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      Abstract




      Fms-like tyrosine kinase 3 (FLT3) is one of the most commonly mutated genes in acute myeloid leukemia (AML). While first-generation FLT3 tyrosine kinase inhibitors are relatively non-specific for FLT3 with other potential targets, the next-generation inhibitors appear more potent and selective. Among them quizartinib is the most clinically advanced. The greater potency and selectivity of this drug promises greater efficacy and less toxicity in FLT3-mutated AML. It is currently studied across virtually all disease settings, and its use in combination with chemotherapy appears promising in FLT3+ patients. In this review, we summarize the current data on quizartinib and the encouraging clinical data that have also emerged with other second- or further-generation FLT3 inhibitors, after recalling results observed with first-generation inhibitors.
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      INTRODUCTION




      Acute myeloid leukemia (AML) is characterized by aberrant proliferation of myeloid progenitor cells that have lost the ability to differentiate into mature cells. It represents a group of hematopoietic stem cell malignancies, affecting approximately 2 to 3 adults per 100 000 each year in Western countries. Outcomes for the majority of patients remain poor. Cytogenetic aberrations represent one of the most important independent prognostic factors in AML. Over the past decade, significant progress has been made in the understanding of the




      cytogenetic and molecular determinants of AML pathogenesis. Novel treatment strategies take into account these prognostic factors to develop risk-stratified treatment options in order to offer more adapted treatment options to patients at high risk.




      The National Comprehensive Cancer Network (NCCN) guidelines for AML induction chemotherapy include a 3-day administration of an anthracycline (idarubicin 12 mg/m2 or daunorubicin 45 to 90 mg/m2 as a short IV infusion) combined with a 7-day administration of standard dose cytarabine (100 to 200 mg/m2 as continuous IV infusion) (“3 + 7” chemotherapy regimen) [1]. With this schedule, morphological complete remission (CR) rates are about 70 to 80%, depending on age and patient selection [2-5]. Recommended post-remission chemotherapy for AML includes consolidation with high-dose cytarabine [1]. Cytarabine is given at 2 to 3 g/m2in younger adults and 1 to 1.5 g/m2 in patients ≥ 60 years, administered as an IV infusion every 12 hours on days 1, 3, and 5 for a total of 6 doses.




      The growth and differentiation of hematopoietic cells is governed by the concerted action of growth factors and their receptors. FMS-like tyrosine kinase 3 (FLT3) is a transmembrane tyrosine kinase that belongs to the class 3 split-kinase domain family of receptor tyrosine kinase [6]. The gene is located at chromosome 13q12. FLT3 is expressed in AML cells in about 90% of cases and stimulates survival and proliferation of leukemic blasts [7]. FLT3 is mutated in about 30% of AML cases [8, 9]. Two major classes of activating mutations have been identified: internal tandem duplications (ITDs) (24%) which affect the juxtamembrane domain of the receptor [10] and point mutations in the activation loop, with a majority at the D835 residue (7%) [8, 11]. Internal tandem duplication of the FLT3 gene leads to constitutively activated receptor tyrosine kinase and its downstream signaling pathways, which in turn leads to dysregulation of cellular proliferation and enhanced cell survival [12]. This activation of signaling pathways is important in the pathogenesis of AML. Patients with FLT3-ITD mutations have a worse prognosis than those with wild-type FLT3, due to a higher relapse rate [13, 14]. The presence of FLT3-ITD mutations is widely accepted as a poor prognostic factor in cytogenetically normal AML. A high allelic ratio of FLT3-ITD/wild type was associated with inferior survival [15]. However, another study showed a benefit for patients with a high allelic ratio after allogeneic hematopoietic stem cell transplantation (HSCT) in first CR [16]. Intriguingly, FLT3-tyrosine kinase domain (TKD) mutations have generally not been associated with similar degree of negative prognosis [13]. Because of technical limitations and instability of FLT3 as marker, the clinical application for minimal residual disease (MRD) assessment is currently limited [17].




