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Abstract

The presence or absence of minimal residual disease (MRD) in patients with multiple myeloma 

(MM) has emerged as a useful marker to determine the depth of remission. MRD negativity as an 

endpoint has been shown to be associated with improved progression-free survival in many 

studies. MRD detection is therefore part of numerous clinical trial protocols for MM. At the 

present time, two methodologies are most widely accepted for MRD detection: i) multi-color flow 

cytometry, and ii) next-generation sequencing (NGS) -based clonotype detection. While both of 

those methodologies enable accurate quantification of MRD in the bone marrow (BM), with 

sensitivity as low as 10−5 to 10−6, there are several limitations to these methods. First, these 

approaches reveal the presence or absence of MRD but provide limited molecular information 

about MM. More comprehensive characterization of MM cells at the MRD stage may identify 

molecular mechanisms of drug-resistance. Second, MRD detection in the BM is typically 

performed at one time point only, but more frequent detection may define the duration of the MRD 

status and thus refine its prognostic value. Third, less-invasive approaches that avoid the 

discomfort and risk associated with BM biopsy would be highly desirable, especially in elderly or 

frail patients. “Liquid biopsy” for the detection and characterization of circulating MM cells may 

address these issues. While MRD detection in the peripheral blood at the same sensitivity as in the 

BM may be challenging, the identification of patients who do not achieve MRD negativity might 

reduce the need for BM biopsies. Here, we give an overview of approaches that have been 

described to detect and characterize MM cells when they occur at very low frequencies in the 

peripheral blood or in the BM, emphasizing recently described NGS approaches for more 

comprehensive characterization of circulating MM cells.
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Rationale for assessment of circulating tumor cells in myeloma

Despite tremendous achievements following the introduction of proteasome inhibitors [1–3], 

immunomodulatory agents [4] and most recently daratumumab [5,6] and elotuzumab [7,8], 

multiple myeloma (MM) remains incurable. Novel agents have led to unprecedented depth 

of response, but residual drug-resistant MM cells lead to inevitable relapse in nearly all 

patients. Over the past decade, substantial progress has been made in the understanding of 

MM biology and constant clonal evolution and genetic heterogeneity have been proposed as 

key drivers for the development of drug-resistant disease [9,10]. The clonal composition of 

MM is not only diverse, but also highly dynamic and changes repeatedly over time [11]. 

Although some targetable defects are already known in MM [12,13] serial assessment of the 

disease may reveal many more mechanisms of drug resistance that can be exploited 

therapeutically. Serial assessment by BM biopsies is limited by sampling errors, as biopsies 

are routinely performed from a single anatomic site (iliac crest) only, but MM is 

heterogeneously spread throughout the entire BM, or extramedullary sites. This represents a 

particular challenge for extramedullary MM. From a clinician´s point of view, monitoring of 

the disease by repeated BM biopsies remains inaccessible for the vast majority of MM 

patients as the procedure is painful, inconvenient and is accompanied by risks. This poses a 

particular challenge to elderly and frail patients, who might benefit from accurate tracking of 

the disease to balance treatment efficacy and treatment-related toxicity. In younger patients 

constant monitoring of the disease may be essential to detect potentially targetable 

vulnerabilities before the disease burden has reached a critical “point of no return” at which 

patients are too frail to receive adequate treatment.

Facing the entirety of these social, clinical, diagnostic and basic biological facets, liquid 

biopsy has recently gained a broad interest to be adapted and standardized in MM. Various 

tools have been introduced with various objectives, including i) longitudinal quantification 

of disease burden, ii) monitoring of clonal evolution, ii) determining mechanisms of drug 

resistance and iv) monitoring progression from pre-malignant conditions to overt MM.

