
HAL Id: hal-04265704
https://hal.science/hal-04265704

Submitted on 6 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

High-dose melphalan treatment significantly increases
mutational burden at relapse in multiple myeloma

Mehmet Kemal Samur, Marco Roncador, Anil Aktas Samur, Mariateresa
Fulciniti, Abdul Hamid Bazarbachi, Raphael Szalat, Masood Shammas, Adam

Sperling, Paul Richardson, Florence Magrangeas, et al.

To cite this version:
Mehmet Kemal Samur, Marco Roncador, Anil Aktas Samur, Mariateresa Fulciniti, Abdul Hamid
Bazarbachi, et al.. High-dose melphalan treatment significantly increases mutational burden at re-
lapse in multiple myeloma. Blood, 2023, 141 (14), pp.1724-1736. �10.1182/blood.2022017094�. �hal-
04265704�

https://hal.science/hal-04265704
https://hal.archives-ouvertes.fr


Regular Article
LYMPHOID NEOPLASIA
High-dose melphalan treatment significantly increases
mutational burden at relapse in multiple myeloma

Mehmet Kemal Samur,1,2 Marco Roncador,3 Anil Aktas Samur,4 Mariateresa Fulciniti,4 Abdul Hamid Bazarbachi,5 Raphael Szalat,6

Masood A. Shammas,4 Adam S. Sperling,4 Paul G. Richardson,4 Florence Magrangeas,7 Stephane Minvielle,7 Aurore Perrot,8 Jill Corre,8

Philippe Moreau,7 Anjan Thakurta,9 Giovanni Parmigiani,1,2 Kenneth C. Anderson,4 Hervé Avet-Loiseau,8 and Nikhil C. Munshi4,10
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KEY PO INT S

•Data provide an
association between
HDM treatment in
myeloma and
mutational load
increases at relapse.

• Increased mutational
load also increases
clonal complexity but
does not affect the
outcome later.
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High-dose melphalan (HDM) improves progression-free survival in multiple myeloma
(MM), yet melphalan is a DNA-damaging alkylating agent; therefore, we assessed its
mutational effect on surviving myeloma cells by analyzing paired MM samples collected at
diagnosis and relapse in the IFM 2009 study. We performed deep whole-genome
sequencing on samples from 68 patients, 43 of whom were treated with RVD (lenalido-
mide, bortezomib, and dexamethasone) and 25 with RVD + HDM. Although the number of
mutations was similar at diagnosis in both groups (7137 vs 7230; P = .67), the HDM group
had significantly more mutations at relapse (9242 vs 13 383, P = .005). No change in the
frequency of copy number alterations or structural variants was observed. The newly
acquired mutations were typically associated with DNA damage and double-stranded
breaks and were predominantly on the transcribed strand. A machine learning model,
using this unique pattern, predicted patients who would receive HDM with high sensi-
tivity, specificity, and positive prediction value. Clonal evolution analysis showed that all patients treated with HDM
had clonal selection, whereas a static progression was observed with RVD. A significantly higher percentage of
mutations were subclonal in the HDM cohort. Intriguingly, patients treated with HDM who achieved complete
remission (CR) had significantly more mutations at relapse yet had similar survival rates as those treated with RVD
who achieved CR. This similarity could have been due to HDM relapse samples having significantly more neoantigens.
Overall, our study identifies increased genomic changes associated with HDM and provides rationale to further
understand clonal complexity.
Introduction
The beneficial role of high-dose melphalan (HDM) with autol-
ogous stem cell transplant (ASCT) in newly diagnosed patients
with multiple myeloma (MM) has been demonstrated in a
number of studies. However, with the adaptation of newer
therapeutic options, higher response rates are associated with
significantly increased progression-free survival (PFS) and
overall survival.1-5 Three-drug regimens containing a combina-
tion of lenalidomide, bortezomib, and dexamethasone (RVD)
provide nearly a 100% response rate and significantly longer
PFS. The role of HDM after such an effective induction regimen
had been unclear, which had provided the rationale for our
IFM/DFCI 2009 study. The clinical results of this aforemen-
tioned study demonstrated a significantly higher complete
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remission (CR) rate, minimal residual disease negative rate
(29.5% vs 20%; P < .001), and longer median PFS for patients
undergoing ASC transplantation than for the those who
received RVD alone (50 vs 36 months; adjusted hazard ratio,
0.65; P < .001).6 Despite these clinical successes, the majority of
patients relapse and receive novel single agent and combina-
tion salvage therapies with variable efficacies.

