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ABSTRACT
◥

Purpose: We investigated both the clinical utilities and the
prognostic impacts of the clonotypic peptide mass spectrometry
(MS)-EasyM, a blood-based minimal residual disease (MRD) mon-
itoring protocol in multiple myeloma.

Experimental Design: A total of 447 sequential serum samples
from 56 patients with multiple myeloma were analyzed using
EasyM. Patient-specific M-protein peptides were sequenced from
diagnostic samples; sequential samples were quantified by EasyM to
monitor the M-protein. The performance of EasyM was compared
with serum immunofixation electrophoresis (IFE), bone marrow
multiparameter flow cytometry (MFC), and next-generation flow
cytometry (NGF) detection. The optimal balance of EasyM sensi-
tivity/specificity versus NGF (10�5 sensitivity) was determined and
the prognostic impact of MS-MRD status was investigated.

Results: Of the 447 serum samples detected and measured by
EasyM, 397, 126, and 92 had time-matching results for compar-

ison with serum IFE, MFC-MRD, and NGF-MRD, respectively.
Using a dotp >0.9 as the MS-MRD positive, sensitivity was 99.6%
versus IFE and 100.0% versus MFC and NGF. Using an MS
negative cutoff informed by ROC analysis (<1.86% of that at
diagnosis), EasyM sensitivity remained high versus IFE (88.3%),
MFC (85.1%), and NGF (93.2%), whereas specificity increased
to 90.4%, 55.8%, and 93.2%, respectively. In the multivariate
analysis, older diagnostic age was an independent predictor for
progression-free survival [PFS; high risk (HR), 3.15; 1.26–7.86],
the best MS-MRD status (MS-MRD negative) was independent
predictor for both PFS (HR, 0.25; 0.12–0.52) and overall survival
(HR, 0.16; 0.06–0.40).

Conclusions: EasyM is a highly sensitive and minimal
invasive method of MRD monitoring in multiple myeloma;
MS-MRD had significant predictive ability for survival
outcomes.

Introduction
Multiple myeloma is characterized by the neoplastic generation

plasma cells from bone marrow, which interfere with hematopoiesis
and immunologic function, leading to hypercalcemia, renal insuffi-

ciency, anemia, and bone lesions (1, 2). Although the prognosis of
patients with multiple myeloma has substantially improved over the
past decades due to the advancements of novel agents and upfront
autologous stem cell transplantation (ASCT), multiple myeloma
remains incurable (3–5). Patients with multiple myeloma who achieve
deep remission after treatment can still relapse due to recrudescence of
tumor cells remaining in bone marrow, termed minimal residual
disease (MRD) (6–8).

MRD is the most relevant prognostic factor for multiple myeloma
and achieving undetectable MRD is associated with improved pro-
gression-free survival (PFS) and overall survival (OS; refs. 9–12)
among patients whether they are newly diagnosed or have relapsed
disease (9–11, 13–19). For this reason, patients often receive ongoing
MRD monitoring, most commonly with multiparameter flow cyto-
metry (MFC), next-generation flow cytometry (NGF), or next-
generation sequencing (NGS). However, these methods require costly
and painful bone marrow aspiration, limiting their utility for repeated
sampling, and are subject to the risk of false-negative results due to
non-representative sampling of focally-distributed plasma cells and
hemodilution (20). Using serum protein electrophoresis (SPEP) and
serum immunofixation electrophoresis (IFE) to measure patients’
peripheral blood (PB) M-protein levels is a more practical and
minimally invasive way of monitoring MRD, but these methods do
not have sufficient sensitivity to evaluate patients who achieve remis-
sion deeper than complete response (CR). Therefore, the International
Myeloma Working Group (IMWG) recommended that MRD assess-
ments should be further evaluated on the basis of the treatments’
existing efficacy evaluation (21). Given that longitudinal MRD mon-
itoring could help inform dynamic risk stratification and adjustments
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to treatment strategies (22–26), a highly sensitive and blood-based
MRD monitoring method is much-needed for patients with multiple
myeloma.

Mass spectrometry (MS) is capable of detecting M-protein levels
with high sensitivity in PB, and thus has the potential tomonitorMRD
with minimal invasiveness (27–37). MS methods such as the intact
protein method and the clonotypic peptide method are now recom-
mended by the IMWG (38). The clonotypic peptide method identifies
patient-specific M-protein clonotypic peptide sequences to target and
quantitatively track them, even after achieving deep remission (39–43).
However, its application has been primarily explored in the context of
clinical trials. For example, the MS-based EasyM assay was 1,000- and
200-fold more sensitive than SPEP and IFE, respectively, for the
detection ofM-protein in patient serum samples, which allowed earlier
identification of relapse in a trial (35). EasyM had superior perfor-
mance to MFC at 10�4 sensitivity but was not compared at 10�5

sensitivity, and the prognostic value of EasyM MS-MRD was not
assessed. As an extension of this work, we evaluated the clinical utility
of blood-based MS for longitudinal M-protein monitoring during the
disease course of multiple myeloma in the real-world setting. To this
end, we analyzed serial serum samples of 56 patients with multiple
myeloma and compared the MS results with those determined using
IFE, MFC, and NGF to establish the concordance between different
disease-monitoring methods. In addition, we determined the optimal
cutoff value of EasyM MS negativity to balance the sensitivity and
specificity of MS versus NGF and explored the prognostic impact of
MS-MRD status.

Materials and Methods
Study design and participants

This is a retrospective study (ClinicalTrials.gov ID: NCT05536700).
It used a prospectively maintained institutional database of patients in
China with multiple myeloma, the National Longitudinal Cohort of
Hematological Diseases-Multiple Myeloma (NICHE-MM; Clinical-
Trials.gov ID: NCT04645199). Additional data elements were
obtained or confirmed by review of patient medical records and
follow-up phone calls. Written informed consent was obtained

from all patients for use of their medical record data and PB serum
samples for research. The study was conducted according to the
Declaration of Helsinki and approved by the institutional review
board of the Institute of Hematology and Blood Diseases Hospital
(IHBDH) on October 26, 2021.

Patients in the NICHE-MM cohort were eligible for inclusion
in this study if they met the following criteria: (i) patients with
newly-diagnosed multiple myeloma (NDMM) admitted at the
lymphoma and myeloma treatment center of IHBDH from October
2013 to June 2019; (ii) received relatively consecutive treatment,
defined as ≥4 cycles of induction treatment; (iii) with diagnosed M-
protein type of IgG or IgA; (iv) had initial serum M-protein
quantification of ≥5 g/L; and (v) availability of serum samples at
baseline and ≥2 timepoints post-treatment. Of the 61 patients who
met the inclusion criteria, 1 patient was excluded due to having
biclonal M-protein (IgGk and IgAk) and 4 patients were excluded
due to insufficient time intervals in their consecutive serum sample
collection. This left 56 patients who fulfilled all criteria and were
included in the study.

All included patients had started treatment with ≥4 cycles
of bortezomib-based or lenalidomide-based induction threapy fol-
lowed by either ASCT or three additional cycles of consolidation
therapy. Patients were then treated with lenalidomide or bortezo-
mib maintenance for ≥1 year unless intolerance or continual
progression were observed. Routine monitoring of treatment
response was performed every two courses during induction treat-
ment, before and 3 months after ASCT or post-consolidation
treatment, approximately every 3 months during maintenance, and
when patients began exhibiting signs of recurrence or progression.
The patient response assessments were conducted using the IWMG
response criteria (44). The study participant demographics were
considered to be representative for the general Chinese population
(Supplementary Table S1).

MS for detection of monoclonal Ig
Materials

The following reagents were purchased from Sigma-Aldrich
(Shanghai Titan Scientific Co., Ltd.): dithiothreitol, iodoacetamide,
ammonium sulfate, urea, and acetone. MS-grade formic acid (FA) and
acetonitrile were from Thermo Fisher Scientific. ProteaseMAX Sur-
factant, PNGaseF, pepsin, trypsin, chymotrypsin, LysC, GluC, and
AspN were from Promega.

