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During many years, chemo-immunotherapy fludarabine-cyclophosphamide-rituximab (FCR) was the gold standard for first line treatment of medically fit patients with symptomatic B-chronic lymphocytic leukemia (CLL). Over the last decade, targeted biotherapies have revolutionized the treatment of B-CLL patients and almost entirely supplanted FCR. However, no biomarker still exists to predict the complete remission (CR) with undetectable minimal residual disease (uMRD) in bone marrow (BM), which remains the best predictive factor for survival. MicroRNAs represent a class of molecular biomarkers which expression is altered in B-CLL. Our study aimed at identifying before treatment blood miRNAs that predict treatment outcome in previously untreated B-CLL patients (NCT 01370772, https://clinicaltrials.gov/ct2/show/NCT01370772). Using hierarchical clustering of miRNA expression profiles discriminating 8 patients who achieved CR with BM uMRD from 8 patients who did not achieve CR and displayed detectable BM MRD, we identified 25 miRNAs differentially expressed before treatment. The expression of 11 miRNAs was further validated on a larger cohort (n=123). Based on the dosage of 5 miRNAs at diagnosis, a decision tree was constructed to predict treatment outcome. We identified 6 groups of patients with a distinct probability of being CR with BM uMRD to FCR treatment, ranging from 72% (miR-125b, miR-15b and miR-181c high) to 4% (miR-125b and miR-193b low). None of the patients displaying high expression levels of miR-125b, miR-15b and miR-181c relapsed during study follow-up. In contrast, patients with low miR-15b and high miR-412, or with low miR-125b and miR-193b, demonstrated significant low PFS. RNA sequencing of blood at diagnosis identified that patients relapsing after treatment are characterized by significant enrichment of gene signatures related to cell cycle, MYC target genes, metabolism and translation regulation. Conversely, patients achieving CR with BM uMRD displayed significant enrichment in genes related to communication between CLL cells and the microenvironment, immune system activation and upregulation of polycomb PRC2 complex target genes. Our results suggest that blood miRNAs are potent predictive biomarkers for FCR treatment efficacy and might be implicated in the FCR efficacy in B-CLL patients, providing new insight into unmet need for the treatment of B-CLL patients and identifying pathways predictive of patients’ remission.


Clinical trial registration

ClinicalTrials.gov, identifier NCT 01370772.
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Introduction

B-cell chronic lymphocytic leukemia (CLL) is the most common adult leukemia in western countries. The median age of patients at diagnosis is 65 years, with only 10 to 15% under 50 years of age (1). The prognostic of CLL has been largely improved by immune-chemotherapy associating an anti-CD20 monoclonal antibody (rituximab) with chemotherapy. A German study group has demonstrated that the association of fludarabine, cyclophosphamide and rituximab (FCR) improved significantly progression-free and overall survivals of patients fewer than 65 years (2). Similar results were also demonstrated with chlorambucil and obinutuzumab, a glycomodified anti-CD20 monoclonal antibody for older unfit patients (3, 4). Immuno-chemotherapy induces significant hematologic and infectious toxicities but the goal is then to obtain the best control of disease with complete response (CR) and undetectable minimal residual disease (uMRD). Over the last decade, small molecule inhibitors of the B-cell receptor (BTKi, PI3Ki) and B-cell leukemia/lymphoma 2 (BCL-2i) signaling pathways (ibrutinib, idelalisib, venetoclax) have revolutionized therapeutic options for B-CLL patients, becoming particularly frontline therapies in high-risk patients. BTK inhibitors however mostly provide partial response (PR) with rare uMRD, thus requiring long-term continuous therapy to achieve durable disease control (5, 6) that is associated with a significant financial burden (7). Finally, although B-CLL is generally an indolent malignancy, it presents a wide clinical heterogeneity with highly variable clinical course and a significant number of patients show aggressive clinical course with treatment resistance or relapse. Despite huge progress in shifting from chemotherapy to chemotherapy-free regimens, powerful tools for outcome prediction are still missing to optimally guide therapeutic decisions.

Many prognostic factors have been described for CLL patients (8). They can be related to the patient, the disease characteristics or the treatment response. Age, genetic parameters and comorbidities are probably the most important prognostic factors related to the patient himself that limit the physician in the choice of an appropriate treatment. Among the numerous prognostic factors related to the disease, the (un)mutated status of the immunoglobulin heavy chain variable region (IGHV) and unfavorable genetic abnormality (17p deletion or TP53 mutations) are very powerful, this latter one being clearly associated with a poor probability of response to chemotherapy and survival (9). Inferior response duration and survival have been revealed to be associated with the quality of response to treatment, irrespective of the treatment used. Thus, achieving uMRD after treatment is associated with superior progression-free survival (PFS) and overall survival (OS) (10). MRD status is the single and the best post-treatment predictive factor of long-term outcome after treatment and therefore has become the goal of immuno-chemotherapy (11, 12). Although it is generally admitted that bone marrow (BM) uMRD is more sensitive for outcome prediction, peripheral blood is often chosen by physician because of easier access and comfort for patient (13). The probability to obtain BM uMRD is however different according to treatment, the best probability being obtained with FCR regimen (44%), whereas chlorambucil-obinutuzumab allowed lower rate of uMRD (19.5%) (11, 12, 14). MD Anderson Cancer center reported long-term results of a cohort of patients receiving FCR, demonstrating that mutated CLL patients with uMRD after FCR reached very long PFS without any relapse after 7 years of follow-up, arguing for the continued use of chemo-immunotherapy in this patient’s subgroup (14). However, the probability to obtain uMRD for mutated CLL patients was reported to be 51%, highlighting the interest to predict the probability to obtain uMRD to expose to chemotherapy only patients with high probability to have uMRD at the end of immune-chemotherapy.

MicroRNAs (miRNAs) are a class of small non-coding RNAs that regulate gene expression at the post-transcriptional level. Several studies correlated miRNAs with clinical characteristics or outcome of B-CLL patients, leading to the identification of B-CLL subgroups with worst outcome (15). Patients’ refractory to fludarabine exhibited significantly higher expression levels of miR-21, miR-148a and miR-222 than fludarabine-sensitive patients (16). Activation of the TP53-reponsive genes was only found in fludarabine responsive patients, suggesting a possible link between abnormal miRNA expression and TP53 dysfunctional pathway in non-responder patients. Many publications have reported significant levels of miRNAs in serum and other body fluids in physiological and pathological conditions, raising the possibility that miRNAs may be probed in the circulation and serve as diagnostic or prognostic outcome biomarkers (17–19). Plasma miRNAs can discriminate CLL samples from controls (20) and complete remission is associated with low levels of miR-155 before treatment (21). We demonstrated that miRNA might predict lymphodepletion with rituximab alone in untreated CLL patients (22). Visone et al. found that blood expression levels of miR-181b decreased in progressive B-CLL patients but not in patients with a stable disease (23). However, no miRNA-based predictive model of treatment outcome has been proposed yet.

In this context, the present study aimed at evaluating miRNA blood transcriptome at diagnosis in previously untreated active B-CLL to identify miRNAs that predict patients with CR who will reach BM uMRD 3 months after immuno-chemotherapy by FCR.



