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Introduction

Between 2-8% of non-squamous cell lung cancers (NSCLC) are BRAF mutated, including around 50% BRAFV600E and 50% of non V600E BRAF mutated tumors [START_REF] Campbell | Distinct patterns of somatic genome alterations in lung adenocarcinomas and squamous cell carcinomas[END_REF][START_REF] Couraud | Biomarkers France Contributors, Clinical outcomes of non-small-cell lung cancer patients with BRAF mutations: results from the French Cooperative Thoracic Intergroup biomarkers France study[END_REF][START_REF] Grosse | Oncogenic driver mutations in Swiss never smoker patients with lung adenocarcinoma and correlation with clinicopathologic characteristics and outcome[END_REF][START_REF] Jordan | Prospective Comprehensive Molecular Characterization of Lung Adenocarcinomas for Efficient Patient Matching to Approved and Emerging Therapies[END_REF][START_REF] Kim | Frequency and clinical features of BRAF mutations among patients with stage III/IV lung adenocarcinoma without EGFR/ALK aberrations[END_REF][START_REF] Lin | The association between BRAF mutation class and clinical features in BRAF-mutant Chinese nonsmall cell lung cancer patients[END_REF]. Only BRAFV600 mutated tumors can be treated using targeted molecules such as BRAF and MEK inhibitors [START_REF] Alvarez | Agents to treat BRAF-mutant lung cancer[END_REF][START_REF] Baik | Targeting BRAF-Mutant Non-Small Cell Lung Cancer: From Molecular Profiling to Rationally Designed Therapy[END_REF][START_REF] Nguyen-Ngoc | BRAF Alterations as Therapeutic Targets in Non-Small-Cell Lung Cancer[END_REF][START_REF] Planchard | Dabrafenib plus trametinib in patients with previously untreated BRAFV600E-mutant metastatic non-small-cell lung cancer: an open-label, phase 2 trial[END_REF]. These inhibitors have been FDA and EMA approved for BRAFV600E and BRAFV600 mutated tumors, respectively [START_REF] Alvarez | Agents to treat BRAF-mutant lung cancer[END_REF][START_REF] Baik | Targeting BRAF-Mutant Non-Small Cell Lung Cancer: From Molecular Profiling to Rationally Designed Therapy[END_REF][11][12][START_REF] Planchard | Metastatic non-small cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up[END_REF][START_REF] Kalemkerian | Molecular Testing Guideline for the Selection of Patients With Lung Cancer for Treatment With Targeted Tyrosine Kinase Inhibitors: American Society of Clinical Oncology Endorsement of the College of American Pathologists/International Association for the Study of Lung Cancer/Association for Molecular Pathology Clinical Practice Guideline Update[END_REF]. Consequently, and according to international guidelines, it is mandatory to assess the BRAF status at baseline in advanced stage non squamous NSCLC in addition to EGFR, ALK, ROS1 and PD-L1 [START_REF] Planchard | Metastatic non-small cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up[END_REF]. As the first-line of treatment for these patients is guided by the results of these predictive biomarkers, they need to be available in a maximum of 10 working days to avoid selection of inappropriate treatment [START_REF] Kalemkerian | Molecular Testing Guideline for the Selection of Patients With Lung Cancer for Treatment With Targeted Tyrosine Kinase Inhibitors: American Society of Clinical Oncology Endorsement of the College of American Pathologists/International Association for the Study of Lung Cancer/Association for Molecular Pathology Clinical Practice Guideline Update[END_REF].

Targeted assays are well established in many laboratories for EGFR (PCR), ALK (IHC and/or FISH or RT-PCR) and ROS1 (IHC and FISH or RT-PCR). In contrast, the assessment of the BRAF status at baseline in NSCLC is not as well mastered in daily practice. Some laboratories use an NGS-based tissue biopsy for detection of the latter, but a systematic approach can be questionable in treatment-naive lung cancer patients, even if this approach can at the same time provide information about different genes of interest including notably, BRAF, EGFR, ALK, ROS1, MET, RET, HER2, and NTRK [START_REF] Trédan | ProfiLER investigators, Molecular screening program to select molecular-based recommended therapies for metastatic cancer patients: analysis from the ProfiLER trial[END_REF]. A NGS-based tissue biopsy assay done as reflex testing for NSCLC at baseline presents certain disadvantages. First, according to the sample workflow, the turnaround time (TAT) to get the results can be long and might not fit the expectations of the physician for optimal care of their patients [START_REF] Dagogo-Jack | Clinical Utility of Rapid EGFR Genotyping in Advanced Lung Cancer[END_REF].

