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Abstract

Novel agents inducing deeper responses have improved the prognosis of patients with multiple myeloma (MM). To assess
minimal residual disease (MRD) and stratify patients achieving complete response (CR), advanced technologies such as
EuroFlow next-generation flow cytometry (NGF) and next-generation sequencing (NGS) are increasingly utilized. This pro-
spective study evaluated responses in newly diagnosed MM patients undergoing autologous stem cell transplantation (ASCT)
followed by lenalidomide maintenance therapy across multiple Japanese medical centers. Patients achieving CR or stringent
CR within 100-365 days post-ASCT were included. MRD levels in the bone marrow were assessed using both NGF and NGS
(cutoff: 1x10-5) at three time points: 100-365 days, 1 year, and 2 years post-ASCT. A total of 52 patients were analyzed. MRD
levels determined by NGF and NGS showed a strong correlation (r=0.9722; P<0.0001). After a median follow-up of 3 years,
the 3-year progression-free survival (PFS) and overall survival (OS) rates were 76.5% (95% confidence interval [CI]: 62.3-
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85.9%) and 96.2% (95% Cl: 85.5-99.0%), respectively. Patients with sustained MRD negativity for >6 months demonstrated
superior 3-year PFS compared to those without sustained MRD negativity, as measured by both NGF (100% vs. 67.6%; haz-
ard ratio [HR] =0.06; 95% CIl: 0.0005-0.50; P<0.007) and NGS (90.5% vs. 72.2%; HR=0.23; 95% Cl: 0.06-0.94; P=0.048). These
findings highlighted a strong correlation in the MRD levels assessed by NGF and NGS and validated that sustained MRD
negativity was significantly associated with prolonged PFS (clinical trial registered at UMIN 000022238).

Introduction

The emergence of novel agents, including proteasome
inhibitors, immunomodulatory agents, and anti-CD38
monoclonal antibodies, combined with standard-of-care
regimens such as autologous stem cell transplantation
(ASCT) has significantly improved the outcomes of patients
with multiple myeloma (MM).-® These advancements have
achieved high rates of complete response (CR) or stringent
complete response (sCR), necessitating new techniques
to assess responses deeper than CR, particularly minimal
residual disease (MRD). To stratify patients with CR based
on MRD status, emerging techniques, including next-gen-
eration flow cytometry (NGF) and next-generation se-
quencing (NGS) were utilized. NGF, a two-tube, eight-color
assay developed by the EuroFlow consortium, has been
approved by the International Myeloma Working Group
(IMWG) as a reference method for immunophenotypic
MRD assessment.* Likewise, LymphoSIGHT®/clonoSEQ®
(Adaptive Biotechnologies, Seattle, WA, USA) is the first
NGS-based method approved by the IMWG for molecular
MRD assessment in the bone marrow (BM).5 Recently, the
IMWG has defined MRD negativity as the absence of phe-
notypically aberrant clonal plasma cells detected using a
method with a minimum sensitivity of 1in 10° nucleated
cells or greater. To date, despite the widespread utiliza-
tion of NGF and NGS, comparative analyses of MRD levels
between the two methods remain limited.5’

Recent studies assessing MRD at multiple time points have
demonstrated that sustained MRD negativity is associat-
ed with improved clinical outcomes.?™ Notably, a study
employing NGF to assess MRD annually during continuous
lenalidomide maintenance demonstrated that patients with
sustained MRD negativity for 2 years exhibited no disease
progression. Conversely, patients who transitioned from
MRD negativity to positivity experienced worse prognoses
compared to those with either sustained MRD negativity or
persistent MRD positivity.® Although therapeutic interven-
tions guided by sequential MRD assessments may improve
clinical outcomes, studies on the prognostic effective-
ness of sequential MRD assessments remain limited.*"
Furthermore, all studies investigating longitudinal MRD
status during lenalidomide maintenance have employed
NGF methods, leaving the correlation between NGS and
NGF results in this context undetermined.®®

Therefore, this study aimed to compare MRD levels as-
sessed by NGF and NGS in a clinical trial investigating

the efficacy of continuous lenalidomide maintenance
therapy following ASCT. We prospectively monitored MRD
levels sequentially using both NGF and NGS in patients
who achieved CR or better post-ASCT and analyzed the
prognostic effect of sequential MRD status on survival
outcomes.

