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The treatment landscape for transplant-eligible patients with newly diagnosed multiple myeloma (TE-NDMM) has evolved with the
introduction of daratumumab-based quadruplet regimens. Adding daratumumab to traditional triplet regimens has demonstrated
improved response rates and progression-free survival (PFS). However, the impact on long-term outcomes, particularly overall
survival (OS), remains uncertain. This systematic review and meta-analysis aimed to compare the survival outcomes of these
quadruplet regimens with triplets. Conducted in adherence to Cochrane Collaboration and PRISMA guidelines and registered on
PROSPERO (CRD42024571946), the study involved searching PubMed, Embase, and Cochrane databases, from inception to June
2024. We included randomized clinical trials (RCT) and non-randomized controlled studies (NRCS) that compared daratumumab-
based quadruplet regimens to triplets, focusing on OS and PFS, with a minimum follow-up of 18 months. The meta-analysis
included 3327 TE-NDMM patients from four studies, comprising three RCT and one NRCS. Daratumumab-based regimens were
administered to 1328 (40%) patients. The analysis revealed that daratumumab-based quadruplet regimens significantly improved
both OS (pooled HR 0.60; 95% Cl 0.48-0.75; P < 0.00001; /> = 0%) and PFS (pooled HR 0.49; 95% Cl 0.37-0.65; P < 0.00001; * = 52%).
A per-protocol subgroup analysis comparing D-VRD to VRD further confirmed these benefits, with significant improvements in both
OS (pooled HR 0.68; 95% Cl 0.48-0.97; P = 0.03; > = 0%) and PFS (pooled HR 0.41; 95% Cl 0.31-0.54; P < 0.00001; * = 0%). This meta-

analysis consolidates evidence that daratumumab-based quadruplet regimens significantly improve OS, compared to triplet

regimens for TE-ENDMM patients.
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INTRODUCTION

Multiple myeloma (MM) is a complex and heterogeneous
hematologic malignancy, primarily characterized by the clonal
proliferation of malignant plasma cells within the bone marrow
[1]. For transplant-eligible newly diagnosed multiple myeloma
(TE-NDMM) patients, the choice of induction therapy plays a
critical role in determining long-term outcomes. Recent
advances in therapeutic strategies have focused on incorporat-
ing of novel agents to enhance the depth of response before
autologous stem cell transplantation (ASCT) [2]. Among these
innovations, daratumumab, a monoclonal antibody targeting
CD38, has emerged as a pivotal component in frontline
regimens [3].

Traditionally, the standard induction therapy is a triplet regimen
combining a proteasome inhibitor (Pl), an immunomodulatory
agent (IMiD) and corticosteroids. However, the emergence of
daratumumab-based quadruplet regimens represents a significant

evolution in treatment, offering the potential for deeper
responses and improved disease control, with an acceptable
safety profile [4-9].

Clinical trials have shown promising outcomes with these
regimens, particularly in terms of response rates, minimal residual
disease (MRD) negativity and progression-free survival (PFS) [4-9].
However, the impact on long-term outcomes, particularly overall
survival (OS), is still under investigation. This uncertainty under-
scores the need for a comprehensive evaluation of the available
evidence to guide clinical decision-making.

To this end, we conducted a systematic review (SR) and meta-
analysis (MA) to compare daratumumab-based quadruplet versus
triplet induction regimens in the frontline treatment of TE-NDMM
patients. By synthesizing data from relevant studies, we aim to
provide a clearer understanding of the impact on overall survival
and discuss the implications of these findings for the future
landscape of MM therapy.
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METHODS

This SR and MA were performed and reported following the Cochrane
Collaboration Handbook for Systematic Review of Interventions recom-
mendations and the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement guidelines [10, 11]. The study protocol
was registered in the International Prospective Register of Systematic
Reviews (PROSPERO; CRD42024571946).

Databases search strategy

We systematically searched PubMed, Embase, and Cochrane Library
databases from inception to June 2024. The search strategy was as
follows: (“myeloma” OR “multiple myeloma”) AND (“daratumumab” OR
“darzalex”) AND (“newly diagnosed” OR “first line” OR “front line” OR
“eligible” OR “induction” OR “autologous” OR “transplantation”).

