Murthy, V.; Gupta, T.; Mahimkar, M.; Juvekar, S.; et al. A randomized phase 3 trial comparing nimotuzumab plus cisplatin chemoradiotherapy versus cisplatin chemoradiotherapy alone in locally advanced head and neck cancer. Cancer 2019, 125, 3184–3197. [Google Scholar] [CrossRef]

	



Rodriguez, C.P.; Adelstein, D.J.; Rybicki, L.A.; Saxton, J.P.; Lorenz, R.R.; Wood, B.G.; Scharpf, J.; Ives, D.I. Single-arm phase II study of multiagent concurrent chemoradiotherapy and gefitinib in locoregionally advanced squamous cell carcinoma of the head and neck. Head Neck 2011, 34, 1517–1523. [Google Scholar] [CrossRef]

	



Herchenhorn, D.; Dias, F.L.; Viegas, C.M.P.; Federico, M.H.; Araújo, C.M.M.; Small, I.; Bezerra, M.; Fontão, K.; Knust, R.E.; Ferreira, C.G.; et al. Phase I/II Study of Erlotinib Combined with Cisplatin and Radiotherapy in Patients with Locally Advanced Squamous Cell Carcinoma of the Head and Neck. Int. J. Radiat. Oncol. Biol. Phys. 2010, 78, 696–702. [Google Scholar] [CrossRef]

	



Martins, R.G.; Parvathaneni, U.; Bauman, J.E.; Sharma, A.K.; Raez, L.E.; Papagikos, M.A.; Yunus, F.; Kurland, B.F.; Eaton, K.D.; Liao, J.J.; et al. Cisplatin and Radiotherapy with or without Erlotinib in Locally Advanced Squamous Cell Carcinoma of the Head and Neck: A Randomized Phase II Trial. J. Clin. Oncol. 2013, 31, 1415–1421. [Google Scholar] [CrossRef] [PubMed]

	



Lau, A.; Yang, W.-F.; Li, K.-Y.; Su, Y.-X. Systemic Therapy in Recurrent or Metastatic Head and Neck Squamous Cell Carcinoma- A Systematic Review and Meta-Analysis. Crit. Rev. Oncol. Hematol. 2020, 153, 102984. [Google Scholar] [CrossRef] [PubMed]

	



Guidi, A.; Codecà, C.; Ferrari, D. Chemotherapy and immunotherapy for recurrent and metastatic head and neck cancer: A systematic review. Med Oncol. 2018, 35, 37. [Google Scholar] [CrossRef] [PubMed]

	



Burtness, B.; Goldwasser, M.A.; Flood, W.; Mattar, B.; Forastiere, A.A. Phase III Randomized Trial of Cisplatin Plus Placebo Compared with Cisplatin Plus Cetuximab in Metastatic/Recurrent Head and Neck Cancer: An Eastern Cooperative Oncology Group Study. J. Clin. Oncol. 2005, 23, 8646–8654. [Google Scholar] [CrossRef] [PubMed]

	



Vermorken, J.B.; Mesia, R.; Rivera, F.; Remenar, E.; Kawecki, A.; Rottey, S.; Erfan, J.; Zabolotnyy, D.; Kienzer, H.-R.; Cupissol, D.; et al. Platinum-Based Chemotherapy plus Cetuximab in Head and Neck Cancer. N. Engl. J. Med. 2008, 359, 1116–1127. [Google Scholar] [CrossRef] [PubMed]

	



Vermorken, J.B.; Stöhlmacher-Williams, J.; Davidenko, I.; Licitra, L.; Winquist, E.; Villanueva, C.; Foa, P.; Rottey, S.; Składowski, K.; Tahara, M.; 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. [Google Scholar] [CrossRef]

	



Machiels, J.-P.; Subramanian, S.; Ruzsa, A.; Repassy, G.; Lifirenko, I.; Flygare, A.; Sørensen, P.; Nielsen, T.; Lisby, S.; Clement, P.M. Zalutumumab plus best supportive care versus best supportive care alone in patients with recurrent or metastatic squamous-cell carcinoma of the head and neck after failure of platinum-based chemotherapy: An open-label, randomised phase 3 trial. Lancet Oncol. 2011, 12, 333–343. [Google Scholar] [CrossRef]

