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Should transplantation still be considered for Ph1-negative myeloproliferative neoplasms in transformation?

Allo-HSCT = allogeneic hematopoietic stem cell transplantation, AML = acute myeloid leukemia, BSC = best supportive

Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) in Philadelphia-negative chromosome myeloproliferative neoplasms (MPN) has been well described [START_REF] Barbui | Philadelphia chromosome-negative classical myeloproliferative neoplasms: revised management recommendations from European LeukemiaNet[END_REF][START_REF] Gupta | Allogeneic hematopoietic cell transplantation for myelofibrosis in the era of JAK inhibitors[END_REF][START_REF] Gupta | Janus Kinase Inhibitors and Allogeneic Stem Cell Transplantation for Myelofibrosis[END_REF][START_REF] Gupta | Ruxolitinib Therapy Followed by Reduced-Intensity Conditioning for Hematopoietic Cell Transplantation for Myelofibrosis: Myeloproliferative Disorders Research Consortium 114 Study[END_REF] but little is known of allo-HSCT role in management of patients with MPN acute transformation.

Philadelphia-negative chromosome myeloproliferative neoplasms include polycythemia Vera (PV), essential thrombocythemia (ET) and myelofibrosis (MF) [START_REF] Arber | The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia[END_REF] . These stem-cell disorders share mutations that constitutively activate transduction pathways targeting JAK2, CALR or MPL [START_REF] Arber | The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia[END_REF][START_REF] Spivak | Myeloproliferative Neoplasms[END_REF] . Patients with MPN can experience prolonged survival. Indeed, in a large cohort of 1 581 patients, Tefferi et al. reported a median survival of 19.8 years for patients with ET and 13.5 years for patients with PV [START_REF] Tefferi | Long-term survival and blast transformation in molecularly annotated essential thrombocythemia, polycythemia vera, and myelofibrosis[END_REF] . Primary myelofibrosis is associated with a worst prognosis with a median survival of around 5 years [START_REF] Cervantes | New prognostic scoring system for primary myelofibrosis based on a study of the International Working Group for Myelofibrosis Research and Treatment[END_REF] .

Transformation is a rare event in MPN evolution, but has been associated with poor overall survival (2 -10 months [START_REF] Kennedy | Treatment outcomes following leukemic transformation in Philadelphia-negative myeloproliferative neoplasms[END_REF][START_REF] Khan | Therapeutic options for leukemic transformation in patients with myeloproliferative neoplasms[END_REF][START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF][START_REF] Mesa | Leukemic transformation in myelofibrosis with myeloid metaplasia: a singleinstitution experience with 91 cases[END_REF][START_REF] Passamonti | Leukemic transformation of polycythemia vera: A single center study of 23 patients[END_REF][START_REF] Yogarajah | Leukemic Transformation in Myeloproliferative Neoplasms[END_REF][START_REF] Tam | The natural history and treatment outcome of blast phase BCR-ABL-myeloproliferative neoplasms[END_REF] ). The frequency of transformation depends on MPN subtypes: 8 -23% of patients with MF at 10 years after diagnosis [START_REF] Rago | Hemoglobin levels and circulating blasts are two easily evaluable diagnostic parameters highly predictive of leukemic transformation in primary myelofibrosis[END_REF] compared to 2.3 -14.4% in PV [START_REF] Cerquozzi | Blast transformation and fibrotic progression in polycythemia vera and essential thrombocythemia: a literature review of incidence and risk factors[END_REF] and 0.7 -3% with ET [START_REF] Cerquozzi | Blast transformation and fibrotic progression in polycythemia vera and essential thrombocythemia: a literature review of incidence and risk factors[END_REF] . Risk factors of MPN transformation include advanced age, leukocytosis, fibrosis [START_REF] Tefferi | Long-term survival and blast transformation in molecularly annotated essential thrombocythemia, polycythemia vera, and myelofibrosis[END_REF][START_REF] Yogarajah | Leukemic Transformation in Myeloproliferative Neoplasms[END_REF][START_REF] Rago | Hemoglobin levels and circulating blasts are two easily evaluable diagnostic parameters highly predictive of leukemic transformation in primary myelofibrosis[END_REF] , abnormal karyotype (especially chromosome 17 anomalies, monosomal or complex karyotype [START_REF] Yogarajah | Leukemic Transformation in Myeloproliferative Neoplasms[END_REF][START_REF] Mascarenhas | A Concise Update on Risk Factors, Therapy, and Outcome of Leukemic Transformation of Myeloproliferative Neoplasms[END_REF] ), triple negative patients (JAK2, CALR and MPL unmutated patients) [START_REF] Tefferi | Long-term survival and blast transformation in molecularly annotated essential thrombocythemia, polycythemia vera, and myelofibrosis[END_REF] and the presence of additional mutations, especially targeting ASXL1 [START_REF] Tefferi | Long-term survival and blast transformation in molecularly annotated essential thrombocythemia, polycythemia vera, and myelofibrosis[END_REF][START_REF] Vannucchi | Mutations and prognosis in primary myelofibrosis[END_REF] , IDH1/2 [START_REF] Vannucchi | Mutations and prognosis in primary myelofibrosis[END_REF][START_REF] Tefferi | IDH mutations in primary myelofibrosis predict leukemic transformation and shortened survival: clinical evidence for leukemogenic collaboration with JAK2V617[END_REF] , RUNX1 [START_REF] Yogarajah | Leukemic Transformation in Myeloproliferative Neoplasms[END_REF][START_REF] Cerquozzi | Blast transformation and fibrotic progression in polycythemia vera and essential thrombocythemia: a literature review of incidence and risk factors[END_REF] , SRFS2 [START_REF] Tefferi | Long-term survival and blast transformation in molecularly annotated essential thrombocythemia, polycythemia vera, and myelofibrosis[END_REF][START_REF] Vannucchi | Mutations and prognosis in primary myelofibrosis[END_REF] or TP53 [START_REF] Cerquozzi | Blast transformation and fibrotic progression in polycythemia vera and essential thrombocythemia: a literature review of incidence and risk factors[END_REF][START_REF] Rampal | Genomic and functional analysis of leukemic transformation of myeloproliferative neoplasms[END_REF] .

