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Abstract

:

The detection of measurable residual disease (MRD) has become a key investigation that plays a role in the prognostication and management of several hematologic malignancies. Acute myeloid leukemia (AML) is the most common acute leukemia in adults and the role of MRD in AML is still emerging. Prognostic markers are complex, largely based upon genetic and cytogenetic aberrations. MRD is now being incorporated into prognostic models and is a powerful predictor of relapse. While PCR-based MRD methods are sensitive and specific, many patients do not have an identifiable molecular marker. Immunophenotypic MRD methods using multiparametric flow cytometry (MFC) are widely applicable, and are based on the identification of surface marker combinations that are present on leukemic cells but not normal hematopoietic cells. Current techniques include a “different from normal” and/or a “leukemia-associated immunophenotype” approach. Limitations of MFC-based MRD analyses include the lack of standardization, the reliance on a high-quality marrow aspirate, and variable sensitivity. Emerging techniques that look to improve the detection of leukemic cells use dimensional reduction analysis, incorporating more leukemia specific markers and identifying leukemic stem cells. This review will discuss current methods together with new and emerging techniques to determine the role of MFC MRD analysis.
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1. Introduction


Acute myeloid leukemia (AML) is a hematologic malignancy characterized by more than 20% blasts in the bone marrow and often with recurring genetic abnormalities. Diagnosis is based on morphology, confirming immunophenotype by flow cytometry, and detection of genetic abnormalities, some of which are diagnostic even in the absence of 20% blasts. Remission status is similarly based on morphology, confirmed with the finding of <5% blasts remaining in the bone marrow following treatment. Prognosis in AML is dependent on both patient and disease factors, with significant weight placed on genetic and cytogenetic features. These features allow for categorization of patients as having adverse-, intermediate-, or favorable-risk as outlined by the European LeukemiaNet (ELN) criteria [1]. However, despite improvements in the characterization, prognostication and treatment of AML, approximately 50% of patients will relapse after initial therapy [2].



Measurable residual disease (MRD) detection is an emerging prognostic marker used extensively in acute lymphoblastic leukemia (ALL), particularly in the pediatric setting, and has resulted in improved survival and reduced morbidity [3,4]. MRD denotes the presence of leukemia cells at frequencies below that of routine measurement by morphology or cytogenetics, with sensitivity down to 1 in 104 to 1 in 106 of total leukocytes, as compared to 1 in 20 in standard morphology [5]. Numerous studies have shown the power of MRD in AML in predicting risk of relapse and overall survival [6,7,8,9]. In the setting of allogeneic stem cell transplant (alloSCT), those who proceed to transplant with MRD positivity have been shown to have a risk of relapse and 3-year overall survival similar to those with active AML [10]. Prognostic criteria have now expanded to suggest inclusion of MRD as an outcome measure. Assigning every patient an MRD profile as recommended by the ELN, acknowledges the important role of MRD as a post-diagnosis prognostic marker and its subsequent implications in decision-making [5].



Despite clear evidence that MRD positivity at various timepoints in AML treatment predicts relapse, less is known about how this information will result in different treatment pathways. MRD is currently being used to guide treatment pathways in pediatric and young adult ALL as standard of care, and is a possible predictor of the way MRD assessment can be integrated into treatment decisions for AML in the future. In ALL, those who are MRD negative complete high-dose chemotherapy alone, whereas those who have high levels (≥1%) MRD at the end of induction or persistent low level MRD have their treatment intensified and are usually recommended to proceed to alloSCT if a donor is available [11].



Modalities for detecting MRD include real time quantitative polymerase chain reaction (qPCR), next generation sequencing (NGS), and multiparametric flow cytometry (MFC). qPCR methodologies are based upon the detection of the aberrant mutation in leukemic cells as compared to a housekeeper gene, and are sensitive down to frequencies of 1 × 106–7, however this varies significantly depending on the genetic target [1]. While this is highly sensitive, only 60% of younger patients, and fewer older patients, have an identifiable PCR target. Immunophenotyping by MFC to assess MRD is applicable to most patients and is based on the identification of surface marker combinations that are present on leukemic cells but not normal hematopoietic stem cells [12]. There are two major approaches for evaluating MFC MRD. Leukemia associated immunophenotype (LAIP) defines individual-specific surface makers at diagnosis and tracks these in subsequent assessments [12]. The different from normal (DfN) approach is based on the identification of aberrant surface marker profiles at follow-up, can be applied in the absence of diagnostic material, and is able to identify immunophenotype shifts [13]. Limitations of MFC for MRD include a lack of standardization, reliance on a high-quality marrow sample, as well as limitations on sensitivity and gaps in data analysis [14]. New techniques to overcome this include integrating a wider range of surface markers with improved specificity for residual leukemic cells, the use of an algorithmic approach to assign MRD status, and evaluation of leukemic stem cells (LSCs).



This review will discuss the use of MFC in the diagnosis of AML; the role of, and evidence for, MRD in AML; and in particular the use of MFC in MRD in AML; and the new and emerging methods for assessing MRD by MFC.




2. Use of Flow Cytometry in Diagnosis


Traditionally, immunophenotyping by MFC has used cluster of differentiation (CD)-lineage specific antibodies to identify the lineage of an acute leukemia. While the current World Health Organization (WHO) criteria for blast enumeration is by morphology, immunophenotyping can assist in difficult cases, particularly in distinguishing normal from abnormal progenitors [15,16]. The principle of immunophenotyping in AML relies on the knowledge of the tight control of the maturation and differentiation of normal hematopoietic cells with consistent expression of cell surface molecules at defined stages of maturation; neoplastic cells lose this regulation which results in changes in molecule expression [15].



Characterization of acute leukemias often starts by gating of CD45 against side scatter, to identify myeloid blasts, which are commonly CD45 dim and often with high side scatter, depending on their granularity [16]. This is opposed to lymphoblasts, which are most commonly dim-to-negative for CD45 with low side scatter. The immature nature of the blasts is confirmed by CD34, CD117, and HLA-DR positivity; further lineage specification is established by CD13 and CD33 confirming myeloid maturation, and myeloperoxidase (MPO) and CD15 neutrophilic lineage. There may be aberrant lymphoid markers such as CD7 or CD19 present. These are useful to confirm that the blasts are from the same clone rather than ‘normal’ regenerating blasts (particularly after initial chemotherapy).



Immunophenotyping can be used to correlate to the WHO category of AML. For example, AML with RUNX1-RUNX1T1 (t(8;21)) shows a classical expression of CD34 and CD117, alongside CD13, CD33, and MPO, as well as evidence of neutrophilic maturation with some expression of CD15 and/or CD65; often there is aberrant expression of CD19 [17]. Acute promyelocytic leukemia (APL) with PML-RARA (t(15;17)) usually have high side scatter, and express typical myeloid markers of CD13, CD33, and CD117, with strong MPO but lack CD34 [18]. AML with CBF-MYH11 (inv(16)) have a typical myeloid immunophenotype but often with monocytic markers such as CD4, CD36, or CD38 [19]. AML with nucleophosmin 1(NPM1) can have myeloblastic or monoblastic differentiation, but frequently do not express CD34 and/or HLA-DR [20].



