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                                                                                                                        Abstract

                                                            Aberrant FLT3 receptor signaling is common in acute myeloid leukemia (AML) and has important implications for the biology and clinical management of the disease. Patients with FLT3-mutated AML frequently present with critical illness, are more likely to relapse after treatment, and have worse clinical outcomes than their FLT3 wild type counterparts. The clinical management of FLT3-mutated AML has been transformed by the development of FLT3 inhibitors, which are now in use in the frontline and relapsed/refractory settings. However, many questions regarding the optimal approach to the treatment of these patients remain. In this paper, we will review the rationale for targeting the FLT3 receptor in AML, the impact of FLT3 mutation on patient prognosis, the current standard of care approaches to FLT3-mutated AML management, and the diverse array of FLT3 inhibitors in use and under investigation. We will also explore new opportunities and strategies for targeting the FLT3 receptor. These include targeting the receptor in patients with non-canonical FLT3 mutations or wild type FLT3, pairing FLT3 inhibitors with other novel therapies, using minimal residual disease (MRD) testing to guide the targeting of FLT3, and novel immunotherapeutic approaches.

                                                            
                                                            Introduction
FLT3 (FMS-Like Tyrosine kinase-3) is a type 3 receptor tyrosine kinase that plays an important role in the expansion of multi-potent progenitor cells within the bone marrow (BM).1,2 It is also among the most commonly mutated genes in acute myeloid leukemia (AML).3 In an AML patient with a FLT3-activating mutation, the clinician is immediately faced with a variety of challenges and questions. These patients routinely present critically ill with hyperleukocytosis. Management decisions must be made rapidly, and trial participation is often difficult to arrange. There is agreement that FLT3 inhibitors need to be incorporated into treatment, but how should that be done if a patient is receiving a lower-intensity regimen such as a hypomethylating agent (HMA) with or without venetoclax? What impact does the FLT3 mutant allelic burden have on treatment decisions? What about co-mutations like NPM1 or DNMT3A? Should the patient receive an allogeneic transplant? A FLT3-activating mutation might be present at diagnosis and absent at relapse, or vice versa. A FLT3 mutation can impair the responses to other targeted agents like IDH inhibitors or venetoclax. Nothing seems to complicate the management of an AML patient more than the presence of a FLT3 mutation. This receptor’s activity, both mutated and non-mutated, is intertwined throughout this disease, and the potential benefits of targeting it in more refined ways is just beginning to be realized.
Why FLT3 is important to target in acute myeloid leukemia
FLT3 receptor’s natural ligand is FLT3 ligand (FL). Binding of the ligand leads to homodimerization of the receptor, autophosphorylation, and the transduction of pro-survival and proliferative signals via the RAS/MAPK, JAK/STAT5 and PI3K/AKT pathways.4,5 In healthy individuals, FLT3 is expressed by a limited subset of hematopoietic stem cells (HSC), multipotent progenitors (MPP), common lymphoid progenitors (CLP), common myeloid progenitors (CMP), and mature dendriic cells.6 FL is produced by a much broader array of cell types, including lymphocytes, HSC, and BM stromal cells, and functions as a growth factor that stimulates myelopoiesis. The ubiquity of FLT3 expression on MPP and its role as a stimulant of myelopoiesis identifies this receptor as an obvious candidate driver of leukemogenesis.
Thirty percent of patients with AML harbor mutations in FLT3 (mFLT3) that result in constitutive activation of the receptor and its downstream pathways.7,8 The two canonical varieties of mutation are internal tandem duplications (ITD), which typically occur in or near the juxtamembrane domain (JMD), and point mutations in the tyrosine kinase domain 2 (TKD). ITD and TKD mutations occur in about 23% and 7% of AML patients, respectively. The potential for FLT3 as a driver of leukemogenesis goes beyond these two mutation types. Non-canonical activating mutations are now being detected through next-generation sequencing (NGS) at diagnosis or are emerging in the setting of FLT3 inhibition.9-11 Even in cases in which no FLT3 coding mutation is detectable, the receptor can be overexpressed on the cell surface of leukemic blasts and contributes to the survival and proliferation of the leukemic clone.12-17 Furthermore, chemotherapy-induced aplasia stimulates the BM stroma to produce FL, fueling the recovery, selection, and expansion of any AML clone that is positioned to take advantage of it.
The pervasiveness of aberrant FLT3 signaling across the spectrum of AML subtypes defies straightforward classification. FLT3 mutations are most common in AML with normal cytogenetics, but may also occur in the setting of other disease-defining genetic lesions such as inv(16), t(8;21) and t(15,17). They frequently co-occur with other driver mutations such as DNMT3A, NPM1, and IDH1/2.3 A FLT3 mutation is almost invariably the final mutation in a series of genetic and epigenetic ‘hits’, propelling the affected clone from a preleukemic state to full-blown leukemia. While FLT3 mutations may be detected in almost any AML subtype, they are rarely observed in other myeloid neoplasms or clonal states.18 FLT3 mutations are uniquely specific to the AML phenotype and their signature is one of hyper-proliferation and worsened outcomes.