MPN acute transformation is associated with a dismal prognosis. There is no standard of care for MPN transformation and allo-HSCT place is not well defined in this situation.

First line treatment could be chemotherapy, hypomethylating agents (HMA) and/or targeted therapy as Ruxolitinib. Conventional chemotherapy (including anthracycline/cytarabinebased intensive chemotherapy), or lower dose regimens has limited and short lasting efficiency [START_REF] Kennedy | Treatment outcomes following leukemic transformation in Philadelphia-negative myeloproliferative neoplasms[END_REF][START_REF] Mesa | Leukemic transformation in myelofibrosis with myeloid metaplasia: a singleinstitution experience with 91 cases[END_REF][START_REF] Tam | The natural history and treatment outcome of blast phase BCR-ABL-myeloproliferative neoplasms[END_REF] . Hypomethylating agents (HMA) have been associated with about 40-60% of response, but median survival of 9 -11 months [START_REF] Andriani | Azacytidine for the treatment of retrospective analysis from the Gruppo Laziale for the study of Ph-negative MPN[END_REF][START_REF] Thepot | Treatment of progression of Philadelphia-negative myeloproliferative neoplasms to myelodysplastic syndrome or acute myeloid leukemia by azacitidine: a report on 54 cases on the behalf of the Groupe Francophone des Myelodysplasies (GFM)[END_REF] . Ruxolitinib, anti-JAK2 targeted therapy, had only modest anti-leukemic activity as single agent for these patients [START_REF] Eghtedar | Phase 2 study of the JAK kinase inhibitor ruxolitinib in patients with refractory leukemias, including postmyeloproliferative neoplasm acute myeloid leukemia[END_REF] .

Studies have reported that allogeneic hematopoietic stem cell transplantation (Allo-HSCT) may lead to prolonged survival, with two-years OS of around 30% [START_REF] Alchalby | Allogeneic Stem Cell Transplantation for Myelofibrosis with Leukemic Transformation: A Study from the Myeloproliferative Neoplasm Subcommittee of the CMWP of the European Group for Blood and Marrow Transplantation[END_REF][START_REF] Cahu | Allo-SCT for Philadelphia-negative myeloproliferative neoplasms in blast phase: a study from the Societe Française de Greffe de Moelle et de Therapie Cellulaire (SFGM-TC)[END_REF][START_REF] Takagi | Allogeneic Hematopoietic Cell Transplantation for Leukemic Transformation Preceded by Philadelphia Chromosome-Negative Myeloproliferative Neoplasms: A Nationwide Survey by the Adult Acute Myeloid Leukemia Working Group of the Japan Society for Hematopoietic Cell Transplantation[END_REF] , and remission [START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF][START_REF] Alchalby | Allogeneic Stem Cell Transplantation for Myelofibrosis with Leukemic Transformation: A Study from the Myeloproliferative Neoplasm Subcommittee of the CMWP of the European Group for Blood and Marrow Transplantation[END_REF][START_REF] Cahu | Allo-SCT for Philadelphia-negative myeloproliferative neoplasms in blast phase: a study from the Societe Française de Greffe de Moelle et de Therapie Cellulaire (SFGM-TC)[END_REF][START_REF] Takagi | Allogeneic Hematopoietic Cell Transplantation for Leukemic Transformation Preceded by Philadelphia Chromosome-Negative Myeloproliferative Neoplasms: A Nationwide Survey by the Adult Acute Myeloid Leukemia Working Group of the Japan Society for Hematopoietic Cell Transplantation[END_REF][START_REF] Cherington | Allogeneic stem cell transplantation for myeloproliferative neoplasm in blast phase[END_REF][START_REF] Ciurea | Allogeneic Stem Cell Transplantation for Myelofibrosis with Leukemic Transformation[END_REF] . But, it has been recently shown that prognosis for secondary acute myeloid leukemia (AML) after allo-HSCT is significantly worse after MPN than after myelodysplastic syndrome (MDS) [START_REF] Kröger | Impact of primary disease on outcome after allogeneic stem cell transplantation for transformed secondary acute leukaemia[END_REF] . However, many patients with MPN in transformation cannot be exposed to Allo-HSCT mediated toxicity [START_REF] Alchalby | Allogeneic Stem Cell Transplantation for Myelofibrosis with Leukemic Transformation: A Study from the Myeloproliferative Neoplasm Subcommittee of the CMWP of the European Group for Blood and Marrow Transplantation[END_REF][START_REF] Takagi | Allogeneic Hematopoietic Cell Transplantation for Leukemic Transformation Preceded by Philadelphia Chromosome-Negative Myeloproliferative Neoplasms: A Nationwide Survey by the Adult Acute Myeloid Leukemia Working Group of the Japan Society for Hematopoietic Cell Transplantation[END_REF][START_REF] Cherington | Allogeneic stem cell transplantation for myeloproliferative neoplasm in blast phase[END_REF] or die before the procedure can be performed, suggesting that the procedure is limited to a small subset of eligible patients.

