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Introduction : une perte d'expression de BRG1/SMARCA4 est retrouvée dans 5 à 10 % des carcinomes pulmonaires non à petites cellules (CPNPC), essentiellement des adénocarcinomes.

Il n'est pas clairement établi si le CPNPC SMARCA4-déficient (CPNPC-SD) représente une entité distincte parmi les CPNPC. Bien que son pronostic soit considéré comme mauvais, les résultats cliniques des inhibiteurs de points de contrôle immunitaires font l'objet de controverses.

Dans cette étude, nous rapportons les caractéristiques cliniques, pathologiques, moléculaires et immunitaires des CPNPC-SD et leur impact sur la survie globale dans une série de CPNPC-SD réséqués, ainsi que la survie globale de patients porteurs de CPNPC-SD traités par anti-PD1.

Méthodes : L'expression de BRG1 a été évaluée par immunohistochimie pour identifier les CPNPC-SD à partir de la collection de CPNPC de l'hôpital Cochin (Paris, France). Les profils moléculaires ont été analysés par séquençage à haut débit (NGS) couvrant 28 gènes.

L'environnement immunitaire a été caractérisé par une étude multiplex in situ permettant d'analyser les populations lymphocytaires T CD8+ et T régulateurs (FoxP3+), et les polynucléaires neutrophiles (CD66b+) sur 63 CPNPC SD réséqués et comparé à celui de 28 CPNPC conventionnels non-SD. Toutes les données ont été corrélées avec la survie globale. Le bénéfice d'un traitement par anti-PD-1 a été évalué chez 77 patients atteints d'un CPNPC métastatique, dont 7 avaient un CPNPC SMARCA4-déficients.

Résultats : Nous avons identifié 2 entités distinctes de CPNPC-SD selon l'expression de TTF1. Le groupe de patients atteints de CPNPC-SD/TTF1-comptait moins de patients souffrant de BPCO, avec des tumeurs de plus haut grade, plus fréquemment mutées KEAP1 et présentaient une densité intratumorale de polynucléaires neutrophiles plus élevée. Le mauvais pronostic du CPNPC-SD n'a été observé que pour ce groupe de patient. Les patients atteints de CPNPC-SD traités par des inhibiteurs anti-PD1 avaient une durée de vie significativement plus courte depuis le début de l'immunothérapie par rapport aux patients non CPNPC-SD, indépendamment de l'expression de TTF1.

Conclusions : Dans cette étude rétrospective et monocentrique de CPNPC réséqués, nous fournissons des preuves cliniques, pathologiques et de l'environnement immunitaire que le carcinome non à petites cellules déficient en SMARCA4 (CPNPC-SD) est une maladie hétérogène selon l'expression de TTF1. Nous avons montré que seuls les CPNPC-SD TTF1 négatifs avaient un comportement agressif, ce qui suggère que l'immunohistochimie BRG1 devrait être systématiquement intégrée dans la prise en charge pathologique des CPNPC TTF1 négatifs de type non-épidermoïde. L'environnement immunosuppressif particulier des CPNPC-SD suggère qu'il s'agit d'une entité particulière, différente des CPNPC conventionnel non-SD, avec un impact de l'expression de TTF1.

I. Revue bibliographique

A.

Implication du complexe SWI / SNF dans le remodelage de la chromatine L'expression génique est étroitement régulée par la structure de la chromatine. Cette dernière possède plusieurs niveaux d'organisation structurale dont le premier niveau de compaction correspond au nucléosome, unité fondamentale de la chromatine (1,2). Elle est une structure dynamique dont l'état de condensation est en perpétuel équilibre entre un état relâché et un état condensé. Cet équilibre dépend de diverses activités enzymatiques. Parmi les enzymes capables de modifier la chromatine, il est distingué celles qui vont modifier les histones, celles qui influent sur la méthylation de l'ADN et enfin celles qui utilisent l'énergie de l'ATP pour modifier directement le niveau de compaction des nucléosomes comme le complexe SWI/SNF (3). Le remodelage de la chromatine nécessite une série d'événements qui doivent être soigneusement coordonnés dans l'espace et dans le temps. Ainsi les complexes protéiques permettent d'accomplir de tels processus d'une manière beaucoup plus efficace que ne le feraient de simples protéines (4). Les complexes de remodelage de la chromatine sont regroupés en quatre grandes familles : SWI/SNF, INO80, ISWI et CHD/M-2 (5).

Plus particulièrement, le complexe mammifère non fermentable switch/saccharose (mSWI/SNF ou BAF) est un remodeleur de la chromatine qui utilise l'énergie de l'hydrolyse de l'ATP pour faire glisser, expulser, déposer ou modifier la composition des nucléosomes. Il régule ainsi l'accès de la chromatine à d'autres facteurs de liaison à l'ADN et à la machinerie transcriptionnelle (6,7). Ainsi, il joue un rôle essentiel dans le développement, la différenciation et d'autres processus cellulaires importants comme la réplication et la réparation de l'ADN (8). Le complexe est formé par l'assemblage combinatoire de deux hélicases dépendantes de l'ATP mutuellement exclusives, SMARCA2/BRM et SMARCA4/BRG1, avec de multiples sous-unités qui facilitent la liaison à l'ADN et aux histones, permettant une grande diversité de combinaisons. Outre les sarcomes, la perte de SMARCA4/BRG1 est de plus en plus rapportée dans des sous-ensembles de carcinomes peu différenciés/indifférenciés chez l'adulte survenant dans un large éventail de sites anatomiques, y compris le poumon (15)(16)(17)(18)(19)(20).