	



Cohen, E.E.W.; Rosen, F.; Stadler, W.M.; Recant, W.; Stenson, K.; Huo, D.; Vokes, E.E. Phase II Trial of ZD1839 in Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck. J. Clin. Oncol. 2003, 21, 1980–1987. [Google Scholar] [CrossRef]

	



Stewart, J.S.W.; Cohen, E.E.W.; Licitra, L.; Van Herpen, C.M.L.; Khorprasert, C.; Soulieres, D.; Vodvarka, P.; Rischin, D.; Garin, A.M.; Hirsch, F.R.; et al. Phase III Study of Gefitinib Compared with Intravenous Methotrexate for Recurrent Squamous Cell Carcinoma of the Head and Neck. J. Clin. Oncol. 2009, 27, 1864–1871. [Google Scholar] [CrossRef]

	



Argiris, A.; Ghebremichael, M.; Gilbert, J.; Lee, J.-W.; Sachidanandam, K.; Kolesar, J.M.; Burtness, B.; Forastiere, A.A. Phase III Randomized, Placebo-Controlled Trial of Docetaxel with or Without Gefitinib in Recurrent or Metastatic Head and Neck Cancer: An Eastern Cooperative Oncology Group Trial. J. Clin. Oncol. 2013, 31, 1405–1414. [Google Scholar] [CrossRef]

	



Soulieres, D.; Senzer, N.N.; Vokes, E.E.; Hidalgo, M.; Agarwala, S.S.; Siu, L.L. Multicenter Phase II Study of Erlotinib, an Oral Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitor, in Patients with Recurrent or Metastatic Squamous Cell Cancer of the Head and Neck. J. Clin. Oncol. 2004, 22, 77–85. [Google Scholar] [CrossRef]

	



William, W.N.; Feng, L.; Kies, M.S.; Ahmed, S.; Blumenschein, G.R.; Glisson, B.S.; Massarelli, E.; Johnson, F.M.; Lu, C.; Papadimitrakopoulou, V.; et al. Randomized, double-blind, placebo-controlled, phase II trial of first-line platinum/docetaxel with or without erlotinib (E) in patients (pts) with recurrent and/or metastatic (R/M) head and neck squamous cell carcinomas (HNSCCs). J. Clin. Oncol. 2017, 35, 6017. [Google Scholar] [CrossRef]

	



Machiels, J.-P.H.; Haddad, R.I.; Fayette, J.; Licitra, L.F.; Tahara, M.; Vermorken, J.B.; Clement, P.M.; Gauler, T.; Cupissol, D.; Grau, J.J.; et al. Afatinib versus methotrexate as second-line treatment in patients with recurrent or metastatic squamous-cell carcinoma of the head and neck progressing on or after platinum-based therapy (LUX-Head & Neck 1): An open-label, randomised phase 3 trial. Lancet Oncol. 2015, 16, 583–594. [Google Scholar] [CrossRef]

	



Saada-Bouzid, E.; Peyrade, F.; Guigay, J. Immunotherapy in recurrent and or metastatic squamous cell carcinoma of the head and neck. Curr. Opin. Oncol. 2019, 31, 146–151. [Google Scholar] [CrossRef]

	



Moskovitz, J.; Moy, J.; Ferris, R.L. Immunotherapy for Head and Neck Squamous Cell Carcinoma. Curr. Oncol. Rep. 2018, 20, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Sim, F.; Leidner, R.; Bell, R.B. Immunotherapy for Head and Neck Cancer. Hematol. Oncol. Clin. N. Am. 2019, 33, 301–321. [Google Scholar] [CrossRef] [PubMed]

	



Ferris, R.L.; Blumenschein, G., Jr.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.; Kasper, S.; Vokes, E.E.; Even, C.; et al. Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck. N. Engl. J. Med. 2016, 375, 1856–1867. [Google Scholar] [CrossRef] [PubMed]

