Bernard Albat 
  
Claude Humeau 
  
Yves Allieu 
  
Claude Jaffiol 
  
Robert Alric 
  
Charles Janbon 
  
Bernard Arnaud 
  
François Janbon 
  
Gérard Asencio 
  
Daniel Jarry 
  
Jacques Astruc 
  
Jacques Jourdan 
  
Charles Aussilloux 
  
Bernard Klein 
  
Michel Averous 
  
François Laffargue 
  
Guy Ayral 
  
Jean Gabriel Lallemant 
  
Xavier Baillat 
  
Jean-Louis Lamarque 
  
Pierre Baldet 
  
Henri Lapeyrie 
  
Michel Baldy-Moulinier 
  
Jean-Louis Leroux 
  
Jean-Louis Balmes 
  
Daniel Lesbros 
  
Nicole Bansard 
  
François Michel Lopez 
  
René Baylet 
  
Jean Loriot 
  
Michel Billiard 
  
Marie Madeleine Loubatieres 
  
Jean-Marie Blard 
  
Bernard Magnan De Bornier 
  
Jean Blayac 
  
Marty Pierre 
  
Charles Ane 
  
Francis Blotman 
  
Pierre Mathieu-Daude 
  
François Bonnel 
  
Jean Meynadier 
  
Jean-Marie Bourgeois 
  
François-Bernard Michel 
  
Jean Bousquet 
  
Charles Mion 
  
Jean Michel Bruel 
  
Henri Mion 
  
Jean-Paul Bureau 
  
Luis Miro 
  
Michel Brunel 
  
Maurice Navarro 
  
Bernard Canaud 
  
Henri Navratil 
  
Paul-André Chaptal 
  
Jacques Othoniel 
  
Albert-Jean Ciurana 
  
Michel Pages 
  
Jacques Clot 
  
Claude Peguret 
  
Pierre Costa 
  
Jacques Pelissier 
  
Françoise D'athis 
  
Pierre Petit 
  
Jacques Demaille 
  
Régis Pouget 
  
Bernard Descomps 
  
Henri Pujol 
  
Alain Dimeglio 
  
Pierre Rabischong 
  
Jean Bernard Dubois 
  
Michel Ramuz 
  
Pierre Dujols 
  
Jean Reboul 
  
Robert Dumas 
  
Daniel Rieu 
  
Romain Dumazer 
  
Henri Rochefort 
  
Rouanet Echenne Bernard 
  
Lavit De Vigne 
  
Pierre Jean 
  
Serge Fabre 
  
Aubert Bernard Saint 
  
Jean-Marc Frapier 
  
Hélène Sancho-Garnier 
  
Philippe Frerebeau 
  
Jacques Galifer Sany 
  
Benoît René 
  
François Segnarbieux 
  
Guilhem Godlewski 
  
Jean-Paul Senac 
  
Daniel Grasset 
  
Arlette Serre 
  
Jean-Jacques Guilhou 
  
Claude Solassol 
  
Pierre Guiter 
  
Isabelle Touitou 
  
Jacques Hedon Berbard Vidal 
  
Jean Hertault 
  
Jean Pierre Visier 
  
Emérites Professeurs 
  
Docteurs 
  
Jean-Claude Artus 
  
Dominique Prat 
  
Patrick Bastien 
  
Joseph Pujol 
  
François Blanc 
  
Alain Bonafe 
  
Jean-Philippe Boulenger 
  
Gérard Bourrel 
  
Jacques Bringer 
  
Mireille Claustres 
  
Bernard Combe 
  
Jean-Pierre Daures 
  
Michel Dauzat 
  
Jean-Marc Davy 
  
Jean-Pierre Dedet 
  
Jean-Jacques Eledjam 
  
Robert Grolleau Raoux 
  
Bernard Guerrier 
  
Bernard Guillot 
  
Olivuer Jonquet 
  
Paul Landais 
  
Dominique Larrey 
  
Alain Le Quellec 
  
Pierre Mares 
  
Thierry Maudelonde 
  
Michèle Maury 
  
Patrick Messner 
  
Bertrand Millat 
  
Louis Monnier 
  
Georges Mourad 
  
Christian Prefaut 
  
Rémy Pujol 
  
Jean Ribstein 
  
Jean-François Schved 
  
Charles Sultan 
  
Jacques Touchon 
  
Alain Uziel 
  
Michel Voisin 
  
Michel Zanca 
  
Pu-Ph De 
  
Classe 
  
Céline Bourgier 
  
Cancérologie 
  
Delphine Capdevielle 
  
Pierre-Géraud Claret 
  
Médecine 
  
Pierre-Emmanuel Colombo 
  
Vincent Ophtalmologie Daien 
  
Anne Dorandeu 
  
Fuchs Florent 
  
Gabelle Deloustal 
  
Audrey Neurologie 
  
Gaujoux Viala 
  
Cécile Rhumatologie 
  
Godreuil Sylvain 
  
Immediato Daien 
  
Claire Rhumatologie 
  
Jacot William 
  
Radiothérapie Jeziorski 
  
Eric Pédiatrie 
  
Lallemant Benjamin 
  
Oto-Rhino-Laryngologie Professeurs 
  
Des Universites 
  
Laoudj Chenivesse 
  
Laurent Visier 
  
Sociologie 
  
Lambert Philippe 
  
Amouyal Michel 
  
Clary Bernard 
  
Garcia Marc 
  
Professeurs Associes -Médecine 
  
Bessis Didier 
  
Dermato-Vénéréologie Meunier 
  
Isabelle Ophtalmologie 
  
Muller Laurent 
  
Pierre-François Perrigault 
  
Quantin Xavier 
  
Pneumologie Roubertie 
  
Agathe Pédiatrie 
  
Viel Eric 
  
Benoît Roch 
  
Guillaume Pneumologie 
  
Souche Génétique 
  
François-Régis 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
PERSONNEL ENSEIGNANT Professeurs Honoraires

Professeurs des Universités -Praticiens Hospitaliers PU-PH de classe exceptionnelle

A mes co-internes de l'ICM:

Chloé, pour le bonheur chaque jour de travailler avec toi et pour une amitié qui je l'espère durera. PIL, pour les fous rires sur Maria Carey à Noel. Et sans oublier Héloïse, Amandine et Jérémy.

A mes co-internes de l'Institut Curie:

Aux totally spies, Emilie et Sophie, qui me manquent déjà. Et à Jordan, notre Jerry, pour être toujours prêt à manger une raclette. 

Aux paramed et secrétaires sans qui nos vies ne seraient pas les mêmes:

A mes amis de toujours:

Mayane, on se colle aux bask' depuis tant d'années alors pour commencer merci de me supporter. Merci pour ton amour inconditionnel, pour me donner le sentiment d'être capable de tout accomplir, merci d'être mon amie de toute une vie. Pauline, Paupau, merci pour toutes ces années de franche rigolade mais aussi de drama. On a grandi ensemble et je ne serai pas celle que je suis aujourd'hui sans toi. Laura, merci de me faire rire avec ta folie et d'être toujours prête à faire la fête. Coraline, ma Belette, mon rayon de soleil, hâte de venir te voir dans ta nouvelle contrée.

Aux musicos:

Camille, Guigui, Mathilde, Rémi, Coline, Elisa, Manue, Yann et Alex. Merci pour Merville et Falaise, les deux semaines les plus attendues de l'année. Merci d'avoir toujours été au rendezvous, dans les bons comme dans les mauvais moments. On sera toujours une grande famille.

Aux caribous:

Marine, marinade, ma sirène, à toi qui m'a suivie jusqu'ici, un soutien sans faille dans tous mes moments de doute. J'espère que malgré ton retour en Normandie tu ne m'oublieras pas et que j'aurais toujours le droit de voir une olive sous ton philtrum ^^ Camille, Cam, mon chaton, à ce premier matin embué dans le tramway qui t'aura marqué mais surtout à toutes ces années d'amitié qui ont suivi, de révisions et de soirées endiablées, de lits partagés et surtout le Sud ensemble, pourvu que ça dure. Marie, ma chériiiiie, merci pour ton rire, pour ta bonne humeur en toute occasion même quand tu te fais voler littéralement toutes tes affaires ! Merci d'être toi, spontanée, joyeuse, drôle en toute circonstance. J-C, j-six, Jean-Claude, merci pour ton audace, pour ta drôlerie, pour être toujours la pour m'être l'ambiance avec tes idées folles (comme nos costumes de fées marraines) mais aussi pour ta sensibilité. Lung cancer remains one of the most prevalent cancers in both gender; and also the leading cause of cancer death worldwide [START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]. Eighty-five percent of cases are non-small cell lung cancers (NSCLC), with a better prognosis for early stages considered as resectable, from stages I to IIIA. Therefore, early detection and treatment are critical to improve NSCLC outcome [START_REF] Goldstraw | The IASLC Lung Cancer Staging Project: Proposals for Revision of the TNM Stage Groupings in the Forthcoming (Eighth) Edition of the TNM Classification for Lung Cancer[END_REF].

Recent studies showed that dedicated radiological screening programs significantly improve mortality by lung cancer, by detecting more early-staged disease [START_REF] Lung | Reduced lung-cancer mortality with low-dose computed tomographic screening[END_REF][START_REF] De Koning | Reduced Lung-Cancer Mortality with Volume CT Screening in a Randomized Trial[END_REF]. Thus, lung cancer radiological screening (LCRS) tends to become a standard of care with an expected sharp increase of resectable cases proportion at diagnosis, and so, the need to better manage perioperative period.

Once the tumour is resected, oncologic adjuvant cares should be considered, but they are halfblinded, with no accurate information about MRD [START_REF] Frisone | The Role and Impact of Minimal Residual Disease in NSCLC[END_REF]. For example, the most commonly applied risk factor of tumour size > 4 cm has a specificity (Sp) of only 50% for predicting recurrence [START_REF] Butts | Randomized Phase III Trial of Vinorelbine Plus Cisplatin Compared With Observation in Completely Resected Stage IB and II Non-Small-Cell Lung Cancer: Updated Survival Analysis of JBR-10[END_REF].

According to the National Comprehensive Cancer Network guidelines, adjuvant chemotherapy is recommended for patients with stage II-IIIA and high-risk stage IB NSCLC patients after radical surgery, which has shown only 5% improvement in the 5-year overall survival rate [START_REF] Pignon | Lung Adjuvant Cisplatin Evaluation: A Pooled Analysis by the LACE Collaborative Group[END_REF]. A significant improvement of the prognosis of these patients is thus needed, due to the real lack of an accurate technique that optimizes MRD identification.

MRD definition

In early-stage NSCLC, MRD would be described as persisting disease after resection, either on site, in the bloodstream or even as micro metastases. So, MRD might be responsible for local and/or distant relapses and should be precisely detected, as it has extensively been performed for years in haematological malignancies. In solid tumours, the challenge remains on detecting circulating information despite very low concentrations. Indeed, in the context of MRD, the tumour fraction of circulating DNA is significantly lower because it is correlated to the disease burden [START_REF] Abbosh | Phylogenetic ctDNA analysis depicts early stage lung cancer evolution[END_REF] and therefore much more difficult to identify.

