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m The prognostic value of minimal residual disease (MRD) for progression-free survival (PFS)
and overall survival (OS) was evaluated in a large cohort of patients with multiple myeloma

* This meta-analysis (MM) using a systematic literature review and meta-analysis. Medline and EMBASE
establishes the role of databases were searched for articles published up to 8 June 2019, with no date limit on the

MINE stgsifciy o i indexed database. Clinical end points stratified by MRD status (positive or negative) were

roving long-term sur- . . . .
p. VI. g fong Y extracted, including hazard ratios (HRs) on PFS and OS, P values, and confidence intervals
vival in a heterogeneous

cohort of patients with i o ) ] ] )
MM Meier curves. Forty-four eligible studies with PFS data from 8098 patients, and 23 studies

with OS data from 4297 patients were identified to assess the association between MRD

(CIs). HRs were estimated based on reconstructed patient-level data from published Kaplan-

* The strong prognostic
value of MRD negativity
sets the stage to adopt

status and survival outcomes. Compared with MRD positivity, achieving MRD negativity
improved PFS (HR, 0.33; 95% CI, 0.29-0.37; P < .001) and OS (HR, 0.45; 95% CI, 0.39-0.51;
MRD as a clinically valid P < .001). MRD negativity was associated with significantly improved survival outcomes
surrogate biomarker for regardless of disease setting (newly diagnosed or relapsed/refractory MM), MRD sensitivity
PFS and OS in MM. thresholds, cytogenetic risk, method of MRD assessment, depth of clinical response at the
time of MRD measurement, and MRD assessment premaintenance and 12 months after start
of maintenance therapy. The strong prognostic value of MRD negativity and its association
with favorable outcomes in various disease and treatment settings sets the stage to adopt
MRD as a treatment end point, including development of therapeutic strategies. This large
meta-analysis confirms the utility of MRD as a relevant surrogate for PFS and OS in MM.

Introduction

New treatment options for patients with multiple myeloma (MM) have expanded rapidly in the past
decade, leading to deeper responses. Complete responses (CR) have been observed in >50% of
transplant-eligible and transplant-ineligible patients with newly diagnosed MM (NDMM)." With an
increase in the proportion of patients achieving CR, various methods have been developed to detect
even deeper responses, including stringent CR,? and, in recent years, minimal residual disease
(MRD) assessment. Sophisticated methods such as next-generation flow (NGF) and next-generation
sequencing (NGS) have been able to detect MRD sensitivity thresholds up to 10~° and 10~ °. Using
these sensitive methods, superior progression-free survival (PFS) and overall survival (OS) outcomes
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were observed in patients achieving MRD negativity,?® leading to
wider use of MRD assessment.>'" Collectively, these studies
have established the clinical utility of MRD assessment as an
important prognostic marker of survival.

Although PFS and OS are considered appropriate end points by
regulatory agencies for approval of treatments for MM,'>'2 a long
duration of PFS can delay the timely approval and access to
effective therapeutic intervention in patients with MM. Given the
growing consensus for the use of MRD as an early clinical end point
to compare different therapies, a robust quantitative MRD analysis
of treatment efficacy is needed in large multicenter trials in a broad
spectrum of patients with MM. Although previous studies have
shown improved PFS and OS outcomes in patients who achieved
MRD-negative status, they were mainly in patients with NDMM as
a group. The clinical utility of MRD is important to evaluate in
patients with MM in different disease settings, including those with
relapsed/refractory MM (RRMM), and in various subgroups such as
patients on and after maintenance therapy as well as cytogenetic
subgroups. Currently, MRD assessment data are limited in these
patients. This study evaluates the prognostic value of MRD for PFS
and OS in a large cohort of patients with MM, including those with
RRMM, using a systematic literature review and meta-analysis. The
utility of MRD as a surrogate marker was evaluated in various
subgroups, including those stratified by MRD-negativity achieve-
ment at different disease settings, MRD sensitivity thresholds,
cytogenetic risk, method of MRD assessment, depth of clinical
response at the time of MRD assessment, and MRD assessment
before or after start of maintenance therapy.

Methods

Literature search and study selection

The literature review was conducted in adherence with Preferred
Reporting ltems for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. Medline and EMBASE databases were
searched for articles published in English up to 8 June 2019;
there was no date limit on the indexed database searches.
Details of the search strategy, including a full list of the search
terms, are shown in the supplement.

Two independent investigators selected the articles for potential
inclusion; disagreements were resolved by a third investigator.
Randomized controlled trials and observational studies that
reported PFS or OS rates stratified by MRD status in patients
with MM following therapy were eligible for inclusion (supplemental
Table 1). Methodological quality of the studies was assessed
using the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting recommendations.'* A manual
search was conducted to identify any updated publications on
selected studies.

