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Treatment of acute myeloid leukemia (AML) and high-risk myelodysplastic syndromes (MDS) is difficult in older patients with comorbidities and high-risk disease factors. Venetoclax, the first-in-class Bcl-2 inhibitor, has proven efficacy and safety in combination with azacytidine for treatment of high-risk myeloid diseases. In this single-center real-life retrospective study, a total of 27 consecutive patients treated with azacytidine plus venetoclax were included, and clinical outcomes, hematological improvements, and biomarkers of responsiveness to therapy were compared to those observed in an historical cohort of 95 consecutive patients treated with azacytidine as single agent. Azacytidine plus venetoclax was effective and safe in older and frail AML and high-risk MDS patients, with median overall survival of 22.3 months, higher than that reported in phase III trial (14.7 months), and higher than that of historical cohort (5.94 months). Progression-free survival was higher in patients treated with the drug combination compared to those treated with azacytidine as single agent (p = 0.0065). Clinical benefits might increase when azacytidine and venetoclax are administered as upfront therapy (p = 0.0500). We showed that Tim-3 expression could be a promising therapeutic target in refractory/relapsed patients, and galectin-9 a biomarker of responsiveness to therapy. Moreover, patients treated with azacytidine and venetoclax displayed a higher overall survival regardless the presence of negative prognostic markers at diagnosis (e.g., increased WT1 copies and/or normalized blast count). These encouraging results in a real-world setting supported efficacy and safety of azacytidine plus venetoclax as upfront therapy in AML and high-risk MDS, with clinical outcomes comparable to those of clinical trials when an appropriate venetoclax management with bone marrow assessment at every first, second, fourth, and eighth cycle, and dose adjustments for toxicities are performed.
Keywords: hypomethylating agents, bcl-2 inhibitor, acute myeloid leukemia, myelodysplastic syndromes, prognosis
1 INTRODUCTION
Acute Myeloid Leukemia (AML), a heterogeneous group of clonal hematologic malignancies, is characterized by differentiation block and increased proliferation of neoplastic clones with myeloid phenotype harboring various cytogenetic and molecular alterations (Giudice V et, 2021). Diagnosis is based on identification of at least 20% myeloblasts in the bone marrow (BM) or peripheral blood (PB) according to 2016 World Health Organization (WHO) guidelines, except for AML with specific cytogenetic abnormalities or nucleophosmin 1 (NPM1) mutated leukemias (Giudice V et, 2021; Heuser M et al., 2020; Khoury JD et al., 2022). AML risk evaluation is based on the European LeukemiaNet (ELN) guidelines defining three risk categories: favorable, intermediate, and adverse (Bataller A et al., 2022). In particular, combination of certain somatic mutations (e.g., biallelic mutation of CEBPA, NPM1, FLT3-ITD, or TP53) and chromosomal alterations (including t(8; 21), inv(16), or alterations involving chromosome 7) can predict AML prognosis (Bataller A et al., 2022; Fu W, et al., 2022). Myelodysplastic syndromes (MDS), another heterogenous group of clonal hematological disorders, are characterized by ineffective hematopoiesis, PB cytopenia(s), and increased risk of leukemic transformation (Giudice V et, 2021; Khoury JD et al., 2022; Hochman and Dezern, 2022). MDS pathophysiology is complex and multifactorial, where genomic instability, epigenetic changes, impaired balance between proliferation and apoptosis rate, and reduced immunological surveillance concur to dysplasia development (Patel BA et al., 2021; Hochman and Dezern, 2022). MDS classification is outlined in the 2016 and 2022 revised World Health Organization criteria and is based on cell morphology, percentage of BM blasts and/or sideroblasts, number of cytopenia(s), and the presence of cytogenetics/molecular abnormalities, such as del(5q) (Montalban-Bravo and Garcia-Manero, 2018; Khoury JD et al., 2022). Risk stratification is defined by the Revised International Prognostic Scoring System (IPSS-R) and includes percentage of BM blasts, hemoglobin levels, absolute neutrophil and platelet counts, and cytogenetics abnormalities (Greenberg PL et al., 2012). Despite great advances in disease prognostication, current risk stratification systems still lack inclusion of several parameters that influence clinical outcomes, such as the immunome role in AML transformation and progression, patients’ frailty, or molecular biology alterations (Della Porta MG et al., 2011; Bersanelli M et al., 2021). Therefore, identification of novel biomarkers is needed to better understand disease biology, identify novel therapeutical targets, and to improve patients’ prognostication.
Checkpoint receptors play a key role in self-tolerance and in the prevention of autoimmunity. T-cell immunoglobin mucin-3 (Tim-3, also known as hepatitis A virus cellular receptor 2), an inhibitory checkpoint receptor, is highly expressed by leukemic cells in several types of AML and high-risk MDS while not present on normal hematopoietic stem cells (HSCs), and its levels are associated with upregulation of proliferation and antiapoptotic genes mostly through galectin-9-mediated Tim-3 activation (Asayama T et al., 2017; Gonçalves Silva I et al., 2017; Kursunel and Esendagli, 2017). Tim-3 expressing leukemic cells show a higher frequency of somatic mutation occurrence compared to Tim-3 negative neoplastic clones, supporting its role in disease progression (Kikushige Y et al., 2010; Asayama T et al., 2017). Indeed, Tim-3 is a promising therapeutical target for AML and high-risk MDS treatment (Kikushige Y et al., 2010). Moreover, Tim-3 can be expressed on T lymphocytes and its activation induces T cell anergy and immunological synapse disruption (Achrya et al., 2020; Wolf Y et al., 2020). In AML, Tim-3-expressing T-cells are shut down by galectin-9 secreted by leukemic cells thus favoring their immunological escape. In MDS, circulating galectin-9 levels are associated with increased risk of leukemic transformation by protecting tumor cells from CD8+ T cell and Natural Killer (NK) cell-mediated cytotoxicity (Asayama T et al., 2017; Gonçalves Silva I et al., 2017; Wolf Y et al., 2020). Co-blockade of Tim-3 and another checkpoint receptors have shown an increased tumor cell clearance resulting in a higher efficacy of combinational immunotherapy for AML treatment in mouse models (Fourcade J et al., 2010; Zhoud et al., 2011). An ongoing phase I clinical trial is investigating efficacy and safety of anti-Tim-3 monoclonal antibody associated with a standard-of-care, decitabine, for MDS and AML showing promising preliminary results and paving the way for its potential use in hematologic malignancies (Borate U et al., 2019; Achrya et al., 2020). Hypomethylating agents, including azacytidine and decitabine, are a milestone in MDS and AML treatment, especially in older patients not eligible for hematopoietic stem cell transplantation (HSCT) (Serio B et al., 2022). These nucleoside derivatives interfere with DNA methyltransferases (DNMT) and reinduce the transcription of silenced genes and re-programming gene expression, as hypermethylation, gene silencing, and other epigenetic modifications, are a signature of myelodysplasia (Roulois D et al., 2015). However, clinical outcomes are not improved when these drugs are used as single agents, showing a median overall survival of 6–10 months (Giudice V et al., 2021; Taenaka R et al., 2022), while better outcomes are reported when associated with antiapoptotic protein inhibitors, such as venetoclax, a B-cell lymphoma-2 (Bcl-2) inhibitor first approved for chronic lymphocytic leukemia treatment, with a median survival of 18 months (DiNardo CD et al., 2020).
In this real-world study, we investigated efficacy and safety of azacytidine plus venetoclax for treatment of AML and MDS, and we compared clinical outcomes with the historical cohort of patients treated with azacytidine alone. Moreover, we investigated expression and prognostic role of Tim-3, galectin-9, and other immunological features alone and in combination with well-known diagnostic and prognostic biomarkers of AML and MDS patients for a better risk stratification.
2 MATERIALS AND METHODS
2.1 Patients