Methods

Study design and procedure

This multicenter, open-label, single-arm prospective study
was conducted across 11 Japanese hospitals from Sep-
tember 2016 to July 2021. Transplant-eligible patients aged
>20 years with newly diagnosed MM received induction
regimens comprising bortezomib, lenalidomide, and/or
cyclophosphamide, followed by high-dose melphalan (200
mg/m?) and ASCT, with tandem ASCT permitted. Patients
achieving CR or sCR post-ASCT prior to initiating lenalido-
mide maintenance were eligible for MRD assessment using
NGF and NGS. Lenalidomide was administered at 10 mg
for 3 weeks with a 1-week rest, with its dosage adjusted
appropriately and continued until either progressive dis-
ease (PD) or unacceptable toxicity was observed. MRD was
assessed at three time points: 100-365 days post-ASCT
and before lenalidomide maintenance (PRE), 1 year (+ 20
days) post-ASCT (POST1), and 2 years (+ 20 days) post-
ASCT (POST2). MM was diagnosed per the IMWG criteria,'’®
and responses were assessed using the International
Uniform Response Criteria.” The study received ethical
approval from relevant committees, including Kanazawa
University’s Institutional Review Board (IRB 2016-125), and
adhered to the principles of the Declaration of Helsinki.
Written informed consent was obtained from all partici-
pants. The trial was registered at the University Hospital
Medical Information Network Clinical Trials Registry (UMIN
000022238).

Assessments

Disease-related assessments, including imaging and cy-
togenetics, were performed at diagnosis, with high-risk
MM defined by the presence of t(4;14), t(14;16), or del(17p)
as detected by fluorescence in situ hybridization (FISH).”®
For MRD assessment, BM fluid was collected in aliquots
of 2 mL each, totaling 6 mL. The samples were randomly
used for EuroFlow-NGF at Kanazawa University, multi-
color flow cytometry (MFC) testing at BML, Inc. (Tokyo,
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Japan) for a separate project, and NGS at Adaptive Bio-
technologies. When bone marrow (BM) puncture fluid
was collected sequentially, the later samples collected
demonstrated increased dilution due to peripheral blood
contamination.” To minimize this effect, MRD specimens
were collected first; however, the order of collection for
NGF at Kanazawa University, MFC at BML, and NGS was
not predetermined. The NGF sensitivity threshold was
2x10¢ while the NGS-MRD clonoSEQ® assay from Adap-
tive Biotechnologies achieved a maximum sensitivity of
0.3x10°¢. The order of specimen submission for testing
was determined independently by each institution. MRD
negativity was defined according to the IMWG criteria,”
with sustained negativity requiring two consecutive neg-
ative assessments at least 6 months apart. Additionally,
2-mL aliquots of ASCT autografts were assessed for MRD
using clonoSEQ.

Statistical analysis

The concordance of MRD levels between NGF and NGS
was analyzed using Pearson’s correlation coefficient in log
space. Progression-free survival (PFS) and overall survival
(OS) were estimated using Kaplan-Meier estimates meth-
ods, with group comparisons conducted via the log-rank
test. Cox proportional hazard models were used to calcu-
late hazard ratios (HR) and 95% confidence intervals (Cl),
with Firth’s penalized likelihood applied when required.
Fisher’s exact test was used to analyze categorical vari-
ables. All analyses were performed using GraphPad Prism
(version 9.3.1; GraphPad Software, Boston, MA, USA) or EZR
software (Jichi Medical University Saitama Medical Center,
Saitama, Japan), a graphical interface for R (version 3.4.0;
R Foundation for Statistical Computing, Vienna, Austria).?°
Statistical significance was set at P value <0.05.

Results

Patients

Between December 2016 and November 2018, 63 patients
were enrolled in the study, with a data cutoff in October
2021. Of these, 11 patients were excluded from the anal-
ysis due to the absence of lenalidomide maintenance
therapy. However, patients who did not receive planned
maintenance therapy owing to PD and those who died
prior to its initiation were included. Ultimately, 52 patients
who underwent bortezomib-, lenalidomide-, and/or cyclo-
phosphamide-based induction therapy, followed by ASCT
with high-dose melphalan conditioning, consolidation, and
lenalidomide maintenance, were eligible for the analysis.
The patients’ baseline characteristics are summarized in
Table 1. The median age at ASCT was 62 years (range, 36-
71 years). A median of 30 cycles (range, 0-36 cycles) of
lenalidomide maintenance therapy was received. High-risk
cytogenetic abnormalities according to the IMWG criteria®
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were observed in 18 patients (35%) and one patient (case
41) exhibiting double-hit disease. Cytogenetic risk could
not be assessed in 11 patients (21%) due to the absence
of FISH data. Furthermore, five patients exhibited extra-
medullary disease.