This review focuses on currently existing techniques that may be used to interrogate 

circulating MM cells (CMMCs) as a tool for longitudinal tracking of MM. Detection of 

residual CMMCs in patients with low disease burden remains challenging as it aims at the 

detection of very low levels of disease. In the BM, sensitivities of ≤1: 105 to ≤1:106 MM 

cells in normal cells are currently pursued [14]. An ideal diagnostic approach for monitoring 

MM would i) be non-invasive, ii) provide a quick readout and iii) provide enough 

information for detailed molecular profiling even at low disease burden. Methods for 

molecular profiling of residual MM cells in the blood are rapidly emerging and today´s 

isolation techniques range from immunophenotypic approaches such as high-speed 

multiparameter flow cytometry (MFC) to molecular procedures including real-time 
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quantitative PCR (RQ-PCR), fluorescence-in-situ hybridization (FISH), next-generation 

sequencing (NGS) and approaches that combine several of these techniques [11,15–21].

Identification and enumeration of CMMCs by flow cytometry

MFC offers fast and conclusive read-outs of CMMCs [19,22,23]. Prior 4-colour MFC panels 

have gradually been expanded to panels with greater numbers of parameters. For example, 

an 8-color 2-tube EuroFlow panel has been demonstrated to detect residual MM in the BM 

at high sensitivity in a standardized manner [24]. Similar sensitivities were reported in a 10-

color single-tube approach [25]. Immunophenotypic detection of residual MM cells from the 

peripheral blood is more challenging as the fraction of MM cells is typically lower than in 

the BM [19]. Microfluidic cell capture methods for plasma cell antigens such as CD138 

have been used to increase the sensitivity of MFC to quantify CMMCs from the peripheral 

blood reaching capture efficiencies of ~40–70% and detecting 20–24 CD138+ cells/mL and 

45–184 CD138+ cells/mL in MM patients in remission and with active disease, respectively 

[26].

In the context of residual disease detection, the presence of CMMCs detected by MFC 

represents a marker of unfavorable prognosis. A recent study on n=647 patients with 

previously treated MM reported a worse survival of 12 vs. 33 months in patients with 

relapsed disease and ≥100 CMMCs vs. <100 CMMCs per 150,000 gated peripheral blood 

mononuclear cells (PB-MNCs). Of note, CMMCs in patients at complete remission 

remained entirely absent in this study [27].

Applications of MFC may not only be limited to MRD. Recent analyses reported on the 

ability of MFC approaches to also capture CMMCs in smoldering multiple myeloma (SMM) 

and monoclonal gammopathy of undetermined significance (MGUS) [28,29], potentially 

depicting a prognostic biomarker for patients with aberrant plasma cells prior to developing 

symptomatic disease. Paiva and colleagues have recently utilized MFC to identify distinct 

subpopulations of CMMCs characterized by the downregulation of integrins (CD11a/

CD11c/CD29/CD49d/CD49e), adhesion molecules (CD33/CD56/CD117/CD138), and 

lymphostimulatory molecules (CD28/CD38/CD81) [19]. Circadian fluctuation of CMMCs 

and negative correlation to chemotactic modulators (CXCL12, CXCR4) in this study was 

postulated to reflect BM egression of a quiescent subpopulation of plasma cells possibly 

driving MM dissemination throughout the body [19]. Despite its merits, MFC itself is 

limited by the small number of parameters for molecular characterization. Approaches to 

improve the information density obtained from CMMCs include combination of MFC with 

high-throughput DNA- and RNA-seq methods. Such approaches will also have to take into 

account the potential interference of diagnostic antibodies directed at the same epitope as 

therapeutic antibodies (daratumumab, elotuzumab), e.g. by utilizing antibodies prone to 

different epitopes on the same target molecule [30]. Mass cytometry has recently been 

developed as a variation of flow cytometry that detects heavy metal-ion tagged antibodies 

using time-offlight mass spectrometry. Such techniques allow for the detection of up to 38 

simultaneous epitopes on a single cell [31].
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CMMC detection and isolation by immunomagnetic methods and other 

approaches

Circulating tumor cells (CTCs) in non-hematologic malignancies have been described as a 

biomarker for monitoring cancer without the need for invasive diagnostic procedures. A 

large number of rare cell enrichment technologies has been described. Most of these assays 

aim to identify CTCs based on three different strategies: i) positive selection, ii) negative 

selection, and iii) selection-free isolation. Positive selection enriches for cells with CTC-like 

signatures not exhibited by other blood cell components, including physical (e.g. size, 

density, deformability, surface charge) and phenotypic properties (expression of EpCAM, 

cytokeratins) [32–36]. Negative selection selects for and then discards cell subsets that have 

physiological blood cell properties (e.g. expression of CD45, CD66b, CD34, CD11b, CD14) 

[37–39]. Selection-free approaches provide high-throughput techniques which do not require 

positive or negative selection for the detection of CTCs [40,41].