A total of 122 consecutive patients were included in this retrospective study after received a diagnosis of AML or MDS according to 2008 and 2016 revised WHO criteria (Vardiman JW et al., 2009; Arber DA et al., 2016), and chemotherapy as per international guidelines at the Hematology and Transplant Center, University Hospital “San Giovanni di Dio e Ruggi d’Aragona” of Salerno, Italy, from 2011 to June 2022. Risk stratification was calculated according to ELN or to IPSS-R for AML or MDS, respectively (Greenberg PL et al., 2012; Bataller A et al., 2022). International Working Group (IWG) consensus criteria were used to determine patients’ treatment response (Platzbecker U et al., 2019). Clinical characteristics at baseline are summarized in Table 1 for azacytidine historical cohort (N = 95) and azacytidine + venetoclax cohort (N = 27). Whole BM specimens were collected in ethylenediaminetetraacetic acid (EDTA) tubes for flow cytometry and gene expression analysis from patients after informed consent obtained in accordance with the Declaration of Helsinki and protocols approved by local Ethic Committee (Review Board prot./SCCE no. 151). Inclusion criteria were: age 18 or older; a diagnosis of MDS with uni- or multi-lineage dysplasia, MDS with isolated del(5q), MDS with excess of blast (EB, type 1 and 2), treatment-related MDS, chronic myelomonocytic leukemia (CMML), and de novo or post-MDS AML.
TABLE 1 | Baseline characteristics.
[image: Table 1]2.2 Treatments
Patients received chemotherapy as per international protocols (Heuser M et al., 2020; Fenaux P et al., 2021). Azacytidine was given subcutaneously at 75 mg/m2 for 7 days every 28 days, alone or in combination with lenalidomide or venetoclax at the maximal dose of 400 mg/daily, unless drug-related toxicity requiring dose reduction. Decitabine was administered intravenously at 20 mg/m2 for 5 days every 28 days. In the historical and azacytidine + venetoclax cohorts, other first or second line treatments before and after (as salvage therapy) azacytidine in monotherapy or in combination with venetoclax included: cytarabine (Ara-C) + daunorubicin (3 + 7 scheme; N = 2); reduced intensity idarubicin + Ara-C and etoposide (ICE; N = 1); reduced intensity mitoxantrone, etoposide, and Ara-C (MEC; N = 2); hydroxyurea (N = 2); fludarabine, Ara-C, and idarubicin (FLAI scheme) plus venetoclax (N = 1) followed by HSCT as per GIMEMA AML1718 protocol (EudraCT no. 2018-000392-33; approved by local Ethic Committee “Campania Sud” on 06/11/2020, prot.no 157); and fludarabine and Ara-C for 4 days, idarubicin for 3 days and G-CSF for 6 days (FLAG-Ida; N = 1). Five high-risk MDS patients were treated with azacytidine + venetoclax as second line therapy based on phase I-II clinical results showing efficacy of this combination in hematological malignancy (Santini V, 2019; Bazinet A et al, 2022). Safety was assessed as per the National Cancer Institute’s Common Terminology Criteria for Adverse Events version 4.0 (CTCAE v5.0).
2.3 Endpoints
Primary endpoint was hematologic improvement (HI) evaluated during the first four cycles of azacytidine + venetoclax and at the end of the eighth cycle, and defined as outlined in the 2018 revised IWG consensus criteria (Platzbecker U et al., 2019): 1) HI-erythroid (HI-E) with at least two consecutive hemoglobin (Hb) measurements >1.5 g/dl during a minimum of 16-week observation period, with transfusion independence (major response) or a minimal 50% reduction of red blood cells over a minimum of 16 weeks (minor response); 2) HI-platelets (HI-P) with an absolute increase of 30,000 platelets/µl in patients starting with 20,000/µl or increase from <20,000/µl to >20,000/µl and by at least 100%; and 3) HI-neutrophils (HI-N) with an increase of 100% and an absolute neutrophil count (ANC) > 500 cells/µl if pre-treatment <1,000 cells/µl.
Secondary endpoints were definition of overall survival (OS) and progression-free survival (PFS), assessment of changes in Wilms tumor 1 (WT1), Tim-3, galectin-9, and CD27 expression at the primary endpoint by real-time quantitative polymerase chain reaction (RT-qPCR), and immune cell perturbations by flow cytometry immunophenotyping.
2.4 Flow cytometry
For immunophenotyping, 50 µl of fresh heparinized whole BM was stained with antibodies listed in Supplementary Table S1 according to the manufacturers’ instructions and as previously described (Giudice V et al., 2021). Samples were acquired on a Navios EX (Beckman Coulter), equipped with blue (488 nm), green (532 nm), and red (633 nm) lasers, or DxFlex cytometer equipped with violet (405 nm), blue (488 nm), and red (638 nm) lasers. Our Laboratory follows the United Kingdom NEQAS for Leucocyte Immunophenotyping program for quality assessment, as per international guidelines (Reilly and Barnett, 2001). At least 1 × 106 events were recorded. Post-acquisition analysis was carried out using Kaluza Analysis Flow Cytometry Software v2.1.1 (Beckman Coulter).
Cell populations were first identified based on linear parameters and then further characterized. Lymphocytes were studied for T, B, NK, and NKT cell markers, while monocytes for CD33, CD14, CD11b, CD56, CD13, CD36, CD64, CD15, and CD16 expression. Maturation profiling of CD33+CD56− granulocytes was investigated by CD16 vs CD11b analysis. CD34+ HSCs were studied for CD19, CD117, and CD33, and lymphoid (CD19+), myeloid (CD117+ CD33+), and hematogones (CD19+CD34−CD45+/−) were identified. In the presence of CD45dim blasts, leukemic cells were studied for CD19, CD20, CD34, CD56, CD5, CD117, CD33, CD16, CD11b, CD36, CD13, HLA-DR, CD64, CD4, CD5, CD7, CD14, CD10, CD15, CD11a, CD11c, CD45RA, CD45RO, CD61, CD42b, TdT, and MPO expression, also used for monitoring minimal residual disease (MRD).
2.5 WT1 quantification
WT1 expression levels were quantified by RT-qPCR after RNA extraction from BM mononuclear cells isolated by density gradient centrifugation using Lymphoprep (Axis-Shield Density Gradient Media, Oslo, Norway). RNA was obtained using QIAamp RNA Blood Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions, and quantified with a BioSpectrometer (Eppendorf, Hamburg, Germany). For cDNA synthesis, at least 1 µg of RNA was used for cDNA reverse transcription (Ipsogen RT Kit Qiagen), and then WT1-mRNA quantitative assessment was carried out using an ELN-certified Ipsogen WT1 ProfilQuant Kit (Qiagen) as per manufacturer’s instructions.
2.6 Tim-3, galectin-9, and CD27 expression by RT-PCR
TIM3, LGALS9, and CD27 expression levels were quantified by RT-qPCR at diagnosis and follow-up. Mononuclear cells were freshly isolated from BM samples by density gradient centrifugation using Clinical characteristics of samples used for TIM3, LGALS9, and CD27 expression level analysis are summarized in Supplementary Table S2. Ficoll-Paque density gradient centrifugation (Cytiva, Marlborough, Massachusetts, United States) and subsequently subjected to RNA extraction using QIAamp RNA Blood Mini Kit (Qiagen) following manufacturer’s instructions. Clinical characteristics of samples used for TIM3, LGALS9, and CD27 expression level analysis are summarized in Supplementary Table S2. RNA was quantify using a Bio-Spec nano spectrophotometer (Shimadzu Biotech), cDNA was synthesized from 1 µg of total RNA per sample, and then genomic DNA removed (iScript gDNA CLR cDNA kit; Qiagen). RT-qPCR was performed in duplicate on a Light Cycler® 480 instrument (Roche Diagnostics) in optical 96-well plates using equal amounts (10 ng) of reverse-transcribed total RNA, iTaq universal SYBR Green Supermix (Biorad) and pre-validated primers (Biorad; Supplementary Table S3), as previously described (Asayama T et al., 2017). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin (ACTB) were used as housekeeping genes. Samples were run in duplicate. For each gene, the mean Ct obtained from all samples was used as a calibrator. For gene expression analysis, the ΔΔCt method was employed by normalizing the ΔCt of the gene (Ct from sample—Ct from calibrator) to the ΔCt of housekeeping gene (Ct from sample—Ct from calibrator). Next, Normalized Relative Quantity (NRQ) values were obtained using the following formula (Eq. 1) and as previously described (Cilloni D and Saglio G, 2004; Hellemans J et al., 2007; Ruijter JM et al., 2015; Martins et al., 2016).
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NRQ values were then employed for fold-change calculation (NRQ from sample/NRQ from healthy age- and gender-matched subjects). All NRQs from each sample were used in the following statistical analysis. Inter-run calibrators were used to correct technical run-to-run variation between samples analyzed in different runs.
2.7 Statistical analysis