In this study, we report a retrospective cohort of consecutive patients with MPN in transformation treated in Saint Louis Hospital, in Paris, France, over a 10-year period, with the aim to assess the role of transplantation for MPN in transformation and to better characterize their outcome and their prognostic factors.

Material and Methods

Patients

Between January 1 st 2008 and December 31 th 2018, 53 consecutive patients were treated or referred to our institution for allogeneic stem cell transplantation for transformed-MPN: myelodysplastic syndrome with blast exces-2 (MDS-BE2) and AML. Diagnosis and classification of secondary MDS and AML was made according to the World Health Organization (WHO) classification and patients with transformed atypical chronic myeloid leukemia, chronic myelomonocytic leukemia and myeloid/lymphoid neoplasms with eosinophilia and rearrangement of PDGFRA, PDGFRB, or FGFR1, or with PCM1-JAK2 were excluded from the present analysis [START_REF] Arber | The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia[END_REF] .

Patients list was obtained using the database of the Multi-disciplinary Consultation Meeting where every patient's situation is shared before the beginning of a treatment and using the Promise database that includes all patients who underwent Allo-HSCT in Saint-Louis Hospital. Clinical and laboratory data was retrospectively collected from medical files.

Molecular analyses

The JAK2V617F and MPLW515 mutations were detected using the JAK2 MutaQuant and MPL W515L/K MutaScreen kits (Qiagen), respectively. The CALR mutations were detected using fragment analysis and sanger sequencing as previously described [START_REF] Verger | Clinical and molecular response to interferontherapy in essential thrombocythemia patients with CALR mutations[END_REF] .

In addition, a targeted resequencing approach was developed to detect additional nondriver mutations. Next generation sequencing libraries were realized by capture on a customized myeloid-associated gene panel and sequenced on a MiSeq instrument (Illumina). A minimum coverage of 500X was retained and the limit of detection was set at 2%.

Outcome

We reported patient characteristics at MPN diagnosis, at the onset of acute transformation and at allo-HSCT. End points were treatment response, according ELN criteria for AML [START_REF] Döhner | Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel[END_REF] , and IWG criteria for MDS [START_REF] Cheson | Clinical application and proposal for modification of the International Working Group (IWG) response criteria in myelodysplasia[END_REF] , survival criteria -event-free survival (EFS) -no progression, relapse or death, and overall survival (OS), and the ability to perform allo-HSCT. Progression was defined as relapse for patients who had achieved complete remission, cytopenia recurrence after hematologic improvement, and AML transformation for patients with MDS.

Statistical analysis

Data was described as median and ranges for quantitative variables, and frequency and percentages for qualitative variables. Percentages were compared using Fisher's exact test. All statistical tests were two-tailed with a significance threshold of 0.05. Analyses were performed with R v3.6.0. Median of follow-up was estimated using Korn's method [START_REF] Korn | Censoring distributions as a measure of follow-up in survival analysis[END_REF] . Survival analyses were performed using Kaplan Meier methods. We performed a Mantel-Byar test with a Simon-Makuch plot [START_REF] Mantel | Evaluation of Response-Time Data Involving Transient States: An Illustration Using Heart-Transplant Data[END_REF] to compare the survival of transplanted patients with the nontransplanted patients. For Mantel-Byar test, we used R v3.6.0 using SAS function [START_REF] Cantor | A test of the association of a time-dependent state variable to survival[END_REF] . We performed subgroup analysis according to first-line treatment and according to HSCT. We also analyzed characteristics of long-term survivor patients for patients who were alive more than one year after transformation. Multivariate analysis of survival, using Cox proportional hazard regression, was performed to determine independent prognostic factors for overall survival. The predictors used in the final model were factors showing a significant correlation (p ≤ 0.2) with overall survival in the univariate analysis.

Data collection and analyses were conducted in agreement with French national guidelines , the study was conducted according to the Declaration of Helsinki and CNIL (National commission for informatics and liberty) authorization was obtained to performed this retrospective study [START_REF]Recherches dans le domaine de la santé : le nouveau chapitre IX est applicable[END_REF] .