Certain markers have been purported to be associated with poorer prognosis. Expression of CD7, CD9, CD11b, CD13, CD14, CD33, CD34, CD56, and terminal deoxynucleotidyl transferase (TdT) have all been associated with poor prognosis; co-expression of CD34 and HLA-DR is an independent predictor of failure to achieve complete remission [17]. Expression of pan-myeloid markers is associated with a more favorable prognosis [21].




3. Current Methods of Assessing Measurable Residual Disease


Two major approaches are used to detect MRD: MFC and molecular techniques. Currently, there is no standardization about which time point should be used to assess MRD, and different times may give different information—early assessment (following induction and/or consolidation) can be used to assess remission status and determine the kinetics of the disease response; later assessments can be used to identify impending relapse. Table 1 outlines a comparison of the techniques used for MRD assessment.



3.1. Molecular Methods


Approximately 60% of patients with AML will have a molecular marker suitable for validated qPCR-based MRD analysis, and this number is increasing with the identification of new molecular targets [5]. Approximately 15–35% of patients with AML harbor a gene fusion that can be tracked with qPCR such as RUNX1-RUNX1T1 (t(8;21)), CBF-MYH11 (inv(16)), and PML-RARA (t(15;17)) [18]. Another 25% have an NPM1 mutation [18,30,31]. The assays have been standardized and are based on the relative expression of the mutation target compared to a standard housekeeping gene (often ABL1) in leukemic blasts. The NPM1 mutation assays have sensitivities up to 1 in 106–7 due to increased expression of the mutant allele; other assays are less sensitive due to varying expression of the molecular marker [24,25,32]. MRD response and relapse kinetics are also quite different depending on the target. The time from molecular positivity to clinical relapse in inv(16) is rapid at 3-months, and for t(8;21) it is slightly longer at ~4.5-months [25]. Interestingly, patients with t(8;21) can harbor low levels of MRD and maintain a durable remission and thus MRD negativity is not a prerequisite for long-term remission with this rearrangement [25]. Current ELN consensus is to monitor these mutations at diagnosis, after two cycles of induction/consolidation therapy and every 3-months for 24-months after the end of treatment [1].



NGS is becoming a standard assessment at diagnosis to enable further risk stratification, particularly in two patient cohorts [33]. The first is for those who are potential candidates for treatment intensification. The second cohort is patients who have cytogenetically normal AML, which is known to have significant mutation heterogeneity but have been clustered together due to difficulties in further routine sub-stratification [33]. The role of NGS for MRD assessment is hindered by the presence of clonal hematopoiesis, with some common persisting mutations (DNMT3A, ASXL1, and TET2) not having any prognostic role [26]. NGS techniques have enhanced our understanding of clonal evolution, in particular for mutations such as FMS-like tyrosine kinase 3 internal tandem duplication (FLT3-ITD) which cannot be used as an MRD marker because ~25% of patients relapse with FLT3-ITD negative disease [34]. While NGS can be highly sensitive (>1 × 10−6), it lacks standardization, requires a high degree of expertise to interpret, and is currently expensive [27]. NGS is also limited by sequencing error rates of approximately 1% which reduces its sensitivity due to a difficulty in distinguishing true mutations with a low variant allele frequency from sequencing errors [28].



Newer molecular methods being evaluated include digital droplet PCR, currently used in the diagnostic molecular hematopathology space, which is highly sensitive, specific, and allows for an absolute quantitation (as opposed to qPCR which is relative); and targeted RNA sequencing which can have a sensitivity of 1 in 105, although there is significant inter-individual differences in RNA expression limiting sensitivity [35,36].




3.2. Flow Cytometric Methods


Detection of MRD with MFC uses similar principles to diagnostic immunophenotyping but requires more sophisticated antibody combinations to detect the very low frequency of leukemic cells within an otherwise normal bone marrow [22]. MRD using MFC is based on the detection or combination of cell surface markers present on leukemic blasts but not on normal hematopoietic stem cells. MFC has the advantage over PCR methods that it is applicable to over 90% of AML patients and is rapid, potentially allowing real-time therapeutic decision-making [23]. Two varying approaches are that of LAIP or DfN. LAIP identifies a unique immunophenotype at diagnosis and follows it over time [37]. This approach assumes the stability of the immunophenotype after therapy, and it is known that they can, and do, change [22]. In the DfN approach, a standardized combination of antibodies is applied to all MRD analyses, regardless of the diagnostic LAIP, allowing for identification of markers outside the spectrum of the maturation process of normal stem cells [36]. DfN can still be applied without knowledge of the diagnostic LAIP, however is more difficult to standardize due to inherent subjectivity in interpretation [38]. While it is difficult to compare methods directly due to differences in patient cohorts, treatments given and cutoffs used, DfN may have a lower sensitivity compared to LAIP, with a trial using the DfN approach finding a lower percentage of MRD-positive patients in complete remission (CR; 24%) [39], compared to those using LAIP (34–42%%) [40,41]. However, due to the phenotypic shifts that often occur at relapse in AML, the use of LAIP may increase false negativity if an extended antibody panel is not used [38]. Sensitivity of MFC by both methods is variable, and is influenced by the number of cells defining the leukemic population, the total number of cells evaluated, the gating method, and the number of antibody colors used, but is generally around 1 in 103 to 105 [10,38,42,43].



Current ELN guidelines on MRD in AML recommends harmonization of these approaches, with a minimum of eight fluorochromes and using the same tubes (with the same antibody-fluorochrome combinations) at diagnosis and at follow up, to allow for the tracking of both the LAIP established at diagnosis and for emerging phenotypic shifts [5]. They propose gating on CD45, side scatter, forward scatter, a primitive marker (CD34, CD117), and abnormal expression of marker/s or combination/s of marker expression including CD7, CD11b, CD13, CD15, CD19, CD33, CD56, and HLA-DR; a monocytic tube (CD64, CD11b, CD14, CD4, CD34, HLA-DR, CD33, and CD45) is recommended for monocytic or myelomonocytic AML [5]. Between 500,000 and 1 million viable cells are required to obtain the recommended 0.1% as the cutoff between MRD positive from MRD negative; this is despite acknowledgement that MRD quantification below 0.1% may still represent residual leukemia [5]. In order to obtain an adequate sample, the first bone marrow pull should be used with minimal blood dilution and be processed as soon as practicable after collection [23]. Only operators with extensive experience in MRD interpretation should do so, and it is important to use published protocols [23].



There are several limitations to the use of MFC for MRD. There are still ~25% of patients who relapse despite achieving MRD negativity [44]. Both technical and biological reasons may account for this. Technically, reproducibility remains a major concern, largely due to a lack of standardization of assays between laboratories, such as differing surface markers used and varying levels used to define positivity and negativity, and the inherent need for a subjective interpretive component to MFC analysis, although the ELN consensus recommendation is hoping to improve this [5,22,38,40]. Poor quality marrow samples, with significant hemodilution, can interfere with the specificity of the MFC analysis and also reduce its sensitivity [36]. Biologically, relapse of MRD negative patients may be due to the presence of LSCs which are undetectable by routine methods; ELN recommends the inclusion of a tube to determine residual LSCs in MFC MRD analysis [5].