	



Ferris, R.L.; Blumenschein, G., Jr.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.J.; Kasper, S.; Vokes, E.E.; Even, C.; 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. [Google Scholar] [CrossRef] [PubMed]

	



Saba, N.F.; Blumenschein, G.; Guigay, J.; Licitra, L.; Fayette, J.; Harrington, K.J.; Kiyota, N.; Gillison, M.L.; Ferris, R.L.; Jayaprakash, V.; et al. Nivolumab versus investigator’s choice in patients with recurrent or metastatic squamous cell carcinoma of the head and neck: Efficacy and safety in CheckMate 141 by age. Oral Oncol. 2019, 96, 7–14. [Google Scholar] [CrossRef]

	



Ferris, R.L.; Licitra, L.; Fayette, J.; Even, C.; Blumenschein, G.; Harrington, K.; Guigay, J.; Vokes, E.E.; Saba, N.F.; Haddad, R.; et al. Nivolumab in Patients with Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck: Efficacy and Safety in CheckMate 141 by Prior Cetuximab Use. Clin. Cancer Res. 2019, 25, 5221–5230. [Google Scholar] [CrossRef]

	



Haddad, R.; Concha-Benavente, F.; Blumenschein, G., Jr.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Kasper, S.; Vokes, E.E.; Worden, F.; et al. Nivolumab treatment beyond RECIST-defined progression in recurrent or metastatic squamous cell carcinoma of the head and neck in CheckMate 141: A subgroup analysis of a randomized phase 3 clinical trial. Cancer 2019, 125, 3208–3218. [Google Scholar] [CrossRef] [PubMed]

	



Seiwert, T.Y.; Burtness, B.; Mehra, R.; Weiss, J.; Berger, R.; Eder, J.P.; Heath, K.; McClanahan, T.; Lunceford, J.; Gause, C.; 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, 956–965. [Google Scholar] [CrossRef]

	



Mehra, R.; Seiwert, T.Y.; Gupta, S.; Weiss, J.; Gluck, I.; Eder, J.P.; Burtness, B.; Tahara, M.; Keam, B.; Kang, H.; 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, 153–159. [Google Scholar] [CrossRef] [PubMed]

	



Bauml, J.; Seiwert, T.Y.; Pfister, D.G.; Worden, F.; Liu, S.V.; Gilbert, J.; Saba, N.F.; Weiss, J.; Wirth, L.; Sukari, A.; et al. Pembrolizumab for Platinum- and Cetuximab-Refractory Head and Neck Cancer: Results from a Single-Arm, Phase II Study. J. Clin. Oncol. 2017, 35, 1542–1549. [Google Scholar] [CrossRef]

	



Cohen, E.E.W.; Soulières, D.; Le Tourneau, C.; Dinis, J.; Licitra, L.; Ahn, M.-J.; Soria, A.; Machiels, J.-P.; Mach, N.; Mehra, R.; et al. Pembrolizumab versus methotrexate, docetaxel, or cetuximab for recurrent or metastatic head-and-neck squamous cell carcinoma (KEYNOTE-040): A randomised, open-label, phase 3 study. Lancet 2019, 393, 156–167. [Google Scholar] [CrossRef]

	



Burtness, B.; Harrington, K.J.; Greil, R.; Soulières, D.; Tahara, M.; de Castro, G., Jr.; Psyrri, A.; Basté, N.; Neupane, P.; Bratland, Å.; et al. Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for recurrent or metastatic squamous cell carcinoma of the head and neck (KEY-NOTE-048): A randomised, open-label, phase 3 study. Lancet 2019, 394, 1915–1928. [Google Scholar] [CrossRef]

	



Zandberg, D.P.; Algazi, A.P.; Jimeno, A.; Good, J.S.; Fayette, J.; Bouganim, N.; Ready, N.E.; Clement, P.M.; Even, C.; Jang, R.W.; et al. Durvalumab for recurrent or metastatic head and neck squamous cell carcinoma: Results from a single-arm, phase II study in patients with ≥25% tumour cell PD-L1 expression who have progressed on platinum-based chemotherapy. Eur. J. Cancer 2019, 107, 142–152. [Google Scholar] [CrossRef]

