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Multiple Myeloma (MM), the second most common hematologic malignancy, has been the target of many therapeutic advances over the past two decades. The introduction of novel agents, such as proteasome inhibitors, immunomodulatory drugs, and monoclonal antibodies, along with autologous hematopoietic stem cell transplantation (ASCT) in the current standard of care, has increased the median survival of myeloma patients significantly. Nevertheless, a curative treatment option continues to elude us, and MM remains an incurable disease, with patients relapsing even after achieving deep conventionally defined responses, underscoring the need for the development of sensitive methods that will allow for proper identification and management of the patients with a higher probability of relapse. Accurate detection of Minimal Residual Disease (MRD) from a bone marrow biopsy represents a relatively new approach of evaluating response to treatment with data showing clear benefit from obtaining MRD(-) status at any point of the disease course. As life expectancy for patients with MM continues to increase and deep responses are starting to become the norm, establishing and refining the role of MRD in the disease course is more relevant than ever. This review examines the different methods used to detect MRD and discusses future considerations regarding the implementation in day-to-day clinical practice and as a prospective primary endpoint for clinical trials.
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Introduction

In recent years, with the advent of new therapeutic regimens and monoclonal antibodies, the landscape of treatment options for Multiple Myeloma (MM) has substantially changed, leading to significantly increased complete response (CR) rates and prolonged survival (1, 2). As new drugs and combinations of different classes are quickly becoming the standard of care, accurate quantification of disease response has become essential for the risk stratification and management of patients with the highest relapse risk after therapy.

Patients achieving a deep response, defined as CR or higher, have prolonged progression-free survival and overall survival compared to non-CR patients, a finding that multiple studies have confirmed (3–5). As a result, an early goal of therapy is to attain deep remissions, and nearly 80% of patients are achieving near-complete responses with modern induction therapy (6, 7). This is also true for older, transplant-ineligible patients (8). However, even these patients are consistently relapsing, indicating the urgent need to incorporate more sensitive methods for response assessment (4). It is now becoming clear that minimal residual disease (MRD) negativity is a robust prognostic indicator in MM, even in patients with conventional CR. Indeed, patients with MRD(-) CR status have enjoyed prolonged disease-free periods compared to those in MRD(+) CR, and on many occasions, irrespective of the presence of high-risk disease features (9). For this reason, the latest 2016 International Myeloma Working Group has introduced new response criteria (10), with the addition of MRD in disease assessment both in the bone marrow (BM) and in extramedullary sites (through imaging).

With additional validation, MRD has the potential to serve as a surrogate marker of clinically relevant endpoints such as OS and can be reported much sooner, therefore accelerating drug development. Additional studies also focus on response-adapted approaches based on MRD, such as escalating therapy in MRD(+) patients or de-escalating in MRD(-) patients. As a result, standardized and accessible MRD assessment across the disease spectrum of Myeloma (newly diagnosed to heavily pre-treated disease) could become a useful tool in drug development and clinical management of patients.

In this review, we discuss the different methods currently used for MRD assessment, along with their respective strengths and weaknesses, the role of imaging in complementing the evaluation, especially for extramedullary disease patients, and what we know about the true prognostic impact of MRD at different time points in the disease course. Also, we assess the current knowledge regarding the utilization of MRD as a driver of clinical decisions in the future. Finally, we discuss existing limitations in the use of MRD in clinical practice.



Bone Marrow Assessment Methods

The two currently validated methods utilized for the detection of MRD in the BM are Next Generation Flow cytometry (NGF), which uses distinctive cell surface and cytoplasmic markers for clonal plasma cell detection, and Next Generation Sequencing (NGS), using specific V(D)J rearrangements for clonality identification (10). The IMWG consensus defined the MRD negative state as the absence of phenotypically aberrant clonal plasma cells, assessed by NGF on BM aspirates, using the EuroFlow standard operation procedure (or a validated equivalent method) with a minimum sensitivity of 1 in 105 nucleated cells or higher. The same level of sensitivity was suggested for the NGS method. The sensitivity threshold, albeit prognostically relevant, was primarily based on the available efficacy data and reliable technological detection limits at the time. In the past five years, significant advances have been made in optimizing the existing means of detecting MRD in the BM of MM patients. Since then, both methods are adjusted to detect clonal plasma cells with a sensitivity of 10-6 or higher (11).


NGF (Next Generation Flow Cytometry)

Immunophenotyping and predominantly multicolor flow cytometry (MCF) was utilized early on to monitor MRD in MM, primarily due to its availability across institutions and ease of obtaining and interpreting its results (6, 12, 13). Conventional 4-8 color flow cytometry methods can detect aberrant plasma cells with a sensitivity of 10-4. MCF recognizes abnormal cells based on distinct cell surface and cytoplasmic malignant markers, with the most commonly used ones being CD138, CD38, CD45, CD56, CD117, CD19, and κ,λ light chains (14). Aside from these, additional markers are currently being investigated. This prospect will aid in the identification of malignant clones, particularly after treatment with anti-CD38 monoclonal antibodies, which can decrease the level of CD38 expression on malignant plasma cells (15). The prognostic value of flow-cytometry based methods was demonstrated in the IFM2009 study comparing lenalidomide-bortezomib-dexamethasone (VRd) with consolidative vs. salvage autologous stem transplant(ASCT) therapy. In that study, patients with double negativity with the MCF (sensitivity of 1 cell in 104) and NGS(sensitivity of 1 cell in 106) had superior PFS than those who tested negative only for the MCF method. These findings also highlight the importance of using MRD detection methods with a higher sensitivity (16).