4. Role of MRD Assessment in Acute Myeloid Leukaemia


Current methods for assessing remission status are based on morphology, flow cytometry and, in some cases, cytogenetics. Most therapeutic decision-making until now has been based on morphological and cytogenetic assessment, however they are crude measures of remission, with poor sensitivity and significant inter-observer variation. Even with the incorporation of prognostic cytogenetic and molecular markers into therapeutic decision-making, only 35–40% of patients under 60 years, and 5–15% of those older than 60 years are cured [45]. Establishing a more precise measure of residual disease is where the incorporation of MRD is key. As a post-diagnosis prognostic marker, MRD can objectively define a deeper remission status, refine outcome prediction, and in some circumstances, inform post-remission treatment (i.e., alloSCT vs. consolidation chemotherapy), as well as identify impending relapse, enabling early intervention and robust post-transplant surveillance [5]. MRD is becoming systematically incorporated into decision making for alloSCT in patients who are in first CR and its role is predicted to expand [46].



The evidence of the value of MRD in predicting relapse is convincing. Monitoring of PML-RARA transcripts has been standard of care in APL for many years, and early intervention at the time of molecular relapse improves survival compared to frank relapse [47,48]. Such guidelines in non-APL AML are not as clear, particularly regarding management of molecular relapse. Classically, patients with a “favorable risk” genetic marker (RUNX1-RUNX1T1, CBF-MYH11 or NPM1) have been treated with chemotherapy alone, and only proceeded to transplant in certain circumstances. Despite their favorable risk status, these patients can still relapse and further refinement of risk within this category has therefore been examined. For example, the persistence of NPM1-mutated transcripts following the second chemotherapy cycle is associated with a significantly higher risk of relapse at 3-years than the absence (82% vs. 30%) and a lower rate of survival (24% vs. 75%) [9].



Clinical outcomes based on MRD status using MFC has been evaluated and are outlined in Table 2. A prospective analysis of MRD using LAIP in the HOVON/SAKK (Dutch-Belgian Haemato-Oncology Cooperative Group and the Swiss Group for Clinical Cancer Research) AML42a study found clear correlation between MRD status and outcome [42]. They found that MRD positivity after cycle 2 to be associated with a higher risk of relapse, with 4-year relapse-free survival (RFS) of 23% and relapse incidence of 72% compared to 52% and 42%, respectively, for MRD negative patients. MRD was predictive, independent of other prognostic markers and in particular in the ELN intermediate-risk group where treatment decisions can be difficult. In an effort to establish MRD status very early in treatment, which would enable treatment intensification as soon as possible, Kohnke et al. assessed the prognostic value of MFC (LAIP) MRD during aplasia on day 16–18 of induction therapy [49]. They found that flow MRD positivity at this time point independently predicted poor outcome, with a 5-year RFS of 16% compared to 43% for MRD negative.



MRD by MFC in those who do not harbor an appropriate molecular target has been shown to be useful in therapy decisions. The GIMEMA (Gruppo Italiano Malattie EMatologiche dell’Adulto) young adult AML1310 trial showed that while intermediate-risk patients with MRD negativity could avoid an alloSCT, those who were MRD positive could have a prolonged survival and relapse risk similar to those in the MRD negative group with an alloSCT [50]. While current ELN recommendations are to use MFC only if there is no standardized molecular target, combining modalities is likely to increase sensitivity [5,26,29]. Multiple studies comparing MFC to molecular methods (both qPCR and NGS) have found concordance of approximately 70% [26,29,42,50]. In the setting of NGS, this discordance may be due to presence of residual leukemia mutations with the variant allele frequency below the threshold for mutation calling, typically 5% [29]. These studies have shown concurrent MRD negativity by MFC and NGS/qPCR had the lowest relapse rate, concurrent MRD positivity had the highest relapse rate, and discordant MRD results were in between [26,29,42,54].



MRD allows for prognostication and decision-making in the setting of alloSCT. MRD negativity using a 3 tube, 10 color flow cytometry panel, confers favorable outcomes (3-year overall survival (OS) estimates of >70% and a relapse risk of 20–25%) after myeloablative alloSCT [10]. This is compared to patients in morphologic remission but with MRD positivity, who have an OS of only 25% and relapse risk of ~70%, which is similar to those who enter transplant with morphologically detectable disease [10]. Conversion from MRD positivity pre-transplant to MRD negativity after myeloablative conditioning may not substantially improve relapse rate or survival [51]. Further stratification along a continuum of MRD levels rather than binary positive/negative may be beneficial, with a recent study of outcomes of alloSCT using pre-transplant MRD in NPM1 positive patients finding only those with high MRD levels and those with concomitant FLT3-ITD having poor outcomes (as opposed to MRD negative or low) [55].



It is clear that MRD assessment in those in morphologic CR can identify those at high risk of relapse. Ideally, this information would then be used to dictate those who require treatment intensification, or pre-emptive therapy at molecular (as opposed to hematologic) relapse, as it has been done with ALL and APL. In the setting of alloSCT, identification of persistent MRD positivity or patients becoming MRD positive after previously being negative, may allow pre-emptive therapy, for example rapid weaning of graft-versus-host disease (GVHD) prophylaxis or donor lymphocyte infusions (DLI) [56,57]. Treatment with azacitidine based on MRD positivity after alloSCT has shown promise, but larger prospective studies are needed [58,59]. In addition, MRD may be able to be used as a surrogate survival end-point for clinical trials, allowing for faster drug approval [60]. There are ongoing issues impeding the routine use of MRD in AML, in particular how to use the information to improve outcomes, incorporating results into prognostic scores and ultimately management options. It is not clear regarding at what time point MRD should be evaluated; studies so far have evaluated MRD at various time points (post-induction vs. post-consolidation). While risk-adapted therapy has started to be evaluated it is still not clear regarding management of high-risk patients or whether therapy at molecular relapse will have better outcomes than waiting for hematological relapse [50,61]. MRD assessment is often not warranted for older individuals who would not be candidates for treatment intensification, although this may change in the advent of newer targeted therapies [43]. In addition, until MRD assessment becomes more available and standardized, particularly MFC, the choice of modality will be based on availability rather than gold-standard, and even this has yet to be refined.




5. New and Emerging Strategies in Multiparametric Flow Cytometry


Despite evidence for the key role of MRD analysis in the post-diagnostic assessment of patients with AML and its power in predicting relapse, there remain patients that relapse despite being MRD negative as assessed by PCR methods and/or MFC. The limitations of current methods of MRD detection necessitate improvement.