Eligibility criteria

Pre-specified Population, Intervention, Comparator, Outcome, Time and
Study design (PICOTS) criteria were used to develop the search strategy.
Included studies met the following eligibility criteria: (1) randomized
clinical trials (RCT) and non-randomized controlled studies (NRCS); (2) that
compared daratumumab-based quadruplet induction regimens to triplet
induction regimens; (3) in TE-NDMM patients; (4) reported the outcomes of
interest: OS and PFS and; (5) with a minimum follow-up of 18 months. We
excluded studies that were non-controlled or with overlapping patient
populations.

Selection criteria

Citations from all databases were imported into a Zotero reference
manager software (Corporation for Digital Scholarship) and duplicates
were removed. Two authors (JTDSF and LCO) independently screened
search records to identify eligible studies, using the pre-established criteria
for search, data extraction and quality assessment. Disagreements were
resolved by consensus among the authors.

Data extraction

Data extracted included study characteristics (first author, year of
publication, journal, study design, sample size, treatment regimens and
duration of follow-up), baseline characteristics of the participants (age, sex,
distribution by the International Staging System [ISS] and cytogenetic risk)
and outcome data (OS and PFS).

Definition of outcomes

The primary outcome was OS, defined as the time from randomization to
the date of death. We also evaluated the PFS, defined as the time from
randomization to the date of the first confirmed progression or date of
death, whichever occurred earlier. We quantified associations in terms of
hazard ratios (HRs) and 95% confidence intervals (95% Cl). If multiple
publications of the same study were available, the publication with the
longest available follow-up results was used to extract the summary effect.

Quality assessment

Two investigators (JTDSF and LCO) independently assessed each study’s
quality and risk of bias. Randomized controlled trials were appraised, using
Cochrane’s “Risk-of-bias tool for randomized trials Version 2” (RoB-2)
[12, 13]. Meanwhile, non-randomized controlled studies were assessed,
using Cochrane’s “Risk of bias in non-randomized studies of interventions”
(ROBINS-I) [14]. The Grading of Recommendations Assessment, Develop-
ment, and Evaluation (GRADE) assessment was conducted to assess the
overall certainty of the evidence for each outcome [15]. The Summary of
Findings (SoF) Table was made to facilitate a clear and comprehensive
presentation of the evidence [10]. Publication bias was assessed through
funnel plot analysis, which examined the relationship between point
estimates and study weights [16].

Statistical analysis

We pooled the treatment effects from each study to estimate HRs and
their corresponding 95% Cls for time-to-event outcomes. When the
reported Cl differed from a 95% Cl, the provided Cl was converted to a
95% Cl for consistency, using a calculations spreadsheet [17]. In studies
where the HR were not directly reported, they were extracted from the
published Kaplan-Meier curves [17]. Heterogeneity across studies was
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assessed, using Cochrane’s Q test and I? statistics. A P-value of less than
0.10 was considered significant of significant heterogeneity, with P
values categorized as low (0-40%), moderate (30-60%), substantial
(50-90%) and considerable (75-100%) heterogeneity [12]. The DerSi-
monian and Laird random-effects model was used. Leave-one-out
sensitivity analysis were conducted to identify outliers in the MA. All
P-values were two-sided, with statistical significance set at P <0.05.
Statistical analyses to pool HRs and generate the corresponding forest
plots were conducted, using the Review Manager, version 5.4.1 (The
Cochrane Collaboration, Denmark). Additionally, patient-level data of
each treatment arm in each trial were reconstructed from Kaplan-Meier
curves, using the IPDfromKM method [18]. Kaplan-Meier curves were
digitalized with the Engauge Digitizer (version 12.1). Subsequently, the
IPDfromKM  Shiny app (version: 1.2.3.0, available at https://
biostatistics.mdanderson.org/) was used to reconstruct the individual
patient data (IPD). Finally, pooled survival curves were generated from
the reconstructed IPD, along with the relevant Cox statistics, using the
“coxph”, “survfit’, and “ggsurvplot” packages in R Statistical Software
(version 4.4.1) [19].

RESULTS

Study selection

The initial search yielded 4789 results. After removing duplicates,
3502 articles were screened by title and abstract, leaving 142
potentially eligible studies for detailed review. Following the
exclusion of 135 studies, seven reports from a total of four studies
were included in the SR and MA (Supplementary Fig. 1).