Data extraction and preparation

Key study characteristics including year/date of publication, study
type, study population, study treatment, and MRD assessment
details were extracted (supplemental Table 1). Data on clinical end
points stratified by MRD status (positive or negative) were extracted,
including hazard ratios (HRs) on PFS and OS, P values, and
confidence intervals (Cls). If HRs were not reported, they were
estimated based on reconstructed individual patient-level data
(IPD) from published Kaplan-Meier (KM) curves."®
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In studies with multiple HR estimates on the same population, only 1
estimate was chosen to avoid duplicates. For example, in studies
with MRD assessments using different techniques on the same
group of patients, the HR estimate using the most common
technique was included in the base case analysis. All patients from
all eligible studies were included in the main analysis (base case).
HRs for PFS and OS, stratified by MRD status, were estimated for
subgroups by (1) disease settings, (2) MRD sensitivity thresholds,
(3) cytogenetic risk, (4) method of MRD assessment, (5) depth of
clinical response at the time of MRD measurement, and (6)
measurement of MRD status premaintenance and at 12 months
after start of maintenance therapy.

Meta-analysis

To obtain a pooled effect estimate of HR for MRD negativity, a meta-
analysis was performed by fitting a random effects model. Pooled
KM curves were generated using reconstructed IPD from studies
where available. Survival curves were first digitized, and IPD were
reconstructed using an algorithm endorsed by health technology
assessment agencies'®; for curves with missing at-risk patient
numbers, individual data were manually reconstructed.

Heterogeneity in design and population among the studies eligible
for meta-analysis was assessed with multiple estimators.'® Differ-
ences within subgroups were tested for statistical significance with
the (2-sided) log-rank test, and HRs with 2-sided 95% Cls were
estimated with a Cox regression model. Statistical analyses were
performed using the “metafor” R package, version 2, for meta-
analyses17; statistical significance level was set at P < .05.

Results

From the initial database search, 144 eligible publications were
identified for quantitative analysis (Figure 1); 93 publications
reported HRs from 45 studies and were included in the meta-
analysis (full dataset). Subgroup analyses were conducted to
adjust for heterogeneity in the dataset and to adjust for effect
modifiers (ie, variables that differentially modify the observed
MRD effect on PFS/OS outcomes) that were selected based on
available qualitative evidence from the extracted publications.

MRD and survival outcomes (base case analysis)

The association between MRD status and survival outcomes was
assessed in 44 studies with PFS data from 8098 patients (3111
MRD negative, 4987 MRD positive),*57 12111855 and 23 studies
with OS data from 4297 patients (1605 MRD negative, 2692 MRD
positive) (Figure 2).6,10,11,1 9-24,27,30,33,35,39-44,47,49,56 Compared
with MRD positivity, achieving MRD negativity was associated
with significantly improved PFS (HR, 0.33; 95% ClI, 0.29-0.37;
P < .001; Figure 2A) and OS (HR, 0.45; 95% CI, 0.89-0.51;
P < .001; Figure 2B).

By MM disease setting. Survival outcomes were reported in
25 studies in transplant-eligible patients with NDMM,® 11840 g
studies in transplant-ineligible patients with NDMM,'"#147 and
5 studies in patients with RRMM.2"#8-5° Seven studies reported
PFS/OS outcomes in patients in whom the disease setting was
undefined.*7:°1%%

PFS OUTCOMES. PFS was significantly improved with MRD negativity
vs MRD positivity across all the disease settings (Figure 3;
supplemental Figure 1A). In the transplant-eligible NDMM subgroup,
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93 publications included in meta-analysis
(85 publications on PFS; 48 publications on OS)

» 459 duplicates removed

692 articles excluded
Not MM, n=212
Wrong publication type, n~=480

677 articles excluded
+ MRD not reported, n=183
Outcomes stratified by MRD
7 not reported, n=494

51 articles excluded
\7 (HRs not reported or extracted)

Figure 1. PRISMA flowchart of the systematic
literature review search strategy and article
selection.

MRD negativity was associated with significantly improved PFS (HR,
0.33; 95% Cl, 0.28-0.40; P < .001) (Figure 3A). Median PFS was
61.0 months (95% Cl, 54.5-67.1) for patients who are MRD negative
and 24.1 months (95% CI, 22.6-26.9) for patients who were MRD
positive. Five-year PFS rates were 51.0% and 24.0% for patients who
were MRD negative and MRD positive, respectively (P < .001;
Figure 3B).