M-protein enrichment, sequencing, and quantification by MS
A simple and universal method was used for M-protein enrich-

ment, salting out by ammonium sulfate solution with gradient
concentration. This method is low-cost and suitable for different
M-protein types including IgG, IgA, IgM, and IgD. In brief, 10 mL
serum was diluted with 10 mL PBS, and then saturated ammonium
sulfate solution was added to 35% (mass percentage). Immunoglo-
bulins including M-protein were precipitated. According to the
SDS-PAGE results of the precipitated proteins, the approximate
purity and M-protein type were obtained. The following M-protein
digestion using different enzymes and mass analysis were consistent
with previous reports (35). Quantification of M-protein by using
MS was performed as previously described and detailed in the
Supplementary Materials and Methods.

Data analysis
The M-proteins were de novo sequenced following the same pro-

cedure as described (35). Parallel reaction monitoring (PRM) assays

Translational Relevance

Monitoring minimal residual disease (MRD) is one of the most
important aspects of multiple myeloma clinical management,
although it is challenging to conduct ongoing assessments because
the commonly usedMRDmonitoring techniques currently require
invasive bone marrow aspiration. EasyM, a clonotypic peptide
mass spectrometry (MS) approach with extremely high detection
sensitivity, enables targeted, quantitative tracking of M-protein in
patients with multiple myeloma using peripheral serum, permit-
ting bothminimally invasive and longitudinal MRDmonitoring in
patients with multiple myeloma. In our comparison of the per-
formance of EasyM with the serum immunofixation electropho-
resis (IFE), multiparameter flow cytometry (MFC), and next-
generation flow cytometry (NGF), we verified that the EasyM has
comparable sensitivity to NGF (10�5). This study also demon-
strated the valuable application of EasyM in early prediction of
disease progression and prognostic evaluation, underscoring its
potential for extensive practical applications forminimally invasive
MRD monitoring in patients with multiple myeloma.
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were analyzed using Skyline software. The peak area of a target peptide
was normalized to that of the spiked-in SILuMAb’s peptide with the
closest RT. The measurement for diagnostic samples was set to 100%.
The percent residual M-protein was calculated by dividing the level in
the next consecutive sample by that of the diagnostic sample and
multiplying by 100. Assay specificity was evaluated by applying the
PRMassay of one patient to control serum and to diagnostic samples of
other patients with multiple myeloma.

The LOD was defined as the lowest M-protein concentration where
the ion distribution pattern was similar to that of the diagnostic
sample. In other words, a dotp score of ≥0.9 was used as the threshold
for limit of detection (LOD). The lower limit of quantification (LLoQ)
was defined as the lowest M-protein concentration, where calculated
values were within 80% to 120% of the expected values and the
coefficient of variation (CV) of duplicate injections was less than 20%.

Identification of clonotypic peptide of personalized M-protein
A novel LC/MS-based proteomics method was used to detect PB-

based MRD in patients with multiple myeloma before and after
treatment, as illustrated in Fig. 1. In the M-protein sequencing step,
salting out by ammonium sulfate solution with a gradient concen-
tration was an efficient and universal method for all different M-
protein types except for free light chain. Thus, SDS-PAGE was
performed as a preliminary quality control for M-protein enrich-
ment evaluation. In the M-protein quantification step, the SILu-
MAb was added to patient serum at a known concentration as an
internal quantification standard. Compared with the Digestif pre-
viously used in (35), SILuMAb has similar physicochemical prop-
erties to the M-protein, and the similar solubility and enzyme
digestion efficiency may potentially help improve quantitative
accuracy and stability. Tryptic peptides that both overlap with one
of the CDR regions and contain at least one mutation compared
with the germline gene were regarded as clonotypic and evaluated
for their quantification sensitivity. The M-protein LLoQ and LOD
were determined for two to three of the best quantotypic peptides
for each patient. The PI sample was serially diluted in the control

serum, digested with trypsin, and analyzed with PRM assay on a Q
Exactive Hybrid Quadrupole-Orbitrap. The LLoQ was determined
as the highest dilution at which the observed amount deviated from
the expected amount by <20% and CV of duplicate injections was
<20%.

Risk stratification by FISH
Purified CD138þ plasma cells followed by interphase FISH (iFISH)

and panels were performed as reported previously (45). High-risk
(HR) patients were defined at diagnosis by any presence of cyto-
genetic abnormalities (CA) including t(4;14), t(14;16), and Del(17P)
and 1q21gains/amplifications (1q21þ; ref. 46); patients without any
of these CAs were considered as standard risk (SR). The cut-off level
for translocation, deletions, and gains was set at 10%. Besides, the
International Staging System (ISS) and Revised International Stag-
ing System (R-ISS) were also employed for risk stratification at
baseline.

Flow-based MRD monitoring
The longitudinal MRD assessments performed in this study were

assessed by using two combinations of eight-color panel MFC during
January 2013 to December 2017, with a sensitivity for MFC MRD
negativity of at least 1� 10�4 as reported previously (45). Beginning in
January 2018, we employed NGF methods (Euroflow standard) and
patients were considered to have undetectable NGF-MRD when
phenotypically aberrant clonal PCs <20 after recording ≥2,000,000
events in a corresponding sample (a sensitivity for MRD negativity of
at least 1 � 10�5), the panels of NGF were detailed in Supplementary
Table S2.

Statistical design and analysis
PFS was measured from the start of treatment to disease progres-

sion, death, or the last follow-up, whichever occurred first. OS was
defined as the time period from the start of treatment to any-cause
death or the last follow-up. Both PFS and OS estimates were calculated
using the Kaplan–Meier method, and log-rank tests were used to

Figure 1.

The process of MS detection and quantification of M-protein. In Step 1, the M-protein was de novo sequenced from diagnostic serum of patients, then specific
clonotypic peptides were selected for quantification. In Step 2, unique patient-specific tryptic peptides from heavy and light chains are measured with PRM assay
throughout all time points. Created with BioRender (www.biorender.com).
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compare the survival curves. ROC analyses were performed to set the
bestMS negative cut-off value to achieve the optimal balance of EasyM
sensitivity and specificity.

HR was calculated using a univariate Cox proportional hazard
model. Variables with P < 0.1 in the univariate Cox analysis were
included in the multivariate Cox analysis. The prognostic impacts of
MS-MRD status were evaluated in a multivariable Cox regression
model including established risk factors. A P < 0.05 was considered
statistically significant for the multivariable analyses. Statistical
analyses were performed using SPSS (v25.0; IBM) and R (v4.1.2,
Foundation for Statistical Computing) software.

Data availability
The raw data contain sensitive personal information such as

patient-specific M-protein sequence, which are not authorized by the
informed consent to share. However, the derived data that support
the findings of this study are available from the corresponding
authors upon reasonable request. To obtain access rights, the data
requestor needs to sign the data access agreement.

Results
Characteristics, survival, and M-protein sequences of the study
population

The patient baseline characteristics are presented in Supplemen-
tary Table S3. A total of 56 patients with NDMM [n ¼ 22 (39.3%)
female] were included in the analyses; the median age at diagnosis
was 56 years. Thirty-eight patients had IgG type multiple myeloma
and 18 had IgA type multiple myeloma. Forty-seven patients
(83.9%) received bortezomib-based induction therapy and 44
(78.6%) received first-line ASCT. Half (50.0%) of patients had
baseline risk stratification of ISS level II whereas 71.4% were RISS
level II. The most common cytogenetic abnormalities were 1q21þ,
pos (51.9%); del (13q), pos (48.1%); and t (4;14), pos (30.4%).
Among the entire population, the median follow-up time was
61.3 months, median PFS (mPFS) was 45.1 [95% confidence interval
(CI), 31.0–59.1] months, and median OS (mOS) was not reached
(NR; Supplementary Fig. S1).

