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Abstract

:

Background: Assessment of actionable EGFR mutations is mandatory for treatment-naïve advanced or metastatic non-squamous lung carcinoma (NSLC), but the results need to be obtained in less than 10 working days. For rapid EGFR testing, an EGFR-specific polymerase chain reaction (PCR) assay is an alternative and simple approach compared to next generation sequencing (NGS). Here, we describe how a rapid EGFR-specific PCR assay can be implemented in a single laboratory center (LPCE, Nice, France) as reflex testing in treatment-naïve NSLC. Methods: A total of 901 biopsies from NSLC with more than 10% of tumor cells were prospectively and consecutively evaluated for EGFR mutation status between November 2017 and December 2019 using the Idylla system (Biocartis NV, Mechelen, Belgium). NGS was performed for nonsmokers with NSLC wild type for EGFR, ALK, ROS1, and BRAF and with less than 50% PD-L1 positive cells using the Hotspot panel (Thermo Fisher Scientific, Waltham, MA, USA). Results: Results were obtained from 889/901 (97%) biopsies with detection of EGFR mutations in 114/889 (13%) cases using the Idylla system. Among the 562 EGFR wild type tumors identified with Idylla, NGS detected one actionable and one nonactionable EGFR mutation. Conclusions: Rapid and targeted assessment of EGFR mutations in treatment-naïve NSLC can be implemented in routine clinical practice. However, it is mandatory to integrate this approach into a molecular algorithm that allows evaluation of potentially actionable genomic alterations other than EGFR mutations.
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1. Introduction


Around 15–40% of patients with non-squamous lung carcinoma (NSLC) harbor specific mutations in the EGFR gene. The frequency is higher in females, Asians, and nonsmokers [1,2,3]. It is noteworthy that patients with EGFR-mutated NSLC and a history of smoking show response to EGFR tyrosine kinase inhibitor (TKI) treatment, but their outcomes are usually not as good as never-smoking patients [4]. Moreover, both never-smokers and smokers have improvement in progression-free survival (PFS) with TKI therapy compared to chemotherapy. Treatment with EGFR TKI resulted in 36% greater benefit to never-smokers than current or former smokers [5]. The detection of actionable EGFR mutations allows administration of TKI-targeted therapies for late stage NSLC patients, which is the current standard-of-care [6]. Consequently, the molecular assessment of EGFR is mandatory for correct treatment selection in NSLC [6].



According to international guidelines, EGFR status must be obtained in less than 10 working days to allow rapid initiation of therapy [7]. In addition, evaluation of other genomic alterations (rearrangement of ALK, ROS1, and BRAF V600 mutations) is also mandatory in treatment-naïve late stage NSLC [6,7]. Since immunotherapy can be proposed alone or in combination with first-line chemotherapy in patients whose tumors are wild type for EGFR, ALK, ROS1, and BRAF, it is obligatory to obtain the PD-L1 status of tumor cells [7]. However, some actionable targets can be present in other genes (notably MET, RET, NTRK, and HER2), allowing inclusion into clinical trials of patients with EGFR, ALK, ROS1, and BRAF wild-type tumors with less than 50% PD-L1-positive tumor cells. In this case, assessment and validation by a board to evaluate the molecular status of tumors and treatment at an expert lung cancer center are highly recommended.



The detection of EGFR mutations is commonly performed using a specific polymerase chain reaction (PCR) assay or next generation sequencing (NGS) technology. NGS is currently the method of choice for lung tumor genotyping in many academic hospital centers, particularly at baseline. Different panels of genes can be used for NGS to allow physicians to obtain not only the mandatory EGFR, ALK, ROS1, and BRAF status, but also other genomic alterations that allow some patients to be included into clinical trials. In this context, numerous laboratories implemented NGS in routine clinical care to answer clinicians’ requests. Thus, interest in using a single EGFR-specific PCR assay decreased substantially over the last few years.



Consequently, we evaluated if the assessment of the EGFR status in NSLC biopsies using an EGFR-specific PCR assay still has a place in the daily practice of an academic hospital center, and how this single gene testing approach could be integrated into lung cancer patient care.




2. Results


A total of 901/1368 (66%) biopsies had more than a 10% tumor cell content, allowing for the assessment of EGFR mutations using the Idylla assay. A total of 889/901 (97%) biopsies tested using the Idylla assay yielded a successful result. EGFR mutations were detected in 114/889 (13%) cases using the Idylla system (Table 1).