	



Siu, L.L.; Even, C.; Mesía, R.; Remenar, E.; Daste, A.; Delord, J.-P.; Krauss, J.; Saba, N.F.; Nabell, L.; Ready, N.E.; et al. Safety and Efficacy of Durvalumab with or without Tremelimumab in Patients with PD-L1–Low/Negative Recurrent or Metastatic HNSCC: The Phase 2 CONDOR Random-ized Clinical Trial. JAMA Oncol. 2019, 5, 195–203. [Google Scholar] [CrossRef]

	



Ferris, R.L.; Haddad, R.; Even, C.; Tahara, M.; Dvorkin, M.; Ciuleanu, T.E.; Clement, P.; Mesia, R.; Kutukova, S.; Zholudeva, L.; et al. Durvalumab with or without tremelimumab in patients with recurrent or metastatic head and neck squamous cell carcinoma: EAGLE, a randomized, open-label phase III study. Ann. Oncol. 2020, 31, 942–950. [Google Scholar] [CrossRef]

	



Yokota, T.; Homma, A.; Kiyota, N.; Tahara, M.; Hanai, N.; Asakage, T.; Matsuura, K.; Ogawa, T.; Saito, Y.; Sano, D.; et al. Immunotherapy for squamous cell carcinoma of the head and neck. Jpn. J. Clin. Oncol. 2020, 50, 1089–1096. [Google Scholar] [CrossRef]

	



Powell, S.F.; Gold, K.A.; Gitau, M.M.; Sumey, C.J.; Lohr, M.M.; McGraw, S.C.; Nowak, R.K.; Jensen, A.W.; Blanchard, M.J.; Fischer, C.D.; et al. Safety and Efficacy of Pembrolizumab with Chemoradiotherapy in Locally Advanced Head and Neck Squamous Cell Carcinoma: A Phase IB Study. J. Clin. Oncol. 2020, 38, 2427–2437. [Google Scholar] [CrossRef]

	



Machiels, J.-P.; Tao, Y.; Burtness, B.; Tahara, M.; Licitra, L.; Rischin, D.; Waldron, J.; Simon, C.; Gregoire, V.; Harrington, K.; et al. Pembrolizumab given concomitantly with chemora-diation and as maintenance therapy for locally advanced head and neck squamous cell carcinoma: KEYNOTE-412. Future Oncol. 2020, 16, 1235–1243. [Google Scholar] [CrossRef] [PubMed]

	



Ferris, R.L.; Lenz, H.-J.; Trotta, A.M.; García-Foncillas, J.; Schulten, J.; Audhuy, F.; Merlano, M.; Milano, G. Rationale for combination of therapeutic antibodies targeting tumor cells and immune checkpoint receptors: Harnessing innate and adaptive immunity through IgG1 isotype immune effector stimulation. Cancer Treat. Rev. 2018, 63, 48–60. [Google Scholar] [CrossRef] [PubMed]

	



Bauman, J.E.; Ferris, R.L. Integrating novel therapeutic monoclonal antibodies into the management of head and neck cancer: mAb Therapy for Head and Neck Cancer. Cancer 2014, 120, 624–632. [Google Scholar] [CrossRef] [PubMed]

	



Chung, C.H.; Bonomi, M.; Steuer, C.E.; Li, J.; Bhateja, P.; Johnson, M.; Masannat, J.; Song, F.; Hernandez-Prera, J.; Wenig, B.; et al. Concurrent Cetuximab and Nivolumab as a Second-Line or beyond Treatment of Patients with Recurrent and/or Metastatic Head and Neck Squamous Cell Carcinoma: Results of Phase I/II Study. Cancers 2021, 13, 1180. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, M.H.; Lee, C.-H.; Makker, V.; Rasco, D.; Dutcus, C.E.; Wu, J.; Stepan, D.E.; Shumaker, R.C.; Motzer, R.J. Phase IB/II Trial of Lenvatinib Plus Pembrolizumab in Patients with Advanced Renal Cell Carcinoma, Endometrial Cancer, and Other Selected Advanced Solid Tumors. J. Clin. Oncol. 2020, 38, 1154–1163. [Google Scholar] [CrossRef] [PubMed]