Secondly, the sensitivity for certain analyses conducted with a NGS approach can be lower than with those of a targeted assay (notably for the detection of fusions). This is due to the small amount and/or the low quality of the extracted nucleic acids obtained from small tissue biopsies and/or from tissue sections with a very low percentage of tumor cells. Finally, according to the size of the panel and to the organization (e.g. "in house" testing versus external center analyzes), the NGS approach can be more costly compared to that of targeted assays. In this context, it is still uncertain whether treatment-naïve NSCLC patients would benefit from routine NGS testing for BRAF status evaluation. Moreover, while the BRAF status assessment is mandatory in most countries, reimbursement of specific BRAF inhibitors is sometimes limited [17]. In this context, costly systematic screening for the BRAF status in treatment-naïve NSCLC patients could be questionable outside clinical trials.

The purpose of this study was to assess the feasibility of BRAF immunohistochemistry (IHC) as a screening tool for BRAFV600E status evaluation in treatment-naïve NSCLC and to implement this test in daily practice in a single institution.

Materials and methods

A total of 1317 NSCLC were evaluated using BRAF IHC from January 2011 to December 2019. Subsequently, BRAFV600E mutated and BRAF nonV600E mutated tumors were retrospectively evaluated using BRAF IHC as previously described [START_REF] Ilie | Diagnostic value of immunohistochemistry for the detection of the BRAFV600E mutation in primary lung adenocarcinoma Caucasian patients[END_REF]. Briefly, samples were fixed for 8-24 h in 10% neutral buffered formaldehyde and then paraffin embedded. IHC with the BRAFV600E mutation-specific antibody (mouse monoclonal, clone VE1, prediluted, 16-min incubation; Roche Ventana, Tuczon, AZ, USA) was performed on 3 µm tissue sections with an automated immunostainer (Ventana Benchmark Ultra; Ventana Medical Systems, Tucson) using the OptiView DAB IHC Detection Kit (Ventana). An isotype matched mouse monoclonal antibody was used as a negative control in all tested samples. A BRAFV600E mutated melanoma (90% of mutated tumor cells) was used as a positive control in all tested samples. Scoring of the immunostaining was performed blindly by four pathologists (VH, SL, EL, PH) and classed as strong (3+), moderate (2+), weak (1+) or negative (0). Any type of nuclear staining was scored negative. A tumor was considered as positive for VE1 immunostaining only when at least 80% of the cytoplasm of the tumor cells showed a distinct, strong (3+) and homogenous signal. Potential discordant cases were resolved by consensus review using a multihead microscope. BRAF IHC positive tumors were evaluated retrospectively using a BRAF PCR based assay (Idylla system, Biocartis, Mechelen, Belgium).

With this cohort we compared the mean TAT to obtain the BRAF status using pyrosequencing or NGS as well as IHC. The TAT was evaluated as the time between obtaining the FFPE biopsy and the final report.

In a second cohort of 699 NSCLC patients (validation set), lung biopsies were consecutively and prospectively analyzed between January 2017 and December 2019 using BRAF IHC. The IHC results were analyzed as described above. Subsequently, BRAF IHC positive tumors were evaluated retrospectively using a BRAF PCR based assay (Idylla system). The IHC and molecular analyzes were performed in the Laboratory of Clinical and Experimental Pathology (Nice, France), which is accredited NF EN ISO 15189 by COFRAC (the French National Authority for Accreditation delivery, n°8-3034, www.cofrac.fr) [START_REF]Comité Français d'Accréditation[END_REF] The overall survival (OS) as well as the progression free survival (PFS) of BRAFV600 mutated treated patients was reported. Log-rank tests were performed comparing the OS and PFS values of patients who received or did not receive targeted BRAF inhibitors. A Cox proportional-hazards model was used to evaluate the hazard ratio in the treated population.