Currently, computed tomography scanner (CT-scan) remains the GOLD standard for detecting recurrence after surgery, but only identifies lesions larger than 3 mm (14 mm3), which corresponds to more than 7 million cancer cells. Therefore, there is a need to use modern techniques to detect MRD and make our method more accurate.

It is well established now that tumours release cell-free nucleic acids in biological fluids, especially blood [START_REF] Gormally | Amount of DNA in plasma and cancer risk: a prospective study[END_REF]. Therefore, liquid biopsies, like plasma circulating tumour DNA (ctDNA), sometimes harbouring tumour genetic alterations, are progressively investigated in the detection of MRD, after their validation in advanced NSCLC. The advantage is that they can be easily collected with minimal discomfort for the patient through a non-invasive procedure.

Liquid biopsy approach

While ctDNA sequencing has been a mature technology for comprehensive cancer profiling [START_REF] Jiang | The diagnostic value of circulating cell free DNA quantification in non-small cell lung cancer: A systematic review with meta-analysis[END_REF], a sensitive and accurate ctDNA method of determination in blood has always been the holy grail. After NSCLC treatment with curative intent, the major challenge for detecting MRD through ctDNA remains the low quantity of ctDNA in plasma, often at levels below 0.1% (as a percentage of total circulating DNA (cirDNA)).

ctDNA analysis for diagnostics is currently limited as a routine clinical test to mutation [START_REF] Sozzi | Clinical Utility of a Plasma-Based miRNA Signature Classifier Within Computed Tomography Lung Cancer Screening: A Correlative MILD Trial Study[END_REF]. Their signature was tested on the MILD trial population, comprising individuals at risk of lung cancer at screening.

Among the 939 participants, the false-positive rate of low-dose computer tomography was significantly reduced by the use of MSC, from 19.4% to 3.7%, hereby enhancing the efficacy of LCS.

In addition, tumour suppressor genes are frequently hypermethylated in tumours, and such epigenetic changes are potential markers to detect and monitor [START_REF] Zöchbauer-Müller | Aberrant DNA Methylation in Lung Cancer: Biological and Clinical Implications[END_REF]. These epigenetic modifications are particularly prevalent in NSCLC because they are often due to environmental exposures [START_REF] Dumitrescu | Epigenetic Markers of Early Tumor Development[END_REF]. A specific group of miRNAs, called epi-miRNAs, can indirectly affect the expression of tumour suppressor genes by modifying epigenetic producers, such as DNA methyltransferases, histone deacetylases and polycomb repressor complex genes [START_REF] Tomasetti | Circulating epigenetic biomarkers in lung malignancies: From early diagnosis to therapy[END_REF]. All of these epigenetic changes could be monitored in the bloodstream and serve as an indicator of potential relapse.

The different elements of a liquid biopsy also include circulating tumour cells (CTCs), which can be found in the blood stream as a distinct entity. Indeed, cirDNA does not derive from CTCs [START_REF] Crowley | Liquid biopsy: monitoring cancer-genetics in the blood[END_REF]. Unfortunately, CTCs are very difficult to isolate and do not always point out genetically cancerous cells. Tanaka and al. showed that CTC counting does not properly distinguish lung cancer patients from healthy subjects [AUC =0.598 (p=0.122)] ( 20). Other studies have shown benefit, with a count of more than 25 CTCs enabling to distinguish benign from malignant disease with high sensitivity (Se, 89%) and Sp (100%) [START_REF] Fiorelli | Circulating Tumor Cells in Diagnosing Lung Cancer: Clinical and Morphologic Analysis[END_REF]. But the major difficulty with CTCs is the need for an immediate processing of blood [START_REF] Tanos | Clinical relevance of liquid biopsy for cancer screening[END_REF], against 5 days delay for ctDNA with adapted blood collection tubes containing a stabilisation buffer which preserve nucleated blood cells and prevent the release of genomic DNA. In conclusion, ctDNA is easier to pull apart, more stable, and more abundant in the bloodstream, which permit a higher Se than for CTCs.

CirDNA as a whole

CirDNA exists both in healthy subjects and in cancer patients. Conflicting data found in literature, regarding total cirDNA concentration, made it hard for cirDNA-based tests to be developed and used in clinic. Indeed, plasma cirDNA concentrations in cancer patients can range from a few ng/mL to several thousand ng/mL, which might coincide with the concentrations of healthy individuals (HI) [START_REF] Schwarzenbach | Cell-free nucleic acids as biomarkers in cancer patients[END_REF].

In fact, most of studies found a far more important cirDNA rate in patients with cancer probably because cirDNA is released in the blood not only by cancer cells but also by other cell types, including neutrophils throughout the release of Neutrophil Extracellular Traps (NETs) [START_REF] Pastor | Association of neutrophil extracellular traps with the production of circulating DNA in patients with colorectal cancer[END_REF]. For instance, back in 1977, Leon et al. [START_REF] Leon | Free DNA in the Serum of Cancer Patients and the Effect of Therapy[END_REF], used for cirDNA determination, a radioimmunoassay based on lododeoxyuridine-labeled DNA as antigen and serum from a lupus patient as antibody. They thus found a cirDNA rate of 100-5000 ng/mL in patients with multiple types of metastatic cancer (head-neck, lung, breast, ovary, uterus, lymphoma...) against 0-50 ng/mL in HI. Another study found as well, using a real-time PCR method, increased cirDNA levels across advanced NSCLC patients, with a threshold of 20 ng/mL and an area under the ROC curve of 0.88 (0.84-0.92, 95% CI; p<0.0001) [START_REF] Catarino | Circulating DNA: Diagnostic Tool and Predictive Marker for Overall Survival of NSCLC Patients[END_REF]. A worse overall survival was also observed in patients with high cirDNA levels. Similarly, quantitative analysis of cirDNA showed a great overall accuracy in screening of lung cancer with 0.89 AUC [START_REF] Zhang | Value of quantitative analysis of circulating cell free DNA as a screening tool for lung cancer: A meta-analysis[END_REF].

Circulating DNA consists not only of cirDNA of nuclear origin but also of mitochondrial origin, i.e. mitochondrial DNA (mtDNA). In another study [START_REF] Thierry | Methods for Screening a Subject for a Cancer[END_REF], El Messaoudi et al. found an AUC of 0.98 for CRC patients (146 vs 80 HI).

They further analysed 80 HI versus 73 patients with stage I to IV lung cancer with a median MNR of 3.8 versus 0.09, respectively (p<0.0001). The predictive diagnostic ability was even better in lung cancer patients with an AUC of 0.99. Interestingly, no overlapping appeared between values found in HI and patients with cancer.

The same team found out that cirDNA was more fragmented in the plasma of patients with CRC than in HI [START_REF] Thierry | Origin and quantification of circulating DNA in mice with human colorectal cancer xenografts[END_REF]. Indeed, ctDNA is highly fragmented compared to non-mutant cirDNA [START_REF] Mouliere | Circulating Cell-Free DNA from Colorectal Cancer Patients May Reveal High KRAS or BRAF Mutation Load[END_REF]. Also, the quantity of short cirDNA fragments under 145 bp is correlated to ctDNA concentration and fragmentation; and concentration of tumour-derived ctDNA is positively correlated with tumour weight [START_REF] Mouliere | High Fragmentation Characterizes Tumour-Derived Circulating DNA[END_REF]. Those results were validated by others in patients with CRC (35) but also hepatocellular carcinoma [START_REF] Jiang | Lengthening and shortening of plasma DNA in hepatocellular carcinoma patients[END_REF].

In other studies, the estimation of cirDNA fragmentation in cancer patients has been found to be lower, equivalent, or higher than in HI [START_REF] Jiang | Lengthening and shortening of plasma DNA in hepatocellular carcinoma patients[END_REF][START_REF] Holdenrieder | DNA integrity in plasma and serum of patients with malignant and benign diseases[END_REF][START_REF] Wang | Increased plasma DNA integrity in cancer patients[END_REF]. CirDNA fragmentation necessarily varies according to the type of cancer but also between studies performed on the same type of cancer [START_REF] Schmidt | Integrity of cell-free plasma DNA in patients with lung cancer and nonmalignant lung disease[END_REF][START_REF] Ellinger | Noncancerous PTGS2 DNA fragments of apoptotic origin in sera of prostate cancer patients qualify as diagnostic and prognostic indicators[END_REF]. These discrepancies can be explained by the lack of harmonisation of the methods used for pre-analytical procedures and by the fact that fragments smaller than 145 bp are usually not even examined.

The same team of Thierry et al. assessed cirDNA fragmentation using an original double integrated PCR system, which targets two human beta actin gene (ACTB) sequences [START_REF] Hosgood | Mitochondrial DNA copy number and lung cancer risk in a prospective cohort study[END_REF]. The ACTB gene is highly conserved across species and particularly between humans and mice, which explains the relevance of its use. The primers for the short fragment have an amplicon size smaller than one nucleosome (133 bp) while the amplicon size for the long fragment is 290 bp, corresponding to a DNA length smaller than the one involved in two successive nucleosomes.

Both primers target the same gene but are not the same size; therefore the hybridization site of the shorter DNA fragment is located within the longer fragment. The level of fragmentation of cirDNA was valued by calculating a ratio between longer and shorter fragment, called DNA Integrity Index (DII). DII value was 1 if DNA was not fragmented and less than 1 when fragmented. DII sharply decreased in plasma of cancer patients. This was also demonstrated in a mouse model with DII decreasing correlatively to tumour weights. By using different lengths of DNA, both for short and long fragments, results confirmed that thresholds of 300 and 60 bp seem optimal for discriminating HI from patients with CRC.

By applying the DII method to mtDNA (DII MITO) in CRC patients, El Messaoudi et al.

discovered that it was higher than the DII applied to nDNA (DII NUC) [START_REF] Thierry | Methods for Screening a Subject for a Cancer[END_REF]. These results suggest that mtDNA is very poorly fragmented in cancer patients because the mitochondria are almost all intact. Finally, by applying a ratio of mitochondrial DII (mtDII) to nuclear DII (nDII), this rate was much higher in cancer patients and this criterion would be even more discriminating. To permit identification of smaller ctDNA fragments, this same team used a Q-PCR shift with particular amplicon length [START_REF] Mouliere | Multi-marker analysis of circulating cell-free DNA toward personalized medicine for colorectal cancer[END_REF]. They found a predominance of fragments shorter than 150 bp in colorectal patients. These findings suggested that ctDNA could be easily distinguished from cirDNA by targeting DNA sequences under 100 bp against sequences over 400 bp.