HDM followed by ASCT has been used for patients with MM as
a standard of care,7-10 however, the impact of HDM on surviving
MM cells is not well characterized. Melphalan, an alkylating
agent, inhibits DNA and RNA synthesis by chemically altering
the guanine bases in DNA.11 The melphalan-introduced base
adducts can compromise genome integrity by blocking essen-
tial biological processes and inducing DNA breaks and



subsequent apoptotic cell death.12,13 However, myeloma cells
that survive the alkylating agent–induced DNA damage may
undergo activation of alternative resistance mechanisms or
induction of DNA repair via mechanisms such as base excision
repair, mismatch repair, or homologous recombination (HR).13

This unintentional repair of chemically induced mutations can
eventually affect the mutational load of tumor cells.

The impact of various alkylating agents on normal cells as well
as primary tumors has been previously evaluated in vitro.
Among 113 treatment conditions tested for an impact on
human induced pluripotent stem cells,14 approximately half of
them induced additional and/or double substitutions and/or
insertions and deletions (indels), and various treatments pro-
duced unique mutational patterns clustered in distinct
groups.14 Similarly, in a Caenorhabditis elegans model, alky-
lating agents and cisplatin induced DNA damage and repair-
related mutational patterns similar to those observed in
human cancer genomes.15 Therapy-related neoplasms pre-
dominantly due to DNA damage induced by cytotoxic therapy,
such as melphalan have been reported in a number of malig-
nancies.16,17 In MM, systemic seeding of residual surviving MM
cells or subclones with accelerated growth at relapse, after
HDM and ASCT,18,19 associated with a unique mutational
pattern have been reported.18,20 Here, we investigated these
possible DNA-damaging effects of alkylating agent on MM cells
especially following HDM in a larger cohort of patients who
were uniformly treated.21 The phase 3 IFM 2009 study in which
newly diagnosed patients were randomized to either RVD
treatment alone or RVD + HDM/ASCT treatments provided an
ideal setting for such an investigation.
Methods
Patient samples
All patient samples were collected from the IFM/DFCI 2009
clinical trial, a phase 3, multicenter, randomized, open-label
study designed to evaluate the clinical benefit from the drug
combination RVD followed by lenalidomide maintenance
(arm A) vs RVD + HDM and ASCT followed by lenalidomide
maintenance (arm B). After written informed consent was
obtained from each patient, bone marrow samples were
collected at the time of diagnosis and at the first relapse after the
first line of therapy. All clinical and genomic data were deiden-
tified, in accordance with the Declaration of Helsinki. This study
was approved by the Toulouse ethics committee. All bone
marrow samples were purified using CD138+ magnetic beads
followed by DNA extraction. Purity of the CD138+ fraction was
assessed via anti-CD138 immunocytochemistry after sorting it,
and only samples that passed quality control were sequenced.
Peripheral blood mononuclear cells from the same individuals
collected at diagnosis were used as constitutional DNA.

WGS and processing
All tumor and constitutional DNA samples were profiled using
whole-genome sequencing (WGS). In brief, short-insert genomic
libraries were constructed using a minimum of 200 ng of DNA
from each sample. Flow cells were prepared, and sequencing
clusters were generated in accordance with Illumina protocols.
All WGS libraries were sequenced with 150 bp paired-end
sequencing with an average sequence coverage of 81× for
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tumor samples (supplemental Table 1, available on the Blood
website). Paired-end reads from WGS were aligned to GRCh38
using BWA-mem. SAMtools22 were used for file conversions.
Duplicated reads were marked, and base quality score recali-
bration was performed using MarkDuplicates and ApplyBQSR.
Single-nucleotide variants (SNVs) and small indels were marked
with Mutect2.23 We created a panel of normal (PoN) calls to
reduce false positive somatic calls by using all the germ line
samples and the CreateSomaticPanelOfNormals function in
GATK4 workflow. PoN were used to filter sites, and the popu-
lation variant resource containing allele-specific frequencies from
gnomAD and matched germ line samples were used to filter
alleles. Raw mutation calls were filtered using FilterMutectCalls.
Only the mutations that passed all the filters applied by Filter-
MutectCalls and had ≥10× coverage for both tumor and normal
samples were extracted with BCFtools for further analysis. We
used FACETS24 to identify allele-specific copy number alter-
ations and ploidy and purity estimates. Structural variants (SVs)
were analyzed using Manta.25 SNVs and indels were annotated
using Variant Effect Predictor (VEP).26