	



Tao, Y.; Aupérin, A.; Sun, X.; Sire, C.; Martin, L.; Coutte, A.; Lafond, C.; Miroir, J.; Liem, X.; Rolland, F.; et al. Avelumab–cetuximab–radiotherapy versus standards of care in locally advanced squamous-cell carcinoma of the head and neck: The safety phase of a randomised phase III trial GORTEC 2017-01 (REACH). Eur. J. Cancer 2020, 141, 21–29. [Google Scholar] [CrossRef]

	



Moy, J.D.; Moskovitz, J.M.; Ferris, R.L. Biological mechanisms of immune escape and implications for immunotherapy in head and neck squamous cell carcinoma. Eur. J. Cancer 2017, 76, 152–166. [Google Scholar] [CrossRef]

	



André, P.; Denis, C.; Soulas, C.; Bourbon-Caillet, C.; Lopez, J.; Arnoux, T.; Bléry, M.; Bonnafous, C.; Gauthier, L.; Morel, A.; et al. Anti-NKG2A mAb Is a Checkpoint Inhibitor that Promotes Anti-tumor Immunity by Unleashing Both T and NK Cells. Cell 2018, 175, 1731–1743.e13. [Google Scholar] [CrossRef]

	



Ferris, R.L.; Saba, N.F.; Gitlitz, B.J.; Haddad, R.; Sukari, A.; Neupane, P.; Morris, J.C.; Misiukiewicz, K.; Bauman, J.E.; Fenton, M.; et al. Effect of Adding Motolimod to Standard Combination Chemotherapy and Cetuximab Treatment of Patients with Squamous Cell Carcinoma of the Head and Neck: The Active8 Randomized Clinical Trial. JAMA Oncol. 2018, 4, 1583–1588. [Google Scholar] [CrossRef]








[image: Cancers 13 03545 g001 550] 





Figure 1. This figure represents potential resistance mechanisms to EGFR inhibition. (A) Activation mutations or amplifications of downstream EGFR pathways; (B) Overexpression of MET protooncogene and expression of EGFR variant III; (C) Heterodimerization between other RTK family members; (D) Activation of TGFβ-IL6 axis. Reused from: Targeting the EGFR and Immune Pathways in Squamous Cell Carcinoma of the Head and Neck (SCCHN): Forging a New Alliance [9]. 
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Table 1. Current ongoing trials for EGFR inhibition in definitive disease.
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	Study (NCT/Phase)
	Therapeutic Arms
	Primary Endpoint





	NCT00865098 (Phase II)
	Cetuximab + RT
	Completion rate



	NCT01154920 (Phase II)
	Group A: Cetuximab + paclitaxel + carboplatin

Group B: Cetuximab + docetaxel + cisplatin + 5-FU
	Progression free survival



	NCT01515137 (Phase I)
	Group A: Erlotinib

Group B: Erlotinib + sulindac

Group C: Placebo
	Change in Ki67 proliferative index



	NCT00079053 (Phase I)
	Adjuvant erlotinib
	Toxicity/dose



	NCT04091867 (Phase I)
	sEphB4-HAS + cetuximab + RT
	Dose limiting toxicity



	NCT01737008 (Phase I)
	Dacomitinib + RT +/− cisplatin
	Dose limiting toxicity



	NCT00304278 (Phase II)
	Erlotinib + RT + cisplatin
	Complete and partial response rate



	NCT00371566 (Phase II)
	CRT +/− lapatinib
	Change in apoptotic index



	NCT01592721 (Phase I/II)
	Cetuximab + EGFR antisense DNA + RT
	Safety, efficacy



	NCT01218048 (Phase II)
	Neo-adjuvant cetuximab + surgery + CRT
	Biomarker (NK cell activation)