Data were collected from a computerized database and chart review and were analyzed using Prism (v.9.4.1; GraphPad software, La Jolla, CA, US). Flow cytometry data were reported as percentage of positive cells, and the normalized blast count (NBC) was calculated as previously reported (Giudice V et al., 2021). WT1 levels were reported as normalized WT1 expression by normalizing WT1 copy number to ABL copies (WT1 copies/104 ABL copies), as previously described (Cilloni D and Saglio G, 2004), and normal levels were <250 copies in BM (Cilloni D and Saglio G, 2004; Giudice V et al., 2021). Unpaired two-tailed t-tests for two group comparison or one-way analysis of variance (ANOVA) for multiple group comparison were performed. For group comparison, patients were divided according to disease and risk stratification, and type of therapies, and matched groups were compared to those subjects who received azacytidine + venetoclax. Low-risk MDS group was used for comparison of clinical outcomes with high-risk MDS and AML, and was not included in HI analysis, that considered only AML or high-risk MDS treated with azacytidine in monotherapy. Therefore, cases treated with lenalidomide as single agent were not included in that group of patients who has been compared to azacytidine + venetoclax cohort. Pearson analysis was used for correlation analysis. Normality was checked by D’Agostino and Pearson, Anderson-Darling, Shapiro-Wilk, and Kolmogorov-Smirnov tests. All variables passed at least one of the four tests used. The normal QQ plot is reported in Supplementary Figure S1. Outliers were tested with ROUT test, identifying 24 outliers in all studied variables (for a total of 545 values), and these outliers were mostly ANC and WT1 values from AML subjects, therefore they were not remove from the analysis. Log-rank (Mantel-Cox) test was employed for survival analysis between groups. Multivariate linear regression for investigation of influence of clinical and biological parameters on PFS was performed using SPSS software (v.25; IBM https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-25). A p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Patients’ characteristics: Azacytidine-venetoclax cohort
A total of 27 patients were included in the study and received azacytidine plus venetoclax as first or second or more line therapy for AML or high-risk MDS (Aza-venetoclax cohort). In this group, 81% of patients had a diagnosis of AML de novo (44%) or post-MDS (37%). IPSS-R was high or very high in the majority of patients (33% and 18%, respectively) in MDS patients, or ELN risk category was mostly favorable or intermediate (26% and 15%, respectively) (Table 1). Remaining patients (18.5%) had high-risk MDS, either with excess of blast (EB) of type 1 or 2. At diagnosis, 11 patients had pancytopenia, and 15 bicytopenia of whom four had neutropenia (<1,500 neutrophils/µl) and thrombocytopenia (<150,000 platelets/µl), nine had anemia (Hb < 10.0 g/dl) and thrombocytopenia, and two had anemia and neutropenia (Table 2). Median blood counts were: Hb levels, 9 g/dl (range, 6–13); absolute neutrophil count (ANC), 1,015 cells/µl (range, 30–20,850); and platelet count, 62,500 platelets/µl (range, 6,000–216,000) (Table 1).
TABLE 2 | Hematologic improvements to azacytidine plus venetoclax.
[image: Table 2]Twelve patients (44%) received azacytidine alone as first line of therapy, nine (33%) azacytidine in combination with venetoclax, and of the remaining 23% of subjects, three of them received another hypomethylating agent (decitabine) instead of azacytidine as first line treatment (Table 1). Of those who did not receive venetoclax as upfront therapy, 13 of them were switched to azacytidine plus venetoclax as second line treatment with a median time of 8.4 months (range, 3.6–31.8 months), and three to venetoclax alone with a median time-to-venetoclax of 27.7 months (range, 6.1–32.3), while one patient was given decitabine alone and another one hydroxyurea, subsequently switched to azacytidine plus venetoclax as third line of therapy. One patient (UPN-14) who have received venetoclax alone as second line treatment was given FLAG-Ida as third line, and azacytidine plus venetoclax as fourth line of therapy, used as salvage and bridge treatment to HSCT. Seventeen patients (63%) died: one (UPN-25) enrolled in the GIMEMA AML1718 for transplant-related complications (TRM, transplant-related mortality) and another one (UPN-14) for TRM. Of the remaining subjects, 12 died for disease progression, and three for febrile neutropenia (UPN-3, UPN-6, and UPN-18) (Table 3).
TABLE 3 | Univariate analysis.
[image: Table 3]3.2 Patients’ characteristics: Historical azacytidine cohort
A total of 95 patients with a diagnosis of AML or MDS were included in the historical cohort. In this group, 25% of patients had a diagnosis of AML de novo. Of the MDS patients, most of them received a diagnosis of MDS-EB of type 1 or 2 (23% and 30%, respectively), or multi-lineage dysplasia (13% of cases), while single-lineage (4%), MDS with isolated del (5q) 2), or CMML (2%) less frequently observed (Table 1). IPSS-R was low in 15% of subjects, intermediate in 22% and high or very high in 30% of MDS patients (Table 1). At diagnosis, 22 patients had single lineage cytopenia (anemia, N = 8; neutropenia, N = 3; or thrombocytopenia, N = 11), 16 pancytopenia, and 42 bicytopenia of whom 17 and 14 had anemia and thrombocytopenia or neutropenia, respectively, 11 had neutropenia and thrombocytopenia (Table 2). Median blood counts were: Hb levels, 9.1 g/dl (range, 5.1–14.4); ANC, 1,677 cells/µl (range, 120–21,490); and platelet count, 68,000 platelets/µl (range, 6,000–982,000) (Table 1).
The majority of patients (79%) received azacytidine alone as first line of therapy, while only 6% of cases lenalidomide as single agent, and the remaining 15% of subjects received standard chemotherapy (e.g., reduced intensity ICE regimen) or supportive therapies. Twenty subjects were refractory/relapsed and were treated with a second line therapy, primarily azacytidine alone (55% of cases) or in combination with lenalidomide (10%). Other therapeutic choices were azacytidine plus venetoclax (N = 1), decitabine as single agent (N = 1), standard chemotherapy (N = 2), or supportive therapies (N = 3) (Table 1). Six subjects underwent to HSCT. Seventy-seven patients (81%) died for disease progression.
3.3 Hematologic response to azacytidine plus venetoclax
In the aza-venetoclax cohort, 21 subjects were evaluable for HI assessment after the first cycle of therapy, 13 after the second administration, 11 after the fourth, and six after the eighth cycle of azacytidine plus venetoclax (Figure 1). After the first cycle, 76% of patients had a HI-E (33% minor and 43% major response), while only 38% and 24% of subjects had a HI-P and HI-N, respectively. After the second cycle, 92% of patients had a HI-E (23% minor and 69% major response), 54% HI-P, and 23% HI-N (Figure 1A). After the fourth and the eighth cycle of therapy, all evaluable patients had a HI-E (18% minor and 82% major response after the fourth cycle, and 83% minor and 17% major response after the eighth administration), while the percentage of patients who displayed a HI-P decreased after the eighth cycle from 45% to 17%. Conversely, the number of subjects with HI-N increased after the eighth cycle of azacytidine plus venetoclax from 17% to 67%.
[image: Figure 1]FIGURE 1 | Hematological improvements (HI) of patients treated with azacytidine plus venetoclax. HI were reported for erythroid (HI-E), neutrophils (HI-N), and platelet counts (HI-P) as defined in international guidelines. Venn diagrams showing the number of patients with single lineage and multilineage responses to azacytidine plus venetoclax (aza-venetoclax cohort) or to azacytidine as single agent (historical cohort) after the second (A) and fourth (B) cycle of therapy.
Similarly, we evaluated HI in patients in the historical cohort after the first, second, fourth, and eighth cycle of azacytidine as single agent, and we compared the magnitude of hematological responses between cohorts. After the first cycle, a total of 83% of patients registered a HI-E (50% minor and 33% major response) that remained stable across the second and fourth cycle (53% minor and 37% major after the second cycle, and 44% minor and 46% major response after the fourth), increasing to 96% at the end of the eighth cycle (19% minor and 77% major response); however, a 4%–17% of patients never had a HI-E throughout the eight azacytidine administrations. The percentage of patients who achieved a HI-P after the first, second, fourth, and eighth cycle was 35%, 47%, 54%, and 77%, respectively, or a HI-N was 54%, 42%, 53%, and 77%, respectively (Figure 1B).
3.4 Clinical outcomes