Among the EGFR wild-type tumors, subsequent NGS identified two EGFR mutations that were not present in the Idylla EGFR test panel, as well as some genomic alterations of interest, notably three cases with a HER2 mutation (Table 2). However, none of these five patients received additional targeted therapy. Two patients with EGFR mutations had early-stage lung cancer and did not receive adjuvant treatment. Two patients with HER2 mutations died before a therapeutic decision was made. One patient with an HER2 mutation received chemotherapy after consideration of the high tumor burden by a medical board, but died three weeks later.



The immunohistochemistry (IHC) results identified 31/889 (3.5%) cases with strong ALK staining, 14/889 (1.4%) cases with ROS1-positive staining (all confirmed by ROS1 fluorescence in-situ hybridization [FISH]) and 22/889 (2.5%) cases with positive BRAFV600E staining. A total of 265/889 (30%) biopsies showed a PD-L1 IHC with more than 50% positive tumor cells. The flowchart of this study and the main results are shown in Figure 1.



The turnaround times (TAT) were two days (range of one to three days) and eight days (range of four to sixteen days) for the Idylla and NGS workflows, respectively. The TATs did not take into consideration the time for transport from the clinical department to the clinical pathological laboratory or for the technical procedures and histological diagnosis.




3. Discussion


In comparison to an NGS approach, the use of a specific PCR assay for EGFR mutation assessment in NSLC is questionable for an academic hospital center [8,9], as NGS allows the simultaneous evaluation of numerous genomic alterations across several genes. However, the NGS approach shows some limitations in routine clinical practice for EGFR mutation detection, including that the TAT is usually longer than the TAT associated with the specific PCR assay, the need for specially qualified personnel, the cost of equipment and different reagents, the absence of reimbursement of these tests, which is not guaranteed in all countries, and limited availability in some laboratories. The present work showed the usefulness of an EGFR specific PCR assay using the Idylla system in a single hospital center due to its specificity, sensitivity, and rapidity, since it is very easy to use in a pathology laboratory. Moreover, this assay was easily integrated into the clinical practice of pathologists. In our experience, this approach allowed the laboratory to limit the number of systematic NGS demands made by the physicians for patient care, notably at baseline for treatment-naïve NSLC patients, without prolonging the assessment time compared to NGS.



In our institution (LPCE, Nice, France), the daily practice for the evaluation of NSLC biopsies includes molecular (EGFR) and ALK, ROS1, BRAF, and PD-L1 IHC as reflex testing (Figure 2). These predictive biomarkers are systematically analyzed after histological diagnosis, even if the pTNM staging is only partially known or unknown at this time. Admittedly, for a certain percentage of patients with early stage tumors (12% of patients in the present study), these tests should be avoided in theory. Consequently, for patients with stage I–IIIA NSLC, the presence of detected genomic alterations in EGFR, ALK, ROS1, and BRAF would not result in adjuvant targeted therapy. However, the reflex testing described above allowed time to be saved in therapeutic decision-making for a large majority of late-stage lung cancer patients.