      Currently, no FLT3 inhibitors have been approved for AML. There is currently no consensus recommendation for a consolidation cytarabine regimen for FLT3+ AML patients. However, the European LeukemiaNet suggests to use allogeneic HSCT as a consolidation for patients with FLT3-ITD who are 18 to 60 years of age and intermediate-dose cytarabine for consolidation in patients over the age of 60 [18]. Inhibition of the receptor tyrosine kinases using small molecules represents an attractive therapeutic target. In the last decade, several molecules with activity against FLT3 have been tested. The relative nonselectivity of some of these agents, and suboptimal pharmacokinetics associated with others has led to unimpressive results. More recently, more selective and more potent FLT3 inhibitors have been developed (Table 1). Among them, quizartinib represents the more clinically advanced next-generation FLT3 inhibitor in AML. It corresponds to a class III receptor tyrosine kinase inhibitor exhibiting highly potent and selective inhibition of FLT3. Initial studies with quizartinib were very promising based on a high response rate when administered as monotherapy and promising combination studies with chemotherapy are ongoing.




      

        Table 1  FLT3 inhibitors and their targets.




        

          

            

              	FLT3 inhibitor



              	Targets

            


          



          

            

              	
First-generation FLT3 inhibitors


              Sunitinib


              Lestaurtinib


              Tandutinib


              Sorafenib


              Midostaurin




              	



              FLT3, KIT, KDR, PDGFR


              JAK2, FLT3, TrK A


              FLT3, PDGFR, c-KIT


              FLT3, c-KIT, VEGFR, PDGFR, RAF-1


              FLT3, c-KIT, PDGFRb, VEGFR

            




            

              	
Next-generation FLT3 inhibitors


              Quizartinib


              Crenolanib


              Gilteritinib


              Pacritinib


              Ponatinib




              	



              FLT3, c-KIT, PDGFRa


              FLT3, PDGFR


              FLT3, AXL


              JAK2, FLT3, IRAK1, cFMS/CSF1R


              BCR/ABL, FLT3, c-KIT, FGFR1, PDGFRa

            


          

        




        




      




      This review mainly focuses on quizartinib that currently appears as the most potent and specific FLT3 inhibitor, but the review also reports on initial results obtained with first-generation tyrosine kinase inhibitors and on the more recent promising ones described with the new further-generation inhibitors.


    




    

      FIRST-GENERATION FLT3 TYROSINE KINASE INHIBITORS




      These first-generation FLT3 inhibitors (midostaurin, lestaurtinib, sunitinib, sorafenib, and tandutinib) are multi-kinase inhibitors. They showed unfavorable pharmacokinetics with high plasma protein binding, unpredictable free drug levels, induced metabolism, and prominent gastrointestinal toxicity, and significant drug-drug interactions, especially with azole antifungals. Some, such as sunitinib and lestaurtinib, have not demonstrated sufficient promise for further development. Most are not inhibitors of FLT3 specifically, but often have multiple kinase targets. With the exception of sorafenib, they also demonstrated only limited activity as single agents with best responses on peripheral blast clearances, but showed interesting results in combination with intensive chemotherapy.




      Sunitinib (SU11248) has been approved for renal cell carcinoma, gastrointestinal stromal tumor, and neuroendocrine tumor. A phase 1 study of sunitinib single agent therapy in patients with refractory or relapsed AML showed short CR durations as well as significant toxicities [19]. A subsequent phase 1/2 study of sunitinib combined with intensive chemotherapy showed CR rates of 59% in older patients harboring activating FLT3 mutations with a median survival of 18.8 months and a median relapse-free survival of 11 months [20].




      Lestaurtinib (CEP-701) is an indolocarbazole derivative found to have potent in vitro activity against FLT3 [21]. Early phase studies in humans showed that lestaurtinib was highly bound to plasma protein, specifically α1-acid glycoprotein. Lestaurtinib was well tolerated and induced reductions in peripheral blood and marrow blasts in patients with FLT3 activating mutations [22-24]. In vitro studies of lestaurtinib combined with chemotherapeutic agents demonstrated synergistic killing of FLT3 mutant leukemic cells [25]. In a randomized large trial in which first relapsed patients received chemotherapy alone or followed by lestaurtinib at 80 mg twice daily, no differences were noted in terms of response and overall survival (OS) between the two arms. There was evidence of toxicity in the lestaurtinib-treated patient arm. In the lestaurtinib arm, FLT3 inhibition was highly correlated with remission rate, but target inhibition on day 15 was achieved in only 58% of cases [26].