Despite the well-established benefits of the MCF in MRD assessment, the lack of consistent antibody panels and the relatively low sensitivity, especially when contrasted with the other methods being used, created a consistency reporting problem. The Euroflow consortium developed a next-generation, 8 color, 2 tube flow cytometer with standardized antibodies targeting specific epitopes and sensitivity of 2x10-6, provided that an adequate BM sample has been collected (approximately 10 million cells) and promptly processed (within 48 hours) (15). The first tube contains the antibodies of the most common cell surface markers found in abnormal myeloma cells, whereas the second contains 6 cross-references and the cytoplasmic markers, namely κ,λ lights chains (Table 1). The use of the Euroflow tubes has allowed for uniform, accurate, and reproducible result reporting for MRD detection, and this approach can reclassify up to one-quarter of patients that were thought to be MRD(-) with less sensitive methods and thus provides incremental prognostic information. Even though similarly sensitive MCF methods are available (17), the IMWG has incorporated Euroflow as the reference for establishing the MRD negative status when utilizing flow cytometry.


Table 1 | Euroflow antibody markers used in the 2 tube approach.



The prognostic value of Euroflow has been validated in the PETHEMA/GEM2012MENOS65 trial, which showed that patients with undetectable MRD had an 82% reduction in the risk of progression or death (hazard ratio, 0.18; 95% CI, 0.11 to 0.30; P<.001) and an 88% reduction in the risk of death (hazard ratio, 0.12; 95% CI, 0.05 to 0.29; P,.001), compared to those who tested positive. Notably, reaching undetectable MRD negated poor prognostic features at diagnosis, including high-risk cytogenetics and initial R-ISS classification. Specifically, with a median follow-up of 40 months, disease progression occurred in 14 patients (7%) with undetectable MRD versus 101 patients (40%) with persistent MRD after consolidation (P <.001) (18).

Apart from Euroflow, a recently developed US version is based on a 10-color single tube panel with a sensitivity of 6 tumor cells in 1,000,000, provided 3 million cells can be assayed. The MSKCC single-tube method combines all surface and cytoplasmic staining into a single tube following bulk lysis to further streamline the process and provide similar sensitivity to Euroflow (17).

Although MFC, and especially the Euroflow technique, has solved many issues regarding the applicability and generalizability of the results produced, some obstacles regarding the method’s feasibility need to be addressed. Firstly, the blood marrow sample, apart from requiring up to 10,000,000 cells for consistent disease detection, must be rapidly processed for the cells to remain viable (an estimate of 85% viability is required). In addition, the use of targeted antibody therapy towards cell surface markers (e.g., CD38), although in large part tackled by the Euroflow method, may still result in false-negative results. Finally, as with all BM-based approaches, myeloma’s heterogeneous, patchy nature in the marrow makes sampling errors possible. This is also true for the presence of extramedullary disease, with BM biopsies having little to do with disease detection.



NGS (Next-Generation Sequencing)

Molecular techniques can also reliably be employed to detect MRD since they offer precise disease activity measurements with excellent sensitivity (exceeding 10-6 in some cases). These methods exploit the uniqueness of Variable, Diversity, Joining rearrangements (VDJ) recombinations of the CdR3 region in the immunoglobulin heavy chain variable (IGH) gene, specific to each clone for identification and amplification of the sequence of interest (19, 20). Briefly, NGS relies on the Variable, Diversity, Joining rearrangements in the IGH gene in primary lymphoid organs (BM). This generates a wide range of amino acid sequences that recognize different antigens in bacteria, viruses, parasites, etc. The same can be applied for the light chain genes (κ, λ), but because they lack the D segment, the method’s sensitivity regarding accurate detection of the clone is reduced. Using this physiologic process of unique IgH production, NGS detects and amplifies the clone that is malignant at the time of diagnosis through specific primers that are not patient-specific (20). Importantly, when the malignant transformation of the B-cell occurs, the exact VDJ arrangement will be retained in all clone cells while being consistently absent from the normal cells. The only FDA-approved NGS assay for BM detection of MRD is the clonoSEQ® assay (Adaptive Biotechnologies; Seattle, WA) which is validated for analytical sensitivity (21). The development of the NGS method has largely replaced the allele-specific oligonucleotides quantitative polymerase chain reaction (ASO-qPCR). Although very sensitive, the latter is not widely applicable since patient-specific probes that can reliably identify clonal IgH after somatic hypermutation occurred were isolated for 50-60% of patients compared to 90-92% with the NGS method (not patient-specific) (20, 22–24). This demonstrates the general applicability of NGS sequencing without the need for laborious development of patient-specific primers.