The number of single-gene molecular assays, notably for the evaluation of EGFR status, decreased rapidly in molecular pathology platforms developed in academic hospital centers. For example, 28 French National Cancer Institute genetic platforms were rapidly equipped with NGS, replacing previously used single-gene tests [10]. Due to the rapid emergence of new targeted therapies for different genomic alterations for lung cancer patients and the growing complexity of the molecular landscape of lung cancer, rapid development of NGS approaches using different gene panels was necessary. Moreover, NGS screens many mutations to select patients for inclusion into clinical trials, notably into phase I trials [11]. In this setting, physicians can obtain a large profile of genomic alterations and prepare a therapeutic strategy based on the molecular analysis. While this is an ideal situation in centers with access to several clinical trials, comprehensive molecular screening at baseline may be questioned in routine clinical practice, particularly in hospital centers without phase I clinical trial units. According to the international European guidelines, besides PD-L1 IHC, the mandatory molecular tests for untreated late-stage NSLC patients concern only a few genes, namely, EGFR, ALK, ROS1, and BRAF. The genetic status of these four genes can be assessed rapidly using specific molecular and immunohistochemical assays, significantly reducing the TAT in comparison to NGS. In first-line treatment, a patient receives an EGFR, ALK, ROS1 or BRAF genomic alteration targeted therapy or immunotherapy (with or without chemotherapy) for tumors without druggable alterations in the respective genes. Other second-line treatments may be proposed upon tumor progression for cases with genomic alterations in RET, MET, NTRK, HER2, or other genes, but the patient is also included into a clinical trial most of the time, at least in France. Obtainment of an additional tumor biopsy and NGS analysis of the sample are usually recommended, since some new alterations can be present after tumor progression. Second-line immunotherapy may also be proposed if PD-L1 IHC is positive in more than 1% of the tumor cells present in tissue sections or in certain countries depending on the expression of PD-L1 in the tumor cells. In this context, NGS practice at baseline for broad screening of molecular events could presently be judged as excessive or even as a non-useful, costly approach. According to the quantity and quality of the extracted nucleic acids, the sensitivity of molecular testing can be variable. This is certainly an important issue, since the biological material obtained for lung cancer morphological and molecular biology diagnosis is limited, frequently containing only a few percent of tumor cells. Furthermore, the detection of ALK and ROS1 rearrangements using NGS can be challenging in comparison with IHC and FISH approaches, notably due to the quality of the RNA on formalin-fixed tissue and the quantity required for multiplex approaches. The TAT to obtain the results of predictive biomarkers in thoracic oncology is critical for optimal treatment selection for late-stage lung cancer patients. Thus, protracted EGFR status assessment may force the patient to undergo ineffective and/or toxic treatment, such as chemotherapy and/or immunotherapy [12]. In this regard, a few medical centers developed rapid specific tests targeting EGFR as well as simultaneous NGS testing using the same biopsy [13]. TAT is dependent on the delay between the biopsy procedure and arrival at the clinical and molecular laboratories. Different steps need to be taken into account, such as transmission of the biopsy sample to the clinical pathology laboratory, pre-analytical and analytical times, post-analytical time for histological diagnosis and immunohistochemistry, transmission of the formalin-fixed paraffin embedded (FFPE) tumor to the molecular pathology laboratory, nucleic acid extraction and sequencing time, molecular analysis and quality control, and finally diffusion of the report. Reducing time in regard to EGFR mutation assessment is high priority, and ultra-rapid methods of detection can be mandatory for urgent treatment of patients with EGFR TKIs [12]. In this regard good sensitivity and specificity of the rapid detection of EGFR mutations in tissue and cytological samples using the Idylla system were reported by ourselves and others [14,15,16,17,18]. More importantly, this is a system that delivers EGFR testing results within a few hours, when NGS usually takes up to one or two weeks.



Considering the continuing increase in the incidence of lung cancer and the development of a number of new therapeutic molecules, the cost and interest of the different tests for predictive biomarker detection must be taken into consideration due to the low level of reimbursement rates, as well as the financial sustainability of molecular laboratories in certain countries, including France. Thus, cost is variable according to the country, the laboratory organization, the politics of the institution, the annual number of different tests performed per laboratory, and the molecular tests (e.g., type of NGS panels, probes, nature of the clones used for IHC). NGS testing, notably when using some comprehensive cancer panels, is globally more expensive than specific targeted assays [19]. The different EGFR mutations detected using the specific Idylla EGFR assay and the commercially available NGS panels are quite similar, even if some rare discrepancies may be present. More than 96% of the different EGFR mutations can be detected using both the Idylla EGFR test and the NGS hotspot panel. Certain rare mutations detected in the latter panel are absent in the Idylla EGFR test panel. However, the impact of this discrepancy on patient care is very low, as efficient and approved therapies are missing for those mutations [20,21]. Thus, these very rare mutations were not reported to be actionable for the different TKIs [22,23,24]. It is important to be aware of the possibility of obtaining a false-negative EGFR mutation using the Idylla device, however, only one discrepancy on druggable alterations was observed, highlighting the reliability of the Idylla device [25]. The false-negative results may be due to the sensitivity of the technique for EGFR detection, in particular in the case of a very low allele frequency, but also in the case of a low percentage of tumor cells with the EGFR mutation in the tissue section before DNA extraction. Importantly, no false-positive calls were observed in our study in the retrospective cohort of 80 samples.




4. Materials and Methods


A retrospective study of 80 NSLC biopsies was first performed as a training set. These tumors were comparatively assessed for EGFR mutations using the EGFR assay with the Idylla device (Biocartis) and the Hotspot V2 panel with an ion S5 sequencer (Thermo Fisher, Waltham, MA, USA), as described previously [26,27]. Briefly, the Idylla method was carried out using the same tissue blocks as those used for the NGS method; a 10 μm thick FFPE tissue section was loaded directly into the cartridge using sterile forceps and was then placed in the Idylla system, allowing integrated DNA extraction and mutational hotspot analysis. In case of a discrepancy between the results using these two methods (i.e., an EGFR mutation detected with the NGS approach rather than the Idylla approach) an orthogonal method using dPCR (Stilla, Villejuif, France) was performed as described [28]. Briefly, the purity of the DNA was assessed by absorbance using a Nanodrop spectrophotometer (ThermoFischer, Waltham, MA, USA) prior to quantification by a fluorescent method using the Qubit Fluorimeter (ThermoFischer, Waltham, MA, USA). Oligonucleotide primers and hydrolysis probes were synthesized by Eurogentec (Liège, Belgium) in RP-HPLC-grade. MixPCR reactions were carried out using the PerfeCta Multiplex qPCRToughMix (Quanta Biosciences, Gaithersburg, MD, USA). To allow adequate imaging of all droplets for software analysis, FITC (Saint Louis, MO, USA) was added to each reaction to reach a final concentration of 40 nM. The Naica Geode was programmed to perform the sample partitioning step, followed by the PCR thermal cycling program: 95 °C for 10 min, followed by 45 cycles of 95 °C for 10 s and 60 °C for 15 s. Total droplet enumeration and droplet quality control, enabled by the detection of the reference dye FITC in the Blue channel, was performed using Crystal Reader software.