Materials and methods


Patients

A prospective, randomized, open-label, phase II study (CLL2010FMP, NCT 01370772) has included 140 treatment-naive patients (aged 18-65 years) diagnosed with confirmed chronic lymphocytic leukemia according to IWCLL 2008 criteria and Binet stage C or with active Binet stage A or B (24). An additional inclusion criterion was the absence of 17p deletion, assessed by FISH (<10% positive nuclei). Patients were stratified according to IGHV mutational status, FISH analysis (11q deletion or not) and were randomly assigned to receive either 6 cycles of chemo-immunotherapy FCR every 28 days or Dense-FCR with an intensified rituximab pre-phase (6500 mg total dose) before the standard treatment FCR, as previously published (25). Patients were assessed 9 months (M9) after the first course of FCR in the two arms and at least 3 months after the end of the treatment whatever the number of the cycle. All CT-scan were centrally reviewed for response assessment. According to IWCLL 2008 guidelines, complete remission patients group include complete remission with incomplete marrow recovery patients (24).



Cell surface CD20 expression analysis

CD20 expression was quantified using CD20-PE QuantiBRITE™ reagents (Ratio 1:1) according to manufacturer’s recommendations (BD Biosciences, Le Pont-de-Claix, France). Qualibration and quantification were performed using a FACSCANTO II cytometer (BD Biosciences, Le Pont-de-Claix, France).



Minimal residual disease determination

An 8-color combination comprising CD19, CD20, CD5, CD43, CD79b, CD81, CD22, CD45 and CD200 was performed by flow cytometry (FACSCANTO II cytometer, BD Biosciences, Le Pont-de-Claix, France) to evaluate the immunophenotypic response of B-CLL patients in both blood and bone marrow (BM) at M9, as previously described (12). Presence of MRD was defined as the detection of one or more CLL cell per 10 000 leukocytes (24).



miRNA transcriptomics and validation

Blood was collected before treatment in PAXgene and total RNAs, including small RNAs, were extracted as previously described (22). RNA quality was assessed using the 2100 Bioanalyzer assay (Agilent, Les Ulis, France), and according to the criteria of the Minimum Information for publication of Quantitative real-time PCR Experiments MIQE guidelines, only samples with a RIN>8 were used. Sixteen patients were analyzed with the TaqMan Low-Density Array (TLDA) technology as previously described (22) and divided in two groups according to treatment response outcome. One group was composed of 8 patients with CR with blood and BM uMRD. The other group was composed of 8 patients with no-CR and detectable MRD. Validation of miRNA expression levels were quantified in a second cohort of 100 treatment-naive patients using multiplex Taqman microRNA assays (Life Technologies, Saint Aubin, France) as previously described (22).



Gene expression profiling

Gene expression profiles (GEP) were obtained using RNA sequencing (RNA-seq). The RNA-seq library preparation was completed with 150 ng of input RNA using the Illumina TrueSeq Stranded mRNA Library Prep Kit. Pairedend RNA-seq was performed with an Illumina NextSeq sequencing instrument (Helixio, Clermont-Ferrand, France). RNA-seq read pairs were mapped to the reference human GRCh37 genome using the STAR aligner (26). All of the statistical analyses were performed with the R statistics software (version 3.2.3; available from https://www.r-project.org) and with R packages developed by the BioConductor project (available from https://www.bioconductor.org/) (27). The expression level of each gene was summarized and normalized using the DESeq2 R/Bioconductor package (28). Differential expression analysis was performed using the DESeq2 pipeline (28). p-values were adjusted to control the global FDR across all comparisons with the default option of the DESeq2 package.



Statistical analyses

Distributions of data were tested with the Shapiro-Wilk test. X2 or Fisher test was used for categorical data. For numerical data, comparisons of medians were performed using Student T or Mann-Whitney test. Spearman’s correlation test was used to assess the association between two numerical data. Multivariate analysis was performed using logistic regression by backward selection using Student T test (p<0.05 as significant model). To establish the decisional tree, the receiver operating characteristics (ROC) of miRNA was constructed to determine the threshold able to predict complete response with blood and BM uMRD associated with the best sensitivity and specificity according to the Youden index (29). A probability p<0.05 was considered statistically significant. Progression Free Survival (PFS) was measured from the date of the initiation of the treatment to the date of relapse and/or progression as a result of B-CLL or acute treatment toxicity. PFS analysis was calculated using the Kaplan-Meier method and comparisons made using the log-rank test. Landmark analyses were performed from the time of MRD assessment (3 months after the end of the treatment) to assess the impact of treatment outcome (including MRD) on PFS. Hazard ratios, including 95% confidence interval in univariate analysis and multivariate analysis were performed using Cox regression. All statistical analyses were performed at the conventional two-tailed α level of 0.05 using R software version 3.0.2.10.




Results


Patients’ characteristics

Among the 140 patients recruited in the CLL2010FMP study, pre-treatment blood samples of only 123 patients were available for RNA analyses. Patients’ characteristics are presented in Table 1. Median age was 58.5 years (interquartile range (IQR): 52.8-61.8), 26.8% were women and 74% were Binet stage A or B. Cytogenetic analyses identified del(13q), del(11q) and trisomy 12 in 56, 20 and 11% of B-CLL patients. The median lymphocyte count before treatment was 71 G/L (IQR: 29.6-115.3). Among 123 patients for whom pre-treatment RNA samples were available for analysis, 5 did not reach quality control criteria. Nine months after FCR treatment, 65 patients (52.85%) were in complete remission (CR) and 53 patients (43.09%) were not in complete remission (no-CR). There was no statistical difference in the CR versus no-CR between treatment arms as previously published (25). Blood MRD was undetectable in 69 out of the 108 samples analyzed (63.89%), with similar distribution in both treatment arms (35 in the FCR arm and 34 in the Dense-FCR arm). MRD in BM was undetectable in 40 out of the 95 patients analyzed (42.11%), with again comparable distribution between both arms (21 in the FCR arm and 19 in the Dense-FCR arm). When combining CR with BM uMRD, 27 out of 107 patients (25.23%) were responders to the treatment, 24.53% and 25.93% distributed in the FCR arm and Dense-FCR arms, respectively. Finally, 80 patients (74.77%) equally divided in both FCR and Dense-FCR arms (64.52% and 65.57%, respectively) were no-responders. Overall response rate for the entire cohort was 94% including 53% of CR or Cri (25). Associations between pre-treatment characteristics, CR, peripheral blood (PB), BM, and CR with PB and BM uMRD rates are shown in Supplemental Table 1. Univariate analysis showed significant differences in CR rate according to age, Binet stage, β2-microglobulin or number of cycles received (p=0.026, p<0.0001, p=0.003 and p<0.001, respectively). There was no significant difference in CR rate according to IGHV mutational status or cytogenetic abnormalities. Only trisomy 12 was statistically significant for PB uMRD rate (p=0.021), but 34% (71/108) of trisomy 12 data were missed. For BM uMRD rate, only lymphocytes count at D0 was significant (p=0.020). Patients who were in Binet stage AB, had trisomy 12, low lymphocytes count at D0 and completed 6 cycles of therapy were more likely to achieve CR with PB and BM uMRD (p=0.006, p=0.026, p=0.004, p=0.038, respectively).