Assessment of LSCs improves the prognostic impact of MRD (using both MFC and PCR methods) detection [52]. LSCs are defined as cells that are capable of initiating disease and have the capacity to self-renew; it is thought that to eradicate leukemia, these LSC populations must be eliminated [62]. Small subpopulations of LSCs may be more therapy-resistant than the bulk of leukemia cells and form the basis of relapses. These LSCs can be CD34+CD38+, CD34+CD38−, or CD34−, although it is thought the CD34+CD38− population are the most therapy-resistant and increased numbers are associated with an adverse prognosis [63]. Including CD34+CD38- LSCs in standard MFC MRD analysis enhanced the assessment and further teased out prognostic value after second induction: those who were MRDneg and LSCneg (CD34+CD38−) had the best prognosis (3-year cumulative incidence of relapse (CIR) 35% and 3-year overall survival 66%), while those who were MRDneg but LSCpos with a CIR of 53% and OS of 53%, highlighting the added information LSC interrogation brings to the analysis [52]. Those who were MRDpos and LSCneg had a similar CIR to both being negative (CIR 43% and 3-year OS 68%), while MRDpos and LSCpos had a dismal prognosis with 100% relapsing within 3 years [52]. Adding CD123 to CD34+CD38− has been shown to be highly sensitive and specific to leukemic cells. With CD123 being present on 97% of AML CD34+CD38− stem cell populations, but not present on either normal or regenerating bone marrow, it can specifically discriminate leukemic cells [64]. The addition of other markers, such as CLL1, CD44, GPR56, and CD184, may provide further improvement in LSC specificity and prognostic information [43,65].



New targets to differentiate leukemic blasts from normal cells will enable more sensitive MRD analysis. These include ILT3 (CD85k) which is expressed in AML with monocytic differentiation and has high sensitivity and stable expression [66]. There are ongoing studies into AML immunotherapy which have identified a number of promising makers that differentiate leukemic cells from healthy hematopoietic stem and progenitor cells (HSPC), which could be incorporated into AML MFC MRD analysis [67]. Genome-wide studies analyzing expression of AML cells compared to normal myeloblasts have discovered an abundance of aberrantly expressed markers (CD9, CD18, CD25, CD32, CD44, CD47, CD52, CD54, CD59, CD64, CD68, CD86, CD93, CD96, CD97, CD99, CD123, CD200, CD300a/c, CD366, CD371, and CX3CR1) [53]. While additional markers may increase sensitivity (in the Coustan-Smith study, down to one leukemic cell in 105 normal cells) and specificity of MRD testing, and allow MRD analysis in patients who may not have an LAIP, a major issue is data interrogation. Machine-learning algorithms, such as t-distributed stochastic neighbor embedding (tSNE), which visualizes high-dimensional data by giving each datapoint a location in a 2-D or 3-D map, will enable easier analysis of the huge amounts of data being generated [68]. Machine-learning algorithms in this context significantly reduce interpretation time (7 seconds using algorithms versus at least 20 minutes manually for an experienced hematologist) and reduce the potential for bias and other subjective errors, which can be a major flaw in MRD by MFC [69].



Mass cytometry time of flight (CyTOF) involves labelling antibodies with heavy metal isotopes instead of fluorochromes and evaluating samples using time-of-flight mass spectrometry [70]. This approach has many advantages. CyTOF allows a larger number of parameters (greater than 40) to be evaluated and eliminates much of the “background noise” which can be a problem in high sensitivity MFC assays [36]. This is very well suited to assessing MRD, due to the markedly heterogeneous cell populations in AML, both within and between individuals at different time points. Gjertsen et al. also argue that it may allow for earlier assessment of MRD and a personalized optimization of therapy. However, its more widespread use is limited by the need for complex analytical tools, lack of validation in large clinical trials and expense [36,70].




6. Conclusions


AML is a highly heterogenous malignancy and prognosis has been based around patient and disease factors, with a major emphasis on recurring genetic abnormalities. However, despite improved understanding on the biology and kinetics of the disease response to treatment, many patients relapse despite achieving an initial remission, and thus improved methodologies for remission status have been required. MRD is rapidly becoming the most powerful predictor of relapse in AML. Multiple studies have shown those who are (or remain) MRD positive at various time points in treatment have a much higher risk of relapse and lower overall survival. As MRD assessment becomes standard of care in AML, understanding the methods available and appropriateness to each patient will be imperative in correctly interpreting the results. PCR-based methods are highly sensitive and applicable to approximately 60% of patients using qPCR; the emerging role of NGS and digital droplet PCR are further being defined. MFC is more widely applicable but has inherently more subjectivity in its interpretation. The ELN consensus recommendations for the use of MFC for MRD assessment are a great step in improving standardization in the use of MFC. The current limitations of MFC for MRD assessment are being addressed by different approaches. New methods of data interrogation, integration of novel markers, and further refinement of the LSC population allow for ongoing improvement in sensitivity and applicability. Further research into incorporation of MRD into treatment algorithms and benefit of pre-emptive intervention are required.







Author Contributions


Conceptualization: C.D., E.A., and G.C. Literature review: C.D. Original manuscript writing: C.D. Manuscript review: E.A., G.C., and T.-H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Institute of Haematology, Royal Prince Alfred Hospital, Camperdown, NSW 2050, Australia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dohner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Buchner, T.; Dombret, H.; Ebert, B.; Fenaux, P.; Larson, R.; et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood 2017, 129, 424–447. [Google Scholar] [CrossRef] [PubMed]

	



Rollig, C.; Bornhauser, M.; Thiede, C.; Taube, F.; Kramer, M.; Mohr, B.; Aulitzky, W.; Bodenstein, H.; Tischler, H.-J.; Stuhlmann, R.; et al. Long-term prognosis of acute myeloid leukaemia according to the new genetic risk classification of the European LeukaemiaNet recommendations: Evaluation of the proposed reporting system. J. Clin. Oncol. 2011, 29, 2758–2765. [Google Scholar] [CrossRef]

	



Vora, A.; Goulden, N.; Mitchell, C.; Hancock, J.; Hough, R.; Rowntree, C.; Moorman, A.; Wade, R. Augmented post-remission therapy for a minimal residual disease-defined high-risk subgroup of children and young people with clinical standard-risk and intermediate-risk acute lymphoblastic leukaemia (UKALL 2003): A randomised controlled trial. Lancet Oncol. 2014, 15, 809–818. [Google Scholar] [CrossRef]

	



Pui, C.; Pei, D.; Coustan-Smith, E.; Jeha, S.; Cheng, C.; Bowman, W.; Sandlund, J.; Ribeiro, R.; Rubnitz, J.; Inaba, H.; et al. Clinical utility of sequential minimal residual disease measurements in the context of risk-based therapy in childhood acute lymphoblastic leukaemia: A prospective study. Lancet Oncol. 2015, 16, 465–474. [Google Scholar] [CrossRef]

	



Schuurhuis, G.; Heuser, M.; Freeman, S.; Bene, M.C.; Buccisano, F.; Cloos, J.; Grimwade, D.; Haferlach, T.; Hills, R.; Hourigan, C.; et al. Minimal/measurable residual disease in AML: A consensus document from the European LeukaemiaNet MRD Working Party. Blood 2018, 131, 1275–1291. [Google Scholar] [CrossRef] [PubMed]

	



Agrawal, M.; Corbacioglu, A.; Paschka, P.; Weber, D.; Gaidzik, V.; Jahn, N.; Kundgen, A.; Kindler, T.; Amen Wattad, M.; Lubbert, M.; et al. Minimal residual disease monitoring in acute myeloid leukaemia (AML) with translocation t(8;21)(q22;q22): Results of the AML Study Group (AMLSG). Blood 2016, 128, 1297. [Google Scholar] [CrossRef]