When considering assays at similar levels of analytical sensitivity, NGF and NGS correlate highly at a 10-5 sensitivity, with >90% of CR patients being MRD(-) with both assays (25, 26). However, there appears to be more discordance for assays with a sensitivity of 10-6. Multiple NGS-based studies have validated its prognostic impact. Martinez et al. (27) used sequencing to detect MRD in the BM of 133 patients with MM after achieving very good partial response (VGPR) or better in their treatment. Initial clone identification was successful for 91% of patients. MRD(-) negative patients had a substantially longer time to tumor progression (TTP) (median 80 vs. 31 months; P <.0001) and overall survival (median not reached vs. 81 months; P = .02), compared with patients who were MRD(+). Using different detection sensitivity levels, the respective TTP medians were: MRD ≥10−3 27 months, MRD 10−3 to 10−5 48 months, and MRD <10−5 80 months (P = .003 to.0001). 92% of VGPR patients were MRD(+). Of note, when examining patients who achieved complete response, the TTP remained significantly longer for MRD(-) compared with MRD(+) patients (131 vs. 35 months; P = .0009). These results also underline the incremental prognostic value of increasing sensitivity thresholds in MRD assays. Another study utilized patients from the Spanish GEM2012 trial, comparing the NGS (LymphoTrack®) and NGF (Euroflow) methods for detection of MRD, and NGS was found to be sufficiently concordant with NGF, with only 15 out of the 106 patients studied having contradictory results and 3 of them eventually relapsing. Notably, while the threshold for MRD positivity was defined at 10-4 in the study, most cases registered as positive with the NGS method, and negative for NGF were above the 10-5 mark, perhaps highlighting the lower sensitivity detection limits of the latter. When evaluating patients that relapsed, highly concordant results were seen (23 were double-positive, and 5 were double-negative, perhaps explained by the extramedullary component of their disease) (28).

It is easy to see why these two methods have prevailed in evaluating MRD in MM patients. Both have very sensitive detection rates with very good concordance in the results and have been adequately standardized for general use, with little user-dependent expertise required in the flow cytometry Euroflow automated software package. In addition, NGF allows for global interpretation of the immune microenvironment of the BM since other cell populations can be assessed simultaneously. Thus it can detect the presence of hemodilution in a given sample by the decreased number of non-plasma cells detected (i.e., mast cells). This critical issue can primarily be addressed by having the first pull of the aspiration assayed for MRD analysis as the subsequent ones may not have the same cell quality. Advantages of the NGS method include that fewer cells are needed to achieve the sensitivity required (approximately 3 million compared to 10 million with NGF) and the ability to freeze and store cells for future analysis. On the other hand, up to 10% of blood marrow samples cannot be analyzed with NGS following the initial identification because the clones undergo somatic hypermutation, an antigen-specific process, making the initial clone unidentifiable for the subsequent BM pulls.

Table 2 summarizes the different methods used for MRD assessment in the bone marrow along with their respective advantages and disadvantages.


Table 2 | MRD methods used for bone marrow biopsy assessment (10, 15).






Blood-Based Methods

Much as the methods analyzed above can provide valuable prognostic information, they are inherently limited to the BM and thus constrained in terms of monitoring extramedullary disease. Furthermore, patchy-multifocal infiltration of the BM can introduce false-negative results in the biopsy pull if the most disease-heavy spot is missed. To tackle these issues, “liquid biopsy” methods for detection of either residual cells (e.g., circulating malignant plasma cells, cell-free DNA) or trace quantities of M protein are being developed, offering the added advantage of routine testing without the need for invasive procedures (29). Unfortunately, existing NGF or NGS approaches for MRD detection in the BM have suffered from issues of low sensitivity and poor concordance across assays when used in peripheral blood (30, 31).

Many studies have associated high numbers of circulating plasma cells (cPC) at diagnosis with worse outcomes, representing an independent prognostic factor of adverse events (32–34). Molecularly, it is hypothesized that the presence of these cells denotes a distinct biological entity with a more self-sustaining course, reflected by low expression of integrins, subclonal mutations specific to the peripheral cells, and thus low dependence of BM microenvironment (35, 36). When comparing the post-treatment MRD assessment using flow cytometry in the BM and the peripheral blood, Luzalba Sanoja-Flores et al. (30) showed that a significant proportion of MM cases that were BM MRD(+) still had undetectable cPC in paired blood samples (55/137 (40%)), whereas every cPC(+) case in the cohort was also BM MRD+. This suggests that cPC(+) patients could avoid a bone marrow biopsy for ascertaining MRD status, although it would be unusual for these patients to be in a conventional CR. Despite the relative lack of accuracy compared with BM-based methods, the role of cPCs in the context of extramedullary disease or multifocal BM disease is still significant, and further research on the topic will allow for the incorporation into regular clinical practice. Non-conclusive results are also found with the cell-free DNA assessment for MRD status. In 2018, Mazzoti et al. (37) showed a 51% discrepancy between paired BM and peripheral blood samples, with all except one case being positive for BM (by NGS) and negative for PB.