Collectively, these features provide ample rationale for targeting the FLT3 receptor. It is also a particularly appealing drug target because it appears to be non-essential. In mice, knock out of FL or FLT3 is non-lethal, but it does reduce the capacity to repopulate an aplastic marrow and results in the marked absence of NK and dendritic cells.6,19,20 This thinking has led to the incorporation of FLT3 mutation status into every aspect of AML management and to the investigation of nearly a dozen FLT3 inhibitors in clinical trials across the spectrum of the disease’s trajectory. The resulting successes have confirmed the centrality of aberrant FLT3 signaling to the pathogenesis of AML and highlight the importance of addressing unfettered FLT3 signaling throughout the disease’s trajectory.
Current standard of care for acute myeloid leukemia and for FLT3-mutated acute myeloid leukemia
With the exception of acute promyelocytic leukemia (APL), the first branching point in the decision tree for the management of de novo AML is determined by a patient’s fitness for intensive chemotherapy and their age. For those who are fit, induction with conventional chemotherapy (most commonly 7+3 or CPX-351) is standard, whereas those who are elderly or unfit are treated with an HMA or low-dose cytarabine and venetoclax, if the latter is available. At most centers, treating clinicians will not yet have the results of FLT3 mutation testing at the time that this decision is made. So how should a clinician respond when a patient who has already embarked on a therapeutic path is found to have mFLT3?
The fit patient
Historically, the standard of care for fit patients with mFLT3 AML was conventional chemotherapy alone. Patients with mFLT3-ITD AML respond to induction chemotherapy in a manner similar to their WT counterparts, but their remissions are shorter and their rates of relapse are higher. The discrepancy between remission rates and outcomes is explained by the polyclonal nature of new-onset AML and the relatively low proportion of blasts that harbor mFLT3 at this stage. Chemotherapy induces aplasia and mFLT3 clones eventually expand, possibly driven by increasing expression of FL during successive rounds of aplasia.21 The relapsed leukemia that emerges after traditional chemotherapy is oligoclonal and more “addicted” to FLT3 signaling with a larger proportion of blasts harboring mFLT3.
The standard of care for fit patients with mFLT3 AML was re-defined by the phase III RATIFY trial, in which patients with mFLT3-ITD or mFLT3-TKD were randomized to standard induction chemotherapy plus midostaurin or chemotherapy alone. Midostaurin, a first generation FLT3 inhibitor, was administered on days 8 through 21 and was then included in subsequent cycles of consolidative chemotherapy and as maintenance. The addition of midostaurin resulted in higher rates of event-free survival (EFS) (8.2 vs. 3.0 months, P=0.002) and better overall survival (OS) (HR 0.78, 95% confidence interval [CI], 0.63-0.96) compared to chemotherapy alone.22 The addition of midostaurin appeared to benefit patients running the gamut of mFLT3 AML including those with ITD and TKD mutations, low or high allelic ratios, and in the presence or absence of other significant co-mutations.22,23 Midostaurin was approved in Europe for use in the induction, consolidation and maintenance phases, as administered in the RATIFY trial. In the US, however, it was only approved for use with induction and consolidation, reflecting the US Food and Drug Administration's uncertainty regarding the need for maintenance therapy. This question of whether midostaurin maintenance provides clinical benefit is complicated by the frequency with which these patients undergo allogeneic hematopoietic stem cell transplant (alloHSCT).
The unfit or elderly patient
For the unfit or elderly patient with de novo AML, venetoclax- based regimens have become the new standard of care. The diminished role of traditional DNA-damaging chemotherapeutic agents as well as venetoclax’s novel mechanism of action led to some hope that these regimens might mitigate the negative prognostic significance of mFLT3. This does not seem to be the case. Recent evidence suggests that mFLT3 AML are less responsive to these regimens and that progression on these regimens is frequently driven by the acquisition or expansion of mFLT3 clones.24,25
Even if a clinician has the results of FLT3 mutation testing prior to initiation of therapy, a superior alternative to a venetoclax-based regimen that makes use of FLT3 inhibitors has not yet been identified. The combination of azacitidine and sorafenib was studied in a phase II trial and has a 2A recommendation in the most recent National Comprehensive Cancer Network (NCCN) guidelines, but is unlikely to outperform a venetoclax-based regimen due to sorafenib’s limited activity against FLT3.26,27 More potent FLT3 inhibitors such as gilteritinib have not been approved for use in the upfront setting and are unlikely to succeed as monotherapy at this early stage due to the relatively low mFLT3 allelic burden.28 It is only with the selective pressure of other therapies that the hardier mFLT3 clones come to dominate the tumor bulk.29 Currently, the discovery of a FLT3 mutation in an unfit or elderly patient receiving a standard of care venetoclaxbased regimen is a cause for concern, but one for which there is as yet no evidence-based response.
