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BCL2 mutations do not confer adverse prognosis in follicular lymphoma patients treated with rituximab
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BCL2 mutations have been suggested to confer an adverse prognosis to follicular lymphoma (FL) patients, but their prognostic value has not been assessed in patients treated with a rituximab-containing regimen. Here we evaluated the prognostic value of BCL2 mutations in a large prospective cohort of 252 FL patients treated with immunochemotherapy in the PRIMA randomized trial. Using a DNA-targeted sequencing approach, we detected amino acid altering mutations in 135 patients (54%) and showed that these mutations were probably mediated by the over-activation of AICDA (Activation-induced cytidine deaminase) in the context of the t(14;18) translocation. The BCL2 variants identified in PRIMA patients affected the BH1, BH2 and BH3 functional motifs at a lower frequency than the N-terminus and flexible loop domain (FLD), with mostly conservative aminoacid changes. With a median follow-up of 6.7 years, we did not observe any impact of BCL2 mutations either on overall survival or progression-free survival.

Introduction

The clinical course of follicular lymphoma (FL) is heterogeneous, and the best clinical predictor of outcome is the FLIPI score [START_REF] Solal-Céligny | Follicular lymphoma international prognostic index[END_REF][START_REF] Federico | Follicular lymphoma international prognostic index 2: a new prognostic index for follicular lymphoma developed by the international follicular lymphoma prognostic factor project[END_REF] . It is increasingly recognised that genomic alterations can influence patients' outcome, which led recently to the integration of genes mutational status in the prognostic stratification of FL patients [START_REF] Pastore | Integration of gene mutations in risk prognostication for patients receiving first-line immunochemotherapy for follicular lymphoma: a retrospective analysis of a prospective clinical trial and validation in a population-based registry[END_REF] . The t (14;18) translocation is the hallmark of FL, resulting in overexpression of the BCL2 oncogene. BCL2 is also frequently mutated in FL [START_REF] Pasqualucci | Genetics of follicular lymphoma transformation[END_REF] , and BCL2 mutations were recently shown to be associated with an increased risk of transformation and risk of death due to lymphoma [START_REF] Correia | BCL2 mutations are associated with increased risk of transformation and shortened survival in follicular lymphoma[END_REF] .

Mutation analysis in the Correia's retrospective study used Sanger sequencing in a patient cohort mostly treated in the absence of rituximab. Here we use next-generation sequencing to identify BCL2 mutations and assess their prognostic value in a large prospective cohort of 252 FL patients treated in the PRIMA Phase III trial that evaluated Rituximab maintenance after immunochemotherapy as first line treatment in FL [START_REF] Salles | Rituximab maintenance for 2 years in patients with high tumour burden follicular lymphoma responding to rituximab plus chemotherapy (PRIMA): a phase 3, randomised controlled trial[END_REF] .

Methods

This study was conducted in accordance with the Declaration of Helsinki. All patients signed a consent form for participation in specific biological studies. Tumour biopsy specimens were obtained at FL diagnosis from 252 high tumour burden patients included in the PRIMA trial [START_REF] Salles | Rituximab maintenance for 2 years in patients with high tumour burden follicular lymphoma responding to rituximab plus chemotherapy (PRIMA): a phase 3, randomised controlled trial[END_REF] . DNA was extracted from FFPE tissues (n=98) or fresh-frozen tissues (FF, n=154). A DNA-targeted sequencing approach using the FoundationOne Heme platform was performed as described previously [START_REF] He | Integrated genomic DNA/RNA profiling of hematologic malignancies in the clinical setting[END_REF] (mean coverage 797x). Lymphoma-specific variants identified in the BCL2 gene were filtered to remove known polymorphisms (dbSNP database v137) and possible sequencing artifacts by exclusion of variants with variant allele frequency (VAF) under 5% (n=18). These data also provided information on IGH-BCL2 rearrangement.

RNA-seq data available for 143 of the 252 patients was used to assess expression levels of AICDA transcript.

The correlation between BCL2 mutation status and clinical or biological characteristics were assessed using Fisher's exact test. Differential expression levels or VAF were compared using the Mann-Whitney test. Progression-free survival (PFS) and overall survival (OS), defined by international criteria [START_REF] Cheson | Report of an international workshop to standardize response criteria for non-Hodgkin's lymphomas. NCI Sponsored International Working Group[END_REF] , were estimated by the Kaplan-Meier product limit method and compared by log-rank test.