Another modality that can be used for response characterization is M-protein monitoring with mass spectrometry (MS). One MS method is based on isolating intact immunoglobulins from the patient’s serum and then cleaving them into smaller pieces with trypsin digestion, creating distinct amino acid sequences with distinct masses that can be measured and accurately quantified (“bottom-up” approaches). The target for identifying the proteins of interest is the unique sequence of the antigen-binding region, also called the complementarity determining region (CDR) of the Ig. Importantly, this method can identify monoclonal protein with 100 times greater sensitivity than the familiar immunofixation and 200 times when compared to electrophoresis while also distinguishing myeloma-derived proteins from therapeutic monoclonal antibodies (38) (Figure 1). This technique, although very promising, has not been studied extensively in comparison with the BM gold standards. Another approach is termed miRAMM (monoclonal Ig rapid accurate mass measurements) and is based on the identification of the M-protein from the accurate molecular mass of the light chain component (39). In a study evaluating the role of delayed M protein clearance, Mills et al. utilized miRAMM (40) and showed that while M-protein positivities at different time points were not associated with shorter PFS and OS, the patients who managed to decrease their M-protein intensities (while in sCR) enjoyed longer PFS and OS compared to those whose values did not change. Finally, MS methods based on MALDI-TOF, despite offering several benefits over immunofixation, do not appear to offer high enough sensitivity for the detection of MRD in patients in CR (41, 42) and, for that reason, are less likely to be as useful in MRD assessment from peripheral blood without significant technical improvements (Figure 2). One small study (43) examined 40 post-treatment patients with an MRD(-) BM but not always in conventional CR and found 23 double negative, 3 double-positive, 6 positive only with mass spectrometry, and 8 positive only with BM biopsy when evaluating for MRD. Of the 6 MS positive/NGF negative patients, none progressed during the follow-up, highlighting the confounding effect of the prolonged half-life of M protein. Due to this fact, it is suggested that M protein monitoring for MRD purposes should not rely on a single measurement but the trajectory across multiple tests of the disease course. In another study that utilized a MALDI-TOF method optimized for the detection of serum free light chains, conventional CR or MRD (-) patients with detectable light chains by MS had inferior PFS compared to those without detectable light chains (44). As the optimization of mass spectrometry methods is advancing and greater sensitivities are achieved, their role in MRD assessment should be rigorously evaluated in patients in conventional CR, utilizing high (e.g. miRAMM) and low (e.g. MALDI-TOF) sensitivity mass spectrometry assays as well as gold standards for BM MRD assessment (NGS or NGF).




Figure 1 | Twenty-seven patients with dysproteinemias representing all possible isotypes (GK, DL, AK, AL, MK, ML, and free kappa and lambda) were analyzed with MASS-FIX (Mayo Clinic’s MALDI-TOF mass spectrometry assay) and immunofixation. The original sample was diluted into normal human serum and serially diluted, as shown in (A). The gels and spectra were randomized and blindly evaluated for the presence of a monoclonal protein by two investigators with a 100% concordance rate. The bar graph in (B) demonstrates the superior analytical sensitivity of the mass spectrometry approach over immunofixation. A characteristic example from a monoclonal MK protein is shown on the right. A monoclonal peak is clearly discernible at a 1:200 dilution with MASS FIX but not immunofixation—image courtesy of Dr. David Murray, Director, Mayo Clinic Immunology laboratory.






Figure 2 | Representative example showcasing the superior sensitivity of the miRAMM approach over MASS-FIX (Mayo Clinic’s MALDI-TOF based approach). A patient with monoclonal kappa multiple myeloma early and one year after induction therapy. After the normalization of the free light chains and the free light chain ratio at one year from diagnosis, MASS FIX became negative, whereas miRAMM remained positive. Bone marrow MRD assessment by multicolor flow was also positive (not shown) at the time. This example suggests that MALDI-TOF based approaches are less likely to be the answer to MRD assessment using peripheral blood, but more sensitive methods are currently being compared to flow cytometry techniques for MRD assessment. Image courtesy of Dr. David Murray, Director, Mayo Clinic Immunology laboratory.





Imaging

MM BM infiltration, especially in the post-treatment setting, exhibits substantial spatial heterogeneity with significant implications on the efficacy of a blind BM pull (45). In addition, the prolonged survival of MM patients, along with the development of sensitive imaging tools, have established extramedullary disease assessment as an integral component of MM work-up. Liquid biopsies could, in theory, tackle these problems effectively, but currently, whole-body imaging with either PET-CT or (DWI)-MRI should be used along with the BM studies to determine the most accurate response evaluation (10).

The imaging modality of choice for detecting extramedullary lesions is a PET-CT scan that uses 18[F]FDG as the metabolic substrate. Several studies have shown the prognostic significance of a negative PET-CT after induction therapy (46–48). PET negativity is defined as the disappearance of every area of increased tracer uptake found at baseline or a preceding PET-CT or decrease to less mediastinal blood pool SUV or decrease to less than that of surrounding normal tissue per the IMWG (10). For instance, Davies et al. (49) evaluated 596 patients to determine the prognostic significance a negative PET-CT scan has at different time points of treatment: day 7 post-induction, post-induction, post-transplant, and at maintenance. Of note, patients with complete resolution of initial PET-CT lesions 7 days after induction therapy had the same outcomes as those with no lesions at baseline. The superior prognostic effect of subsequent disease resolutions was retained at all time points.