Table 1 lists the patient-specific information for theM-protein of all
56 patients, including the baseline M-protein concentration measured
by SPEP, the isotype, heavy chain complementarity determining
region 3 (HCDR3) sequences, as well as the clonotypic peptides
selected for quantification and their corresponding LOD and LLoQ.

Identification of personalizedM-protein clonotypic peptide and
longitudinal targeted monitoring

The identified clonotypic peptides overlapped with complementar-
ity-determining regions. Supplementary Figure S2 shows a typical
peak shape of the unique fragments of peptideNFVLLNWGRdetected
in a diagnostic sample from patient 23 (M-protein: 17.95 g/L; LLoQ:
1.15 mg/L), but not in the negative control serum sample. The lowest
LOD and LLoQ values for all patients are listed in Table 1. The LLoQ
differed substantially in a peptide-specific manner, with the highest
sensitivity of 0.77 mg/L observed for peptide ASQSINLYVN-
WYQQRPGK. Although several unique peptides were identified for
each patient, only the peptide with the lowest LLoQ was used for M-
protein monitoring.

For the longitudinal monitoring of M-protein across the disease
course, a patient’s serum was digested with trypsin and analyzed with
the patient-specific PRM assay. The patient-specific peptides were
normalized on the spiked-in protein standard peptides, and the

normalized value in the follow-up sample was divided by the normal-
ized value of M-protein in the diagnostic sample to yield the percent
residual M-protein value. The dynamic curve of M-protein residual
(EasyM) for the 56 patients across the disease course and their
corresponding clinical response are listed in Supplementary Table S4.

An example of the typical percent residual M-protein monitoring
curve among disease-free (CR) patients is shown in Fig. 2A. The
continual drop of the amount of M-protein measured with EasyM is
consistent with the M-protein values detected by SPEP and IFE (see
inset table in Fig. 2A). Furthermore, the high sensitivity of EasyM
allowed for the detection and quantification of M-protein even when
quantification was not possible with conventional assays. Of the 56
patients in the cohort, 25 were observed to have a similar curve
dynamic with a steady decrease in M-protein over time (Supplemen-
tary Table S4).

Importantly, the improved sensitivity of M-protein detection pro-
vided by EasyM allowed for earlier and more accurate detection of
relapse compared with SPEP and IFE. In this study, a minimum of a
two-fold increase in M-protein level in any two consecutive tests, or a
significant three-fold increase on a single test, was considered an
indication of a relapse using EasyM. As shown in Fig. 2B, clinical
response evaluation indicated that patient 29 (P29) was still in CR at
timepoint 7 (T7), whereas a significant 3-fold increase in M-protein
quantification was observed from T6 to T7. Not surprisingly,
consistent with the prediction by EasyM, P29 experienced clinical
progression 4 months post-T7. For patient 51 (P51; Supplementary
Table S4), CR was maintained from T4 to T6, across 6 months. The
quantitative value of M-protein detected by EasyM continually
increased 3-fold from T4 to T6 for P51, whereas the bone marrow
evaluation by NGF were negative at T6. However, P51 experienced
disease progression at 12 months post-T6. This case further indi-
cated that continuous dynamic trends may provide more accurate
predictions than single timepoint detection. Early prediction of
relapse by EasyM can also be observed for P19, P20, and P44
(Supplementary Table S4).

Patients within CR or poor response had high EasyM values at
various time points, whichwere consistentwith the conventional SPEP
and IFE results (examples in Fig. 2C and D, respectively).

Methodologic comparison of MS-MRD with IFE, MFC-MRD, and
NGF-MRD

A total of 447 sequential serum samples from 56 patients with
multiple myeloma were analyzed by EasyM. Of these samples, 397,
126, and 92 could be compared with IFE performed on serum samples,
andMFC-MRDandNGF-MRDperformed on bonemarrow aspirates,
at the same timepoints, respectively.

Using a dotp >0.9 as the MS-MRD positive, among the 397
comparable results between MS-MRD and IFE collected at the same
timepoints, 70.8% (281/397) of the samples were both MS-MRD
positive and IFE-positive, 3.3% (13/397) were bothMS-MRD negative
and IFE-negative, and 25.7% (102/397) were MS-positive and IFE-
negative. Interestingly, there was one sample which was IFE-positive
and MS-negative. To investigate this disagreement between methods,
we further reviewed the patient’s medical records and confirmed that
the reason was due to the patient with IgAl diagnostic M-protein and
having an oligoclonal band of IgGk after he achieved stringent CR.
Overall, the sensitivity ofMS-MRDwas 99.6% in comparisonwith IFE,
with 11.3% specificity (Fig. 3A), indicating that MS-MRD is more
sensitive than a routine M-protein diagnostics protocol using IFE and
provides enhanced ability to detect MRD-positive patients. Besides,
we also performed analysis of sensitivity and specificity between
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Table 1. Overview of de novo M-protein sequencing in the patient cohort.

M-protein
by SPEP LOD LLoQ

Patient (g/L) Type HCDR3 Quantification peptide and location (mg/L) (mg/L)