Table 1. Patient baseline characteristics (N=52).

Characteristics N (%)
Median age, years (range) 62 (36-71)
=65 20 (38)
Sex: male/female 25/27

PS

0/1/2/3/4 20/12/10/4/6
MM type

IgG 30

IgA 8

IgD 1

BJP 13
Light chain

K/A\ 30/22
Extramedullary disease 5 (10)
ISS

/1171 9/23/20
Induction regimen

BLD 28

BD 14

VCD 7

others? 3
ASCT

single 48

tandem 4
Consolidation regimen

Ld 13

KLD 12

BLD 6

otherstt 3

none 18
Disease risk

standard risk 23 (44)

high risk 18 (35)

unknown 11 (21)
Chromosome by G-banding

normal karyotype 41

hyperdiploid 4

non-hyperdiploid 3

growth failure 4
High-risk cytogenetics

t(14;16) 2/40 (5)

t(4;14) 8/45 (18)

del(17p) 9/43 (21)

double-hit 1*/52 (2)

tPAD (N=2), CVAD (N=1); "IRd (N=2), DLd (N=1); *del(17p) and t(4;14).
PS: performance status; MM: multiple myeloma; BJP: Bence Jones
proteinuria; ISS: International Staging System; ASCT: autologous stem
cell transplantation; BLD: bortezomib, lenalidomide, dexamethasone;
BD: bortezomib, dexamethasone; VCD: bortezomib, cyclophosphamide,
dexamethasone; PAD; bortezomib, doxorubicin, dexamethasone; CVAD:
cyclophosphamide, vincristine, doxorubicin, dexamethasone; Ld: lena-
lidomide, dexamethasone; KLD: carfilzomib, lenalidomide, dexameth-
asone; IRd: ixazomib, lenalidomide, dexamethasone; DLd: daratumum-
ab, lenalidomide, dexamethasone.
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Correlation between next-generation flow cytometry
and next-generation sequencing

The success rates of MRD assessment using NGF were
94% (49/52), 88% (46/52), and 71% (37/52) at PRE, POST1,
and POST2, respectively. MRD was not assessed by NGF
in 24 samples due to PD (N=12), BM coagulation at the
time of collection (N=9), and shipping errors (N=3). Con-
versely, the success rates of MRD assessments using NGS
were 92% (48/52), 79% (41/52), and 65% (34/52) at PRE,
POST1, and POST2, respectively. NGS assessments failed
in 33 samples due to the inability to detect amplification
in patient-specific regions (i.e., IgH-VJ/DJ and/or IgK/IgL
regions) (3 patients, N=9), PD (N=11), shipping errors (N=2),
and quality control failures at Adaptive Biotechnologies
(N=11). In total, 116 paired samples from 48 patients were
available for comparison of MRD levels between the NGS
and NGF methods, with a strong correlation observed
(r=0.9722; P<0.0001) (Figure 1). However, 35 sample pairs
(30%) exhibited discordant MRD results; 19 pairs were
MRD-positive by NGS and MRD-negative by NGF, while 16
pairs were MRD-negative by NGS and MRD-positive by NGF,
with a cutoff value of 1x10-% In the group positive by NGS
and negative by NGF, 12 cases were identified, including
seven with discordant results at multiple time points. None
of these patients experienced PD during the study. Con-
versely, in the group negative by NGS and positive by NGF,
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12 cases were identified, with four showing discordance
at different time points. Notably, three patients (cases 32,
43, and 49) subsequently developed PD. Case 32, with a
del(17p) chromosomal abnormality, was only NGF positivity
at PRE; however, at POST1, both NGS and NGF were positive,
followed by progression to PD. Case 43, with no chromo-

MRD levels
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Figure 1. Correlation between EuroFlow next-generation flow
cytometry and next-generation sequencing. Comparison of
minimal residual disease (MRD) levels determined by next-gen-
eration flow cytometry (NGF) and next-generation sequencing
(NGS). MRD status, using a cutoff value of 1x10-® is shown in the

table.
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Figure 2. Sequential minimal residual disease assessment and treatment status timelines. Each row represents an individual
patient. (A) Patients are divided into 4 groups based on minimal residual disease (MRD) status assessed by next-generation flow
cytometry (NGF) at PRE, POST1, and POST2. Cytogenetic risk and patient disposition are annotated. (B) Patients are divided into
4 groups based on MRD status assessed by next-generation sequencing (NGS) at PRE, POST1, and POST2. ASCT: autologous stem
cell transplantation; PRE: between days 100 and 365 post-ASCT and before lenalidomide maintenance; POST1: 1 year (+ 20 days)

post-ASCT; POST2: 2 years (+ 20 days) post-ASCT.