Consolidative strategies: chemotherapy or allogeneic transplant?
The next dilemma that the treating clinician faces in the management of mFLT3 AML is determining the most appropriate consolidative therapy. For the fit patient who received intensive induction with 7+3+midostaurin, should they proceed with consolidative high-dose cytarabine and midostaurin or alloHSCT?
This question is one of risk and prognosis. There is general agreement that alloHSCT is most beneficial in patients with AML who are at the highest risk of relapse. FLT3 is a bad actor, but the degree to which it impacts prognosis (and therefore the decision to pursue alloHSCT) may depend upon the specific characteristics of the FLT3 mutation and the company it keeps. In the 2017 European LeukemiaNet (ELN) guidelines’ risk classification system, FLT3-ITD allelic ratio (mut/WT threshold of 0.5) is combined with NPM1 mutation status into a single risk variable with three levels.30 Patients with a low FLT3-ITD allelic ratio and mutated NPM1 are categorized as favorable, whereas a high allelic ratio and WT NPM1 are categorized as adverse risk. The other two combinations fall within the intermediate category.
This risk classification system was recently validated in a retrospective analysis of the RATIFY trial.23 This study found a clear benefit for alloHSCT in patients with adverse risk AML (i.e., high allelic ratio mFLT3-ITD and NPM1 WT) in first complete remission (CR), but no difference in outcomes for favorable and intermediate risk mFLT3 AML. These findings stand in contrast to a substantial body of evidence demonstrating a survival benefit for alloHSCT in patients with mFLT3 without regard for FLT3 characteristics or co-mutations.31-36 There are other considerations not included in the guidelines, however, that may account for these discrepant findings.
First, FLT3-ITD have other prognostic characteristics other than allelic ratio. ITD consist of in-frame duplications in exons 14 and 15 and they vary significantly in length. Shorter ITD occupy the JMD (70%) alone while longer ITD extend beyond the JMD and encroach upon the TKD.37,38 The JMD has an autoinhibitory function that is disabled with the insertion of an ITD leading to constitutive activation.39 FLT3-ITD AML with longer ITD length and higher mutant allelic ratio at diagnosis are associated with worse clinical outcomes and may be less responsive to FLT3 inhibitors.28,34,40-43
Second, determining the mFLT3 allelic ratio is not straightforward. FLT3-ITD are detected and characterized using polymerase chain reaction (PCR). Shorter ITD are transcribed more efficiently than longer ones, so longer ITD lead to underestimation of the true mutant allelic ratio; this phenomenon is known as PCR bias.44,45 Therefore, a patient harboring a long ITD is more likely to have a low mutant allelic ratio and to be classified as lowrisk, when in fact, they may be high-risk and would benefit from an aggressive consolidating strategy. To complicate matters further, mFLT3 is a polyclonal disease and some patients have more than one ITD variant.
Third, the ELN guidelines recognize that the prognosis of FLT3 AML may be modulated by co-mutations such as NPM1, but there are other pertinent mutations that are not incorporated into the guidelines. For example, mutations in FLT3, NPM1 and DNMT3A tend to cluster together more frequently than would be expected by chance alone.46 AML bearing mutations in all three genes (so called ‘triple-mutant AML’) are biologically distinct and have dismal prognoses.3,47,48 By ELN guidelines, these patients might be classified as favorable risk, when in fact, they may belong in the adverse-risk category. This phenomenon has recently been recognized and transplant outcomes have not been specifically reported, but following the principle that adverse-risk AML benefits most from alloHSCT, this subset should be considered for alloHSCT.
In our practice, we routinely pursue alloHSCT for patients with mFLT3 AML. Of course, other factors ultimately influence the decision to transplant, such as the patient’s medical co-morbidities or difficulties in finding a suitable donor. With a better understanding of the prognostic significance of specific FLT3 characteristics and comutations, a low risk population may be identified that does not need alloHSCT.