Table 1 | Patients’ characteristics.





miRNAs associated with complete remission with bone marrow undetectable minimum residual disease

To identify a blood-based miRNA signature in treatment-naive patients with B-CLL that could predict clinical response, we first used a real-time PCR-based high-throughput miRNA array approach and compared the miRNA expression profiles between 8 B-CLL patients in CR with BM uMRD and 8 B-CLL patients in no-CR with detectable BM MRD. The volcano plot displays the relationship between Log2 fold-change (FC) and significance (P-value<0.05) between both groups for 384 miRNAs screened, using a scatter plot view. A total of 46 miRNAs were differentially expressed (2.5-fold), of which 3 miRNAs were upregulated and 43 miRNAs were downregulated (Figure 1A). Among these 46 significantly deregulated miRNAs, only 25 fulfilled acceptable ranges for detection limit (Ct values <30 cycles), over-expression being consistently observed (92% of miRNAs) in patients with CR with BM uMRD as compared with other patients (Table 2). To validate miRNA profile by RT-qPCR, we picked 11 out of 25 miRNAs significantly deregulated, representative of the fold change distribution and of their involvement in function and development of B cells and B-CLL (Figure 1B).




Figure 1 | miRNAs associated with complete remission and uMRD (A) miRNAs associated with CR and BM uMRD (undetectable minimal residual disease) in previously untreated B-CLL patients. A volcano plot compares the normalized expression of miRNAs in first line of treatment outcome in CR with blood and BM uMRD patients (n=8) versus no-CR with detectable MRD value patients (n=8) assessed three months after treatment. Log2 fold changes and their corresponding P-values of all genes in the microarray were taken for construction of the volcano plot. The y-axis is the negative log10 of P values (a higher value indicates greater significance) and the x-axis is the difference in expression between two experimental groups. Genes up-regulated with more than 2.5-fold change are depicted in red boxes and those downregulated with identical fold change are in green boxes. Genes above the blue line are significantly deregulated (P-value<0.05, t-test). All other genes in the array that were not deregulated are in black dots. 25 genes were identified as significantly up or downregulated. (B) The expression level of 11 miRNAs was quantified using multiplex RT-qPCR in a validation cohort of treatment-naïve B-CLL patients (n=100). R: responders, NR: non-responders. Median are plotted, * P-value<0.05.




Table 2 | List of miRNAs significantly deregulated in responders with BM uMRD versus non responders to first line treatment.





Blood miRNAs predictive of the treatment outcome

Univariate analysis of these 11 miRNAs showed that the overexpression of 4 miRNAs (miR-15b, -324-3p, -532-3p, and -652) before immuno-chemotherapy was associated with the clinical response (CR versus no-CR) in B-CLL patients (Table 3). Only miR-125b was statistically predictive of a blood uMRD (p=0.029). Seven miRNAs were predictive of a BM uMRD, and 8 miRNAs were significantly associated with a CR and BM uMRD. In the group of patients with favorable outcome, miRNA expression levels were always higher than in the group of patients with unfavorable outcome (CR vs no-CR patients, blood uMRD vs MRD positive patients, BM uMRD vs MRD positive patients, CR with BM uMRD vs other patients). Multivariate analysis showed that Binet stage AB (5.47 [1.44-35.95]; p=0.011) and a high expression level of miR-15b (4.52 [1.55-23.05]; p=0.003) were significantly associated with a superior likelihood of achieving CR with BM uMRD.


Table 3 | Univariate miRNA analyses in B-CLL patients according to treatment response using the IWCLL 2008 guidelines and uMRD.



Using miRNA expression levels and clinical parameters before treatment, we produced a decision tree to predict by blood sampling the probability to obtain CR with BM uMRD (Figure 2) 3 months after FCR treatment. Because patients with both detectable blood MRD and BM uMRD do not exist and because miR-125b was the only miRNA that could statistically predict blood uMRD after treatment, we used the expression level of miR-125b at diagnostic as a root node at the top of the decision tree. Receiver operating characteristic (ROC) curves were constructed to determine the threshold able to predict CR with BM uMRD patients with the best sensitivity and specificity. All parameters of ROC curves used to design the decision tree are detailed in Table 4. The resulting cut-off was used to discriminate patients with high and low miR-125b expression levels. For each group of patients (high versus low miRNA expression), univariate statistical analysis was performed. The input variable with the most significant p-value was used to estimate the likely value in the target variable. The decision tree was finalized when no more variable was statistically different between CR with BM uMRD patients and other patients. Six groups of patients were defined depending on 2 to 3 miRNAs expression levels with a distinct probability of being CR with BM uMRD going from 72% (miR-125b high, miR-15b high and miR-181c high) to 4% (miR-125b low and miR-193b low). Of note, IGHV mutational status did not influence the classification of CR with BM uMRD patients in the miRNA-based decision tree (Data not shown). Interestingly, blood lymphocytes but not CD20 expression at diagnosis are significantly different between the six groups of patients, high levels of lymphocytes being associated with the LL group (lowest probability of response) (Supplementary Table 2).




Figure 2 | A decision-making model using expression of 5 blood miRNAs at baseline to classify B-CLL patients and predict treatment outcome. Receiver Operating Characteristic (ROC) curves method was used to constructed the decision tree, underlying 6 groups of patients. For each group, relative expression of 2 or 3 miRNAs into the blood of B-CLL patients (n=100) can give the probability at diagnosis of being in CR with BM uMRD three months treatment termination. Red and green colors were used for high (H) and low (L) miRNA expression levels.




Table 4 | Biomarker potential of 5 miRNAs.





Progression free survival and miRNAs

At a median follow-up of 42.4 months (IQR=37.1-47.0), median progression free survival (PFS) and median event free survival (EFS) were not reached. PFS was 71% (Figure 3). Univariable associations between baseline characteristics and PFS are shown in Table 5A. At a median time of 42.4 months post-treatment, PFS was 84% for patients with IGHV-mutated and 64% for patients with IGHV-unmutated (p=0.012) (data not shown). Nine months landmark PFS was performed according to IGHV mutational status and achievement of post-treatment CR with BM uMRD (p<0.0001). Whatever was their IGHV mutational status, none of the BM uMRD patients relapsed after 42.4 months of follow-up. In detectable BM MRD patients, PFS was 69% for patients with IGHV-mutated and 47% for patients with IGHV-unmutated (data not shown).




Figure 3 | Progression free survival (PFS) in the total cohort according to the five-miRNA decision tree signature. PFS in the total cohort (A), according to the six different groups of signatures identified in the miRNA decision tree (B), or with combined miRNA signature groups (C). PFS, Progression free survival; HHH, group of patients with miR-125b high, miR-15b high and miR-181c high; HHL, group of patients with miR-125b high, miR-15b high and miR-181c low; HLH, group of patients with miR-125b high, miR-15b low and miR-412 high; HLL, group of patients with miR-125b high, miR-15b low and miR-412 low; LH, group of patients with miR-125b low and miR-193b high; LL, group of patients with miR-125b low and miR-193b low; HHL+HLH+HLL+LH, consolidation of HHL-, HLH-, HLL-, and LH-group.




Table 5 | Univariate analysis of PFS according to baseline characteristics and miRNAs.