Characteristics of studies and study population

Four studies involving 3327 TE-NDMM patients were included,
comprising three randomized controlled trials (CASSIOPEIA
[4-6], GRIFFIN [7, 8], and PERSEUS [9]) and one non-
randomized controlled study based on real-world data [20, 21].
The publication years ranged from 2019 to 2024. Across three
studies, daratumumab in combination with bortezomib, lenali-
domide, and dexamethasone (D-VRD) was compared to borte-
zomib, lenalidomide, and dexamethasone (VRD) [8, 9, 20], while
one study compared daratumumab with bortezomib, thalido-
mide and dexamethasone (D-VTD) to bortezomib, thalidomide,
and dexamethasone (VTD) [6]. Sample sizes ranged from 207 to
1326 patients. The weighted median follow-up duration was
51.7 months, with a range from 19.1 to 88.4 months. The
weighted median patient age was 60 years, 57% were male, 46%
had ISS stage |, 36% had ISS stage Il, 18% had ISS stage llI
disease and 17.5% of patients had a high-risk cytogenetic
profile. The main characteristics of the included studies are
reported in Table 1.

Outcome analysis

In the comparative analysis of OS and PFS, data from a total of
3327 patients were included, with 1328 patients (40%) receiving a
daratumumab-based quadruplet induction regimen. Specifically,
785 patients (24%) were treated with D-VRD, while 543 patients
(16%) received D-VTD. The remaining 1999 patients (60%) were
administered a triplet regimen, with 1457 patients (44%) receiving
VRD and 542 patients (16%) receiving VTD.

Among the four studies evaluating the addition of daratumu-
mab to backbone regimens, the HRs for PFS, using the most
recent follow-up data, were 0.61 (95% Cl, 0.52-0.72) in the
CASSIOPEIA study [6], 0.45 (95% Cl, 0.21-0.95) in the GRIFFIN study
[8], 0.42 (95% Cl, 0.30-0.59) in the PERSEUS study [9], and 0.34
(91% Cl, 0.2-0.67) in the study by Joseph et al. [20]. Since the
Joseph et al. study reported its results with a 91% Cl, the interval
was converted to a 95% Cl (0.17-0.68) for consistency [17]. All
these findings were statistically significant.