somal abnormality, was only NGF positive at POST1, but
both NGS and NGF were positive at POST2, and the patient
subsequently progressed to PD. Case 49, with chromosom-
al abnormalities t(4;14) and del(13q), was NGF positive at
PRE. At POST1, both NGS and NGF were negative, and the
patient subsequently progressed to PD. The proportion of
high-risk chromosomal abnormalities was similar between
NGS-only and NGF-only MRD-positive cases (4/12 cases
and 5/12 cases, respectively) (Figure 2A, B).

Notably, all 13 patients who experienced PD post-ASCT
demonstrated concordant results. Among them, seven pa-
tients (cases 29, 30, 31, 32, 33, 35, 43) were double-positive
and two (cases 40, 51) were double-negative immediately
prior to PD. The remaining four (cases 34, 49, 50, 52) were
not assessed for MRD using either method (Figure 2A, B).

Outcome
With a median follow-up of 3.0 years, the PFS and OS

rates at three years were 76.5% (95% Cl: 62.3-85.9%) and
96.2% (95% Cl: 85.5-99.0%), respectively (Figure 3A, B).
Using NGF, the MRD negativity rates at PRE, POST1, and
POST2 were 53% (26/49), 65% (30/46), and 81% (30/37),
respectively. Using NGF, the MRD negativity rates at the
same time points were 60% (29/48), 59% (24/41), and 65%
(22/34), respectively (Figure 2A, B). Patients who were
MRD negative by NGF at PRE and POST1 demonstrated
significantly higher 3-year PFS rates than those who were
MRD positive (92.1% vs. 60.6%; HR=0.25; 95% ClI: 0.08-0.77;
P=0.022 and 93.0% vs. 55.6%; HR=0.10; 95% CI: 0.03-0.40;
P=0.0004, respectively). However, at POST2, the difference
in PFS rates between MRD-negative and MRD-positive
patients was not statistically significant (100% vs. 83.3%;
HR=0.18; 95% Cl: 0.004-8.54; P=0.167) (Figure 4A-C). Anal-
ysis of OS using NGF revealed no significant differences
between MRD-negative and MRD-positive patients at any
time point. These findings remained consistent when NGF
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assessments were restricted to cases with a sensitivity
of 2x107® (Online Supplementary Figure ST).
As assessed by NGS, patients who were MRD negative

at POST1 had significantly higher 3-year PFS rates com-
pared to those who were MRD positive (91.3% vs. 70.6%;

A 1
S
P 504
o ]
o ] 1 1 1 1 1
0 10 20 30 40 50
Months after ASCT
Number at risk
52 49 42 40 5 1

T. Yoroidaka et al.

HR=0.20; 95% CI: 0.05-0.83; P=0.026). However, no signif-
icant differences were observed at PRE (82.4% vs. 68.4%;
HR=0.58; 95% CI: 0.18-1.86; P=0.330) and POST2 (95.2% vs.
90.9%; HR=0.99; 95% CI: 0.09-11.0; P=1.000) (Figure 4D-F).
Similarly, OS analysis using NGS revealed no significant

B 1
00— v
) _'
3 50 ]
o ] 1 1 1 1 1
0 10 20 30 40 50
Months from ASCT
Number at risk
52 51 50 49 6 1

Figure 3. Patient survival outcomes. (A) Progression-free survival (PFS). (B) Overall survival (OS). ASCT: autologous stem cell

transplantation.