Finally, many studies have focused on the tumour microenvironment (TME), which is the site of many tumour-driven systemic processes that affect primary tumour growth [START_REF] Mcallister | The tumour-induced systemic environment as a critical regulator of cancer progression and metastasis[END_REF]. In fact, the tumour cell population is not isolated or hermetic to the outside world. It interacts with host mesenchymal and inflammatory cells to form a complex entity of tumour-associated stroma.

One of the most significant of these interactions is with circulating neutrophils, which release NETS when challenged by the tumour. These entities are made of rearranged extracellular DNA fibres and anti-microbial granules initially present in the neutrophil [START_REF] Branzk | Molecular mechanisms regulating NETosis in infection and disease[END_REF]. Indeed, NETosis is a sort of cell death, different from apoptosis or necrosis, marked by the release of decondensed chromatin and granular content into the extracellular space [START_REF] Lin | Mast cells and neutrophils release IL-17 through extracellular trap formation in psoriasis[END_REF]. In this sense, it is a supplier of cirDNA. In the primary tumour site, but also in metastases, there is a close relationship between the enrolment of neutrophils from the tumour microenvironment (Tumour Associated Neutrophils) by cancer cells and the development of NETs. Moreover, NETs can capture CTCs and enhance metastatic dissemination [START_REF] Cools-Lartigue | Neutrophil extracellular traps sequester circulating tumor cells and promote metastasis[END_REF]. They can also awaken dormant cancer cells, leading to tumour relapse [START_REF] Albrengues | Neutrophil extracellular traps produced during inflammation awaken dormant cancer cells in mice[END_REF].

Another actor involved in TME and currently under investigation is the platelet. First in 2013, 

MRD detection and related prognosis

This section is related in table form, in Supplementary Table S1.

ctDNA detection and related prognosis

In 2016, Guo et al. were the first to attempt to prove a link between the persistence of ctDNA detection after surgery and recurrence in NSCLC patients [START_REF] Guo | Circulating tumor DNA detection in lung cancer patients before and after surgery[END_REF]. They followed 50 mutations among 6 tumour driver genes (EGFR, KRAS, TP53, BRAF, PIK3CA, and ERBB2), by targeted sequencing with an Ion Torrent adapter-ligated library [START_REF] Cai | Frequent Mutations in EGFR, KRAS and TP53 Genes in Human Lung Cancer Tumors Detected by Ion Torrent DNA Sequencing[END_REF], in 41 NSCLC-resected patients. The Sp was promising (up to 93.3%) but the Se was low (down to 69.2%), compared to the mutations found on the initial tumour. They demonstrated that patients with earlier stage NSCLC are less likely to have residual disease detected using ctDNA after resection. Using this same assay, two studies are underway, randomly evaluating the use of adjuvant therapy according to MRD-positive status: MERMAID 1 (NCT04385368) and 2 (NCT04642469). technique is therefore based on the determination of mutations in ctDNA before surgery which can then be followed in blood. Unfortunately, only 24 of the 100 patients included had a detectable mutation before surgery and could be followed up, with a significantly worse coverage for adenocarcinomas than for squamous cell carcinomas (SCC) (19 vs 97%, p=0.001).

Personalized PCR panels were created for each individual to target a median of 18 single nucleotide variants (SNVs) per patient, with great Sp (93%) but poor Se (36%). They called this ctDNA assay Signatera. This was the first study to demonstrate an earlier relapse identification using ctDNA vs standard CT-scan, with a median of 70 days. They also found a linear correlation between tumour volume and the mean frequency of clonal plasma alleles (Variant Allele Frequency, VAF). The weak spot remains the cost of this method estimated at $1,750 per patient for sequencing a single tumour region, synthesising a patient-specific assay-panel and profiling five plasma samples.

In a similar spirit, in March 2022, Gale et al. [START_REF] Gale | Residual ctDNA after treatment predicts early relapse in patients with early-stage non-small cell lung cancer[END_REF], developed the RaDaR assay, using whole exome sequencing for each patient to create a personalized targeted NGS with up to 48 amplicons. Across 88 early stage NSCLC patients, mostly treated by surgery alone (61%), they found a strong correlation between ctDNA detection after treatment with curative intent and recurrence, with a very high Sp of 98.7% but a reduced Se of 64.3% (estimated VAF (eVAF) down to 0.0011%). Interestingly, they noted a higher proportion of false positive when sampling patients prematurely, around 50% within one to three days after surgery.

Next [START_REF] Szpechcinski | Quantitative analysis of free-circulating DNA in plasma of patients with resectable NSCLC[END_REF]. Firstly, cirDNA level was assayed much higher one week after surgery than preoperatively, the same postulate being established with patients operated for a hip prosthesis. cirDNA regained levels similar to the control population 3 months after surgery, except in the two relapsing patients in whom cirDNA had risen. These results concerned a very small cohort but were nevertheless encouraging.

Due to very low tumour fraction (fraction of ctDNA in cirDNA) in early stage disease and especially in a resected patient, often below 0.1%, deep targeted sequencing strategies like TEC-seq mentioned above were limited, being unfit to detect VAF above 10 -3 copies (61). There is a need for an increase in detection Se through methods capable of detecting tumour fraction as low as 10 -5 or even below.

This can be overcome by genome-wide mutational integration, to calculate a tumour signal from copy-number alterations, with a modest sequencing depth (x35), which was combined with the detected SNVs to generate a single statistical detection score, named MRDetect. This technique from Zviran A et al. [START_REF] Zviran | Genome-wide cell-free DNA mutational integration enables ultra-sensitive cancer monitoring[END_REF], requires a lower amount of input material (1mL of plasma).

They included 22 patients who underwent surgery for an early stage NSCLC (I -IIIA) and processed MRDetect about 2.5 weeks after tumour resection. They obtained high Se and Sp, respectively 100% and 71%. They also found a worse recurrence-free survival (RFS) in patients with detectable MRD. This method still requires the knowledge of patient-specific mutational compendium on prior tumour via whole-genome sequencing (WGS) and is still expensive. Despite all those approaches, MRD detection in low-burden disease like resected early stage NSCLC remains a challenge, where even tumour-informed targeted panel detection showed limited pre and postoperative Se. The mean clonal MAF found in ctDNA is correlated to tumour volume and to tumour diameter found on CT-scan [START_REF] Abbosh | Early stage NSCLC -challenges to implementing ctDNA-based screening and MRD detection[END_REF]. With the lack of an apparent lesion on computed resolution, ctDNA is only detectable at frequencies as low as 0.00018% and in best technical conditions, the detection threshold only edges 0.00025%. The most sensitive approaches such as NGS techniques are also the most expensive, time-consuming and require computational data analysis.

We need more studies to elucidate which assay gives the best Se, Sp, reproducibility, with the highest cost-effectiveness and availability worldwide. A more sensitive approach, incorporating several cirDNA parameters, could permit MRD recognition at lower thresholds with greater accuracy. This is the purpose of MiTest development.

MiTest

As mentioned above, in order to more accurately and cost-effectively distinguish healthy from cancer patients, Thierry, Mouliere et al. have developed a tool that considers circulating DNA in its entirety. They focused on both qualitative aspects of cirDNA, including point mutations, and quantitative aspects, such as measuring the amount of cirDNA of nuclear and mitochondrial origin and its level of fragmentation. This would result in an easier implementation with a lower cost.

To reach this point, Mouliere F. and al., adjusted an Allele-Specific Blocker (ASB) Q-PCR with an original primer system that can examine specific multiparametric cirDNA markers [START_REF] Mouliere | Multi-marker analysis of circulating cell-free DNA toward personalized medicine for colorectal cancer[END_REF]. This assay, called Intplex, consists of an allele-specific Q-PCR with blocking 3'-phosphate modified oligonucleotide (Supplementary Fig. S1), low melting temperature primers with mutation in 3' and an integrated primer design. Intplex increases Sp by blocking the non-specific extension of wild type sequence. This method warranted the unprecedented detection of a slight proportion of mutant cirDNA, lower than 0.01% (0.005 -0.012, 95% CI), in a dramatically shortened period of time (2 days against 28 days with usual genomic approaches like NGS) and with a much lower cost.

The Intplex method enables us to simultaneously determinate quantitative and structural biomarkers, without being only dependent on qualitative biomarkers (like point mutation, etc.).

At once, total cirDNA concentrations, the presence of point mutations, the proportion of mutant allele, the MNR and the cirDNA integrity index (DII), can be obtained. These 5 settings are integrated in the MiTest tool [START_REF] Tanos | Clinical relevance of liquid biopsy for cancer screening[END_REF]. Taken individually, each marker was useful in distinguishing HI from patients with cancer (particularly cirDNA total concentration with an AUC of 0.9 (42)), but together their distinctive feature is even more accurate.

Since A. Thierry and his team initially focused on CRC, the mutations detected in MiTest were the CRC-specific mutations. Thus, MiTest allows the analysis of seven KRAS exon 2 and one BRAF (exon 15 V600E) mutations. The DII used in this method was the 300/100 bp, corresponding to the ratio of cirDNA fragments above 300 bp on cirDNA fragments under 100 bp.

To validate MiTest, Tanos and al. ( 65) used a recursive regression tree with cross-validation by 2/3 learning set and 1/3 test set. They first applied MiTest to 527 patients with CRC and HI to build the tree, and showed 0.87 Sp (0.79-0.92, 95% CI) and 0.76 Se (0.67-0.85, 95% CI).

Afterwards, they validated the tree on a dedicated cohort of 424 patients. This validation predicted a Sp of 0.89 (0.84-0.94, 95% CI) and a Se of 0.77 (0.73-0.80, 95% CI) to distinguish patients with CRC and HI distribution. They observed a significant disparity between normal and cancer cell lines with a higher efficiency than the other methods mentioned above, based on the attempt to directly detect ctDNA [START_REF] Tanos | Clinical relevance of liquid biopsy for cancer screening[END_REF].

According to these results, combining various analyses from blood sample, such as the detection by sequencing of selected mutations, and quantitative measures, such as total cirDNA, nDNA, mtDNA plasma concentrations, and their different degrees of fragmentation, might be an attractive approach. For now, MiTest has only been approved to discriminate HI from patients with cancer but with a great accuracy at very low detection thresholds.

Henceforth, we aim to use it in patients suffering from early stage solid tumours, notably patients with non-small cell lung cancer (NSCLC), to assess MRD and customize adjuvant care.

MATERIALS AND METHODS

The RD-CD LUNGDOC project is a prospective, interventional, non-comparative, single-arm, monocentric, prognostic, exploratory study, led between the University Hospital of Montpellier and the Montpellier Cancer Research Institute. As it is an exploratory study, no randomisation will be performed. And as no modification of the follow-up will be made based on the MiTest results, no blinding is requested.