Following technical evaluation, a prospective analysis was done from November 2017 to December 2019 on a consecutive series of 1368 patients hospitalized in Nice University Hospital (Nice, France), who had NSLC diagnosed by bronchial or transthoracic biopsies. In parallel, ALK (D5F3, Ventana, Tucson, AZ, USA), ROS1 IHC (D4D6, Cell Signaling), BRAFV600E (VE1, Ventana), and PD-L1 (Dako, Carpenteria, CA, USA) immunohistochemistry was performed according to previous studies [29,30,31]. Briefly, specimens were sectioned at a thickness of 3 μm and stained on positively charged glass slides stored at 4 °C within one day after sectioning. Deparaffinization and antigen retrieval was performed with CCI (prediluted; pH 8.0) antigen retrieval solution (ref. No. 950–124, Ventana Medical Systems, Inc.), performed using the the Ventana BenchMark ULTRA automated slide stainer. Specimens were incubated with the above-cited primary antibodies, followed by visualization using the OptiView DAB IHC Detection Kit (Ventana) and OptiView Amplification (Ventana). Finally, the specimens were counterstained with hematoxylin II and bluing reagent (Ventana) and coverslipped. ALK FISH was performed in the case of weak or moderate ALK IHC staining, as described previously [32]. ROS1 FISH was performed for positive ROS1 IHC as described [29] (Figure 2).



EGFR mutation analysis was performed on the fully automated Idylla platform following the manufacturer’s protocol, as previously described [16,26]. Briefly, one tissue section of 10 μm was used for each biopsy and placed directly in the appropriate Idylla EGFR mutation cartridge. The main epidemiological and pathological data of the patients included in this study are reported in Table 3. NGS was performed in (i) EGFR wild-type tumors after Idylla analysis of non-smokers and (ii) on specific request made by the physician (e.g., in the case of a young patient, and/or rapid tumor progression, and/or for potential inclusion in a clinical trial), representing 83/889 (9%) cases in total. The different EGFR mutations detected according to the technology used were compared. Moreover, the TATs of Idylla and NGS, from the registry of the FFPE tissue block in the pathology molecular department to emission of the report, were compared.




5. Conclusions


In conclusion, certain teams, including ours, limit the use of NGS at baseline for certain patients and integrate the practice of a large sequencing approach using a specific algorithm for predictive biomarker testing [33]. The algorithm proposed to physicians for patient care could be modified and should be adapted to the circuit of the samples, the different therapeutic strategies available, the requests of the physicians, and the financial model of the molecular pathology laboratory. NGS using large panels is promising for the detection of new therapeutic targets, even though recent studies showed that there is currently little benefit to real-life patients [11]. Similarly, in our study, which included a limited number of patients, the NGS results did not allow the inclusion of a patient into a clinical trial. However, it is reasonable to argue that therapeutic molecules targeting additional genes other than EGFR, ALK, ROS1, and BRAF would obtain FDA and EMA approval in the near-future for use in front-line care of late-stage non-squamous lung carcinoma. This is the case for drugs targeting NTRK fusion that were recently approved by the FDA and EMA. In this context, the assessment of EGFR status using a single-gene assay may be very useful in the near-future, even for treatment-naïve patients. Moreover, the cost of NGS should soon come down and become more competitive for single-gene testing [34]. Concomitant mutational evaluation after NGS analysis, particularly when looking for genomic alterations associated with EGFR mutation, may change TKI indications for these patients in the future, thus encouraging systematical molecular assessment by NGS [2,35,36].