Ce n'est que ces dernières années que le carcinome pulmonaire non à petites cellules SMARCA4-déficient (CPNPC-SD) est décrit et tend à devenir une entité distincte du CPNPC conventionnel (15) probablement en raison de la reconnaissance accrue de ces altérations dans les plateformes de séquençage de routine de nouvelle génération.

C. Les carcinomes pulmonaires non à petites cellules SMARCA4déficients (CPNPC-SD)

Selon les études précédentes sur le CPNPC-SD, la perte d'expression de SMARCA4/ BRG1 se produit dans 5 à 10 % des CPNPC (15)(16)(17)(18)(19)(21)(22)(23). Les patients atteints de CPNPC-SD sont majoritairement des hommes et de gros fumeurs avec un âge moyen de 60 ans. Leur pronostic est plus mauvais que celui des patients atteints d'un CPNPC conventionnel (15)(16)(17)19,(21)(22)(23)(24)(25). 

II. Objectifs de recherche

III. Original article

Statut de l'article : soumis pour une publication dans la revue Journal of Thoracic Oncology.

Title:

BRG1-loss / SMARCA4-deficient NSCLC is a heterogeneous entity 

Introduction

The switch/sucrose-non-fermenting (SWI/SNF) complex regulates fundamental cellular processes by controlling access to chromatin. This complex functions as a tumor suppressor and mutations in at least one of its subunits have been demonstrated in 20% of human cancers, for over 20 years (1)(2)(3)(4). The SMARCA4 gene encodes BRG1, one of two mutually exclusive ATPase subunits of the SWI/SNF complex. SMARCA4 inactivating mutations are found in a large variety of cancers (5). Despite the publication of many reports, this entity is not yet fully known and several questions remain. The first ambiguity is related to how to identify this entity, either by the mutation of SMARCA4 gene or by the loss of expression of BRG1 protein. Indeed, the loss of BRG1 expression is often associated with SMARCA4

mutations but not all SMARCA4 mutations induce a loss of expression of BRG1. Truncating mutations (i.e. frameshift or nonsense) are most usually associated with loss of protein expression, in contrast to non-truncating mutations (i.e. missense). On the contrary the loss of BRG1 can be present without SMARCA4 mutations (6,7).

Among thoracic tumors, two entities have been described: SMARCA4-deficient undifferentiated tumor (SD-UT, formerly known as SMARCA4-deficient sarcoma) and SMARCA4-deficient non-small cell lung carcinoma (SD-NSCLC) (8)(9)(10)(11). Only SD-UT is recognized as a separate entity in the 8 th edition of the WHO classification and should be differentiated from SD-NSCLC (11). Indeed, clinical and histopathological differences have been described between these two entities. Patients with SD-UT are preferentially younger, with larger tumors of mediastinal origin, peritoneal metastases, and a worse prognosis (8,10,12). But despite these differences, a recent study suggests a biological continuum between these two tumors, SD-UT being a form of 'dedifferentiated' lung carcinoma (12). They showed that these two entities are linked at molecular level, as they share genomic alterations typical of smoking-related NSCLC (KRAS, KEAP1, STK11) and have a high tumor mutational load (8,10). Thus, this has led to the replacement of the term "sarcoma" by that of undifferentiated tumor in the 8 th WHO classification.

According to the literature, loss of expression of BRG1/SD-NSCLC occurs in 5-10% of NSCLC, predominantly male and heavy smokers with a mean age of 60 years. SD-NSCLCs are mostly TTF1/p40-negative poorly differentiated carcinomas, mainly adenocarcinomas and pleomorphic (or sarcomatoid) carcinomas (13)(14)(15)(16)(17)(18)(19)(20)(21). Many studies reported a poor prognosis of SD-NSCLC, whether by identifying them by the loss of BRG1 expression (15,16,22,23) or by the SMARCA4 mutation (24,25). In Schoenfeld's study, authors showed that although all SMARCA4 alterations are associated with poor clinical outcomes, truncating mutations which are associated with BRG1 protein loss, were associated with the poorest prognosis (6), emphasizing the importance of BRG1 immunohistochemistry to identify SD-NSCLC.