Power analysis for mutation detection
We calculated the probability of correctly rejecting the null
hypothesis that an alternative allele is a sequencing error rather
than a true mutation for diploid, monosomy, and trisomy
regions. As shown in supplemental Table 1, our average
sequencing depth was 81× and the median purity was 83%. We
calculated power from 5× to 100× coverage for diploid regions,
which was decreased to half for monosomies and increased by
50% for trisomies. We used a framework developed by Carter
and et al27 to calculate the detection power. This framework
allowed us to account for tumor purity, ploidy, local depth of
sequencing, random sequencing error rates, and the required
false positive rate for mutation vs sequencing errors.27 The
sequencing error rate was set to 0.001, and the false positive
rate was set to 5e−07. The fraction of cells harboring a mutation
was set to within a range of between 20% and 100%, with 10%
incremental steps (supplemental Figure 5).

Driver events
The union of the previously described driver events was
collected from multiple publications.28-30 We intersected all
driver point mutations and translocations in 68 patients (136
samples) and retained mutations based on the frequency.
Additional events between diagnosis and relapse time points
were detected using the McNemar test in R. The null hypothesis
was that there is an equal probability of detecting mutation X at
diagnosis and at relapse. Visualization for the driver events was
created with ComplexHeatmap.31

Polynomial model
The change in the total mutational load of patients was
modeled via a second-degree polynomial regression adjusted
for no intercept, PFS time in months, the study arm, and the
interaction between time and study arm, and was implemented
in R using the lm() function.

Transcriptional strand bias analysis and motifs
around SNVs
Mutations overlapping with RNA and intergenic regions were
annotated with VEP. Transcriptional strand bias was evaluated
6 APRIL 2023 | VOLUME 141, NUMBER 14 1725



using the strand_bias_test in the MutationalPatterns R package,
which applies a Poisson test, for strand asymmetry, and a mul-
tiple testing correction.32

Motif discovery
Motifs around SNVs were detected with MEME Suite.33 Each
SNV locus was extended by 12 bp on either side. Sequences
were extracted in FASTA format. All sequences around the
mutations in the RVD + HDM group were used as discovery
sequences, and those in the RVD-alone group were used as
control sequences. Minimum motif length was set to 3 bp and
maximum length was set to 10 bp. FASTA files were analyzed
with the discriminative regular expression motif elicitation
module in the MEME Suite.34 Both forward and reverse strands
were processed without limiting the maximum motif count. The
E value was set to .05, and all motifs below this threshold have
been reported.

SNVs and ID signatures
Mutational signatures were estimated with signeR35 and sig-
miner.36 SNVs were mapped onto trinucleotide sequences by
including the 5′ and 3′ neighboring-base context to construct a
96 × 68 matrix of mutation counts. The optimal number of
mutational signatures was estimated via a saddlepoint approxi-
mation of the Bayesian information criterion. Sigminer was also
run on the data by using 100 nonnegative matrix factorization
runs and 20 bootstraps. Contributions of each identified signa-
ture in the study arms were extracted from normalized and
absolute exposure matrices. Exposures between treatment arms
were then compared with a Wilcoxon signed-rank test. Similar-
ities between de novo signatures and known COSMIC muta-
tional signatures37 were estimated using cosine similarity.
Insertion/deletion (indel) signatures were analyzed with similar
workflows and applied to an 83-letter alphabet of all possible
indel groups based on microhomology-mediated end-joining
and repeats.

Creating a predictive model of treatment
All 10 SNV signatures identified by the de novo signature
extraction process were used in the classification model crea-
tion process without assigning any a priori weights. The
outcome for the model was “arm” and the input for the model
was normalized signature exposures. Boosted classification
trees implemented in the R/caret package was used with 150
iterations. The tuning parameter ν was held constant at a value
of 0.1, and this accuracy was used to select the optimal model
using the largest value. Leave-one-out cross-validation was
used to avoid overfitting the model. Once the model was final,
a confusion matrix was created using the training set and an
independent validation set to show model accuracy. Final
confusion matrices are given in supplemental Files.