In the transplant-ineligible NDMM subgroup, PFS was signifi-
cantly improved with MRD negativity (HR, 0.32; 95% Cl, 0.27-0.39;
P < .001) (Figure 3A). Median PFS was not reached for MRD-
negative patients and was 26.9 months (95% CI, 25.0-29.0) for
MRD-positive patients. Three-year PFS rates were 76.3% and
37.1% for MRD-negative and MRD-positive patients, respec-
tively (P < .001; Figure 3C).

In patients with RRMM, MRD negativity was associated with
a significantly improved PFS (HR, 0.34; 95% Cl, 0.24-0.47; P < .001;
Figure 3A). Median PFS was not reached for MRD-negative
patients and was 13.8 months (95% CI, 11.8-14.7) for MRD-
positive patients. Three-year PFS rates were 71.8% and 23.4% for
patients who were MRD negative and MRD positive, respectively
(P < .001; Figure 3D).

0S OUTCOMES. MRD negativity was associated with significantly
improved OS across disease settings (Figure 4; supplemental
Figure 1B). In the transplant-eligible patients with NDMM, OS
was significantly improved with MRD negativity (HR, 0.50; 95%
Cl, 0.42-0.59; P < .001) (Figure 4A). Median OS was not reached
for MRD-negative patients and was 60.9 months (95% Cl, 52.3-68.1)
for patients who were MRD-positive. Five-year OS rates were 70.9%
and 50.5% in patients who were MRD negative and MRD positive,
respectively (P < .001; Figure 4B).

Similarly, in the transplant-ineligible NDMM subgroup, MRD
negativity was associated with significantly improved OS (HR,
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0.40; 95% ClI, 0.31-0.561; P < .001) (Figure 4A). A pooled KM
curve for OS by MRD status was not generated because it was
reported only in 1 study.*®

In patients with RRMM, MRD negativity was associated with
significantly improved OS (HR, 0.28; 95% Cl, 0.18-0.45; P < .001)
(Figure 4A). Median OS was not reached for MRD-negative
patients and was 42.0 months (95% CI, 39.2-not reached) for
MRD-positive patients. OS rates at 3 years were 86.4% in patients
who were MRD negative and 58.1% in patients who were MRD
positive (P < .001; Figure 4C).

By MRD sensitivity threshold. Twenty studies reported

survival outcomes at the 10 * MRD sensitivity
threshold.8:11:19-25,27,28,31,32,34,38,42,48,50,53,55 1g siudies at

the 107° threshold,*29:80:33,36-41,43-45,47,495254 gnd 5 studies at

the 1078 threshold.”'%4%4657 MRD negativity was associated with
improved survival across all sensitivity thresholds (P < .001 for all
subgroups vs MRD positivity; Figure 5; supplemental Figure 2A-B).
MRD negativity was associated with significantly improved PFS
at both 10~ (HR, 0.38; 95% CI, 0.32-0.45; P < .001; Figure 5A)
and 107° sensitivity thresholds (HR, 0.31; 95% CI, 0.27-0.36;
P < .001; Figure 5A). Improvements in PFS outcomes were
associated with increasingly stringent sensitivity thresholds;
PFS was most improved with MRD negativity at the sensitivity
threshold of 107° (HR, 0.22; 95% Cl, 0.16-0.29; P < .001;
Figure 5A). Similarly, MRD negativity was associated with OS
improvements at increasing sensitivity thresholds (Figure 5B).

By cytogenetic risk. Six studies reported survival outcomes in
patients with high-risk cytogenetics,'®!"2327:3838 (g 55lemental
Table 2) and 5 studies reported outcomes in those with standard-
risk cytogenetics.'®'"233858  Gompared with MRD positivity,
benefit of MRD negativity was observed for PFS in both the high-
risk (HR, 0.45; 95% CI, 0.36-0.58; P < .001) and standard-risk