Univariable associations between miRNA expression levels measured before treatment and PFS are shown in Table 5B. MiRNAs’ thresholds used to build the decision tree were chosen. Using a multivariate analysis that combines baseline characteristics and the 5 miRNAs of the decision tree, only IGHV-unmutated (hazard ratio (HR)=2.41 [1.04-5.58]; p=0.041) and lymphocyte count >71G/L (HR=2.47 [1.17-5.22]; p=0.018) were significantly associated with inferior PFS. Depending on the decision tree group, PFS was significantly different (p=0.019) (Figure 2). None of the patients displaying high expression levels of miR-125b, miR-15b and miR-181c (HHH group) relapsed during the follow-up. In contrast, patients with miR-125b high, miR-15b low and miR-412 high (HLH group), and patients with low expression levels of miR-125b and miR-193b (LL group) relapsed more frequently than any other patients, and their 42.4 months PFS were 71% and 52%, respectively. For the four other groups: patients with miR-125b high, miR-15b high and miR-181c low (HHL group), patients with miR-125b high, miR-15b low and miR-412 low (HLL group) and patients with miR-125b low and miR-193b high (LH group), 42.4 months PFS were 72%, 90%, and 87% respectively. PFS curves were constructed by combining these three groups (Figure 3C).



High-risk patients from HLH and LL groups are characterized by enrichment of genes related to genomic instability and mRNA metabolism

To further investigate the molecular mechanisms, we performed RNA-sequencing of blood samples before treatment and compared gene expression profiling between high-risk patients (classified in the HLH and LL groups) and the HHH group characterized by no relapse (Figure 4). We identified 1373 DEG between both groups of patients (FDR < 0.05), with 67 genes overexpressed in samples of the HLH and LL groups and 1309 overexpressed in the HHH group (Figure 4A). Gene set enrichment analysis (GSEA) analysis demonstrated a significant enrichment of genes related to genomic instability and mRNA metabolism in the high risk HLH and LL groups whereas HHH group is delineated by a significant enrichment in genes related to immune response, interaction with the microenvironment, TP53/RB1 targets and downregulation of polycomb PRC2 target genes (Figure 4B, C).




Figure 4 | Gene expression profiling of three prognostic groups defined by the five-miRNA decision tree signature. Clustergram of the 1373 differentially expressed genes between HHH group and HLH and LL groups (FDR < 0.05). Signals are displayed from low (deep blue) to high (deep red) expression (A). Molecular signatures enriched in HHH group (B) or HLH and LL groups (C) using GSEA Database (all curated gene sets), and relevant pathways are presented (FDR q value ≤ 0.05).






Discussion

Despite progress in developing chemotherapy-free treatments for B-CLL patients, powerful tools predicting at diagnosis those who will achieve a progression-free survival are still missing. In the present study, we investigated the blood of untreated B-CLL patients to identify a miRNA-based signature that predicts patients who will present a CR with BM uMRD 3 months after therapy and characterized by no relapse. Taking advantage of an existing cohort of 123 patients treated by FCR immuno-chemotherapy (25), we identified a signature of 25 miRNAs associated with CR and BM uMDR, which we used to produce a 5 miRNA-based decision tree to predict by simple blood sampling the probability to obtain (or not) CR with BM uMRD. Our data also confirm that B-CLL patients display abnormal circulating levels of miRNAs and reinforce the critical role of miRNAs in B-CLL pathogenesis.

Among the 25 miRNAs differentially expressed before treatment in the blood of responders with BM uMRD compared with non-responders (Table 2), thirteen have been previous reported abnormally expressed in B-CLL and others are described in AML cases. The majority of these miRNAs increased in FCR responders are reduced in PBMC or B cells purified from CLL patients as compared to healthy donors, display tumor suppressor functions and are proposed as predictive biomarkers of prolonged overall survival (30–33). Although the oncogenic miR-17∼92 cluster is frequently upregulated in malignancies including B-CLL (34, 35), miR-92a was the only miRNA deriving from the miR-17∼92 cluster present in our 25-miRNA signature. Of note, its expression was 3-fold higher in the blood of B-CLL patients presenting a CR with BM uMRD than in B-CLL patients with no-CR and detectable MRD. This is in agreement with previous work from Papageorgiou et al. who found that miR-92a-3p is overexpressed in normal PBMC and represents a potential surrogate biomarker of favorable outcome of CLL patients (33), and with the work of Olive et al. who evidenced that co-transcription does not necessarily means cooperation as miR-92a counteracts the effects of miR-19 during the growth and development of B-cell lymphomas (36). Overall, these findings tend to suggest that patients who will respond to FCR treatment would have a circulating level of those miRNAs closer to healthy donors than the non-responders.

Here, we showed that the quantification of miR-15b, miR-125b, miR-181c, miR-193b and miR-412 in the blood of B-CLL patients is sufficient to classify them in 6 groups with a specific probability of response rate for FCR treatment outcome. The probability to obtain CR with BM uMRD for each group goes from 72% when blood levels of miR-125b, miR-15b and miR-181c are high (HHH group) to 4% when blood levels of miR-125b and miR-193b are low (LL group). Moreover, by observing PFS for each of those 6 groups, we found that none of patients relapse in the best predicted treatment outcome group (HHH group). In contrast, the two worse predicted treatment outcome groups (HLH and LL groups) had the lower PFS. Intermediate PFS curves correlate with intermediate groups of responders (HHL, HLL and LH groups). Based on these observations, we established three statistically different PFS groups: high PFS (HHH group), intermediate PFS (HHL, HLL and LH groups) and low PFS (HLH and LL groups). Interestingly, as blood lymphocytosis (but not with CD20 expression levels) at diagnosis is significantly associated with the 6 different groups of predicted responders, the expression level of some if not all 5 miRNAs used for the decision tree might be associated with non-CLL cells.

Comparing gene expression profiling between high (HHH group) and low PFS (HLH and LL groups) groups, we identified that high risk group is characterized by enrichment of genes related to genomic instability and mRNA metabolism. Of note, a ribosome-related signature was reported to be associated with poor outcome in CLL (37). Patients with a sustained PFS presented enrichment in gene signatures related to immune response, interaction with the microenvironment, TP53/RB1 targets and downregulation of polycomb PRC2 target genes. Interestingly, EZH2 (the catalytic subunit of PRC2 complex) enhances tumorigenesis and is overexpressed in poor-prognostic CLL patients in association with upregulation of PI3K/AKT through IGFR1 and MYC (38) and epigenetically silences the tumor suppressor miR-125 (39). This is consistent with our observation of reduced expression of EZH2 and increased expression of miR-125 in the best prognostic HHH group of patients. Our data are in agreement with the essential role played by tumor microenvironment in the development, growth and survival of the malignant B-cell clone in CLL. Since the immunosuppressive state of the tumor microenvironment in CLL (40) is delineated by exhausted effector T cells, our results suggest that the HHH group may be characterized by more efficient immune mircroenvironment. Indeed, GSEA of the HHH group of patients revealed an upregulation of genes associated with an antigen response of CD8+ T cells, with a NK cell-mediated cytotoxicity, and with dendritic cell differentiation and maturation. Based on this, one could suggest that the HHH group of patients may be better armed to control leukemia thanks to an active anti-CLL immunity involving CD8+ T cells, NK and dendritic cells.

When searching for validated miRNA–mRNA target interactions that could be functional (41), we identified 2 genes encoding for ribosomal proteins RPS3A and RPS7 as putative target mRNAs for miR-125b and miR-15b among all genes that are downregulated in the HHH group of patients. RPS3A and RPS7 are involved in nuclear-transcribed mRNA catabolic processes including nonsense-mediated decay. Interestingly, high level of RPS3A correlates with low immune cell infiltration in hepatic tumor and bad prognosis (42), and a ribosome-related signature in CLL blood is associated with reduced survival (37). This is in agreement with our findings that high levels of miR-125b and miR-15b are associated with good prognosis for B-CLL patients. Investigation about the role of miRNAs on the RPs and consequences on the biogenesis of ribosomes and global gene expressions are limited. However, we speculate that, by repressing the expression of RPS3A and RPS7 ribosomal proteins, miR-125b and miR-15b might alleviate the breakdown of aberrant RNAs, altering the translatome of B-CLL cells in a wat that results in acquisition of a less aggressive resting phenotype.