The therapeutic management of SD-NSCLC patients is not codified. These tumors do not seem to harbor actionable oncogenic driver alterations, such as EGFR, ALK, and ROS1, as in conventional NSCLC (6,7,13,20), excluding the prescription of targeted therapy. Data on the effectiveness of immunotherapy are inconsistent, some studies suggest an efficacy of immune checkpoint inhibitors (ICIs) (23,26), which may be explained by a high mutational load (8,10) ; but others report a low response to ICI (6,24,25), which may be due to low PD-L1 expression and presence of co-mutations in STK11 and KEAP1 genes (27). Consistent with the nonbenefit to ICI, a recent study using four independent cohorts of public data reported that patients with KRAS-and SMARCA4-mutant adenocarcinoma treated with ICIs consistently had the shortest progression-free survival and overall survival (25). A recent large-scale study observed similar findings, with no differences in clinical outcomes in SMARCA4-WT NSCLC patients treated with ICIs versus those with SMARCA4-mutations, except in the KRAS-mutant SMARCA4-mutated NSCLC subgroup, suggesting that co-mutations (KRAS/SMARCA4) drive poor prognosis in ICI treated patients, when compared to other subgroups. These studies suggest that SMARCA4-mutated NSCLC is a heterogeneous entity whose therapeutic sensitivity depends on additional alteration, such as KRAS. They also showed that KRASmutant NSCLC with SWI/SNF alterations, including SMARCA4 mutations, have a lower density of intratumoral PD-1+ CD8+ T cells, compared to KRAS-mutant NSCLC without SWI/SNF alterations, which may explain the unfavorable clinical outcomes in patients treated with PD-1 inhibitors (24). Indeed, studies have shown that higher level of PD-1+ CD8+ T cells and more globally CD8+ T cell is a predictive marker of response to ICI (28,29). Furthermore, we previously found, in resected NSCLC patients, that the high intratumoral density of CD8 + T cell was a favorable prognostic factor as it was associated with long-term survival, independently of treatment (30). Since we previously shown that intratumoral immune cell densities, especially CD8 +T cell, were significantly associated with molecular alterations in NSCLC (31), we hypothesized that SD-NSCLC might have a specific immune environment, which could explain its poor prognosis in untreated patients and in patients treated with ICI.

Deciphering SMARCA4/ BRG1-loss in lung cancer is still necessary as it is a heterogeneous entity, with contrasting reports in the literature on characterization and treatment. In the present study, we aimed at analyzing clinical, pathological, molecular and immune environment of 63 SD-NSCLC patients resected in the same surgical department, identified by the BRG1-loss, and we compared these tumors to non-SD NSCLC. We also reported the overall survival of 7 SD-NSCLC among 77 patients treated by PD-1 blockade within the CERTIM (Immunomodulatory Therapies Multidisciplinary Study group) network.

Material and methods

Population studied and Sample selection

We selected patients naive of treatment, operated with curative intent at Cochin Hospital, 

Pathological evaluation and immunohistochemistry

Histological tumor typing was performed according to the 4 th World Health Organization criteria (34) and pathologic tumor staging was evaluated using the 8 th edition of TNM classification. All adenocarcinomas were classified into 3 grades according to their predominant architectural pattern, as previously described (32,35). Immunohistochemistry was performed using the fully automated Leica Bond III platform and antibodies against the following antigens: BRG1 (clone EPNCIR111A clone, 1:200, Abcam), TTF1 (clone SPT24, 1:100, Tebu Novocastra), P40

(clone BC28, 1:100, Zytomed), PD-L1 (clone QR1, 1:100, Diagomics/BIOCYC). SD-NSCLC was defined by a complete loss of BRG1 nuclear expression in all tumor cells.

Molecular analysis

DNA was extracted from FFPE tumor samples, selected to contain at least 30% of tumor cells, V3), and sequenced on the Ion Proton™ System (Life Technologies™). The FASTQs sequencing data are aligned to the human genome (hg19) and processed using Ion Torrent Suite V5.12.0. This package included the Torrent Variant Caller V5.12.0.2 using the built-in "Somaticlow stringency" with optimized parameters to automatically call variants with allelic ratio >5%. Samples were considered non-informative when mean coverage depth was <300X.

using

Multiplex fluorescence immunohistochemistry

Multiplexed immunofluorescence was performed on 5-µm thick serial sections from the selected tumor tissue section containing the highest density of immune cells on hematoxylineosin-safran (HES) stained slides. Staining was performed using Opal™ 4-Color IHC Kit (AKOYA Biosciences®) for CD66b (clone G10F5, BD), FoxP3 (clone 236A/E7, Abcam), pancytokeratin (clone AE1/AE3, Agilent), CD8 (clone SP16, Abcam) on Leica Bond RX (Leica Biosystem®), as previously described (37). Whole sections were scanned using multispectral imaging system Axio Scan.Z1 (Zeiss) and images were analyzed using Halo® (indica Labs).

Tumor region was selected manually, and the surface areas were calculated automatically.

Positive cells were labeled semi-automatically and counted with the software. Results are expressed as the absolute number of positive cells per square millimeter.

Statistical analysis

Statistical analyzes were conducted using R 3.3.2 (https:// www.R-project.org/). Wilcoxon-Mann-Whitney or Chi 2 test were used to find associations between clinical and molecular data.

The difference in immune cell density was estimated statistically with the Wilcoxon rank test.

For survival analysis, the clinical-end point was overall survival (OS), calculated from the date of surgical resection to the date of death or date of last follow-up. Survival was estimated using Kaplan-Meier method and compared using log-rank test. Cox proportional-hazards regression model was used for univariate analysis and all variables associated with survival with a p-value<0.05 were subsequently selected for multivariate analysis. OS was analyzed for patients treated by ICIs and measured as the time from the date of first cure of immunotherapy, to the date of death or date of last follow-up.