Author Contributions


Conceptualization, P.H.; methodology, S.L. (Sandra Lassalle), V.H., P.H.; investigation, S.L. (Sandra Lassalle), V.H., S.H., J.B. (Jonathan Benzaquen), E.L. (Elodie Long), M.P., E.L. (Elisabeth Lantéri), J.B. (Jacques Boutros), V.T., K.Z., S.L. (Salomé Lalvée), V.L., O.B., C.B., C.M., M.I., and P.H.; resources S.L. (Sandra Lassalle), V.H., J.B. (Jonathan Benzaquen), E.L. (Elodie Long), M.P., E.L. (Elisabeth Lantéri), J.B. (Jacques Boutros), C.M., M.I., and P.H.; data curation, J.-M.F. and C.B.; writing—original draft preparation, P.H.; writing—review and editing, S.L. (Sandra Lassalle), V.H., and S.H.; visualization, P.H.; supervision, P.H.; funding acquisition, P.H. All authors read and agreed to the published version of the manuscript.




Funding


This work has been supported by the French Government (National Research Agency, ANR) through the “Investments for the Future” LABEX SIGNALIFE: program reference # ANR-11-LABX-0028-01.




Acknowledgments


The authors thank the «cancéropôle PACA», the «conseil départemental 06 des Alpes Maritimes», and the «ligue départementale 06 de lutte contre le cancer». The authors thank Christiane Brahimi-Horn for proof reading.




Conflicts of Interest


S.H. received honoriara from Boehringer Ingelheim and Qiagen as well as travel expenses from Roche. M.I. received honoriara from AstraZeneca and Boehringer-Ingelheim. P.H. received honoriara from AstraZeneca, Boehringer-Ingelheim, Bioacartis, Roche, Bristol Myers Squibb, Thermofisher Scientific, Qiagen, Illumina, Pfizer, Pierre Fabre, and MSD. The other authors declare no conflict of interest.




References


	



Zhang, Y.-L.; Yuan, J.-Q.; Wang, K.-F.; Fu, X.-H.; Han, X.-R.; Threapleton, D.; Yang, Z.-Y.; Mao, C.; Tang, J.-L. The prevalence of EGFR mutation in patients with non-small cell lung cancer: A systematic review and meta-analysis. Oncotarget 2016, 7, 78985–78993. [Google Scholar] [CrossRef] [PubMed]

	



Skoulidis, F.; Heymach, J.V. Co-occurring genomic alterations in non-small-cell lung cancer biology and therapy. Nat. Rev. Cancer 2019, 19, 495–509. [Google Scholar] [CrossRef] [PubMed]

	



Castellanos, E.; Feld, E.; Horn, L. Driven by Mutations: The Predictive Value of Mutation Subtype in EGFR -Mutated Non–Small Cell Lung Cancer. J. Thorac. Oncol. 2017, 12, 612–623. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Nie, X.; Bie, Z.; Li, L. Impact of heavy smoking on the benefits from first-line EGFR-TKI therapy in patients with advanced lung adenocarcinoma. Medicine 2018, 97, e0006. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.K.; Wu, Y.-L.; Ding, P.N.; Lord, S.J.; Inoue, A.; Zhou, C.; Mitsudomi, T.; Rosell, R.; Pavlakis, N.; Links, M.; et al. Impact of Specific Epidermal Growth Factor Receptor (EGFR) Mutations and Clinical Characteristics on Outcomes After Treatment With EGFR Tyrosine Kinase Inhibitors Versus Chemotherapy in EGFR -Mutant Lung Cancer: A Meta-Analysis. J. Clin. Oncol. 2015, 33, 1958–1965. [Google Scholar] [CrossRef]

	



Planchard, D.; Popat, S.; Kerr, K.; Novello, S.; Smit, E.F.; Faivre-Finn, C.; Mok, T.S.; Reck, M.; Van Schil, P.E.; Hellmann, M.D.; et al. Metastatic non-small cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2018, 29, iv192–iv237. [Google Scholar] [CrossRef] [PubMed]

	



Kalemkerian, G.P.; Narula, N.; Kennedy, E.B.; Biermann, W.A.; Donington, J.; Leighl, N.B.; Lew, M.; Pantelas, J.; Ramalingam, S.S.; Reck, M.; et al. 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. J. Clin. Oncol. 2018, 36, 911–919. [Google Scholar] [CrossRef]

	



Evrard, S.M.; Taranchon-Clermont, E.; Rouquette, I.; Murray, S.; Dintner, S.; Nam-Apostolopoulos, Y.-C.; Bellosillo, B.; Varela-Rodriguez, M.; Nadal, E.; Wiedorn, K.H.; et al. Multicenter Evaluation of the Fully Automated PCR-Based Idylla EGFR Mutation Assay on Formalin-Fixed, Paraffin-Embedded Tissue of Human Lung Cancer. J. Mol. Diagn. 2019, 21, 1010–1024. [Google Scholar] [CrossRef]

	



Sheikine, Y.; Rangachari, D.; McDonald, D.C.; Huberman, M.S.; Folch, E.S.; VanderLaan, P.A.; Costa, D.B. EGFR Testing in Advanced Non-Small-Cell Lung Cancer, A Mini-Review. Clin. Lung Cancer 2016, 17, 483–492. [Google Scholar] [CrossRef]

	



Séquençage à Haut Débit. Available online: https://lesdonnees.e-cancer.fr/Themes/Soins/Les-tests-de-genetique-somatique/Les-tests-de-genetique-somatique/Sequencage-a-haut-debit#graphique (accessed on 7 February 2020).