To investigate efficacy of azacytidine plus venetoclax in AML and high-risk MDS, OS and PFS were compared between patients treated with azacytidine as single agent (historical cohort) and those who received the combination of drugs (aza-venetoclax cohort) (Figure 2). Patients in the historical cohort were also divided based on type of diagnosis in four groups: AML, low-risk MDS, MDS-EB 1, and MDS-EB 2. Median follow-up in the historical cohort was of 12.8 months (range, 0.7 months—6.25 years), and in the aza-venetoclax group of 14 months (range, 2 months—3.3 years). Patients treated with azacytidine plus venetoclax showed a significant increase in OS compared to AML subjects treated with azacytidine as single agent [median OS, 22.3 months vs. 5.94 months, Aza-venetoclax cohort vs. Azacytidine alone in AML; p = 0.0003; hazard ratio (HR), 0.3025; 95% confidential interval (CI), 0.1550–0.5904] (Figure 2A). In particular, AML and high-risk MDS patients in the aza-venetoclax cohort displayed an OS similar to that of lower-/high-risk MDS treated with azacytidine as single agent (median OS, 22.3 months vs. 26.97 months vs. 20.53 months vs. 31.8 months, aza-venetoclax cohort vs. low-risk MDS vs. MDS-EB 1 vs. MDS-EB 2 treated with azacytidine as single agent; p = 0.3049). Similarly, patients in the azacytidine plus venetoclax cohort showed a significant higher PFS compared to AML subjects treated with azacytidine as single agent (median PFS, 11.7 months vs. 5.2 months, Aza-venetoclax cohort vs. Azacytidine alone in AML; p = 0.0065; HR, 0.4434; 95%CI, 0.2357–0.8342). Indeed, patients in the aza-venetoclax cohort displayed a PFS similar to that of lower-/high-risk MDS treated with azacytidine as single agent (median PFS, 11.7 months vs. 20.3 months vs. 15.2 months vs. 18 months, aza-venetoclax cohort vs. low-risk MDS vs. MDS-EB 1 vs. MDS-EB 2 treated with azacytidine as single agent; p = 0.2319) (Figure 2B).
[image: Figure 2]FIGURE 2 | Clinical outcomes of patients treated with azacytidine plus venetoclax (A) overall survival (OS) and (B) progression-free survival (PFS) are reported for patients treated with azacytidine plus venetoclax (aza-venetoclax cohort) or to azacytidine as single agent (historical cohort), divided by diagnosis [low-risk myelodysplastic syndrome (MDS), MDS with excess of blast (EB) of type 1 and 2, and acute myeloid leukemia (AML)] (C) OS e (D) PFS are also shown for patients of the aza-venetoclax cohort treated with the drug combination as upfront therapy, or as a second or more line treatment. A p < 0.05 was considered statistically significant.
We next sought to investigate clinical benefits of azacytidine plus venetoclax as frontline therapy for AML and high-risk MDS. We divided patients in three groups: azacytidine plus venetoclax as first-line (N = 9) or as second or more line of treatment (N = 18); and clinical outcomes were compared (Figures 2C, D). No significant differences were observed for OS between groups (1-year OS, 88.9% vs. 54.2%, I-line vs. > II-line; p = 30.13; HR, 0.4854; 95%CI, 0.1508–1.563) (Figure 2C). Conversely, patients treated with azacytidine plus venetoclax as upfront therapy displayed a slight significant higher PFS compared to those treated later with the combination, despite the small number of censored subjects per group (1-year PFS, 71.1% vs. 38.9%, I-line vs. > II-line; p = 0.0500; HR, 0.2702; 95% CI, 0.1030–0.7088) (Figure 2D).
3.5 Prognosticators
On univariate analysis, in aza-venetoclax cohort, a high-risk disease (p = 0.0220) and a first line treatment not including venetoclax (azacytidine as single agent, p = 0.0059; or other drugs, p = 0.0085) were associated with a poorer PFS, while a shorter time-to-venetoclax improved clinical outcomes of patients (p = 0.0008) (Table 3). In the historical cohort, normal platelet count at baseline (p = 0.0287) and a short time-to-treatment (p < 0.0001) were associated with better outcomes. Other baseline features, such as age, hemoglobin levels, or ANC, were not predictive in either aza-venetoclax or historical cohorts. In the aza-venetoclax cohort, hemoglobin levels were significantly increased already after the first cycle of therapy and reached the maximum after the fourth cycle (p = 0.0087 and p = 0.0003, respectively), while in the historical cohort, hemoglobin significantly increased only after the eighth cycle (p < 0.0001), as well as platelet count (p = 0.0048) (Figures 3A, B). No significant variations were described for ANC (Figure 3C), and between cohorts across the period of observation (all p > 0.05).
[image: Figure 3]FIGURE 3 | Laboratory parameters and prognosticators (A) hemoglobin (Hb) levels (B) platelets count, and (C) absolute neutrophil count variations at baseline and during treatment in azacytidine plus venetoclax (aza-venetoclax cohort) or to azacytidine as single agent (historical cohort) groups are reported (D) differences in Tim-3 expression [reported as fold-change (FC) to healthy controls] based on disease [acute myeloid leukemia (AML) and high-risk myelodysplastic syndromes (MDS) vs. MDS with excess of blast of type 1 (MDS-EB 1)] or treatment type [azacytidine + venetoclax vs. azacytidine alone vs. standard chemotherapy (CTX)]. Similarly (E) galectin-9 and (F) CD27 FC variations are displayed based on disease type and during treatment (G) Overall survival (OS) and progression-free survival (PFS) are reported for patients treated with azacytidine plus venetoclax divided by normalized WT1 expression levels and flow cytometric normalized blast count (NBC) values (H) OS of patients with WT1 > cut-off (50 copies in peripheral blood or 250 copies in bone marrow) + NBC >0.5 were compared between aza-venetoclax and historical AML cohort.
Next, we investigated expression and perturbations of galectin-9, Tim-3, and CD27 mRNA levels at baseline and during treatment in a subgroup of patients treated with azacytidine plus venetoclax (N = 10, at baseline, after first, second, and fourth cycle of therapy), azacytidine as single agent (N = 10), or with standard high-dose chemotherapy (N = 9) (Supplementary Table S2). At baseline, Tim-3 expression levels were significantly higher in patients with AML and high-risk MDS compared to lower-risk MDS (mean fold-change increase ± SD, 0.94 ± 0.6 vs. 0.4 ± 0.3, AML and high-risk vs. lower-risk MDS; p = 0.0303) (Figure 3D); however, no significant differences were described during treatment and regardless responsiveness to therapy (all p > 0.05). Similarly, galectin-9 mRNA expression levels tended to be higher in AML and high-risk MDS at diagnosis compared to lower risk MDS (mean fold-change increase ± SD, 2.44 ± 1.8 vs. 1.10 ± 0.9, AML and high-risk vs. lower-risk MDS; p = 0.0722) (Figure 3E). Galectin-9 levels significantly decreased after the first cycle of therapy (p = 0.0426) and tended to decrease more in those subjects who responded to azacytidine plus venetoclax (baseline vs. responders, p = 0.0346) compared to non-responders (responders vs. non-responders, p = 0.0487). No significant variations were described for CD27 expression between diseases, during treatment, or responsiveness to therapy (Figure 3F). Next, we divided patients based on normalized WT1 expression levels and NBC values at diagnosis, as previously described (Giudice V et al, 2021), and four groups were identified: WT1 > cut-off (250 copies for BM samples) + NBC >0.5; WT1 > cut-off + NBC <0.5; WT1 < cut-off + NBC >0.5; and WT1 < cut-off + NBC <0.5. Clinical outcomes (OS and PFS) were compared between groups; however, no significant differences were observed (Figure 3G). Conversely, a significant increase in OS was described between patients with WT1 > cut-off + NBC >0.5 (the category with the highest risk) treated with azacytidine plus venetoclax and the historical AML cohort (p = 0.0437) (Figure 3H).
Pearson correlation analysis was performed between all clinical features, flow cytometry frequencies, and gene expression levels (Figure 4). ANC was inversely correlated with T lymphocyte frequency at baseline (r = −0.414; p = 0.0497) and positively with NK cells (r = 0.555; p = 0.0059), and platelet counts were correlated with plasma cells frequency at diagnosis (r = 0.585; p = 0.0219). Galectin-9 and Tim-3 expression levels at diagnosis were positively correlated (r = 0.703, p = 0.0348), and Tim-3 expression after therapy was positively correlated with mature CD16+CD11b + granulocytes (r = 0.805; p = 0.0088) and negatively correlated with intermediate CD16−CD11b + (r = −0.674; p = 0.0464) and immature CD16−CD11b-granulocytes post treatment (r = −0.743; p = 0.0219). Conversely, CD27 expression levels after therapy were positively correlated with immature granulocyte frequency (r = 0.759; p = 0.0177) and percentage of myeloid hematopoietic stem and progenitor cells (HSPCs) (r = 0.886, p = 0.0454).
[image: Figure 4]FIGURE 4 | Correlation analysis. Blood counts [hemoglobin (Hb), platelet count (PLT), absolute neutrophil count (ANC)], percent of bone marrow blasts, normalized WT1 mRNA expression, flow cytometry data [% of lymphocytes (Lymph), monocytes (Mono), plasma cells, T and B cells, Natural Killer (NK) cells, myeloid and erythroid hematopoietic stem and progenitor cells (HSPCs), and granulocyte maturation curve], galectin-9 (Gal-9), Tim-3, and CD27 expression levels, overall survival (OS), and progression-free survival (PFS) were compared at baseline and after treatment by Pearson correlation analysis. Positive correlations are displayed in blue (r = 1), and negative correlations in red (r = −1).