8 DECEMBER 2020 - VOLUME 4, NUMBER 23 € blood advances



Figure 2. Base-case analysis of association of
MRD negativity. PFS (A) and OS (B). No., number; TE, A
Study No. of Patients MRD negative MRD positive HR (95% CI)
treatment eligible; TIE, treatment ineligible.
NDMM TE
Swedin, 1998 10 b J 0-21 [0-02, 2:02]
Rawstron, 2002 44 —_— 031 [0:18,073]
Bakkus, 2004 50 —— 0-27 [0-14, 0-55]
Paiva, 2008 295 —— 0-28 [0-17, 0-43]
Putkonen, 2010 37 —— 0-28 [0-11, 0-70]
Korthals, 2012 38 —_— 0-43 [0-20, 0:96]
Rawstron, 2013 328 —— 0-56 [0-41, 0-75]
Ferrero, 2015 38 — 0-09 [0-03, 0-26]
Cohen, 2016 19 _—— : 0-28 [0-10, 0:75]
Solovev, 2016 52 —_— 0-59 [0-35, 0-99]
Chakraborty, 2017 185 —a— : 0-45 [0-31, 0-66]
Popat, 2017 (arm 1) 27 —_— 0-38[0-13,1-15]
Popat, 2017 (arm 2) 50 l—l 062 [0-31, 1-25]
Oliva, 2017 316 —— : 0-35 [0-19, 0:65]
Schinke, 2017 72 _— 055 [0-22, 1-37]
Austin, 2018 (arm 1) 124 | m——| 0-37 [0-13, 1-06]
Clark, 2018 25 —_— 0-13[0-02, 0:81]
Gu, 2018 104 [ | 0-29 [0-13, 0:65]
Perrot, 2018 239 -— 0-18[0-12, 0-28]
Rossi, 2018 30 —_— 0-13 [0-08, 0-54]
Shah, 2018 25 0-15 [0-01, 2-23]
Solovey, 2018 37 050 [0-16, 1-53]
Avet-Loiseau, 2019 1085 —— 0-31 [0-20, 0-49]
Gambella, 2019 73 —— 0-19 [0-09, 0-41]
Hahn, 2019 437 —— 0-48 [0-31, 0-74]
Paiva, 2020 357 - 0-21 [0-12, 0-36]
NDMM TIE
Mateos, 2014 153 —— 0-40 [0-25, 0-65]
De Tute, 2016 (arm 1) 154 [———) 0-41 [0-24, 0-71]
De Tute, 2016 (arm 2) 143 —_— 0-49 [0-26, 0-94]
Sanchez-Vega, 2016 110 —— 0-36 [0-21, 0-60]
Martinez—Lopez, 2017 7 —_— 0-36 [0-16, 0:82]
Bahlis, 2019 (arm 1) 362 = 0-16 [0-07, 0-37]
Bahlis, 2019 (arm 2) 352 —— 0-25 [0-09, 0:68]
Facon, 2019 225 —— 026 [013, 0:52]
Li, 2019 123 — 0-29 [0-12, 0-69]
Mateos, 2019 (arm 1) 323 —— 0-21 [0-11, 0-40]
Mateos, 2019 (arm 2) 334 —— 0-30 [0-20, 0-46]
RRMM
Paiva, 2015 31 —_— 0-36 [0-13, 0:98]
Austin, 2018 (arm 2) 26 —a 0-49 [0-31, 0-78]
Avet-Loiseau, 2018 (study 1, arm 1) 251 — 0-17 [0-09, 0-33]
Avet-Loiseau, 2018 (study 1, arm 2) 247 —— 0:18 [0-05, 0-57]
Avet-Loiseau, 2018 (study 2, arm 1) 277 —— 0-28 [0:17, 0-44]
Avet-Loiseau, 2018 (study 2, arm 2) 251 —_— 0-37 [0-18, 0:79]
Yong, 2018 141 l—-—l 0-59 [0-33, 1-06]
UNDEFINED POPULATION
Martinez—Sanchez, 2008 53 P 0-27 [0-12, 0-62]
Silvennoinen, 2014 22 —— 0-17 [0-05, 0-62]
Korde, 2015 44 —— - 0-22 [0-07, 0-69]
Fukumoto, 2016 78 —_— 0-29 [0:09, 0-99]
Flores—Montero, 2017 79 — : 0-11 [0-08, 0-45]
Rasche, 2018 83 l—l 0-46 [0-18, 1:15]
Alonso, 2019 109 e 0-53 [0-28, 0:99]
Summary Estimate (8098) * : 0-33 [0-29, 0-37]
T T T T
0 1 2 3
PF$ hazard ratio (95% CI)
B
Study No. of Patients MRD negative MRD positive HR (95% CI)
NDMM TE -
Rawstron, 2002 44 - 053 [0-16, 1-75]
Bakkus, 2004 50 a 0-59 [0-21, 1-65]
Paiva, 2008 295 —— : 0-50 [0-38, 0-64]
Putkonen, 2010 37 | Em— W 0-23 [0-05, 0-97]
Korthals, 2012 38 - 0-67 [0-26, 1-70]
Rawstron, 2013 287 — 0-63 [0-43, 0:90]
Ferrero, 2015 38 —_— 0-32 [0-10, 1-02]
Ludwig, 2015 42 —_— 0-27 [0-08, 0:97]
Chakraborty, 2017 185 —_— 0-55 [0-32, 0-93]
Schinke, 2017 72 - 0-84 [0-30, 2-39]
Gu, 2018 104 | | : 0-23 [0-09, 0-59]
Perrot, 2018 239 —_— 0-26 [0-10, 0:68]
Shah, 2018 25 0-25 [0-03, 2:22]
Hahn, 2019 437 —_— 0-77 [0-35, 1-67]
Paiva, 2020 357 — H 0-26 [0-10, 0-67]
NDMM TIE
Mateos, 2014 153 [——— 0-48 [0-27, 0-88]
De Tute, 2016 (arm 1) 154 —— 0-41 [0-27, 0-62]
Sanchez-Vega, 2016 110 _— 0-36 [0-18,0:72]
Martinez—Lopez, 2017 71 —_— 0-27 [0-07, 1-02]
Li, 2019 123 —_— 0-13 [0-02, 0-96]
Mateos, 2019 (arm 1) 323 [ —— : 0-24 [0-08, 0-76]
Mateos, 2019 (arm 2) 334 —_— H 0-44 [0-25, 0-78]
RRMM :
Avet-Loiseau, 2018 (study 1, pooled arms) 498 [ — 0-07 [0-02, 0-30]
Avet-Loiseau, 2018 (study 2, arm 1) 277 —— 0-35 [0-21, 0-59]
Avet-Loiseau, 2018 (study 2, arm 2) 251 —_— 0-23 [0-06, 0-94]
Summary Estimate (4297) * 0-45 [0-39, 0-51]
T T T T
0 1 2 3
08 hazard ratio (35% Cl)
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A