	



Trédan, O.; Wang, Q.; Pissaloux, D.; Cassier, P.; de la Fouchardière, A.; Fayette, J.; Desseigne, F.; Ray-Coquard, I.; de la Fouchardière, C.; Frappaz, D.; et al. Molecular screening program to select molecular-based recommended therapies for metastatic cancer patients: Analysis from the ProfiLER trial. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2019, 30, 757–765. [Google Scholar] [CrossRef]

	



Rangachari, D.; Drake, L.; Huberman, M.S.; McDonald, D.C.; VanderLaan, P.A.; Folch, E.; Costa, D.B. Rapidly fatal advanced EGFR-mutated lung cancers and the need for rapid tumor genotyping in clinical practice. Cancer Treat. Commun. 2016, 9, 41–43. [Google Scholar] [CrossRef] [PubMed]

	



Dagogo-Jack, I.; Azzolli, C.G.; Fintelmann, F.; Mino-Kenudson, M.; Farago, A.F.; Gainor, J.F.; Jiang, G.; Piotrowska, Z.; Heist, R.S.; Lennes, I.T.; et al. Clinical Utility of Rapid EGFR Genotyping in Advanced Lung Cancer. JCO Precis. Oncol. 2018, 2018. [Google Scholar] [CrossRef] [PubMed]

	



Bocciarelli, C.; Cohen, J.; Pelletier, R.; Tran Van Nhieu, J.; Derman, J.; Favre, L.; Bourgogne, A.; Monnet, I.; Chouaid, C.; Pujals, A. Evaluation of the Idylla system to detect the EGFRT790M mutation using extracted DNA. Pathol. Res. Pract. 2020, 216, 152773. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, C.; Gragnano, G.; Pisapia, P.; Vigliar, E.; Malapelle, U.; Bellevicine, C.; Troncone, G. EGFR mutation detection on lung cancer cytological specimens by the novel fully automated PCR-based Idylla EGFR Mutation Assay. J. Clin. Pathol. 2017, 70, 295–300. [Google Scholar] [CrossRef] [PubMed]

	



Ilie, M.; Butori, C.; Lassalle, S.; Heeke, S.; Piton, N.; Sabourin, J.-C.; Tanga, V.; Washetine, K.; Long-Mira, E.; Maitre, P.; et al. Optimization ofEGFRmutation detection by the fully-automated qPCR-based Idylla system on tumor tissue from patients with non-small cell lung cancer. Oncotarget 2017, 8, 103055–103062. [Google Scholar] [CrossRef]

	



Van Haele, M.; Vander Borght, S.; Ceulemans, A.; Wieërs, M.; Metsu, S.; Sagaert, X.; Weynand, B. Rapid clinical mutational testing of KRAS, BRAF and EGFR: A prospective comparative analysis of the Idylla technique with high-throughput next-generation sequencing. J. Clin. Pathol. 2020, 73, 35–41. [Google Scholar] [CrossRef]

	



Lambros, L.; Caumont, C.; Guibourg, B.; Barel, F.; Quintin-Roué, I.; Marcorelles, P.; Merlio, J.-P.; Uguen, A. Evaluation of a fast and fully automated platform to diagnose EGFR and KRAS mutations in formalin-fixed and paraffin-embedded non-small cell lung cancer samples in less than one day. J. Clin. Pathol. 2017, 70, 544–549. [Google Scholar] [CrossRef]

	



Layfield, L.J.; Hammer, R.D.; White, S.K.; Furtado, L.V.; Schmidt, R.L. Molecular Testing Strategies for Pulmonary Adenocarcinoma: An Optimal Approach with Cost Analysis. Arch. Pathol. Lab. Med. 2019, 143, 628–633. [Google Scholar] [CrossRef]

	



El-Deiry, W.S.; Goldberg, R.M.; Lenz, H.; Shields, A.F.; Gibney, G.T.; Tan, A.R.; Brown, J.; Eisenberg, B.; Heath, E.I.; Phuphanich, S.; et al. The current state of molecular testing in the treatment of patients with solid tumors, 2019. CA Cancer J. Clin. 2019, 69, 305–343. [Google Scholar] [CrossRef]

	