Finally, a multivariate analysis was performed to identify factors that significantly influenced PFS in AML and high-risk MDS patients treated with azacytidine + venetoclax (Table 4). Age and percentage of BM blasts were significantly associated with PFS in multivariate analysis (p = 0.016, and p = 0.012, respectively), while no associations were described between other clinical and molecular features, such as WT1 expression (p = 0.121) and galectin-9 or Tim-3 at baseline (p = 0.469 or p = 0.225, respectively).
TABLE 4 | Multivariate analysis.
[image: Table 4]4 DISCUSSION
AML and MDS are heterogenous groups of hematologic malignancies characterized by various phenotypic and genomic abnormalities diversely influencing clinical outcomes, and mostly affecting older patients who are frequently not eligible for high-dose chemotherapy and HSCT due to comorbidities, poor performance status, and high-risk disease associated factors (Cherry EM et al., 2021; Winters AC et al., 2022). Therefore, alternative more manageable therapeutic strategies are required. Hypomethylating agents, such as azacytidine and decitabine, have become a milestone in treatment of older AML and high-risk MDS patients with good efficacy and safety profile (Serio B et al., 2022). In 2018, the Bcl-2 inhibitor venetoclax has been added to hypomethylating agents or low-dose cytarabine for treatment of newly diagnosed AML patients aged 75 or older not eligible for high-dose standard chemotherapy based on phase III clinical trial results (DiNardo CD et al., 2020; Stein EM et al., 2020; Pollyea DA et al., 2021; Labrador J et al., 2022; Mustafa Ali MK et al., 2022; Wolach O et al., 2022). However, real-world data are still few. Here, we reported a single-center real-life retrospective study on efficacy, safety, and prognosticators of AML and high-risk MDS patients treated with azacytidine plus venetoclax, and results were compared to our historical cohort of patients treated with azacytidine as single agent.
In phase III clinical trials, the combination of azacytidine plus venetoclax has shown a rate of complete remission (CR) of 36.7% and of composite CR (CCR, CR plus CR with incomplete hematologic recovery) of 66.4%, higher than that reported in historical cohorts (DiNardo CD et al., 2020). In our single-center real-life experience, CR rate was 15%–17% throughout the second to the eighth cycle of therapy, with a CCR of 54%–67% and a single-lineage HI of 31%–46% (especially HI-E) in the same observation period. The rate of non-responders was 8% after the second cycle, and then all patients achieved at least a single-lineage improvement. Of note, responsiveness to therapy was investigated on BM evaluation performed after the first, second, fourth, and eighth cycle, adding evidence to the need of serial BM evaluation for a more sensitive disease monitoring (Percival ME et al., 2017). In our historical cohort, CR rates ranged from 6% to 58%, and CCR rates from 48% to 93% after the second to the eighth cycle of therapy, according to the kinetics of azacytidine in blood count improvement after six-eight cycles of therapy (Stein EM et al., 2020). A small proportion of patients (10%) was still non-responder to azacytidine as single agent after the fourth cycle of therapy. In the subgroup of AML patients (N = 22) treated with azacytidine alone, CCR rates were 50%–53% during the first four cycle of therapy, and reached 100% (CR rate, 43%) after the eighth cycle. Our CR and CCR rates in the historical cohort were higher than those reported, likely because only 45% and 32% of AML patients in the historical cohort survived to the fourth and eight cycle, respectively, and were those subjects with robust response to therapy. Our results were similar to those reported in other real-world studies including AML patients treated with azacytidine plus venetoclax (Brancati S et al., 2021; Gozzo L et al., 2021). Indeed, in previously published AML case series (N = 21), a CR rate of 52% and a CCR of 67% has been reported, with a median duration of response of 4.5 months (range, 0.5–12.5 months). Therefore, our data confirmed efficacy of azacytidine plus venetoclax in AML and high-risk MDS by inducing a faster and durable hematological improvement already after the second cycle of therapy.
In our cohort, 37.1% and 18.5% of our patients had a diagnosis of secondary AML or high-risk MDS, in contrast to only a 25% and 43.8% of the VIALE-A phase III trial and the Vachhani’s real-life experience (DiNardo CD et al., 2020; Vachhani P et al., 2022). Moreover, we included patients previously treated with hypomethylating agents in monotherapy. Our follow-up period was similar to that in the phase III VIALE-A trial (14 months vs. 20.5 months, respectively) and higher than other real-life experiences (e.g., 7.2 months). Median OS of patients treated with azacytidine plus venetoclax was 22.3 months, higher than that reported in the VIALE-A trial (14.7 months) and in other real-life experiences (8.6 months), and higher than that of our historical group (5.94 months in AML patients treated with azacytidine as single agent) and other historical cohorts (9.6 months) (DiNardo CD et al., 2020). Indeed, our AML and high-risk MDS patients treated with azacytidine plus venetoclax showed clinical outcomes similar to those reported in lower-risk MDS patients (median OS, 22.3 months vs. 26.97 months vs. 20.53 months vs. 31.8 months, aza-venetoclax cohort vs. low-risk MDS vs. MDS-EB 1 vs. MDS-EB 2 treated with azacytidine as single agent; p = 0.3049). Moreover, PFS was similar between AML and high-risk MDS treated with the combination of drugs and lower-/high-risk MDS treated with azacytidine as single agent (median PFS, 11.7 months vs. 20.3 months vs. 15.2 months vs. 18 months, aza-venetoclax cohort vs. low-risk MDS vs. MDS-EB 1 vs. MDS-EB 2 treated with azacytidine as single agent; p = 0.2319). These encouraging results in a real-world setting could be linked with the use of azacytidine plus venetoclax as upfront therapy in high-risk diseases, as we reported a significant higher PFS compared to those treated later with the combination, despite the small number of censored subjects per group (1-year PFS, 71.1% vs. 38.9%, I-line vs. > II-line; p = 0.0500). On univariate analysis, a shorter time-to-venetoclax was linked to improved clinical outcomes (p = 0.0008). Moreover, in our cohort, 11% patients were bridged to HSCT, a rate higher than that previously reported (7.1% and 0.7% in Vachhani’s and VIALE-A studies, respectively) (DiNardo CD et al., 2020; Vachhani P et al., 2022).
In the VIALE-A study, grade 3 or higher thrombocytopenia occurred in 45% of cases, neutropenia in 42%, and febrile neutropenia in 42% (19%, grade IV) (DiNardo CD et al., 2020). In our cohort, grade 3 or higher thrombocytopenia occurred in 53%, 30%, 50%, and 80% of cases, after the first, second, fourth, and eighth cycle of therapy, while grade 3 or higher neutropenia in 65%, 80%, 67%, and 40% of cases after the first, second, fourth, and eighth cycle of treatment. Febrile neutropenia was observed in 19% of patients, and in 3 cases (11%) was of grade IV.
Finally, we also sought to investigate candidate biomarkers of responsiveness to azacytidine plus venetoclax therapy, and well-established biomarkers (e.g., WT1 mRNA levels or NBC) or other novel molecules were studied, such as Tim-3 expression levels. For example, Tim-3, a checkpoint receptor, is a promising targeted therapy in cancer immunotherapy, and its inhibitor, cobolimab, has displayed efficacy and safety as monotherapy or in combination with other checkpoint inhibitors in patients with advanced solid tumors in phase I AMBER study (Falchook GS et al., 2022), and has been also proposed in high-risk MDS (Lee P et al., 2021). Indeed, Tim-3 expression is increased on blasts and in high-risk hematological diseases (Asayama T et al., 2017), together with its pathway companion, galectin-9, and proliferation of Tim-3+ MDS blasts can be inhibited by anti-Tim-3 antibody (Gonçalves Silva I et al., 2017; Wolf Y et al., 2020). We confirmed that Tim-3 expression was increased in AML and high-risk MDS compared to lower-risk MDS; however, its levels were not significantly affected by treatments and were not correlated with responsiveness to therapy, either azacytidine as single agent or in combination with venetoclax. These results might be explained by the use of mRNA from bulk BM samples for qRT-PCR, thus including both blasts and immune cells in the analysis. Venetoclax has also immune-enhancing activities by boosting T cell effector cytotoxic functions, while azacytidine induces expansion of T regulatory cells and