Post-transplant maintenance
Finally, is there a role for targeting FLT3 as maintenance? This is an area of intense interest, but for which equipoise remains. In the phase II SORMAIN study, post-transplant maintenance with sorafenib was compared to placebo and showed an overall survival (OS) benefit (HR=0.447, P=0.03), but a major limitation of this study was that patients had not received pre-transplant treatment with a FLT3 inhibitor.49 In the era of upfront FLT3 inhibition, this is likely to be a rare circumstance. Another phase II study of post-transplant midostaurin maintenance compared to placebo demonstrated relapse rates of 11% and 24%, respectively, but the study was not statistically powered to show a difference (P=0.34) and therefore was only able to conclude that maintenance therapy was safe.50 In a posthoc analysis, patients with greater inhibition of FLT3 had improved survival outcomes compared to standard of care, suggesting that maintenance with a FLT3 inhibitor may have clinical benefit.
The relapsed/refractory setting
Relapsed or refractory (R/R) mFLT3 AML is overwhelmingly unresponsive to salvage chemotherapy. In the phase III ADMIRAL trial, patients with R/R mFLT3 AML were randomized to single agent gilteritinib or salvage chemotherapy. The percentages of patients with complete remission and full or partial hematologic recovery were 34% and 15.3% (risk difference 18.6%, 95% confidence interval 9.8-27.4%), respectively. Gilteritinib demonstrated improved OS compared to chemotherapy with a median OS of 9.3 months versus 5.3 months (P<0.001) and a hazard ratio for death of 0.65 (95%CI: 0.39-0.83).51 This trial established the importance of targeting mFLT3 and resulted in FDA approval of gilteritinib in the R/R setting. Similarly, in the phase III QUANTUM-R trial, patients randomized to single agent quizartinib had improved OS compared to those randomized to salvage chemotherapy, leading to the drug’s approval in Japan. These results are tempered by the fact that all of these patients relapse unless they undergo subsequent transplant. Furthermore, only 12.4% of patients in the ADMIRAL trial had previously received a FLT3 inhibitor. As FLT3 inhibitors use in the frontline setting increases, the effectiveness of FLT3 inhibitors such as gilteritinib in the R/R setting may diminish.
FLT3 inhibitors
There are nearly a dozen FLT3 inhibitors in use or in clinical trials. Different pharmacologic properties and adverse effects may be preferred under different circumstances. As more FLT3 inhibitors become available for use in different scenarios, appropriate selection will depend upon a nuanced understanding of their similarities and differences.
First generation FLT3 inhibitors
The first FLT3 inhibitors were tyrosine kinase inhibitors (TKI) with broad anti-kinase activity that were repurposed for use in mFLT3 AML. These TKI include sunitinib (SU11248), midostaurin (PKC412), lestaurtinib (CEP-701), and sorafenib (BAY43-9006). Midostaurin and lestaurtinib are class I inhibitors that bind to the ATP-binding site in the intracellular active pocket of the enzyme and are active against both ITD and TKD mutations. Sunitinib and sorafenib are class II inhibitors, which bind to the ATPbinding site and interact with an adjacent hydrophobic pocket. This hydrophobic pocket is only exposed in the inactive conformation and is made inaccessible by TKD mutations. Therefore, TKD mutations confer resistance to class II inhibitors. TKD mutations are rarely present alongside FLT3-ITD mutations at diagnosis, but mFLT3-ITD AML may acquire TKD mutations as a resistance mechanism under the selective pressure of class II FLT3 inhibitors.52
In vitro, first-generation inhibitors appear to be potent against the mFLT3 receptor. However, in vivo, they are highly protein bound in plasma, reducing their potency. In the plasma inhibitory activity (PIA) assay, 85% sustained kinase inhibition correlates with clinical response.53,54 In plasma, midostaurin and lestaurtinib have IC50s of 1000nM and 700nM, respectively,53 whereas second generation FLT3 inhibitors have IC50s in the range of 20-40nM.55,56 First generation inhibitors also have shorter half-lives. These characteristics explain their limited clinical efficacy as single agents.57,58 Furthermore, their broad anti-kinase activity contributes to worse toxicity profiles compared to those of second generation TKI.
First generation FLT3 inhibitors have been most successful in combination with chemotherapy in the upfront setting. In the phase II SORAML trial, 267 patients with newly diagnosed AML, most of whom had WT-FLT3, were randomized to sorafenib combined with intensive chemotherapy followed by sorafenib maintenance versus chemotherapy alone.59 The sorafenib arm had significantly longer 3-year EFS compared to placebo (40% vs. 22%, HR 0.64, 95%CI: 0.45-0.91, P=0.013), but there was no statistical difference in OS between arms.