The main epidemiological and pathological data of the whole study population are shown in Table 1. The flowchart of the samples for the different test used in this study for the BRAF status assessment is showed in Figure 1.

Results

A total of 45/1317 (3.4%) patients had BRAFV600E mutated tumors. The main epidemiological and pathological data of these patients are shown in Table 2. In addition, 51/1317 (3.9%) tumors harbored BRAF non V600E mutations.

In the training cohort of patients, 21/618 (3%) tumors (15 early and 6 late stage tumors) were BRAFV600E mutated according to the NGS and/or pyrosequencing results.

BRAF IHC was positive in 21/21 (100%) of these cases and negative in 51/51 (100%) BRAF non V600E mutated and in all non BRAF mutated cases (supplementary Figure 1 A-D). The mean TAT to obtain the BRAF IHC results was 3 days (range 2 to 4 days). The mean TAT to obtain the pyrosequencing results was 5 days (range 4 to 7 days) and 14 days (range 10 to 21 days) for NGS. In addition, a BRAF PCR assay was performed on only 15/21 of the BRAF IHC positive cases of this cohort of patients since no more tissue was available in 6/21 of these cases and was positive in 12/15 (80%) biopsies. The three negative cases obtained with the BRAF PCR assay negative cases all had a low tumor cell content (<5% of tumor cells) and were small sized.

In the prospective BRAF IHC tested cohort of patients, 24/699 (3%) tumors (13 early and 11 late stage tumors) were positive for VE1 staining. The BRAF PCR assay was subsequently positive in 20/24 (83%) of these cases. As in the retrospective cohort, the BRAF PCR assay negative cases corresponded to small sized lung (3) and pleural [START_REF] Campbell | Distinct patterns of somatic genome alterations in lung adenocarcinomas and squamous cell carcinomas[END_REF] adenocarcinoma biopsies with 1 to 5% of tumor cell content and less than a total of 50 tumor cells observed in the tissue sections.

Compared to NGS and pyrosequencing, the sensitivity and specificity of IHC assay were 100%. The PCR based assay using the Idylla system had a sensitivity of 82%. However, all PCR assay negative samples were outside of the recommended specifications of the respective test, since less than 5% of tumor cells were observed in very small biopsies. So, the sensitivity could not be calculated as only the BRAF IHC positive cases were tested using the PCR based assay using the Idylla system.

Across both cohorts, 8/45 (18%) of BRAFV600E positive patients received a BRAF targeted therapy. Among these patients, 5/45 (11%) received an association of dabrafenib and trametinib and 3/45 (7%) received only vemurafenib (supplementary table 1). 27/45 (60%) of the patients received first-line chemotherapy (supplementary table 1). Moreover, 7/45 (16%) received non first-line immunotherapy (nivolumab or pembrolizumab) (supplementary table 1).

The different treatments and follow-up of these patients are shown in supplementary Figure 2 and supplementary Figure 3. OS was prolonged in patients treated with targeted therapy (median OS = 46 months versus 12 months; Hazard Ratio (HR) = 0.52, 95% CI: 0.18-1.15; p = 0.10) (supplementary Figure 2). Likewise, in patients treated with targeted therapy the PFS was prolonged but not statistically significant (median PFS = 18 months versus 3 months; HR = 0.65, 95% CI: 0.28-1.54; p = 0.33) (supplementary Figure 3).