A B
PRE POST1 POST2
1004 100-: . 100: s aam
: ‘q_\w_‘_\—‘_lL ] SN
P 507 o 50 o 50
a {HRO0.25 & 1 HRoO.10 & 1 HRoO.18
o o i NGF,
] 95%CI: 0.08-0.77  — MRD"" ] 95%Cl: 0.03-0.40 -~ MRD"*"0 ] 95%Cl: 0.004-8.54 MRD"¢
1 P=0.0224 = MRD"w 1 P=0.0004 - MRDNe, ] P=0.1672 - MRD%%)
c- 1 1 1 1 1 G- 1 1 1 1 1 c- 1 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Months after ASCT Months after ASCT Months after ASCT
Number at risk Number at risk Number at risk
MRDNGF(-y 26 25 24 24 2 0 MRDN¢F(-y30 30 29 28 3 0 MRD®F(-)30 30 29 29 3 0
MRDNGF(+)23 21 15 14 3 1 MRDM®F(+)16 16 10 9 1 1 MRDN®F(4) 7 7 7 6 1 0
D PRE E POST1 F POST2
100'?‘\—1__\\_‘_‘__\\—\_“_1.‘_“‘; 100; ! e oo 1002 . e N
¢ 50- o 50 o 504
& 1HRoO.58 L J HRO.20 & 31 HRO0.99
95%Cl: 0.18-1.86 MRDNS () 95%Cl: 0.05-0.83 — MRDNGF 95%ClI: 0.09-11.0 —~ MRBDNGF(
1 P=0.330 — MRDNGF,) 1 P=0.0262 - MRDN&F) i1 P=0.9997 - MRDNSF)
c 1 1 1 1 1 c 1 1 1 1 1 c 1 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Months after ASCT Months after ASCT Months after ASCT
Number at risk Number at risk Number at risk
MRDN®S(-)29 28 26 25 4 1 MRDY®S(-) 24 24 23 23 4 1 MRDV®S(-) 22 22 21 21 4 1
18 13 12 1 0 MRDN®S(+)17 17 12 11 1 0 MRDNGS(4)12 12 12 11 1 0

MRDNGS(4) 19

Figure 4. Progression-free survival stratified by minimal residual disease status (cutoff: 10-°). Progression-free survival (PFS)
based on minimal residual disease (MRD) negativity by next-generation flow cytometry (NGF) at PRE (A), at POST1 (B), and at
POST2 (C). PFS based on MRD status by next-generation sequencing (NGS) at PRE (D), at POST1 (E) and at POST2 (F). ASCT: au-
tologous stem cell transplantation; PRE: between days 100 and 365 post-ASCT and before lenalidomide maintenance; POST1: 1

year (£ 20 days) post-ASCT; POST2: 2 years (+ 20 days) post-ASCT; HR: hazard ratio; Cl: confidence interval.
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differences between MRD-positive and MRD-negative pa-
tients at any time point (Online Supplementary Figure S2).
The prognostic impact of sustained MRD negativity, de-
fined as two consecutive MRD-negative assessments at
PRE and POST1, was evaluated. Sustained MRD negativ-
ity rates were 42% (18/43) and 55% (22/40) by NGF and
NGS, respectively, considering non-assessable cases as
MRD-positive. Both NGF and NGS demonstrated that
patients with sustained MRD negativity had significantly
higher 3-year PFS rates compared to those without sus-
tained MRD negativity (100% vs. 67.6%; HR=0.06; 95% ClI:
0.0005-0.50; P=0.007 and 90.5% vs. 72.2%; HR=0.23; 95% ClI:
0.06-0.94; P=0.048, respectively) (Figure 5A, B). To explore
the effect of MRD dynamics, comparisons were made be-
tween patients with sustained MRD negativity, persistent
MRD positivity, and loss of MRD negativity (Figure 5C, D).
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NGF analysis revealed that patients with sustained MRD
negativity had significantly improved PFS compared to
both persistent MRD positivity (HR=0.01; 95% CI: 0.0001-
0.12; P<0.01) and loss of MRD negativity (HR=0.06; 95% CI:
0.0005-0.78; P=0.03). Similarly, with NGS, sustained MRD
negativity was associated with significantly improved PFS
compared to persistent MRD positivity (HR=0.10; 95% CI:
0.01-0.84; P=0.01) and loss of MRD negativity (HR=0.07;
95% Cl: 0.01-0.63; P=0.048).