      Sorafenib (BAY-43-9006) is an oral multikinase inhibitor with activity against FLT3 and several receptor tyrosine kinases. It has been approved for the treatment of hepatocellular carcinoma and renal cell carcinoma. In contrast with other first-generation FLT3 inhibitors, it has shown activity against AML with FLT3-ITD mutation as a single-agent in the setting of post-transplant relapse and in combination with chemotherapy for newly diagnosed AML. In a phase 1 clinical trial, a clinical response was observed in 56% of cases [27]. A phase 1/2 study of sorafenib combined with idarubicin and high-dose cytarabine showed 85% of response in relapsed patients including FLT3-mutated patients highlighting the potent inhibitory effect on FLT3-mutant patients [28]. With a median follow-up of 54 weeks, the probability of survival at one year was 74%. These results were confirmed by a similar study, in which sorafenib was also given alone as maintenance therapy after consolidation [29]. In the upfront setting, addition of sorafenib to chemotherapy doubled the one-year OS in older AML patients with FLT3-ITD mutation (62% vs 30%; p < 0.0001) [30]. Induction chemotherapy consisted of cytarabine 100 mg/m2 on days 1 to 7 and daunorubicin 60 mg/m2 on days 1 to 3, with oral sorafenib 400 mg twice daily on days 1 to 7. Those not achieving a hypoplastic bone marrow on day 14 were to receive a second cycle of cytarabine and daunorubicin (5+2) plus sorafenib 400 mg twice daily for 7 days. Post-remission therapy consisted of intermediate dose cytarabine (2 g/m2 for 5 days), with sorafenib 400 mg twice daily on days 1 to 28 for 2 cycles followed by maintenance sorafenib 400 mg twice daily for twelve 28-day cycles. The median disease-free survival (DFS) and OS were 12.5 months and 15 months respectively in patients with FLT3-ITD mutation, and 9 months and 16.2 months in patients with FLT3-TKD mutation. The 30-day induction mortality was 9%, and there were no treatment-related deaths during the phases of consolidation and maintenance. In combination with hypomethylating agents (azacitidine), sorafenib has also shown promising efficacy. The overall response rate was 46% [31] and the median OS for responders was 7.8 months. A large phase 3 study demonstrated the efficacy of sorafenib in the upfront setting of young patients with FLT3− AML in terms of event-free survival (EFS) and relapse-free survival supporting the role of protein kinase inhibitors in this patient population [32]. Sorafenib in combination with low-dose homoharringtonine [33] or low-dose cytarabine [34] also showed interesting results in primary refractory FLT3-ITD+ AML. A retrospective study suggested potential benefit of post-transplant sorafenib in FLT3-ITD AML [35]. Sorafenib patients had improved 2-year progression-free survival (PFS) (82% vs 53%; p = 0.02) and lower 2-year cumulative incidence of relapse (8.2% vs 37.7%; p = 0.007) as compared to a control cohort without sorafenib. A phase 1 study investigated sorafenib as maintenance therapy after myeloablative or reduced intensity HSCT with promising results deserving a further randomized study [36]. Sorafenib after HSCT has also been suggested as a preventive strategy in high-risk patients [37].




      Midostaurin (PKC412) inhibits both FLT3-ITD and FLT3-TKD kinase activity. In a phase 1 trial for refractory/relapsed AML or high-risk myelodysplastic syndrome, midostaurin at 75 mg 3 times daily decreased the peripheral blast count by 50% in most patients and the marrow blast count only in few patients [38]. These first results suggested further investigation of midostaurin in combination with other agents. Combination with all-trans retinoic acid and cladribine/cytarabine/granulocyte colony-stimulating factor chemotherapy showed 22% CR rate and 11% CR with incomplete blood recovery in relapsed/refractory patients [39]. Evaluating the efficacy of midostaurin in combination with intensive induction chemotherapy and as single agent maintenance therapy after allogeneic HSCT or high-dose cytarabine has shown efficacy in FLT3-ITD mutated AML [40]. In a large phase 3 trial, addition of midostaurin to chemotherapy showed improvements in terms of survival in younger adults, as compared to chemotherapy alone [41]. Induction therapy consisted of daunorubicin 60 mg/m2 on days 1 to 3 and cytarabine 200 mg/m2 on days 1 to 7. Patients were randomized to receive either orally administered midostaurin 50 mg twice daily or placebo. CR rate was not significantly different between the two arms but patients receiving midostaurin had a significantly better OS and a 5-year EFS. The median OS was 74.7 months in the midostaurin arm versus 26 months in the placebo arm. The median EFS was 8 months versus 3 months, respectively. The median time to allogeneic HSCT was similar in both arms. The benefit of addition of midostaurin to standard chemotherapy followed by one-year of midostaurin maintenance therapy was consistent across all FLT3 subgroups for both OS and EFS in both uncensored and censored for transplant analyses. No statistically significant differences were observed between midostaurin and placebo arms in terms of grade ≥ 3 hematologic or non-hematologic adverse events [41]. Phase 2 trials studying the efficacy of midostaurin in combination with azacitidine (NCT01093573) or decitabine (NCT01846624) in older patients are currently ongoing.