Regarding OS, the HR for quadruplet therapy was 0.55 (95% Cl,
0.42-0.73) in the CASSIOPEIA study [6], 0.90 (95% Cl, 0.31-2.56) in
the GRIFFIN study [8], and 0.53 (91% Cl, 0.3-0.96) in the Joseph
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ERS) et al. study, which was again converted to a 95% Cl (0.27-1.04)
e N w & ) 8= [20]. In the PERSEUS study, the HR for D-VRD was reported as 0.73;
&3 S ) a p= g= however, the confidence intervals (Cls) were not directly provided.
g _d L4 e o g In this manner, the 95% Cl was extracted from the published
€2 298 %3 Ig "g a2 Kaplan-Meier curves (95% Cl, 0.47-1.14) [9, 22]. Among these
i‘% studies, only the CASSIOPEIA trial demonstrated a statistically
-% S significant improvement in OS with a 95% Cl. Regarding
- . - - -3 postprotocol therapies, only the CASSIOPEIA trial presented these
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£3 In this MA, we evaluated the impact of daratumumab-based
3?: g § quadruplet regimens, compared to triplet regimens, on OS
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% é SR < 8 For OS, our analysis demonstrated that quadruplet regimens
S R R RN E T incorporating daratumumab resulted in a significantly improved
G2 survival compared to triplet regimens, with a pooled HR of 0.60 (95%
= E o Cl, 0.48-0.75; P < 0.00001). The heterogeneity among studies was low,
e o g as indicated by Cochran’s Q test (P = 0.63) and an * statistic of 0%. For
~ :;': gy f; PFS, the pooled HR was 0.49 (95% Cl, 0.37-0.65; P < 0.00001), with a
25 E; & moderate level of heterogeneity (Cochran’s Q, P =0.10; = 52%).
= R ale |ale < o < © § s These findings are illustrated in the forest plot (Fig. 1).
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= %_E 5 0.57 to 0.68 for OS and from 0.41 to 0.52 for PFS (Supplementary
So9 99ma ox~EY Figs. 2 and 3). Notably, excluding the NRCS from the analysis had
I T I § ° minimal impact, yielding HRs of 061 (95% CI, 0.48-0.77;
w 30 P <0.0001) for OS and 0.52 (95% Cl, 0.39-0.69; P < 0.00001) for
Flale |laalal<s |l ; s .g PFS (Supplementary Figs. 2C and 3C). These findings under§core
=39 8@ god o g § g g the robustness of the pooled estimates, confirming that no single
¢E% study significantly influenced the results.
— 0@ 3 d Pooled Kaplan-Meier survival curves (Fig. 2) indicate that, at 84
wm 222 23T s 2% 9 months, the OS rate for patients receiving quadruplet therapy was
S R R R © 2 < 82.5%, compared to 69.9% for those receiving triplet therapy. The
@ E _g £ median OS for the quadruplet group was not reached, while the
g E £ 3 % median OS for the triplet group was 133 months (HR 0.52; 95% Cl,
9 e el el sla | vl ol g ez 0.43-0.63; P<0.0001). For PFS, the 84-month rate was 56.6% for
s ¥ B G B~ 15 E'E -§ 5 quadruplet therapy,hVSrfsus ;10.8%dfor Itriplet therzz\jp%/:5 E\;Vlth tt}:e
. R median PFS not reached for the quadruplet group an .8 months
V‘i . 5, g ? E for the triplet group (HR 0.58; 95% Cl, 0.52-0.67; P < 0.0001).
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£ o TRT°E% 0.49-0.77; P < 0.0001). For PFS, the 84-month rates were 55.3% for
g g 388332 88 2 % gi quadruplet therapy and 35.7% for triplet therapy (HR 0.56; 95% Cl,
s £L 0k 0.48-0.65; P < 0.0001). Median OS and PFS were not reached in
g . § 'ré aze either group (Supplementary Fig. 4).
> § g5 A per-protocol subgroup analysis comparing the D-VRD regi-
g E o a a 2 g 5 E % men to VRD further confirmed the benefit of adding daratumu-
< @ S E =828 2832853 mab. This analysis showed a significant improvement in both OS
g - © 8 =>02> 06=>g3,% (pooled HR 0.68; 95% CI, 0.48-0.97; P —0.03), with low hetero-
5 g g é £ geneity (Cochran’s Q, P = 0.64; > = 0%), and PFS (pooled HR 0.41;
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& Zo gh 95 45 0w 2 TS T (Cochran’s Q, P =0.84; > = 0%). These results are depicted in the
g E g § § g E £ § § % % 5 3 5 forest plot (Fig. 3).
o w3 Survival data from pooled Kaplan-Meier curves (Fig. 4) reveal
{Zﬂj " 2 g2 5 that, at 48 months, the OS rate for patients treated with D-VRD
¢ & = 2322 was 90.2%, compared to 82.2% for those receiving VRD. The
T o = ‘56 ° ,}—: g gg median OS for the D-VRD group was not reached, whereas the
é £ =25 2w T ° = 2g median OS for the VRD group was 133 months (HR 0.53; 95% Cl,
.2 83 z= 9% % 2L9E 0.39-0.71; P<0.0001). For the PFS, the 48-month rate was 85.3%
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= I Y@ 95% Cl, 0.26-0.43; P < 0.0001).
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Quality assessment

Three of the included studies showed a low risk of bias, according
to the RoB 2 tool (Supplementary Fig. 5), whereas one showed a
moderate risk, according to the ROBINS-I (Supplementary Fig. 6).
The funnel plot exhibited a symmetrical distribution of studies
around the combined effect size, suggesting that there is no
substantial publication bias (Supplementary Fig. 7). The certainty
of the evidence, assessed via the GRADE approach, was rated as
moderate for both OS and PFS (Supplementary Fig. 8).

DISCUSSION

This SR and MA provide a robust and unique evaluation of
daratumumab-based quadruplet regimens, compared to tradi-
tional triplet regimens in the frontline treatment of TE-NDMM
patients. By pooling data from 3327 patients across multiple
studies, our analysis highlights significant improvements in OS
and PFS when daratumumab is incorporated into standard
therapies.

The findings align with the evolving treatment paradigm for TE-
NDMM, where the inclusion of novel agents has shifted the
standard of care. Historically, the VRD has been widely accepted as
the standard induction regimen [23-25]. However, recent trials,
including CASSIOPEIA, GRIFFIN and PERSEUS, have demonstrated
the superiority of adding daratumumab to triplet regimens,
establishing quadruplet regimens as the new standard [4-9].