Clonal evolution analysis
After correcting for purity and ploidy, we estimated the clonality
of mutations, starting from variant allele frequencies. We use an
expectation-maximization algorithm based on the probability of
observing a specific number of reads supporting a mutation,
given the number of reads overlapping the position, the
contamination, and the cellularity of a clone. Once we calculate
the clonality of mutations, we define the number of clones
based on minimizing Bayesian information criteria. We used
1726 6 APRIL 2023 | VOLUME 141, NUMBER 14
QuantumClone38 to cluster the mutations at diagnosis and
relapse. To reduce false negatives, a custom script was used to
evaluate the variant allele frequencies of all mutations detected
only at a single time point. We probabilistically modeled the
clonal evolution trees constraints to account for statistical vari-
ability obtained from ClonEvol.39 For each patient, the cumu-
lative fraction of mutations at a given cancer cell fraction (CCF)
was calculated using the trapezoidal rule. Mean values were
visualized using ggplot. Contributions of SNV signatures in CCF
groups and their uncertainties were quantified using 1000
bootstraps with a multiple linear regression model with the
restriction that any coefficient must be >0.

Neoantigen detection
We used an HLA typing tool, xHLA,40 with normal DNA samples
from each patient for typing both class I and II HLA genes.
Detected HLA types were then used for neoantigen detection
with pVACtools,41 a cancer immunotherapy suite for neo-
antigen detection. All VCF files were annotated with VEP using
wild-type and frameshift plugins. HLA types detected with
xHLA and annotated VCF files were then used to detect neo-
antigens. We ran MHCflurry, MHCnuggetsI, and MHCnuggetsII
epitope prediction algorithms with a length of between 8 to 11
bp for MHC class I subpeptides and between 12 and 18 bp for
class II predictions. We removed neoantigen candidates that
did not meet the criteria of a 50% concentration binding score
of <500 and/or minimum mutant/wild-type fold change of >1. A
top-score filter was used to select the most promising peptide
candidate for each variant.

Survival and other statistical analysis
All other analyses were completed in R programming language.
Survival analysis and Kaplan–Meier plots were generated using
survival and survminer packages. Data were prepared using the
readr, readxl, bedr, and maftools packages. Color schemas for
the figures were selected using RColorBrewer. Genomic Scar
Score (GSS) scores with clinical annotations were visualized
using ComplexHeatmap, whereas other figures were visualized
using ggpubr and ggplot2. Driver mutations were identified
using dNdScv and MutSigCV.

Results
We performed deep WGS on CD138+ MM cells from 136
samples collected from 68 patients at the time of diagnosis and
at first relapse. Forty-three patients were enrolled in the RVD-
alone arm, and 25 patients in the RVD + HDM followed by
ASCT arm (Figure 1A). The median age was 60 years (range,
40-65 years) for RVD and 57 years (range, 41-65 years) for
RVD + HDM arm. The disease characteristics including those in
the International Staging System (ISS), cytogenetic/fluores-
cence in situ hybridization–risk groups, and overall response
categories were similar between patients studied here and the
overall study population6 (Figure 1A).

A significant increase in mutational load at relapse
following HDM
In both RVD and RVD + HDM groups, a similar number of
mutations was observed at diagnosis (7137 vs 7230, respec-
tively; P = .67) (Figure 1B). At relapse, a significant increase in
the number of SNVs was observed (supplemental Figure 1).
SAMUR et al
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Figure 1. Overall differences between the RVD-only and the RVD + HDM arm. (A) Phase 3 study design and clinical features of patients in the IFM 2009 study. Overall
comparisons between the 2 arms in this study, and selected samples analyzed in this study are shown in the table. (B) Number of mutations for samples in RVD-alone arm and
RVD + HDM arm at diagnosis (left) and relapse (right). y-axis shows number of mutations in each group and x-axis shows groups. P values are shown (top). (C) For patients,
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blue: mutations detected at both time points (shared), 6; and green: mutations only detected at relapse) are shown (y-axis). Patients treated with RVD alone (left) and patients
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However, this increase was significantly higher at the time of
relapse after treatment with HDM than after treatment with
RVD alone (median total SNVs, 13 383 vs 9242, respectively;
P = .0005) (Figure 1B), with corresponding increases in the
overall mutational load of 73% (mean increase in SNVs, 5952) vs
24% (mean increase in SNVs, 2153; P = .0005). Of all the
detected mutations at both sampling time points, 45% were
observed only at relapse for HDM group compared with 34%
for RVD (Wilcoxon P = 4.69e−05) (Figure 1C). Neither muta-
tional loads only observed at diagnosis nor mutations shared at
both time points were different between the 2 arms (1538 vs
2058, Wilcoxon P = .17; 5943 vs 5994, Wilcoxon P = .88)
(Figure 1C). Interestingly, the number of SVs including deletions
(P = .57), duplications (P = .55), inversions (P = .99), and trans-
locations (P = .88) were similar at diagnosis in both arms and did
not change significantly at relapse (Figure 1D; supplemental
Figure 1). Similarly, no significant difference in the copy num-
ber alterations, including the frequency of indels across the
genome, was observed at each time point for either treatments
(Figure 1E-F; supplemental Tables 6 and 7), indicating no impact
of HDM treatment on large-scale structural changes.