Our inclusion criteria are the following: patients at least 18 years old, with a resectable NSCLC, of definite stage I to IIIA, a performance status of 0, 1 or 2, normal end organ functions, with a written inform consent and a coverage by public health insurance. An individual fulfilling any of the following criteria will be considered ineligible for study enrolment: any previous systemic neoadjuvant treatment (targeted therapy, chemotherapy, immune checkpoint blockade); previous radiotherapeutic neoadjuvant treatment; resection margins R1 and R2; non-invasive lung carcinoma; multiple primary lung cancer; previous malignancy during the past 3 years; concomitant primitive malignant disease; (except non-melanomatous skin cancer); pre-existing interstitial lung disease; known HIV, active viral B hepatitis or C hepatitis infection; patient with any other situation responsible for cirDNA rate increasing (active auto-immune disease, 10 days following blood transfusion); patient unable to attend all scheduled visits; woman of childbearing age without efficient contraception, breastfeeding or in pregnancy; patient with a legal protection measure (guardianship, curatorship) and vulnerable patient protected by law.

Our main objective is to determine whether or not the lack of normalization of MiTest one month after the resection of an early-stage NSCLC is predictive of relapse rate at 1 year; through recurrence-free survival probability at 1 year after surgery (RFS1). RFS1 is defined as the time from resection to first local, regional, or distant relapse, second primary malignancy or death from any cause, whichever comes first. The main predictive factor of recurrence studied will be total nuclear, mitochondrial and mutant (somatic point mutations of KRAS exon 2 and BRAF exon 15) concentration levels of cirDNA, DNA Integrity Index (DII) and mitochondrial to nuclear ratio (MNR), measured before and one month after surgery. These different parameters will be combined in a multi-analyte test called MiTest as described earlier.

Our secondary objectives, as shown in Figure 1, will be to:

-Determine whether or not the lack of MiTest normalization one month after NSCLC resection is predictive of overall survival at one year.

-Assess the level of cirDNA fragmentation in patients with resected NSCLC before and after surgery, at one month and one year.

-Detect preoperative plasma KRAS exon 2 (codons 12, 13) and BRAF exon 15 (V600E) mutations and follow up postoperatively at one month and one year using the Intplex assay.

-Determine the prevalence of other oncogenic add-ons on cirDNA using a dedicated NGS panel in NSCLC and compare with the mutational status of tissues before and after surgery, at one month and one year.

-Determine the size profile of cirDNA using low pass (LP)-WGS before and after surgery at one month and one year.

-Identify the methylation status of cirDNA by developing a dedicated technique based on bisulfite conversion before and after surgery at one month and one year. Eligible patients suffering from resectable NSCLC are recruited consecutively during the weekly thoracic multidisciplinary tumour board (RCP) at the Montpellier Academic Hospital. The inclusion is then performed during a dedicated visit before surgery by one of the investigating physicians, informing the patient and collecting his informed-consent written form. Written informed consent was obtained from each patient.

After the inclusion visit, three other visits are planned, as shown in Table 1. The first visit, the day before surgery, is dedicated to a blood collection, concomitantly with the pre-operative standard blood test, of 20 mL of blood in 2 Cell-Free DNA BCT® 10 mL tubes (STRECK tubes), kept at room temperature and sent within 3 days to IRCM (Montpellier) to perform the cirDNA analysis. During the second and the third visits, respectively one month and one year after surgery, a clinical assessment of the patient and a blood sample of 2 STRECK tubes of 10 mL are performed as well. For each of the 3 time points, before and after surgery, at 1 month and 1 year, blood will be sampled in 2 Cell-Free DNA BCT® 10 mL tubes (STRECK tubes), each containing 10 mL of blood, and then processed in IRCM, in the expert laboratory of Alain THIERRY's team "Biomarkers in precision oncology team", highly specialised in executing circulating nucleic acids analysis and responsible of several breakthroughs. Plasma will be isolated with 2 subsequent centrifugations at 1,200 g and 16,000 g during 10 minutes at room temperature. cirDNA will then be extracted using the QIAamp DNA Mini Kit. An analysis of mitochondrial and nuclear cirDNA will be performed using our allele-specific quantitative PCR technique. Total nuclear, mitochondrial and mutant (somatic point mutations of KRAS exon 2 and BRAF exon 15) concentration levels of cirDNA will be measured and their DNA Integrity Index (DII) and mitochondrial to nuclear ratio (MNR) will then be calculated. These different parameters will be combined as a multi-analyte test called MiTest.

Complementary mutational status of cirDNA will be ascertained on blood using a NGS dedicated lung panel before and after surgery, at one month and one year, and compared with tissular mutational status. Size-profile of cirDNA will be determined using LP-WGS before and after surgery, at one month and one year. cirDNA methylation status will be identified through the development of a bisulphite conversion-based method before and after surgery, at one month and one year.

Following demographic and clinical data will be collected by the clinician during the first visit:

Gender, Age, concomitant treatments, weight, body mass index, performance status (0,1,2) and

Charlson comorbidity score (66, Supplementary Table S2), smoking status (none, ex, current) and professional exposition. The following information will be collected from the patient hospital file: Histological type defined by the pathologist (adenocarcinoma, SCC, not otherwise specified (NOS) and large-cell carcinoma); adenocarcinoma subtype defined by the pathologist (solid, acinar or papillary, micropapillary, lepidic, or mixt); immunohistochemical (IHC) ALK, ROS-1 and PD-L1 status; tumour status (T1 -T4) defined by the pathologist and the radiologist; nodal status (N0 -N2) and affected site(s) defined by the pathologist and the radiologist; metastasis status (M0 -M1) defined by both the pathologist on the resected tissue and the radiologist with the preoperative radiologic evaluation (Thoracoabdominal CT-scan, brain MRI, PET-scan); tissue NGS status (Lung panel) defined by the molecular biologist either on the preoperative sample or on the surgical piece; type of surgery performed and anatomical zone resected and adjuvant treatment received (either chemotherapy, immunotherapy or both).

Biological data will be sampled the day before surgery and will be collected from the patient hospital file (CRP, albumin, leucocytes counts and LDH).

Patients with a lack of normalization of MiTest at one month after resection NSCLC have an estimated 1-year probability of relapse of 30% versus 10% in patients with a normalization of MiTest at 1 month after resection (HR=1.9). The sample size is 116 patients with a power of 85% and a two-sided alpha risk error of 5% (Software nQuery). With a rate of missing data of 4%, a total of 120 patients have to be included.

Recurrence-free and overall survival rates will be estimated by the Kaplan-Meier method. The log rank test will be performed to assess the bi-variate relationship between relapse and each predictive factor. When the risk will be not log-linear, continuous variables will be transformed as dichotomic variables using predefined threshold or the median value. Cox's proportional hazards model will be used to assess the prognostic effect of continuous parameter on RFS and OS, after adjusting for stage.

The capability of MiTest to discriminate between patients with or without relapse at 1 year will be assessed by means of receiver operating characteristics (ROC) curves using logistic regression. A ROC curve will be drawn by plotting the Se against 1 -the Sp of each possible cutoff. The area under the ROC curve (AUC) will be calculated along with its 95% CI. The cut-off will be determined to optimize both Se and Sp. The statistical measures of the cut-off performance (Se, Sp, predictive positive value and predictive negative value) will be calculated along with their 95% CI. The model performance will be quantified by the AUC (the closer to 1, the better) and tested by the Hosmer and Lemeshow goodness-of-fit test (lack of fit if p < 0.05). No validation set will be used due to the sample size. The nonparametric Kaplan-Meier estimates will be used to calculate probabilities and plot survival curves, especially disease free survival at 1 year and overall survival between patients with or without normalization of MiTest at onemonth post-surgery.

The multivariate analysis will be performed with Cox's proportional hazards regression model.

All the variables for which the log-rank test returned a p-value  0.20 were entered in the model. A forward selection of variables will be applied. The adjusted hazard ratios will be reported as the index of the strength of the association between independent variables and time to relapse.

Data will be analysed under the responsibility of the methodologist of the Clinical Research Unit of CHU Montpellier. Statistical significance threshold is set at 5%. Statistical analysis will be performed using SAS software 9.1 (SAS Institute, Cary, N.C.).

The study received a favourable opinion by the "Comité de Protection des Personnes Ouest IV" (Jan 6th, 2022) and complies with the Helsinki declaration and French laws and regulations.

Patients are followed by the routine thoracic oncology care team without additional visits.

Clinical research associates assure the follow-up of appointments and call back patients in case of loss of sight. All patients' data are anonymised and encrypted, as are the results. Written informed consent is obtained from each patient before any screening and inclusion procedure.

Informed consent on IRB-approved protocols for genomic sequencing of patients' samples was obtained prior to the initiation of sequencing studies. The trial results, even if inconclusive, will be submitted in a peer-reviewed journal.

DISCUSSION

To date, all the studies assessing MRD in NSCLC and its prognostic value have focused on tumour genetic abnormalities found on ctDNA. All the teams mentioned above have sought to obtain even deeper and more focused sequencing techniques to reach the lowest detection limits and therefore the best accuracy, but often at the price of a longer latency for results and a higher cost.

The novelty of our project is not only to focus on ctDNA but on the entire DNA found in the bloodstream, in both its qualitative and quantitative components. It consists both of the use of a very sensitive qPCR technique, allowing us to analyse quantitatively and qualitatively the cirDNA, and the focus not only on nuclear but also on mitochondrial cirDNA, which has never been performed in resected NSCLC to our knowledge. This technique allows us to maintain high measurement accuracy, with far more acceptable cost and turnaround time. Consequently, this might enable a broader implementation than the current practice.

In fact, we expect to prove that normalization of the MiTest at one month in the post-operative period is a prognostic factor for patients with resected NSCLC, which could deeply modify management of resected NSCLC by better stratifying prognosis and possibly anticipating relapses.

The optimal blood sampling schedule to test for MRD remains unknown and may depend on the technique used. We arbitrarily chose to set this time to one month after surgery in our study according to the delay required to estimate the need and feasibility of an adjuvant treatment, the existing evidence in CRC and the findings of the DYNAMIC study; but there is also a need for standardization in this matter.

An optimal technique or the combination of several techniques for monitoring recurrence is essential, as clinicians will decide on further treatment on the basis of these data. Traditional assessment of therapeutic response is based on radiological methods, which have important limitations, e.g. in the case of R0 resection. Indeed, the identification of recurrences by CT-scan is challenging because a certain tumour load must already be reached to be visible on CT-scan and the postoperative remodelling can lead to interpretation difficulties for the radiologist. It is therefore essential to have a better understanding of the persistent or recurrent tumour burden among these patients, especially in NSCLC where the risk of recurrence is high.

In the short term, cirDNA analysis may considerably improve our understanding of MRD, enabling for more personalised adjuvant therapeutic decisions by identifying subjects with a higher risk of recurrence. In the long term, our innovative approach may help to improve significantly prognosis by both guiding the postoperative attitude and anticipating diagnosis and care of a potential recurrence. This could also apply for the scrutiny of MRD in immunotherapy long-responder patients, who are practically considered to be in remission.