Charrier, M.; Mezquita, L.; Lueza, B.; Dupraz, L.; Planchard, D.; Remon, J.; Caramella, C.; Cassard, L.; Boselli, L.; Reiners, K.S.; et al. Circulating innate immune markers and outcomes in treatment-naïve advanced non–small cell lung cancer patients. Eur. J. Cancer 2019, 108, 88–96. [Google Scholar] [CrossRef]

	



Chih-Hsin Yang, J.; Schuler, M.; Popat, S.; Miura, S.; Heeke, S.; Park, K.; Märten, A.; Kim, E.S. Afatinib for the Treatment of Non-Small Cell Lung Cancer Harboring Uncommon EGFR Mutations: A Database of 693 Cases. J. Thorac. Oncol. 2020. [Google Scholar] [CrossRef]

	



Vyse, S.; Huang, P.H. Targeting EGFR exon 20 insertion mutations in non-small cell lung cancer. Signal Transduct. Target. Ther. 2019, 4, 5. [Google Scholar] [CrossRef] [PubMed]

	



O’Kane, G.M.; Bradbury, P.A.; Feld, R.; Leighl, N.B.; Liu, G.; Pisters, K.-M.; Kamel-Reid, S.; Tsao, M.S.; Shepherd, F.A. Uncommon EGFR mutations in advanced non-small cell lung cancer. Lung Cancer 2017, 109, 137–144. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.; Springborn, S.; Haug, K.; Bartow, K.; Samra, H.; Menon, S.; Mackinnon, A.C. Evaluation, Validation, and Implementation of the Idylla System as Rapid Molecular Testing for Precision Medicine. J. Mol. Diagn. 2019, 21, 862–872. [Google Scholar] [CrossRef] [PubMed]

	



Heeke, S.; Hofman, P. EGFR Mutation Analysis in Non-small Cell Lung Carcinoma from Tissue Samples Using the Fully Automated IdyllaTM qPCR System. Methods Mol. Biol. 2019, 2054, 147–155. [Google Scholar] [CrossRef]

	



Heeke, S.; Hofman, V.; Long-Mira, E.; Lespinet, V.; Lalvée, S.; Bordone, O.; Ribeyre, C.; Tanga, V.; Benzaquen, J.; Leroy, S.; et al. Use of the ion PGM and the genereader NGS systems in daily routine practice for advanced lung adenocarcinoma patients: A practical point of view reporting a comparative study and assessment of 90 patients. Cancers 2018, 10, 88. [Google Scholar] [CrossRef]

	



Heeke, S.; Benzaquen, J.; Hofman, V.; Ilié, M.; Allegra, M.; Long-Mira, E.; Lassalle, S.; Tanga, V.; Salacroup, C.; Bonnetaud, C.; et al. Critical Assessment in Routine Clinical Practice of Liquid Biopsy for EGFR Status Testing in Non-Small-Cell Lung Cancer: A Single-Laboratory Experience (LPCE, Nice, France). Clin. Lung Cancer 2020, 21, 56–65. [Google Scholar] [CrossRef]

	



Hofman, V.; Rouquette, I.; Long-Mira, E.; Piton, N.; Chamorey, E.; Heeke, S.; Vignaud, J.M.; Yguel, C.; Mazières, J.; Lepage, A.-L.; et al. Multicenter Evaluation of a Novel ROS1 Immunohistochemistry Assay (SP384) for Detection of ROS1 Rearrangements in a Large Cohort of Lung Adenocarcinoma Patients. J. Thorac. Oncol. 2020, 14, 1204–1212. [Google Scholar] [CrossRef]

	



Ilie, M.; Khambata-Ford, S.; Copie-Bergman, C.; Huang, L.; Juco, J.; Hofman, V.; Hofman, P. Use of the 22C3 anti-PD-L1 antibody to determine PD-L1 expression in multiple automated immunohistochemistry platforms. PLoS ONE 2017, 12, e0183023. [Google Scholar] [CrossRef]

	



Ilie, M.; Long, E.; Hofman, V.; Dadone, B.; Marquette, C.H.; Mouroux, J.; Vignaud, J.M.; Begueret, H.; Merlio, J.P.; Capper, D.; et al. Diagnostic value of immunohistochemistry for the detection of the BRAF mutation in primary lung adenocarcinoma Caucasian patients. Ann. Oncol. 2013, 24, 742–748. [Google Scholar] [CrossRef]

	



Ilie, M.; Long, E.; Butori, C.; Hofman, V.; Coelle, C.; Mauro, V.; Zahaf, K.; Marquette, C.H.; Mouroux, J.; Paterlini-Bréchot, P.; et al. ALK-gene rearrangement: A comparative analysis on circulating tumour cells and tumour tissue from patients with lung adenocarcinoma. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2012, 23, 2907–2913. [Google Scholar] [CrossRef] [PubMed]