Results

Between January 1 st, 2008 and December 31 th, 2018, 53 patients were treated for a non-BCR-ABL transformed-MPN at Saint-Louis Hospital (Supplementary figure 1). The median followup was 76. 5 Twenty-six patients received hydroxyurea for a median duration of 83 months, range 21 to 235. Twelve patients were treated by interferon for a median duration of 12 months, range 2 to 53. Thirteen patients received alkylating agent with a median duration of 51 months, range 5 to 189. Fifteen patients received various drugs, including: lenalidomide (n = 2), ruxolitinib (n = 12) and one ruxolitinib associated with panabinostat. Three patients received HMA: two patients with myelodysplastic syndromes associated with myelofibrosis and one with secondary myelofibrosis (after essential thrombocytosis). These three patients received respectively 9, 3 and 3 cycles of Azacitidine. Two patients with primitive myelofibrosis had Allo-HSCT before relapse in transformation. Concerning supportive therapy, 11 patients received erythropoietin (for a median of 18 months, range 4 to 48), and thirteen were transfusion dependent. Splenectomy was performed in 4 patients: two for transfusiondependency, one before transplantation and one because the patient had spontaneous spleen rupture. Patient characteristics at transformation are summarized in Table 2. Median age was 65 years, range 39 to 93, and median delay between MPN diagnosis and transformation was 46 months, range 0 to 379. Bone marrow examination could be performed for 49 patients. According to WHO 2016 criteria 5 , 42 patients (79%) had AML, 10 patients had MDS-EB2 (19%) and one had extra-medullar myeloid sarcoma (2%). Concerning Performance status (PS) 16 had PS 2, and 6 patients had PS ≥ 3. Medullar karyotype at transformation was available for 48 patients and is illustrated in Figure 1A. For missing karyotypes, one was due to karyotype failure, one was caused by myelogram failure, two patients did not have any medullar investigation because of their poor Performance status, and one karyotype was not available. Eight patients had a normal karyotype, 20 patients had chromosome 7 anomalies. Eight patients had chromosome 17 anomalies with loss of p53 region -monosomy, deletion 17p or iso-17q. For AML patients, according to the 2017 ELN risk classification [START_REF] Döhner | Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel[END_REF] , one patient was favorable, 12 were intermediate and 20 had adverse risk. For MDS-EB2 patients, according to IPSS-R classification [START_REF] Greenberg | Revised International Prognostic Scoring System for Myelodysplastic Syndromes[END_REF] , one patient was good, two patients were intermediate, five patients were poor and two very poor.

Targeted NGS was available for 33 patients at the time of transformation -data are summarized in Figure 1B. Median number of additional mutations was 2, range 0 to 6. Seven patients had no additional mutation and seven patients had four or more additional mutations. Seven patients harbored TP53 mutations. Genes most frequently mutated were genes involved in DNA methylation (DNMT3A, IDH1, TET2 and WT1), chromatin modification (ASXL1, EZH2 and KMT2A) and RAS pathway (CBL, KRAS, NRAS, NRAS, NF1 and NF2).

Treatment at transformation

First treatment included chemotherapy in 22 patients, hypomethylating agents in 21, best supportive care (BSC) in 8 and targeted therapy in 2 (Supplementary figure 2). We included only patients whom treatment had been discussed in Multi-disciplinary Consultation Meeting, so patients that could not be treated were underestimated in our study. Chemotherapy was induction chemotherapy (anthracyclines with cytarabine regimen) for 19 patients. One patient was treated by liposomal daunorubicin/cytarabine, one patient received idarubicin with azacytidine, and one patient was treated by low dose cytarabine. Thirteen patients treated by chemotherapy also received targeted therapy in combination: ruxolitinib (n = 11), volasertib (n = 1), lenalidomide (n = 1). Five patients who received HMA were also treated with ruxolitinib.

Twenty patients achieved complete remission (CR), 3 patients had hematologic improvement (HI) and 30 patients did not respond. Among the 20 patients who achieved CR, 14 subsequently relapsed with a median duration of CR of 5.5 months, 95CI = [2.2 -9.1]. However, at last follow-up, 9 patients still remained in CR (Table 3).

Forty-five patients died during the follow-up. The median event-free survival (EFS) was 5.9 months, 95CI = We then compared patients treated by chemotherapy or by HMA (n = 43) as first line therapy to patients receiving best supportive care or single agent targeted therapy (n = 10). Patient characteristics and treatment responses of these two subgroups are summarized in Supplementary Table 1. Patients treated by HMA or chemotherapy were younger: 62 years vs. 71 years-old, p < 0.001. As expected, they had better Performance status, p = 0.005. No patient achieved a response in the best supportive care or targeted therapy group, vs 24 patients in the HMA/chemotherapy group (p = 0.005). In patients treated by in HMA/chemotherapy group the median EFS was 6.8 months, 95 CI = [5.9 -10.7], vs 1.5 months, 95 CI = [0.4 -NA], p < 0.001; and median OS was 9.1 months, 95 CI = [7.1 -15.6], vs 1.5 months, 95 CI = [0.4 -NA], p < 0.001 (Figure 3A and3B).