Regarding MRD concordance with PET-CT negativity, Rasche et al. (50) showed that 12% of patients found to be MRD negative following induction therapy still had hypermetabolic focal lesions on PET-CT. These patients had a worse PFS than double-negative patients. This discrepancy was increased in the salvage therapy setting, with 50% of MRD(-) patients with flow cytometry still having PET-CT avid lesions, highlighting the heterogeneous behavior of MM after successive drug therapies. Similar discordance was seen in the CASSIOPEIA study (51) and other studies with many patients that are PET-CT negative still being MRD(+) in the BM whereas less than a quarter of patients that are BM MRD(-) demonstrating PET avid lesions (46, 52). These findings are mainly attributed to the heterogeneous biologic behavior of MM, which is especially prevalent in the post-treatment setting. An example of discordant results would be an extramedullary plasmacytoma, which can only be captured by PET-CT, as MRD assessment in the BM would likely be negative. In addition, the spatial infiltration of BM by plasma cells can introduce false-negative results in the biopsy, and imaging-guided biopsy will be the only avenue for true disease assessment. Conversely, because of the minute plasma cell quantities detected by MRD assays (e.g., 1 abnormal cell in 10 million), PET-CT will likely be negative for these patients since detection thresholds are limited in lesions under 5mm. Clinically, due to these methods’ different disease prisms (infinitesimal quantities of plasma cells in the Bone Marrow for MRD and broad, whole-body evaluation for PET-CT), information from both is required to comprehensively evaluate residual malignancy, and case-by-case treatment decisions should be employed. Recent efforts were targeted at standardizing the PET-CT results, and the recently validated Deavillue criteria originally used for lymphoma should be employed in the reports (53).

The use of conventional MRI has been somewhat reduced with the advent of PET-CT in the post-treatment setting, primarily because MRI cannot reliably distinguish active lesions from healthy bone remodeling after chemotherapy (54). More specifically, the major disadvantage for MRI in the post-treatment setting is the delayed capture of treatment response, owing to the lack of differentiation between vital and necrotic tissue in previous osteolytic lesions. This fact was highlighted when Davies et al. compared the utility of PET-CT vs. whole-body MRI to determine remission status post-treatment. They showed that although MRI had a higher sensitivity for detecting residual lesions than PET-CT (80% vs. 50%), the false-positive rate was also significantly higher for MRI (61.9% vs. 14.3%, respectively). As a result, the prognostic role of MRI over PET/CT remains doubtful (55, 56). In the IFM/DFCI 2009 trial, achieving an MRI negative state after induction with 3 cycles of RVD and before maintenance was not prognostic, whereas PET/CT negativity predicted better PFS and OS (30-month PFS, 78.7% vs 56.8%, respectively (46). While not adequately standardized, Diffusion-Weighted MRI has emerged as a potential sensitive marker with evidence showing comparable or better sensitivity than PET-CT (50, 57, 58). The same investigators mentioned above (50) reported a higher rate of (DWI)-MRI positivity of focal lesions compared to PET-CT(21% vs 6%), but importantly not all PET-CT positive patients were MRI positive too, suggesting the complementary role of these imaging modalities. Discordance may be due to the relatively common hexokinase deficiency, the enzyme that catalyzes glucose phosphorylation upon cell entry, a major reason for false-negative results for the 18F molecule, with daratumumab and BCMA(B-cell maturation antigen) based substrates being studied as alternative immunologic options (59–61). Conversely, differences in the bone microenvironment and cellularity, which are associated with increased age and necrosis (caused by ongoing treatment), can influence the imaging pattern and thus limit the use of (DWI)-MRI for metabolic response assessment (62). While further corroboration is warranted to support the regular use of DWI-MRI in MM patients, 18[F]FDG PET-CT remains the most practical option for MRD detection and should be monitored at pre-specified time points and in a standardized manner (e.g., the recently validated Deauville score for MM).



Association Between MRD Negative Status and Prognosis

The prognostic value of achieving undetectable MRD is now supported by several studies in addition to those mentioned so far. Goicoechea et al. showed that patients attaining MRD negativity after therapy have similar, improved outcomes irrespective of disease risk at diagnosis (63). Other studies (11, 64–66) have supported this finding, with initial risk stratification by R-ISS, FISH, ISS retaining prognostic significance only in the subset of high-risk patients who do not reach MRD negativity (18). More specifically, Li et al. (65) showed that while both high-risk disease characteristics and MRD positivity are independent unfavorable factors for myeloma, no significant difference was seen in PFS or OS between the MRD(-) high-risk group and MRD(+) standard-risk group (median PFS 45 vs. 34 m, P = 0.300; 4-year OS 100% vs. 83.6%, P = 0.196).