	NCT00055770 (Phase I/II)
	Erlotinib + docetaxel
	Dose limiting toxicity



	NCT00720304 (Phase II)
	Erlotinib + docetaxel + RT
	Time to progression



	NCT02537223 (Phase I)
	BYL719 + cisplatin + IMRT
	Treatment related side effects



	NCT02051751 (Phase Ib)
	BYL719 + paclitaxel
	Dose limiting toxicity



	NCT03051906 (Phase I/II)
	Cetuximab + durvalumab + IMRT
	Progression free survival



	NCT02979977 (Phase II)
	Afatinib + cetuximab
	Objective response rate







Key: Radiation therapy (RT), 5-Fluorouracil (5-FU), sEphB4-HAS (EphrinB2 inhibitor), chemoradiotherapy (CRT), BYL719 (alpha-specific PI3K inhibitor), intensity-modulated radiation therapy (IMRT).
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Table 2. Current ongoing trials for EGFR inhibition in recurrent/metastatic disease.
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	Study (NCT/Phase)
	Therapeutic Arms
	Primary Endpoint





	NCT02054442 (Phase Ib/II)
	Group A: Cetuximab + methotrexate

Group B: Methotrexate
	Dose limiting toxicity, PFS



	NCT02057107 (Phase II)
	Group A: SBRT + cetuximab + docetaxel followed by cetuximab + docetaxel

Group B: SBRT + cetuximab followed by cetuximab
	PFS



	NCT04375384 (Phase II)
	Cetuximab after immunotherapy
	Objective response rate



	NCT01334177 (Phase I)
	VTX-2337 + cetuximab
	Safety, tolerability, and dose limiting toxicity



	NCT04428151 (Phase II)
	Group A: Pembrolizumab + lenvatinib

Group B: SOC therapy

Group C: Lenvatinib
	Objective response rate



	NCT02268695 (Phase II)
	Group A: Cisplatin + 5-FU + cetuximab

Group B: Cisplatin + docetaxel + cetuximab
	Overall survival



	NCT04199104 (Phase III)
	Pembrolizumab +/− lenvatinib
	Objective response rate



	NCT00098631 (Phase II)
	Lapatinib
	ORR, PFS, and toxicity



	NCT01316757 (Phase II)
	Cetuximab + paclitaxel + carboplatin + erlotinib
	Objective response rate



	NCT01064479 (Phase II)
	Carboplatin/cisplatin + docetaxel + erlotinib
	Progression free survival



	NCT01577173 (Phase II)
	MEHD7945A vs. cetuximab
	Progression free survival



	NCT02277197 (Phase I)
	Ficlatuzumab + cetuximab
	dosing



	NCT04590963 (Phase III)
	Monalizumab + cetuximab
	Overall survival



	NCT03422536 (Phase II)
	Ficlatuzumab +/− cetuximab
	Progression free survival



	NCT01044433 (Phase II)
	Lapatinib + capecitabine
	Overall survival



	NCT03109158 (Phase I/II)
	NC-6004 + cetuximab + 5-FU
	Dose limiting toxicity



	NCT03646461 (Phase II)
	Group A: Ibrutinib + cetuximab

Group B: Ibrutinib + nivolumab
	Overall response rate



	NCT00114283 (Phase II)
	Lapatinib
	Objective response rate



	NCT03370276 (Phase I/II)
	Nivolumab + cetuximab
	Recommended phase II dose



	NCT03695510 (Phase II)
	Afatinib + pembrolizumab


	Objective response rate



	NCT02643550 (Phase I/II)
	Monalizumab + cetuximab
	Safety, ORR



	NCT03082534 (Phase II)
	Cetuximab + pembrolizumab
	Objective response rate







Key: Stereotactic body radiation therapy (SBRT), VTX-2337 (TLR8 agonist), Standard of Care (SOC), 5-Fluorouracil (5-FU), MEHD7945A (dual EGFR/HER3 inhibitor), NC-6004 (novel cisplatin nanoparticle).



















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











© 2021 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


  cancers-13-03545


  
    		
      cancers-13-03545
    


  




  





media/file0.png





media/file2.png
Cell membrane






media/file1.jpg