Next, we evaluated the induction or enrichment of driver
mutations and translocations after therapy. All translocations
involving immunoglobulin heavy chain (t[4;14], t[6;14], t[11;14],
t[14;16]) were observed at diagnosis and maintained at relapse.
Translocations involving the MYC region (involving immuno-
globulin H [IgH], IgL, or IgK, superenhancers proximal to
FAM46C) were the most common translocation events in both
study arms. Unlike IgH translocations, their presence was not
always consistent between diagnosis and relapsed samples
(Figure 2A). We also observed a similar frequency of other
driver mutations in both arms (Figure 2A; supplemental
Tables 3-5), except for a significantly higher frequency of
mutations in the SLC7A8 and MYO16 genes than in the other
genes at relapse. Overall, 10.3% of all patients had MYO16
mutations at relapse vs 1.5% at diagnosis (McNemar P < .05),
and 8.8% had SLC7A8 mutations at relapse vs 0% at diagnosis
(McNemar P < .05). Mutational frequency for these 2 genes
were not different between the 2 treatment arms, indicating a
possible role of RVD treatment rather than HDM.
HDM-induced SNVs predominantly involve
transcribed strand
Acquisition of mutations increased over time in both arms;
however, the rate of accumulation of mutations was significantly
higher in the HDM group vs the RVD group (Figure 2B).
Moreover, patients treated with HDM accumulated significantly
more mutations within the regions between transcription start
and transcription termination sites than those treated with RVD
(P = .009) (Figure 2C). We converted all mutations to 6 possible
SNV types and identified mutations overlapping with tran-
scribed or nontranscribed strands to investigate any strand bias
in newly acquired mutations. Patients receiving HDM had
significantly increased asymmetry favoring the transcribed
Figure 1 (continued) treated with RVD + HDM (right) are shown. (D) Number of SVs (y-ax
(orange) and relapse (light blue) (x-axis) for patients treated with RVD + HDM. (E-F) Copy n
Left side of each panel shows the number of patients (% is given on right) with gain (red
colors are separating p and q arms of each chromosome. IQR, interquartile range; ma
complete response; VGPR, very good partial response.
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strand for all SNV types (Figure 2D). The SNVs observed at
diagnosis were similarly distributed between the transcribed
and nontranscribed strand. Furthermore, we analyzed DNA
sequences around mutations by considering 12-bp regions
around SNV locations. We identified CYWR (false discovery rate
[FDR] = 7e−353) and ATGAGATV (FDR = 4.9e−131) as motifs
significantly enriched around mutations observed after HDM
treatment (Figure 2E).

Mutational patterns in myeloma cells after HDM
treatment
Next, we evaluated the underlying mutational processes
affecting the newly acquired mutations by evaluating the clus-
ters of mutations using a Bayesian variant of the nonnegative
matrix factorization algorithm. We identified 10 distinct muta-
tional patterns for newly acquired mutations (supplemental
Figure 2). Among these signatures, MM relapse signature 2
and MM relapse signature 5 had a significantly higher relative
(FDR = 7.16e−06 and FDR = 1.17e−03, respectively)
(Figure 3A-B) and absolute contribution (FDR = 3.41e−06 and
FDR = and 6.85e−05, respectively) in the HDM group than in
the RVD group (Figure 3B). Both signatures showed high cosine
similarity with the HR deficiency signature in the COSMIC
database (cosine similarity = 0.7 and 0.77, respectively)
(supplemental Figure 3) and previously described MM signature
1.18,42 Similar to SNVs, we also evaluated newly acquired small
indels and identified 11 ID signatures (supplemental Figure 4).
ID signature 3 had significantly higher relative (FDR = 0.1) and
absolute (FDR = 0.0016) contributions for patients treated with
HDM (Figure 3B-C) than for those treated with RVD. Similar to
SNV signatures, MM relapse ID signature 3 is also associated
with the repair of DNA double-strand breaks by nonhomologous
end-joining mechanisms (cosine distance = 0.7) (supplemental
Figure 3). To estimate the significance of the identified signa-
tures and their relationship to therapy, we developed a boosted
classification trees model and observed 97% accuracy, with 92%
sensitivity and 100% specificity in predicting exposure to HDM.
The positive and negative prediction values of the model were
100% and 95%, respectively. Furthermore, we created a valida-
tion set using the data of 32 patients at relapse who were also
enrolled in the IFM2009 study (18 in the RVD-alone arm and 14
in the RVD + HDM arm) and applied the predictive model to it.
On the independent data set, the model accuracy was 90% (95%
confidence interval, 74%-98%) (supplemental Table 2). Samples
from the validation cohort were sequenced and analyzed using
the same sequencing protocol and analytical pipeline as that of
the original sample set.