Discussion

In this study BRAF IHC performed for BRAF status assessment was shown to have a sensitivity and specificity of 100% for a large series of lung adenocarcinoma biopsy samples. These results were obtained after comparison with the results of NGS and pyrosequencing for this evaluation. This highlights the usefulness of a rapid BRAF IHC test in daily practice for BRAFV600E assessment of lung biopsy specimens in treatment-naïve NSCLC. In a few cases the results of the PCR based assay performed with the Idylla system were negative while the BRAF IHC results of the corresponding FFPE biopsies were strongly positives. We considered that these were false negative results for the molecular biology test since the sensitivity of PCR based assay was not high enough for detection of a BRAF mutation in biopsy samples with less than 5% of tumor cells. However, in the future it would be of interest in these cases to use a highly sensitive orthogonal molecular method, such as digital PCR, to confirm the mutated BRAF status obtained using VE1 IHC. Finally, it is noteworthy that one patient with a positive BRAF IHC and a negative BRAF PCR based assay using Idylla received a BRAF However, as biomarker testing in the (neo-) adjuvant setting is increasingly requested in clinical trials this may become more relevant in the future. Moreover, since obtaining all the clinical associated data as well as deciding the tumor staging of a lung cancer patient can be time consuming, we are convinced that this algorithm can save time to provide the appropriate treatment for patients with late stage disease. Admittedly, only a few BRAFV600E mutated late stage patients gained access to anti-BRAF targeted therapy in the present study. However, patients receiving a targeted therapy demonstrated a prolonged median PFS as well as OS highlighting the importance of systematic and reflex BRAF mutation testing in NSCLC. Importantly, BRAF Inhibitors were available only for clinical trials until 2016 and thereafter were not reimbursed in France, which may explain the small number of patients receiving this therapy in our cohort.

In many laboratories the NGS-based tissue biopsy assay is performed at baseline in treatment-naïve advanced stage NSCLC patients. However, it is noteworthy that besides the molecules targeting EGFR, ALK ROS1 and BRAF genomic alterations, there are currently no additional treatments approved and reimbursed for first-line treatment targeting other gene alterations, such as MET, RET, HER2 and even NTRK genomic alterations in Europe [START_REF]FD9EBA53.mx-medicprixc2?parameter=rechercheSpecialite[END_REF]. This means that a systematic evaluation of the status of additional genes among EGFR, ALK, ROS1, and BRAF, will not necessarily impact the first-line treatment of these patients according to the current international guidelines [START_REF] Planchard | Metastatic non-small cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up[END_REF]. Depending on the delivery time to the molecular laboratory of the biopsy specimen and on the analytical and post analytical steps, the choice to systematically use a NGS approach can bring about some delay in obtaining results for rapid treatment decisions. In this context, notably in the case of rapid progressive disease, the physician may be forced to treat the patient with chemotherapy without waiting for the genomic profile of NGS, notably for the BRAF status.

One alternative to BRAF IHC for rapid BRAF status assessment of NSCLC is to perform the BRAF PCR assay using Idylla [START_REF] Schiefer | Multicenter Evaluation of a Novel Automated Rapid Detection System of BRAF Status in Formalin-Fixed, Paraffin-Embedded Tissues[END_REF][START_REF] Uguen | Reconsidering the turnaround times for BRAF V600 mutation analysis in non-small-cell lung cancer: a molecular diagnosis in one day is achievable for rapid treatment choices[END_REF]. In the present work, we used this approach to confirm the 45 positive cases obtained with BRAF IHC. Interestingly, we confirmed only 32/39 (82%) BRAF PCR positive cases, which suggested that this approach may be less sensitive than BRAF IHC, notably in cases with a limited number of tumor cells present in tissue sections (supplementary Figure 1). Sequential testing versus NGS for predictive biomarker assessment with small lung biopsies can be questionable in treatment-naïve patients and should be discussed case by case, including cost considerations and reimbursement depending on the country [START_REF] Dalal | Economic analysis of BRAF gene mutation testing in real world practice using claims data: costs of single gene versus panel tests in patients with lung cancer[END_REF]. The number of tests to be performed in thoracic oncology increases progressively over time while at the same time the amount of tissue available for these tests remains stable or is even lower thanks to the development of new techniques for diagnosis, notably cytological approaches, and to flexible endoscopes that go deep into the bronchial tree allowing small peripheral tumors to be reached. In this context, new approaches are currently being developed in pathology laboratories, such as multiplex IHC methods [START_REF] Hofman | Multiplexed Immunohistochemistry for Molecular and Immune Profiling in Lung Cancer-Just About Ready for Prime-Time?[END_REF]. These methods allow detection of actionable alterations for several biomarkers in the same tissue section and thus allow tissue saving for further other possible molecular analyzes. In this regard, we recently showed that it was possible to combine different antibodies on the same tissue section, including the BRAF VE1 antibody, for predictive biomarker evaluation [START_REF] Ilie | Automated chromogenic multiplexed immunohistochemistry assay for diagnosis and predictive biomarker testing in non-small cell lung cancer[END_REF].