Isolation techniques range from high speed flow cytometric cell sorting to microfluidic cell 

isolation devices, including some approaches which may warrant further exploration in the 

analysis of CMMCs. CTC-iChip is an antigen-independent microfluidic technology which 

uses lateral displacement and magnetophoresis [34]. Another commercial platform provides 

imaging-based selection of immunofluorescently labeled CTCs that adhere to slides with 

proprietary coating [41]. Microfluidic devices employ curvilinear microchannels that allow 

for fast, label-free enrichment of CTCs. Other systems consist of a microfluidic device of 

microchannels and capture chambers for isolation of CTCs based on their size and 

deformability [39]. As most microfluidic devices do not require cell labeling, such 

approaches may be highly valuable for subsequent immunophenotypic analyses. While some 

of these technologies may be suitable for detection or isolation of CMMCs, they are 

dependent on distinct properties of MM cells and normal white blood cells, which may be 

subtle. The automated Cellsearch system represents the only FDA-approved rare cell 

enrichment platform for clinical use in solid cancer at the moment [37,38]. This platform 

combines immunomagnetic selection and surface marker expression to purify CTCs. MM 

patients with CMMC counts ≥100 at remission showed reduced survival as compared to 

patients with CMMC counts <100, suggesting the eligibility of such assays as prognostic 

tools in MM [20].

Quantification of CMMCs by PCR

Due to its sensitivity of ≤1:105, allele-specific oligonucleotide real-time quantitative PCR 

(ASO-RQ-PCR) has become a common tool to investigate MRD from the BM of MM 

patients [42]. Major improvements in isolating CMMCs have recently driven additional 

interest to adopt ASO-RQ-PCR for the detection of residual plasma cells in the peripheral 

blood. Novel approaches that utilize patient-specific primers designed from the 

complementarity-determining region 3 (CDR3) sequence of the immunoglobulin genes may 

detect MRD in >90% patients despite somatic hypermutations in MM [43]. In a prior 

analysis of MM patients, positive IgH-RQ-PCR of CMMC proved prognostically relevant 

and preceded clinical relapse after HD-ASCT [18]. In the same study however, MRD levels 
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in the peripheral blood were 40-fold lower than in the BM, thereby again stressing the 

challenges to apply RQ-PCR to liquid biopsy samples in order to detect myeloma MRD 

[18].

Characterization of CMMCs by FISH

Interphase fluorescence in situ hybridization (FISH) is a technique widely used in routine 

diagnostics for multiple myeloma to detect cytogenetic aberrations by labeling DNA on 

chromosomes using a hybridizing complementary strand of nucleic acids [44]. Probes are 

designed to target common abnormalities in MM [45]. As CMMCs are rare, particularly in 

MRD, FISH techniques require immunomagnetic enrichment or commercially available cell 

enrichment platforms to allow for plasma cell isolation from the peripheral blood. Several 

approaches have recently provided evidence of the feasibility for FISH in MMMRD [20,46]. 

Despite being less standardized than MFC and NGS, FISH-based methods may unravel 

cytogenetic data while at the same time being less costly than NGS. Prior analyses of 

CMMCs and paired BM samples have demonstrated a high degree of concordance in 

cytogenetic aberrations including deletion del(13q14) [46]. Other investigators have utilized 

FISH to detect distinct cytogenetic aberrations in CMMCs as compared to paired BM and 

showed a higher clonogenic potency of CMMCs [19,47]. Future investigations are needed to 

determine the genetic relationship between CMMCs and spatially heterogeneous MM within 

the BM [48].

