How far we have come targeting BRAF-mutant non-small cell lung cancer (NSCLC)
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Abstract
The advent of high-throughput sequencing has allowed to profoundly interrogate the molecular landscape of non-small cell lung cancer (NSCLC) in the last years. These findings constitute the opportunity to better stratify these patients in order to address specific treatments to well-defined oncogene-restricted subgroups. Among them, BRAF-mutated lung cancers represent around 4% of NSCLC, thus identifying a clinically relevant population that should be aptly managed. Pivotal phase II trials have demonstrated the efficacy of combinatorial treatment - dabrafenib plus trametinib, targeting both BRAF and MEK - for patients harboring V600E mutations, making this specific BRAF alteration a mandatory requirement in the genetic portrait of advanced non-squamous lung cancer patients. However, around half of BRAF+ NSCLC patients remain orphan of targeted approaches. Here we review the available evidence, mainly from a clinical perspective, of therapeutic strategies for both V600E and non-V600 patients, in terms of small molecule, immune checkpoint inhibitors and forthcoming integrated strategies. Looking at on-going clinical trials, a special attention is dedicated to emergent molecules and combinatorial strategies that not only will improve outcomes of classical V600E, but also will make concrete the chance of tailored treatments for the majority of BRAF-mutated patients.
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Introduction 
BRAF belongs to the RAF family of serine/threonine kinases, which also includes ARAF and CRAF. RAF kinases are key players in the MAPK signaling pathway, which regulates cell proliferation, differentiation and survival (Fig. 1). Almost two decades after the first report on cancer driver mutations in the BRAF kinase domain [1], nearly 300 distinct BRAF mutations have been identified in tumor samples and cancer cell lines from melanoma, colorectal cancer, papillary thyroid cancer and non-small cell lung cancer (NSCLC) [2]. The majority of these mutations occurs in the activation loop (Aloop) near the V600 codon, or in the phosphate-binding loop (P-loop) at residues 464–469 [3] and are classified in 3 categories (Fig. 2). Class 1 comprises constitutive active RAS-independent monomers, with high BRAF kinase activity, involving codon 600 (e.g. V600E, V600K, V600D). Class 2 encompasses constitutive active RAS-independent dimers, with high or intermediate BRAF kinase activity, involving codons outside 600 (e.g. K601E, L597V/Q/R, G469V/S/R/E/A, G464V). Class 3 involves RAS-dependent dimers, with impaired kinase activity, requiring addi tional upstream signaling through RAS or receptor tyrosine kinase (RTK) activation to amplify ERK signaling, which results in oncogenic MAPK hyper-activation (e.g. G596R, D594Y/N/G/E, N581Y/S/I, G466V/L/E/ A, D287Y) [4,5]. Class 2 and class 3 comprise non-V600 BRAF mutants and are more prevalent than V600 alterations in certain tumor types [6]. In lung adenocarcinomas, BRAF mutations are detected in 3–8% of the cases [7]. These are globally more associated with female patients, but non-V600E mutations seem to occur with higher frequency in males [8]. Most patients with BRAF-mutant NSCLC are current or former smokers but with a different prevalence: while 20–30% of patients harboring V600E mutations are never smokers, almost all patients with non-V600E alterations are heavy smokers [9]. BRAF+ NSCLC has a propensity toward the involvement of the central nervous system (CNS), similarly to other molecularly driven lung cancers. Of note, the inci dence of brain metastases at diagnosis is significantly lower for patients with class 1 alterations compared with class 2 and 3 [10]. The prognostic significance of BRAF mutations in NSCLC is still unclear. Small retro spective series reported contradictory results, partly due to the low incidence of BRAF alterations. In early stages resected NSCLC, BRAF V600E+ patients showed shorter disease-free survival (DFS) and overall survival (OS) compared with wild-type (WT) patients; such differences did not emerge comparing all BRAF-mutated patients (both V600E and non-V600E) with WT population [11]. In the metastatic setting, before the introduction of BRAF-inhibitors (BRAF-i), no differences in progression-free survival (PFS) and OS between BRAF-mutated and WT patients were identified and a poorer clinical outcome after platinumbased chemotherapy was recognized for BRAF-V600E mutated pa tients compared with non-V600E [12]. A recent retrospective series did not demonstrate significant differences in OS between V600 and nonV600 BRAF+ patients [13]. Differently from melanoma, where the majority of patients carry V600E mutations, in NSCLC class 1 and class 2/3 BRAF mutations are evenly distributed, suggesting equal oncogenic properties. In this context, the tumorigenic effect of BRAF V600E has been widely demonstrated in genetically engineered mouse models in different tumor types [14–16], while the tumor-initiating properties of class 2/3 BRAF mutations have been only partially demonstrated in vivo [5]. In this paper we will review the available clinical data regarding therapeutic strategies for BRAF-mutated NSCLC, emphasizing the open need for effective strategies in patients with BRAF non-V600E alter ations and future perspective of more potent treatment strategies. BRAF targeted therapies The clinical development of MAPK inhibitors was pioneered in the field of melanoma. One of the early BRAF-i was sorafenib, a multi-target tyrosine kinase inhibitor (TKI) that demonstrated limited clinical ac tivity due to the weak affinity for mutant-BRAF at clinically achievable concentrations and significant toxicity [17]. This led to the development of new highly selective molecules. Vemurafenib, dabrafenib and encorafenib are potent BRAF-i, specifically designed to bind to the ATPbinding pocket of the active conformation of BRAF, especially BRAFV600E (Fig. 1). However, despite effective antitumor activity of BRAFi in mutated cancers, resistance eventually develops, mostly due to MAPK pathway reactivation [18]. The addition of downstream MEK inhibition (e.g. with MEK1/2 inhibitors such as