      Tandutinib (MLN518) is a potent FLT3 inhibitor that also inhibits PDGFR and c-KIT. A first phase 1 study showed some response in relapsed/refractory patients [42]. The dose limiting toxicity was reversible muscle weakness.


    




    

      SECOND-GENERATION FLT3 TYROSINE KINASE INHIBITOR QUIZARTINIB




      The second-generation FLT3 inhibitor, quizartinib (formerly known as AC220) is both a highly selective and potent inhibitor of FLT3. Its chemical structure is C29H32N6O4S. Quizartinib inhibits FLT3 with low nanomolar potency in biochemical and cellular assays and is highly selective when screened against the majority of the human protein kinome, especially when compared with first-generation FLT3 inhibitors [43]. Initial studies are encouraging based on a high response rate when administered as monotherapy. However, patients with FLT3 mutations may experience greater clinical benefit when quizartinib is administered in combination with intensive chemotherapy. In addition to FLT3, quizartinib inhibits c-KIT stem cell factor CD117 which is expressed in more than 70% of AML.




      

        Clinical Pharmacology




        In a bioavailability study testing the oral administration of 60 mg of quizartinib in healthy volunteers, the median time to maximum plasma concentration (Tmax) was 4 hours for quizartinib and 8 hours for its major active metabolite, AC886. The mean terminal half-life was 64.9 hours and 53.5 hours, respectively. Quizartinib and AC886 showed dose-proportional increases in area under the concentration versus time curve (AUC) and maximum plasma concentrations (Cmax) over the tested dose range of 30 to 90 mg. Following a single-oral dose of [14C]-quizartinib, 76.3% of total radioactivity was recovered in feces with only 1.6% recovered in urine 14 days after dosing. AC886 was the only major circulating metabolite and is formed by CYP3A4.


      




      

        Studies with Quizartinib Used as Monotherapy




        In the first-in-human phase 1 study, CP001, quizartinib was administered with intermittent dosing (14 days on drug followed by 14 days rest) from 12 mg to 450 mg, and continuous dosing at 200 mg and 300 mg for 28 days in 76 patients with relapsed/refractory AML, regardless of FLT3-ITD mutation status. An in vitro plasma inhibitory assay showed rapid and durable inhibition of FLT3-ITD phosphorylation as early as 2 hours after the first dose. The overall response rates were about 30% in all patients, 53% inFLT3-ITD+ patients and 14%in FLT3-ITD− patients [44]. The maximum tolerated dose (MTD) was 200 mg continuous daily dosing.




        Results of a phase 2 study in relapsed/refractory FLT3+ AML patients demonstrated a CR rate of 51% with a median OS of 25 weeks [45]. These CR rates were confirmed in all phase 2 studies using quizartinib as a single-agent [46, 47]. However, 50% of patients relapse within 3 months. Importantly, 35% of FLT3-ITD patients were bridged to HSCT [48]. The mechanism of resistance is the development of acquired mutations in the tyrosine kinase domain of the gene.




        A phase 2b study was subsequently conducted, which enrolled 76 patients with FLT3-ITD+ AML randomized to 60 mg or 30 mg daily, to examine efficacy and toxicity at these lower doses. The study showed an overall response rate (ORR) not significantly different among the two doses (61% with 30 mg/day and 71% with 60 mg/day) [49]. The median OS was 20.7 weeks with 30 mg/day and 25.4 weeks with 60 mg/day. In this study, quizartinib as second salvage or post HSCT in FLT3-ITD+ AML patients demonstrated efficacy with an acceptable safety profile as compared to higher doses used previously.




        In phase 2 studies, patients with an allelic ratio of FLT3-ITD to total FLT3 of more than 10% were considered as ITD+. However, following the results of phase 2 studies [46-49], the cutoff in current clinical trials with quizartinib has been reduced to ≥ 3% to define quantifiable ITD mutation.


      




      

        Combination Studies with Intensive Chemotherapy




        AML is a polyclonal disease and patients with FLT3-ITD mutated AML may experience greater clinical benefit when quizartinib is administered in combination with standard chemotherapy. In addition to FLT3, quizartinib inhibits c-KIT stem cell factor CD117 which is expressed in more than 70% of AML cases. Furthermore, KIT mutations occur in more than 40% of core binding factor (CBF) leukemias [50].