Our results are independent of the IGHV mutational status or cytogenetic abnormalities. Results of long-term remissions after FCR chemoimmunotherapy in previously untreated patients with B-CLL confirm the importance of achieving uMRD, in particular for IGHV-mutated patients (14). The repartition of patients in CR with BM uMRD in our three groups of PFS (from better to the worse outcome: 18%, 50% and 25%) was approximately equivalent to those in the Thompson study (21% for IGHV-mutated/uMRD patients, 41% for regrouped IGHV-mutated/MRD-positivity and IGHV-unmutated/uMRD patients, and 39% for IGHV-unmutated/MRD-positivity patients). Importantly, Thompson’s results were obtained after the end of the treatment while our miRNA sampling is performed at diagnosis. Bone marrow biopsy is not used as a matter of routine, but only in clinical trial to confirm the effectiveness of the treatment by the absence of residual disease. Peripheral blood MRD is not sensitive enough and not as efficient as BM MRD. Being able to predict response before treatment based on a non-invasive blood test as simple and easy as a 5-miRNAs multiplex RT-qPCR is a powerful tool for clinicians to stratify patients and optimize the medical treatment decision. It is indeed important to avoid exposing patients to chemotherapy-associated toxicities if their probability of being in CR with BM uMRD is less than 15%.

The five miRNAs found implicated in the FCR treatment outcome have been previously described in cancers, leukemias and B-CLL. The primary transcripts (pri-miRNAs) of miR-15a/-16/-15b are elevated and their processing into precursor miRNAs is reduced in cells from B-CLL patients compared to non-malignant B-cells (43). These data indicate a blockade of miRNA biogenesis at the DROSHA processing step and might thus suggest that all miRNA biogenesis is reduced in B-CLL, indirectly implying that miRNA biogenesis might be preserved in cells of good responders to FCR treatment (HHH group). In addition, the miR-15/miR-16 cluster is located in a region that is deleted in more than half of B-CLL cases (44). Finally, the tumor suppressor function of this cluster in CLL was demonstrated by the increased development of B-cell malignancies in the miR-15b/16-2 knockout mouse (45), which is in line with the control by miR15b/16-2 of the CCND2 (Cyclin D2), CCND1 and IGF1R (insulin-like growth factor 1 receptor) genes involved in proliferation and antiapoptotic pathways in mouse B cells. Moreover, the expression of miR-125b and miR-181c in B-CLL purified B cells is downregulated in comparison with healthy donors (46, 47), which is consistent with the negative regulation of the TCL1 oncogene by miR-181 B-CLL (48) and of several transcripts involved in cell metabolism by miR-125b (47), and with the observation that miR-125b up-regulation is associated with aggressive leukemia in human and mice (49, 50). The implication of miR-193b in leukemias, such as AML (51), T-cell lymphoblastic lymphoma (52, 53) or splenic marginal zone lymphoma (54) has been shown. According to the subtype of leukemia, miR-193b can be inversely correlated with c-kit levels, linked to cell growth (51), contributing to the expression of Smoothened to activate the GLI/Hh signaling, promoting cell survival and proliferation (52), or targeted the MYB oncogene, MCL1, CCND1, 14-3-3, SHMT2, AKR1C2 (53, 54). This miRNA is also downregulated in B-CLL cells from early-stage cases compared to B memory normal cells (32). Studies on miR-412 are however scarce. Single–nucleotide polymorphisms of pri-miR-409_miR-412 (rs61992670) and mat-miR-412 (rs61992671) are detected in B-CLL patients and the allelic frequency of mat-miR-412 was significantly different between B-CLL patients and 1000 genomes project samples (55). Finally, the miR-15/miR-16 cluster, miR-125b, miR-181 family members and miR-193b, which display high levels at diagnosis in B-CLL patients who will present a CR with BM uMRD after FCR treatment, are key regulators of normal hematopoiesis and of immune cell functions. All 4 miRNAs are also downregulated in a RNAseq study of B cells purified from CLL patients as compared to healthy donors (31).

Further investigations are needed to investigate the impact miRNA-based signature in patients treated with BTKi or BCL2i, which are now the treatment of B-CLL patients allowing to have early and easy assessable markers predicting outcome of patients.



Data availability statement

The data presented in the study are deposited in the Gene Expression Omnibus repository, accession number GSE214763. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE214763.



Ethics statement

The studies involving human participants were reviewed and approved by the CPP Sud méditerranée IV. The patients/participants provided their written informed consent to participate in this study. No animal studies are presented in this manuscript.



Author contributions

Authors contributions were: Design of research (GC, FA, ID-R), Performing research (A-LG, GC, FA, ID-R, OK, RL, JM, EA, ET), Data collection (GC, RL, SL, JM, EA, ID-R, OK, ET), Data analyses and interpretion (A-LG, GC, FA, ID-R, JM, EA), Performed statistical analyses (A-LG, ID-R), Writting & reviewing the manuscript (A-LG, GC, FA, ID-R, JM, RL). Finally, all authors approved the submitted version.



Funding

The French Innovative Leukemia Organization (FILO) group funded the clinical trial that served for this experimental work. FILO was the sponsor and was involved in managing the clinical study, statistical analyses, and data review. Roche provided rituximab (MabThera) but had no role in study design or data collection, analysis, or interpretation. The authors declare that experimental work presented in this article received fundings from a public grant overseen by the French National Research Agency (ANR) ANR-18-CE15-0010-01 and as part of the “Investissements d’Avenir” program (reference Labex MAbImprove: ANR-10-LABX-53-01), INSERM (Institut National de la Santé et Recherche Médicale), the University of Montpellier, the Institut Universitaire de France, the “Groupement Interrégional de Recherche Clinique et d’Innovation Sud-Ouest Outre-Mer Hospitalier” (APIK 2017) and the “Cancéropôle Grand-Sud-Ouest”. These later funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



Acknowledgments

We would like to dedicate this publication to the memory of Isabelle Duroux-Richard who was a driving force behind this work and sadly passed away suddenly this year.



Conflict of interest

Author GC received consultancy by Roche and BMS and honoraria from Roche, BMS, Jansen, Novartis and Gilead. Author ET received consultancy and honoraria from Janssen and Abbvie. Author SL received  honoraria from Gilead, Janssen, Beigene, Abbvie, Astra Zeenca. Author OK was employed by Erasmus Mundus (2013-2016).

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be constructed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.983771/full#supplementary-material

Supplementary Table 1 | Association between patients’ characteristics and achievement of CR, uMRD and CR with BM uMRD. CR, Complete remission; MRD, Minimum Residual Disease; uMRD, undetectable Minimum Residual Disease BM, Bone Marrow.; OR, Odds ratio; CI, Confidence Interval; Ind, indeterminable. Patients with no-CR, with MRD-positive or with no-CR-uMRD in BM are used as the OR reference group.