The pivotal phase lll CASSIOPEIA trial established the D-VTD
regimen, which significantly improved PFS, compared to VID
alone [6]. This led to the European Medicines Agency approval of
D-VTD as the new standard for induction regimen prior to ASCT
and it has been incorporated into clinical guidelines [26].
Subsequently, the phase Il GRIFFIN trial demonstrated the clear
benefits of D-VRD for induction and consolidation, followed by
daratumumab and lenalidomide maintenance, showing signifi-
cantly longer PFS compared to VRD with lenalidomide main-
tenance [8]. The phase Ill PERSEUS trial further supported these
findings, confirming the superiority of D-VRD over VRD regarding
response rates, MRD negative rates, and PFS [9].

Emerging data suggest that incorporating carfilzomib into
quadruplet regimens may offer additional benefits. The phase II
MASTER trial showed promising results with the D-KRD regimen
(daratumumab, carfilzomib, lenalidomide, and dexamethasone),
achieving an 81% MRD negativity rate [27, 28]. Similarly, the phase
I IFM 2018-04 study reported high MRD negativity (94%) and a 30-
month PFS of 80% in high-risk TE-NDMM patients treated with

D-KRD and tandem transplantation [29]. However, no direct
comparisons exist between carfilzomib- and bortezomib-based
quadruplets, leaving unanswered questions regarding their
relative efficacy.

Isatuximab, another anti-CD38 monoclonal antibody, has also
been incorporated into quadruplet regimens. The phase Il GMMG-
HD7 trial demonstrated higher MRD negativity rates with I-VRD
(isatuximab, VRD) compared to VRD alone (50% vs 36%) [30].
Additionally, the phase I GMMG-CONCEPT and phase Il ISKIA
trials evaluated isatuximab, carfilzomib, lenalidomide, and dex-
amethasone (I-KRD) [31, 32]. The ISKIA trial reported MRD
negativity rates of 77% with I-KRD versus 67% with KRD (OR
1.67; P=0.049) [32]. However, these studies have yet to provide
long-term OS or PFS data due to limited follow-up durations
[30-32].

Lenalidomide maintenance remains the standard of care due to
its OS benefit compared to observation [33]. Except for the
CASSIOPEIA trial, which compared daratumumab maintenance
with observation, all other quadruplet trials—GRIFFIN [8], PERSEUS
[9], ISKIA [32], GMMC-HD?7 [30], GMMC-CONCEPT [31] and MASTER
[28]—incorporated either a prolonged consolidation with three
drugs or a two-drug maintenance regimen involving an anti-CD38
antibody plus lenalidomide, whereas the control arms received
lenalidomide monotherapy. Consequently, the long-term benefits
reported in these studies likely reflect the cumulative effects of
anti-CD38 antibody therapy across the induction, consolidation
and maintenance phases. However, it remains unclear whether
the PFS advantage observed in these trials is predominantly
attributable to daratumumab use during induction phase,
maintenance phase, or a synergistic effect across both phases.

Traditionally, PFS has served as the primary endpoint in MM
clinical trials to assess treatment efficacy [34]. However, MRD
negativity has emerged as a more sensitive and timely surrogate
endpoint for long-term outcomes [35, 36]. Despite its utility, many
trials lack sufficient follow-up to demonstrate OS benefits
conclusively. In this context, the MA has become a valuable and
important tool. By aggregating data from various trials, the MA
can provide more robust and comprehensive insights into the
survival benefits. Therefore, we present a MA focused on survival
outcomes.

Our MA demonstrates a significant survival benefit with
daratumumab-based quadruplet regimens. The pooled HR for
OS was 0.60 (95% Cl: 0.48-0.75), corresponding to a 40% reduction
in the risk of death compared to triplet regimens. Except for the
CASSIOPEIA trial, no other individual study has shown a similar OS