        A phase 1, open-label, multiple-dose, dose-escalation study (study 2689-CL- 0005) was performed in patients with newly diagnosed AML: FLT3-ITD+ or FLT3-ITD−. The dose-escalation was conducted using a modified 3+3 design with 6 patients enrolled at each dose level. Patients were given a “3+7” standard induction and high-dose intermittent cytarabine for consolidation. They were allowed to proceed to HSCT after achieving a response or receive further quizartinib if they were not transplant eligible. Three dose levels were tested: 60 mg for 7 days, 60 mg for 14 days, and 40 mg for 14 days. The maximum tolerated dose was identified as 40 mg for 14 days or 60 mg for 7 days. The most common (10%) grade 3 or 4 treatment-related adverse events were febrile neutropenia (26%), thrombocytopenia (21%), anemia (21%), neutropenia (21%), leucopenia (16%), and nausea (11%) [51].




        The AML 18 pilot quizartinib dose-escalation study was conducted in the United Kingdom that enrolled newly diagnosed FLT3+ and FLT3− AML patients greater than 60 years of age [52]. Quizartinib was combined with standard chemotherapy comprising daunorubicin, cytarabine, and etoposide. Six cohorts with escalating doses of quizartinib (60 mg, 90 mg or 135 mf for 7 or 14 days) were planned. De-escalation to 40 mg for 7 or 14 days was allowed if 60 mg was not tolerated. Fifty-five patients (median age: 69 years) were enrolled. Death within 30 days occurred in 6.5% of evaluable patients. CR was achieved in 79%, including all FLT3-ITD+ patients. Median OS at the time of analysis was 15 months.




        Among current clinical trial, a phase 1/2 trial with quizartinib in combination with 5-azacitidine or low-dose cytarabine is ongoing in patients > 60 years of age with previously untreated AML (NCT01892371). An ongoing phase 3 (QuANTUM-R), open-label study of quizartinib monotherapy versus salvage chemotherapy in FLT3-ITD mutated patients who are refractory or relapsed in 6 months with or without HSCT is also still enrolling (NCT02039726). The QuANTUM-FIRST protocol, a phase 3, double-blind, placebo-controlled study of quizartinib administered with induction and consolidation, and administered as maintenance therapy in subjects 18 to 75 years old with newly diagnosed FLT3-ITD+ AML has just opened (NCT02668653). In this study, quizartinib is administered orally at the dose of 40 mg/day for 14 days during induction and consolidation phases, and at the dose of 60 mg/day (after checking for good tolerance at 30 mg/day during the first 15 days) during the maintenance phase.


      




      

        Quizartinib as Maintenance Therapy




        Allogeneic HSCT represents a standard of care for consolidating FLT3-ITD AML patients in first CR [53,54]. A phase 1 study of quizartinib as maintenance therapy is ongoing but showed promising early efficacy data in AML patients who have been allografted in first or second remission. All patients were FLT3-ITD+ at diagnosis, and received 40 mg/day or 60 mg/day of quizartinib after HSCT [55]. Both doses were well tolerated. The median number of cycles administered was 18.


      




      

        Terminal Myeloid Differentiation




        In FLT3-ITD+ AML patients who responded to quizartinib therapy, the bone marrow and peripheral blood specimens displayed unexpected findings, especially in patients with normal cytogenetics. The bone marrow remained hypercellular, continued to express the FLT3-ITD mutation, and displayed progressive myeloid differentiation over time [56]. This was associated with a clinical differentiation syndrome. In in vitro studies, FLT3 inhibition with quizartinib induced cell-cycle arrest and differentiation rather than apoptosis. This effect might in part be mediated by the protective effects of the bone marrow microenvironment [57]. In preexisting CEBPα mutation, blastic cells failed to differentiate suggesting a mechanism of resistance to FLT3 inhibition.