Supplementary Table 2 | Association between blood lymphocytosis at diagnosis and the six miRNA-based prognostic signatures. Mediane values of blood lymphocyte counts (G/L) and CD20 expression (MESF: molecules of equivalent soluble fluorochrome) at diagnosis are given for the six groups of B-CLL patients (n=100) classified into different probabilities of responding to three months of FCR treatment according to the high (H) versus low (L) expression level of 5 miRNAs.



References

1. Rozman, C, and Montserrat, E. Chronic lymphocytic leukemia. N Engl J Med (1995) 333(16):1052−7. doi: 10.1056/NEJM199510193331606

2. Robak, T, Dmoszynska, A, Solal-Céligny, P, Warzocha, K, Loscertales, J, Catalano, J, et al. Rituximab plus fludarabine and cyclophosphamide prolongs progression-free survival compared with fludarabine and cyclophosphamide alone in previously treated chronic lymphocytic leukemia. JCO (2010) 28(10):1756−65. doi: 10.1200/JCO.2009.26.4556

3. Goede, V, Fischer, K, Engelke, A, Schlag, R, Lepretre, S, Montero, LFC, et al. Obinutuzumab as frontline treatment of chronic lymphocytic leukemia: updated results of the CLL11 study. Leukemia (2015) 29(7):1602−4.

4. Goede, V, Fischer, K, Busch, R, Jaeger, U, Dilhuydy, MS, Wickham, N, et al. Chemoimmunotherapy with GA101 plus chlorambucil in patients with chronic lymphocytic leukemia and comorbidity: results of the CLL11 (BO21004) safety run-in. Leukemia (2013) 27(5):1172−4.

5. Brown, JR. Ibrutinib (PCI-32765), the first BTK (Bruton’s tyrosine kinase) inhibitor in clinical trials. Curr Hematol Malig Rep (2013) 8(1):1−6. doi: 10.1007/s11899-012-0147-9

6. Thompson, PA, Stingo, F, Keating, MJ, Ferrajoli, A, Burger, JA, Wierda, WG, et al. Outcomes of patients with chronic lymphocytic leukemia treated with first-line idelalisib plus rituximab after cessation of treatment for toxicity: Outcome after ending idelalisib in CLL. Cancer (2016) 122(16):2505−11. doi: 10.1002/cncr.30069

7. Itchaki, G, and Brown, JR. Experience with ibrutinib for first-line use in patients with chronic lymphocytic leukemia. Ther Adv Hematol (2018) 9(1):3−19. doi: 10.1177/2040620717741861

8. Baliakas, P, Mattsson, M, Stamatopoulos, K, and Rosenquist, R. Prognostic indices in chronic lymphocytic leukaemia: where do we stand how do we proceed? J Intern Med (2016) 279(4):347−57. doi: 10.1111/joim.12455

9. Delgado, J, Salaverria, I, Baumann, T, Martinez-Trillos, A, Lee, E, Jimenez, L, et al. Genomic complexity and IGHV mutational status are key predictors of outcome of chronic lymphocytic leukemia patients with TP53 disruption. Haematologica (2014) 99(11):e231−4. doi: 10.3324/haematol.2014.108365

10. Farren, TW, Giustiniani, J, Fanous, M, Liu, F, Macey, MG, Wright, F, et al. Minimal residual disease detection with tumor-specific CD160 correlates with event-free survival in chronic lymphocytic leukemia. Blood Cancer J (2015) 5(1):e273−e273.

11. Böttcher, S, Ritgen, M, Fischer, K, Stilgenbauer, S, Busch, RM, Fingerle-Rowson, G, et al. Minimal residual disease quantification is an independent predictor of progression-free and overall survival in chronic lymphocytic leukemia: A multivariate analysis from the randomized GCLLSG CLL8 trial. JCO (2012) 30(9):980−8. doi: 10.1200/JCO.2011.36.9348

12. Letestu, R, Dahmani, A, Boubaya, M, Baseggio, L, Campos, L, Chatelain, B, et al. Prognostic value of high-sensitivity measurable residual disease assessment after front-line chemoimmunotherapy in chronic lymphocytic leukemia. Leukemia (2021) 35(6):1597−609.

13. Thompson, PA, and Wierda, WG. Eliminating minimal residual disease as a therapeutic end point: working toward cure for patients with CLL. Blood (2016) 127(3):279−86.

14. Thompson, PA, Tam, CS, O’Brien, SM, Wierda, WG, Stingo, F, Plunkett, W, et al. Fludarabine, cyclophosphamide, and rituximab treatment achieves long-term disease-free survival in IGHV-mutated chronic lymphocytic leukemia. Blood (2016) 127(3):303−9.

15. Van Roosbroeck, K, and Calin, GA. MicroRNAs in chronic lymphocytic leukemia: miRacle or miRage for prognosis and targeted therapies? Semin Oncol (2016) 43(2):209−14.

16. Ferracin, M, Zagatti, B, Rizzotto, L, Cavazzini, F, Veronese, A, Ciccone, M, et al. MicroRNAs involvement in fludarabine refractory chronic lymphocytic leukemia. Mol Cancer (2010) 9(1):123. doi: 10.1186/1476-4598-9-123

17. Liang, H, Gong, F, Zhang, S, Zhang, CY, Zen, K, and Chen, X. The origin, function, and diagnostic potential of extracellular microRNAs in human body fluids: Extracellular microRNAs in human body fluids. WIREs RNA (2014) 5(2):285−300. doi: 10.1002/wrna.1208

18. De Tullio, G, De Fazio, V, Sgherza, N, Minoia, C, Serratì, S, Merchionne, F, et al. Challenges and opportunities of MicroRNAs in lymphomas. Molecules (2014) 19(9):14723−81.

19. Mitchell, PS, Parkin, RK, Kroh, EM, Fritz, BR, Wyman, SK, Pogosova-Agadjanyan, EL, et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc Natl Acad Sci USA (2008) 105(30):10513−8. doi: 10.1073/pnas.0804549105

20. Moussay, E, Wang, K, Cho, JH, van Moer, K, Pierson, S, Paggetti, J, et al. MicroRNA as biomarkers and regulators in b-cell chronic lymphocytic leukemia. Proc Natl Acad Sci USA (2011) 108(16):6573−8. doi: 10.1073/pnas.1019557108

21. Ferrajoli, A, Shanafelt, TD, Ivan, C, Shimizu, M, Rabe, KG, Nouraee, N, et al. Prognostic value of miR-155 in individuals with monoclonal b-cell lymphocytosis and patients with b chronic lymphocytic leukemia. Blood (2013) 122(11):1891−9.

22. Gagez, AL, Duroux-Richard, I, Leprêtre, S, Orsini-Piocelle, F, Letestu, R, De Guibert, S, et al. miR-125b and miR-532-3p predict the efficiency of rituximab-mediated lymphodepletion in chronic lymphocytic leukemia patients. a French innovative leukemia organization study. Haematologica (2017) 102(4):746−54. doi: 10.3324/haematol.2016.153189

23. Visone, R, Veronese, A, Rassenti, LZ, Balatti, V, Pearl, DK, Acunzo, M, et al. miR-181b is a biomarker of disease progression in chronic lymphocytic leukemia. Blood (2011) 118(11):3072−9.

24. Hallek, M, Cheson, BD, Catovsky, D, Caligaris-Cappio, F, Dighiero, G, Döhner, H, et al. Guidelines for the diagnosis and treatment of chronic lymphocytic leukemia: a report from the international workshop on chronic lymphocytic leukemia updating the national cancer institute–working group 1996 guidelines. Blood (2008) 111(12):5446−56.