Results

Characteristics of SD-NSCLC

A total of 63 patients with SD-NSCLC, defined by complete loss of BRG1 expression, who underwent radical surgical excision for curative intent, are included in this study. The median age was 61 years, 51 patients (81%) were male, 59 (94%) were heavy smokers (≥15 packyears) and 43 (68%) had COPD. The major histological type was adenocarcinoma (54, 86%), mostly solid predominant pattern (36, 66%), there was only one lepidic predominant pattern and one mucinous adenocarcinoma. TTF1 expression was found in 31 (49%) tumors. Only 10 tumors (16%) had ≥ 50% PD-L1 tumor cell expression. We often found aggressive histological criteria, i.e. 45 (71%) tumors with vascular emboli, 41 (65%) with pleural infiltration and 30 (47%) with lymph node invasion (13 pN1 and 17 pN2). Pathological stages for all resected tumors were 20 (32%), 19 (30%), 22 (35%) and 2 (3%) for stage I, II, III, and IV, respectively.

Regarding the molecular characteristics, 54 of the 63 SD-NSCLC were interpretable and 42 tumors (78%) had at least one SMARCA4 mutations, composed of nonsense (n = 28), frameshift (n = 12), missense (n = 6), and splice-site (n = 5) mutations. Truncating mutations (i.e., frameshift, nonsense or splice mutations) were found in 40/42 (95%) tumors. Six tumors had 2 or 3 SMARCA4 mutations. Other mutations were identified in TP53 (63%), STK11 (27%), KEAP1 (24%), KRAS (24%), CDKN2A (17%), ARID1A (8%), PTEN (3%), and RB1 (2%) (Table 1). Concerning potential targetable driver genes, we did not identify EGFR mutation, 2 tumors had a non-V600 BRAF activating mutation, one had HER2 amplification and one had MET amplification, both confirmed by FISH, with gene-to-centromere ratio greater than 2; 5 tumors had KRAS G12C activating mutation.

We then compared clinical, pathological features and molecular alterations between SD-NSCLC (n = 63) and non-SD NSCLC (n=303) and found that SD-NSCLCs have distinct features. Indeed, SD-NSCLC patients were associated with heavier smoking history (p=0.02), more frequent COPD (p<0.001), higher tumor grade (p<0.001), more negative TTF1 expression (p<0.001), lower PD-L1 tumor cell expression (TPS) (p=0.001), more KRAS mutations (p=0.01) and absence of EGFR mutations (p=0.003). There was no significant difference according to tumor stage, TP53 and STK11 mutations (Supplementary Table 1).

Clinical Outcomes of SD-NSCLC

At the time of the study, 39 patients out of the 63 SD-NSCLC patients (71%) died. The median follow-up time was 18 months [95% CI: 0.6-0.8] for SD-NSCLC and 62 months [95% CI: 0.5-0.8] for non-SD NSCLC. SD-NSCLC patients were characterized by a poorer clinical outcome.

Overall survival (OS) rates at 2 and 5 years were respectively 58% , 37% for SD-NSCLC (N=63) and 74% [70-80], 53% [START_REF] Hasegawa | Prognostic value of peripheral and local forkhead box P3+ regulatory T cells in patients with non-small-cell lung cancer[END_REF][START_REF] Shirasawa | Impact of chemoradiotherapy on the immune-related tumour microenvironment and efficacy of anti-PD-(L)1 therapy for recurrences after chemoradiotherapy in patients with unresectable locally advanced non-small cell lung cancer[END_REF][50][51][52][53][54][55][56][57][58][59] for non-SD NSCLC (N=303) (Figure 2A).

Univariate analyses of the 63 SD-NSCLCs showed that TTF1 expression (p=0.02), KEAP1 mutations (p=0.03) and pathologic-stage (p=0.0001) were related to OS (supplementary Table 2). Cox-regression revealed that stage was the only independent prognostic factor (p=0.006, HR:3 [1.3-6.9]). We also found that TTF1-negative SD-NSCLC patients (TTF1-/BRG1loss, n=32) had shorter OS compared to TTF1-positive SD-NSCLC patients (TTF1+/BRG1loss, n=31), who had a similar OS compared to TTF1-positive non-SD NSCLC (TTF1+/BRG1retained) (Figure 2B) and as expected TTF1 expression was associated with a significant favorable outcome (p<0.0001, HR: 0,5 [0.4-0.7]) (Figure 2C). Five-year OS rates in TTF1+/BRG1loss

(53% ) and TTF1+/BRG1retained (56% [50-62]) groups were higher than those in the TTF1-/BRG1loss (10% [2-57]) and TTF1-/BRG1retained (31% ) groups (Figure 2B). This result shows that BRG1 expression appears to be a discriminating marker of clinical outcome only in TTF1-negative NSCLC. Univariate analysis of patients with BRG1loss tumors showed that in TTF1-negative tumors, only stage (p=0.01) was significantly associated to OS, whereas in TTF1-positive tumors, stage (p=0.02) and KEAP1 mutations (p=0.01) were significantly related to OS (Supplementary Table 2). None of these variables were independent in multivariate analysis.

TTF1 expression influences clinical and immune parameters in SD-NSCLC

Since the prognosis of TTF1-/BRG1loss patients was significantly different from TTF1+/BRG1loss patients, we then evaluated whether SD-NSCLC patients have distinct clinical, pathological, molecular and immune cell population characteristics according to the TTF1 expression.