We also compared patients treated with conventional chemotherapy (n = 22) to those who received HMA (n = 21). Patient characteristics and treatment response are summarized in Supplementary Table 2. Patients treated by HMA were older than those treated by chemotherapy (68 years-old vs. 54 years-old, p = 0.002). Type of transformation (AML or MDS-BE2) and karyotype were no different between the two groups, p = 0.06 and p = 0.1 respectively. Response to treatment was different in the two subgroups: in HMA group, 6/21 (29%) patients achieved CR, 3/21 (14%) patients had hematological improvement and 12/21 (57%) patients did not respond. In the chemotherapy group, 15/22 (68%) patients achieved CR, none had hematologic improvement, and 7/22 (32%) patients did not response, (p = 0.02).

Accordingly, patients treated with intensive chemotherapy were more frequently bridged to allogeneic transplant than patients treated with HMA: 13/22 (59%) vs 3/21 (14%), p = 0.02. However, when we compared EFS in the two subgroups there was no difference according to first-line treatment (Figure 3C 

Allogeneic-HSCT

We finally analyzed patients who underwent Allo-HSCT (n = 16). Patient characteristics are summarized in Table 4.

MPN before transformation was mainly myelofibrosis (primitive, n = 7, and secondary, n = 4). Nine patients harbored JAK2 mutation, three patients CALR mutation, one was triple negative. Median time between transformation and HSCT was 159 days (range 75 -355). Eleven patients were in CR at Allo-HSCT and five were in relapse or were refractory. First line treatment before allo-HSCT was mainly conventional therapy (n=13): induction chemotherapy "3 + 7" (n=13) and consolidations with Cytarabine (n=11) with a median of 3 consolidation (range 2 to 3), or with Daunorubicin SC and cytarabine (n = 2).

Most patients were transplanted from HLA-matched donors (siblings, n = 6, unrelated, n = 3), but seven were transplanted from alternative donors (three mismatch unrelated donors, one haploidentical donor and three with cord blood units). Reduced-intensity conditioning was used in 13/16 (81%) patients: Fludarabine plus Melphalan (n = 9), Fludarabine, Busulfan 2 days and anti-thymoglobulin (n=2), and total body irradiation 2 Gy, Fludarabine and Cyclophosphamide (n = 2, 2 patients that received cord blood units). Two patients underwent myeloablative conditioning by Thiotepa, Busulfan 3 days and Fludarabine; and one refractory patient had sequential conditioning. Median number of CD34 cells transplanted was 4.8 10 6 cell/kg, range 0.08 10 6 cell/kg to 14.8 10 6 cell/kg. GvHD prevention was mainly the combination of cyclosporine A and mycophenolate mofetil (14 patients). Engraftment was achieved in 14 patients. Median delay of neutrophil count > 0.5 G/L was 21 days, range 14 to 41, and median delay of platelet count > 20 G/L was 13 days, range 10 to 36. Nine patients presented acute GvHD (seven grade II -IV), mostly with a cutaneous localization (n=6). Six patients presented chronic GvHD (mild, n = 3, severe, n = 3).

The median EFS for allo-HSCT patients was 9.5 months, 95CI = [7.3 -NR] and median OS is 11.8 months, 95CI = [8.3 -NR]. In the Allo-HSCT group, 13 patients died. Causes of death were disease-related (n = 5), infections (n = 7) and cardiovascular disease (n = 1).

Allo-HSCT impact in patient survival

We used Mantel-Byar test to compare overall survival of patients who underwent Allo-HSCT (HSCT group) and patients who did not (No HSCT group) and used Simon-Makuch plot for graphic representation of OS in the two groups as previously described [START_REF] Delgado | Survival analysis in hematologic malignancies: recommendations for clinicians[END_REF] . In these tests, all patients started on the No HSCT group, and when transplantation was achieved, they implement the HSCT group. This test allowed compensating the selection of patients who survived long enough to undergo allo-HSCT. According to this analysis, allo-HSCT did not improve survival in this cohort, p = 0.64, Figure 4.

Prognosis factors

We use prognostic factors previously described in the literature [START_REF] Tam | The natural history and treatment outcome of blast phase BCR-ABL-myeloproliferative neoplasms[END_REF] to perform univariate analysis (Supplementary Table 3). Only two factors presented at transformation influenced survival (transformation to AML rather than MDS and Performance status). Older age (over 60 years), time to transformation, and splenectomy were nonsignificant. We also analyzed the impact of karyotype, the impact of additional mutation (ASLX1, NRAS and KRAS, RUNX1, TET2 and TP53) and of the number of additional mutations (each number of mutation and separating < 3 or ≥3), but none of these characteristics were significant.

Whatever the initial treatment was, patients who achieved CR had a better survival; OS was 13.1 months, 95 CI = [8.3 -26.4], vs. 4.5 months, 95 CI = [2.2 -6.8], p < 0.001.

We performed a multivariate analysis using Cox model to determine independent prognosis factors of survival, Supplementary Table 4. In this model, survival was improved for patients with a Performance status ≤ 2 at transformation, HR = 0.1, 95CI = [0.04 -0.5], p = 0.002, for patients who achieved CR during follow-up, HR = 0.25, 95 CI = [0.1 -0.6], p = 0.003, and for patients treated by HMA or chemotherapy, HR = 0.25, 95CI = [0.1 -0.8], p = 0.02.