trametinib, cobimetinib and binimetinib) blocks ERK signaling, maximizing MAPK pathway blockade and delaying the emergence of resistance mechanisms. More over, the addition of MEK inhibition hinders paradoxical MAPK activation in BRAF wild-type cells preventing BRAF-i induced hyper proliferative cutaneous events, a well-documented side effect of these small molecules [19]. Vemurafenib was the first BRAF-i tested in NSCLC. The VE-BASKET trial was a histology-agnostic, phase II study, which tested vemurafenib at 960 mg twice daily in BRAF-V600 mutated non-melanoma cancers (Table 1). Sixty-two patients with BRAF V600-mutant NSCLC were enrolled, 8 had received no prior systemic therapy, 54 were pre-treated. In the final report of the study, objective response rate (ORR), median PFS (mPFS) and median OS (mOS) were 37.0%, 6.1 months and 15.4 months, respectively, in previously treated patients, and 37.5%, 12.9 months and not reached in naïve patients [20]. The multicenter, retrospective EURAF study evaluated 35 patients with advanced BRAF-mutant NSCLC treated with at least one line of therapy with a BRAF-i. Of these, 29 had V600E mutations and 6 had nonV600E mutations, including G466V, G469A, G469L, G596V, V600K, and K601E. Five patients received BRAF-i therapy as first-line treatment (all with vemurafenib) while 30 received BRAF-i in subsequent lines. Since four patients received two different BRAF inhibitors, a total of 39 lines of BRAF-targeted therapy were administered (29 vemurafenib, 9 dabrafenib, 1 sorafenib). In the 24 evaluable patients with BRAF-V600E mutation treated with vemurafenib, ORR was 54% and disease control rate (DCR) was 96%. Notably, among the 6 patients with non-V600E mutations, one with G596V had a partial response with vemurafenib [21]. In the entire EURAF study cohort, mPFS was 5.0 months and OS was 10.8 months, irrespective of the specific treatment, with apparent poorer outcomes in non-V600E BRAF-mutant subjects [21]. Mazieres and colleagues evaluated the activity of vemurafenib 960 mg bid in a cohort of BRAF-mutated NSCLC patients within the French Acs´e program (Table 1). Of the 118 patients enrolled, all progressing after ≥ 1 line of treatment, 101 presented with a BRAF V600 mutations (97 V600E, 2 V600K, 1 V600D, 1 V600M) and 17 with BRAF nonV600 mutations (3 G469A, 3 G466V, 3 N581S, 3 K601E, 2 K601N, 1 G466A, 1 G469V and 1 G596R). Mean ORR was 44.9%, mPFS was 5.2 months and mOS was 10 months in the BRAF V600 cohort. Notably, one patient with V600K mutation had partial response and two patients with V600M and V600D mutations achieved stable disease. No tumor response was reported for the non-V600 subgroup (n = 17) and mPFS was very short (1.8 months) [22]. The most frequent drug-related adverse events of any grade were asthenia, hyporexia, skin toxicity (from acneiform dermatitis to cutaneous epidermoid carcinoma), nausea and diarrhoea [22]. Given the results obtained in metastatic melanoma [23], Planchard et al assessed dabrafenib clinical activity in a phase II, multicenter, nonrandomized study enrolling patients with advanced BRAF V600Epositive NSCLC (Table 1). Arm A evaluated dabrafenib monotherapy in 84 patients, 6 were treatment-naïve and 78 received prior systemic treatment. In the latter subgroup, the confirmed ORR was 33% and a DCR was achieved in 58% of patients. Four of the six previously un treated patients had an objective response. In patients treated with one to three previous lines of therapy, mPFS and mOS were 5.5 months and 12.7 months, respectively [24]. Arm B evaluated dabrafenib and tra metinib combination in 57 pre-treated BRAF-V600E mutated NSCLC patients. After a median follow-up of 16.6 months, the ORR and DCR were 68% and 81%. Median PFS, duration of response (DoR) and OS were 10.2 months, 9.8 months and 18.2 months, respectively [25,26]. At last, arm C evaluated dabrafenib and trametinib combination in 36 treatment-naïve patients with BRAF V600E-mutant NSCLC. After a median follow-up of 16.3 months, ORR was 64% and mPFS, DoR and OS were 10.8, 10.2 and 17.3 months, respectively [27]. Markedly, the recent updated 5-year survival rates were 19% and 22% in the pre treated and naïve arm, respectively, further emphasizing the efficacy of dabrafenib plus trametinib combination strategy regardless of treatment line [27]. Given these results, the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA) approved the dabrafenib and trametinib combination therapy for treatment of advanced NSCLC patients with a BRAF-V600E mutation, regardless of previous therapies. The most frequently reported treatment-related adverse events for the combination were pyrexia, fatigue, nausea, vomiting, diarrhea, decreased appetite and dry skin [9]. However, this combination of tar geted agents is not free of serious adverse events; MEK inhibitors (MEKi) can lead to interstitial lung disease in almost 2% of patients. In such cases, it is possible to discontinue the MEK-i and maintain monotherapy with BRAF-i [28]. Considering the intracranial activity of BRAF/MEK inhibition in melanoma, such effect can also be inferred for NSCLC pa tients with brain metastases, with only limited clinical experiences in this setting [29–31]. Ongoing clinical trials are currently testing alternative combinatorial approaches for NSCLC patients harboring classic V600E mutations (Table 2). Among them, two different phase II studies are investigating safety, tolerability and efficacy of encorafenib + binimetinib combina tion: one international (ARRAY-818–022 / NCT03915951) and one within the French network (ENCO-BRAF / NCT04526782), both as firstor second-line strategies. Although BRAF and MEK inhibitors have achieved encouraging re sults, their effect is finite and all patients will eventually experience disease progression and develop resistance. Overcoming acquired or, less often, intrinsic resistance remains a crucial unmet need and un derlying mechanisms, whose description is out of the scope of this re view, are so far poorly described in the context of NSCLC. Regarding bypass mutations upon resistance development, the most frequent ones are found in central MAPK nodes and are responsible for MAPK reac tivation [32], such as KRAS (G12V/D) or NRAS (Q61K) activating mu tations in BRAF V600E NSCLC after progression