P1 10.13 IgG1k ARLAVAGTRFYFDY ASQDISNYLHWYQQKPGR, LCDR1 3.24 3.24
P2 39.12 IgG1l ASGLKCTGPSCPFDP AGQAPVLVVYDDR, LCDR2 12.52 12.52
P3 14.02 IgG2k AKEEGDYGLDP LVIYLGSNR, LCDR2 0.90 0.90
P4 11.36 IgG1k ARSEETKENEGFTVTAEG ASQTILSYLNWYQQKPGK, LCDR1 3.64 3.64
P5 23.95 IgG1k AREVLSTSYYSYSYYMDV QDGSETNYVDSVK, HCDR2 7.66 7.66
P6 9.20 IgAk MRPRELDGTNT ELDGTNTWGQGTLVTVSSASPTSPK, HCDR3 2.94 2.94
P7 43.44 IgAl ARDRPPYKCGGGGYNGYCYNDV VTISCSGSNSNIGGNAVTWYQR, LCDR1 0.56 2.78
P8 50.09 IgG1l ARGESSAAADRLGYYVMAV QAPGQGLEWMGGIIPDVGVVK, HCDR2 3.21 3.21
P9 56.44 IgAl ARPREGYQLLRGGAAFDL GLEWITIISNDGSQK, HCDR2 18.06 18.06
P10 36.29 IgG1l ARLRADCDRTTCLRGDAYLPDS LLIYSHNQRPSGVPVR, LCDR2 2.32 2.32
P11 33.41 IgG1k ARDLYSGWYGLTG LSCEASGFLFSSYAMHWVR, HCDR1 10.69 10.69
P12 34.28 IgAl VERQSSADGYSYFAN RPSGIPGR, LCDR2 10.97 10.97
P13 28.00 IgG2l ARASSEGPLVPFDL SVQWYQQKPGQAPVVVVHADSAR, LCDR2 8.96 8.96
P14 100.00 IgG1l AKDKTLAMAGTVYLES SLSLSCAASGFTFDDYAMHWVR, HCDR1 32.00 32.00
P15 33.14 IgAk ARAASTYYHDSSVFGGSELDF ASNLENGVPSR, LCDR2 10.60 10.60
P16 34.00 IgG2l ARGRYDSTSVFYGMDV QAPGQGLEWMGWINTYTGK, HCDR2 10.88 10.88
P17 12.01 IgG1k ALRREPDYGDFHYFDP ASQSINLYVNWYQQRPGK, LCDR1 0.15 0.77
P18 44.57 IgA2l ARAYSSGWPDHHFDY GLEWIGSIFHSGSTYINPSLK, HCDR2 2.85 2.85
P19 41.16 IgAl THSPEAFRSEETKENEGFTVTAEG LIIYDVSDRPSGVSNR, LCDR2 13.17 13.17
P20 44.25 IgAk VRRASMRQLYFYFYMDV ASQTINTFLNWYQQKPGK, LCDR1 14.16 14.16
P21 37.47 IgG1k ARDSALSGLTYFDF LLLYQASSLQPGAPSR, LCDR2 0.48 2.40
P22 21.76 IgAl ARLQGTPVAQMTEDAVNVERLT VEAGDEAGYYCQVWDSSSDHR, LCDR3 6.96 6.96
P23 17.95 IgG1k ARDPRNFVLLN NFVLLNWGR, HCDR3 0.23 1.15
P24 48.78 IgG1l ARALSYYGSGSYGWGWLDP GLEWIGCINNSGSSNYK, HCDR2 15.61 15.61
P25 21.16 IgAk ARSEETKENEGFTVTAEG VLIYAASSLQSGVPSR, LCDR2 6.77 6.77
P26 60.80 IgAl VRSPVGGVLGRTHFDY LLIHDNDQRPSGLPDR, LCDR2 19.46 19.46
P27 47.37 IgG1k ARSLAVPTPQGGYYYGLDV GLEWVLFISYDGSNEYYADSVK, HCDR2 15.16 15.16
P28 54.39 IgG1k ARQSLVQGVLRGFDY GLEWVAVISYDGGNK, HCDR2 17.40 17.40
P29 29.20 IgG1l ARGNPGWFGEVNWFDP GLEWIGTIYTVTYYNPSLK, HCDR2 9.34 9.34
P30 23.50 IgG2k VRLRDTTMLYPTDN LLIYDVSNR, LCDR2 1.50 7.52
P31 10.45 IgG1k ARLRGSSSLEGDLSFDI YSVNWYQQKPGEAPK, LCDR1 3.34 3.34
P32 33.36 IgG1k ARLGGSLTETTPPFDF LEAEDVGLYYCMQGIDLPHTFGQGTK, LCDR3 10.68 10.68
P33 29.61 IgG1l AKVPVYELLTGAYGMDV VEVGDEADYYCQVWDDSTDHWVFGGGTK, LCDR3 9.48 9.48
P34 57.23 IgG4l ARMKTTVTTPYRRPGNYGMDV ALEWLAHIFSNDENSYSTSLR, HCDR2 18.31 18.31
P35 41.18 IgG3l ARGEKGCSGGRCFLDWFDT QRPGQSPVLLIYQDNK, LCDR2 0.53 2.64
P36 19.14 IgAk VRGQWERSGFDLGFYLDY WPSFGQGTK, LCDR3 1.22 6.12
P37 59.61 IgG1k VRGHDFLTGPFDY ASQTVSSNLAWYQQKPGQAPR, LCDR1 0.76 3.82
P38 40.67 IgG1k AHLLATNTYYFDF ASQFVGSWLAWYQQKPGTAPK, LCDR1 13.01 13.01
P39 54.59 IgG1k ARLGAGNSGDYPDY LLIHDASTR, LCDR2 3.49 17.47
P40 16.28 IgAk ALDRQEWLGEKTCFDP DSLNWYQQK, LCDR1 5.21 5.21
P41 52.94 IgG1l ARYVDWLWSAFDV YDYVSWYR, LCDR1 16.94 16.94
P42 92.47 IgG1k ARETGRHSSLWHLDAF LSCAASGFSFSTFGIHWVR, HCDR1 5.92 29.59
P43 40.29 IgG1l VREARGLLTFGGLLVPYFFDY LSCAAAGFTFDNYNMNWVR, HCDR1 0.52 2.58
P44 40.60 IgG1k ARPPGGNFGTRPFDY LSCAASGFTFNSYGMHWVR, HCDR1 12.99 12.99
P45 50.85 IgG1l ARDYMVATMRHGMDV HGMDVWGQGATVTVSSASTK, HCDR3 3.25 16.27
P46 68.49 IgG1k ANKLGYCGSVSCHGWFDP NSPFDFGPGTK, LCDR3 21.92 21.92
P47 66.80 IgG1l ARDGRRYDF GLEWVSLIWSDATTK, HCDR2 4.28 21.38
P48 24.34 IgG1l ARHKGDSYDFDF LGTEYACWYQQKPGQSPVLVIYEDSK, LCDR1 0.31 1.56
P49 49.79 IgG1k AKDLVAVAGTRRHCFDP DLVAVAGTR, HCDR3 0.64 3.19
P50 56.91 IgG1l ARHSRGVATPFEY DTERPSWIPDR, LCDR2 18.21 18.21
P51 47.46 IgG1k VRVFFDWLPSGGPFDP ASQSVSDNLAWYQQKPGQAPR, LCDR1 0.61 3.04
P52 37.43 IgAl GSQRVMEWQALWLQY GLEWIGSIHHSGK, HCDR2 2.40 11.98
P53 77.99 IgG1k SRARCSSTSCNFFHGMDV SSGFSFGDYALTWVR, HCDR1 1.00 4.99
P54 60.52 IgAl SHYDWVFDS AEDEADYYCSSYAGMNNFVVFGGGTK, LCDR3 19.37 19.37
P55 28.02 IgAk ARDRQNTALNPLLPAN LSCTGSGFTFSSYGMHWVR, HCDR1 8.97 8.97
P56 15.34 IgG1k AKANWGGLDY FLAWYQQKPGQAPSLLIYDASTR, LCDR1 0.98 4.91

Abbreviations: HCDR, heavy chain complementarity determining region; IgA, immunoglobulin A; IgG, immunoglobulin G; LCDR, light chain complementarity
determining regions; LLoQ, lower limit of quantification; LOD, limit of detection; SPEP, serum M-protein electrophoresis.
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EasyM and serum-free light chains (sFLC) ratio at the same timepoints
(n ¼ 55), the sensitivity of MS-MRD was 100% in comparison with
sFLC ratio, with specificity of 2.5% (Supplementary Fig. S3A).

Flow cytometry MRD was performed on 218 bone marrow
aspirates in this cohort, including 126 analyzed with MFC and
92 analyzed with NGF. MS-MRD detection was also performed on
comparable serum acquired at the same time points. The sensitivity
of MS-MRD was 100.0% in comparison with both MFC and NGF,
with specificity of 1.9% and 22.2%, respectively (Fig. 3B and C),
suggesting that MS-MRD also has higher sensitivity and ability to
detect MRD real-positive patients compared with these testing
modalities.

Optimal balance of EasyM sensitivity and specificity
Considering the overly high sensitivity of EasyM at a cutoff of dotp

>0.9, we used the NGF as the standard for detection (i.e., a detection
sensitivity ≤10�5) and set the EasyM MS negative cutoff value using
ROC analysis, determined to be <1.86% of that at first diagnosis
(Fig. 3D). Using these assumptions, we again performed the afore-
mentioned analyses comparing the sensitivity and specificity between
EasyM and IFE,MFC, and NGF. Under this scenario, the sensitivity of
EasyM remained high in comparison with IFE (88.3%), MFC (85.1%),
and NGF (93.2%), but the specificity was greatly increased to 90.4%,
55.8%, and 93.2%, respectively (Fig. 3E–G). Similar situations can also
be found in the comparative analysis of easyM and sFLC ratio, the

sensitivity ofMS-MRDwas 86.7% in comparisonwith sFLC ratio, with
specificity dramatically increased to 75% (Supplementary Fig. S3b).

Prognostic impact of MS-MRD
First, all 56 patients were divided into MS-MRD positive (n ¼ 19)

and MS-MRD negative (n ¼ 37) groups according to whether they
achievedMS-MRDnegativity, andmPFS andmOSwere calculated for
each group. The mPFS of the MS-MRD positive and MS-MRD
negative groups was 20.6 (95% CI, 16.3–24.9) and 61.8 (95% CI,
41.6–82.0)months, respectively (Fig. 4A). ThemOSwas 55.7 (95%CI,
34.5–76.9) months for the MS-MRD positive group and not reached
(NR) for theMS-MRDnegative group (Fig. 4B). BothmPFS andmOS
were significantly longer among the MS-MRD negative group com-
pared with theMS-MRD positive group (both P < 0.001). The survival
outcomes according to the best MS-MRD status were similar to those
for the best NGF-MRD status (Supplementary Fig. S4).