Among the 63 SD-NSCLC, 31 expressed TTF1 diffusely and 32 did not. TTF1-/BRG1loss NSCLC patients were significantly associated with less COPD (p=0.03), larger tumor size (p=0.04), more large-cell and pleomorphic carcinomas (p=0.04) and higher grade adenocarcinomas (p=0.02). There was no significant difference according to smoking status, pathological stage and PD-L1 TPS. Regarding genomic alterations, TTF1-/BRG1loss NSCLC patients were associated with more KEAP1 mutations (p=0.02), without significant difference according to KRAS, TP53 and STK11 mutations (Table 1). Regarding the immune cell densities, we performed fluorescence multiplex immunohistochemistry analysis on the 63 SD-NSCLCs, according to TTF1 expression and compared these data to 28 resected non-SD NSCLCs analyzed with the same panel of multiplex fluorescence immunohistochemistry (Supplementary Table 3). Representative image of the resulting staining is shown in Figure 3.

We found no significant differences in CD8+ T cell, neutrophil and regulatory T cell densities in non-SD NSCLC, according to TTF1 expression. There was also no significant difference with CD8+ T cell density in NSCLC, according to BRG1 expression. But we found that SD-NSCLC had a significantly higher density of regulatory T cells than non-SD NSCLC, irrespective of TTF1 expression; and TTF1-/BRG1loss NSCLC had a significantly higher neutrophil density than TTF1+/BRG1loss NSCLC (Figure 3).

In the overall cohort of SD-NSCLC, neither CD8+ T-cell nor neutrophil nor regulatory T cell densities were associated with prognosis (Figure 4A). In TTF1+/BRG1loss NSCLC patients, CD8+ T-cell density was associated with an unfavorable clinical outcome (Figure 4B), while neutrophil and regulatory T cell densities, as well as the ratio of CD8+ to FoxP3+ cells, were not. In TTF1-/BRG1loss NSCLC patients, CD8+ T-cell density was not associated with prognostic value (Figure 4C), nor was the densities of neutrophils or regulatory T cells.

Overall survival of SD-NSCLC treated by anti-PD1

We then investigated the effectiveness of an anti-PD-1 immunotherapy in patients with SD-NSCLC, studying a cohort of 77 patients with metastatic-stage NSCLC receiving nivolumab or pembrolizumab, in second line or more, from the CERTIM cohort. Among these 77 NSCLC, 7

tumors were identified as SD-NSCLC with a complete BRG1-loss, including 2 TTF1-negative tumors. Among these 7 patients, there was no significant difference between the SD-NSCLC and non-SD NSCLC groups in terms of sex, smoking status, COPD, histology, TTF1 expression, PD-L1 TPS, type of anti-PD1 and KRAS mutation. Only age at diagnosis was significantly higher in non-SD NSCLC (supplementary Table 4). With a median follow-up of 5. 0.8-2.6]) (Figure 5).

Discussion

In this study, our objective was to characterize a monocentric series of SMARCA4-deficient NSCLC (SD-NSCLC) in order to participate in the dismemberment of this entity that seems to have an aggressive behavior and probably requires a dedicated therapeutic management. We defined SMARCA4-deficient NSCLC as tumors with complete loss of BRG1 expression using standard routine immunohistochemistry technic. The protein BRG1 complete loss must be distinguished from SMARCA4-mutated NSCLC because not all SMARCA4 mutations lead to a loss of BRG1 expression, which is usually found in truncating mutations (i.e. frameshift or nonsense) rather than non-truncating mutations (i.e. missense) (6,7,20,38), in agreement with our study, as 95% of BRG1-loss tumors with SMARCA4 mutation had truncating mutations. In addition, complete loss of BRG1 expression could be observed without SMARCA4 mutation, probably linked to alternative mechanisms such as mutation in other SWI/SNF protein, or epigenetic regulation effect (7,12,21,39), or even to a failure of NGS to identify SMARCA4 mutation, especially in the case of large deletion or variants involving poorly covered intronic regions. In our study, SMARCA4 mutations were not identified in 22% of BRG1-loss tumors.

We first showed that there were significant differences between SD-NSCLC and non-SD NSCLC, consistent with previous studies. SD-NSCLCs were more common in smokers and COPD patients, and their adenocarcinomas were of higher-grade, with lower PD-L1 TPS, no EGFR mutations and more KRAS mutations (6,20,24,25), including the G12C subtype, which may benefit from targeted therapy (40). We confirmed that SD-NSCLC had poorer overall survival, but this was related to TTF1-/BRG1loss NSCLC patients, as TTF1+/BRG1loss NSCLC patients had a similar outcome than TTF1+/BRG1retained NSCLC patients. This suggests that TTF1 is the main driver of negative outcome in patients with BRG1loss tumors. Similarly, in BRG1retained tumors, TTF1-negative lung adenocarcinomas were associated with poor survival, as previously reported (41), probably linked to loss of differentiation and increased metastatic potential (42). It has been proposed that loss of BRG1/SMARCA4 represents a primary genetic driver event in TTF1-/BRG1loss tumors leading to epithelial-mesenchymal transition (13), whereas the occurrence of the SMARCA4 mutation would be a later event, not related to mesenchymal transition in TTF1+/BRG1loss adenocarcinomas. In such case, TTF1+/BRG1loss NSCLC should rather be considered as a conventional adenocarcinoma, whereas TTF1-/BRG1loss NSCLC should be considered as a fully-fledged entity of poor prognosis among NSCLCs. Besides prognostic differences, we also observed that according to TTF1 expression SD-NSCLCs have distinct characteristics. Indeed, TTF1-/BRG1loss NSCLC patients were significantly associated with less COPD, larger tumor size, more large-cell and pleomorphic carcinomas, higher-grade adenocarcinomas and more KEAP1 mutation.