As mentioned previously, MRD detection plays a role to identify those who need adjuvant therapy but also those who do not. For example, the ADAURA study [START_REF] Wu | Osimertinib in Resected EGFR-Mutated Non-Small-Cell Lung Cancer[END_REF] proved the benefit of adjuvant therapy by OSIMERTININB on disease-free survival in early-stage NSCLC EGFR mutated patients. But some of them seemed to be over treated, with unacceptable side effects and cost. The same conclusions can be drawn in the PACIFIC study by adding DURVALUMAB after RCT [START_REF] Antonia | Durvalumab after Chemoradiotherapy in Stage III Non-Small-Cell Lung Cancer[END_REF].

In the same spirit, recently, Forde et al. [START_REF] Forde | Neoadjuvant Nivolumab plus Chemotherapy in Resectable Lung Cancer[END_REF] demonstrated that the combination of immunotherapy with neoadjuvant chemotherapy improved recurrence-free survival. They repeatedly assayed for ctDNA at the first and third cycles of chemotherapy and found positive detection at either cycle in 89 of the 358 patients included in this study. The proportion of patients with detectable ctDNA was consistent across stages. They found a higher percentage of patients with ctDNA clearance in the combination immunotherapy and chemotherapy arm (56%; 40 to 71, 95% CI) than in the chemotherapy alone arm (35%; 21 to 51, 95% CI). They also reported that event-free survival appeared longer in patients with ctDNA clearance than in those without ctDNA clearance in both groups. These results support once again the emerging interest in a more accurate assessment of minimal disease, either residual after surgery, after RCT or in this case of neoadjuvant immunochemotherapy, to better apprehend the response to treatment and the perioperative follow-up.

By establishing a potential method to better stratify prognosis and possibly anticipate relapses, our project could deeply modify the management of resected NSCLC by setting the use of MiTest to guide adjuvant care decision. Achieving this would let us introduce an outstanding change in the standard of care of early-stage NSCLC which, as described before, are going to become far more frequent. It would be a milestone towards a more comprehensive vision of MRD in resected NSCLC.

CONCLUSION

Despite the curative intent management offered to patients suffering from early stage NSCLC, a high relapse rate remains observed. Traditional strategies for identifying recurrence rely on radiological methods, which have substantial limitations. There is therefore an urgent need to better understand and investigate MRD, which might be permitted by the use of MiTest.

LUNGDOC is the first study to our knowledge, to evaluate the prognostic value of a multiparametric test based on the analysis of cirDNA as a whole in completely resected early stage NSCLC patients.

Once our exploratory study is complete, and assuming the hypothesis is correct, we aim to validate our results with another cohort before undertaking an interventional study in which the decision to administer adjuvant therapy will be based on the MiTest results.

ANNEXES:
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  Goubran et al.[START_REF] Goubran | The platelet-cancer loop[END_REF] found that both quantitative and qualitative platelet variations occur in cancer patients. These tumour-educated blood platelets (TEPs) secrete pro-tumour growth factors playing a role in the formation of metastases. They could therefore become a target for circulating blood analysis. David et al.[START_REF] Calverley | Significant Downregulation of Platelet Gene Expression in Metastatic Lung Cancer[END_REF] have already established that platelet gene expression has a discriminatory value between advanced NSCLC patients and HI. More recently, Myron et al. (50) also demonstrated the relevance of TEPs analysis, based on circulating platelet RNA, in the diagnosis of NSCLC at early stage.

Abbosh et al. ( 8 )

 8 Abbosh et al.[START_REF] Abbosh | Phylogenetic ctDNA analysis depicts early stage lung cancer evolution[END_REF], included the first 100 TRACERx study participants with primary NSCLC stages IA-IIIB at diagnosis, between six sites in the United Kingdom. They were mostly stage I NSCLC (61.5%). They used patient-specific unique molecular identifiers (UMI)-based multiplex PCR Next-Generation Sequencing (NGS) panels to longitudinally track tumour-associated mutations in the plasma at a median mutant allele fraction (MAF) of < 0.1%. The principle of this

Figure 1 -

 1 Figure 1 -Study design by Zhanna SANTYBAYEV Study outline showing the different sampling time points, with at each time the application of Mitest, which is a multiparametric test composed of both qualitative and quantitative analysis of cirDNA; and the expected outcomes of these various settings. D-1 = one day before surgery; Cir-nDNA = circulating nuclear DNA; Cir-mtDNA = circulating mitochondrial DNA.

  

  

Maitres de Conférences des Universités Maîtres de Conférences hors classe

  

	STOEBNER Pierre GOUZI Farès	Dermato-vénéréologie Physiologie
	SULTAN Ariane HERBAUX Charles	Nutrition Hématologie, transfusion
	THOUVENOT Éric HUBERLANT Stéphanie	Neurologie Gynécologie-obstétrique ; Gynécologie médicale
	THURET Rodolphe LEVEQUE Maude	Urologie Parasitologie et mycologie
	TUAILLON Edouard MAKINSON Alain	Bactériologie-virologie; hygiène hospitalière Maladies infectieuses, Maladies tropicales
	ALRIC Pierre BACCINO Eric VENAIL Frédéric VILLAIN Max BERNEX Florence MARIA Alexandre CHAZAL Nathalie PANTEL Alix VINCENT Denis VINCENT Thierry PERS Yves-Marie Maîtres de Conférences de classe normale Chirurgie vasculaire ; médecine vasculaire (option chirurgie vasculaire) Médecine légale et droit de la santé Oto-rhino-laryngologie Médecine interne ; gériatrie et biologie du vieillissement ; Physiologie addictologie Biologie cellulaire Ophtalmologie Bactérologie-virologie ; hygiène hospitalière Médecine interne ; gériatrie et biologie du vieillissement, médecine générale, addictologie Immunologie Thérapeutique; addictologie Médecine interne ; gériatrie et biologie du vieillissement ; ROUBILLE Camille addictologie SZABLEWSKY BECAMEL Carine Neurosciences Anatomie et cytologie pathologiques CHAUMONT-DUBEL Séverine Sciences du médicament et des autres produits de santé
	DELABY Constance	Biochimie et biologie moléculaire
	GUGLIELMI Laurence	Sciences biologiques fondamentales et cliniques
	HENRY Laurent	Sciences biologiques fondamentales et cliniques
	HERBET Guillaume	Neurosciences
	LADRET Véronique	Mathématiques appliquées et applications des mathématiques
	LAINE Sébastien	Sciences du Médicament et autres produits de santé
	LE GALLIC Lionel	Sciences du médicament et autres produits de santé
	LOZZA Catherine	Sciences physico-chimiques et technologies pharmaceutiques
	MAIMOUN Laurent	Sciences physico-chimiques et ingénierie appliquée à la santé
	MOREAUX Jérôme	Science biologiques, fondamentales et cliniques
	MORITZ-GASSER Sylvie	Neurosciences
	MOUTOT Gilles	Philosophie
	LATTUCA Benoît PASSERIEUX Emilie	Cardiologie Physiologie
	LE QUINTREC DONNETTE Moglie RAMIREZ Jean-Marie	Néphrologie Histologie
	LETOUZEY Vincent RAYNAUD Fabrice	Gynécologie-obstétrique ; gynécologie médicale Sciences du Médicament et autres produits de santé
	LONJON Nicolas TAULAN Magali	Neurochirurgie Biologie Cellulaire
	LOPEZ CASTROMAN Jorge	Psychiatrie d'Adultes ; addictologie
	LUKAS Cédric Maîtres	Rhumatologie
	MENJOT de CHAMPFLEUR Nicolas	Radiologie et imagerie médicale
	MILLET Ingrid	Radiologie et imagerie médicale
	MURA Thibault	Biostatistiques, informatique médicale et technologies de la communication
	NAGOT Nicolas	Biostatistiques, informatique médicale et technologies de la communication
	OLIE Emilie	Psychiatrie d'adultes; addictologie
	PARIS Françoise	Biologie et médecine du développement et de la reproduction ; gynécologie médicale
	PELLESTOR Franck	Histologie, embryologie et cytogénétique
	POUDEROUX Philippe	Gastroentérologie ; hépatologie ; addictologie
	RIGAU Valérie	Anatomie et cytologie pathologiques
	RIVIER François	Pédiatrie
	ROGER Claire	Anesthésiologie-réanimation et médecine péri-opératoire
	ROSSI Jean François	Hématologie ; transfusion
	ROUBILLE François	Cardiologie
	SEBBANE Mustapha	Médecine d'urgence
	SIRVENT Nicolas	Pédiatrie
	SOLASSOL Jérôme	Biologie cellulaire
	STERKERS Yvon	Parasitologie et mycologie

de Conférences des Universités -Médecine Générale MCU-MG de 1 re classe

  Laurie et Lily, merci, merci, merci. Sans vous ce projet ne pourrait exister. Vous êtes efficaces, réactives et on sait que l'on peut compter sur vous. Malgré toutes nos difficultés, on se retrouve toujours avec le sourire. J'espère que ce projet n'est que le prélude à beaucoup d'autres ! Merci à l'équipe de chirurgie thoracique, de nous avoir ouvert leur porte et surtout à Nora pour ses coups de pouce. Merci à l'équipe de l'IRCM et notamment à Laurence et Massi qui isolent l'ADN plus vite que leur ombre.Anne Sophie et Engi, je ne vais pas avoir suffisamment de lignes pour vous exprimer ma reconnaissance. Nos mamans (ou plutôt grandes soeurs comme elles aiment nous le rappeler) à tous, et pour moi, un tremplin vers la Pneumologie.Béné, notre gossip girl à nous, merci pour ta bonne humeur et merci d'être toujours partante pour un verre. Gaspard, on a finalement très peu travaillé ensemble mais notre affection commune pour les affaires sensibles ne présage que du bon ! Aida, j'ai appris à te connaître ce semestre et quel bout de femme tu es ! Merci pour ton soutien avant tout et pour ta franchise en toute circonstance. JUL, Zuzuuuu, merci d'être venue illuminer notre semestre de ta fraîcheur parisienne. Au plaisir de te revoir par la suite pour twerker ou autre ;) Axel, notre Padre international, promis je veillerai au grain pour que jamais tu ne meurs de faim ! Merci d'avoir fait en sorte d'être présent ce soir. Charles, à cette soirée blanche endiablée qui restera dans les annales, qu'elle soit le prologue de beaucoup d'autres. Serena, notre soleil Italien, merci de nous faire voyager au travail ! Elodie, notre attrait pour l'oncologie thoracique nous relie, merci de m'avoir montré le chemin. Mathilde, Tiana & Agathe, anciennement co-internes et désormais mes cheffes. Merci à Mathilde pour ton aide en toute circonstance, à Tiana pour ton rire évidemment et Agathe pour ton humour mordant.