      




      

        Toxicity




        In the phase 2 study (AC220-002), 35% of subjects experienced grade 3 QT prolongation at 200mg dose and therefore the dose was reduced. A single case of grade 4 QT prolongation was reported in a patient with pneumonia and atrial fibrillation, taking concomitant medications known to cause QT prolongation [58]. No deaths related to QT prolongation have been reported. QT prolongation was dose-dependent [49]. The incidence of drug-induced Sweet’s syndrome following FLT3 inhibitor monotherapy is about 10% [59]. It is however unlikely to occur in the setting of concurrent cytoreduction with chemotherapy. The symptoms can generally be managed with corticosteroid administration. Pyodermag-angrenosum characterized by multiple cutaneous ulcers with mucopurulent or hemorrhagic exudates has also been reported [60]. It can also be managed by systemic and/or topical corticosteroids [61]. Other common adverse events observed in the phase 1 and 2 studies included gastrointestinal disorders (nausea, diarrhea, and vomiting), fatigue, and hematologic disorders (anemia, neutropenia, and thrombocytopenia). Although hematologic toxicity was associated with underlying disease, safety reports indicated delayed recovery or continued suppression of absolute neutrophil counts and platelets as a consequence of continued treatment with quizartinib.


      




      

        Drug-Drug Interactions




        A drug-drug interaction study assessing the effect of strong and moderate CYP3A4 inhibitors on quizartinib pharmacokinetics showed that concomitant ketoconazole, a strong CYP3A4 inhibitor, and concomitant fluconazole, a moderate CYP3A4 inhibitor, resulted in an increase in quizartinib AUC0-inf values, approximately 2-fold and 1.2-fold, respectively. Additionally, concomitant ketoconazole and concomitant fluconazole resulted in an increase in predicted quizartinib Cmax at steady state after repeat daily dosing, approximately 2-fold and 1.2-fold, respectively.


      




      

        Inhibition of c-KIT




        As many tyrosine kinase inhibitors, quizartinib has activity against c-KIT, a receptor tyrosine kinase which is essential for normal hematopoiesis [62]. The c-KIT receptor is an important marker of long-term hematopoietic stem cells, and it also plays an important role in hair and skin pigmentation [63]. Inhibition of c-KIT can translate into clinical significant marrow suppression, particularly when it occurs in the setting of cytotoxic chemotherapy. The more potent c-KIT inhibitors impair erythroid and myeloid progenitor cell function, but FLT3 inhibition probably has little effect on hematopoiesis (Table 2).




        

          Table 2  c-KIT and myelosuppressive activity of protein kinase inhibitors (according to Galanisand Levis 2015 [63]).




          

            

              

                	Protein kinase inhibitor



                	In vivo c-KIT inhibition



                	Hair depigmentation



                	Myelosuppression

              


            



            

              

                	Sunitinib



                	Yes



                	Yes



                	Yes

              




              

                	Quizartinib



                	Yes



                	Yes



                	Yes

              




              

                	Crenolanib



                	No



                	No



                	No

              




              

                	Sorafenib



                	No



                	No



                	No

              


            

          




        


      


    




    

      PERSPECTIVES WITH OTHER SECOND- OR THIRD-GENERATION FLT3 TYROSINE KINASE INHIBITORS




      Next to quizartinib, other second- or third-generation FLT3 tyrosine kinase inhibitors are under investigation. They could even be more promising in the way they could show higher cytotoxicity and overcome the emergence of therapeutic resistance that could be observed with quizartinib and first-generation FLT3 inhibitors.




      Crenolanib represents a next-generation receptor tyrosine kinase that effectively suppresses growth of leukemic cells harboring both FLT3-ITD and FLT3-TKD mutations, the latter of which are increasingly seen to emerge as resistant mutations after FLT3 inhibitor therapy [64]. Crenolanib displays type I tyrosine kinase inhibitor properties and can bind the active or inactive conformations of receptor tyrosine kinases, unlike type II inhibitors which only bind the inactive form. Most inhibitors with predominantly type II properties have minimal activity against FLT3-TKD AML. This selects for the persistence of TKD clones or emergence of new ones, which in part explains the development of therapeutic resistance. Crenolanib was demonstrated to have activity against mutations in the activation loop of FLT3 [65]. In a phase 1 study, the recommended dose was 100 mg twice daily [66]. In a phase 2 clinical trial, the dose was 100 mg three times daily due to its half-life of 8 to 9 hours, which was well-tolerated and showed promising clinical activity [67]. Eleven heavily pre-treated patients (of whom 6 received prior FLT3 inhibitors) were included into a dose escalation study testing crenolanib in combination with chemotherapy [68]. Primary results showed a CR with incomplete blood count recovery in 23% of patients (including older adults; median age: 61 years), but in only 5% of patients who had received prior FLT3 inhibitors [68]. Crenolanib can be safely administered with high-dose cytarabine/idarubicin salvage in multiply relapsed AML patients [69]. Crenolanib is currently being investigated in combination with intensive chemotherapy in patients with newly diagnosed AML with a FLT3-ITD or TKD mutation (NCT02283177). First results of combination with cytarabine/anthracycline induction chemotherapy and high-dose cytarabine consolidation showed that crenolanib can be safely administered at full dose (100 mg daily) [70].