to either single BRAF-i or dual blockade with dabrafenib and trametinib [33–37]. Some of these mechanisms have been detected through analyses of circulating tumor DNA (ctDNA), as reported by Ortiz-Cuaran and colleagues. In this work authors also demonstrated that a reduced total and specific BRAF-V600E ctDNA clearance was correlated with impaired clinical outcomes, as well as the detection of mutations on plasma samples at progression [36]. Other potential mechanisms of MAPK reactivation are the expression of an aberrant BRAF V600E splice-form (p61) and ligand-dependent stimulation of RTKs (e.g. autocrine activation of EGFR/FGFR) [38,39]. Similarly, activation of alternative pathways, such as PI3K/AKT/mTOR signaling, has been described. Indeed, increased AKT phosphorylation upon the development of acquired resistance to dabrafenib was reported in a BRAF V600E+ NSCLC patient, without any concomitant mutations in the MAPK pathway [38]. In the updated results from phase II combo trial in V600E+ patients, Planchard and colleagues looked at the presence of co-mutations, in cases with sufficient tumor tissue available for ge netic analysis. Eleven out of 50 patients (22%) reported to have other concomitant molecular alteration and PI3K pathway disruption appeared a negative prognostic factor. Median OS of patients with altered MAPK or PI3K pathways was 5.4 months versus 22.7 months of only BRAF V600E+ (p = 0.066) [27]. Targeting non-V600 BRAF mutations Differently from class 1, class 2 and class 3 mutants (i.e. non-V600 mutations) signal as RAF constitutive dimers and are not expected to respond to clinically approved BRAF-i [40]. Indeed, in the study of Mazieres and colleagues no tumor response was observed with vemur afenib in the non-V600 subgroup [22]. On the other hand, some evi dence support responses of non-V600 BRAF mutants to BRAF-i. In the EURAF study one patient with a G596V mutation had a partial response with vemurafenib [21]. Notably, a patient with metastatic NSCLC and BRAF Y472C kinase inactivating mutation achieved a complete response for more than 4 years with dasatinib [41]. In a recent report, a patient with G469R BRAF-mutated large cell neuroendocrine carcinoma of the lung achieved a significant durable response with dabrafenib treatment [43]. Additionally, even if monotherapy with BRAF-i may exert a weak effect, sometimes leading to a paradoxical activation of ERK by acting on an impaired BRAF kinase or on a CRAF over-expressing cell, non-V600 BRAF mutations may confer sensitivity to combined BRAF/MEK inhi bition [43]. More recent case reports corroborate these evidences. A partial response of more than 15 months has been described in a patient with NSCLC and a double non-V600 (G469A and W604C) BRAF muta tion treated with first-line BRAF/MEK inhibition [44], similarly to another patient bearing a G469A alteration, who responded for 6 months to a 4th line treatment with dabrafenib and trametinib [45]. Moreover, a stage IV NSCLC patient obtained a partial response, still ongoing after 12 months, to the combo treatment in presence of a class 2 BRAF mutation (L597R) [46]. The experience of these individual cases enlightens the need of further investigations. A clear explanation for the low response rates of patients with non-V600 mutations to combined treatment with BRAF-i/ MEK-i does not yet exist. Some hypotheses propose a minor activity of the available molecules against these mutations, considering a certain degree of efficacy for specific non-V600 alterations. A recent analysis looking at the clinical course of patients with different types of BRAF mutations found that class 2 and 3 mutations have more aggressive clinical behavior [10]. Researchers are therefore considering alternative approaches. Class 2 mutations appear to be more dependent on the MAPK signaling pathway, thus blocking downstream signaling in the MAPK pathway with MEK or ERK inhibitors (ERK-i) represents a promising therapeutic strategy. Indeed, in vitro and in vivo experiences suggest that MEK inhibition could be an effective approach to class 2 mutations [6]. There are no studies specifically evaluating MEK-i alone in patients with non-V600 BRAF mutant NSCLC at the current state of knowledge. Selumetinib is a selective, ATP-non-competitive MEK1/2 inhibitor whose effectiveness was tested in a phase II basket trial accruing NSCLC, SCLC and thymic malignancies patients with K/N/ HRAS or BRAF mutations, irrespective of mutations subgroup, with disappointing results [47]. The efficacy of single-agent binimetinib is being assessed in NSCLC patients with K/NRAS or BRAF mutations (NCT02276027) (Table 2). Considering downstream effectors in this signaling pathway, pre liminary results obtained with ERK inhibitors are promising for patients with NSCLC. Ulixertinib, an ERK1/2 inhibitor, has been appraised in 19 patients with NSCLC and BRAF mutations in a first-in-human phase I study. Three of 12 evaluable patients with BRAF-mutant NSCLC (2 with V600E and 1 with L597Q) achieved partial response. Of note, CNS response was seen in a patient with BRAF V600E–mutant lung cancer with brain metastases. Ulixertinib was generally well tolerated, with manageable and reversible toxicity, mostly skin rash, fatigue, nausea, vomiting, and diarrhea [48]. From September 2020, an expanded access program provides ulixertinib for compassionate use in advanced cancer patients with MAPK pathway-altered solid tumors, including NSCLC, who have incomplete response to or have exhausted available therapies (NCT04566393) (Table 2). Other ERK1/2 inhibitors are under investi gation: LY3214996, is being tested in a phase I study, alone or in com bination, in participants with advanced cancer, including BRAF mutant NSCLC (NCT02857270); similarly, a phase I/II study is evaluating safety, tolerability and pharmacokinetics of HH2710 in patients with MAPK-mutated advanced tumors (NCT04198818). Lastly, ERK inhibi tion is also a strategy to overcome intrinsic or acquired mechanisms of resistance to treatment with BRAF-i and MEK-i, since most of them depend on a reactivation of ERK signaling through MAPK pathway, as previously discussed. Intriguingly, concomitant alterations leading to MAPK activation in class 3 BRAF mutants could represent new actionable