	PH chargés d'enseignements CHEVALLIER-MICHAUD J COLIN Olivier REMERCIEMENTS	QUANTIN Xavier RAFFARD Laurence
	ABOUKRAT Patrick CONEJERO Ismael	GERONIMI Laetitia RAPIDO Francesca
	AGUILHON Sylvain CONSEIL Mathieu	GINIES Patrick RIBRAULT Alice
	AKKARI Mohamed ALRIC Jérôme CORBEAU Catherine COROIAN Flavia-Oana AUX MEMBRES DU JURY:	GRECO Frédéric GUEDJ Anne Marie RICHAUD-MOREL Brigitte RIDOLFO Jérôme
	AMEDRO Pascal COUDRAY Sarah	GROSSIN Delphine RIPART Sylvie
	AMOUROUX Cyril CRANSAC Fréderic	GUYON Gaël RONGIERES Michel
	ANTOINE Valéry ARQUIZAN Caroline ATTALIN Vincent AYRIGNAC Xavier BADR Maliha CUNTZ Danielle DARDALHON Brigitte Monsieur le Professeur PUJOL, je vous remercie de me faire l'honneur de HEDON Christophe HENRY Vincent JAMMET Patrick JEDRYKA François JREIGE Riad ROULET Agnès RUBENOVITCH Josh DAVID Aurore présider ce jury. Merci de m'avoir ouvert les portes de votre service d'oncologie SANTONI Fannie DE BOUTRAY Marie SASSO Milène DE LA TRIBONNIÈRE Xav SCHULDINER Sophie thoracique et de m'y avoir donné un enseignement de pointe avec toujours beaucoup d'enthousiasme et d'humour. A mes séniors:
	BAIS Céline DEBIEN Blaise	KINNE Mélanie SEGURET Fabienne
	BARBAR Saber Davide DELPONT Marion	LABARIAS Coralie SENESSE Pierre
	BASSET Didier DENIS Hélène	LABORDE Caroline SERRE Jean-Emmanuel
	BATIFOL Dominique DEVILLE de PERIERE Gil	LACAMBRE Mathieu SKALLI El Medhi
	BATTISTELLA Pascal DI CASTRI Alberto	LANG Philippe SOLA Christelle
	BAUCHET Luc DJANIKIAN Flora	LAZERGES Cyril SOULLIER Camille
	BELL Ariane DONNADIEU-RIGOLE Hélène	LE GUILLOU Cédric SOUKSI MEDIONI Isabelle
	BENEZECH Jean-Pierre FAIDHERBE Jacques	LEGLISE Marie Suzanne STOEBNER DELBARRE Anne
	BENNYS Karim FATTON Brigitte	LE MOINE DONY Marie-Christine TEOT Luc
	BERNARD Nathalie FAUCHERRE Vincent	LETERTRE Simon THIRION Marina
	BERTCHANSKY Ivan FAURE Elsa	LOPEZ Régis TUNEZ Virginie
	BIBOULET Philippe FILLERON Anne	LUQUIENS Amandine VACHIERY-LAHAYE Florence
	BIRON-ANDREANI Christine FILLOLS Mélanie	MANZANERA Cyril VERNES Eric
	BLANC Brigitte FITENI Frédéric	MARGUERITTE Emmanuel VIALA Maurice
	BLANCHARD Sylvie FOURNIER Philippe	MARTIN Lucille VINCENT Laure
	BLANCHET Catherine GAILLARD Nicolas	MATTATIA Laurent WAGNER Laurent
	BLATIERE Véronique GALMICHE Sophie	MEROUEH Fadi WALTHER LOUVIER Ulrike
	BOBBIA Xavier GENY Christian	MEYER Pierre ZERKOWSKI Laetitia
	BOGE Gudrun	MICHEL Moïse
	COSTA David BOURRAIN Jean Luc	MILESI Christophe
	OUDE ENGBERINK Agnès BOUYABRINE Hassan	MORAU Estelle
	BRINGER-DEUTSCH Sop	MORQUIN David
	MCU-MG de 2 éme classe BRINGUIER BRANCHERE	MOSER Camille
	BRISOT Dominique	MOUSTY Eve
	FOLCO-LOGNOS Béatrice BRONER Jonathan	MOUTERDE Gaël
	CARBONNEL François CADE Stéphane	PANSARD Nicole
	CAIMMI Davide Paolo	PERNIN Vincent
	Maîtres de Conférences associés -Médecine Générale CARR Julie PERRIGAULT Pierre François
	CAMPAGNAC Jérôme CARTIER César	PEYRON Pierre-Antoine
	LOPEZ Antonio CASPER Thierry	PICARD Eric
	MILLION Elodie CASSINOTTO Christophe	PICOT Marie Christine
	MINET Mathilde CATHALA Philippe	PIERONI Laurence
	PAVAGEAU Sylvain CAZABAN Michel	POQUET Hélène
	REBOUL Marie-Catherine CHARBIT Jonathan	PUJOL Sarah-Lise
	SERAYET Philippe CHEVALLIER Thierry	PUPIER Florence

Monsieur le Professeur BOURDIN, je vous remercie de me faire l'honneur de faire partie de ce jury et de bien vouloir porter de l'intérêt à ce travail. Merci pour votre ingéniosité, pour votre façon de nous transmettre votre savoir en nous donnant le sentiment qu'il vient de nous.

Madame le Docteur TRAVERT, merci de me faire l'honneur de faire partie de ce jury au pied levé. Merci pour ton aide précieuse tout au long de cet internat dès mon premier appel avant les choix. Merci pour ta rigueur, ton engagement et ta générosité.

Monsieur le Docteur ROCH, merci de m'avoir fait l'honneur de diriger cette thèse et de m'avoir fait confiance pour ce projet. Merci d'avoir été disponible, à l'écoute de mes nombreuses questions. Merci de me rassurer quant à mes faiblesses et de me pousser dans mes retranchements.

Aux membres participants à ce projet: Clément, merci pour tout. Ton éloquence, ton adresse, mais aussi… tes blagues graveleuses! Jean Pierre, un véritable artiste au bloc opératoire. Tu m'as fait rêver plus d'une fois et j'espère que cela perdurera. Paul, tes jugements capillaires pour finir avec cette crête, je n'étais clairement par prête. Trêve de plaisanterie, tu as su me donner confiance en moi tout en me faisant comprendre mes limites, un fin pédagogue en somme. Stefan, Jérémy et Romain, nous n'avons que peu eu l'occasion de travailler ensemble, mais les quelques gardes ensemble furent toujours un plaisir. Clément D., cela fait peu de temps que tu nous a rejoins mais je te dois déjà de francs remerciements pour ton aide dans ce projet et au quotidien.

A l'équipe Nîmoise, qui m'a accompagnée dans mes débuts, avec Vincent qui a su me donner un goût certain pour l'oncologie thoracique, mais aussi Cécile, Nathalie et Patrice. J'ai hâte de vous retrouver cette année.

A mes co-internes et amis:

Zakou, mon ami, mon seul ami comme tu aimes le dire. Cet internat n'aurait définitivement pas été le même sans toi. Merci pour ta folie, pour ta bonne humeur et pour ton soutien dans les bons et les mauvais moments. J'espère que notre amitié durera bien au-delà de cet internat et promis je te ferai visiter la Normandie un jour ! Océane, je te glisse ici tout prêt de Zakou. Mon soleil à chaque soirée, j'aimerais profiter de ton smile plus souvent. Quentinou, une très belle découverte au travers de ces 6 mois à l'HDJ, que de fous rires mais aussi de pressurisation ^^. Merci pour ton compagnonnage, pour réussir à me faire toujours sentir à la hauteur. Flora et Marion, la blonde et la brune, toujours la pour nous faire rire ! Merci pour votre accueil au sein de la Pneumologie, pour nous avoir tout de suite pris sous votre aile avec Zakou. Zélie, merci pour ta bienveillance et ta douceur, sauf quand on parle de cerises ! Juliette, merci pour nos discussions de minuit où tout est dit. Merci à vous deux avec Floflo pour les inclusions pendant votre semestre à l'HDJ. Quentin W., merci pour ta générosité et tes petites attentions. Quelle fierté de t'avoir vu évoluer depuis ton FFI en Pneumo A. Arthur & Maelle, merci pour votre accueil au sein de la Pneumologie Montpelliéraine, on a peu travaillé ensemble mais toujours avec le sourire. Louise, Laureen & Juliette, on ne nous sommes malheureusement pas beaucoup côtoyer mais je suis sûre que vous apporterez votre petit plus à cette grande famille.

  MRD definition ...........................................................................25 1.1.3. Liquid biopsy approach ...............................................................26 1.1.4. cirDNA as a whole .......................................................................28

	Aux délinquants:
	Yasmine & Gwendou, quelle belle découverte à mon arrivée dans le sud, heureusement que
	vous étiez là parce qu'un mois de Novembre sous la pluie je ne m'attendais pas à ça ! Ça nous a
	rapprochés, les soirées raclette-shooter et autres améliorés. L'arrivée sur Montpellier n'a fait
	que consolider cette amitié. Yaya, nos séances shopping où tu décides de m'annoncer les
	nouvelles les plus exceptionnelles ! Merci pour tout l'amour que tu me donnes. Gwendal, merci
	de nous faire rêver à chaque soirée, merci d'être si drôle et si fin d'esprit en toute
	circonstance. ;)
	Romane & Aristide, mes petits canards toujours partants pour un drink. Roro, ma découverte
	Normande dans le sud de la France, mon alter ego, ma jumelle de coeur. Qu'est ce qu'on a ri à
	se trouver tous ces points communs et je suis sûre qu'il nous en reste encore pleins à
	découvrir ! Aristide, un grand merci pour ton moov inimitable, pour nos débats de 5h du mat'
	Merci d'être notre moteur, nous faire sentir plus fortes chaque jour. Et et pour ton « air-batterie ».
	surtout… ne change jamais ! Marine, Marinou, mon petit chat, merci pour tout ce que tu m'apportes, pour ta joie de vivre et
	Léa, aaaaah ma Léa, merci d'être toi tout simplement ahah. Merci pour tes idées farfelues, pour
	ton affection sans commune mesure et pour tes soirées piscines devenues légende !
	Tristan, Tritouch' fruit des bois, mon Didier à moi. Que de fous rires, que de trolls, que de
	souvenirs, la Nouvelle-Zélande en tête de liste. Merci de m'avoir supportée pendant un mois
	entier, d'avoir écouté mon discours de végé et de l'avoir accepté. Merci d'être toi, un clown
	avec un coeur d'artichaut.
	Eric, Ricouch', merci pour ton génie, tes bonnes idées en toutes circonstances et tes petits
	cours d'histoire improvisés. Merci pour tout ce que tu fais pour nous, tout le matos que tu
	trimballes à travers toute la France pour nos soirées, on ne te le dit pas assez.
	Clément, Clémouchator, la pièce rapportée qui n'en est plus une depuis bien longtemps. Merci
	pour ton humour mordant, pour être toujours aussi heureux de nous voir, pour nous avoir
	adoptés comme ta 2 e famille et surtout… pour ta coupe de cheveux toujours parfaite !
	Samy, Samouch', merci d'être notre mister bons plans, de me faire rêver avec tes photos et
	d'être toujours prêt à converser coulante avec moi ^^.
	Larry, mon petit So, merci d'être venu jusqu'ici avec ton smile et ta bonne humeur.
	Simon, Paul, J-B, Jules, Claire, Camille & Anaïs, merci d'être entrés dans nos vies, de ne pas avoir
	été effrayés par notre folie et de rendre mes amis si heureux.
	Bref à vous tous, à nos amours, à nos emmerdes, à nos années caennaises, à nos vacances, à
	nos conneries… On aura vécu tellement de choses ensemble et j'espère qu'il nous en reste un
	paquet à découvrir. On se retrouve comme convenu le 26/12/2026 pour nos 10 ans sur la place
	des grands hommes. <3