The current body of literature is primarily comprised of studies evaluating newly diagnosed MM patients, with clear associations between MRD(-) and longer PFS and OS (67–70). This is especially true when MRD is reached in the pre-transplant evaluation, compared to 100 days post-transplant, which is likely reflective of more responsive disease biology overall (71–77). Rawstron et al. (71) evaluated MRD after induction therapy and 100 days post-transplant and showed significantly prolonged PFS (median PFS, 44.2 months; P <.001) in patients with early MRD negativity, compared with the patients that were MRD(-) after ASCT. However, the patients who received transplants had a 2.8-4.2 fold increase in the probability of achieving an MRD(-) state, underscoring the role of transplant in patients who do not respond as deeply with induction therapy. The same observation was highlighted by Paiva et al. (73), with significant PFS and OS increases seen in the group of patients who respond before consolidation and transplant.

In the largest meta-analysis to date, Munshi et al. (78) examined 44 studies with eligible MRD data for PFS and 23 studies for OS. They showed that achieving MRD negativity led to improved PFS (HR, 0.33; 95% CI, 0.29-0.37; P <.001) and OS (HR, 0.45; 95% CI, 0.39-0.51; P <.001), irrespective of several disease and patient characteristics. The beneficial effect of MRD(-) was sustained, regardless of MRD sensitivity thresholds (older studies reported results with sensitivity of 10-4), cytogenetic risk, method of MRD assessment, depth of clinical response at the time of MRD measurement, and MRD assessment premaintenance and 12 months after the start of maintenance therapy. PFS estimates were more favorable if MRD negativity was achieved at 12 months post-maintenance than pre-maintenance, highlighting the intuitive correlation between the depth and duration of response. Although the prognostic effect that the MRD(-) state has on newly diagnosed MM was described by previous trials, one of the most important findings of this meta-analysis was the effect shown on the relapsed, heavily pre-treated population, with MRD negative patients having improved PFS (HR, 0.34; 95% CI, 0.24-0.47; P<.001); and OS (HR, 0.28; 95% CI, 0.18-0.45; P <.001) (79, 80). This finding was reinforced when a pooled analysis of the POLLUX and CASTOR trials was done by Avet-Loiseau et al. and showed that daratumumab-based regimens can lead to MRD(-) remissions in relapsed patients, which translated to improved PFS (81). This is especially true in the subgroup of patients with sustained MRD negativity (6-12, >12 months) since significantly prolonged clinical outcomes were seen in both studies regardless of assigned treatment. However, sustained MRD negativity can be an impractical endpoint, since a) any level of sustained remission will be associated with improved outcomes and b) it will require more time to “read out” as a clinical trial endpoint, thereby eliminating the potential utility of MRD negativity as an early surrogate for more traditional endpoints such as PFS and OS. Higher MRD (-) after induction, consolidation and at 12 months after start of therapy was noted in the experimental arm of the CASSIOPEIA trial comparing bortezomib, thalidomide dexamethasone with or without daratumumab followed by transplant and daratumumab consolidation or maintenance after a second randomization. MRD negativity was associated with improved outcomes irrespective of treatment type (82).

Conversely, in a phase 1 study of 33 patients with relapsed refractory heavily pre-treated MM, bb2121 targeting CAR-T therapy was infused. Of the 16 patients eligible for MRD evaluation (partial response or better), 15 were negative at the first BM biopsy (94%). However, 6 of them relapsed in the 11.3 median follow-up period, suggesting different disease kinetics and response patterns in patients treated with drugs with novel mechanisms of action and with more advanced disease (83).

MM patients display significant treatment response variability, leaving our current approaches one step behind the evasive nature of the disease. In the majority of MM patients, regardless of the stratification risk, a relatively uniform therapeutic regimen is applied (induction, transplant, post-transplant consolidation, and/or maintenance). However, sequential MRD assessments may allow for a better understanding of the efficacy of different therapeutic agents their relevance to the particular disease genotype-phenotype and perhaps allow for escalation or de-escalation of therapy based on MRD status. Such an approach may limit the financial burden and medical toxicity for the subset of patients that could do as well without receiving as intensive a therapy.

The ability to identify patients with the deepest responses will also help optimize the existing diagnostic risk assessment tools for MM patients. Risk stratification is primarily based on initial cytogenetic aberrations in the malignant clone population, with specific mutations, such as del17p, portraying the worst outcomes. However, significant unpredictability still exists, with some high-risk patients following less aggressive disease courses and vice versa. Therefore, it is essential to properly evaluate the disease characteristics of these patients, and sustainable MRD negativity in the response assessment should add additional insight as to which factors influence the prognostic algorithm in MM.