Long-term survivors

In this cohort, 13 patients survived more than one year after transformation was diagnosed (Supplementary Table 5). Initial disease characteristics (median age, sex ratio, transformation delay, Performance status, type of transformation, karyotype, presence of TP53 mutation) and first line therapies were not different in these long-term survivors compared to patients who died before. However, and not surprisingly, long-term survivors achieved more frequently CR (10/13 (77%) vs 11/40 (28%), p = 0.004) and underwent more frequently HSCT (7/13 (54%) vs 6/40 (15%), p = 0.03).

Discussion

Herein, we retrospectively analyzed a cohort of 53 patients with transformed MPN and among them, 16 were transplanted. The outcome of transformed MPN is dismal overall, and as outline in our study transplantation offers very little in this advanced phase for the disease. With the shortage of transplant beds and the budget restraints, this study really calls discussion for transplantation in transformed MPN.

Due to the reported incidence of MPN transformation, most patients had either primary or secondary myelofibrosis at diagnosis and mostly adverse risk factors according to the 2017 ELN classification [START_REF] Döhner | Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel[END_REF] and IPSS-R classification [START_REF] Greenberg | Revised International Prognostic Scoring System for Myelodysplastic Syndromes[END_REF] . Patients characteristics were comparable with previously published cohort of transformed MPN [START_REF] Kennedy | Treatment outcomes following leukemic transformation in Philadelphia-negative myeloproliferative neoplasms[END_REF][START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF][START_REF] Mesa | Leukemic transformation in myelofibrosis with myeloid metaplasia: a singleinstitution experience with 91 cases[END_REF][START_REF] Passamonti | Leukemic transformation of polycythemia vera: A single center study of 23 patients[END_REF] . At the molecular level, patients harbored mostly JAK2 mutations and the most frequent additional mutations targeted TP53, ASXL1, NRAS, TET2, DNMT3A and WT1 whereas FLT3, CEBPA, and NPM1 mutations were rare compared to de novo AML, as previously described in the literature in this setting [START_REF] Rampal | Genomic and functional analysis of leukemic transformation of myeloproliferative neoplasms[END_REF] .

Prognosis of MPN acute transformation remained poor with a median OS of 7.1 months. Patients treated by HMA or by induction chemotherapy had better outcomes than those treated with best supportive care or targeted therapy as single agent. This dismal prognosis is also consistent with what is reported in the literature [START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF][START_REF] Mesa | Leukemic transformation in myelofibrosis with myeloid metaplasia: a singleinstitution experience with 91 cases[END_REF] . Initial disease characteristics, morphological parameters, karyotype or additional mutations, did not impact prognosis. We only found Performance status at acute transformation, initial treatment by HMA or by chemotherapy, and the ability to achieve complete remission as prognostic factors. These findings are consistent with previous reported studies [START_REF] Tam | The natural history and treatment outcome of blast phase BCR-ABL-myeloproliferative neoplasms[END_REF] .

In our cohort, patients treated by HMA had a survival rate of 10.1 months, as reported by others [START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF][START_REF] Andriani | Azacytidine for the treatment of retrospective analysis from the Gruppo Laziale for the study of Ph-negative MPN[END_REF][START_REF] Thepot | Treatment of progression of Philadelphia-negative myeloproliferative neoplasms to myelodysplastic syndrome or acute myeloid leukemia by azacitidine: a report on 54 cases on the behalf of the Groupe Francophone des Myelodysplasies (GFM)[END_REF][START_REF] Badar | Therapeutic benefit of decitabine, a hypomethylating agent, in patients with high-risk primary myelofibrosis and myeloproliferative neoplasm in accelerated or blastic/acute myeloid leukemia phase[END_REF] . In our cohort, patients treated by chemotherapy achieved more often CR than those treated by HMA, (68% vs 29% p = 0.02) and were amenable to proceed to transplant which is consistent with a previous report [START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF] . However, reported survival rates after induction chemotherapy has been heterogeneous: 6 months in the studies of Passamonti et al. [START_REF] Passamonti | Leukemic transformation of polycythemia vera: A single center study of 23 patients[END_REF] , Mesa et al. [START_REF] Mesa | Leukemic transformation in myelofibrosis with myeloid metaplasia: a singleinstitution experience with 91 cases[END_REF] , and Kennedy et al. [START_REF] Kennedy | Treatment outcomes following leukemic transformation in Philadelphia-negative myeloproliferative neoplasms[END_REF] , but not reached after 19.2 months of follow-up in Lancman et al. cohort [START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF] . Our data may suggest that for transformed-MPN patients, induction chemotherapy as a first line therapy should be proposed for patients fit enough for allogeneic HSCT since unfit patients present similar survival rate when treated with HMA.

In transplanted patients 2-year overall survival was 34%, 95CI = [12 -57], consistent with what has been reported in the literature: in Takagi's cohort, two years OS was 30% [START_REF] Takagi | Allogeneic Hematopoietic Cell Transplantation for Leukemic Transformation Preceded by Philadelphia Chromosome-Negative Myeloproliferative Neoplasms: A Nationwide Survey by the Adult Acute Myeloid Leukemia Working Group of the Japan Society for Hematopoietic Cell Transplantation[END_REF] , and in Alchalby and in Cahu cohorts, three years OS were respectively 33% 25 and 18% [START_REF] Cahu | Allo-SCT for Philadelphia-negative myeloproliferative neoplasms in blast phase: a study from the Societe Française de Greffe de Moelle et de Therapie Cellulaire (SFGM-TC)[END_REF] .