No. of patients PFS hazard ratio (95% CI) p value
1
NDMM transplant eligible 4056 - ! 0-33 (0-28-0-40) p<0-001
Disease setting NDMM transplant ineligible 2350 , 0-32 (0-27-0-39) p<0-001
RRMM 1224 —a— i 0-34 (0-24-0-47) p<0-001
L
0 0.2 0.4 0.6 0.8 1 1.2
B
— MRD negative — MRD positive
1-00
i
|
0-75 - '
= |
— 1
= 151-0%
VI R e
(=5
e
o Median: 61-:0 months
S " (95% Cl, 54-5-67-1)
0-25 +
H Median: 24-1 months
0y B— .
p<0-001 i (95% ClI, 22:6-26-9)
0-00 T T T T } T T T T T T
0 12 24 36 48 60 72 96 108 120 132 144
Time, months
Number at risk
MRD- 1515 1055 589 332 164 95 47 10 3 1 0 0
MRD+ 1180 719 317 153 72 50 30 2 0 0 0 0
C D
— MRD negative = MRD positive — MRD negative — MRD positive
1-00 1-00 A
|
1
176-3%
075 0-75 4 71:8%
1
= : = !
:‘E Median: not reached % : Median: not reached
B 050 F-mmmmmm e € 050 f--—---Bgomommmo S
(=% = 1
2 © !
o 37-1% a :
| |
1 1
0-25 1 ! Median: 26:9 months 0-25 4
i (95% Cl, 25:0-29.0) :
H ' Median: 13:8 months
p<0-001 ! p<0-001 ! (95% ClI, 11-8-14-7)
OOO T : T T OOO T T T T :

T T T T
0O 6 12 18 24 30 36 42
Time, months
Number at risk
MRD- 291 290 283 274 217 139 93 30
MRD+ 13281126 983 782 516 268 133 48

48

4
5

0

54 6
0 0
0 0

0O 6 12 18 24 30 36 42 48 54 60
Time, months
Number at risk
MRD- 164 163 155 142 135 114 97 74 10 4 O
MRD+ 960 672 456 343 269 214 179 131 11 2 0

Figure 3. PFS outcomes. (A) Association of MRD negativity with PFS outcomes in patients by disease setting. (B-D) KM estimates of PFS in patients with NDMM who were
transplant eligible (B), NDMM who were transplant ineligible (C), and RRMM (D).