Midostaurin
Midostaurin is a class I FLT3 inhibitor that has activity against WT and mFLT3 (ITD and TKD), KIT, PDGFR/, VEGFR2, and members of the protein kinase C family.60 In early phase trials, midostaurin induced a reduction in peripheral and/or BM blasts (defined as a 50% reduction in either compartment) in the majority of R/R patients with mFLT3 AML, but rarely induced deeper clinical responses.61,62 It was subsequently studied in combination with standard of care chemotherapy and in the phase III RATIFY trial, in which it improved OS without improving rates of remission or impacting rates of alloHSCT, possibly by inducing deeper remissions in those who respond.22,63 Midostaurin has changed the standard of care for newly-diagnosed mFLT3 AML, but its limited potency against the mFLT3 receptor has limited its efficacy in other circumstances.50
Second generation FLT3 inhibitors
Second generation FLT3 inhibitors immediately distinguish themselves from first generation inhibitors by virtue of their ability to more fully inhibit FLT3 in vivo. This is reflected in their capacity to trigger myeloid differentiation and their significant single-agent clinical activity.
Gilteritinib
Gilteritinib is the only FDA-approved second generation FLT3 inhibitor. It is far more potent than first generation FLT3 inhibitors, in part because it is bound to a lesser extent by plasma-protein. It has a long half-life and a large therapeutic window, achieving greater than 85% inhibition of FLT3 phosphorylation at a dose far below the maximally tolerated dose.64 While it has some activity against other tyrosine kinases including AXL, it is far more potent against mFLT3 than these other tyrosine kinases. As a result of these pharmacologic properties, gilteritinib induced higher rates of remission and better OS in the R/R setting than salvage chemotherapy, all while preserving a favorable toxicity profile.51 As a class I FLT3 inhibitor, gilteritinib is not as susceptible to the development of resistance via the acquisition of mutations in the FLT3 inhibitor, but resistance does eventually develop. Resistance most commonly develops as a result of acquired mutations in FLT3, such as the F691I/L gatekeeper mutation, or in components of the pathway downstream of the FLT3 receptor such as the RAS family.65 Resistance may also develop through the acquisition of driver mutations that activate other, unrelated pathways. Some of these may be targeted, as in the case of new IDH1/2 mutations or BCR-ABL fusions, highlighting the importance of performing mutational analyses for select, targetable genes at the time of disease progression on gilteritinib and other FLT3 inhibitors.
Quizartinib
Quizartinib is a class II, second generation FLT3 inhibitor. It is one of the most potent FLT3 inhibitors, but is ineffective against TKD mutations and is susceptible to the development of acquired resistance by the accumulation of point mutations in the TKD.52 In the phase III QUANTUM-R study, quizartinib monotherapy was compared to salvage chemotherapy in patients with R/R FLT3- mutated AML.66 Patients in the quizartinib arm had a significantly higher (CRc) rate (48%) than patients in the chemotherapy arm (27%) with complete remission with incomplete hematologic recovery (CRi) predominating. Patients in the quizartinib arm were more likely to undergo alloHSCT (32%) than those in the chemotherapy arm (11%). The quizartinib arm also had longer OS compared to the salvage chemotherapy arm (HR 0.76, 95%CI: 0.58-0.98, P=0.02). The most significant adverse effects in the quizartinib arm were myelosuppression and QTc prolongation. The former probably results from quizartinib’s activity against c-KIT, a receptor tyrosine kinase that is closely related to FLT3 and that is present on HSC. The QTc prolongation appears to be dose-dependent and has been a concern at the regulatory level that has delayed quizartinib’s approval (although the drug is approved in Japan). Quizartinib may be particularly effective as part of an induction regimen because of its potency. The QUANTUM- first study (clinicaltrials.gov identifier: NCT03250338), a phase III study of 7+3 and quizartinib versus 7+3 alone, has completed enrollment and is likely to be one of the first studies of combined second generation FLT3 inhibitors and chemotherapy to yield results.
Crenolanib
Crenolanib is another potent, class I second generation FLT3 inhibitor that demonstrated clinical efficacy in a phase II trial in the R/R setting.67 In patients who had not previously received a FLT3 inhibitor, it achieved a cytogenetic CR (CRc) rate of 37% with a partial response (PR) rate of 11%. Amongst patients previously treated with a FLT3 inhibitor, it achieved a CRc in 15% of patients and a PR in 13% of patients. These responses were probably driven by crenolanib’s activity against FLT3 D835 TKD mutations, which frequently develop in patients treated with class II inhibitors.68 The patterns of resistant clones that emerged after crenolanib therapy differed from those seen in cohorts of patients treated with other TKI.69 Secondary FLT3 mutations were rare, but non-responders tended to have mutations in TET2 and IDH1/2, while patients who relapsed on crenolanib acquired mutations in these genes as well as NRAS. Crenolanib also has less activity against c-KIT and therefore is less myelosuppressive than quizartinib. In an ongoing phase II trial (clinicaltrials. gov identifier: NCT02283177) of crenolanib in combination with chemotherapy (7+3), 85% of patients had a CR and 19 of 27 patients were alive and disease free at a median of 29.3 months of follow up.70
FF-10101
FF-10101 is a novel FLT3 inhibitor that covalently binds to FLT3 at the cysteine residue at 695.71 As a result, it is a potent and irreversible inhibitor of FLT3 that is unaffected by common resistance mutations, including those that occur within the TKD as well as the F691L gatekeeper mutation. It is currently being studied in a multicenter clinical trial (clinicaltrials.gov identifier: NCT03194685).