A PFS comparison was also conducted involving 18 pa-
tients with high-risk cytogenetic abnormalities and 23 with
standard-risk cytogenetics. High-risk patients had sig-
nificantly shorter median PFS compared to standard-risk
patients (not reached vs. not reached; HR=4.04; 95% CI:
1.07-15.3; P=0.03) (Online Supplementary Figure S3A).
However, among MRD-negative patients, no significant
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Figure 5. Progression-free survival stratified by sustained minimal residual disease status (10-5; PRE to POST1) and minimal re-
sidual disease dynamics. (A) Progression-free survival (PFS) based on sustained minimal residual disease (MRD) status by next-gen-
eration flow cytometry (NGF). (B) PFS based on sustained MRD status by next-generation sequencing (NGS). (C) PFS stratified by
patients with sustained MRD negative, persistent MRD positive, and loss of MRD negativity using NGF. (D) PFS stratified by patients
with sustained MRD negative, persistent MRD positive, and loss of MRD negativity using NGS. PRE: between days 100 and 365
post-ASCT and before lenalidomide maintenance; POST1: 1 year (+ 20 days) post-ASCT; POST2: 2 years (* 20 days) post-ASCT;
ASCT: autologous stem cell transplantation; HR: hazard ratio; Cl: confidence interval. *P<0.05; **P<0.01.
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differences in PFS were observed between high-risk and
standard-risk patients, suggesting that achieving MRD
negativity may mitigate the adverse prognostic impact
of high-risk cytogenetics (Online Supplementary Figure
S3B-E). At PRE, MRD-negative high-risk patients assessed
by NGF demonstrated significantly better PFS compared
to high-risk MRD-positive patients (not reached vs. 13.9
months; HR=0.13; 95% CI: 0.02-1.08; P=0.02). However, no
significant difference was observed between MRD-neg-
ative and MRD-positive standard-risk patients (Online
Supplementary Figure S3B). At POST1, both high-risk and
standard-risk patients who were MRD-negative by NGF
had better PFS than MRD-positive patients (not reached
vs. not reached; HR=0.10; 95% CI: 0.0007-1.22; P=0.05 for
standard-risk; not reached vs. 13.9 months; HR=0.04; 95%
Cl: 0.004-0.33; P<0.01 for high-risk) (Online Supplementary
Figure S3C). Conversely, MRD assessment by NGS did not
reveal significant differences in PFS between MRD-nega-
tive and MRD-positive patients at any time point or across
risk categories (Online Supplementary Figure S3D, E).
Of the 52 cases assessed for MRD levels in autografts,
41 (79%) were analyzed by NGS. Using cutoff values of
1x10-% and 1x10-¢, MRD negativity was observed in 24 of
41 cases (569%) and 11 of 41 cases (27%), respectively. The
MRD levels in autografts were significantly correlated
with those in PRE-BM (r=0.7105; P<0.0001). MRD nega-
tivity in PRE-BM was observed in six of nine cases (67%)
following transplantation of MRD-negative autografts
compared to three of 31 cases (10%) with MRD-positive
autografts (P=0.001) at the cutoff value of <1x10-¢ (Online
Supplementary Figure S4A). No significant differences
in PFS or OS were observed between MRD-negative and
MRD-positive autografts or between sustained MRD neg-
ativity in autografts and PRE-BM (Online Supplementary
Figure S4B-E). However, no death was recorded among
patients who received MRD-negative autografts at the
1x10-¢ cutoff.

Safety and tolerability

Table 2 summarizes the incidence of grade 3/4 adverse
events (AE) during lenalidomide maintenance therapy,
occurring in nine patients (16%). Non-hematologic grade
3 AE included infections (6%) and elevated liver function
tests (4%), with no grade 4 non-hematologic AE reported.
Hematologic grade 3/4 AE consisted of neutropenia (12%),
leukopenia (10%), lymphopenia (6%), thrombocytopenia
(4%), and anemia (2%). A total of six grade 4 AE were re-
ported in three patients: one experienced neutropenia,
lymphopenia, and thrombocytopenia; another experienced
neutropenia; and a third had thrombocytopenia. No grade
5 AE or treatment-related deaths occurred throughout
the treatment period. Consistent with previous findings,
lenalidomide maintenance therapy was well tolerated,
with patients completing a median of 30 cycles with ap-
propriate supportive measures.
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Table 2. Grade 3/4 adverse events of lenalidomide maintenance

(N=52).
AE N (%)
Non-hematologic
elevated liver function test 2 (4)
infection 3(6)
Hematologic AE
leukopenia 5 (10)
neutropenia 6 (12)
lymphopenia 3 (6)
anemia 1(2)
thrombocytopenia 2 (4)

AE: adverse event.

Discussion

This study prospectively compared MRD levels assessed
by NGF and NGS in lenalidomide maintenance therapy,
revealing a strong correlation between the two methods.
Notably, MRD negativity by NGF at PRE and POST1, and
sustained MRD negativity were significantly associated
with prolonged PFS.