A Quadruplet Triplet Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
CASSIOPEIA (Moreau et al. 2024) -0.5906 0.1413 543 542 61.8% 0.55[0.42, 0.73]
GRIFFIN (Voorhees et al. 2023) -0.1098 0.535 104 103 4.3% 0.90 [0.31, 2.56]
Joseph et al. 2023 -0.6349 0.3441 326 1000 10.4% 0.53[0.27, 1.04] —
PERSEUS (Sonneveld et al. 2024) -0.3147  0.229 355 354 23.5% 0.73[0.47, 1.14] — T
Total (95% Cl) 1328 1999 100.0% 0.60 [0.48, 0.75] S 2
" . . Chiz = _ _ =09 y y y y
Heterogeneity: Tau? = 0.00; Chi? = 1.74, df = 3 (P = 0.63); 1= 0% 02 05 1 3 :

Test for overall effect: Z = 4.59 (P < 0.00001)

Favors Quadruplet Favors Triplet

B Quadruplet Triplet Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
CASSIOPEIA (Moreau et al. 2024) -0.4943 0.0814 543 542  45.2% 0.61[0.52,0.72] -

GRIFFIN (Voorhees et al. 2023) -0.7985 0.3792 104 103 11.5% 0.45[0.21, 0.95]

Joseph et al. 2023 -1.0788 0.3537 326 1000 12.8% 0.34[0.17, 0.68]

PERSEUS (Sonneveld et al. 2024) -0.8675 0.1717 355 354 30.4% 0.42[0.30, 0.59] —
Total (95% Cl) 1328 1999 100.0% 0.49 [0.37, 0.65] -

Heterogeneity: Tau? = 0.04; Chi? = 6.21, df = 3 (P = 0.10); I> = 52%
Test for overall effect: Z = 4.93 (P < 0.00001)

Fig. 1

02 05 1 2 5
Favors Quadruplet Favors Triplet

Meta-analysis comparing survival outcomes between daratumumab-based quadruplet and triplet induction regimens in

transplant-eligible newly diagnosed multiple myeloma patients. A Forest plot of HR for OS; B Forest plot of HR for PFS.
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A 7-year

overall survival

I == Quadruplets
100% | .
! == Triplets
1
1 82.5%
_ 75%1
P
©
2
c
5 50%] == mmmmmmm e e e e e b e m e oo oo
2 | median, 133 months |
& : I
>
(@] ! 1
25% : !
1
! 1
1
HR 0.52 (95% Cl, 0.43-0.63) | I
P < 0.0001 I '
0% | ! !
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168
Months
Number at risk
Quadruplets 1328 1183 1026 936 697 472 452 147 0 0 0 0 0 0 0

Triplets 1999 1888 1760 1648 1384 1102 941 543 310 215 148 80 39 21 5

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168
Months
B 7-year
progression-free
survival == Quadruplets

100% ]
== Triplets

75% 1

50%] @ mmmmmmmmmmmmm e m e m oo =S
median, 65.8 months

25% 1

Progression-free Survival (%)

HR 0.58 (95% Cl, 0.52-0.67)
P < 0.0001

0% 1

0 12 24 36 48 60 72 84 9% 108 120 132 144 156 168
Months
Number at risk

Quadruplets{ 1328 1130 939 786 489 290 260 82 0 0 0 0 0 0 0

Triplets 1999 1736 1484 1210 867 636 490 275 160 107 61 37 19 6 1
0 12 24 36 48 60 72 84 9% 108 120 132 144 156 168
Months

Fig. 2 Pooled Kaplan-Meier survival curves based on reconstructed individual patient data, comparing survival outcomes between
daratumumab-based quadruplet and triplet induction regimens in transplant-eligible newly diagnosed multiple myeloma patients. A OS;
B PFS.
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Fig. 3 Meta-analysis comparing survival outcomes between D-VRD and VRD in transplant-eligible newly diagnosed multiple myeloma

patients. A Forest plot of HR for OS; B Forest plot of HR for PFS.

benefit [4-6]. This pooled analysis underscores the efficacy of
daratumumab-based regimens, given that the OS is the most
reliable endpoint in hematology-oncology clinical trials [37].

Additionally, the marked improvement in PFS with a pooled HR
of 0.49 (95% Cl: 0.37-0.65) further supports the enhanced disease
control provided by these regimens. Daratumumab addition
reduces the risk of disease progression or death by 51%, thereby
enhancing both the depth and durability of the response. These
findings are consistent with the results from the individual trials
CASSIOPEIA, GRIFFIN, and PERSEUS [4-9].