favors T cell-mediated killing of leukemic cells (Jia X et al., 2020; Lee JB et al., 2021). Therefore, we might speculate that increased Tim-3 expression at diagnosis could be linked to high disease burden and/or to an NK cell-mediated cytotoxicity, while after treatment to an increased immune response, that might be ineffective or impaired, thus supporting the use of cobolimab as a possible salvage therapy in refractory/relapsed AML and high-risk patients. Tim-3 expression increase after the second cycle of therapy might be explained by: i) a restoration of immune responses, and ii) by the recovery of normal hemopoiesis, as Tim-3 is also present at low level on granulocyte-monocyte progenitors (Kikushige Y et al., 2010). Indeed, in solid tumors, galectin-9 inhibition rescues the transition from exhausted to terminally exhausted T cells by reducing galectin-9-induced cell death and by expanding cytotoxic CD8+ T cells (Yang R et al., 2021). Moreover, in rheumatoid arthritis, galectin-9 is higher in patients with severe disease, and responders display a significant decrease after treatment, both expression on lymphocytes and plasma levels (Sun J et al., 2021). Therefore, expansion of Tim-3+ lymphocytes after treatment might induce re-expression of galectin-9 in a positive feedback. Conversely, galectin-9 could be proposed as a candidate biomarker of responsiveness to therapy. WT1-mRNA is used as a specific and sensitive diagnostic and prognostic marker of AML and MDS, especially in the absence of specific molecular signature, as expression levels can mirror disease progression and identify MDS patients with poorer prognosis (Giudice V et al., 2021). Here, we confirmed the prognostic impact of flow cytometry parameters, such as NBC, hematogones, and erythroid HSPCs, while we showed that patients treated with azacytidine plus venetoclax had better clinical outcomes regardless the presence of negative prognostic markers at diagnosis, like increased WT1-mRNA levels and NBC.
Limitations of our study are: 1) the small number of patients in the azacytidine + venetoclax cohort, especially those evaluable at the end of the eighth cycle of therapy; 2) the small number of samples used for Tim-3, galectin-9, and CD27 expression analysis; 3) and lack results on quality of life of patients treated with standard of care or azacytdine + venetoclax.
In conclusions, in this single-center real-world experience of azacytidine plus venetoclax for AML and high-risk MDS treatment, we showed that this drug combination at suggested dosages was effective and safe in older and frail AML and high-risk MDS patients, and clinical benefits might increase when azacytidine and venetoclax are administered as upfront therapy. We also reported follow-up time and clinical outcomes similar to those of clinical trials when an appropriate venetoclax management with BM assessment at every first, second, fourth, and eighth cycle and dose adjustments for toxicities are performed. Moreover, we showed that Tim-3 expression could be a promising therapeutic target in refractory/relapsed patients, and galectin-9 a biomarker of responsiveness to therapy.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Protocols number: prot./SCCE no. 151 approved by local Ethic Committee “Campania Sud”; and GIMEMA AML1718 protocol (EudraCT no. 2018-000392-33; approved by local Ethic Committee “Campania Sud” on 06/11/2020, prot.no 157). The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
Conceptualization VG, AF, and CS; methodology, PM, MG, AB, FV, and ML; clinical data, VG, BS, IF, RP, and FD; formal analysis, VG, PM, and MG; data curation, VG, RP, and FD; writing—original draft preparation, VG; writing—review and editing, AF and CS. All authors have read and agreed to the published version of the manuscript.
FUNDING
This research was supported by the Intramural Program of the Department of Medicine, Surgery and Dentistry, University of Salerno, Italy.
ACKNOWLEDGMENTS
The Authors would like to thank AbbVie S.r.l. Italia (Rome, Italy) for support.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.1052060/full#supplementary-material
REFERENCES
 Acharya, N., Sabatos-Peyton, C., and Anderson, A. C. (2020). Tim-3 finds its place in the cancer immunotherapy landscape. J. Immunother. Cancer 8 (1), e000911. doi:10.1136/jitc-2020-000911
 Arber, D. A., Orazi, A., Hasserjian, R., Thiele, J., Borowitz, M. J., Le Beau, M. M., et al. (2016). The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia. Blood 127 (20), 2391–2405. doi:10.1182/blood-2016-03-643544
 Asayama, T., Tamura, H., Ishibashi, M., Kuribayashi-Hamada, Y., Onodera-Kondo, A., Okuyama, N., et al. (2017). Functional expression of Tim-3 on blasts and clinical impact of its ligand galectin-9 in myelodysplastic syndromes. Oncotarget 8 (51), 88904–88917. doi:10.18632/oncotarget.21492
 Bataller, A., Garrido, A., Guijarro, F., Oñate, G., Diaz-Beyá, M., Arnan, M., et al. (2022). European LeukemiaNet 2017 risk stratification for acute myeloid leukemia: Validation in a risk-adapted protocol. Blood Adv. 6 (4), 1193–1206. doi:10.1182/bloodadvances.2021005585
 Bazinet, A., Darbaniyan, F., Jabbour, E., Montalban-Bravo, G., Ohanian, M., Chien, K., et al. (2022). Azacitidine plus venetoclax in patients with high-risk myelodysplastic syndromes or chronic myelomonocytic leukaemia: Phase 1 results of a single-centre, dose-escalation, dose-expansion, phase 1-2 study. Lancet. Haematol. 9 (10), e756–e765. doi:10.1016/S2352-3026(22)00216-2
 Bersanelli, M., Travaglino, E., Meggendorfer, M., Matteuzzi, T., Sala, C., Mosca, E., et al. (2021). Classification and personalized prognostic assessment on the basis of clinical and genomic features in myelodysplastic syndromes. J. Clin. Oncol. 39 (11), 1223–1233. doi:10.1200/JCO.20.01659
 Borate, U., Esteve, J., Porkka, K., Knapper, S., Vey, N., Scholl, S., et al. (2019). Phase ib study of the anti-TIM-3 antibody MBG453 in combination with decitabine in patients with high-risk myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML). Blood 134 (1), 570. doi:10.1182/blood-2019-128178
 Brancati, S., Gozzo, L., Romano, G. L., Vetro, C., Dulcamare, I., Maugeri, C., et al. (2021). Venetoclax in relapsed/refractory acute myeloid leukemia: Are supporting evidences enough?Cancers (Basel) 14 (1), 22. doi:10.3390/cancers14010022
 Cherry, E. M., Abbott, D., Amaya, M., McMahon, C., Schwartz, M., Rosser, J., et al. (2021). Venetoclax and azacitidine compared with induction chemotherapy for newly diagnosed patients with acute myeloid leukemia. Blood Adv. 5 (24), 5565–5573. doi:10.1182/bloodadvances.2021005538
 Cilloni, D., and Saglio, G. (2004). WT1 as a universal marker for minimal residual disease detection and quantification in myeloid leukemias and in myelodysplastic syndrome. Acta Haematol. 112 (1-2), 79–84. doi:10.1159/000077562
 Della Porta, M. G., Malcovati, L., Strupp, C., Ambaglio, I., Kuendgen, A., Zipperer, E., et al. (2011). Risk stratification based on both disease status and extra-hematologic comorbidities in patients with myelodysplastic syndrome. Haematologica 96 (3), 441–449. doi:10.3324/haematol.2010.033506
 DiNardo, C. D., Jonas, B. A., Pullarkat, V., Thirman, M. J., Garcia, J. S., Wei, A. H., et al. (2020). Azacitidine and venetoclax in previously untreated acute myeloid leukemia. N. Engl. J. Med. 383 (7), 617–629. doi:10.1056/NEJMoa2012971
 Falchook, G. S., Ribas, A., Davar, D., Eroglu, Z., Wang, J. S., Luke, J. J., et al. (2022). Phase 1 trial of TIM-3 inhibitor cobolimab monotherapy and in combination with PD-1 inhibitors nivolumab or dostarlimab (AMBER). J. Clin. Oncol. 40 (16), 2504. doi:10.1200/jco.2022.40.16_suppl.2504
 Fenaux, P., Haase, D., Santini, V., Sanz, G. F., Platzbecker, U., and Mey, U.ESMO Guidelines Committee (2021). Myelodysplastic syndromes: ESMO clinical practice guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 32 (2), 142–156. doi:10.1016/j.annonc.2020.11.002
 Fourcade, J., Sun, Z., Benallaoua, M., Guillaume, P., Luescher, I. F., Sander, C., et al. (2010). Upregulation of Tim-3 and PD-1 expression is associated with tumor antigen-specific CD8+ T cell dysfunction in melanoma patients. J. Exp. Med. 207 (10), 2175–2186. doi:10.1084/jem.20100637
 Fu, W., Huang, A., Xu, L., Peng, Y., Gao, L., Chen, L., et al. (2022). Cytogenetic abnormalities in NPM1-mutated acute myeloid leukemia. Leuk. Lymphoma 63 (8), 1956–1963. doi:10.1080/10428194.2022.2045600
 Giudice, V., Gorrese, M., Vitolo, R., Bertolini, A., Marcucci, R., Serio, B., et al. (2021). WT1 expression levels combined with flow cytometry blast counts for risk stratification of acute myeloid leukemia and myelodysplastic syndromes. Biomedicines 9 (4), 387. doi:10.3390/biomedicines9040387