Results and Discussion

One hundred and thirty five patients (54%) harboured at least one amino acid altering mutation, consisting in single nucleotide variations (SNVs) (n=294) or small in-frame insertions (n=3) (supplemental table 1). This proportion was slightly higher in fresh frozen tissue (FF) (89/154, 58%) than in FFPE samples (46/98, 47%), possibly reflecting a lower sensitivity of sequencing to detect mutations on DNA extracted from FFPE tissues. Nevertheless, the frequency of BCL2 coding mutations at FL diagnosis is higher than the previously reported 12% with Sanger sequencing [START_REF] Correia | BCL2 mutations are associated with increased risk of transformation and shortened survival in follicular lymphoma[END_REF] , and similar to that reported with Next-Generation Sequencing techniques [START_REF] Pastore | Integration of gene mutations in risk prognostication for patients receiving first-line immunochemotherapy for follicular lymphoma: a retrospective analysis of a prospective clinical trial and validation in a population-based registry[END_REF][START_REF] Okosun | Integrated genomic analysis identifies recurrent mutations and evolution patterns driving the initiation and progression of follicular lymphoma[END_REF] . As described in DLBCL [START_REF] Correia | BCL2 mutations are associated with increased risk of transformation and shortened survival in follicular lymphoma[END_REF][START_REF] Schuetz | BCL2 mutations in diffuse large B-cell lymphoma[END_REF] , multiple (≥2) non-synonymous mutations in BCL2 were identified in 71 patients (range: 0-17 mutations per sample). We evaluated the accuracy of our analytic pipeline by comparing the findings of our targeted approach with the findings of whole exome sequencing of tumoral and normal tissues for a subgroup of 10 patients. Overall, the false discovery rate and false negative rate for FoundationOne Heme DNA targeted sequencing were low: one variant called by FMI was also present in germline DNA (1/28 false positive, 3,6%), and one mutation at a spllce-site was not detected by FMI (1/28 false negative, 3,6%). Non-synonymous SNVs were located throughout the second exon, predominantly in the flexible-loop regulatory domain, whereas the third exon of the longest (alpha) isoform encoding the transmembrane domain was spared, consistent with previous observations 5 (Figure 1A).

Although mutations were frequent in the BCL2 gene, we did not detect frame-shifts and stopcodons in the alpha isoform, which could result in loss of the functional protein. Two mutations occurred at the terminal stop-codon of the beta isoform that lacks the C-terminus transmembrane domain; the functional effect of these mutations is unclear. Mutations in the functional BH1, BH2 and BH3 motifs were rare in our cohort occurring at an average frequency of 0.5 variants per amino acid, compared to 2-4.7 variants per amino acids in the FLD and Nterminus domains (Supplemental Table 2). Mutations in the BH3-binding groove of BCL-2 were largely conservative in nature and not expected to affect binding to pro-apoptotic proteins based on structural analysis of the BCL-2 protein bound to the BAX BH3 peptide (Supplemental Figure 1). This is in agreement with computational analysis suggesting that none of the mutations observed in BCL-2 are predicted to have deleterious effects (MutationAssessor [START_REF] Gnad | Assessment of computational methods for predicting the effects of missense mutations in human cancers[END_REF][START_REF] Reva | Predicting the functional impact of protein mutations: application to cancer genomics[END_REF] ) (Supplemental Table 3). However, further in vitro functional studies and clinical results from BCL-2 inhibitors' trials will warrant the functional consequences of these mutations.

Variant Allele Frequency (VAF) depends on the sample's tumour content, the hetero-or homozygous status, the copy number variation of the considered locus, and the clonal or subclonal nature of the mutation. The VAF of BCL2 mutations were highly heterogeneous (range: 0.06-0.59; median: 0.26) in our cohort. By studying the VAF ratio (defined as the ratio of the VAF compared to the higher BCL2 mutation VAF of the same sample) in 71 patients carrying multiple BCL2 mutations, we identified 29% of the mutations with a low VAF ratio. Although tumor cell content may also account for this variability, these results indicate that most BCL2 mutations accumulate in subclones, reflecting ongoing genomic instability in FL (Figure 1B) [START_REF] Green | Hierarchy in somatic mutations arising during genomic evolution and progression of follicular lymphoma[END_REF] .