Discrepancies in MRD status were observed in 31% of paired
samples using a cutoff value of 1x10-®. A previous study
comparing MRD levels between NGS and NGF reported a
17% discrepancy.® While most discrepant samples in that
study were NGS-only MRD-positive, our findings revealed
a similar rate of NGS-only and NGF-only MRD-positivity.
The cause of this difference remains unclear but may be
linked to sample collection methods. In this study, 6 mL
of BM were aspirated, and MRD was measured using NGF
and NGS at random, without a predetermined selection
of method for each sample. One potential explanation for
the MRD discrepancies is dilution due to contamination
of peripheral blood.” As this was a multicenter study,
MRD specimens were collected first, but there was no
predetermined allocation of specimens for NGS or NGF.
The order of specimen collection may vary across centers.
Since the first BM aspirate typically contains the highest
concentration of tumor cells, different usage across cen-
ters could have contributed to the discrepancies. This may
have resulted in a positive MRD result for the initial sam-
ple and a negative result for subsequent ones. Therefore,
clinicians should be cognizant of the BM collection order
and the potential dilution effect and consider periodic
MRD assessments, for instance, 6 to 12 months interval,
to reduce the risk of patchy MM lesions in BM during
routine clinical practice. While MRD discrepancies were
observed in three patients who progressed to PD (cases
32, 43, and 49), the assessments immediately preceding
PD were consistent between the two methods (Figure
2A, B). These findings suggest that simultaneous MRD
assessments using both methods may be unnecessary
for predicting PD.

Haematologica | 110 September 2025
2167



ARTICLE - MRD in MM receiving Len post-ASCT

Each technique has distinct advantages. NGS requires fewer
cells to achieve the necessary sensitivity and permits ret-
rospective analysis of frozen samples. However, it relies on
baseline DNA collected at diagnosis. DNA extraction from
BM smears or clots can result in fragmentation, preventing
MRD measurement. In this study, three of 52 patients (6%)
had DNA samples that could not be evaluated using NGS.
Conversely, NGF does not require baseline samples but
involves rapid BM processing within 48 hours in order to
preserve cell quality. It can detect abnormal clones in nearly
all patients, achieving sensitivity comparable to NGS.* Among
the 14 patients who progressed, MRD assessments prior to
PD were negative for both methods in four cases (26, 48,
50, and 52). Only case 48 presented with extramedullary
disease at baseline. These findings highlight the limitations
of BM-based MRD assessment, as the patchy nature of MM
in the BM and the presence of extramedullary disease can
produce false-negative results.”?' To address these limita-
tions, several highly sensitive MRD assessment methods
using peripheral blood have emerged. One approach utilizes
mass spectrometry to analyze clone-specific sequences,
such as CDR1, CDR2, and CDR3, providing sensitivity com-
parable to NGS in BM, with a detection limit exceeding
1x10-® and potentially mitigating the challenges of patchy
BM MRD and extramedullary lesions.?? Another method
involves isolating over 10° plasma cells using CD138-mag-
netic beads, enhancing sensitivity and addressing these
same limitations.?®

Several studies have highlighted the clinical significance of
MRD assessment in autografts. Given the large number of
cells present in autografts, NGS can achieve a detection
sensitivity as high as 1x107"2* In this study, MRD sensitivity
was limited to 1x10-¢ due to the availability of only 2 mL of
autograft samples. Achieving true MRD negativity in PRE-BM
following autologous transplantation was challenging when
MRD-positive autografts were infused, likely reflecting the
patchy distribution of myeloma lesions in the BM. Thus,
MRD-negative autografts appear to be crucial for achieving
MRD-negativity in PRE-BM (Online Supplementary Figure
S4A). Regarding prognosis, no significant differences in PFS
or OS emerged between MRD-negative and MRD-positive
autografts, possibly due to the small sample size and the
1x10-* MRD cutoff. However, patients infused with MRD-neg-
ative autografts experienced no deaths and exhibited better
OS than those receiving MRD-positive autografts (Online
Supplementary Figure S4B-E).

This study further evaluated the efficacy of continuous
lenalidomide maintenance therapy through serial MRD as-
sessments in a relatively homogeneous population. Almost
all patients (98%) received induction regimens containing
bortezomib and/or lenalidomide, followed by ASCT with
melphalan conditioning at 200 mg/m? prior to maintenance
therapy. MRD negativity at PRE and POST1 and sustained
MRD negativity were significantly associated with prolonged
PFS when assessed by NGF. Similarly, when assessed by
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NGS, MRD negativity at POST1 and sustained MRD negativity
were significantly correlated with prolonged PFS. Both NGF
and NGS are well-validated MRD assessment methods and
are strongly associated with prognosis.?"?® The differences
in these findings may be attributed to the study’s limited
statistical power, given the relatively small sample size.
A recent study by Diamond et al. reported the prognostic
impact of serial MRD assessments by NGF in a single-center
phase Il study assessing continuous lenalidomide mainte-
nance following unrestricted frontline therapy.® The study
demonstrated that patients who sustained MRD negativity
for 2 years did not experience PD, whereas those who lost
MRD negativity were more likely to progress compared to
those with sustained MRD negativity or persistent MRD
positivity. Consistent with previous studies,™? sustained
MRD negativity in this study was associated with excellent
PFS. Notably, eight patients lost MRD negativity as assessed
by NGF, and six patients lost MRD negativity as assessed
by NGS. Those who lost MRD negativity had a significantly
poorer prognosis compared to the patients with persistent
MRD negativity (Figure 5C, D).