	



San Miguel, J.; Martinez, A.; Macedo, A.; Vidriales, M.; Lopez-Berges, C.; Gonzalez, M.; Caballero, D.; Garcia-Marcos, M.; Ramos, F.; Fernandez-Calvo, J.; et al. Immunophenotyping investigation of minimal residual disease is a useful approach for predicting relapse in acute myeloid leukaemia patients. Blood 1997, 90, 2465–2470. [Google Scholar] [CrossRef] [PubMed]

	



Buccisano, F.; Maurillo, L.; Gattei, V.; Del Poeta, G.; Del Principe, M.; Cox, M.; Panetta, P.; Irno Consalvo, M.; Mazzone, C.; Neri, B.; et al. The kinetics of reduction of minimal residual disease impacts on duration on duration of response and survival of patients with acute myeloid leukaemia. Leukaemia 2006, 20, 1783–1789. [Google Scholar] [CrossRef] [PubMed]

	



Ivey, A.; Hills, R.; Simpson, M.; Jovanovic, J.; Gilkes, A.; Grech, A.; Patel, Y.; Bhudia, N.; Farah, H.; Mason, J.; et al. Assessment of minimal residual disease in standard-risk AML. N. Engl. J. Med. 2016, 374, 422–433. [Google Scholar] [CrossRef]

	



Araki, D.; Wood, B.; Othus, M.; Radich, J.; Halpern, A.; Zhou, Y.; Mielcarek, M.; Estey, E.; Appelbaum, F.; Walter, R. Allogeneic haematopoietic cell transplantation for Acute Myeloid Leukaemia: Time to move toward a minimal residual disease-based definition of complete remission? J. Clin. Oncol. 2016, 34, 329–336. [Google Scholar] [CrossRef]

	



Campana, D.; Pui, C. Minimal residual disease-guided therapy in childhood acute lymphoblastic leukaemia. Blood 2017, 129, 1913–1918. [Google Scholar] [CrossRef] [PubMed]

	



Zeijlemaker, W.; Kelder, A.; Cloos, J.; Schuurhuis, G.J. Immunophenotypic detection of measurable residual (stem cell) disease using LAIP approach in acute myeloid leukemia. Curr. Protoc. Cytom. 2019, 91, e66. [Google Scholar] [CrossRef] [PubMed]

	



Baer, M.; Stewart, C.; Dodge, R.; Leget, G.; Sule, N.; Mrozek, K.; Schiffer, C.; Powell, B.; Kolitz, J.; Moore, J.; et al. High frequency of immunophenotype changes in acute myeloid leukaemia at relapse: Implications for residual disease detection (Cancer and Leukaemia Group B Study 8361). Blood 2001, 97, 3574–3580. [Google Scholar] [CrossRef] [PubMed]

	



Buldini, B.; Maurer-Granofszky, M.; Varotto, E.; Dworzak, M. Flow-cytometric monitoring of minimal residual disease in paediatric patients with acute myeloid leukaemia: Recent advances and future strategies. Front. Paediatr. 2019, 7, 412. [Google Scholar] [CrossRef] [PubMed]

	



Wood, B. Flow cytometry in the diagnosis and monitoring of acute myeloid leukaemia in children. Haematopathology 2015, 8, 191–199. [Google Scholar] [CrossRef]

	



Arber, D.; Orazi, A.; Hasserjian, R.; Brunning, R.; Le Beau, M.; Porwit, A.; Tefferi, A.; Levine, R.; Bloomfield, C.; Cazzola, M.; et al. Introduction and overview of the classification of myeloid neoplasms. In WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, 4th ed.; Swerdlow, S., Campo, E., Harris, N., Jaffe, E., Pileri, S., Stein, H., Thiele, J., Eds.; International Agency for Research on Cancer: Lyon, France, 2017; Chapter 1; pp. 17–20. [Google Scholar]

	



Gajendra, S. Flow cytometry in acute leukaemia. Clin. Oncol. 2016, 1, 1166. [Google Scholar]

	



Arber, D.; Brunning, R.; le Beau, M.; Falini, B.; Vardiman, J.; Porwit, A.; Thiele, J.; Foucar, K.; Dohner, H.; Bloomfield, C. Acute myeloid leukaemia and related precursor neoplasms. In WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, 4th ed.; Swerdlow, S., Campo, E., Harris, N., Jaffe, E., Pileri, S., Stein, H., Thiele, J., Eds.; International Agency for Research on Cancer: Lyon, France, 2017; Chapter 8; pp. 130–145. [Google Scholar]

	



Bain, B.; Bene, M. Morphological and immunophenotypic clues to the WHO categories of acute myeloid leukaemia. Acta Haematol. 2019, 141, 232–244. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhu, H.; Ruan, G.; Qin, Y.; Shi, H.; Lai, Y.; Chang, Y.; Wang, Y.; Lu, D.; Hao, L.; et al. NPM1-mutated acute myeloid leukaemia of monocytic or myeloid origin exhibit distinct immunophenotypes. Leuk. Res. 2013, 37, 737–741. [Google Scholar] [CrossRef]

	



Chang, H.; Salma, F.; Yi, Q.; Patterson, B.; Brien, B.; Minden, M. Prognostic relevance of immunophenotyping in 379 patients with acute myeloid leukaemia. Leuk. Res. 2004, 28, 43–48. [Google Scholar] [CrossRef]

	



Wood, B. Principles of minimal residual disease detection for haematopoietic neoplasms by flow cytometry. Clin. Cytom. 2015, 90, 47–53. [Google Scholar] [CrossRef]

	



Wood, B. Acute myeloid leukaemia minimal residual disease detection: The difference from normal approach. Curr. Protoc. Cytom. 2020, 93, e73. [Google Scholar] [PubMed]

	



Hubmann, M.; Kohnke, T.; Hoster, E.; Schneider, S.; Dufour, A.; Zellmeier, E.; Fiegl, M.; Braess, J.; Bohlander, S.; Subklewe, M.; et al. Molecular response assessment by quantitative real-time polymerase chain reaction after induction therapy in NPM1-mutated patients identifies those at high risk of relapse. Haematologica 2014, 99, 1317–1325. [Google Scholar] [CrossRef] [PubMed]

	



Yin, J.; O’Brien, M.; Hills, R.; Daly, S.; Wheatley, K.; Burnett, A. Minimal residual disease monitoring by quantitative RT-PCR in core binding factor AML allows risk stratification and predicts relapse: Results of the United Kingdom MRC AML-15 trial. Blood 2012, 120, 2826–2835. [Google Scholar] [CrossRef] [PubMed]

	



Jongen-Lavrencic, M.; Grob, T.; Hanekamp, D.; Kavelaars, F.; al Hinai, A.; Zeilemaker, A.; Erpelinck-Verschueren, C.; Gradowska, P.; Meijer, R.; Cloos, J.; et al. Molecular minimal residual disease in acute myeloid leukaemia. N. Engl. J. Med. 2018, 378, 1189–1199. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez, R.; Ayala, R.; Martinez-Lopez, J. Minimal residual disease monitoring with next-generation sequencing methodologies in haematological malignancies. Int. J. Mol. Sci. 2019, 20, 2832. [Google Scholar] [CrossRef]