      Gilteritinib (formerly known as ASP2215) is a potent inhibitor of both FLT3-ITD and FLT3-TKD mutations. In the FLT3 mutant adult patient population (median age: 61 years), the overall response rate was 57% [71]. In adult AML, a phase 1 study in combination with intensive chemotherapy is ongoing (NCT02236013), as well as a phase 3 study randomizing gilteritinib versus savage chemotherapy (NCT02421939). A differentiation response to gilteritinib has recently been demonstrated among relapsed/refractory FLT3-mutated patients with NPM1 and DNMT3A mutations [72].




      Pacritinib (SB1518) is a third-generation tyrosine kinase inhibitor with activity against a number of targets of relevance to AML. Pacritinib is a low molecular-weight compound with potent inhibitory activities against FLT3 and JAK2 [73]. Although JAK2 mutations are rare in AML, the JAK-STAT pathway is frequently activated and may represent a mechanism of resistance to FLT3 inhibitors. Blockade of FLT3 in conjunction with JAK2 signaling could enhance clinical benefit for AML patients harboring a FLT3-ITD mutation [74]. The first clinical experience of pacritinib in AML demonstrated encouraging data in terms of tolerability and, in the challenging setting of relapsed/refractory FLT3-mutated AML, clinical response in one-third of evaluable patients including patients of more than 60 years [75]. Pacritinib was administered at an oral dose of 200 mg twice daily.




      Ponatinib (AP24534), approved as a BCR-ABL inhibitor, is a multi-kinase inhibitor. It is a potent type I FLT3 inhibitor with activity against FLT3 with induced point mutations [76, 77]. Preclinical data has demonstrated potent activity against FLT3-mutated AML cell lines as well as in animal models [78]. In a phase 1 trial, in heavily pre-treated AML patients including FLT3-ITD mutants, the overall response was 25% [79]. The most commonly noted toxicity was pancreatitis. Ponatinibis not currently that much developed as a FLT3 inhibitor due to increased risk of vascular adverse events. While ponatinib has demonstrated activity in tyrosine kinase inhibitor-resistant chronic myeloid leukemia, irrespective of BCR-ABL kinase domain mutation, it has been tested against clinically relevant FLT3-ITD mutant isoforms that confer resistance to quizartinib or sorafenib [76]. Substitution of the FLT3 gatekeeper phenylalanine with leucine (F691L) conferred mild resistance to ponatinib, but substitutions at the FLT3 activation loop residue D835 conferred a high degree of resistance. Alternative strategies should therefore be required for patients with tyrosine kinase inhibitor-resistant FLT3-ITD D835 mutations.


    




    