hits. Therapeutic suppression of RTK should be assessed in the context of these specific mutations. Recently, concomitant inhibition of BRAF/MEK and SHP2 proved synergistic therapeutic effects in class 3 BRAF mutant cells [49], providing the bases for clinical evaluation (NCT03284502) (Table 2). Moreover, inhibitors directed at the heterodimer interface between class 3 BRAF mutants and CRAF might be an encouraging strategy for inno vative anticancer drugs [50]. Lastly, new approaches, coming from BRAF-targeting in colorectal cancers (CRC), could be envisioned also for non-V600 BRAF+ lung cancer. The triplet co-administration of BRAFi, MEKi and anti-EGFR antibody (encorafenib, binimetinib and cetux imab), which demonstrated to prolong OS in V600E pre-treated colo rectal cancer patients [51], is now under evaluation also in non-V600E ones [52]. This strategy, only experimentally investigated in lung cancer [53], might represent a powerful option targeting class 3 BRAF-mutant NSCLC. Role of immunotherapy While the role of immunotherapy in BRAF-mutated melanoma pa tients is well established, clinical evidence of immune checkpoint in hibitors (ICIs) efficacy in patients with BRAF-mutant NSCLC is only retrospective (Table 1). In a multi-institutional retrospective study, 22 of 39 BRAF mutated patients [12 V600E (group A), 10 non-V600E (group B)] treated with ICIs (10 pembrolizumab, 11 nivolumab, 1 atezolizu mab) at any treatment line showed an ORR of 25% versus 33% and a mPFS of 3.7 versus 4.1 months in the two groups, respectively; mOS was not reached in either group at the time of analysis. These results are comparable to those observed in unselected NSCLC population [54]. Another multi-institutional cohort of 38 BRAF mutated patients treated with ICIs, mostly in second or subsequent lines of treatment, reported ORR, mPFS and mOS of 28.1%, 3.0 and 13.1 months, respectively [55]. Similar results were obtained in a small experience in which 11 patients, out of 210 screened for BRAF mutation from the Italian Expanded Access Program of second-line nivolumab for advanced non-squamous NSCLC, showed an OS of 10.3 months, comparable to that of unselected popu lation [56]. BRAF+ patients should not be considered homogenously, as high lighted by the retrospective work of Offin and colleagues, conducted on 36 non-V600E and 10 V600E patients treated with ICI at subsequent lines, where authors underlie an association between non-V600E mu tations and an improved ORR (22%) and OS (2.4 years) compared to V600E patients [57]. However, the study of Guisier and colleagues sup ports the hypothesis that the use of immunotherapy in second or sub sequent lines of treatment may lead to equal results as compared to a non-oncogene-restricted NSCLC population. Specifically, among 44 BRAF-mutated patients the ORR was 30% [35% in non-V600 patients (n = 26), 26% in V600 patients (n = 18)], mPFS was 4.7 months (4.9 months in non-V600 patients, 5.3 months in V600 patients) and mOS was 16.2 months (12 months in non-V600 patients, 22.5 months in V600 patients) [58]. Remarkably, the effect of upfront ICIs in patients harboring BRAF mutations showed inferior OS in a small retrospective study as compared with patients receiving first-line chemotherapy [59]. BRAF-mutant NSCLC are often diagnosed in smokers, especially in the case of non-V600E mutations, and can be associated with increased tumor mutational burden (TMB), thus explaining the higher response rates and PFS to ICIs compared to other oncogenic drivers, typically present in non-smokers patients [57,60,61]. Dudnik and colleagues also reported an expression of PD-L1 slightly superior in BRAF-mutant NSCLC compared to unselected cases [54], which is generally associ ated with enhance efficacy of anti-PD-1/PD-L1 agents in advanced NSCLC [62]. Recent evidence suggests that BRAF-i and MEK-i may induce a favorable immune microenvironment. Indeed, in vitro and in vivo studies showed that BRAF signaling inhibition leads to a reduced release of immunosuppressive cytokines, decreased myeloid-derived suppressor cells, increased lymphocyte infiltrate (CD4 + and CD8 + Tcells able to recognize and destroy tumor cells), augmented levels of granzyme B and perforin, and increased PD-L1 expression [63–67]. On the other hand, MEK inhibitors may also enhance antigen expression and tumor-infiltrating T-cells [68]. On these bases, a synergistic anti tumor activity of the combination of BRAF-i/MEK-i and anti-PD-1 agents may be assumed, representing therefore the rationale behind ongoing combinatorial strategies in BRAF-mutant melanoma patients, such as COMBI-I (NCT02967692) and TRILOGY (NCT01656642) trials, as well as in BRAF+ NSCLC patients. The B-FAST trial (NCT03178552) is an ongoing phase II/III study enrolling patients with advanced NSCLC harboring actionable somatic mutations detected in blood; in the cohort E patients with V600 mutations are being treated with vemurafenib + cobimetinib + atezolizumab triplet after a run-in period of BRAF/MEK inhibitors combination. Prospective randomized clinical studies are needed to corroborate these preliminary evidences and to clarify which is the most successful treatment strategy, sequential or concomitant, in maximizing the effect of BRAF/MEK inhibition and immunotherapy. A potential approach seems to start with BRAF + MEK inhibition in order to reduce tumor burden and induce a tumor “priming” with the host, paving the way for a subsequent immunotherapeutic approach. New therapeutic directions Next-generation RAF inhibitors are under investigation in preclinical and clinical studies [69] (Table 2). Two different strategies are currently being explored to inhibit mutated RAF signaling in case of non-V600 mutations (both mutant RAF proteins and RAS-driven/wild-type RAF proteins) as well as intrinsic and acquired resistance to approved BRAFV600 inhibitors: paradox breakers and pan-RAF inhibitors. Paradox breakers (e.g. PLX7904 and PLX8394) are able to inhibit BRAF mutant cells impairing BRAF homo/hetero-dimerization and avoiding para doxical activation of MAPK pathway in BRAF wild-type cells or in cells bearing upstream activation such as RAS mutations or RTK upregulation [70]. PLX8394 agent is actually being tested in an openlabel phase I/II study (NCT02012231). On the