Characterization of CMMCs by NGS

NGS allows detailed molecular characterization of CMMCs with great resolution [17,21]. 

We recently developed an approach to combine CD138+CD45−cell enrichment by serial 

dilution and single-cell micromanipulation using fluorescence microscopy with DNA- and 

RNA-sequencing of single CMMCs [21,49]. This technology currently enables isolation of 

MM cells based on established marker profiles at a frequency of less than one cell per 106 

[21]. Using this approach, we have identified CMMCs in 24/24 randomly selected patient 

samples, and successfully performed DNA-sequencing of single MM cells, isolated from the 

blood and BM. Our methodology reproduced all mutations that were previously identified 

by CLIA-certified genotyping from bulk BM, and was also able to identify canonical MM 

mutations when the CLIA test from BM failed. In some cases, particular mutations could 

only be detected in the blood but not in BM, demonstrating that DNA-sequencing of single 

CMMCs and single BM MM cells is feasible, and suggesting that CMMCs can provide 

genomic information distinct from BM MM cells. In another study, whole-exome 

sequencing with additional targeted sequencing of eight matched flow-sorted BM and 

CMMC bulk samples reported a similar level of concordance between clonal mutations in 

both MM compartments [17]. RNA-sequencing of single MM cells from blood and BM has 

also been employed and may allow to define subsets of MM by inferring the presence of 

chromosomal translocations that result in overexpression of key drivers of MM [21] as well 

as to establish lineage identity (Figure 1). The ability to comprehensively characterize single 

MM cells by DNA- and RNA- sequencing with a sensitivity of 10−6 or better offers the 

chance to obtain molecular information about MRD from BM or from the peripheral blood. 

This may reveal resistant disease before a clinically apparent relapse occurs, which may help 
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to increase the efficacy of treatments and identify mechanisms of drug resistance, 

particularly with emerging immunological treatment approaches (Figure 2). Besides being 

much more convenient for the patient, molecular characterization of minimal disease from 

blood may allow tracking of the kinetics of MRD loss, which cannot be achieved by BM 

biopsies. However, the sensitivity of myeloma-derived CMMCs for detection of MRD and 

its genomic characterization has not been defined. Now, studies are needed to define the 

exact sensitivity of CMMCs for MRD detection and determine their prognostic and 

predictive impact.

Complementary tools for minimal residual disease assessment

Several complementary approaches have been described with the potential to support the 

detection and characterization of MRD. Imaging techniques, such as whole-body 18F-FDG-

PET/CT or contrast-enhanced MRI, may be particularly useful for detecting localized, 

extramedullary disease [50,51]. MM-derived cell-free DNA (cfDNA) in the blood has been 

described in MM, but its detection at MRD is limited by the total amount of cfDNA that is 

present in the blood, creating a challenge for achieving a detection sensitivity better than 

~10−4 [16,52,53]. However, deep sequencing of cfDNA from plasma has recently been 

demonstrated to recapitulate mutational profiles of matched BM aspirates [16]. In this study, 

Kis and colleagues performed hybrid capture of all exons of KRAS, NRAS, BRAF, EGFR 
and PIK3CA in 64 cfDNA specimens from 53 myeloma patients and performed DNA-

sequencing to >20,000× median coverage. This sequencing approach allowed for the 

detection of cfDNA-only mutations that were not identifiable in BM aspirates but persisted 

in serial cfDNA assessment of some patients, consistent with the clinical course of each 

patient [16]. In another study, mutation enrichment screening of cfDNA in relapsed/

refractory (RR) MM patients detected MM key driver gene mutations that at the same time 

point remained undetectable in paired BM controls (27.2% of all RRMM cases). 

Interestingly, such peripheral blood-only mutations could only be detected in 6.6% of newly 

diagnosed MM patients. These observations point towards spatial and genetic heterogeneity 

over the course of myeloma disease that can be detected through querying cfDNA [52]. 