groups (HR, 0.40; 95% CI, 0.26-0.60; P = .001; Figure 5A;
supplemental Figure 3A). Similarly, MRD negativity was associ-
ated with significant OS improvement in high-risk and standard-

risk groups (Figure 5B; supplemental Figure 3B).
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By method of MRD assessment. A total of 9 studies reported
survival outcomes in patients whose MRD status was assessed by the
multiparameter flow cytometry (MFC) method.+29:3336,37,39,41,52,54
Studies that reported assessment of MRD by the MFC method at the
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A
No. of patients OS hazard ratio (95% CI) p value
NDMM transplant eligible 2250 —u— i 050 (0-42-0-59) p<0-001
1
Disease setting NDMM transplant ineligible 1268 —.— | 0-40 (0-31-0-51) p<0-001
RRMM 1026 —.— | 0-28 (0-18-0-45) p<0-001
1
0 0.2 0.4 0.6 0.8 1 1.2
B
—— MRD negative —— MRD positive
1-00 ~
075 - 70-9%
=
= M—~t=—t——+——+—+ Median: not reached
=
= 50-5%
€ 0504 -----mmmmmmmm T 2 .
) ! TRt
o 1
1
|
0-25 '
|
p<0-001 : Median: 60-9 months
! 95% ClI, 52-3-68:1
0-:00 T T T T : T T T ( T 2 T )I T
0 12 24 36 48 60 72 84 96 108 120 132 144
Time, months
Number at risk
MRD- 794 759 593 380 205 126 45 18 8 5 0 0 0
MRD+ 678 584 424 260 140 100 51 26 18 3 3 3 0
C
—— MRD negative —— MRD positive
1-00 4
—w
| Median: not reached
0-75 4 '
1
= | 581%
= V
B 050 -mmmmm o s
= 1
(2] 1
e H Median: 42-0 months
: (95% ClI, 39-2-NR)
0-25 :
1
1
p<0-001 '
1
0-00 T T T T T t T T
0 6 12 18 24 30 36 42 48
Time, months
Number at risk
MRD- 141 141 139 135 128 111 88 18 0
MRD+ 926 818 740 665 601 496 293 55 0

Figure 4. OS outcomes. (A) Association of MRD negativity with OS outcomes in patients by disease setting. KM estimates of OS in patients with NDMM who were
transplant eligible (B) and RRMM (C).

10~ * sensitivity threshold were mostly older and excluded from this ~ method.”*%*® Nine studies reported outcomes by the NGS
analysis to ensure results without bias. Three studies reported survival method,10:30:37:48-48,:47.49 4,4 8 studies assessed outcomes by
outcomes in patients whose MRD status was assessed by the NGF  the polymerase chain reaction (PCR) method.'820-22:24.38,51.52

€ blood advances s pecemser 2020 - voLUME 4, NUMBER 23 MRD NEGATIVITY AS A SURROGATE MARKER IN MM 5993



A No. of
patients PFS hazard ratio (95% CI) p value?
1
1
1074 2127 —— ! 0-38 (0-32-0-45) <0-001
_ 1
MRD sensitivity threshold® 10° 5361 E = ! 0-31 (0-27-0-36) <0-001
1
107° 1469 - ! 0-22 (0-16-0-29) <0-001
High-risk® 495 —— i 0-45 (0-36-0-58) <0-001
Cytogenetic risk L |
Standard-risk® 583 —— i 0-40 (0-26-0-60) 0-001
MFC® 2281 - | 0-37 (0-30-0-46) <0.001
1
NGF 661 —— ' 0-22 (0-14-0-33) <0-001
Method of MRD assessment 1
NGS 3974 E = : 0-26 (0-22-0-31) <0-001
PCR 321 - | 0-27 (0-19-0-37) <0-001
1
Depth of clinical response { CRorbetter' 815 —— : 0-38 (0-29-0-50) <0-001
at the time of MRD measurement | \GpR orbetter? 959 = i 031 (0-23-0-43) <0001
Measurement of MRD status Pre-maintenance” 979 — i 0-34 (0-23-0-51) <0-001
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Figure 5. MRD sensitivity threshold. Association of MRD negativity with PFS (A) and OS (B) outcomes in various subgroups of patients with MM. #P vs MRD
positive. °MRD sensitivity thresholds at 107%,1075, and 10~® were defined as 1 MM cell per 10000, 100 000, and 1 000 000 nucleated cells, respectively. °Genetic
abnormalities reported in high-risk patients in this meta-analysis were predominantly defined as the presence of t(4,14), t(14,16), and/or del(17p). ®Standard risk was defined

as the absence of genetic abnormalities seen in high-risk patients. ®Only includes studies with MRD sensitivity thresholds at 107° and 10~®; in studies including 1074, 107®,
and 10~ ° MRD sensitivity thresholds, the HR estimates for PFS and OS were 0.41 (95% Cl, 0.36-0.46) and 0.49 (95% CI, 0.42-0.57), respectively. Includes studies that
reported immunophenotypic CR, stringent CR, or near CR. “Does not overlap with CR. "MRD assessed at 100 days post-ASCT. 'MRD assessed at 12 months after start of

maintenance therapy.