ton sourire toujours au rendez-vous. Quel bout de femme exceptionnel tu es ! Julie, ma voisine de chambre, j'ai tout de suite su que ça allait matcher et nous voila toujours ensemble depuis le début de cet internat. Merci pour toutes ces randonnées, pour ta tendresse et ton sourire inébranlable. J'espère qu'on se retrouvera en Bretagne. Chloé, le fuego. Merci pour être toujours prête à danser, vibrer, virevolter, petite tornade que tu es. Merci de me faire déculpabiliser quand je fais ma mamie en soirée plateaux-télé. JB, Jbouille, merci pour ton entrain et ta motivation sans faille. On râle souvent mais au fond on s'emmerderait sans toi ! Marie & Victor, super découverte chez Noel ! Marie, la douceur incarnée, merci pour ton style qui nous met des étoiles dans les yeux. Victor, toujours prêt pour un apéro-plage ou une bière en terrasse, merci pour ton smile.

Aux doudous:

Justine, Juju, ma follasse à moi, que j'aime ton énergie ! Merci de me faire réaliser chaque jour que tout est possible. Zim et Sophie, merci pour votre générosité, pour réussir à apporter constamment du bonheur à l'état pur dans nos vies. Pensée pour Lisbonne et mes 25 ans endiablés, merci de rendre chacune de nos soirées exceptionnelles ! Merci à Zim pour tes tournées de shooter devenues légende et à Sophie pour ne jamais rater l'occasion d'un ventriglisse même dans un espace de 2m 2 ^^ Agathe, ma doudou de coeur ! Merci d'avoir toujours la banane en toute circonstance et de voir toujours le positif, tu es notre rayon de soleil. Clem, le sang, on ne se voit pas autant que je l'aimerais mais tu es toujours dans mon coeur. Manon, j'espère qu'on twerkera encore ensemble dans 50 ans ! Anne-Maud, merci pour ta musique, pour ta joie de vivre, pour ta douceur. Discuter avec toi est toujours un plaisir. Aurélie, notre Sudiste à nous, toujours partante pour danser, jouer ou se marrer. Merci pour ta bonne humeur.

Et finalement William, Willou, mon bonheur, mon roc, ma confiance en moi, mon amour.

Cet internat je te le dois. Mes moments de doutes et d'angoisse tu as su les dissiper. Tu as toujours vu en moi ce dont j'étais capable, là où je ne l'aurais jamais soupçonné. Tu es ma force, je t'aime. Contents 1. INTRODUCTION ........................................................................ 25 1.1. Concept of minimal residual disease (MRD) in early stage NSCLC .......................................................................................... 25 1.1.1. Epidemiology ..............................................................................25 1.1.2. 1.2. MRD detection and related prognosis ................................ 32 1.2.1. ctDNA detection and related prognosis ......................................32 1.2.

  , to have a weak DNA repair ability and to balance for damage by increasing the number of mtDNA copies available.A study byMeddeb et al. (29), demonstrated that the mtDNA to nuclear DNA (nDNA) ratio is shifted in patients with colorectal cancer (CRC) compared to HI. Hence, the median mtDNA/nDNA ratio (MNR) was 20-fold higher in the HI group (n = 104) than in the CRC patients group (n = 50). The same team then proposed a very sensitive and specific mtDNA and MNR-based approach to differentiate HI from patients with cancer, using at first an animal model[START_REF] Meddeb | Methods for Screening a Subject for a Cancer[END_REF][START_REF] Thierry | Methods for Screening a Subject for a Cancer[END_REF]. mtDNA AUC was 0.99 (0.963-1.016, 95% CI) with a Se and a Sp of 0.93 and 1, respectively; as for MNR, the AUC was 0.96 (0.9047-1.024, 95% CI), with Se and Sp of 1 and 0.86, respectively. Subsequently, these results were validated in a large prospective cohort comparing 289 HI and 983 patients with multiple solid tumour types (791 CRC and 169 breast cancers). MNR was significantly lower in cancer patients, with an AUC up to 0.78 for CRC patients (threshold of 12,103 copies/mL) and 0.82 for breast cancer patients (threshold not available).

Hosgood and al. 

assessed the association of mtDNA copy number with lung cancer risk in 227 collected cases

[START_REF] Hosgood | Mitochondrial DNA copy number and lung cancer risk in a prospective cohort study[END_REF]

: the risk of lung cancer increased in parallel with mtDNA copy number (p=0.008). mtDNA's peculiarity is to be devoid of introns and protective histones

  with the burden of potential immuno-induced toxicities and unnecessary expenses. A randomised trial is currently underway to assess the value of adding DURVALUMAB after RCT based on MRD status (NCT04585477). Using their technique, they reported that the accurate monitoring of ctDNA levels was between 3 days and one month after surgery with a quick decrease of ctDNA level after surgery. The detection of post-In 2012, Szpechcinski et al. attempted to monitor cirDNA in 20 NSCLC operated patients controlled by HI (40 volunteers, median age of 40 years), using qPCR, to demonstrate that cirDNA resurgence during follow-up was predictive of relapse

	1.2.2. CirDNA and related prognosis
	Chen et al., in a prospective study of 76 early stages NSCLC patients, who underwent surgery,
	tested the AmpliSeq Cancer panel (57). This semi-conductor NGS-based method uses the Ion
	Personal Genome Machine composed of 739 mutational hotspot loci in 50 oncogenes and
	tumour suppressor genes well known in NSCLC. This technique allows a Se of 63.2% with an
	, Chaudhuri et al. (54), in 2017, retrospectively applied CAPP-Seq assay for the ctDNA AUC of 0.887 (0.788-0.986, 95% CI).
	screening in early stage lung cancer patients (40 patients including 37 NSCLC and 3 SCLC). This
	method uses a hybrid capture-based NGS assay with a cancer personalized profiling by 188 kb Phallen et al., in 2017, used Targeted Error Correction sequencing (TEC-seq) assay (58), in a
	deep sequencing, without requiring the creation of personalized assays for each patient. CAPP-retrospective analysis of 71 patients with NSCLC among multiple tumour types, mostly early
	seq is composed of biotinylated DNA oligonucleotides that target recurrently mutated regions.
	(35/37). This same team is conducting a new study including 78 early stages resected NSCLC,
	with CAPP-seq method. Their first results reported a high Se of 89% for mutant DNA at a MAF
	of 0.008% and also a very high Sp of 100%. It remains a NGS-based method and therefore operative MRD was associated to a poorer outcome (median OS 5434 vs. 720 days, p = 0.018),
	expensive for periodical MRD testing. with a median lead time to radiological confirmation of 5.5 month. Unfortunately, cSMART
	Moding EJ et al. (55), used the same assay, also with a small number of patients (n = 28), sensitivity was only 44% with a very limited gene panel.
	treated by RCT followed by immunotherapy consolidation. The CAPP-seq method permitted
	detection of ctDNA in 100% of stage II-IV and 50% of stage I NSCLC patients, with a Sp of 96%

The selector is applied to the tumour DNA to identify the mutations specific of the patient's tumour type and then straight to the cirDNA to quantify them over time. It offers high Se and Sp (94 and 100%, respectively) for MAF down to 0.02%. It also provides anticipation of recurrence as early as 5.2 months before imaging. For the 20 patients experiencing recurrence, ctDNA was detectable on at least one post treatment timepoint. Also, 17 patients had detectable ctDNA on the first post-treatment timepoint, whose median was 56 days after the end of curative treatment. The absence of detectable ctDNA after treatment was predictive of greater freedom from recurrence. However, this study is exploratory and analysed only 37 lung cancer patients, 3 patients initially enrolled being excluded for undetectable ctDNA prior to treatment, most of whom were stage III (65%) and treated by concomitant radiochimiotherapy for MAF down to 0.003%. MRD diagnosis could be of great interest for those patients. Indeed, the PACIFIC study showed a benefit on OS and PFS of immunotherapy after RCT

[START_REF] Antonia | Durvalumab after Chemoradiotherapy in Stage III Non-Small-Cell Lung Cancer[END_REF]

, but one third of the patients in the placebo group were still alive at 5 years. These patients are currently treated in vain stage patients but also metastatic ones. TEC-seq is an ultra-sensitive method, which directly evaluate the sequence changes in commonly altered cancer genes in cirDNA, using massively parallel sequencing, without prior knowledge of alterations in the tumour. They obtained a Se of 97.4% and a Sp of 100%, using minimum thresholds of 0.05% in hotspot positions and 0.1% at all other locations. Chen et al., in the DYNAMIC study, tried to find the accurate timing of sample after surgery

[START_REF] Chen | Perioperative Dynamic Changes in Circulating Tumor DNA in Patients with Lung Cancer (DYNAMIC)[END_REF]

. They included 26 NSCLC patients who underwent surgical treatment. Plasma samples were obtained before surgery ; 5 minutes, 30 minutes, and 2 hours after surgery, and 1, 3, and 30 days after surgery. ctDNA was analysed using the cSMART ctDNA assay covering only 9 genes (EGFR, KRAS, ERBB2, BRAF, PIK3CA, TP53, MET, ALK and RET).

  To further improve Sp, they thought of a combined model including MRDetect with information on tumor fragment size and nucleosome position. However, this technique has not yet been developed or tested and would add a certain cost to the procedure. To limit false positive, some blocker probes were modified with locked-nucleic acid (LNA) and with optimized length. They called their assay PEAC as PErsonnaly Analysis of Cancer and retrospectively tested it on three cohorts: the first one to compare the concordance rate among PEAC, ddPCR, and NGS among 29 stage III and IV patients, the second one to assess the concordance between plasma and tissue biopsy and the third one to follow ctDNA among 22 patients with EGFR-mutant NSCLC treated by firstgeneration TKI. They reached a high Sp of 99%, a Se of 87% for mutations down to 0.01% allele fraction (100% beyond) and a great concordance rate with other techniques, or with tissue, when compared to other studies. They conducted only one case report of MRD monitoring by PEAC on a subject treated by anti-EGFR TKI. They found a lead time to radiological progression of 2 months, which is promising. With high Se, large multiplexing capacity, and costeffectiveness, PEAC assay might be a key for MRD assessment in early stage resected NSCLC patients, with a need for a prospective study with more statistical power.