In an attempt to provide international consensus guidance on assessing and reporting MRD in MM clinical trials, a panel of experts in the MM field published recommendations aiming to harmonize the published data and improve MRD research quality worldwide (84). The panelists recognized that while consensus statements could be provided on timing and methodology, multiple clinical trials are vital if incorporation of MRD assessment is to be contemplated as a surrogate for clinical decisions in the care of MM patients. Among the consensus statements they suggested, MRD evaluation must be analytically validated on the level of assay’s technical performance (as far as its limit of blank (LOB), limit of detection (LOD), and limit of quantification (LOQ) is concerned, the sequence and quality of BM sample) and clearly reported in clinical trials. Regarding peripheral blood MRD assays, the need for further investigation and cross-validation versus BM-based MRD is emphasized. Considering the additional prognostic information obtained by the various imaging techniques, the authors recommend PET-CT and consider it complementary to BM MRD assessment. The panelists also advocate MRD assessment in all trials for newly diagnosed MM patients as well as smoldering MM with curative intent and trials for relapsed or refractory MM. Regarding the timing of assessment, they proposed that for the NDMM patient clinical trials, MRD be assessed at the end of induction, post-AHCT (when relevant), before maintenance, and periodically thereafter. While for clinical trials without distinct therapeutic phases, MRD is to be performed whenever a BM biopsy is attempted to assess treatment response.



Barriers in Incorporating MRD Testing in Clinical Practice

Several practical barriers remain prior to wide applicability of MRD in clinical practice. The association between MRD and PFS and OS in newly diagnosed patients and MRD and PFS in relapsed disease is clear. This is not surprising. For MRD to become a robust surrogate for drug approval in this setting, specific thresholds for changes in MRD(-) rates need to be defined. In other words, “how much more MRD negativity” is necessary for a drug to consistently lead to improved PFS and, ideally, OS so that MRD(-) can be used as a surrogate for these clinically relevant endpoints. And also, in what setting? Since MRD “benefit-cutoffs” will likely be different for newly diagnosed versus relapsed disease or for high risk versus non-high risk disease (likely “more” MRD negativity will be required in the latter scenarios).

Furthermore, the myeloma community needs to stay consistent with an optimal threshold of sensitivity, which is more important than the actual method used to reach that threshold. MRD will need to be tested in all patients after achieving conventional CR but not patients achieving fewer deep responses. Current studies are sometimes limited by the use of methods with various sensitivity thresholds, used in patients in less than CR, and with missing MRD assessments in some cases, which limits the generalizability of the results. In the case of missing MRD status, IMWG has suggested that these patients be considered MRD(+) as a more conservative approach. The timing of MRD assessment needs to be considered since the issue mentioned above may differ according to various time points (e.g., newly diagnosed versus relapsed disease). This is also relevant for patients according to cytogenetic risk status, which should also be considered since patients with high-risk disease may achieve MRD(-) complete remissions that are relatively short-lived compared to their standard risk counterparts. To support this claim, Diamond et al. showed that high-risk patients who achieved and subsequently lost MRD negativity had a worse PFS compared to patients with unremitting, low MRD positive rates throughout the treatment follow-up. These findings underscore the importance of sustained biochemical and imaging responses, especially in the high-risk populations since early relapse from MRD(-) is consistently associated with inferior outcomes (85). Further, in the relapsed setting, the phase 3 BELLINI trial showed that while the addition of Venetoclax to Bortezomib and dexamethasone significantly improved median PFS and MRD negativity rates, it was also associated with increased overall mortality vs. Bortezomib and dexamethasone (86). This was likely secondary to higher rates of infections in the treatment arm and highlights the limitations of surrogate endpoints in general.

Finally, the implications of using MRD with several of the new immunotherapeutics (such as CART cells) are not clear and may need to be validated separately considering the significantly different mechanism of action of these approaches compared to conventional MM therapies.

When it comes to imaging studies, the exact incremental prognostic value over BM-based approaches is not entirely clarified, as is the optimal timing of obtaining imaging after therapy or with relapsed disease. Ideally, accurate MRD assessment should include both a sensitive BM-focused approach and PET/CT imaging in all patients.

The use of MRD to inform treatment decisions will require rigorous testing in a clinical trial setting. We do not know yet in which setting we should escalate therapy to help patients reach an MRD- status or if we could de-escalate therapy in patients achieving sustained MRD. Both approaches are actively studied in ongoing studies (Table 3). For instance, while the benefit of ASCT has been extensively validated for newly diagnosed, fit MM patients (87, 88) in terms of PFS, the IFM 2009 study showed no difference in PFS for MRD(-) patients irrespective of the treatment following induction (ASCT or VRD) (11). It should be noted that more patients in the transplant receiving group achieved MRD negativity (30% vs. 21%). In 2019, Gay et al. showed no difference in the MRD negativity (defined as 10-5 by NGS) rate between the group that received induction with carfilzomib-lenalidomide-dexamethasone (KRD) followed by ASCT and consolidation with KRD and 12 cycles of KRD without ASCT (58% VS 54% respectively) (89). This is also shown in other studies that suggested that upfront 4 drug regimens(e.g., daratumumab-KRD) without subsequent transplantation can achieve comparable MRD results with patients that receive transplant following induction (90, 91). Although additional validation is essential in order to safely use MRD as a marker that will guide clinical decisions, the above evidence indicates that more intensive treatment approaches may be withheld in patients with highly responsive disease biology.


Table 3 | Selected trials with MRD status guiding intensification or de-intensification of therapy.



Table 4 summarizes the current limitations of MRD in clinical decision-making and highlights some potential issues that should be targeted by ongoing and future trials.