Regarding the immune environment, SD-NSCLC seems to be a particular entity, different from non-SD NSCLC, with an additional influence of TTF1 expression. Indeed, there was a more immunosuppressive environment, with a higher density of FoxP3 + T cells in SD-NSCLC, irrespective of TTF1 expression, and a higher density of neutrophils in TTF1-/BRG1loss NSCLC.

Interestingly, CD8+ T cell density did not differ according to BRG1 or TTF1 expression, implying that a global immune cells analysis is required to predict outcome and response to treatment. Using the Microenvironment Cell Populations-counter (MCP-counter) method ( 43), on the TCGA LUAD cohort, we were able to find, in agreement with our data, a significantly higher occurrence of neutrophils and the absence of significant difference in CD8+ T cells presence in SMARCA4 mutant (missense and nonsense) adenocarcinoma as compared to Wild-Type SMARCA4 tumors (Supplementary figure 1). Since MCP-counter does not provide regulatory T cells, we could not validate this additional result in the TCGA LUAD cohort.

We analyzed the association between survival and immune cells densities among SD-NSCLC and according to TTF1 expression. Surprisingly, we found that the positive prognostic value of CD8+ T cell (30) was lost, neutral for TTF1-/BRG1loss NSCLC and negatively associated with survival in TTF1+/BRG1loss NSCLC. This finding could have been related to the higher frequency of COPD in SD-NSCLC, as we have previously observed a loss of CD8+ T cellassociated favorable clinical outcome in COPD patients with NSCLC, related to increased exhaustion status of CD8+ T cells and a trend to a greater sensitivity to PD-1 blockade (44).

But in the context of SD-NSCLC, patients do not seem to benefit from anti-PD1 inhibitors, rather they have significantly shorter survival, compared to non-SD NSCLC patients. The influence of COPD status, KRAS mutation, and TTF1 expression could not be explored because the number of patients was too small. In contrast, the poor response to anti-PD1 was consistent with the low PD-L1 TPS in SD-NSCLC (45). The impact of a high density of FoxP3+

T cells found in SD-NSCLC, compared with non-SD NSCLC, need additional analysis in SDand non-SD NSCLC, as it might explain the resistance to immune checkpoints inhibitors (46,47). This suggests that new combination of immunotherapy including Treg-targeted therapy could be interesting in SD-NSCLC patients (46,47).

Conclusion

In this retrospective and monocentric study of resected NSCLC, we provided clinical, pathological and immune environment evidence that SMARCA4-deficient non-small cell carcinoma (SD-NSCLC) is a heterogeneous disease, mainly related to TTF1 expression. We showed that among SD-NSCLC tumors, TTF1-negative had the most aggressive behavior but all SD-NSCLC had an immune environment enriched in FoxP3+ cells and did not respond to ICI. Altogether, this suggests that BRG1 immunohistochemistry should be systematically integrated into the pathological workflow of NSCLC to help in the therapeutic management of these patients. 

Table and figures legends

V. Conclusion

En résumé, nous démontrons que le carcinome pulmonaire non à petites cellules SMARCA-déficients (CPNPC-SD) est une maladie hétérogène selon l'expression de TTF1.

Nous avons montré que seuls les CPNPC-SD/TTF1négatifs avaient un comportement agressif, suggérant qu'une recherche de la perte d'expression de BRG1 par immunohistochimie devrait être systématiquement intégrée dans la prise en charge pathologique des CPNPC/TTF1négatifs de type non-épidermoïde.

Notre recherche appuie également l'importance de développer des études cliniques pour évaluer des stratégies thérapeutiques alternatives prometteuses dans les CPNPC-SD. 

Figure 1 :Tableau 1 :

 11 Figure 1 : Représentation schématique de la composition du complexe SWI/SNF. Les différents noms indiqués pour la même sous-unité dans cette représentation schématique reflètent l'existence de paralogues mutuellement exclusifs. La localisation des sous-unités au sein du complexe est montrée de manière arbitraire. Certaines sous-unités sont constantes (en bleu), comme une des deux sous-unités ATPase catalytiques, SMARCA4/BRG1 et SMARCA2/BRM, présentes de manière mutuellement exclusive. Cela offre une grande diversité de combinaisons. Le complexe utilise l'énergie de l'ATP-ase pour remodeler la chromatine, régulant ainsi l'accès de la chromatine à d'autres facteurs de liaison à l'ADN et à la machinerie transcriptionnelle.

  Ils sont principalement représentés par des carcinomes peu différenciés TTF1/P40 négatifs, notamment par des adénocarcinomes et des carcinomes pléomorphes (ou sarcomatoïdes) (cf. Figures 2, 3 et Annexes (VI) -Figure supplémentaire 3) (15,16,18,19,21-23,25).

Figure 2 :

 2 Figure 2 : Image histologique d'un CPNPC-SD : adénocarcinome peu différencié d'architecture solide, HES (A), avec perte d'expression de la protéine BRG1 (témoin interne positif), étude immunohistochimique avec l'anticorps anti-BRG1 (Abcam) (B).