Conclusion

BRAF IHC can be integrated into systematic evaluation of BRAF status assessment in the routine daily practice for treatment-naive advanced NSCLC patients. BRAF IHC showed a high sensitivity and specificity in addition to significant decreased in TAT compared to NGS. However, considering the increased in knowledge into lung cancer genomic landscape and its potential impact on new therapeutic strategies, NGS-based tissue biopsy assays can be challenged as a complementary and faster approach to specific based testing or certainly as front line practice [START_REF] Skoulidis | Co-occurring genomic alterations in non-small-cell lung cancer biology and therapy[END_REF]. However, according to the biopsy size as well as the tumor cell content, a « personalized tissue housing approach » should be performed systematically by the pathologist [START_REF] Hofman | The challenges of evaluating predictive biomarkers using small biopsy tissue samples and liquid biopsies from non-small cell lung cancer patients[END_REF]. This may avoid performing irrelevant and costly approaches that sometimes also lead to false negative results. 

  In a first cohort of 618 NSCLC patients (training set), lung biopsies were analyzed prospectively and consecutively for the BRAF status from January 2011 to December 2016 in the Laboratory of Clinical and Experimental Pathology (LPCE, Nice, University Côte d'Azur) using pyrosequencing (Pyromark24, Qiagen, Hilden, Germany) (198 patients) or NGS (Oncomine Lung Colon panel, Thermo Fisher Scientific, Waltham, MA, USA) (420 patients).

  targeted therapy (association of dabrafenib and trametinib) and responded well to this treatment Subsequently, after validation of the IHC results, BRAF IHC was implemented in routine clinical practice in our laboratory in association with an EGFR PCR based assay (Idylla), ALK IHC (D5F3, Ventana), plus ALK FISH if a weak or moderate ALK IHC staining was present, ROS1 IHC (clone D4D6, Cell Signaling) plus ROS1 FISH in case of ROS1 IHC positivity and PD-L1 IHC (clone 22C3, Dako). The mean TAT to obtain results for the 5 predictive biomarkers was 4 days (range 3 to 6 days) from the biopsy to getting the report. In comparison the TAT including both work-flow NGS and ALK, ROS1 and PD-L1 IHC had a mean of 14 days (range 10 to 21 days). One limitation of the proposed algorithm is the use of ALK, ROS1, PD-L1 and BRAF IHC and a EGFR PCR based assay as reflex testing of NSCLC biopsies without knowing the tumor stage, meaning that a number of early stage patients are screened for predictive biomarkers without an imminent impact on the therapeutic strategy.

Table 2 :

 2 Main epidemiological and pathological data of the 45 BRAF V600E mutated lung cancer patients

	Age (years)	Median (Range)	66 (53 -91)
	Sex	F	22 (48.7%)
		M	23 (51.2%)
	Smoking history	Smokers	16 (39%)
		Former smokers	19 (36.6%)
		Non smokers	9 (22%)
		Unknown	1 (2.4%)
	Pack years	Median (Range)	37.5 (3 -80)
	ECOG	0	5 (12.2%)
		1	25 (61%)
		2	11 (17%)
		3	3 (7.3%)
		4	1 (2.4%)
	Disease stage	I	6 (14.7%)
		II	6 (4.9%)
		III	3 (7.3%)
		IV	30 (73.1%)
	Brain metastasis	At diagnosis	6 (14.6%)
		At relapse	11 (17%)
	Tumor histology	Lung adenocarcinoma	44 (97.5%)
		Not otherwise specified	1 (2.5%)
	Time (months) to progression	Median (Range)	10.2 (0 -48)
	to metastatic disease among		
	patients initially diagnosed		
	w/stage IA-IIIB disease (n=11)		
		Mean (SD)	4 (14.1)
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