Survival outcomes were favorable in MRD-negative patients
regardless of the method of MRD assessment (Figure 5; supple-
mental Figure 4A-B). HR for PFS was 0.37 (95% ClI, 0.30-0.46) in
the MFC studies, 0.22 (95% CI, 0.14-0.33) in the NGF studies,
0.26 (95% ClI, 0.22-0.31) in the NGS studies, and 0.27 (95% Cl,
0.19-0.37) in the PCR studies (P < 0.001 vs MRD positivity for all
4 subgroups; Figure 5A). Similarly, HR estimates for OS were
favorably associated with MRD negativity assessed by MFC,
NGS, and PCR methods (Figure 5B). OS was not available for
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meta-analysis by the NGF method because it was reported only in
1 study.

By depth of clinical response at the time of MRD
measurement. Thirteen studies reported survival outcomes
in patients whose MRD status was assessed after the achieve-
ment of CR or better,!®?21:3536:46,52538559 5,4 9 studies
reported outcomes in patients whose MRD status was assessed
after the achievement of very good partial response (VGPR) or
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better.'!-24:28-30:33:34.3841 G mpared with MRD positivity, MRD
negativity was associated with favorable PFS outcomes in
patients whose MRD status was assessed after achievement of
CR or better (HR, 0.38; 95% ClI, 0.29-0.50; P < .001) or VGPR
or better (HR, 0.31; 95% CI, 0.23-0.43; P < .001; Figure 5A;
supplemental Figure 5A). Similarly, MRD negativity was associ-
ated with significant OS improvement in both groups (Figure 5B;
supplemental Figure 5B).

By measurement of MRD status premaintenance and at
12 months after start of maintenance therapy. Four studies
reported PFS outcomes in patients whose MRD status was
assessed before maintenance therapy and at 12 months after start
of maintenance therapy.' ®3%%%:3° Compared with MRD positivity,
MRD negativity was associated with significantly improved PFS in
patients before they received maintenance therapy (HR, 0.34;
95% CI, 0.23-0.51; P < .001) and 12 months after the start of
maintenance therapy (HR, 0.21; 95% ClI, 0.15-0.29; P < .001;
Figure 5A; supplemental Figure 6). PFS estimates were more
favorable in patients who achieved MRD negativity at 12 months
after the start of maintenance than those with MRD negativity
before maintenance therapy. HR estimates for OS were not
possible because of limited data.

Discussion

Recent studies have demonstrated the utility of MRD as a prognos-
tic biomarker for PFS and OS outcomes, wherein achievement of
MRD-negative status was associated with a significant improve-
ment in both PFS and OS.592380%81 However, these studies were
relatively small and included primarily transplant-eligible patients
with NDMM. Thus, the applicability of these findings to various
subgroups of patients with MM remains unclear.

This large meta-analysis, which includes PFS data from 8098
patients and OS data from 4297 patients, further establishes the
role of MRD negativity in improving long-term survival outcomes in
a broad and heterogeneous MM patient population, regardless of
the types of treatment used or method of MRD assessment. These
results are consistent with the HR estimates reported previously in
a large meta-analysis (PFS HR, 0.41; 95% CI, 0.36-0.48; and OS
HR, 0.57; 95% Cl, 0.46-0.71).° The improvement in HR estimates
between the 2 analyses could be attributed to the large number of
additional studies, including those with transplant-ineligible NDMM
and RRMM patient populations, significant increase in sample sizes,
and use of more sensitive MRD assessment methods.

The favorable impact of MRD negativity across the disease settings
highlights the applicability of MRD as a deeper response criterion in
a broader context. Importantly, the achievement of MRD negativity
and associated OS improvement in the RRMM population under-
scores the utility of MRD as a surrogate marker for assessing long-
term improvements even among those exposed to several lines of
therapy.

This meta-analysis also confirms an association between survival
outcomes for MRD-negative patients and increasing MRD sensitiv-
ity thresholds up to 10~ °. As expected, the number of patients
achieving MRD-negative status decreased with increasing MRD
sensitivity thresholds. Importantly, every study that examined the
depth of response supported the use of 10~ ° as the optimal
threshold for MRD negativity. However, achieving this threshold
may not always be feasible because of limited access to sensitive
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assays, low bone marrow aspirate volume, or hemodilution of the
aspirate resulting in suboptimal cellularity. For MRD to be used
as a surrogate biomarker, it must be universally evaluable and
applicable, and, hence, a minimum sensitivity of 107° threshold
is required to achieve that goal.