The potential for improving outcomes of acute myeloid leukemia by targeting FLT3 now and in the near future
The opportunities for more effective targeting of FLT3 will expand with the availability of new FLT3 inhibitors, but practical questions will also arise. Which inhibitor is best suited for a given clinical scenario? Is there any benefit to switching from one inhibitor to another? Should we target non-canonical FLT3 mutations or WT FLT3? Combining FLT3 inhibitors with other novel therapies also has the potential to improve efficacy while reducing toxicity. Finally, there are new immunotherapeutic approaches to targeting FLT3 on the horizon which may further impact the future of mFLT3 AML management.
Selecting the most appropriate FLT3 inhibitor for the patient and the clinical scenario
Determining which FLT3 inhibitor is most effective in the upfront setting is an area of intense interest. A FLT3 inhibitor with greater potency against FLT3 than midostaurin may suppress mFLT3 signaling more effectively, leading to better suppression or elimination of the mFLT3 clone. FL is also known to compete with FLT3 inhibitors,72 and a more potent inhibitor might compete more effectively, counteracting the protective effect of endogenous FL. Preliminary data from a phase I study of upfront gilteritinib in combination with chemotherapy demonstrate a 100% CRc in patients with de novo AML. On the other hand, midostaurin’s broader anti-kinase activity may enhance its anti-proliferative effect, especially in the upfront setting when the mFLT3 clone is relatively small and the leukemia is heterogeneous.28 Trials comparing the combination of midostaurin and chemotherapy with second generation inhibitors and chemotherapy are poised to answer this question (clinicaltrials.gov identifiers: NCT04027309 and NCT02400281).
Multiple FLT3 inhibitors are also being investigated in the maintenance setting. Here too, potency is likely to be an asset, but other advantageous characteristics might include favorable toxicity profiles as well as a high threshold for the development of resistance. Class II inhibitors, for example, may be less effective in this setting due to the frequency with which mFLT3 clones acquire resistant TKD mutations.
Finally, there may be occasions for switching FLT3 inhibitors. FLT3 inhibitors have different side effect profiles that may make one more tolerable than another for a given patient. When the duration of treatment is likely to be short (as in the case of pre-transplant therapy), potency may be prioritized over tolerability and susceptibility to the development of resistance, whereas in the maintenance setting, these priorities may be inverted. Resistance patterns also differ and the emergence of a TKD mutation in response to treatment with quizartinib for example, might require a switch to a class I inhibitor. There is not yet much data on central nervous system (CNS) penetration, but the presence of CNS disease may also play a role in FLT3 inhibitor selection.
Novel combinations
FLT3 inhibitors are also being studied in combination with a number of other therapeutic partners including HMA/FLT3, Ven/FLT3, HMA/Ven/FLT3, Others + FLT3, IDH + FLT3, and other investigational agents (Table 1). HMA may be well-suited for combination therapy with FLT3 inhibitors as they have synergistic effects in vitro and appear to induce FL expression to a lesser extent than other conventional chemotherapies. Prior to the advent of second generation FLT3 inhibitors, the combination of sorafenib and azacitidine demonstrated an acceptable toxicity profile and a 46% overall response rate (ORR), leading to hopes that combining HMA with newer and more potent FLT3 inhibitors may be even more effective.26,73 In two ongoing trials of quizartinib and gilteritinib in combination with azacitidine or low-dose cytarabine (clinicaltrials. gov identifiers: NCT01892371 and NCT02752035), preliminary analyses show ORR of 73% and 80%, respectively. 74
[image: ]

Table 1.Trials investigating the safety and efficacy of FLT3 inhibitors in combination with other therapeutic agents.
There is also preclinical data to support the use of BCL- 2 inhibitors in combination with FLT3 inhibitors. BCL-2 inhibitors are effective in combination with HMA and low-dose cytarabine in the treatment of AML, but are ineffective as monotherapy. Resistance to BCL-2 inhibitor monotherapy is mediated by the upregulation of MCL-1. FLT3 inhibitors downregulate MCL-1 via reduced signaling through the RAS/MAPK pathway.75 Two trials of venetoclax in combination with FLT3 inhibitors (clinicaltrials. gov identifiers: NCT03625505 and NCT03735875) are currently underway. In a preliminary analysis of the former, the ORR for patients with mFLT3 was 90%, despite the high rate of prior exposure to FLT3 inhibitors.76 Two other trials combining venetoclax with FLT3 inhibitors and HMA are also underway (clinicaltrials.gov identifier: NCT04140487 and NCT03661307).