other hand, pan-RAF inhibitors (e.g. AZ628, CCT196969, CCT241161) are compounds capable of inhibiting both active dimers and active monomers with similar potency, along with other RAF family molecules, avoiding par adoxical activation as well [6,71]. Interesting data are emerging from a phase I study (NCT03118817), which is evaluating belvarafenib, a panRAF inhibitor, in patients with BRAF or K/NRAS mutated solid tumors. The same molecule is being explored in combination with cobimetinib or cetuximab in patients with locally advanced or metastatic solid tu mors (NCT03284502). LY3009120 is another pan-RAF inhibitor whose phase I trial (NCT02014116) was early terminated based on the lack of sufficient clinical efficacy. Another intriguing phase I study is evaluating pan-RAF inhibitor LXH254-centric combinations (with trametinib, ERK1/2 inhibitor LTT462 or CKD4/6 inhibitor ribociclib) in KRAS or BRAF mutant NSCLC (NCT02974725). It has to be noted that the lack of selectivity for mutant BRAF of these compounds could potentially lead to greater toxicity within non-cancer cells and greater inhibition of wildtype RAF signaling, as already seen with sorafenib, an old known example of pan-Raf inhibitor [71]. Actually, besides having led a partial response in a patient with BRAF-V600E mutation in the EURAF study, sorafenib resulted in relevant clinical responses in two non-V600 mutated NSCLC with G469R and G469V, respectively [72,73]. Lastly, combinations strategies have a key role in overcoming resis tance mechanisms due to activation of alternative pathways. Thera peutic blockade of PI3K/AKT/mTOR pathway along with MAPK pathway is a promising treatment approach given the cross-talk between their intracellular routes. Synergistic antitumor efficacy by dual PI3K/ MAPK pathway inhibition has been demonstrated in preclinical in vitro and in vivo models of various cancer types, including lung cancer, and has shown promise in the clinical setting [74–76]. A phase I study assessed the combination of the BRAF-i vemurafenib with the mTOR inhibitor everolimus in BRAF-mutated advanced solid tumors. Out of 20, one patient with a BRAF V600E mutant NSCLC progressing on singleagent dabrafenib, after multiple lines of standard-of-care chemo therapy, achieved a partial response with the combination strategy [77]. Buparlisib (a pan-PI3K inhibitor) in addition to trametinib showed only minimal activity in NSCLC in a phase Ib study. Only one of 17 patients achieved partial response despite the fact that the expansion cohort included only patient with RAS- or BRAF- mutant NSCLC [74]. Ligand-dependent stimulation of RTKs, such as involvement of the EGFR signaling pathway, is another field of interest. In a phase I study evaluating lifirafenib (inhibitor of BRAF-V600E, wild-type A/B/C-RAF and EGFR) one patient with BRAF-mutated NSCLC had unconfirmed partial response [78]. Finally, FGFR autocrine pathway activation has also been connected with an increased sensitivity to FGFR inhibitor in resistant BRAF V600E NSCLC and melanoma [39]. Open challenges Further preclinical and clinical investigation should address un solved questions such as better insights on specific molecular mecha nisms in relationship to different BRAF mutant classes, predictive and prognostic co-alterations to define specific treatments and anticipate therapeutic response, and drug combinations to overcome targeted therapy resistance. Multiple questions are still open even considering V600E+ patients. If the front-line approach with the approved BRAFi + MEKi combo is the best choice or other strategies should be considered; knowing the immune-modulating properties of dabrafenib + trametinib combo, capable of favorably influencing the immunological milieu [79,80], the integration of (chemo)-immunotherapeutic agents should be considered in order to enhance the disease control. Similarly, with the advent of more potent RAF inhibitors, alone or in combination with other agents targeting different MAPK pathway nodes, the treatment algorithm might change entirely. Of note, as in other contexts of oncogene-driven can cers, BRAF+ NSCLC have a certain tropism for sanctuary sites, such as CNS; around one third of patients at diagnosis have brain metastasis [10]. The real impact in term of disease control at the CNS is still unclear and just isolated case reports are demonstrating activity of TKI at these disease sites [30,31]. Albeit the opportunity of targeted treatments for BRAF-V600E+ patients had revolutionized their outcomes [27], around 50% of BRAF+ NSCLC patients harbor non-V600 alterations, thus remaining orphan of specific approaches. Different mutational classes have apparently demonstrated different clinical behaviors, being class 2 and 3 associated with poorer prognosis [10]; however this results vanished when the analysis was limited to patients with only extra-thoracic metastases and who had not received BRAFi + MEKi, indicating comparable outcomes among diverse classes, like in other retrospective experiences [81]. In addition, non-V600 mutations represent a heterogeneous population with many of these disruptions still classified as variants of unknown significance (VUS). To untangle this complex scenario, recent efforts have been spent by Negrao and colleagues in order to deeper characterize the genomic landscape of BRAF-mutant NSCLC [46]. They confirmed the prevalent co-occurrence of TP53, EGFR, KRAS and NF1 genes al terations [82], being KRAS mutations more represented in class 3 and NF1 losses in class 2. Remarkably, they described a sharp association between clonality – higher in known mutational classes – and func tionality of these genetic alterations, therefore facilitating the identifi cation of VUS with oncogenic properties that might be selectively targeted [46]. In fact, they identified two novel variants to be activating – F468S and N581Y – and reported the efficacy of BRAFi + MEKi in a class 2 mutation (L597R). These observations pave the way for future therapeutic strategies, currently tested in ongoing clinical trials. Considering these non-easily predictable clinical readouts, authors concluded that non-V600 mutations (i.e. class 2 and 3 BRAF mutations) should be probably better targeted by MEK-i (e.g. trametinib)-based regimens, preferentially