Next, we investigated the prognostic impact of MS-MRD at two
levels: prognostic utility of further risk stratification by combined best
MS-MRD status and traditional response to treatment, and prognostic
effectiveness of dynamic risk stratification by combined final MS-
MRD status and baseline genetic risk stratifications. By combining best
response with best MS-MRD status, five groups of patients were
classified as sCR and MS negative (n ¼ 18), CR and MS negative
(n¼ 15), CR andMSpositive (n¼ 7),≤VGPRandMSnegative (n¼ 4),
and ≤VGPR and MS positive (n ¼ 12). The mPFS of the groups were

Figure 2.

Representative patterns of disease remission defined by longitudinal M-protein monitoring by EasyM. A, Patient #13 with deep response; (B) patient #29 showed
relapse after remission; (C) patient #15 with partial response, and (D) patient #16 with poor response. Abbreviations: MFC, multiparameter flow cytometry; PD,
progressive disease; PR, partial response; sCR, stringent CR; SD, stable disease; T, time; VGPR, very good partial response.
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NR, 32.8 (95%CI, 22.8–42.8), 41.7 (18.8–64.6), 38.1 (0–77.2), and 17.0
(15.5–18.7) months, respectively (P < 0.001; Fig. 4C). The mOS were
NR, NR, NR, 62.6 (95% CI, 0–130.6), and 43.5 (95% CI, 22.3–64.7)
months, respectively (P < 0.001; Fig. 4D). Four groups of patients were
identified according to their baseline genetic risk stratification andfinal
MS-MRD status as SR and MS negative (n ¼ 8), SR and MS positive
(n¼ 9), HR and MS negative (n ¼ 26), and HR and MS positive (n ¼
11). The mPFS was 49.9 (95% CI, 8.9–90.7), 18.9 (95% CI, 15.8–22.2),
60.8 (95% CI, 51.8–68.7), and 20.9 (95% CI, 26.8–57.2) months,
respectively (P ¼ 0.0015; Fig. 4E). The mOS was NR, 63.5 (95% CI,
28.4–98.5) months and NR, 55.6 (95% CI, 31.5–79.8) months, respec-
tively (P < 0.001; Fig. 4F). HR and MS negative patients had signif-
icantly longer mPFS and mOS than those who were HR and MS
positive (both P ¼ 0.002). SR and MS negative patients had numer-
ically longer mPFS (P ¼ 0.067) and significantly longer mOS (P ¼
0.038) than those who were SR and MS positive.

Finally, to investigate whether EasyMMS-MRD status remained an
independent predictor of PFS and OS when other prognostic factors
(i.e., patients’ diagnostic age, baseline ISS stage, LDH levels, risk
stratification, and treatment options) were taken into account, we
initially performed univariate analyses of PFS and OS. For PFS, the
univariate analysis showed that both diagnostic age and bestMS-MRD
status were significant prognostic factors (both P < 0.01), and the
multivariate analysis verified the independent impacts of older diag-
nostic age (HR, 3.15; 95% CI, 1.26–7.86) and best MS MRD status of
MS-MRD negative (HR, 0.25; 95% CI, 0.12–0.52) on PFS (both P <
0.05; Table 2). For OS, diagnostic age, receiving upfront ASCT, and
bestMS-MRD status demonstrated stronger prognostic impacts in the
univariate analysis (all P < 0.1). When including these established

prognostic impactors into a multivariable analysis, the results revealed
that only the best MS-MRD status of MS-MRD negative remained a
significant independent factor for improved survival (HR, 0.16; 95%
CI, 0.06–0.40; P < 0.001; Table 2).

Discussion
The two different strategies for M-protein detection by MS, include

the intact protein method and clonotypic peptide method (41, 43, 47).
Briefly, the intactmethod is rapid and high-throughput usingMALDI-
TOFMS, but it is more affected by the polyclonal background. Marion
and colleagues compared the performance of MALDI-TOF MS head-
to-head with an established MRD assay by flow cytometry, and the
results suggested that MALDI-TOF MS adds value to bone marrow-
based MRD testing (27). Puig and colleagues demonstrated that, in
comparison with IFE, EXENT and FLC-MS are better able to identify
and characterize the M-protein of patients with multiple myeloma in
baseline samples and detect residual disease in a higher proportion of
cases during treatment monitoring, to more accurately predict
patients’ outcome (30). Clonotypic peptide assay has ultra-high sen-
sitivity although it is personalized and patient-specific, requiring
advanced bioinformatic algorithms to obtain unique peptides for each
patient. The methodology of EasyM is similar to that of the contem-
poraneous Sebia assay (48), using a spiked monoclonal stable isotope-
labeled Ig as a reference, which provides an advantage in quantitative
quality control.

This study is the first to evaluate the clinical and prognostic utilities
of EasyM blood-based MS-MRD among a real-world cohort with
multiple myeloma by comparing its sensitivity and specificity with

Figure 3.

Performanceof EasyMas comparedwith serum IFE andbonemarrowMRD.Performanceof EasyMas compared to (A) serum IFE, (B) bonemarrowMFC, and (C) bone
marrow NGF at EasyM MS negative cutoffs of dotp >0.9; (D) balanced cutoff value of EasyM sensitivity and specificity established by ROC analysis with NGF as the
detection standard. Performance of EasyM as comparedwith (E) serum IFE, (F) bonemarrowMFC, and (G) bonemarrowNGF at EasyMMS negative cutoff <1.86% of
that at first diagnosis. Abbreviations: FPR, false positive rate; N, negative; No, number; NPV, negative predictive value; P, positive; PPV, positive predictive value; TPR,
true positive rate.
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Figure 4.

Prognostic impact of EasyMMS-MRD(A) PFS and (B)OSbybestMS-MRD status.C,PFS and (D)OSbybestMS-MRD status in combinationwith best clinical response.
E, PFS and (F) OS by final MS status in combination with baseline genetic risk stratifications. Abbreviations: HR, high risk; MRD, minimally residual disease;
SR, standard risk.
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conventional M-protein diagnostics and bone marrow MRD evalua-
tion. The performance of EasyMover the clinical course of therapywas
compared with that of IFE using consecutively collected peripheral
serum samples andwithMFC/NGF using time-matched bonemarrow
samples. Our findings indicated that EasyM had superior sensitivity
for the detection of M-protein in comparison with serum IFE, par-
ticularly for the identification of patients in deep remission. Empirical
adjustment to balance EasyM sensitivity with specificity, using anNGF
detection sensitivity of 10�5, led to the determination of an optimal
cutoff of <1.86% of that at first diagnosis. Finally, the multivariate
analysis revealed that only the best MS-MRD status was an indepen-
dent predictor of both PFS andOS, underscoring the prognostic utility
of EasyM for MRD monitoring.

Across comparisons with conventional M-protein detection meth-
ods, EasyM consistently demonstrated the advantage of ultra-sensi-
tivity, which is of high importance for detecting low levels ofM-protein
secreted by residual plasma cells in multiple myeloma, where patients
frequently relapse despite achieving CR. The response criteria in
multiple myeloma have been recently amended and MRD is now
considered the most crucial prognostic indicator of a subsequent
outcomes (5, 25, 49). This underscores the urgent need for sensitive
MRD evaluation methods capable of longitudinally monitoring tumor
burden with higher frequency than bone marrow-based methods,
whether directly or indirectly, to indicate disease trajectory and allow
clinicians to identify disease recurrence earlier and make timely
modifications to treatment regimens.