	



Thol, F.; Gabdoulline, R.; Liebich, A.; Klement, P.; Schiller, J.; Kandziora, C.; Hambach, L.; Stadler, M.; Koenecke, C.; Flintrop, M.; et al. Measurable residual disease monitoring by NGS before allogeneic haematopoietic cell transplantation in AML. Blood 2018, 132, 1703–1713. [Google Scholar] [CrossRef]

	



Getta, B.; Devlin, S.; Levine, R.; Arcila, M.; Mohanty, A.; Zehir, A.; Tallman, M.; Giralt, S.; Roshal, M. Multicolor flow cytometry and multigene next-generation sequencing are complementary and highly predictive for relapse in acute myeloid leukaemia after allogeneic transplantation. Biol. Blood Bone Marrow Transpl. 2017, 23, 1064–1071. [Google Scholar] [CrossRef]

	



Zeijlemaker, W.; Schuurhuis, G. Minimal residual disease and leukaemic stem cells in acute myeloid leukaemia. In Leukaemia; Guenova, M., Ed.; IntechOpen: London, UK, 2013; Chapter 6; pp. 195–226. [Google Scholar]

	



Heath, E.; Chan, S.; Minden, M.; Murphy, T.; Shlush, L.; Schimmer, A. Biological and clinical consequences of NPM1 mutations in AML. Leukaemia 2017, 31, 798–807. [Google Scholar] [CrossRef]

	



Scholl, C.; Schlenk, R.; Eiwen, K.; Dohner, H.; Frohling, S.; Dohner, K.; Frohling, S.; Dohner, K.; AML Study Group. The prognostic value of MLL-AF9 detection in patients with t(9;11)(p22;q23)-positive acute myeloid leukaemia. Haematologica 2005, 90, 1626–1634. [Google Scholar]

	



Ley, T.; Mardis, E.; Ding, L.; Fulton, B.; McLellan, M.; Chen, K.; Dooling, D.; Dunford-Shore, B.; McGrath, S.; Hickenbotham, M.; et al. DNA sequencing of a cytogenetically normal acute myeloid leukaemia genome. Nature 2008, 456, 66–72. [Google Scholar] [CrossRef]

	



Kottaridis, P.; Gale, R.; Frew, M.; Harrison, G.; Langabeer, S.; Belton, A.; Walker, H.; Wheatley, K.; Bowen, D.; Burnett, A.; et al. The presence of a FLT3 internal tandem duplication in patients with acute myeloid leukaemia (AML) adds important prognostic information to cytogenetic risk group and response to the first cycle of chemotherapy: Analysis of 854 patients from the United Kingdom Medical Research Council AML 10 and 12 trials. Blood 2001, 98, 1752–1759. [Google Scholar] [PubMed]

	



Dillon, L.; Hayati, S.; Roloff, G.; Tunc, I.; Pirooznia, M.; Mitrofanova, A.; Hourigan, C. Targeted RNA-sequencing for the quantification of measurable residual disease in acute myeloid leukaemia. Haematologica 2019, 104, 297–304. [Google Scholar] [CrossRef] [PubMed]

	



Voso, M.; Ottone, T.; Lavorgna, S.; Venditti, A.; Maurillo, L.; Lo-Coco, F.; Buccisano, F. MRD in AML: The role of new techniques. Front. Oncol. 2019, 9, 655. [Google Scholar] [CrossRef] [PubMed]

	



Hoklund, P.; Ommen, H.; Nyvold, C.; Roug, A. Sensitivity of minimal residual disease in acute myeloid leukaemia in first remission—Methodologies in relation to their clinical situation. Br. J. Haematol. 2012, 158, 569–580. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.; Grigoriadis, G.; Westerman, D. The role of multiparametric flow cytometry in the detection of minimal residual disease in acute leukaemia. Pathology 2015, 47, 609–621. [Google Scholar] [CrossRef] [PubMed]

	



Loken, M.; Alonzo, T.; Pardo, L.; Gerbing, R.; Raimondi, S.; Hirsch, B.; Ho, P.; Franklin, J.; Cooper, T.; Gamis, A.; et al. Residual disease detected by multidimensional flow cytometry signifies high relapse risk in patients with de novo acute myeloid leukaemia: A report from Children’s Oncology Group. Blood 2012, 120, 1581–1588. [Google Scholar] [CrossRef]

	



Sievers, E.; Lange, B.; Alonzo, T.; Gerbing, R.; Bernstein, I.; Smith, F.; Arceci, R.; Woods, W.; Loken, M. Immunophenotypic evidence of leukaemia after induction therapy predicts relapse: Results from prospective children’s cancer group study of 252 patients with acute myeloid leukaemia. Blood 2003, 101, 3398–3406. [Google Scholar] [CrossRef]

	



Rubnitz, J.; Inaba, H.; Dahl, G.; Ribeiro, R.; Bowman, W.; Taub, J.; Pounds, S.; Razzouk, B.; Lacayo, N.; Cao, X.; et al. Minimal residual disease-directed therapy for childhood acute myeloid leukaemia: Results of the AML02 multicentre trial. Lancet Oncol. 2010, 11, 543–552. [Google Scholar] [CrossRef]

	



Terwijn, M.; van Putten, W.; Kelder, A.; van der velden, V.; Brooimans, R.; Pabst, T.; Maertens, J.; Boeckx, N.; de Greef, G.; Valk, P.; et al. High prognostic impact of flow cytometric minimal residual disease detection in acute myeloid leukaemia: Prospective data from the HOVON/SAKK 42a Study. J. Clin. Oncol. 2013, 31, 3889–3897. [Google Scholar] [CrossRef]

	



Short, N.; Ravandi, F. How close are we to incorporating measurable residual disease into clinical practice for acute myeloid leukaemia? Haematologica 2019, 104, 1532–1541. [Google Scholar] [CrossRef]

	



Paietta, E. Consensus on MRD in AML? Blood 2018, 131, 1265–1266. [Google Scholar] [CrossRef] [PubMed]

	



Dohner, H.; Weisdorf, D.; Bloomfield, C. Acute Myeloid Leukaemia. N. Engl. J. Med. 2015, 373, 1136–1152. [Google Scholar] [CrossRef] [PubMed]

	



Ossenkoppele, G.; Janssen, J.; van de Loosdrecht, A. Risk factors for relapse after allogeneic transplantation in acute myeloid leukaemia. Haematologica 2016, 101, 20–25. [Google Scholar] [CrossRef] [PubMed]

	



Lo Coco, F.; Diverio, D.; Avvisati, G.; Petti, M.; Meloni, G.; Pogliani, E.; Biondi, A.; Rossi, G.; Carlo-Stella, C.; Seller, C.; et al. Therapy of molecular relapse in acute promyelocytic leukaemia. Blood 1999, 94, 2225–2229. [Google Scholar] [CrossRef]

	