 Gonçalves Silva, I., Yasinska, I. M., Sakhnevych, S. S., Fiedler, W., Wellbrock, J., Bardelli, M., et al. (2017). The tim-3-galectin-9 secretory pathway is involved in the immune escape of human acute myeloid leukemia cells. EBioMedicine 22, 44–57. doi:10.1016/j.ebiom.2017.07.018
 Gozzo, L., Vetro, C., Brancati, S., Longo, L., Vitale, D. C., Romano, G. L., et al. (2021). Off-label use of venetoclax in patients with acute myeloid leukemia: Single center experience and data from pharmacovigilance database. Front. Pharmacol. 12, 748766. doi:10.3389/fphar.2021.748766
 Greenberg, P. L., Tuechler, H., Schanz, J., Sanz, G., Garcia-Manero, G., Solé, F., et al. (2012). Revised international prognostic scoring system for myelodysplastic syndromes. Blood 120 (12), 2454–2465. doi:10.1182/blood-2012-03-420489
 Hellemans, J., Mortier, G., De Paepe, A., Speleman, F., and Vandesompele, J. (2007). qBase relative quantification framework and software for management and automated analysis of real-time quantitative PCR data. Genome Biol. 8 (2), R19. doi:10.1186/gb-2007-8-2-r19
 Heuser, M., Ofran, Y., Boissel, N., Brunet Mauri, S., Craddock, C., Janssen, J., et al. (2020). Acute myeloid leukaemia in adult patients: ESMO clinical practice guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 31 (6), 697–712. doi:10.1016/j.annonc.2020.02.018
 Hochman, M. J., and DeZern, A. E. (2022). Myelodysplastic syndrome and autoimmune disorders: Two sides of the same coin?Lancet. Haematol. 9 (7), e523–e534. doi:10.1016/S2352-3026(22)00138-7
 Jia, X., Yang, W., Zhou, X., Han, L., and Shi, J. (2020). Influence of demethylation on regulatory T and Th17 cells in myelodysplastic syndrome. Oncol. Lett. 19 (1), 442–448. doi:10.3892/ol.2019.11114
 Khoury, J. D., Solary, E., Abla, O., Akkari, Y., Alaggio, R., Apperley, J. F., et al. (2022). The 5th edition of the world Health organization classification of haematolymphoid tumours: Myeloid and histiocytic/dendritic neoplasms. Leukemia 36 (7), 1703–1719. doi:10.1038/s41375-022-01613-1
 Kikushige, Y., Shima, T., Takayanagi, S. I., Urata, S., Miyamoto, T., Iwasaki, H., et al. (2010). TIM-3 is a promising target to selectively kill acute myeloid leukemia stem cells. Cell Stem Cell 7 (6), 708–717. doi:10.1016/j.stem.2010.11.014
 Kursunel, M. A., and Esendagli, G. (2017). A Co-inhibitory alliance in myeloid leukemia: TIM-3/Galectin-9 complex as a new target for checkpoint blockade therapy. EBioMedicine 23, 6–7. doi:10.1016/j.ebiom.2017.08.002
 Labrador, J., Saiz-Rodríguez, M., de Miguel, D., de Laiglesia, A., Rodríguez-Medina, C., Vidriales, M. B., et al. (2022). Use of venetoclax in patients with relapsed or refractory acute myeloid leukemia: The PETHEMA registry experience. Cancers (Basel) 14 (7), 1734. doi:10.3390/cancers14071734
 Lee, J. B., Khan, D. H., Hurren, R., Xu, M., Na, Y., Kang, H., et al. (2021). Venetoclax enhances T cell-mediated antileukemic activity by increasing ROS production. Blood 138 (3), 234–245. doi:10.1182/blood.2020009081
 Lee, P., Yim, R., Yung, Y., Chu, H. T., Yip, P. K., and Gill, H. (2021). Molecular targeted therapy and immunotherapy for myelodysplastic syndrome. Int. J. Mol. Sci. 22 (19), 10232. doi:10.3390/ijms221910232
 Martins, P. K., Mafra, V., de Souza, W. R., Ribeiro, A. P., Vinecky, F., Basso, M. F., et al. (2016). Selection of reliable reference genes for RT-qPCR analysis during developmental stages and abiotic stress in Setaria viridis. Sci. Rep. 6, 28348. doi:10.1038/srep28348
 Montalban-Bravo, G., and Garcia-Manero, G. (2018). Myelodysplastic syndromes: 2018 update on diagnosis, risk-stratification and management. Am. J. Hematol. 93 (1), 129–147. doi:10.1002/ajh.24930
 Mustafa Ali, M. K., Corley, E. M., Alharthy, H., Kline, K. A. F., Law, J. Y., Lee, S. T., et al. (2022). Outcomes of newly diagnosed acute myeloid leukemia patients treated with hypomethylating agents with or without venetoclax: A propensity score-adjusted cohort study. Front. Oncol. 12, 858202. doi:10.3389/fonc.2022.858202
 Patel, B. A., Giudice, V., and Young, N. S. (2021). Immunologic effects on the haematopoietic stem cell in marrow failure. Best. Pract. Res. Clin. Haematol. 34 (2), 101276. doi:10.1016/j.beha.2021.101276
 Percival, M. E., Lai, C., Estey, E., and Hourigan, C. S. (2017). Bone marrow evaluation for diagnosis and monitoring of acute myeloid leukemia. Blood Rev. 31 (4), 185–192. doi:10.1016/j.blre.2017.01.003
 Platzbecker, U., Fenaux, P., Adès, L., Giagounidis, A., Santini, V., van de Loosdrecht, A. A., et al. (2019). Proposals for revised IWG 2018 hematological response criteria in patients with MDS included in clinical trials. Blood 133 (10), 1020–1030. doi:10.1182/blood-2018-06-857102
 Pollyea, D. A., Pratz, K., Letai, A., Jonas, B. A., Wei, A. H., Pullarkat, V., et al. (2021). Venetoclax with azacitidine or decitabine in patients with newly diagnosed acute myeloid leukemia: Long term follow-up from a phase 1b study. Am. J. Hematol. 96 (2), 208–217. doi:10.1002/ajh.26039
 Reilly, J. T., and Barnett, D. (2001). UK NEQAS for leucocyte immunophenotyping: The first 10 years. J. Clin. Pathol. 54 (7), 508–511. doi:10.1136/jcp.54.7.508
 Roulois, D., Yau, H. L., and De Carvalho, D. D. (2015). Pharmacological DNA demethylation: Implications for cancer immunotherapy. Oncoimmunology 5 (3), e1090077. doi:10.1080/2162402X.2015.1090077
 Ruijter, J. M., Ruiz Villalba, A., Hellemans, J., Untergasser, A., and van den Hoff, M. J. (2015). Removal of between-run variation in a multi-plate qPCR experiment. Biomol. Detect. Quantif. 5, 10–14. doi:10.1016/j.bdq.2015.07.001
 Santini, V. (2019). How I treat MDS after hypomethylating agent failure. Blood 133 (6), 521–529. doi:10.1182/blood-2018-03-785915
 Serio, B., Giudice, V., Morini, D., Guariglia, R., Vitolo, R., Manzo, P., et al. (2022). Efficacy of decitabine and venetoclax as salvage and bridge therapy to haploidentical hematopoietic stem cell transplantation in a multiresistant acute myeloid leukemia patient. Case Rep. Oncol. 15 (2), 593–598. doi:10.1159/000524952
 Stein, E. M., DiNardo, C. D., Pollyea, D. A., and Schuh, A. C. (2020). Response kinetics and clinical benefits of nonintensive AML therapies in the absence of morphologic response. Clin. Lymphoma Myeloma Leuk. 20 (2), e66–e75. doi:10.1016/j.clml.2019.11.017
 Sun, J., Sui, Y., Wang, Y., Song, L., Li, D., Li, G., et al. (2021). Galectin-9 expression correlates with therapeutic effect in rheumatoid arthritis. Sci. Rep. 11 (1), 5562. doi:10.1038/s41598-021-85152-2
 Taenaka, R., Obara, T., Kohno, K., Aoki, K., and Ogawa, R. (2022). Predictors of the overall survival with azacitidine monotherapy in untreated acute myeloid leukemia patients ineligible for intensive therapy. Intern. Med. , 0264. doi:10.2169/internalmedicine.0264-22
 Vachhani, P., Flahavan, E. M., Xu, T., Ma, E., Montez, M., Gershon, A., et al. (2022). Venetoclax and hypomethylating agents as first-line treatment in newly diagnosed patients with AML in a predominately community setting in the US. Oncol. oyac 135, 907–918. doi:10.1093/oncolo/oyac135
 Vardiman, J. W., Thiele, J., Arber, D. A., Brunning, R. D., Borowitz, M. J., Porwit, A., et al. (2009). The 2008 revision of the world Health organization (WHO) classification of myeloid neoplasms and acute leukemia: Rationale and important changes. Blood 114 (5), 937–951. doi:10.1182/blood-2009-03-209262
 Winters, A. C., Bosma, G., Abbott, D., Minhajuddin, M., Jordan, C., Pollyea, D. A., et al. (2022). Outcomes are similar following allogeneic hematopoietic stem cell transplant for newly diagnosed acute myeloid leukemia patients who received venetoclax + azacitidine versus intensive chemotherapy. Transpl. Cell Ther. 28 (10), 694.e1–694.e9.
 Wolach, O., Frisch, A., Shargian, L., Yeshurun, M., Apel, A., Vainstein, V., et al. (2022). Venetoclax in combination with FLAG-IDA-based protocol for patients with acute myeloid leukemia: A real-world analysis. Ann. Hematol. 101 (8), 1719–1726. doi:10.1007/s00277-022-04883-y
 Wolf, Y., Anderson, A. C., and Kuchroo, V. K. (2020). TIM3 comes of age as an inhibitory receptor. Nat. Rev. Immunol. 20 (3), 173–185. doi:10.1038/s41577-019-0224-6
 Yang, R., Sun, L., Li, C. F., Wang, Y. H., Yao, J., Li, H., et al. (2021). Galectin-9 interacts with PD-1 and TIM-3 to regulate T cell death and is a target for cancer immunotherapy. Nat. Commun. 12 (1), 832. doi:10.1038/s41467-021-21099-2
 Zhou, Q., Munger, M. E., Veenstra, R. G., Weigel, B. J., Hirashima, M., Munn, D. H., et al. (2011). Coexpression of Tim-3 and PD-1 identifies a CD8+ T-cell exhaustion phenotype in mice with disseminated acute myelogenous leukemia. Blood 117 (17), 4501–4510. doi:10.1182/blood-2010-10-310425
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Giudice, Serio, Ferrara, Manzo, Gorrese, Pepe, Bertolini, D’Alto, Verdesca, Langella, Filippelli and Selleri. 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.
OPS/images/fphar-13-1052060-t001.jpg
Aza-venetoclax cohort Historical cohort