As the armamentarium of targeted therapies grows, it is increasingly common to find mFLT3 alongside other druggable targets. The question that arises is whether or not there is any benefit to combining FLT3 inhibitors with other targeted agents. For example, FLT3 occurs in approximately 35-40% of patients presenting with APL.77 As is the case in almost every circumstance, mFLT3 APL has a worse prognosis. Interestingly, the worse prognosis associated with mFLT3 AML is mitigated when arsenic is incorporated into the treatment regimen.78,79 This may be a quirk of arsenic and its complex mechanism of action. Another circumstance is that of concomitant FLT3 and IDH mutations. Whether the addition of a FLT3 inhibitor to an IDH inhibitor improves outcomes in this population is not yet known, and the question may be difficult to answer given the relative rarity of this circumstance.
Targeting non-canonical FLT3 mutations and wild-type FLT3
Trials of FLT3 inhibitors have been restricted to patients with ITD and D835 TKD mutations; however, there are a number of other less common FLT3-activating mutations. Table 2 provides an overview of non-canonical mutations of clinical significance. These mutations occur at sites within the extracellular domain, the JMD, the ATP binding pocket of the TKD1, and the activation loop of the TKD2. They are often quite close to or within sites affected by canonical mutations. For example, a series of activating point-mutations and small insertions/deletions have been identified within exon 14 of the JMD between codons Y579 and F594, the same site in which ITD are frequently inserted. Mutations adjacent to D835 have also been identified, including point mutations affecting codons R834, I836, S840, N841 and Y842. Finally, a series of mutations within the TKD 1 have been documented in the setting of acquired resistance to FLT3 inhibitors. While each of these mutations are rare, the increased use of NGS is going to increase their detection and their collective prevalence may be significant. Many of these mutations impart sensitivity or resistance to FLT3 inhibitors, emphasizing the need for better recognition and familiarity with them.
There may also be a role for FLT3 inhibitors in the treatment of WT-FLT3 AML, especially in cases where FLT3 is overexpressed. In a mouse model of myeloproliferative disease (MPD) driven by wild-type FLT3, the administration of quizartinib moderated the myeloproliferative phenotype. 80 This notion is further supported by the observation that some patients with WT-FLT3 enrolled in the phase II studies of quizartinib and gilteritinib had clinical responses.64,81 The success of this strategy is likely to depend on the potency of the FLT3 inhibitor to WT FLT3 and its capacity to compete with endogenous FLT3 ligand. A phase II study of chemotherapy plus quizartinib versus chemotherapy/placebo in patients with WT FLT3 is underway (clinicaltrials.gov identifier: NCT04107727).
Tailoring therapy to minimal residual disease
In addition to improving the rates of first remission and transplant, FLT3 inhibitors may have a role in reducing or eliminating mFLT3 minimal residual disease (MRD). The presence of MRD portends a poor prognosis in AML, and this has been demonstrated using a variety of markers and assays.82 MRD in the pre-transplant setting has also been shown to correlate with higher rates of post-transplant relapse. The incorporation of MRD testing into the clinical management of AML has lagged behind that of other leukemic diseases such as chronic myleoid leukemia and acute lymphoblastic leukemia due to the heterogeneous nature of AML. MRD assays have been developed in a piecemeal fashion for specific subsets of the disease, but even these have suffered from lack of standardization across laboratories, limiting their clinical utility. Nonetheless, progress has been made in the measurement of residual mFLT3.83-86 These assays have demonstrated prognostic relevance and are poised to assume a role as road markers to guide the effective use of FLT3 inhibitors and the management of mFLT3 AML more broadly.
The potential use of FLT3-ITD as a marker of residual disease is controversial because it can be non-detectable at relapse, or, alternatively, a previously undetected ITD mutation can emerge at relapse. However, a FLT3-ITD mutation is an appealing MRD marker for several reasons: first, FLT3 is almost always the final mutation in the leukemogenic sequence and therefore is associated almost exclusively with the leukemic clone and not a preleukemic clone. Second, each individual patient’s unique ITD sequence length serves as a longitudinal signature that reduces the likelihood of a false positive. Taken together, these indicate that the presence of residual FLT3-ITD of the same length as the initial FLT3-ITD mutation are indicative of residual leukemia. Third, the ability to target mFLT3 with FLT3 inhibitors and to measure the response in mFLT3 allelic burden may make quantitative FLT3 testing predictive, not just prognostic.63
With further prospective validation and standardization, FLT3-ITD MRD may be used to inform the decision to modulate our targeting of mFLT3. For example, given the higher rates of post-transplant relapse amongst patients with FLT3 MRD prior to transplant, clinicians might choose to deepen remissions with an additional cycle of treatment or by combining a FLT3 inhibitor with another agent prior to transplant. In MRD negative patients, surveillance for the re-emergence of FLT3-ITD MRD in the post-treatment or post-transplant setting may be used to guide the decision to re-initiate a FLT3 inhibitor to stave off clinical relapse. FLT3-ITD MRD may also serve as a valuable surrogate endpoint in trials testing new strategies to target mFLT3.