Esteve, J.; Escoda, L.; Rubio, M.; Diaz-Mediavilla, J.; Gonzalez, M.; Rivas, C.; Alvarez, C.; Gonzales San Miguel, J.; Bruent, S.; Tomas, J.; et al. Outcome of patients with acute promyelocytic leukaemia failing to meet front-line treatment with all-trans retinoic acid and anthracycline-based chemotherapy (PETHEMA protocols LPA96 and LPA99): Benefit of an early intervention. Leukaemia 2007, 21, 446–452. [Google Scholar] [CrossRef]

	



Kohnke, T.; Sauter, D.; Ringel, K.; Hoster, E.; Laubender, R.; Hubmann, M.; Bohlander, S.; Kakadia, P.; Schneider, S.; Dufour, A.; et al. Early assessment of minimal residual disease in AML by flow cytometry during aplasia identifies patients at increased risk of relapse. Leukaemia 2015, 29, 377–386. [Google Scholar] [CrossRef]

	



Venditti, A.; Piciocchi, A.; Candoni, A.; Melillo, L.; Calafiore, V.; Cairoli, R.; de Fabritiis, P.; Storti, G.; Salutari, P.; Lanza, F.; et al. GIMEMA AML1310 trial of risk-adapted, MRD-directed therapy for young adults with newly diagnosed acute myeloid leukaemia. Blood 2019, 134, 935–945. [Google Scholar] [CrossRef]

	



Zhou, Y.; Othus, M.; Araki, D.; Wood, B.; Radich, J.; Halpern, A.; Mielcarek, M.; Estey, E.; Appelbaum, R.; Walter, R. Pre- and post-transplant quantification of measurable (“minimal”) residual disease via multiparameter flow cytometry in adult acute myeloid leukaemia. Leukaemia 2016, 30, 1456–1464. [Google Scholar] [CrossRef]

	



Zeijlemaker, W.; Grob, T.; Meijer, R.; Hanekamp, D.; Kelder, A.; Carbaat-Ham, J.; Oussoren-Brockhoff, Y.; Snel, A.; Veldhuizen, S.; Scholten, W.; et al. CD34+CD38- leukaemic stem cell frequency to predict outcome in acute myeloid leukaemia. Leukaemia 2018, 33, 1102–1112. [Google Scholar] [CrossRef]

	



Coustan-Smith, E.; Song, G.; Shurtleff, S.; Yeoh, A.; Chng, W.; Chen, S.; Rubnitz, J.; Pui, C.; Downing, J.; Campana, D. Universal monitoring of minimal residual disease in acute myeloid leukaemia. JCI Insight 2018, 3, e98561. [Google Scholar] [CrossRef]

	



Gao, M.; Ruan, G.; Chang, Y.; Liu, Y.; Qin, Y.; Jiang, Q.; Jiang, H.; Huang, X.; Zhao, X. The predictive value of minimal residual disease when facing the inconsistent results detected by real-time quantitative PCR and flow cytometry in NPM1-mutated acute myeloid leukaemia. Ann. Haematol. 2019, 99, 73–82. [Google Scholar] [CrossRef] [PubMed]

	



Dillon, R.; Hills, R.; Freeman, S.; Potter, N.; Jovanovic, J.; Ivey, A.; Kanda, A.; Runglall, M.; Foot, N.; Valganon, M.; et al. Molecular MRD status and outcome after transplantation in NPM1-mutated AML. Blood 2020, 135, 680–688. [Google Scholar] [CrossRef] [PubMed]

	



Oran, B.; Giralt, S.; Couriel, D.; Hosing, C.; Shpall, E.; de Meis, E.; Khouri, I.; Qazilbash, M.; Anderlini, P.; Kebriaei, P.; et al. Treatment of AML and MDS relapsing after reduced intensity conditioning and allogeneic haematopoietic stem cell transplantation. Leukaemia 2007, 21, 2540–2544. [Google Scholar] [CrossRef] [PubMed]

	



Yan, C.; Liu, D.; Liu, K.; Xu, L.; Liu, Y.; Chen, H.; Han, H.; Wang, Y.; Qin, Y.; Huang, X. Risk stratification-directed donor lymphocyte infusion could reduce relapse of standard-risk acute leukaemia patients after allogeneic haematopoietic stem cell transplantation. Blood 2012, 119, 3256–3262. [Google Scholar] [CrossRef]

	



Platzbecker, U.; Wemke, M.; Radke, J.; Oelschlaegel, U.; Seltmann, F.; Kiani, A.; Klut, I.; Knoth, H.; Rollig, C.; Schetelig, J.; et al. Azacitadine for treatment of immiment relapse in MDS or AML patients after allogeneic HSCT: Results of the RELAZA trial. Leukaemia 2012, 26, 381–389. [Google Scholar] [CrossRef]

	



Sockel, K.; Wemke, M.; Radke, J.; Kiani, A.; Schaich, M.; Bornhauser, M.; Ehninger, G.; Thiede, C.; Platzbecker, U. Minimal residual disease-directed preemptive treatment with azacitadine in patients with NPM1-mutant acute myeloid leukaemia and molecular relapse. Haematologica 2011, 96, 1568–1570. [Google Scholar] [CrossRef]

	



Ossenkoppele, G.; Schuurhuis, G.; van de Loosdrecht, A.; Cloos, J. Can we incorporate MRD assessment into clinical practice in AML? Best Pract. Res. Clin. Haematol. 2019, 32, 186–191. [Google Scholar] [CrossRef]

	



Selim, A.; Moore, A. Molecular minimal residual disease monitoring in acute myeloid leukaemia: Challenges and future directions. J. Mol. Diagn. 2018, 20, 389–397. [Google Scholar] [CrossRef]

	



Thomas, D.; Majeti, R. Biology and relevance of human acute myeloid leukaemia stem cells. Blood 2017, 129, 1577–1585. [Google Scholar] [CrossRef]

	



Plesa, A.; Dumontet, C.; Mattei, E.; Tagoug, I.; Havette, S.; Sujobert, P.; Tigaud, I.; Pages, M.; Chelghoum, Y.; Baracco, F.; et al. High frequency of CD34+CD38-/low immature leukaemia stem cells is correlated with unfavourable prognosis in acute myeloid leukaemia. World J. Stem Cells 2017, 9, 227. [Google Scholar] [CrossRef]

	



Al-Mawali, A.; Pinto, A.; Al-Zadjali, S. CD34+CD38-CD123+ cells are present in virtually all acute myeloid leukaemia blasts: A promising single unique phenotype for minimal residual disease detection. Acta Haematol. 2017, 138, 175–181. [Google Scholar] [CrossRef] [PubMed]

	



Daga, S.; Rosenberger, A.; Quehenberger, F.; Krisper, N.; Prietl, B.; Reinisch, A.; Zebisch, A.; Sill, H.; Wolfler, A. High GPR56 surface expression correlates with a leukaemic stem cell gene signature in CD34-positive AML. Cancer Med. 2019, 8, 1771–1778. [Google Scholar] [CrossRef] [PubMed]

	