Our cohort comprised a relatively high proportion of pa-
tients with high-risk chromosomal abnormalities (HRCA;
38%), although only one case of double-hit disease was
observed. We explored the MRD effect on cytogenetic risk
and found no significant prognostic differences between
MRD-negative high-risk and standard-risk patients. This
finding is consistent with previous reports,?¢-2® suggesting
that high-risk patients who achieve MRD negativity expe-
rience PFS similar to that of standard-risk patients. How-
ever, it is crucial to note that this study included only one
ultra-high-risk patient - that is, with two or more HRCA;
who typically struggle to maintain MRD negativity even
after initially achieving it.»?°3° While some studies support
these findings,?¢-2% others have reported conflicting results,?
potentially reflecting the heterogeneity of MM.

Based on our findings and previous studies, clinicians can
predict the prognosis of MM patients using MRD status.
Sustained MRD-negative patients experience excellent
prognosis, and some might discontinue treatments.**'Con-
versely, patients who shift from MRD negativity to positivity
face poor prognosis. Early intervention triggered by MRD
positivity in such cases may improve prognosis. To date, the
only prospective study we identified, the Remnant study,*
aims to assess PFS and OS of MM patients with MRD relapse
following treatment with daratumumab, carfilzomib and
dexamethasone. Further prospective studies are crucial,
and treatment adjustments should be based on the out-
comes of the “Treatment stop for sustained MRD-negative
patients” and “Intervention for patients progressing from
MRD negative to positive” studies.

Grade 3/4 AE during lenalidomide maintenance therapy
occurred in 16% (9/52) of patients, with primary non-hema-
tological toxicities comprising infections (6%) and elevated
liver function tests (4%). Grade 3/4 neutropenia (12%) was

Haematologica | 110 September 2025
2168



ARTICLE - MRD in MM receiving Len post-ASCT

the most commonly observed hematological toxicity. The
incidence of grade 3/4 hematological AE was lower than
previously reported,®*3* likely due to the appropriate dose
adjustments of lenalidomide implemented in this study.
Notably, no cases of second primary malignancies were
observed, which may be attributed to the study’s relatively
short follow-up period.

Our study has some limitations. First, although the pre-
planned number of participants were enrolled, the final
sample size was smaller than expected, reducing the sta-
tistical power of the subgroup analyses. Notably, 17% of the
patients were excluded because they received maintenance
therapy other than lenalidomide post-ASCT. As a result, the
subgroup analysis yielded only preliminary findings. A large-
scale clinical trial is crucial to confirm whether achieving
MRD negativity in high-risk cases, assessed using both NGS
and NGF, confers a prognosis comparable to that of stan-
dard-risk patients with MRD negativity. Additionally, further
investigation is needed to establish whether MRD progression
from negative to positive is associated with poor prognosis
as detected by these methods. Second, imaging studies
were performed at the discretion of the attending physician,
with only 17% (9/52) of patients undergoing baseline positron
emission tomography/computed tomography. This may have
contributed to false-negative MRD assessments.

In conclusion, this prospective comparative study of MRD
assessment in BM cells using EuroFlow-NGF and NGS
demonstrated a correlation between MRD levels. Regard-
less of the assessment method, achieving MRD negativity
after ASCT (PRE) and at 1 year of lenalidomide maintenance
therapy (POST1) was significantly associated with prolonged
PFS in the setting of ASCT. Serial MRD evaluations indi-
cated that sustained MRD negativity is a highly promising
prognostic marker. Future investigations should explore
whether early intervention can improve prognosis in pa-
tients who fail to achieve sustained MRD negativity, and
conversely, if with sustained MRD negativity, therapy can
be de-escalated or deferred, with attendant avoidance of
long-term side effects, including genotoxicity.353¢
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