Post-transplant maintenance
The SORMAIN study is a landmark study in that it was the first to demonstrate a survival benefit to post-transplant maintenance with a FLT3 inhibitor. However, the relevance of this finding has depreciated with the rapid evolution of mFLT AML management. On one hand, the majority of patients enrolled in the study had no prior exposure to FLT3 inhibitors, and on the other, we now have far more potent FLT3 inhibitors. Therefore, the role of FLT3 inhibitors in the post-transplant setting remains uncertain and is actively being investigated. The largest of these studies is the international, phase III BMT-CTN 1506 (clinicaltrials.gov identifier: NCT02997202) study, which enrolled patients with mFLT3-ITD AML undergoing alloHSCT after first remission and randomized them to post-transplant maintenance with gilteritinib or placebo. The study has reached full accrual, and is now in follow up with preliminary results expected in 2021.
The importance of this study reflects the equipoise regarding the risks and benefits of FLT3 inhibitors in this setting. Second generation FLT3 inhibitors are well-tolerated, but long-term FLT3 inhibition may not be risk free given their role in maintenance of healthy dendritic cell. Nonetheless, there are instances in which we advocate for the off-label use of FLT3 inhibitors in the post-transplant setting. These include patients with a high risk of post-transplant relapse such as those with high FLT3- ITD mutant allelic ratios and patients with FLT3-ITD MRD by flow or NGS prior to transplant. Our preference is to use gilteritinib in this setting because of its potency and tolerability compared to other FLT3 inhibitors in clinical use.
[image: ]

Table 2.A list of non-canonical, activating mutations that have been found in de novo acute myeloid leukemia or in patients that progressed on treatment with a FLT3 inhibitor. The last column provides a prediction of each mutation’s likely sensitivity to types of FLT3 inhibitors based upon in vitro studies.
Can allo-transplant be deferred for some?
Our improved capacity to prognosticate and to monitor disease status, as well as the availability of potent FLT3 inhibitors, may obviate the benefits of alloHSCT in a select population of patients with mFLT3 AML. As previously discussed, there is already some compelling evidence that patients with low mFLT3-ITD allelic ratio and NPM1 mutations may not derive a survival benefit from alloHSCT.23,34 However, we believe the data are insufficient to provide a broad recommendation against alloHSCT for any particular subset of patients with mFLT3 AML. There are still a number of other variables of prognostic significance including ITD length, the presence of co-mutations, and the presence of MRD that are not consistently or reliably measured in clinical practice and which remain unaccounted for in current decision models. In the face of such uncertainty, we continue to recommend alloHSCT for the vast majority of patients with mFLT3 AML.
Alternative immunotherapy approaches
Thus far, efforts to target FLT3 have largely focused on inhibiting its signaling; however, we may also be able to take advantage of the near ubiquity of FLT3 expression (either mutant or wild type) on AML leukemic blasts and the narrow expression profile on healthy cells. Several immunotherapeutic approaches are being pursued to target the FLT3 receptor. A trial of a monoclonal FLT3 antibody is currently recruiting (clinicaltrials.gov identifier: NCT02789254). One group has developed an anti-FLT3 antibody-drug conjugate.87 FLT3-CD3 bispecific antibodies have also been developed and at least one has been demonstrated to be safe in an animal model.88 FLT3 specific chimeric antigen receptor T-cell (CAR-T) and T-cell modified T-cell therapies are in development as well. In vitro data even suggest a rationale for combining these immunotherapeutic strategies with FLT3 inhibitors. mFLT3 leukemic cell lines treated with a FLT3 inhibitor increased their expression of FLT3 on their cell surfaces, which translated into better T-cell mediated cytotoxicity.89
Conclusions
FLT3 signaling plays a central role in the pathogenesis of AML. Over the last 2 decades, the presence of FLT3-activating mutations has impacted prognostication and guided management decisions. The development of more sophisticated diagnostic techniques has provided us with the opportunity to make more informed treatment decisions, while the advent of FLT3 inhibitors has provided us with a powerful new treatment tool. These developments also demand ever more familiarity of practising clinicians with the nuances of FLT3 biology and FLT3 inhibitor pharmacology.
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