associated with novel BRAF inhibitors (such as lifirafenib or LHX254), rather than strategies with single TKI. How ever these hypotheses need to be confirmed by large prospective, molecularly restricted clinical trials. Advances in the BRAF targeting will also include the area of BRAFdriven acquired resistance in other oncogene-addicted NSCLC settings. In vitro, it was demonstrated that treatment with selumetinib and tra metinib, but not dabrafenib, restored the sensitivity to osimertinib and enhanced cell death in EGFR+ resistant cell lines, which developed a BRAF G469A mutation [83]. Several recent case reports documented the occurrence of BRAF mutations (both V600 and non-V600), as well as rearrangements, like mechanisms of resistance to EGFR inhibitors, and reported sensitivity to combined administration of EGFR and BRAF/ MEK inhibitors [84–86]. Thus, by leveraging on old and novel TKI, multi-compounds therapeutic strategies could be envisioned also in this context of clonal evolution where BRAF dysfunctions appear under drug pressure. Conclusions The large access to deep sequencing platforms for NSCLC patients gives back to clinicians a large amount of genetic data that needs to be properly interpreted. Among these, BRAF alterations are detected in a not negligible fraction of NSCLC patients, both at diagnosis and at progression to other therapies, but a large part of these mutations - besides known BRAF mutant classes - needs to be functionally charac terized in order to understand their oncogenic role and to define the most appropriate therapeutic approaches to tackle them. Available therapeutic approaches and future combinations, in addition to more potent molecules, will undoubtedly implement the management of NSCLC in terms of deeper disease control, and widen “druggability” in patients harboring oncogenic BRAF mutations. Funding This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors. CRediT authorship contribution statement Fabrizio Tabbo: ` Conceptualization, Writing – original draft, Writing – review & editing. Chiara Pisano: Conceptualization, Writing – orig inal draft. Julien Mazieres: Writing – original draft, Writing – review & editing. Laura Mezquita: Writing – original draft. Ernest Nadal: Writing – original draft. David Planchard: Writing – original draft, Writing – review & editing. Anne Pradines: Writing – original draft. David Santamaria: Writing – original draft. Aurelie ´ Swalduz: Writing – original draft. Chiara Ambrogio: Conceptualization, Writing – orig inal draft, Writing – review & editing. Silvia Novello: Conceptualiza tion, Writing – original draft, Writing – review & editing, Supervision. Sandra Ortiz-Cuaran: Conceptualization, Writing – original draft, Writing – review & editing, Supervision. Declaration of Competing Interest The authors declare the following financial interests/personal re lationships which may be considered as potential competing interests: Dr. MAZIERES reports personal fees: Roche, Astra Zeneca, Pierre Fabre, Takeda, Novartis, Amgen. Grants: Roche, Astra Zeneca, Pierre Fabre. Dr. MEZQUITA reports consulting, advisory role: Roche, Takeda, Roche Diagnostics. lectures and educational activities: Bristol-Myers Squibb, Tecnofarma, Roche, Takeda. research grants: Amgen, Boehringer Ingelheim, Bristol-Myers Squibb, Stilla, Inivata. Dr. PLANCAHRD re ports consulting, advisory role or lectures: AstraZeneca, Bristol-Myers Squibb, Boehringer Ingelheim, Celgene, Daiichi Sankyo, Eli Lilly, Merck, Novartis, Pfizer, prIME Oncology, Peer CME, Roche, Janssen, Abbvie. honoraria: AstraZeneca, Bristol-Myers Squibb, Boehringer Ingelheim, Celgene, Eli Lilly, Merck, Novartis, Pfizer, prIME Oncology, Peer CME, Roche, Janssen, Abbvie. Dr. AMBROGIO reports research fees: Revolution Medicines and Boehringer-Ingelheim. Dr. NADAL re ports Advisory role & lectures: BMS, MSD, Roche, AstraZeneca, Bayer, Amgen, Lilly, Boehringer-Ingelheim, Merk-Serono, Takeda, Pfizer. Research funding: Pfizer, Roche, BMS and Merck-Serono. Dr. NOVELLO reports Advisory role and Speaker Bereau : AstraZeneca, Eli Lilly, Bei gene, AMG, Abbvie, BI, MSD, Novartis, Pfizer, Sanofi, Takeda, Roche.
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Figure 1. RAF signalling pathway, its inhibitors and main resistance mechanisms. The dimerization and auto-phosphorylation of membrane receptor tyrosine kinases (RTKs) leads to activation of the GRB2-SOS complex, which, in turn, determines RAS activation, inducing the switch from its inactive (GDP-bound) to its active (GTP-bound) form. Once activated, RAS phosphorylates the RAF family proteins (ARAF, BRAF and CRAF), reverberating the signal through the cascade activation of the MEK1/2 and ERK1/2 proteins. ERK1/2 will eventually translocate into cell nucleus, activating transcription factors such as FOS, TP53 and ELK1 and leading to activation of genes involved in cell survival, growth and proliferation. In healthy tissue, BRAF is deactivated through negative feedback once the signal has moved on to the next point in the cascade. BRAF mutations keep this signalling pathway constitutively active and are responsible for uncontrolled cell proliferation. MAPK pathway inhibitors (indicated by boxes) and most common resistance mechanisms (indicated by red stars) are also shown in the figure. Figure created with BioRender.com
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Figure 2. Classification of BRAF mutations. The 3 different classes of BRAF mutations are reported, based on key aspects: i) kinase activity; ii) dimerization status and iii) RAS-dependency. Class 1, which corresponds to V600 alterations, identifies activating mutations causing high kinase activity exerted by a single BRAF monomer. Class 2 encompasses mutations functionally active when BRAF act as a dimer, with an intrinsic discrete kinase activity; both class 1 and class 2 are independent from upstream RAS signalling. Class 3 identifies a group of alterations with low or absent enzymatic property, requiring upstream RAS stimulation, in presence of dimerization with wild-type RAF proteins. Non-V600 mutations are distributed in class 2 and 3. In the upper part of the figure, for each mutational class, are reported the most frequently identified mutations. Figure created with BioRender.com.