25. Cartron, G, Letestu, R, Dartigeas, C, Tout, M, Mahé, B, Gagez, AL, et al. Increased rituximab exposure does not improve response and outcome of patients with chronic lymphocytic leukemia after fludarabine, cyclophosphamide, rituximab. a French innovative leukemia organization (FILO) study. Haematologica (2018) 103(8):e356−9. doi: 10.3324/haematol.2017.182352

26. Dobin, A, Davis, CA, Schlesinger, F, Drenkow, J, Zaleski, C, Jha, S, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics (2013) 29(1):15−21.

27. Gentleman, RC, Carey, VJ, Bates, DM, Bolstad, B, Dettling, M, Dudoit, S, et al. Bioconductor: open software development for computational biology and bioinformatics. Genome Biol (2004) 5(10):R80. doi: 10.1186/gb-2004-5-10-r80

28. Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550. doi: 10.1186/s13059-014-0550-8

29. Youden, WJ. Index for rating diagnostic tests. Cancer (1950) 3(1):32−5.

30. Deng, Y, Li, X, Feng, J, and Zhang, X. Overexpression of miR-202 resensitizes imatinib resistant chronic myeloid leukemia cells through targetting hexokinase 2. Biosci Rep (2018) 38(3):BSR20171383.

31. Kaur, G, Ruhela, V, Rani, L, Gupta, A, Sriram, K, Gogia, A, et al. RNA-Seq profiling of deregulated miRs in CLL and their impact on clinical outcome. Blood Cancer J (2020) 10(1):6.

32. Negrini, M, Cutrona, G, Bassi, C, Fabris, S, Zagatti, B, Colombo, M, et al. microRNAome expression in chronic lymphocytic leukemia: Comparison with normal b-cell subsets and correlations with prognostic and clinical parameters. Clin Cancer Res (2014) 20(15):4141−53.

33. Papageorgiou, SG, Diamantopoulos, MA, Kontos, CK, Bouchla, A, Vasilatou, D, Bazani, E, et al. MicroRNA-92a-3p overexpression in peripheral blood mononuclear cells is an independent predictor of prolonged overall survival of patients with chronic lymphocytic leukemia. Leukemia Lymphoma (2019) 60(3):658−67. doi: 10.1080/10428194.2018.1461861

34. Bomben, R, Gobessi, S, Dal Bo, M, Volinia, S, Marconi, D, Tissino, E, et al. The miR-17∼92 family regulates the response to toll-like receptor 9 triggering of CLL cells with unmutated IGHV genes. Leukemia (2012) 26(7):1584−93.

35. Dal Bo, M, Bomben, R, Hernández, L, Gattei, V, and The, MYC. miR-17-92 axis in lymphoproliferative disorders: A common pathway with therapeutic potential. Oncotarget (2015) 6(23):19381−92. doi: 10.18632/oncotarget.4574

36. Olive, V, Sabio, E, Bennett,, Margaux, J, De Jong,, Caitlin, S, et al. A component of the mir-17-92 polycistronic oncomir promotes oncogene-dependent apoptosis. eLife (2013) 2:e00822.

37. Sbarrato, T, Horvilleur, E, Pöyry, T, Hill, K, Chaplin, LC, Spriggs, RV, et al. A ribosome-related signature in peripheral blood CLL b cells is linked to reduced survival following treatment. Cell Death Dis (2016) 7(6):e2249−e2249.

38. Kosalai, ST, Morsy, MHA, Papakonstantinou, N, Mansouri, L, Stavroyianni, N, Kanduri, C, et al. EZH2 upregulates the PI3K/AKT pathway through IGF1R and MYC in clinically aggressive chronic lymphocytic leukaemia. Epigenetics (2019) 14(11):1125−40.

39. Alzrigat, M, and Jernberg-Wiklund, H. The miR-125a and miR-320c are potential tumor suppressor microRNAs epigenetically silenced by the polycomb repressive complex 2 in multiple myeloma. RNA Dis (2017) 4(2):e1529.

40. Svanberg, R, Janum, S, Patten, PEM, Ramsay, AG, and Niemann, CU. Targeting the tumor microenvironment in chronic lymphocytic leukemia. haematol (2021) 106(9):2312−24.

41. Kassambara, A, Jourdan, M, Bruyer, A, Robert, N, Pantesco, V, Elemento, O, et al. Global miRNA expression analysis identifies novel key regulators of plasma cell differentiation and malignant plasma cell. Nucleic Acids Res (2017) 45(10):5639−52. doi: 10.1093/nar/gkx327

42. Zhou, X, Franklin, RA, Adler, M, Jacox, JB, Bailis, W, Shyer, JA, et al. Circuit design features of a stable two-cell system. Cell (2018) 172(4):744–757.e17.

43. Allegra, D, Bilan, V, Garding, A, Döhner, H, Stilgenbauer, S, Kuchenbauer, F, et al. Defective DROSHA processing contributes to downregulation of MiR-15/-16 in chronic lymphocytic leukemia. Leukemia (2014) 28(1):98−107.

44. Calin, GA, Dumitru, CD, Shimizu, M, Bichi, R, Zupo, S, Noch, E, et al. Frequent deletions and down-regulation of micro- RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. Proc Natl Acad Sci USA (2002) 99(24):15524−9. doi: 10.1073/pnas.242606799

45. Lovat, F, Fassan, M, Gasparini, P, Rizzotto, L, Cascione, L, Pizzi, M, et al. miR-15b/16-2 deletion promotes b-cell malignancies. Proc Natl Acad Sci USA (2015) 112(37):11636−41. doi: 10.1073/pnas.1514954112

46. Zanette, DL, Rivadavia, F, Molfetta, GA, Barbuzano, FG, Proto-Siqueira, R, Falcão, RP, et al. miRNA expression profiles in chronic lymphocytic and acute lymphocytic leukemia. Braz J Med Biol Res (2007) 40(11):1435−40.

47. Tili, E, Michaille, JJ, Luo, Z, Volinia, S, Rassenti, LZ, Kipps, TJ, et al. The down-regulation of miR-125b in chronic lymphocytic leukemias leads to metabolic adaptation of cells to a transformed state. Blood (2012) 120(13):2631−8.

48. Pekarsky, Y, Santanam, U, Cimmino, A, Palamarchuk, A, Efanov, A, Maximov, V, et al. Tcl1 expression in chronic lymphocytic leukemia is regulated by miR-29 and miR-181. Cancer Res (2006) 66(24):11590−3.

49. Chaudhuri, AA, So, AYL, Mehta, A, Minisandram, A, Sinha, N, Jonsson, VD, et al. Oncomir miR-125b regulates hematopoiesis by targeting the gene Lin28A. Proc Natl Acad Sci USA (2012) 109(11):4233−8. doi: 10.1073/pnas.1200677109

50. Bousquet, M, Harris, MH, Zhou, B, and Lodish, HF. MicroRNA miR-125b causes leukemia. Proc Natl Acad Sci USA (2010) 107(50):21558−63. doi: 10.1073/pnas.1016611107

51. Gao, Xn, Lin, J, Gao, L, Li, Yh, Wang L, L, and Yu, L. MicroRNA-193b regulates c-kit proto-oncogene and represses cell proliferation in acute myeloid leukemia. Leukemia Res (2011) 35(9):1226−32.