	Jianping Xu and his team (63), tried to find a more cost-effective method without lost in Se or

Sp. They used blocker displacement amplification (BDA) based on the differential binding affinity between primers and blockers to specifically enrich mutant DNA fragments of 37 NSCLC driver mutations. Afterward, they sequenced the enriched products by either Sanger sequencing, electrophoresis or NGS sequencing.

Table 1 -

 1 Study schedule: Overview of the different visits and their respective goals CT-Scan = Computed Tomography Scanner *Specific to the project **Complete blood count (CBC), chemistry panel (blood urea nitrogen, carbon dioxide, creatinine, glucose, albumin, CRP, LDH, serum chloride, potassium and sodium), liver function panel (transaminases, alkaline phosphatase, gamma-glutamyl transferase, bilirubin), coagulation study (PT, PTT, INR), serology (HIV, B hepatitis, C hepatitis) and B-HCGThe clinical center participating is the Thoracic Oncology Unit of the University Hospital of Montpellier, with the Thoracic Surgery team highly skilled in early-stage NSCLC care. As we may recruit weekly 2 subjects, we expect 100 potential inclusions per year.

  : MRD detection and related prognosis

				40 (32 NSCLC),	Before and	Hybrid capture-based NGS	94% / 100%	17/32 with MRD in the	5.2	Does not require
				21 Stage III, 6	every 2 to 6	assay with a cancer		first sample have all	months	the creation of
		CAPP-seq	Chaudhu ri et al. 2017	Stage II and 5 Stage I with 2 patients treated	months after treatment	personalized profiling by 188 kb deep sequencing ctDNA which tracks multiple		Median lead relapsed and had a shorter FFP; only 1/15 of the patients without	personalized assays and therefore cheaper and faster
	ctDNA detection and related prognosis prognosis related and detection ctDNA	ctDNA assay Targeted Sequencing AmpliSe q Chen et Articles Guo et al. 2016 otherwise RTCT Population concerned by surgery 41 resected NSCLC 76 resected NSCLC stage I-III Cancer al. 2017 Signatera TRACERx Abbosh et al. 2017 24 resected NSCLC stages IA-IIIB : 61.5% Stage I, 24% Stage II, 13 Stage IIIA and one stage IIIB Panel 71 NSCLC (244 RaDaR assays Gale et al. 2022 88 early-stage NSCLC treated by surgery (69) or RTCT (19) (48.9%/28.4 %/ 22.7% at stage I/II/III) cancer patients in total) TEC-Seq Phallen et al. 2017 36 completely resected NSCLC, Stage I -IIIa (with 65.4% Chen et Stage III or IV) cSMART al. 2019	Sampling schedule 10 days before and 2 days after surgery Before, during and after (exact timing unknown) One preoperative sample and longitudinal postoperative samples serially Before, after (between 1 to 3 days) and during follow-up (3, 6 and 9 months) collected without further precision Immediately before surgery; 5 minutes, 30 minutes, and 2 hours after surgery, and 1, 3, and 30 days after surgery	Method used mutations per patient (128 Ion Torrent adapter-ligated library detecting 50 mutations on 6 tumor driver genes genes) This semi-conductor NGS-based method uses the Ion Personal Genome Machine composed of 739 mutational hotspot loci in 50 oncogenes Uses patient-specific PCR panels to longitudinally track tumor-associated mutations (median of 18 SNVs per patient) and tumour suppressor genes well known in NSCLC TEC-Seq (targeted error A median of 328 SNVs were spotted by WES per patient and used to design a custom RaDaR assay for each patient, based on the InVision® platform using multiplex PCR and targeted NGS, correction sequencing) is based on targeted capture of multiple regions of the genome and deep sequencing (~30,000×) of DNA fragments. 58 genes are analyzed in this study and comprised 80,930 captured bases. Circulating single-molecule amplification and resequencing technology which is a PCR based NGS plateforme covering only 9 genes (EGFR, KRAS, ERBB2, BRAF, PIK3CA, TP53, MET, ALK with up to 48 amplicons and RET) targeting tumor-specific variants specific to each patient	Sensitivity / specificity 69.2% / 93.3% Se of 63.2% value than that of six Main results MRD relapsed during the time to radiological confirmation The presence of ctDNA had a higher positive predictive tumor biomarkers in current clinical use NA same follow-up with an AUC of 0.887 (0.788-0.986, 95% CI) Overall concordance rate of 68.4% NA 36% / 90% Postoperative ctDNA detection predicts relapse in 93% of patients, and 90% with undetectable MRD at the first post-surgery time point did not relapse 2.3 months 97.4% / 100% Of note, cirDNA NA 64.3% with eVAF down to 0.0011% / 98.7% Initial rise in ctDNA within 1-3 days after surgery without always recurrence (6/12) and poorer OS and RFS if ctDNA detected before 7 months using minimum thresholds of concentration in the plasma of cancer 0.05% in hotspot positions and 0.1% at all other locations patients was ≈29 ng/ml, so significantly higher than that observed in healthy individuals (7 ng/ml on average) 44% / 88% The median half-life of ctDNA was 35 min. VAF decreased from 2.72% to 5.5 months sequencing to reliably but still expensive Interests / Limits First to demonstrates the use of targeted Technique approved for feasibility but still need to demonstrate the identify qualitative ctDNA changes in response to treatment Customized ctDNA prognostic value of MRD using this method Allow sensitive and profiling can identify the subclonal dynamics of NSCLC recurrence and identify resistance to adjuvant chemotherapy They found an increase specific detection of low-abundance sequence alterations using NGS but no prognostic information in sensitivity with repeated sampling and samples should not be taken too soon after ctDNA decays rapidly after radical tumor resection ; 0.17% from immediately ctDNA detection at surgery before surgery to 2 one month after RO hours after. Patients resection can be treatment with ctDNA MRD used as the baselin detectable on either D3 value for or D30 after surgery had portoperative lung a shorter OS. cancer surveillance

RESUME EN FRANCAIS:

Rationnel: Le cancer du poumon est le cancer le plus mortel à travers le monde avec une incidence toujours croissante et, malgré des récidives fréquentes, un meilleur pronostic pour les stades précoces résécables. La proportion de ces derniers devrait connaitre un accroissement notable permis par l'avènement prochain et espéré d'un dépistage organisé. Néanmoins, l'indication pratique de chimiothérapie adjuvante reste basée sur des critères histologiques de taille et d'envahissement ganglionnaire, sans information plus précise sur la maladie résiduelle (MR). La récente démonstration de la modification significative de l'ADN circulant (cirDNA) nucléaire et mitochondrial en situation de cancer semble constituer un élément prometteur d'évaluation de cette MR. L'analyse des taux plasmatiques de cirDNA par PCR quantitative, grâce à l'utilisation d'un test multiparamétrique appelé MiTest, offre un modèle très sensible de la MR chez les patients opérés d'un CBNPC. Notre objectif principal est de déterminer si l'absence de normalisation de MiTest un mois après la résection d'un CBNPC est prédictive du taux de rechute à 1 an.

Méthode: Le projet RD-CD LUNGDOC est une étude interventionnelle, pronostique, prospective, monocentrique, monobras, non comparative et exploratoire. Le critère de jugement principal est la probabilité de survie sans maladie (DFS) à 1 an après la chirurgie. Les patients qui ne normalisent pas le MiTest un mois après la chirurgie ont une probabilité estimée de rechute à 1 an de 30% contre 10% chez les patients avec une normalisation du MiTest (HR = 1,9). La taille de l'échantillon est estimée à 120 patients pour une puissance de 90% et un risque alpha de 5%. La capacité du MiTest à discriminer les patients avec ou sans rechute à 1 an sera évaluée au moyen de courbes ROC. Les estimations non paramétriques de Kaplan-Meier seront utilisées pour tracer les courbes de survie. Discussion: Nous espérons obtenir des données préliminaires prouvant que l'évolution des résultats du MiTest à un mois postopératoire est un facteur de bon pronostic pour les atteints de CBNPC réséqué, ce qui pourrait profondément modifier leur prise en charge par une meilleure stratification du pronostic et, possiblement, une meilleure anticipation des rechutes. L'analyse du cirDNA aura ainsi pour vocation d'améliorer notre compréhension de la MR, de mieux identifier les sujets les plus à risque de récidive et donc de personnaliser la prise en charge adjuvante. N° d'enregistrement: IDRCB 2021-A02261-40 & N° Clinicaltrials.gov NCT05165160 Mots clés: cancer bronchique non à petites cellules, stade précoce, résection complète, ADN circulant, maladie résiduelle, survie sans maladie
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Respectueux (se) et reconnaissant (e) envers mes

Maîtres, je rendrai à leurs enfants l'instruction que j'ai reçue de leurs pères.

Que les hommes m'accordent leur estime si je suis fidèle à mes promesses. Que je sois couvert (e) d'opprobre et méprisé (e) de mes confrères si j'y manque.

RESUME EN ANGLAIS:

Background: Non-small cell lung cancer is the deadliest cancer worldwide with an increasing incidence and a better prognosis for resectable early stages, despite frequent recurrences. As CT-scan-based individual screening is about to be implemented, earlystage NSCLC will become more prevalent. Yet oncologic adjuvant cares are decided with no accurate information about minimal residual disease (MRD). It has been recently

shown that nuclear and mitochondrial circulating cell-free DNA (cirDNA) is significantly modified in cancer and might stand as a promising representation of MRD. The analysis of nuclear and mitochondrial cirDNA in blood with quantitative PCR (qPCR), through the use of a multi-analytes test called MiTest, could offer a very sensitive study model of MRD in patients with resected NSCLC. Our main objective is to determine whether or not the lack of normalization of MiTest of cirDNA one month after resection of an earlystage NSCLC is predictive of the relapse rate at 1 year.

Method: The LUNGDOC Project is an interventional, prognostic, prospective, single-arm, non-comparative, exploratory study. The primary endpoint is the disease free survival (DFS) probability at 1 year after surgery. Patients with a lack of normalization of MiTest at one month after the resection of a NSCLC have an estimated 1-year probability of relapse of 30% versus 10% in patients for whom MiTest is normalized (HR=1.9). The sample size estimation is 120 patients with a power of 85% and an alpha risk error of 5%. The capability of MiTest to discriminate between patients with or without relapse at 1 year will be assessed by means of ROC curves. The nonparametric Kaplan-Meier estimates will be used to calculate probabilities and plot survival curves.

Discussion: We hope to obtain preliminary data proving that the normalization of MiTest at one month postoperatively is a good prognostic factor for NSCLC-resected patients, which could deeply modify management of resected NSCLC by better stratifying prognosis and possibly anticipating relapses. cirDNA analysis may considerably improve our understanding of MRD, enabling more personalised adjuvant therapeutic decisions by identifying subjects with a higher risk of recurrence.