DNA-sequencing for clonotypic V(D)J rearrangements in cfDNA from 27 myeloma patients 

recapitulated the persistence of MM-cfDNA in 91% of non-responders vs. 41% of 

responders [53]. At the same time, M-protein persisted in the majority of the patients, 

suggesting that cfDNA provides information about tumor burden in MM patients after 

treatment that is distinct from M-protein.

Summary and future directions

Liquid biopsy approaches hold great promise for the tracking of MM in the blood. Utilizing 

CMMCs rather than BM MM cells to gain insight into MM biology may i) allow for 

frequent molecular analyses over time and may thus be crucial to capture genomic evolution, 

ii) more accurately reflect multifocal disease than a BM biopsy due to a more representative 

sampling, and iii) be substantially more convenient for patient and provider.

Several methodologies have been described that allow characterization of MM cells that are 

present at low frequencies, either in the blood or in the BM. MFC is well-established in 
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clinical routine, but only provides information about a relatively small number of 

parameters. This allows for accurate quantification of CMMCs, but is typically insufficient 

for detailed molecular or functional characterization. Mass cytometry approaches may 

further increase the number of parameters that can be queried [31].

Highly sensitive technologies have been developed to isolate MM cells either from the blood 

or from the BM, including flow sorting, immunomagnetic enrichment, microscopy-based 

isolation approaches, or combination approaches [19,20,26,27,31,42,43,46,47,54]. Pairing 

single-cell or small input NGS with these technologies allows for unprecedented granularity 

of the obtained information [22,26]. This enables deep insight into the genome or 

transcriptome of MM from just a handful of cells and may have great utility for following 

the dynamics of clonal evolution and determining molecular mechanisms of drug resistance 

[21]. A sensitivity of 10−6 or better for the detection of MM cells is feasible with some of 

these methods, and they can be applied to BM and blood equivalently. This enables high 

content characterization of MRD in the BM, rather than being limited to simply 

quantification of MRD. While the frequency of MM cells in the circulation appears to be 

about two orders of magnitude lower than in the BM in many cases, larger volumes of blood 

may partially compensate for the difference in sensitivity. For instance, 40ml of blood can be 

obtained relatively easily. In contrast, obtaining the same volume of BM typically requires 

multiple individual biopsies, to avoid contamination with peripheral blood. Multiple BM 

biopsies are impractical, associated with greater risk and inconvenience, and are therefore 

rarely performed. More studies are needed to further define the sensitivity of CMMCs for 

MRD detection, and more importantly their prognostic impact on response, progression free 

survival and overall survival. The incorporation of comprehensive characterization of 

minimal disease either from peripheral blood or from BM into future clinical trials will be 

crucial for more comprehensive functional and molecular characterization of MM and will 

provide much deeper insight into MM biology than has been previously possible.
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Figure 1. Distinguishing single CMMCs and BM MM cells from other cell types by single-cell 
RNA-sequencing
Single CD138+CD45− MM cells were isolated either from the peripheral blood (PB 

Myeloma) or from the bone marrow (BM myeloma), and single CD19+ B lymphocytes (B 

cells) or CD45+ normal white blood cells (Normal cells) were isolated from the peripheral 

blood of two MM patients. CD138+CD45+ plasma cells (Plasma cells) were isolated from a 

healthy blood donor. Single cell whole transcriptome RNA sequencing was performed, and 

the gene expression of all single cells was visualized as two-dimensional t-SNE scatter plot. 

The symbol size represents the number of genes detected in each cell.
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Figure 2. Expression of typical plasma cell markers in single CMMCs, BM MM cells and normal 
white blood cells
Single cell whole transcriptome RNA sequencing was performed and visualized as t-SNE 

scatter plot as in Figure 1. The relative gene expression level of three different myeloma 

markers was color-coded, demonstrating high expression of typical plasma cell markers only 

in MM cells from two individual patients, and plasma cells from the blood of a healthy 

blood donor: (A) BCMA, (B) SLAMF7 and (C) CD38.
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