52. González-Gugel, E, Villa-Morales, M, Santos, J, Bueno, MJ, Malumbres, M, Rodríguez-Pinilla, SM, et al. Down-regulation of specific miRNAs enhances the expression of the gene smoothened and contributes to T-cell lymphoblastic lymphoma development. Carcinogenesis (2013) 34(4):902−8. doi: 10.1093/carcin/bgs404

53. Mets, E, van der Meulen, J, Van Peer, G, Boice, M, Mestdagh, P, Van de Walle, I, et al. MicroRNA-193b-3p acts as a tumor suppressor by targeting the MYB oncogene in T-cell acute lymphoblastic leukemia. Leukemia (2015) 29(4):798−806.

54. Arribas, AJ, Gómez-Abad, C, Sánchez-Beato, M, Martinez, N, DiLisio, L, Casado, F, et al. Splenic marginal zone lymphoma: comprehensive analysis of gene expression and miRNA profiling. Mod Pathol (2013) 26(7):889−901.

55. Kminkova, J, Mraz, M, Zaprazna, K, Navrkalova, V, Tichy, B, Plevova, K, et al. Identification of novel sequence variations in microRNAs in chronic lymphocytic leukemia. Carcinogenesis (2014) 35(5):992−1002. doi: 10.1093/carcin/bgt396



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Duroux-Richard, Gagez, Alaterre, Letestu, Khalifa, Jorgensen, Leprêtre, Tchernonog, Moreaux, Cartron and Apparailly. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-983771-g002.jpg
ry OO Gn Low

L
n=33
L
n=31
miR-412 miR-193b
10 1
o T 0.1
10
,;jm* & .:E 5 0.01 i:
<1 : < 0.001 i
10 oo

HIGH LOW

10°%
L H
\\\n=18 n=21‘//

HIGH LOW HIGH Low

0.00001
L H L
\:-=10 n=6/ \n=25

Probability of being in CR with blood and BM uMRD

HHH HHL HLH HLL LH LL

2% 20% 5% 50% 1w 50% v 4%





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        miRNA profile at diagnosis predicts treatment outcome in patients with B-chronic lymphocytic leukemia: A FILO study

      

        		

          Clinical trial registration

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Patients

          



          		

            Cell surface CD20 expression analysis

          



          		

            Minimal residual disease determination

          



          		

            miRNA transcriptomics and validation

          



          		

            Gene expression profiling

          



          		

            Statistical analyses

          



        



        



        		

          Results

        

          		

            Patients’ characteristics

          



          		

            miRNAs associated with complete remission with bone marrow undetectable minimum residual disease

          



          		

            Blood miRNAs predictive of the treatment outcome

          



          		

            Progression free survival and miRNAs

          



          		

            High-risk patients from HLH and LL groups are characterized by enrichment of genes related to genomic instability and mRNA metabolism

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.983771_cover.jpg
’ frontiers ‘ Frontiers in Immunology

miRNA profile at diagnosis
predicts treatment outcome
in patients with B-chronic
lymphocytic leukemia:
A FILO study





OEBPS/Images/table2.jpg
Target Name

hsa-miR-412
hsa-miR-155
hsa-miR-519a
hsa-miR-744
hsa-miR-339-5p
hsa-miR-652
hsa-miR-212
hsa-miR-92a
hsa-miR-125b
hsa-miR-15b
hsa-miR-324-3p
hsa-miR-193a-5p
hsa-miR-423-5p
hsa-miR-139-5p
hsa-miR-181c
hsa-miR-193b
hsa-miR-211
hsa-miR-328
mmu-miR-134
hsa-miR-494
hsa-miR-532-3p
hsa-miR-181 a
hsa-miR-642
hsa-miR-99b
hsa-miR-202

Fold Change

0.3
0.3
2.6
2.6
2.8
2.8
29
3.0
33
34
34
34
35
35
39
39
4.1
4.1
4.2
43
4.5
4.8
4.9
53
6.5

p-value

0.023
0.029
0.019
0.028
0.026
0.013
0.016
0.011
0.018
0.001
0.017
0.005
0.008
0.021
0.02
0.01
0.025
0.023
0.021
0.017
0.031
0.022
0.024
0.008
0.006

Fold-change is the fold-ratio geometric means of miRNA expression in B-CLL patients
presenting a CR with BM uMRD versus no-CR with detectable MRD. Red miRNAs were
selected for validation on the entire cohort by RTqQPCR. CR, Complete response; BM,
Bone Marrow; MRD, Minimal residual disease.
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miR-15b 0.0064 01710
miR-125b 00231 0.0005
miR-181¢ 00244 0.0019
miR-193b 0.0420 00113
miR-412 00365 0.0003

Threshold and p-values of ROC curves used to evaluate the prognostic potential of the 5 miRNAs used to build the decision tree.
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miR15b 0.017 ns 0.024 0.004
miR125b ns 0.029 ns ns

miR155 ns ns ns ns

miR181a ns ns 0.024 0.027
miR181c ns ns 0.017 0.013
miR193b ns ns 0.007 0.005
miR324-3p 0.024 ns 0.008 0.004
miR412 ns ns ns ns

miR532-3p 0.018 ns 0.021 0.003
miR642 ns ns ns 0.030
miR652 0.014 ns 0.012 0.002

Two groups of responders were defined by achieving a CR vs no-CR, uMRD vs MRD positive, and CR with uMRD vs no-CR whatever the MRD or CR with detectable MRD. MRD is the
evaluation of immunophenotypic response by sensitive 8-color flow cytometry in both blood and bone marrow. Patients with no-CR, with blood MRD positive, with BM MRD positive, or
group composed with no-CR patients whatever the MRD or CR patients with detectable MRD are used as the OR reference group. CR, Complete response; uMRD, Undetectable minimal
residual disease; BM, Bone marrow.
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Treatment arm FCR
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Cohort (n = 123)

n (%)
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54/96 (56.25)
24/120 (20.00)
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Median (IQR)
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Age >58.5, n=61
Male Gender, n=90
Binet stage AB, n=91
ECOG 1, n=37
Unmutated IGHV, n=75
Cytogenetic abnormalities
Del(13q), n=54
Del(11q), n=24
Trisomy 12, n=9*
Lymphocyte count >71(G/L), n=61
B2 microglobulin >2 (mg/L), n=101
Treatment arm FCR, n=62
B
miR-15b high, n=58
miR-125b high, n=67
miR-181c high, n=29
miR-193b high, n=40
miR-412 high, n=84

HR (95% CI)

1.02 (0.53-1.95)
1.05 (0.49-2.24)
0.80 (0.39-1.62)
1.68 (0.89-3.28)
278 (1.21-6.41)

0.61 (0.29-1.28)
1.79 (0.84-3.84)
270 (1.32-5.49)
246 (0.59-10.25)
1.09 (0.57-2.09)
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p value

0.965
0.895
0.534
0.126
0.012

0.188
0.128
0.039
0.004
0.202
0.802

0.948
0.021
0.131
0.093
0.754

Hazard ratios for PFS according to baseline characteristics (A) and miRNAs (B). *Indicates that 9 data are not available. No progression or progression event were registered in trisomy 12

aroup. The thresholds of the 5 miRNAs used to build the decision tree are presented. PES, Progression free survival; HR, Hazard ratio; CI, Confidence interval.