Over 68% of patients with multiple myeloma report bone pain and
associated health-related quality of life decrements (50), which may
lead to refusal of frequent bone marrow sampling. As a test requiring
PB, EasyM provides the advantage of minimal invasiveness, which
could promote patient compliance with the repeated testing required
to form a comprehensive picture of their treatment response over time.
Futhermore, EasyM takes about a comparable amount of time to
identify M-protein in PB as NGF does to identify plasma cells in bone
marrow (EasyM requiring 2 days for M-protein sequencing and 1 day
for subsequent M-protein quantification, and NGF requires 1 day for
detection and about 3 days for analysis andfinal report in our hospital).
In addition, the MS cutoff values used in this study for EasyMwere set
at levels suitable for clinical applications, equivalent to a sensitivity of
10�5, retaining the possibility of further comparisons withNGS-MRD.

Indeed, there was some level of inconsistency between MS and the
other detection methods in regard to true positives or true nega-
tives. As EasyM has higher specificity compared with traditional
IFE, EasyM monitoring can be especially helpful when oligoclonal
interference occurs (35) or when patients receive monoclonal
antibody therapy (51–54). In addition, when conventional M-
protein tests and bone marrow MRD assessments yield inconsistent
results (49, 55), the MS methodology could also provide valuable
reference to help clinicians evaluate a therapy’s efficacy and form
clinical strategies accordingly.

Although it is currently difficult to assess treatment efficacy among
patients with multiple myeloma with serum M-protein ≤10 g/L, the
present results demonstrate that EasyM MS can target and quantita-
tively track M-protein even if the patient’s initial levels are as low as
9.2 g/L. This is consistent with previous studies using MS to monitor
M-protein in nonsecretory multiple myeloma (NSMM) and oligo-
secretory multiple myeloma (OSMM) patients, which suggest that MS
may also play a key role in evaluating treatment efficacy amongOSMM
or NSMM patients in the future (30, 42). MS cannot currently replace
bone marrow-based NGF-MRD entirely; however, an ideal approach
for patients who are reluctant to undergo repeated bone punctures
might be first performing anMS-based evaluation and thenmoving to
bone marrow-based MRD evaluation after MS turns negative. This
approach would reduce the pain of repeated bone punctures without
sacrificing sensitivity of MRD detection, while maintaining the flow of
clinical information to inform treatment strategies.

Because of delayed clearance of abnormal proteins in the blood,
MRD is reached faster in bone marrow than as CR in PB (49, 56, 57).
Future research with larger population sample size is warranted to
further explore the optimal M-protein-based MRD-negative defini-
tions. More accurate and reliable M-protein-based MRD cut-offs may
be determined by taking the half-time of different kinds of immuno-
globulin into account in addition to EasyM’s measurement of M-pro-
tein, flow-based MRD detection, and evaluation of response to treat-
ment. Novel statistical analysis methods like AI or deep learning
algorithms may play a role in such comprehensive analysis. Although
other blood-based detection methods including blood-NGF and cell-
free DNA(cfDNA) are affected less by delayed clearance, they have
their own drawbacks. For example, cfDNA cannot detect MRD when
the fraction of circulating tumor DNA (ctDNA) in blood is below the

Table 2. Univariate and multivariate analyses of prognostic impactors of PFS and OS.

PFS OS

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

Diagnostic age
≥65 vs. <65 years 3.39 (1.38–8.31) 0.008 3.15 (1.26–7.86) 0.014 2.36 (0.79–7.02) 0.045 1.89 (0.45–7.90) 0.383
ISS stage

II vs. I 0.99 (0.33–2.98) 0.992 — — 0.71 (0.20–2.60) 0.609 — —
III vs. I 0.90 (0.29–2.78) 0.855 — — 0.73 (0.19–2.75) 0.641 — —

Elevated LDH
Yes vs. No 1.15 (0.44–3.01) 0.773 — — 2.61 (0.70–9.67) 0.153 — —

Risk stratification
HR vs. SR 1.36 (0.69–2.72) 0.376 — — 0.69 (0.29–1.64) 0.403 — —

Upfront ASCT
Yes vs. No 0.60 (0.28–1.29) 0.191 — — 0.43 (0.17–1.07) 0.070 0. 65 (0.19–2.18) 0.483

Best MS-MRD status
MS neg vs. MS pos 0.24 (0.11–0.50) <0.001 0.25 (0.12–0.52) <0.001 0.16 (0.07–0.40) <0.001 0.16 (0.06–0.40) <0.001

Abbreviations: HR, high risk; ISS, International Staging System; LDH, lactose dehydrogenate; neg, negative; pos, positive; SR, standard risk.

Monitoring MRD in Multiple Myeloma Using Mass Spectrometry

AACRJournals.org Clin Cancer Res; 30(6) March 15, 2024 1139



genomic equivalent limit (i.e., twice the inverse of the number of copies
of each gene in a sample; refs. 47, 58). Blood-NGF has advantages in
monitoring circulating tumor cells (CTC) but also had limitations in
monitoring MRD as there is no clear correspondence between CTC in
PB and MRD in bone marrow. Thus, neither EasyM nor blood-based
NGF nor cfDNA can completely replace the assessment of bone
marrow MRD currently, but each have their own advantages in
assessing the tumor burden of multiple myeloma, which merit explo-
ration and application in a reasonable clinical context.

The findings of this study should be interpreted with caution in
the light of a few limitations. First, there is potential selection bias
given the inclusion and exclusion criteria for this study. For
example, only patients with M-protein IgG and IgA types were
eligible for inclusion; thus, the results do not reflect the detection of
IgD or light chain M-protein types. Second, the population of 56
patients is relatively small, and the available NGF and MS results
with matching time points for comparison were also limited.
Therefore, the presently obtained negative cutoff value of MS
should be considered a preliminary conclusion and future studies
with larger cohorts are recommended to further explore the optimal
cutoff value. Future studies could include MS in prospective clinical
trials for efficacy evaluations, assessment of the prognostic signif-
icance of MS at different time points through fixed interval time
point monitoring, as well as the ability of MS to predict clinical
relapse before it occurs. Third, because 98.2% (55/56) of patients
had measurable lesions (serum MP >10g/L), we commonly per-
formed serum/urine SPEP and IFE as efficacy evaluation tools.
Thus, only 53.6% (30/56) of patients had sFLC detection to further
confirm the status of sCR and disease progression, and many of the
patients who had undergone sFLC testing also had missing sFLC
test results at various time points. Thus, a future prospective study
including longitudinal EasyM and sFLC monitoring in patients with
multiple myeloma is also worth further exploration.

In conclusion, the results of this study demonstrate that MS is a
minimally-invasive and highly sensitive M-protein detection method
for blood-based MRD monitoring over the disease course of multiple
myeloma, with substantial utility for the prognostic screening of

patients who achieve deep remission following treatment. Using an
empirically determined MS negativity cutoff, the optimal balance
of sensitivity and specificity with EasyM could be achieved while
maintaining superior sensitivity over conventional MRD detection
methods.

Authors’ Disclosures
No disclosures were reported.

Authors’ Contributions
H. Fan: Conceptualization, data curation, formal analysis, investigation, visual-

ization, methodology, writing–original draft, writing–review and editing. B. Wang:
Conceptualization, resources, data curation, formal analysis, supervision, investiga-
tion, visualization, methodology, writing–original draft, writing–review and editing.
L. Shi:Data curation.N. Pan:Data curation, software, formal analysis.W. Yan:Data
curation. J. Xu:Data curation, software. L. Gong:Data curation, software. L. Li:Data
curation, software. Y. Liu: Data curation, software. C. Du: Data curation, software.
J. Cui: Data curation. G. Zhu: Data curation, software. S. Deng: Data curation,
software, supervision.W.Sui:Data curation, software.Y.Xu:Data curation, software,
supervision. S. Yi:Data curation, supervision.M.Hao: Software, supervision.D.Zou:
Software, supervision. X. Chen: Supervision. L. Qiu: Conceptualization, resources,
supervision, funding acquisition, project administration, writing–review and editing.
G. An: Conceptualization, resources, supervision, funding acquisition, project
administration, writing–review and editing.