Figure 3 :

 3 Figure 3 : Image histologique d'un CPNPC-SD : carcinomes pléomorphes (ou sarcomatoïdes), HES.
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  'objectif principal de cette recherche était d'élargir les connaissances sur les CPNPC-SD. Dans un premier temps, lors de mon année-recherche en master 2 effectuée à Paris, encadrée par l'équipe thoracique de Cochin, nous avons décrit les caractéristiques cliniques, pathologiques, moléculaires d'une cohorte de 87 CPNPC-SD identifiés par la perte de BRG1, à partir des données rétrospectives de notre institution. Nous avons analysé l'environnement immunitaire sur les CPNPC-SD réséqués (n=63) de notre cohorte initiale. Dans un second temps, sur la base de ces données, nous avons cherché à analyser les données clinique, pathologique, moléculaire et immunitaire des CPNPC-SD réséqués (n=63/87) de notre cohorte initiale en les comparant à des CPNPC conventionnels non-SD réséqués. Ces données ont été corrélées avec la survie globale. Nous avons également rapporté la survie globale de 7 CPNPC-SD parmi 77 patients traités par anti-PD-1 au sein d'une cohorte de CPNPC de stade métastatique (CERTIM -Immunomodulatory Therapies Multidisciplunary Study group).
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 1 Figure 1. We excluded squamous-cell lung carcinomas and large-cell neuroendocrine carcinomas from the study because we found no BRG1-loss among 91 squamous-cell lung carcinomas and large-cell neuroendocrine carcinomas tested. We analyzed the immune cell infiltrate of the 63 SD-NSCLC tumors, and compared with 28 similar and representative NSCLC without BRG1 loss. Finally, we assessed the benefit of immunotherapy in 7 patients with SD-NSCLC from a cohort of 77 patients with metastatic NSCLC, included in the Immunomodulatory Therapies Multidisciplinary Study group (CERTIM), who received an anti-PD-1 therapy (either nivolumab or pembrolizumab), in second line or more, between 2015-2020 (Figure 1). This study was performed with the approval of our institutional review board (CPP Ile de France II, 2008-133 and 2012 06-12, No. 2018 MS1).

2 months[

 2 95%CI: 0.2-1], we found that SD-NSCLC patients had shorter OS compared to patients with non-SD NSCLC (p=0.01, HR=3.2 [95% CI: 1.3-7.8]), regardless of TTF1 expression (p=0.4, HR=0.8 [95% CI: 0.5-1.4]) and KRAS mutation (p=0.1, HR=1.5 [95% CI:

Figure 1 :

 1 Figure 1: Description of the studied populations and the performed analyses.We identified 63 resections of SMARCA4-deficient NSCLC defined by loss of BRG1 expression, they were subjected to molecular analysis with 2 NGS panels (panel 1: The Ion AmpliSeq™ Colon-Lung Cancer Research Panel v2, Life Technologies™, France and panel 2: a custom Ion AmpliSeq™ DNA panel, including SMARCA4 and KEAP1 mutations) ; and multiplex immunohistochemistry to quantify neutrophil (CD66b+), regulatory T cell (FoxP3+) and CD8+ T cell densities. We also included a cohort of 77 metastatic NSCLC patients from the Immunomodulatory Therapies Multidisciplinary Study group (CERTIM) who received anti-PD-1 therapy, in second line or higher, in which 7 had a complete loss of BRG1 expression.Multiplex IHC: multiplex immunohistochemistry.

Figure 2 :

 2 Figure 2: Survival analysis. Comparison of overall survival for resected NSCLC according to BRG1 expression (A) combined expression of BRG1 and TTF1 expression (B) and TTF1expression alone (C). OS curves were estimated using the Kaplan-Meier method, and differences between patient groups were evaluated by log-rank test. Number at risk and percentage of alive are indicated. HR and p-value were estimated using Cox-regression. TTF1-/BRG1loss: TTF1-negative SMARCA4-deficient NSCLC, TTF1+/BRG1loss: TTF1positive SMARCA4-deficient NSCLC, TTF1-/BRG1retained: TTF1-negative non-SMARCA4 deficient NSCLC, TTF1+/BRG1retained: TTF1-positive non-SMARCA4 deficient NSCLC.

Figure 3 :

 3 Figure 3: Comparison of SMARCA4-deficient NSCLC according to TTF1 expression in resected patients. (A) TTF1-positive tubular adenocarcinoma with loss of BRG1 expression showing high infiltration of regulatory T cells (green nuclei) by fluorescent multiplex immunohistochemistry (B) TTF1-negative solid adenocarcinoma with loss of BRG1 expression, showing high infiltration of regulatory T cells (FoxP3+, green nuclei) and neutrophil (CD66b+, yellow) by fluorescent multiplex immunohistochemistry. (C) Radar plot and table showing the densities of CD8+ T, regulatory T (FoxP3+), neutrophil (CD66b+) cells among SMARCA4-deficient NSCLC and non-SMARCA4 NSCLC tumors and according to TTF1 expression. HR and p-value calculated with Cox-regression are indicated in the table beside (C). HES staining (left), chromogenic simplex immunohistochemistry (middle), fluorescent multiplex immunohistochemistry (right): CD8+ T cell (pink), CD66b+ neutrophils (yellow), FoxP3 (green in nuclei) and cytokeratin (green in membrane).