Table 1 Clinical activity of targeted molecules and immune checkpoint inhibitors in BRAF-mutant NSCLC. 
	Drug
	Study
	BRAF mutation(s)
	Line(s) of treatment
	N. of patients
	ORR (%)
	DCR (%)
	PFS (months)
	OS (months)

	[bookmark: bb0100]Vemurafenib [20]
	Phase II
	V600
	First-line
Pre-treated
	8
54
	37.5
37
	100
76
	12.9
6.1
	NA
15.4

	[bookmark: bb0105]Vemurafenib [21]
	Retrospective
	V600E
non-V600E
	First-line +
Pre-treated
	24*
	54
	96
	5
	10.8

	[bookmark: bb0110]Vemurafenib [22]
	Phase II
	V600
non-V600
	Pre-treated
	101
17
	44.9
NA
	64
NA
	5.2
1.8
	9.3
5.2

	[bookmark: bb0120]Dabrafenib [24]
	Phase II
	V600E
	First-line
Pre-treated
	6^
78
	NA
33
	NA
58
	NA
5.5
	NA
12.7

	[bookmark: bb0125][bookmark: bb0130]Dabrafenib + trametinib [25], [26]
	Phase II
	V600E
	Pre-treated
	57
	68
	81
	10.2
	18.2
(5-y OS 19%)