Acknowledgments
This work was supported by National Natural Science Foundation of China

(82270218, 81920108006, and U22A20291), and the Chinese Academy of Medical
Sciences Innovation Fund for Medical Sciences (2021-I2M-C&T-B-079, 2022-
I2M-1–022, 2021-I2M-1–041), and the internal research funding of Shanghai
Kuaixu Biotechnology Co., Ltd. The EasyM assay was conducted at Shanghai
Kuaixu Biotechnology under the permission of Rapid Novor Inc. Medical writing
support was provided by Shelley Batts, PhD.

Note
Supplementary data for this article are available at Clinical Cancer Research Online
(http://clincancerres.aacrjournals.org/).

Received September 19, 2023; revised November 10, 2023; accepted December 29,
2023; published first January 3, 2024.

References
1. Kumar SK, Rajkumar V, Kyle RA, van Duin M, Sonneveld P, Mateos MV, et al.

Multiple myeloma. Nat Rev Dis Primers 2017;3:17046.
2. van de Donk N, Pawlyn C, Yong KL. Multiple myeloma. Lancet 2021;397:

410–27.
3. Kaiser MF, Hall A, Walker K, Sherborne A, De Tute RM, Newnham N,

et al. Daratumumab, cyclophosphamide, bortezomib, lenalidomide,
and dexamethasone as induction and extended consolidation improves
outcome in ultra-high-risk multiple myeloma. J Clin Oncol 2023;41:
3945–55.

4. Perrot A. How I treat frontline transplantation-eligiblemultiplemyeloma. Blood
2022;139:2882–8.

5. Rajkumar SV. Multiple myeloma: 2022 update on diagnosis, risk stratification,
and management. Am J Hematol 2022;97:1086–107.

6. Hauwel M, Matthes T. Minimal residual disease monitoring: the new standard
for treatment evaluation of haematological malignancies? SwissMedWkly 2014;
144:w13907.

7. Bertamini L, D’Agostino M, Gay F. MRD assessment in multiple myeloma:
progress and challenges. Curr Hematol Malig Rep 2021;16:162–71.

8. Rodriguez-Otero P, Paiva B, San-Miguel JF. Roadmap to curemultiplemyeloma.
Cancer Treat Rev 2021;100:102284.

9. Munshi NC, Avet-Loiseau H, Rawstron AC, Owen RG, Child JA, Thakurta
A, et al. Association of minimal residual disease with superior survival
outcomes in patients with multiple myeloma: a meta-analysis. JAMA Oncol
2017;3:28–35.

10. CavoM, San-Miguel J, Usmani SZ, Weisel K, Dimopoulos MA, Avet-Loiseau H,
et al. Prognostic value of minimal residual disease negativity in myeloma:
combined analysis of POLLUX, CASTOR, ALCYONE, and MAIA. Blood
2022;139:835–44.

11. Munshi NC, Avet-Loiseau H, Anderson KC, Neri P, Paiva B, Samur M, et al.
A large meta-analysis establishes the role of MRD negativity in long-term
survival outcomes in patients with multiple myeloma. Blood Adv 2020;4:
5988–99.

12. Avet-Loiseau H, Ludwig H, Landgren O, Paiva B, Morris C, Yang H, et al.
Minimal residual disease status as a surrogate endpoint for progression-free
survival in newly diagnosed multiple myeloma studies: a meta-analysis.
Clin Lymphoma Myeloma Leuk 2020;20:e30–e7.

13. Li H, Li F, Zhou X,Mei J, Song P, An Z, et al. Achievingminimal residual disease-
negative by multiparameter flow cytometry may ameliorate a poor prognosis in
MM patients with high-risk cytogenetics: a retrospective single-center analysis.
Ann Hematol 2019;98:1185–95.

Fan et al.

Clin Cancer Res; 30(6) March 15, 2024 CLINICAL CANCER RESEARCH1140



14. Martinez-Lopez J, Wong SW, Shah N, Bahri N, Zhou K, Sheng Y, et al.
Clinical value of measurable residual disease testing for assessing depth,
duration, and direction of response in multiple myeloma. Blood Adv 2020;4:
3295–301.

15. Medina A, Puig N, Flores-Montero J, Jimenez C, SarasqueteME, Garcia-Alvarez
M, et al. Comparison of next-generation sequencing (NGS) and next-generation
flow (NGF) for minimal residual disease (MRD) assessment in multiple mye-
loma. Blood Cancer J 2020;10:108.

16. Paiva B, Puig N, Cedena MT, Rosinol L, Cordon L, Vidriales MB, et al.
Measurable residual disease by next-generation flow cytometry in multiple
myeloma. J Clin Oncol 2020;38:784–92.

17. Oliva S, Bruinink DHO, Rihova L, D’Agostino M, Pantani L, Capra A, et al.
Minimal residual disease assessment by multiparameter flow cytometry in
transplant-eligible myeloma in the EMN02/HOVON 95 MM trial.
Blood Cancer J 2021;11:106.

18. Flores-Montero J, Sanoja-Flores L, Paiva B, Puig N, García-S�anchez O,
B€ottcher S, et al. Next generation flow for highly sensitive and standardized
detection of minimal residual disease in multiple myeloma. Leukemia 2017;
31:2094–103.

19. Martinez-Lopez J, Lahuerta JJ, Pepin F, Gonz�alez M, Barrio S, Ayala R, et al.
Prognostic value of deep sequencing method for minimal residual disease
detection in multiple myeloma. Blood 2014;123:3073–9.

20. Romano A, Palumbo GA, Parrinello NL, Conticello C, Martello M, Terragna C.
Minimal residual disease assessment within the bone marrow of multiple
myeloma: a review of caveats, clinical significance and future perspectives.
Front Oncol 2019;9:699.

21. Kumar S, Paiva B, Anderson KC, Durie B, Landgren O, Moreau P, et al.
International myeloma working group consensus criteria for response and
minimal residual disease assessment in multiple myeloma. Lancet Oncol
2016;17:e328–e46.

22. Yang P, XuW, Liang X, Yu S, Yi X, LiuM, et al. Dynamic monitoring of minimal
residual disease in newly-diagnosed multiple myeloma. Am J Hematol 2022;98:
E61–E4.

23. Diamond B, Korde N, Lesokhin AM, Smith EL, Shah U, Mailankody S, et al.
Dynamics of minimal residual disease in patients with multiple myeloma on
continuous lenalidomide maintenance: a single-arm, single-centre, phase 2 trial.
Lancet Haematol 2021;8:e422–e32.

24. de Tute RM, Pawlyn C, Cairns DA, Davies FE, Menzies T, Rawstron A, et al.
Minimal residual disease after autologous stem-cell transplant for patients with
myeloma: prognostic significance and the impact of lenalidomide maintenance
and molecular risk. J Clin Oncol 2022;40:2889–900.

25. Paiva B, Manrique I, Dimopoulos MA, Gay F, Min CK, Zweegman S, et al. MRD
dynamics during maintenance for improved prognostication of 1280 patients
with myeloma in the TOURMALINE-MM3 and -MM4 trials. Blood 2023;141:
579–91.

26. San-Miguel J, Avet-LoiseauH, Paiva B, Kumar S,DimopoulosMA, FaconT, et al.
Sustained minimal residual disease negativity in newly diagnosed multiple
myeloma and the impact of daratumumab in MAIA and ALCYONE. Blood
2022;139:492–501.

27. Eveillard M, Rustad E, Roshal M, Zhang Y, Ciardiello A, Korde N, et al.
Comparison of MALDI-TOF mass spectrometry analysis of peripheral
blood and bone marrow-based flow cytometry for tracking measurable
residual disease in patients with multiple myeloma. Br J Haematol 2020;
189:904–7.