MRD negativity was associated with improved survival in both high-
and standard-risk patients with MM. However, the definition of high-
risk cytogenetics varied between the studies, and included patients
with del(1p) or gain(1q).'"?27%8 Despite this variability, MRD
negativity was associated with PFS/OS improvements regardless
of cytogenetic risk. Furthermore, the magnitude of improvement
was largely similar in standard- and high-risk patients. This is
particularly relevant in high-risk patients with MM in whom earlier
assessment of long-term outcomes by MRD assessment would
allow timely intervention with effective therapies and reduce the risk
of disease progression and/or death.

In our meta-analysis, MRD negativity was associated with a bene-
ficial effect on survival outcomes regardless of the method used to
detect MRD. Based on growing evidence in support of using MRD
in routine clinical care, MRD testing is recommended in all patients
who achieve CR according to the International Myeloma Working
Group 2016 response criteria.? This meta-analysis included 9
studies in which MRD was assessed after achieving VGPR or
better.!!2428:30.33.34.3841 Fach of these studies confirmed that
achieving MRD negativity in patients who had only achieved VGPR
or better was associated with superior outcomes. This may be due
to the longer half-life of the paraproteins, extravascular deposits of
the protein, and, in some cases, extramedullary disease.

MRD negativity before maintenance or 12 months after start of
maintenance therapy was associated with improved PFS outcomes.
This improvement was greater among MRD-negative patients at
12 months after start of maintenance therapy. These findings
highlight its prognostic value as a surrogate marker even at later
stages of the treatment algorithm, and are consistent with previous
studies showing significantly improved long-term survival outcomes
(after autologous stem cell transplant [ASCT]) in patients who
achieved MRD negativity before ASCT.%22%3 |mproved outcomes
were also observed in patients who achieved post-ASCT MRD
negativity while on maintenance therapy.®*®® MRD negativity that is
sustained over the long term can potentially influence treatment
decisions in daily clinical practice, including the intensity and
duration of maintenance therapy. Data on sustained MRD and
survival outcomes are not widely reported, and hence a meta-
analysis was not performed. Future trials with sequential measure-
ments of MRD status will provide further guidance on the clinical
management of patients with MM who achieve long-term MRD
negativity.

A key strength of this meta-analysis is its large sample size, which
allowed for MRD assessment in various subgroups of patients with
MM. Significant heterogeneity between studies is inherent to this
meta-analysis. Standardized MRD techniques are lacking, particu-
larly in older studies, and differences in eligibility for MRD
assessment may contribute to variability in MRD detection across
the studies. The timing of MRD assessment (analyzed only in
transplant-eligible patients with NDMM) varied across the included
studies, and may have contributed to the heterogeneity in this
dataset. Of the trials that reported survival outcomes by timing of
MRD assessment, few assessed MRD status in patients on or after
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maintenance therapy. However, overall, the consistent association of
MRD negativity with improved PFS and OS outcomes in a large
number of studies conducted at multiple centers in patients receiving
different treatment regimens, and MRD assessment using different
methods could also be considered a strength of this analysis.

There are limitations associated with assessment of MRD itself.
Some of them include the patchy quality of the bone marrow
samples, hemodilution of bone marrow aspirates that affect the
sample cellularity, differences in sensitivity of the MRD detection
methods used, and a risk of false-negative results because of the
presence of extramedullary disease. These limitations will remain an
obstacle to MRD assessment until alternative technologies are
developed to measure cell-free tumor DNA or circulating tumor cell
DNA. Another limitation of this meta-analysis is the potential risk of
publication bias because of the lack of IPD. In studies in which HRs
were not reported, they were estimated based on the simulated IPD
from digitized KM curves and may be associated with information
bias (in instances in which the true censor was unknown). To
minimize measurement bias with reconstructed IPD from digitized
KM curves resulting from the poor quality of the initial input and
the level of information available in published studies, we have
scrutinized the reconstructed data to ensure that all P values,
Cls, HRs, numbers of events/deaths, median survival times, and
durations of patient follow-up matched those reported in the
original publications. Nevertheless, the quality, number of included
studies, and the robustness of the analysis demonstrates the
association of MRD negativity with improved survival outcomes,
supporting the use of MRD as a surrogate.

In summary, achieving MRD-negative status is emerging as an
important treatment goal in patients with MM because it has the
potential to predict their survival outcomes. This meta-analysis showed
that MRD negativity was associated with significant improvements in
PFS and OS outcomes in a large cohort of patients with MM including
both transplant-eligible and transplant-ineligible patients with NDMM
and those with RRMM. Thus, MRD can fulffill all the prerequisites to be
a clinically valid surrogate biomarker for PFS and OS in MM, including
superseding the prognostic value of CR, demonstrating broad
applicability across disease settings, and yielding consistent results
regardless of the method of MRD assessment.
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