	[bookmark: bb0135]Dabrafenib + trametinib [27]
	Phase II
	V600E
	First-line
	36
	64
	75
	10.8
	17.3
(5-y OS 22%)

	[bookmark: bb0270]ICI [54]
	Retrospective
	V600E
non-V600E
	First-line +
Pre-treated
	12
10
	25
33
	NA
NA
	3.7
4.1
	NA
NA

	[bookmark: bb0275]ICI [55]
	Retrospective
	V600E +
non-V600E
	First-line +
Pre-treated
	43§
	28.1
	54
	3.0
	13.1

	[bookmark: bb0290]ICI [58]
	Retrospective
	V600
non-V600
	First-line +
Pre-treated
	26
18
	26
35
	61
53
	5.3
4.9
	22.5
12

	[bookmark: bb0285]ICI [57]
	Retrospective
	V600
non-V600
	Pre-treated
	10
36
	10
22
	NA
NA
	NA
NA
	NA
28.8




ORR: objective response rate; DCR: disease control rate; PFS: progression-free survival; OS: overall survival; ICI: immune checkpoint inhibitors; 5-y OS: 5-year overall survival rates; *Results for patients with V600E mutations who received vemurafenib; ^Four out of the 6 patients treated in first-line setting had a partial response; §The patient population was considered homogeneously, mPFS differed between the V600E group (1.8 months) and the non-V600E group (4.1 months).

[bookmark: _bookmark0]Table 2 Ongoing clinical trials testing new targeted therapies in MAPK pathway-impaired NSCLC.

                                                                                                                                                                                                                 TIR: time in response; NA: not applicable; EAP: early access program; MPR: major pathological response; ORR: objective response rate; DLTs: dose limiting toxicities; SoC: standard of care; RP2D: recommended phase 2 dose; AEs: adverse events; DCR: disease control rate; DOR: duration of response; MTD: maximum tolerated dose; PD: progressive disease Clinical Trial Identifier

Study
Intervention(s)

Line(s) of treatment
Primary end-point
Status

Alteration(s)
NCT03178552

Phase II/III
atezolizumab + vemurafenib +

I
TIR
Recruiting

BRAF (V600)



cobimetinib(Cohort E)






NCT04566393

EAP
ulixertinib

II-N
NA
Available

K/N/H-RAS, BRAF,









MEK, ERK, etc.
NCT04302025

Phase II
vemurafenib + cobimetinib

Neo-/Adjuvant
MPR
Recruiting

BRAF (V600E)
NCT03915951

Phase II
encorafenib + binimetinib

I-II
ORR
Recruiting

BRAF (V600E)
NCT04526782









NCT02276027

Phase II
binimetinib

I-N
ORR
Completed

K/N-RAS, BRAF
NCT01922583

Phase II
AUY922

II-N
ORR
Completed

BRAF
NCT01514864

Phase II
dasatinib

II-N
ORR
Terminated

BRAF inactivating









mutations
NCT03049618

Phase IIa
recombinant EphB4-HSA fusion protein

III-N
ORR
Recruiting

BRAF



+ pembrolizumab






NCT04585815

Phase Ib/II
sasanlimab + encorafenib + binimetinib

I-N
DLTs, ORR
Recruiting

BRAF (V600E)
NCT03989115

Phase Ib/II
RMC-4630 + cobimetinib

failed/intolerant/ineligible for SoC
DLTs, AEs
Recruiting

BRAF class III









KRAS
NCT02012231

Phase I/IIa
PLX8394

failed/intolerant/ineligible for SoC
RP2D
Terminated

BRAF
NCT04913285

Phase I/Ib
KIN-2787

failed/intolerant/ineligible for SoC
DLTs, AEs, ORR, DCR, DOR
Recruiting

BRAF
NCT01877811

Phase I/Ib
RXDX-105

II-N (V600E + must be TKI-naïve)
DLTs, AEs
Completed

BRAF, KRAS
NCT03284502

Phase Ib
HM95573 + cobimetinib

failed/intolerant/ineligible for SoC
DLTs, AEs MTDs, RP2D
Recruiting

BRAF, KRAS
NCT02974725

Phase Ib
LXH254 ± LTT462/ trametinib/ribociclib

failed/intolerant/ineligible for SoC
AEs, DLTs, tolerability
Recruiting

BRAF, KRAS
NCT02327169

Phase Ib
MLN2480 + MLN0128/paclitaxel

III
MTD, AEs, RP2D, DLTs
Completed

BRAF, KRAS
NCT03118817

Phase I
HM95573

failed/intolerant/ineligible for SoC
ORR
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BRAF, K/N-RAS
NCT03415126

Phase I
ASN007

failed/intolerant/ineligible for SoC
MTD, ORR
Completed

BRAF









KRAS
NCT02961283

Phase I
ASN003

III-N
MTD
Terminated

BRAF (V600)
NCT02857270

Phase I
LY3214996 (alone or in combination)

I-N
DLTs
Active, not

BRAF, RAS







recruiting


NCT04190628

Phase I
ABM-1310 + cobimetinib

PD/intolerant to previous
MTD, RP2D
Recruiting

BRAF (V600)





BRAFi + MEKi




NCT04892017

Phase I
DCC-3116 + trametinib

III
MTD, AEs, ORR
Recruiting

BRAF, K-N/RAS
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