Costa, A.; Menezes, D.; Pinheiro, H.; Sandes, A.; Nunes, M.; Lyra, D.; Schimieguel, D. Role of new immunophenotypic markers on prognostic and overall survival of acute myeloid leukaemia: A systematic review and meta-analysis. Nat. Sci. Rep. 2017, 7, 4138. [Google Scholar] [CrossRef] [PubMed]

	



Perna, F.; Berman, S.; Soni, R.; Mansilla-Soto, J.; Eyquem, J.; Hamieh, M.; Hendrickson, R.; Brennan, C.; Sadelain, M. Integrating proteomics and transcriptomics for systemic combinatorial chimeric antigen receptor therapy of AML. Cancer Cell 2017, 32, 506–519. [Google Scholar] [CrossRef]

	



Van der Maaten, L.; Hinton, G. Visualising data using t-SNE. J. Mach. Learn. Res. 2008, 9, 2579–2605. [Google Scholar]

	



Ko, B.; Wang, Y.; Li, J.; Li, C.; Weng, P.; Hsu, S.; Hou, H.; Huang, H.; Yao, M.; Lin, C.; et al. Clinically validated machine learning algorithm for detecting residual diseases with multicolor flow cytometry analysis in acute myeloid leukaemia and myelodysplastic syndrome. EBioMedicine 2018, 37, 91–100. [Google Scholar] [CrossRef]

	



Gjertsen, B.; Tislevoll, B.; Eagerholt, O.; Hellesoy, M. Response evaluation in AML using mass cytometry. HemaSphere 2019, 3, S2. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Comparison of methods used for measurable residual disease (MRD) assessment.
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	MRD Methodology
	Sensitivity
	Advantages
	Disadvantages
	References





	MFC-LAIP
	1 in 103–105
	
	
Sensitive



	
Widely available technology



	
Applicable to >90% of patients



	
Rapid turnaround time





	
	
Requires diagnostic sample



	
Extended antibody panel required



	
Does not take into account phenotypic shifts



	
Limited standardization





	[5,13,14,15,22]



	MFC-DfN
	1 in 103–105
	
	
Sensitive



	
No diagnostic sample required



	
Phenotypic shifts will not interfere with results



	
Applicable to >90% of patients



	
Rapid turnaround time





	
	
Significant operator experience required



	
Limited standardization





	[5,14,15,22,23]



	qPCR
	1 in 104–106
	
	
Sensitive



	
Standardized





	
	
Appropriate targets present in only approximately 60% of patients



	
Many mutations not suitable for MRD (such as FLT3)



	
Time consuming





	[5,9,24,25]



	NGS
	Variable
	
	
Potentially highly sensitive



	
Multiple mutations detected/followed at once





	
	
Confounded by pre-leukemic mutations



	
Time consuming



	
Technology not widely available



	
Error rates



	
Expensive



	
Not standardized



	
Complex interpretation





	[26,27,28,29]







LAIP = leukaemia-associated immunophenotype; DfN = different from normal; qPCR = real time quantitative polymerase chain reaction; NGS = next generation sequencing; FLT3 = FMS-like tyrosine kinase 3.
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Table 2. Comparison of strategies used for MRD detection using multiparametric flow cytometry (MFC) and their clinical evidence.
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	Reference
	MFC Method
	Methodology/Surface Markers Used
	Time Point of Assessment
	Evidence-Outcomes





	[42]
	MFC-LAIP
	Limit of detection 0.1%
	After induction therapy
	
	
MRDneg: median RFS >47 months; 4-year RFS 52%



	
MRDpos: median RFS 8.6 months; 4-year RFS 23%








	[50]
	MFC-LAIP combined with qPCR
	8 color MFC assay
	After consolidation
	
	
Both neg: 2-year OS 89% and DFS 69%



	
MFCpos/PCRneg or MFCneg/PCR pos: 2-year OS 88–89%; DFS 65–76%



	
Both pos: 2-year OS 55%, DFS 22%








	[26]
	MFC-LAIP combined with NGS
	Limit of detection 0.1%
	After induction therapy
	
	
Both pos: 4-year relapse rate 73.3%



	
NGSpos/MFCneg: 4-year relapse 52.3%



	
NGSneg/MFCpos: 4-year relapse 49.8%



	
Both neg: 4-year relapse rate 26.7%








	[49]
	LAIP at time of bone marrow aplasia (day 16–18)
	31 surface markers, multiple LAIPs identified for each patient

Limit of detection 0.15%
	Day 16–18 of induction therapy
	
	
MRDneg: 5-year RFS 43%



	
MRDpos: 5-year RFS 16%








	[10]
	MFC-DfN
	10 color assay

3 tubes, 1 million events per tube.

Limit of detection 0.1%
	MRD assessment pre-alloSCT and outcomes post-transplant
	
	
MRDneg: 3-year OS >70%; relapse risk 20–25%



	
MRDpos: 3-year OS 25%, relapse risk 70%








	[51]
	MFC-DfN
	10 color MFC assay

Surface markers: CD4, CD5, CD7, CD13, CD14, CD15, CD16, CD19, CD33, CD34, CD38, CD45, CD56, CD64, CD71, CD117, CD123, HLA-DR.

Any measurable MRD considered positive
	Pre-alloSCT and post-alloSCT (day +28)
	
	
MRDpos pre-alloSCT and neg post: 3-year OS 29% and RFS 18%



	
MRDpos both timepoints: 3-year OS 19%, 3-year RFS 14%



	
MRDneg at both time points: OS 76%, RFS 71%








	[29]
	MFC-DfN separately and combined with NGS
	10 color MFC assay

Limit of detection 0.1%
	Pre-alloSCT
	
	
MFC–MRDpos: 18-month relapse incidence 37%; OS 48%



	
MFC–MRDneg: 18-month relapse 9%; OS 73%



	
Both MFC and NGS pos: 18-month relapse 51%; OS 51%



	
Both MFC and NGS neg: 18-month relapse 8%; OS 78%



	
MFCneg/NGSpos or MFCpos/NGSneg: 18-month relapse 17%; OS 44%








	[52]
	Combined MFC-LAIP and LSC
	Limit of detection 0.1%

LSCs defined as CD34+/CD38−
	After second induction
	
	
Both neg: 3-year OS 66%, CIR 35%



	
MRDpos and LSCneg: OS 68%, CIR 43%



	
MRDneg and LSCpos: OS 53%, CIR 53%



	
Both pos: OS 0%, CIR 10%








	[53]
	Novel leukemia-specific markers
	CD9, CD18, CD25, CD32, CD44, CD47, CD52, CD54, CD59, CD64, CD68, CD86, CD93, CD96, CD97, CD99, CD123, CD200, CD300a/c, CD366, CD371, CX3CR1
	At diagnosis (to identify novel markers), compared to healthy donors and relapsed AML patients.
	
	
Improved sensitivity (1 in 105)



	
Clinical outcomes yet to be studied












LAIP = leukaemia-associated immunophenotype; RFS = relapse-free survival; qPCR = real time quantitative polymerase chain reaction; OS = overall survival; DFS = disease-free survival; NGS = next generation sequencing; DfN = different from normal; alloSCT = allogeneic stem cell transplant; LSC = leukaemic stem cells; CIR = cumulative incidence of relapse; AML = acute myeloid leukaemia.
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