      CONCLUSIONS




      AML is particularly challenging because it displays a large variety of molecular abnormalities, even in the malignant cell burden of a single individual. This genetic diversity allows the leukemia or components of the leukemia to escape from the cytotoxic effects of targeted drugs. Several FLT3 inhibitors have been evaluated in clinical trials, either as single agents or in combination with chemotherapy. However, most candidates either did not generate sufficient initial response or failed to sustain therapeutic benefit, primarily due to development of secondary resistance. The most promising areas of research are therefore the elucidation of the mechanisms of resistance to FLT3 inhibitors. The primary cause of resistance is the acquisition of point mutations in the ATP-binding region of the FLT3-TKD, altering the conformational state and weakening the binding affinity to specific FLT3 inhibitors. With first-generation FLT3 inhibitors, peripheral blasts decline but bone marrow responses were very low. First-generation FLT3 inhibitors, including lestaurtinib and midostaurin, did not have optimal potency, specificity or pharmacokinetic properties. Sorafenib is an effective FLT3 inhibitor, but its activity is often lost over time. Point mutations in the FLT3-ITD kinase domain were identified as a mediator of resistance to midostaurin [80] and mutations in TKD1 or TKD2 as a mediator of resistance to sorafenib [81]. Secondary TKD mutation in FLT3-ITD patients treated with an FLT3 inhibitor represents another cause of resistance [82]. New agents can overcome FLT3 inhibitor resistance. The introduction of potent and targeted agents such as quizartinib for FLT3-mutant disease has increased hope for this frequently letal subtype of AML. At present, quizartinib appears as the most potent and specific FLT3 inhibitor and is able to completely suppress FLT3-ITD autophosphorylation. The combination of its excellent potency, selectivity, and pharmacokinetic properties made it the first drug candidate with a profile that matches the characteristics desirable for a clinical FLT3 inhibitor [43]. However, like sorafenib, resistance can appear after short periods of treatment with acquired mutations in FLT3-ITD that disrupt binding of the drug to the target [83, 84]. Substitutions at the gatekeeper residues such as FLT3-ITD (F691) are well documented causes of resistance to kinase inhibitors. Analogues of the FLT3-ITD (D835V) activation loop mutation have also proven problematic for a number of kinase inhibitors. Quizartinib and sorafenib are type II FLT3 inhibitors that bind to the inactive conformation of the kinase and prevent its activation. Substitutions at F691 and D835 in FLT3-ITD pose substantial barriers to disease control in patients treated with quizartinib or sorafenib. In contrast, type I inhibitors target the active conformation of the kinase and may be effective against FLT3-ITD with point mutations conferring resistance to type II FLT3 inhibitors. Crenolanib could then represent an even more promising FLT3 inhibitor. It has activity against mutations in the activation loop of FLT3 [65]. In this way, it could represent a pan-selective FLT3 of choice that could overcome quizartinib resistance. Tested against a panel of D835 mutant cell lines, it showed superior cytotoxicity compared with quizartinib [85]. Combining type I and type II tyrosine kinase inhibitors could also be help enhance efficacy and perhaps suppress the emergence of therapeutic resistance. Little is known about mechanisms of resistance to crenolanib [65]. The existence of independent alternative survival pathways for malignant cells either through further genetic lesions or metabolic adaptation, were other potential mechanisms for failures. Simultaneous targeting of independent pathways will render leukemic cells less likely to escape FLT3 mono-inhibition. mTOR signaling is downstream of FLT3 kinase and is important for leukemia cell survival, suggesting that combination of mTOR and FLT3 inhibitors may have potential for clinical activity [86]. Targeting JAK2, which is the case when using pacritinib, provides here an interesting opportunity.




      Because patients with FLT3-ITD AML often relapse during consolidation therapy, it has recently been suggested that these patients did not benefit from intensifying therapy, in contrast to those with FLT3 wild type [87]. Three distinct genotypes have been identified: normal FLT3WT/WT, heterozygous FLT3ITD/WT, and hemizygous FLT3ITD/−, FLT3-ITD+ corresponding to the lack of FLT3 WT allele [88]. FLT3ITD/− patients showed a significantly shortened survival when compared with FLT3WT/WT or FLT3ITD/WT patients, demonstrating a greater growth advantage conferred by this genotype. FLT3 ligand counteracts the effects of FLT3 inhibition by directly interacting with the mutated receptor. Rapid and sustained increases in FLT3 ligand levels associated with induction and consolidation chemotherapy have been described in several clinical trials [26, 89]. The sequence of administration of FLT3 inhibitors when combined with chemotherapy might therefore be of great concern. Leukemia stem cells harboring the FLT3-ITD mutation could have a survival advantage over their wild-type counterparts and emerge at relapse as a dominant clone. It has therefore been suggested that the best therapeutic approach would be to proceed as rapidly as possible to allogeneic HSCT once remission is achieved. FLT3 mutated AML is a disease that evolves from diagnosis to relapse. In FLT3-ITD mutated AML, cells at relapse appear to be more addicted to FLT3 signaling compared to cells at the time of initial diagnosis. One might therefore argue that for newly diagnosed FLT3-ITD mutated AML, a combination with a FLT3 inhibitor that carries relatively broad kinase activity should be used, whereas in the relapsed setting a more selective FLT3 inhibitor might be indicated.




      FLT3 inhibitors, especially currently quizartinib, should represent one of many novel therapeutic approaches as a step forward for patients with FLT3-ITD mutations. Combination of chemotherapy with FLT3 inhibitors continues to look a promising approach since results from large combination trials appear to show a survival advantage. A better understanding of the pathobiology of underlying mechanisms of resistance to FLT3 inhibitors should overcome or even prevent the occurrence of mutations responsible for treatment failure. In this setting, first results with next-generation tyrosine kinase inhibitors appear very encouraging.
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