N =27 N =95
Median age, years (range) 70 (59-81) 73 (39-91)
‘ Sex, n (%)
Male 16 (59) 50 (53)
Female 11 (41) | 45 (47)

‘ WHO classification

Single-lineage dysplasia - 4(4)
Multi-lineage dysplasia - 12 (13)
MDS with isolated del(5q) = | 2(2)
MDS-EB 1 2(7.4) 22(23)
MDS EB 2 3(1L1) 28 (30)

Undlassifable - 1)
CMML - 2(2)

 AML de novo 12 (44.4) ‘u (25)
AML post-MDS. 10 (37.1) -

IPSS-R risk, n (%)

Very low : :
VLow 1(4) 714 (15)

Intermediate - 21(22)
VHigh | 9(33) | 26 (27)

Very high 5(18) 30)
 Not evaluable - 7(7)

ELN risk, n (%)

Favorable 7 (26) =
Intermediate 4(15) &
Unfavorable (14 -
Not evaluable - 24 (26)

Cytogenetic risk, n (%)

Very good - B
Good 6(22) 45 (47)
 Intermediate 8(30) 5(53)
Poor 14) 21)
Very poor 331 21
Not evaluable 9(33) 41 (43)
Median % blasts (range) [ 32 (0-70) | 11 (0-90)

First-line therapy

Azacytidine, n (%) 12 (44) 75 (79)
Azacytidine + venetoclax 9(33) S
Lenalidomide, n (%) 1) 6(6)
Decitabine 33an 2
Standard chemotherapy 2(8) 5(5)
VSupponive [- 9.(10)
Second-line therapy o 205
Azacytidine - n (55)
Azacytidine + lenalidomide - 200
7 Azacytidine + venetoclax n 1) 1(5)
Decitabine 16 )
Standard chemotherapy 1(6) 2(10)
Venetoclax 3(7) -
Others [- 1 3(15)
uscr san 66
Median Hb, g/dL (range) 9 (6-13) 9.1 (5.1-14.4)
Median ANG, cells/ul (range) 1,015 (30-20,850) 1,677 (120-21,490)
Median platelets/pl (range) 62,500 (6,000-216,000) 68,000 (6,000-982,000)

Abbreviations: WHO, world health organization; MDS, myelodysplastic syndrome; EB, excess of blast; CMML, chronic myclomonocytic leukemia; AML, acute myeloid leukemia; IPSS-R,
Bmeroustnal pmognoatie scosion evstemcrevkiedi LI oo enlenils et BSCT: Senuntourciithe atensionl) tnssantwtion: 0 ausouioline AHC. alvda wetoohil sount:





OPS/images/fphar-13-1052060-t002.jpg
Diagnosis  IPSSR/ELN 9% blasts  Cytopenials) at Post | cydle Post Il cycle Post IV cycle Post Vill cycle

entry.
Hb ANC Plt Plt Hb Pt ANC

1 E 6 AML Favorable k3 X X | X | M| H | No | Ma | HL No | Ma | HI Mo

2 E 76 AML Favorable 3 x x| x

3 F 6 AML Favorable Kl X X | X | M | No | No | Ma | HI HI

1 F @ MDSEB2 | High 1 X X | X | M| H | No | M | No No

s Moz am Favorable 2 x x| x

3 M5 MDSEB2 | VeyHigh 27 X | X | No | No | No | M| No No

7 M 70| MDSEB1 | VeyHigh 5 x| x| x

s M |7 | MDSEB2 | High o x | x Mi | No | HL | Ma | No No

9 Mo Am High 6 % | % Mi | No | No | Mi | No HI | Mi  No | Hl M | No | HI

10 Mo AMLpost | High » x| x M| No | HI

n ¥ 0 AML Favorable 15 x| x No | HI | No | Ma | HI No | Ma | Hl H M | No HI

2 M 80 | AMLpost | VeryHigh 3 x | x Mi | No | No

13 Mo s AMLpost | Low X ox

1 Mo e oM Very High 2 X X | X | M | N | No

15 M |7 MDSEBI | High 5 X X | X | M | N | H

16 M7 | AMLpost | VeryHigh 8 x| x| x

17 E 6 AML Intermediate | 50 x | x Ma | HI | No | Ma | No No | Ma | HI  No Mi  No | No

18 Mo 70 AMLpot | Unfwomble | 6 X X | X | M [N No | No | No No | Ma | No Mo

1 Mo e | amL Intemediate | 26 XX Ma | No | HI

20 E 6 AML Favorable Kl x | x Mi | HI | No | Ma | HL  Ne | Ma HI | HlL M | N | HI

2 M| | am Favorable 50 % X | Ma | Hl | No | Ma | HI No M| No No Mi | No No

2 E 75 MDSEB2 | High @ x X | M| No | No

3 ¥ 6 AMLpost | High 2 AE: No | HL | No | Mi | No No | Ma | No No

u E 6 AMLpost | High

2 M e AmL Intemediate | 51 X | X N | H

2% E 7 AML Intermediate | 68 X | X | M No | No | Ma | HL No | Ma| No No

2 Mo e amL Unfavorable | 38 X X | X | No | N No | Ma | HI H | Mi | H No

Abbreviations: PSSR, international progrostc scoing system revised: ELN,european lukemia net; Hb, hemoglobin: P platlets; ANC, absolut neutrophil count; MDS, myelodysplasti syndrome; BB, excessof blast; CMML, chronic myel
Bikcamite AT oibs el Rodhinkis S sealor labonsss: ML wilkior: eseniior ST Bomablidie fameoviiont

nonocytic





OPS/images/fphar-13-1052060-g003.gif





OPS/images/fphar-13-1052060-g004.gif
- xn; i
LB






OPS/images/math_1.gif
0





OPS/images/fphar-13-1052060-t003.jpg
Aza-venetoclax cohort

Estimate SE
Intercept 57.40 1755 15.89-9891 3270 00137
Age ~0.5012 02217 ~1.025-0.02304 2261 0.0583
Sex (Male) 2063 2586 I ~4.053-8.178 07976 04513
Diagnosis (MDS) 7.164 4.745 [ ~4,056-18,38 1510 0.1748
Diagnosis (AML post) 4534 4377 ~5.816-14.88 1036 03347
Hb ~0.6940 08803 -2776-1388 07884 0.4563
ANC ~0.0002 00004 ~0.001-0.0008 04528 0.6644
he <0.001 <0.001 03010 07722
Blasts (%) 0.1674 00666 0.0099-0.3249 2514 0.0402
w1 ~0.0012 00007 ~0.0029-0.0005 1673 01383
PSS RELN (HIGH) -14.07 4801 -2542--2717 2931 00220
IPSS-R (VERY HIGH) ~8.994 5709 ~22.49-4.505 1575 0.1591
IPSS-R/ELN (INT) -8.673 3.668 ~17.35-0.0004 2365 0.0500
FIRST LINE (Azacytidine) -14.15 3627 ~22.73--5575 3902 0.0059
FIRST LINE (Other) -13.18 3643 21.79--4567 3618 0.0085
‘Time to venetoclax 09124 01638 05251-1.300 5571 0.0008
Historical cohort
PES Estimate SE 95%CI It p-value
Intercept 1666 2289 ~29.00-62.33 07279 0.4692
Age ~0.1382 02340 ~0.6049-0.3285 05907 0.5566
Sex (Male) -5.988 3.802 -13.57-1.597 1575 01199
Diagnosis (Low-risk MDS) 8.485 6.094 -3.673-20.64 1392 0.1683
Diagnosis (AML) 1271 7.844 ~14.38-16.92 01620 08717
Diagnosis (MDS-EB 2) 7298 4822 -2323-16.92 1513 01348
Hb 1386 11180 ~0.9675-3.739 1175 02441
Pit 3.119¢-005 139¢-005 3.4¢-006-5.9-005 2235 00287
Axc ~0.0012 0.0006 0.0024-0.0001 1830 00716
Blasts (%) ~0.1774 01346 ~0.4460-0.0911 1318 01918
Time to treatment (mo) 07137 01563 [ 0.4018-1.026 4565 <0.0001

Abbreviations: WHO, world health organization; MDS, myelodysplastic syndrome; EB, excess of blast; CMML, chronic myelomonocytic leukemia; AML, acute myeloid leukemia; IPSS-R,
international prognostic scoring system revised; ELN, European LeukemiaNet; HSCT, hematopoietic stem cell transplantation; Hb, hemoglobin; ANC, absolute neutrophil count.





OPS/images/fphar-13-1052060-t004.jpg
Aza-venetoclax cohort

Estimate SE
Age 0.114 0.047 1022-1229 1120 0016
Sex (Male) 0.396 0.585 0472-4.670 1485 0.499
Blasts (%) -0.046 | 0018 0.922-0.990 0955 0.012
IPSS-R/ELN (HIGH) 1156 0.668 0858-11.757 3177 0.083
 FIRST LINE (Other) 15 | 0905 0.761-26.395 4483 | 0.097

Abbreviations: IPSS-R, international prognostic scoring system revised; ELN, European LeukemiaNet.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Clinical efficacy of azacytidine and venetoclax and prognostic impact of Tim-3 and galectin-9 in acute myeloid leukemia and high-risk myelodysplastic syndromes: A single-center real-life experience		1 Introduction

		2 Materials and methods		2.1 Patients

		2.2 Treatments

		2.3 Endpoints

		2.4 Flow cytometry

		2.5 WT1 quantification

		2.6 Tim-3, galectin-9, and CD27 expression by RT-PCR

		2.7 Statistical analysis





		3 Results		3.1 Patients’ characteristics: Azacytidine-venetoclax cohort

		3.2 Patients’ characteristics: Historical azacytidine cohort

		3.3 Hematologic response to azacytidine plus venetoclax

		3.4 Clinical outcomes

		3.5 Prognosticators





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Clinical efficacy of azacytidine
and venetoclax and prognostic
impact of Tim-3 and galectin-9
in acute myeloid leukemia and
high-risk myelodysplastic
syndromes: A single-center
real-life experience





OPS/images/fphar-13-1052060-g001.gif
D
Hi
@@





OPS/images/fphar-13-1052060-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