A per-protocol subgroup analysis comparing D-VRD to VRD
provides further insights into the benefits of adding daratumumab
to the VRD regimen. The inclusion of daratumumab resulted in a
remarkable improvement in the OS, with a 32% reduction in the
risk of death, and the PFS, showing a 59% reduction in the risk of
disease progression or death, for patients receiving D-VRD,
compared to those on VRD alone. While individual clinical trials,
such as GRIFFIN and PERSEUS did not demonstrate a significant
impact of daratumumab on the OS—likely due to their shorter
follow-up periods of 49.6 and 47.5 months, respectively—this MA
highlights that D-VRD significantly outperforms VRD in terms of
the OS [7-9]. These results are particularly important, given that
VRD has long been established as the standard of care for TE-
NDMM.

When calculating the pooled HR for the OS, we observed low
heterogeneity in both comparisons: daratumumab quadruplet
regimens versus triplet regimens (Cochran’s Q, P = 0.63; * = 0%)
and D-VRD versus VRD (Cochran’s Q, P=0.64; *=0%). This
minimal heterogeneity indicates that the studies included in this
analysis are highly consistent in their results, thereby enhancing
the reliability and generalizability of the meta-analytic findings.

In this MA, we employed two distinct methodological
approaches: a standard MA of aggregate data and a reconstructed
patient data analysis to generate survival curves. Both methods
demonstrated strong agreement in estimating the effectiveness of
the daratumumab-based quadruplet regimen on the OS and PFS
(Figs. 1-4). The simultaneous application of these approaches
enabled a more robust and comprehensive dataset interpretation
[38].

Both RCT and NRCS were included in this MA to address gaps
in the evidence. While RCTs provide high-quality evidence on
efficacy, NRCS were included to capture real-world effectiveness
not adequately addressed by RCTs [10]. A sensitivity analyses
using the leave-one-out method were performed to evaluate
the impact of their inclusion to the overall estimate. The
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results remained consistent even after repeating the MA
omitting the NRCS from the analysis (Supplementary Figs. 2C,
3C, and 4).

Prior meta-analyses have established that daratumumab-based
regimens demonstrate superior efficacy outcomes relative to
control groups, as evidenced by enhanced overall response rates,
complete responses, stringent complete responses, and increased
MRD negativity. Conversely, these regimens are associated with a
significantly higher incidence of adverse events, notably grade >3
neutropenia, grade =3 infections, pneumonia, and grade =3
thrombocytopenia [39-46]. Unlike most previous analyses that
aggregated patients with both transplant-eligible and transplant-
ineligible MM, our study focuses exclusively on TE-NDMM patients,
thereby offering a more precise and tailored comparison of
treatment regimens within this specific population. Furthermore,
we provide a comprehensive analysis of OS in TE-NDMM patients,
a critical endpoint that has not been thoroughly addressed in
earlier meta-analyses.

Despite the compelling evidence, several limitations must be
acknowledged. First, all data were derived or calculated from
published studies rather than individual patient data, introducing
potential heterogeneity due to variability in study designs, patient
characteristics, and maintenance therapies, which may affect the
generalizability of our findings. Second, in the PERSEUS and
GRIFFIN trials, the observed benefits of quadruplet regimens may
reflect the cumulative effects of daratumumab across induction,
consolidation, and maintenance phases. Third, in the CASSIOPEIA
trial, the randomization of patients to daratumumab maintenance
or observation in the second phase may have influenced
outcomes. Fourth, the limited reporting of postprotocol therapies
raises concerns about the potential impact of suboptimal
treatment, particularly the absence of anti-CD38 antibodies upon
relapse in the control arms, which may undermine the observed
OS benefit. Additionally, the relatively short follow-up duration in
some studies limits the assessment of long-term outcomes, which
may evolve with extended follow-up. Finally, the inclusion of one
non-randomized controlled study, despite its rigorous and
favorable quality assessment, introduces a potential source of bias.

In  conclusion, this MA consolidates evidence that
daratumumab-based quadruplet regimens significantly improve
the overall survival in the frontline treatment of TE-NDMM,
compared to traditional triplet regimens. These results provide
valuable guidance for selecting optimal first-line treatments,
especially in the absence of long-term follow-up data from
ongoing randomized trials.
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Fig. 4 Pooled Kaplan-Meier survival curves based on reconstructed individual patient data, comparing survival outcomes between
D-VRD and VRD in transplant-eligible newly diagnosed multiple myeloma patients. A OS; B PFS.
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