In our cohort, median delay between acute transformation and allo-HSCT was 159 days (range 75 -355) but it is heterogeneous. Only four patients underwent transplantation more than 200 days after acute transformation diagnosis: the three patients that were transplanted after first line treatment by HMA and one patient that relapse after induction by Anthracycline and cytarabine and that was retreated by Clofarabine and cytarabine before transplantation. The median elapsed time between MPN acute transformation and transplantation was rather long (159 days). It can be explained by the time needed to reach remission and to perform 3 courses of consolidation with Cytarabine in patients treated with chemotherapy and to allows meaningful responses in patients who received HMA We compared OS of patients who underwent Allo-HSCT to patients who did not, using Mantel-Byar test. Using this tool Allo-HSCT failed to significantly improve overall survival. This result is in contrast to results published by Lancman et al. 11 : in their cohort, in transplanted patients, median OS was not reached after a median follow-up of 19.2 months, whereas it was 3.8 months for non-transplanted patients [START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF] . In their study, OS was measured using the Kaplan-Meier method, with log rank tests used for survival comparisons between group [START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF] . Using this statistical method, survival between transplanted vs. non-transplanted patients was strongly significant [START_REF] Lancman | Outcomes and predictors of survival in blast phase myeloproliferative neoplasms[END_REF] . However, studies comparing Allo-HSCT vs no transplant are often biased, because patients who died during induction chemotherapy or HMA are always counted in the non-transplantation group [START_REF] Delgado | Survival analysis in hematologic malignancies: recommendations for clinicians[END_REF] . This bias is extremely pregnant for transformed-MPN patients, since survival is very short. In our cohort, the interval between transformation and Allo-HSCT was 159 days. At this time point, OS was estimated to be 59% (95 CI = [44 -71]), only demonstrating that 41% of patients died at the time when transplantation could have been performed. That is why Mantel-Byar test is currently accepted as the best statistical approach to compare these patients groups [START_REF] Delgado | Survival analysis in hematologic malignancies: recommendations for clinicians[END_REF] .

From this study it is obvious that there is more than room for improvement in the treatment of transformed MPN because patients' outcome is dismal overall, and transplantation offers very little in this advanced phase of the disease.

Whether new drugs would improve the dismal prognosis of these patients is still debated. Our own bias is that in the younger fit patients proceeding to Allo-HSCT at this stage is too late. Mutations of gene implicated in DNA methylation (DNMT3A, IDH1, TET2 and WT1), in chromatin modification (ASXL1, EZH2 and KMT2A) and in the RAS pathway (CBL, KRAS, NRAS, NRAS, NF1 and NF2) were frequently found in our study. Some (but not all) of these mutations have been recently associated with worse prognosis of MPN before transplantation [START_REF] Vallapureddy | Leukemic transformation among 1306 patients with primary myelofibrosis: risk factors and development of a predictive model[END_REF][START_REF] Guglielmelli | MIPSS70: Mutation-Enhanced International Prognostic Score System for Transplantation-Age Patients With Primary Myelofibrosis[END_REF] . Whether these new mutations should trigger the discussion to proceed to transplantation is under investigation.

Disclosures: None of the authors disclose relationships that could be viewed as potential conflicts of interest. 

Authors

  [4.5 -7.8] and median overall survival (OS) was 7.1 months, 95CI = [4.7 -10.3], Figure 2A and 2B. Main causes of death were disease-related (n = 9), infections (bacterial infections, n = 11, fungal infection, n = 5), hemorrhage (n = 4), and cardiovascular diseases (n = 3).

  and 3D): after HMA the median EFS was 6.8 months, 95 CI = [5.2 -16.3], in chemotherapy group, and median EFS was 7.3 months, 95 CI = [3.8 -19.1], p = 0.8. It was the same for OS: in HMA group; median OS was 10.1 months, 95 CI = [6.5 -17.8], in chemotherapy group, median OS was 8.3 months, 95 CI = [6.8 -26.4], p = 0.8.

  ' contribution: MR collected and analyzed the data. LA, JJK, SG, BC, ER, & GS designed the study. BC, RI, EC provided molecular analyses. MRo, DM, FSdF, R PdT & GS take care of the transplant program. JJK, ER, SG & LA are involved in the daily (non-transplant) care of patients with MPN. The manuscript was written by MR & GS; all authors participated to the final version.

- 3 - 1 Engraftment-Figures legends Figure 1 :

 31legends1 Figures legends

Figure 2 :

 2 Figure 2: Survival in all the patients of the cohort by Kaplan-Meier analysis. A) Event Free Survival (EFS). Median EFS = 5.9 months, 95CI = [4.5 -7.8]. B) Overall Survival (OS). Median OS = 7.1 months, 95CI = [ 4.7 -10.3].