Figure 4 :

 4 Figure 4: Prognostic value of CD8+ T cell, neutrophil and regulatory T cell densities in SD-NSCLC patients (A). OS curves for CD8+ T cell density in TTF1+/BRG1loss NSCLC group (C) and TTF1-/BRG1loss NSCLC group (C). HR and p-value calculated with Cox-regression are indicated in the table below (A). OS curves were estimated by using the Kaplan-Meier method, and differences between patient groups were evaluated by log-rank test. A medianbased stratification was used to dichotomize CD8+ T-cell density as high or low, with low densities used as a reference. TTF1-/BRG1loss: TTF1-negative SMARCA4-deficient NSCLC, TTF1+/BRG1loss: TTF1-positive SMARCA4-deficient NSCLC, TTF1-/BRG1retained: TTF1-negative non-SMARCA4 deficient NSCLC, TTF1+/BRG1retained: TTF1-positive non-SMARCA4 deficient NSCLC.

Figure 5 : 1 .

 51 Figure 5: Prognostic value (OS) of anti-PD1-treated patients with SD-NSCLC (A) andaccording to TTF1 expression (B). Metastatic-stage NSCLC patients received nivolumab or pembrolizumab, in second line or more, excluding squamous-cell and large-cell neuroendocrine carcinomas (N=77, in which 7 SD-NSCLC, including 2 TTF1-negative tumors). OS curves were estimated by using the Kaplan-Meier method, and differences between patient groups were evaluated by log-rank test. HR and p-value calculated with Cox-regression are indicated in the table beside.
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  AmpliSeq™ DNA panel, full gene coding sequence for SMARCA4, TP53, STK11, KEAP1, RB1, CDKN2A, ARID1A and PTEN. Briefly, the multiplex barcoded libraries are generated from 10ng of DNA following manufacturer's recommendations (Ion ampliseq library kit V2) and are normalized using the Ion Library Equalizer™ Kit. The pooled libraries are processed on Ion Chef™ System for template preparation and chip loading (Ion PI HI-Q Chef Kit, Ion PI Chip

the Maxwell® 16 FFPE Plus LEV DNA Purification Kit (Promega). All samples were characterized using 2 NGS panels:

(1) 

The Ion AmpliSeq™ Colon-Lung Cancer Research Panel v2 (Life Technologies™, France), as previously described

(33,36)

, and (2) a custom Ion

Table 1 :

 1 Clinical, pathological and molecular characteristics of 63 resected SMARCA4-

	deficient NSCLC, and according to TTF1 expression. Adenocarcinoma grade corresponded to
	II (intermediate grade) for lepidic, papillary, or acinar predominant pattern and III (high grade)
	for solid, micropapillary, or solid predominant pattern and mucinous type, as previously
	described (32,35). PD-L1 TPS: tumor proportion score corresponding to the percentage of PD-
	L1 positive tumor cells. SD-NSCLC : non-SMARCA4-deficient NSCLC, COPD : chronic
	obstructive pulmonary disease.		
		SD-NSCLC	SD-NSCLC TTF1(-)	SD-NSCLC TTF1 (+)	P-value
	Parameters	n=63	n= 32	n=31
	Age at diagnosis				0.5
	Median [Min, Max]	61 [38, 80]	62 [38, 80]	59 [42, 79]
	Sex number (%)				0.8
	Female	12 (19%)	7 (22%)	5 (16%)
	Male	51 (81%)	25 (78%)	26 (84%)
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Results : We identified 2 distinct entities among SD-NSCLC: TTF1-/BRG1loss and TTF1+/BRG1loss. The TTF1-/BRG1loss NSCLC tumors were of higher grade, more frequently KEAP1 mutated, and showed higher intratumoral neutrophil density. Altogether, these TTF1-/BRG1loss NSCLC patients had the worst prognosis. Interestingly, regardless of TTF1 expression, SD-NSCLC patients treated by anti-PD1 inhibitors had a significantly shorter OS, from the start of immunotherapy, compared to non-SD-NSCLC, highlighting the need to identify this entity. 
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Decroix Elise

Sujet de la thèse : Carcinomes pulmonaires non à petites cellules SMARCA44-déficients : caractérisation clinico-pathologique, moléculaire et immunitaire. RESULTATS : Nous avons identifié 2 entités distinctes de CPNPC-SD selon l'expression de TTF1. Le groupe de patients atteints de CPNPC-SD dont la tumeur n'exprimait pas TTF1 comptait moins de patients souffrant de BPCO, leurs tumeurs étaient de grade plus sévère, plus fréquemment mutées en KEAP1 et présentaient une densité de neutrophiles intratumorale plus élevée. Le mauvais pronostic du CPNPC-SD n'a été observé que pour ce groupe de patient. Les patients atteints de CPNPC-SD traités par des inhibiteurs anti-PD1 avaient une durée de vie significativement plus courte depuis le début de l'immunothérapie par rapport aux patients non CPNPC-SD.

CONCLUSION : Le CPNPC-SD est une maladie hétérogène liée à l'expression de TTF1. L'évaluation de BRG1 devrait être réalisée dans les CPNPC, en particulier dans les CPNPC TTF1 négatif de type non épidermoïde, car leur pronostic est mauvais et ils ne semblent pas bénéficier de l'immunothérapie.