An IGH-BCL2 rearrangement was identified in 92% (141/154) and 42% (41/98) of the FF and FFPE samples, respectively, which led us to limit the following analysis on the subgroup of FF samples. The presence of mutations in the BCL2 sequence was associated with the presence of IGH-BCL2 rearrangements (Figure 1C), as previously reported [START_REF] Burkhard | BCL2 mutation spectrum in B-cell non-Hodgkin lymphomas and patterns associated with evolution of follicular lymphoma[END_REF][START_REF] Lohr | Discovery and prioritization of somatic mutations in diffuse large B-cell lymphoma (DLBCL) by whole-exome sequencing[END_REF] , suggesting that BCL2 mutations might be a consequence of the juxtaposition of the BCL2 gene in the vicinity of the IGH locus caused by the t(14;18) translocation. The activation of activation-induced cytidine deaminase (AICDA) might also account for a higher frequency of BCL2 mutations [START_REF] Correia | BCL2 mutations are associated with increased risk of transformation and shortened survival in follicular lymphoma[END_REF][START_REF] Lohr | Discovery and prioritization of somatic mutations in diffuse large B-cell lymphoma (DLBCL) by whole-exome sequencing[END_REF] . Indeed, our RNAseq data revealed a slightly higher expression of AICDA mRNA in BCL2 mutated compared to wildtype samples (p=0.003) (Figure 1D). Moreover, 51% of the SNVs were transitions (C to T or G to A) and 24% occurred at preferred AICDA target sequences RGYW/WRCY. Finally, we found no association between any of the clinical characteristics at diagnosis and BCL2 mutation status (Supplemental Table 4). With a median follow-up of 6.7 years, we were unable to detect any significant difference in PFS or OS between mutated and wild-type patients (Figure 2A and2B). The rate of histological transformation was not impacted by the mutational status of BCL2 (WT: 2/19 (10.5%) versus BCL2 mutated: 4/29 (13.8%), ns) in patients who had a biopsy taken at progression. This remained true when analyzing survival in rituximab maintenance versus observation arms separately (Supplemental Figure 2). The results contrast with previous findings [START_REF] Correia | BCL2 mutations are associated with increased risk of transformation and shortened survival in follicular lymphoma[END_REF] ; the lack of survival effect was maintained even when only mutations common to both studies were analyzed (not shown). Patients from both studies were treated with chemotherapy, where BCL2 mutations may contribute to resistance to therapy [START_REF] Takahashi | Bcl-2 prevents doxorubicininduced apoptosis of human liver cancer cells[END_REF][START_REF] Miyashita | Bcl-2 oncoprotein blocks chemotherapy-induced apoptosis in a human leukemia cell line[END_REF] . On the contrary, all PRIMA patients were treated with a rituximab-based regimen, and one possible interpretation is that the addition of rituximab could explain the improvement in outcome of BCL2 mutated patients. Indeed, rituximab is mainly acting through complement dependent cytotoxicity and antibody dependent cellular cytotoxicity [START_REF] Pérez-Callejo | Action and resistance of monoclonal CD20 antibodies therapy in B-cell Non-Hodgkin Lymphomas[END_REF] , which are not mediated by the cell intrinsic apoptosis pathway, and hence might be independent of BCL2 function. This hypothesis could be tested by the retrospective analysis of the prognostic value of BCL2 mutation in randomized clinical trials of rituximab vs placebo in FL. Of note, there are a number of other differences between the two studies, which preclude the identification of a single factor to explain the conflicting results. These include the high rate of transformation in the patient population from the Correia study in comparison to PRIMA (21% in PRIMA [START_REF] Sarkozy | Risk Factors and Outcomes for Patients With Follicular Lymphoma Who Had Histologic Transformation After Response to First-Line Immunochemotherapy in the PRIMA Trial[END_REF] versus 44% in Correia's study), differences in mutation prevalence, as a result of the different mutation detection methodologies (54% in PRIMA versus 12% in Correia's), and analysis endpoints (PFS and OS in PRIMA versus risk of transformation and death from lymphoma in Correia's).

Altogether, our data show that BCL2 mutations are frequent at FL diagnosis, probably mediated by the overactivation of AICDA in the context of the t(14;18) translocation. BCL2 mutations in FL patients treated with current standard-of-care rituximab failed to demonstrate an association with survival. The t(14;18) translocation is also the key mechanism leading to the characteristic overexpression of BCL-2 protein in FL; the prognostic impact of BCL-2 expression in FL patients from PRIMA will be further investigated. 
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 1 Figure 1: Description of BCL2 mutations in follicular lymphoma A: Schematic diagram of the BCL2 protein (isoform alpha NM_000657.2, upper part and isoform beta NM_000633.2, lower part) showing BCL2 homology domains and distribution of amino acid alterations. B: Distribution of clonal and subclonal mutations in patients with multiple BCL2 mutations. The VAF fraction is the ratio of the VAF of secondary mutations in BCL2 divided by the higher VAF of BCL2 mutation in the same sample. A VAF ratio under 75% is considered as subclonal. C: Proportion of mutated (including both synonymous and non-synonymous SNVs and small insertions) and wild-type cases with IGH-BCL2 rearrangement among the FFT samples. The presence of an IGH-BCL2 rearrangement was detected in 23% and 81% of the wild type and mutated cases, respectively (p<0.0001). D: AICDA transcript level from 143 samples with available expression data (RNA-seq), according to their BCL2 mutational status. BH, BCL2 Homology domain; FLD, Flexible Loop regulatory Domain; TM, transmembrane domain.

Figure 2 :

 2 Figure 2: Outcome of patients with BCL2 non-synonymous mutation. Progression-free survival (A) and overall survival (B) in the entire cohort since the registration date in PRIMA trial. No differences in PFS and OS were detected between mutated (ie non-synonymous coding mutations) and non-mutated (ie without non-synonymous coding mutations) patients by logrank test.
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BM involvement data were missing or not evaluated for 5 unmutated patient and 4 mutated patients, respectively.

LDH data were missing for 1 unmutated patient.

β2-microglobulin data were missing for 6 unmutated and 5 mutated patients, respectively.

Response to induction regimen was missing or not evaluated for 4 unmutated patient and 3 mutated patients, respectively.
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