Figure 3 :

 3 Figure 3: Sub-group analysis of survival by Kaplan-Meier analysis according to first-line treatment. A) Event Free Survival (EFS) according to first-line treatment: hypomethylating agent (HMA) or chemotherapy compared with best supportive care (BSC) or targeted therapy (TT) as single agent. With HMA or chemotherapy, median EFS = 6.8 months, 95 CI = [5.9 -10.7]; with BSC or TT, median EFS = 1.5 months, 95 CI = [0.4 -NA], p < 0.001. B) Overall Survival (OS) according to first-line treatment: HMA or chemotherapy compared with best supportive care or targeted therapy as single agent. In HMA/chemotherapy group, median OS was 9.1 months, 95 CI = [7.1 -15.6]; in BSC/TT group, 1.5 months, 95 CI = [0.4 -NA], p < 0.001. C) EFS according to first-line treatment: HMA compared with chemotherapy. With HMA, median EFS = 6.8 months, 95 CI = [5.2 -16.3]; with chemotherapy, median EFS = 7.3 months, 95 CI = [3.8 -19.1], p = 0.8. D) OS according to first-line treatment: HMA compared with chemotherapy. With HMA, median OS = 10.1 months, 95 CI = [6.5 -17.8]; with chemotherapy, median OS = 8.3 months, 95 CI = [6.8 -26.4], p = 0.8.
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 4 Figure 4:Overall survival of patients that underwent Allo-HSCT (HSCT group) and patients that did not (No HSCT group), using Mantel-Byar test and Simon-Makuch plot for graphic representation. All patients started on the No HSCT group, and when the transplantation was achieved, they populated the HSCT group, p = 0.64.
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 1 Figure 1: Cytogenetic anomalies and acquired somatic mutations in myeloid cancer at acute transformation. A) Medullar karyotype at acute transformation, data were available for 48 patients. Each row indicated a chromosome and each column a patient. B) Targeted deep sequencing performed on bone marrow cells at acute transformation, data are available for 33 patients. Each row indicated a gene and each column a patient.
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 2 Figure 2: Survival in all the patients of the cohort by Kaplan-Meier analysis. A) Event Free Survival (EFS). Median EFS = 5.9 months, 95CI = [4.5 -7.8]. B) Overall Survival (OS). Median OS = 7.1 months, 95CI = [ 4.7 -10.3].
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 3 Figure 3: Sub-group analysis of survival by Kaplan-Meier analysis according to first-line treatment. A) Event Free Survival (EFS) according to first-line treatment: hypomethylating agent (HMA) or chemotherapy compared with best supportive care (BSC) or targeted therapy (TT) as single agent. With HMA or chemotherapy, median EFS = 6.8 months, 95 CI = [5.9 -10.7]; with BSC or TT, median EFS = 1.5 months, 95 CI = [0.4 -NA], p < 0.001. B) Overall Survival (OS) according to first-line treatment: HMA or chemotherapy compared with best supportive care or targeted therapy as single agent. In HMA/chemotherapy group, median OS was 9.1 months, 95 CI = [7.1 -15.6]; in BSC/TT group, 1.5 months, 95 CI = [0.4 -NA], p < 0.001. C) EFS according to first-line treatment: HMA compared with chemotherapy. With HMA, median EFS = 6.8 months, 95 CI = [5.2 -16.3]; with chemotherapy, median EFS = 7.3 months, 95 CI = [3.8 -19.1], p = 0.8. D) OS according to first-line treatment: HMA compared with chemotherapy. With HMA, median OS = 10.1 months, 95 CI = [6.5 -17.8]; with chemotherapy, median OS = 8.3 months, 95 CI = [6.8 -26.4], p = 0.8.
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 4 Figure 4: Overall survival of patients that underwent Allo-HSCT (HSCT group) and patients that did not (No HSCT group), using Mantel-Byar test and Simon-Makuch plot for graphic representation. All patients started on the No HSCT group, and when the transplantation was achieved, they populated the HSCT group, p = 0.64.
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 1 months, 95CI = [23.1 -NA]. Before transformation, patients received a median of one treatment, range 0 to 5. During MPN chronic phase, 30 of 53 patients had received cytoreductive therapy, whereas 10 patients only received antiaggregating or anticoagulant therapy.

	Patients characteristics
	Patient characteristics at MPN diagnosis are summarized in Table 1. Median age was 58
	years, range 36 to 86. MPN before transformation was primitive myelofibrosis (n = 19),
	secondary myelofibrosis (n = 12), polycythemia Vera (n = 11), essential thrombocythemia (n
	= 8), and unclassified non BCR-ABL MPN (n = 3). Secondary myelofibrosis occurred after PV
	in 5 patients and after TE in 7 patients, with a median of transformation of 13.3 years, range
	6.9 to 30.5. Molecular biology was available for 47 patients. Seventy percent harbored JAK 2
	mutation, 9% CALR and 2% MPL. Two patients are triple negative (4%) and seven patients
	did not have JAK2 mutation but without searching of CALR and MPL mutation. Seventeen
	patients had splenomegaly at MPN diagnosis.
	Initial treatments of the MPN are summarized in
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 4 Characteristics of patients who underwent allo-HSCT

	(n = 16)