Table 4 | Barriers for regular use and future prospects of MRD assessment in MM.



Finally, MRD(-) patients by BM testing and PET/CT should be studied further. Why do these patients relapse? Is it really a pool of plasma cells that remain undetectable at such low levels that give rise to relapsed disease? Or is the source of relapse phenotypically or perhaps genomically very different than what we typically consider a malignant plasma cell? In other words, are we looking for the right cell in this setting? The study of these patients and the answer to this question may shed more light on the path to MM cure.
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1. What is the most appropriate sensitivity threshold (10%,10°®, or higher) to determine MRD presence? Is an exact quantifying report more prognostically useful than a
cutoff of positivity/negativity?

2. Does the speed of negative MRD attainment matter clinically? Are high-risk patients more prone to lose the MRD negativity compared to standard-risk patients?
Should MRD- cutoffs be different according to disease biology?

3. Should clinicians intensify or de-intensify their therapeutic approaches based on MRD results at different time points? If yes, what is the optimal point of disease
assessment that MRD negativity should be pursued more vigorously?

4. Can blood-based methods replace or complement the laborious MRD assessment in the marrow? Should patients with extramedullary disease be followed with
imaging, bone marrow, and blood-based studies? How often should patients with sustained MRD negativity (over a year) be followed?

5. Can MRD guide decisions as to whether prolonged maintenance therapies should be given indefinitely? Is the loss of MRD negativity a justified event of re-starting
treatment without overt clinical, biochemical signs?

6. Is MRD a clinically relevant target that can justify the use of highly toxic therapies (CAR-T) instead of the traditional markers (PFS, OS)?

7. Are there tumor-extrinsic factors that can explain durable MRD negative responses (immunome, microbiome, etc.)?
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NCT04071457  Drug: Lenalidomide Phase July 1,2029 Overall After 2 years of maintenance, patients are assessed by MRD, and
DRAMMATIC Drug: Daratumumab/rHuPH20 3 Survival positive patients will continue with the assigned treatment. MRD
study negative patients will be further randomized to continue/discontinue
treatment
NCT04513639  Drug: Early treatment of relapse with  Phase June 1, PFS, OS, Newly diagnosed patients will be treated with standard induction.
REMNANT carfilzomib, dexamethasone, 2-3 2030 MRD Patients that reach MRD negativity will be randomized and evaluate
study daratumumab negativity whether treating minimal residual disease (MRD) relapse after first-line
Drug: Standard treatment of relapse after first-ine  treatment prolongs progression-free survival and overall survival for
with carfilzomib, dexamethasone, treatment myeloma patients versus treating relapse after progressive disease
daratumumab
NCT04140162 MRD Driven Adaptive Strategy in Phase October 1, Proportion of This phase 2 trial will test whether the combination of DaraRd
Treatment for Newly Diagnosed MM~ 2 2024 participants  (daratumumab + lenalidomide + dexamethasone) as induction therapy,
With Upfront Daratumumab-based who reach followed by DRVd (daratumumab + lenalidomide + bortezomib +
Therapy MRD dexamethasone) consolidation therapy, if needed, will result in more
negativity patients achieving minimal residual disease MRD negative status, relative
upfront or to the standard of care. Consolidation therapy will be administered only
after to those patients with MRD positive status after induction therapy.
consolidation
NCT03992170, Efficacy of Daratumumab in MM Phase June 30, Overall MRD positive but >VGPR patients at 6 months of therapy will continue
DART4MM Patients in >VGPR/MRD positive by ~ 2 2022 Response Daratumumab for 2 years. MRD negative patients can stop treatment
study Next Generation Flow Rate (ORR)
NCT03901963 A Randomized Study of Phase October 31, MRD Evaluation of the conversion rate of MRD positive patients to MRD
AURIGA study  Daratumumab Plus Lenalidomide 3 2023 negativity negative in the maintenance phase between Daratumumab-
Versus Lenalidomide Alone as Lenalidomide and Lenalidomide alone
Maintenance Treatment in Patients
With Newly Diagnosed MM who Are
Minimal Residual Disease Positive
After Frontline Autologous Stem Cell
Transplant
NCT03224507  Drug: KRdD followed by auto-HCT ~ Phase April 1, 2022 MRD After induction therapy with KRdD (Kyprolis, Revlimid, dexamethasone,
MASTER trial Drug: KRdD only 2 negativity at  Darzalex), duration of consolidation and maintenance therapy will be
the guided by MRD rates. Patients with MRD (-) at or after cycle 1 of
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of
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Euroflow MFC antibodies

Tube 1 Tube 2
CD138 CD138
CD38 CD38
CD19(97%) CcD19
CD45(89%) CD45
CD81(86%) Cylgk
CD56(86%) CD56
CD27(71%) cD27
CD117(60%) Cylgh

1. CD38, CD 138 Were used to detect plasma cell population in the sample. 2.
Percentages correspond to the consistency of discrimination between normal vs.
aberrant plasma cells. 3. CylgA, Cylgkcytoplasmic markers were used to identify clonality.
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