28. Mills JR, Barnidge DR, Dispenzieri A, Murray DL. High sensitivity blood-based
M-protein detection in sCR patients with multiple myeloma. Blood Cancer J
2017;7:e590.

29. Mai EK, Huhn S, Miah K, Poos AM, Scheid C,Weisel KC, et al. Implications and
prognostic impact of mass spectrometry in patients with newly-diagnosed
multiple myeloma. Blood Cancer J 2023;13:1.

30. Puig N, ContrerasMT, Agullo C, Martinez-Lopez J, Oriol A, BlanchardMJ, et al.
Mass spectrometry vs. immunofixation for treatment monitoring in multiple
myeloma. Blood Adv 2022;6:3234–9.

31. Dispenzieri A, Krishnan A, Arendt B, Blackwell B, Wallace PK, Dasari S, et al.
Mass-fix better predicts for PFS and OS than standard methods among multiple
myeloma patients participating on the STAMINA trial (BMTCTN 0702 /07LT).
Blood Cancer J 2022;12:27.

32. Derman BA, Stefka AT, Jiang K, McIver A, Kubicki T, Jasielec JK, et al.
Measurable residual disease assessed by mass spectrometry in peripheral
blood in multiple myeloma in a phase II trial of carfilzomib, lenalidomide,

dexamethasone and autologous stem cell transplantation. Blood Cancer J
2021;11:19.

33. Barnidge DR, Tschumper RC, Theis JD, Snyder MR, Jelinek DF, Katzmann JA,
et al. Monitoring M-proteins in patients with multiple myeloma using heavy-
chain variable region clonotypic peptides and LC-MS/MS. J Proteome Res 2014;
13:1905–10.

34. Langerhorst P, Noori S, Zajec M, De Rijke YB, Gloerich J, van Gool AJ, et al.
Multiple myelomaminimal residual disease detection: Targeted mass spectrom-
etry in blood vs next-generation sequencing in bone marrow. Clin Chem 2021;
67:1689–98.

35. LiyasovaM,McDonald Z, Taylor P,GorospeK, XuX, YaoC, et al. A personalized
mass spectrometry-based assay to monitor M-protein in patients with multiple
myeloma (EasyM). Clin Cancer Res 2021;27:5028–37.

36. Remily-Wood ER, BensonK, Baz RC, ChenYA,HusseinM,Hartley-BrownMA,
et al. Quantification of peptides from immunoglobulin constant and variable
regions by LC-MRM MS for assessment of multiple myeloma patients.
Proteomics Clin Appl 2014;8:783–95.

37. Santockyte R, Jin C, Pratt J, Ammar R, Desai K, Bolisetty M, et al. Sensitive
multiple myeloma disease monitoring by mass spectrometry. Blood Cancer J
2021;11:78.

38. Murray DL, Puig N, Kristinsson S, Usmani SZ, Dispenzieri A, Bianchi G,
et al. Mass spectrometry for the evaluation of monoclonal proteins in
multiple myeloma and related disorders: an international myeloma
working group mass spectrometry committee report. Blood Cancer J
2021;11:24.

39. Murray DL. Bringing mass spectrometry into the care of patients with multiple
myeloma. Int J Hematol 2022;115:790–8.

40. Mills JR, Barnidge DR, Murray DL. Detecting monoclonal immunoglobulins in
human serum using mass spectrometry. Methods 2015;81:56–65.

41. Thoren KL. Mass spectrometry methods for detecting monoclonal immunoglo-
bulins in multiple myeloma minimal residual disease. Semin Hematol 2018;55:
41–3.

42. Giles HV, Wechalekar A, Pratt G. The potential role of mass spectrometry for
the identification and monitoring of patients with plasma cell disorders: where
are we now and which questions remain unanswered? Br J Haematol 2022;198:
641–53.

43. Chapman JR, Thoren KL. Tracking of low disease burden in multiple myeloma:
using mass spectrometry assays in peripheral blood. Best Pract Res Clin
Haematol 2020;33:101142.

44. Rajkumar SV, Dimopoulos MA, Palumbo A, Blade J, Merlini G, Mateos MV,
et al. International myeloma working group updated criteria for the diagnosis of
multiple myeloma. Lancet Oncol 2014;15:e538–48.

45. An G, Yan Y, Xu Y, Mao X, Liu J, Fan H, et al. Monitoring the
cytogenetic architecture of minimal residual plasma cells indicates ther-
apy-induced clonal selection in multiple myeloma. Leukemia 2020;34:
578–88.

46. D’Agostino M, Cairns DA, Lahuerta JJ, Wester R, Bertsch U, Waage A,
et al. Second revision of the international staging system (R2-ISS) for
overall survival in multiple myeloma: a European Myeloma Network
(EMN) report within the HARMONY project. J Clin Oncol 2022;40:
3406–18.

47. Anderson KC, Auclair D, Adam SJ, Agarwal A, Anderson M, Avet-Loiseau H,
et al. Minimal residual disease in myeloma: application for clinical care and new
drug registration. Clin Cancer Res 2021;27:5195–212.

48. Wijnands C, Langerhorst P, Noori S, Keizer-Garritsen J, Wessels H, Gloerich
J, et al. M-protein diagnostics in multiple myeloma patients using ultra-
sensitive targeted mass spectrometry and an off-the-shelf calibrator.
Clin Chem Lab Med 2023; doi:10.1515/cclm-2023–0781. [Epub ahead of
print]

49. Paiva B, San-Miguel J, Avet-Loiseau H. MRD in multiple myeloma: does CR
really matter? Blood 2022;140:2423–8.

50. Mathew A, Farooqui HH, Kumar L. Quality of life assessment & out-of-pocket
expenditure in multiple myeloma: an observational study. Indian J Med Res
2021;154:823–32.

51. Abdallah N, Murray D, Dispenzieri A, Kapoor P, Gertz MA, Lacy MQ,
et al. Tracking daratumumab clearance using mass spectrometry: implica-
tions on M protein monitoring and reusing daratumumab. Leukemia 2022;
36:1426–8.

52. Noori S, Verkleij CPM, ZajecM, Langerhorst P, Bosman PWC, de Rijke YB, et al.
Monitoring the M-protein of multiple myeloma patients treated with a

AACRJournals.org Clin Cancer Res; 30(6) March 15, 2024 1141

Monitoring MRD in Multiple Myeloma Using Mass Spectrometry



combination of monoclonal antibodies: the laboratory solution to eliminate
interference. Clin Chem Lab Med 2021;59:1963–71.

53. Kohlhagen MC, Mills JR, Willrich MAV, Dasari S, Dispenzieri A, Murray DL.
Clearing drug interferences in myeloma treatment using mass spectrometry.
Clin Biochem 2021;92:61–6.

54. Moore LM, Cho S, Thoren KL. MALDI-TOF mass spectrometry distinguishes
daratumumab from M-proteins. Clin Chim Acta 2019;492:91–4.

55. Sullivan PW, Salmon SE. Kinetics of tumor growth and regression in IgG
multiple myeloma. J Clin Invest 1972;51:1697–708.

56. Paiva B, Manrique I, Rytlewski J, Campbell T, Kazanecki CC, Martin N, et al.
Time-dependent prognostic value of serological and measurable residual
disease assessments after idecabtagene vicleucel. Blood Cancer Discov 2023;
4:365–73.

57. Landgren O, Kazandjian D. MRD and plasma cell dynamics after CAR T-cell
therapy in myeloma. Blood Cancer Discov 2023;4:346–8.

58. Abbosh C, Birkbak NJ, Swanton C. Early stage NSCLC — challenges to
implementing ctDNA-based screening and MRD detection. Nat Rev Clin Oncol
2018;15:577–86.

Clin Cancer Res; 30(6) March 15, 2024 CLINICAL CANCER RESEARCH1142

Fan et al.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