	



Ezeife, D.A.; Morganstein, B.J.; Lau, S.; Law, J.H.; Le, L.W.; Bredle, J.; Cella, D.; Doherty, M.K.; Bradbury, P.; Liu, G.; et al. Financial Burden Among Patients with Lung Cancer in a Publically Funded Health Care System. Clin. Lung Cancer 2019, 20, 231–236. [Google Scholar] [CrossRef] [PubMed]

	



Yu, T.M.; Morrison, C.; Gold, E.J.; Tradonsky, A.; Arnold, R.J.G. Budget Impact of Next-Generation Sequencing for Molecular Assessment of Advanced Non–Small Cell Lung Cancer. Value Health 2018, 21, 1278–1285. [Google Scholar] [CrossRef] [PubMed]

	



Offin, M.; Rizvi, H.; Tenet, M.; Ni, A.; Sanchez-Vega, F.; Li, B.T.; Drilon, A.; Kris, M.G.; Rudin, C.M.; Schultz, N.; et al. Tumor Mutation Burden and Efficacy of EGFR-Tyrosine Kinase Inhibitors in Patients with EGFR -Mutant Lung Cancers. Clin. Cancer Res. 2019, 25, 1063–1069. [Google Scholar] [CrossRef]

	



Cheng, M.L.; Oxnard, G.R. Does TMB Impact the Effectiveness of TKIs in EGFR -Mutant NSCLC? Clin. Cancer Res. 2019, 25, 899–900. [Google Scholar] [CrossRef]








[image: Cancers 12 00955 g001 550] 





Figure 1. Flowchart of the study. 
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Figure 2. Flowchart of the study. * PD-L1: NSCLC all stages. 
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Table 1. EGFR mutations detected using the Idylla system.






Table 1. EGFR mutations detected using the Idylla system.





	Idylla System
	Number (%)





	Invalid
	12 (1.3%)



	No mutation detected
	775 (86%)



	Del exon 19
	51 (5.6%)



	Del exon 19 + T790M
	3 (0.3%)



	L858R
	34 (3.9%)



	L858R + T790M
	1 (0.1%)



	L861Q
	10 (1.1%)



	G719A/C/S
	5 (0.6%)



	G719A/C/S + S768I
	4 (0.5%)



	S768I
	3 (0.3%)



	Ins exon 20
	3 (0.3%)
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Table 2. EGFR mutations not present in the Idylla panel and HER2 mutations detected using the hotspot next generation sequencing (NGS) panel.






Table 2. EGFR mutations not present in the Idylla panel and HER2 mutations detected using the hotspot next generation sequencing (NGS) panel.





	Idylla Panel
	Hotspot NGS Panel
	Genes





	Wild type
	p.L747_S752 > Q, c.2239_2256 > CAA
	EGFR Exon 19



	Wild type
	p.P772_H773dup, c.2314_2319dup
	EGFR Exon 20



	Not applicable
	c.2325_2326insTCCGTGATGGCT; p.Ala775_Gly77linsSerValMetAla
	HER2



	Not applicable
	c.2325_2330delins18; p.Gly776_Val777delinsTyrValMetAlaGlyGly
	HER2



	Not applicable
	c.2585C > T; p.Thr862Ile
	HER2
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Table 3. Main epidemiological and pathological data.






Table 3. Main epidemiological and pathological data.





	
Age (Years)

	
Mean (Range)

	
66 (36–98)






	
Sex

	
F

	
363 (40.3%)




	
M

	
538 (59.7%)




	
Smoking history

	
Smokers

	
707 (78.5%)




	
Non-smokers

	
95 (10.5%)




	
Unknown

	
99 (11%)




	
Stage

	
I

	
13 (1.4%)




	
II

	
25 (2.8%)




	
III

	
115 (12.8%)




	
IV

	
465 (51.6%)




	
Unknown (at the time of the histological diagnosis)

	
283 (31.4%)




	
Samples

	
Surgical lymph node biopsy

	
52 (5.8%)




	
Surgical pleural biopsy

	
48 (5.3%)




	
Core needle biopsy

	
202 (22.5%)




	
Bronchial biopsy

	
599 (66.4%)




	
Histological type

	
Lung adenocarcinoma

	
795 (88.2%)




	
NSCLC NOS

	
91 (10.1%)




	
Large cell carcinoma

	
15 (1.7%)




	
Tumor cellularity

	
Mean (Range)

	
45% (15–95%)




	
Type of pathological material

	
Formalin fixed paraffin embedded

	
872 (97%)




	
Fresh tissue

	
29 (3%)
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