Clonal evolution and heterogeneity after HDM
treatment
To understand the patterns of clonal expansion during MM pro-
gression after therapy, we reconstructed the clonal structure using
an expectation-maximization algorithm at diagnosis and relapse
for all patients. Majority the of patients in both arms showed a
branching or differential evolution pattern (Figure 4A-B).
is) for deletions, duplications, inversions, and translocations (left to right) at diagnosis
umber profiles for patients treated with RVD + HDM at diagnosis (E) and relapse (F).
) and deletions (blue) from chromosome 1 to X (x-axis). Light and dark blue and red
x, maximum; min, minimum; PR, partial response; R, lenalidomide; sCR, stringent
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Figure 3. Mutational processes associated with HDM. (A) Two mutational patterns that are significantly higher in patients after HDM treatment were identified by de novo
mutational signature analysis. Both mutational patterns are highly similar to that in COSMIC SBS3. Six possible substitutions (C→A, C→G, C→T, T→A, T→C, and T→G) of
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COSMIC mutational signatures data files. (B) Absolute (right) and relative (left) contributions (y-axis) of single nucleotide mutational signatures (SBS) and ID signature in the
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However, we observed a static evolution pattern (similar clonal
composition between diagnosis and relapsed pairs) in 4 patients
(9%), all in the RVD arm (Figure 4C). Although clonal evolution
patterns were similar in general between the 2 arms, at the
time of relapse, the majority of the mutational load observed
after HDM treatment was at the subclonal level (Figure 4D).
Next, we quantified heterogeneity as the cumulative fraction
of mutations at a sliding CCF and observed significantly
higher heterogeneity in the HDM cohort (P = .01) (Figure 4E).
We further stratified mutations into 4 groups based on CCFs,
and found that the change in clonal mutational load was
similar between the 2 arms; however, mutations with <50%
CCF were more common in the HDM arm (P = .003 and P =
.004, respectively) (Figure 4F). Using the mutational signa-
tures defined previously, we also observed that the 2 signifi-
cantly high mutational signatures in the HDM group were also
high in these subclonal mutations (Figure 4G).
1730 6 APRIL 2023 | VOLUME 141, NUMBER 14
Association between change in mutational load,
clinical response, and long-term outcome
Having identified a high mutational load in subclonal cell
populations after HDM treatment, we evaluated whether
patient response affected the mutational change. Although
the mutational load increased at relapse in all patients, in
HDM, the increase was greater in patients achieving CR than
that in others (Wilcoxon P = .07). Moreover, the increase in
mutational burden was further accentuated in patients
relapsing from CR after HDM treatment compared with those
who received RVD only (median, 15 053 vs 10 468, respec-
tively; Wilcoxon P = .02) (Figure 5A). As we observed deeper
responses in patients with relatively higher mutational
burdens, we investigated whether high mutational burden
at relapse, especially after HDM treatment, had any impact
on the subsequent outcome. Importantly, neither patients
with high mutational load after HDM treatment (Figure 5B)
SAMUR et al
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Figure 4. Clonal evolution and complexity after HMD treatment. (A-C) Three representative examples of positive selection of subclones (A,B) and static evolution (C) patterns
observed in patients after treatment. For each panel, CCF of mutations are shown at diagnosis (x-axis) and relapse (y-axis). Mutations were clustered using expectation-maximization
algorithm, and clusters are color coded with densities around the clusters shown in shaded colors. For each pattern, most likely clonal evolution trees are shown (bottom). Fish plots
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Figure 5. Association between mutational load chance and response and clinical outcome. (A) Number of mutations (x-axis) by response groups (sCR/CR) or other
responses (≤VGRP) at diagnosis and relapse for the RVD-alone (left) and RVD + HDM group (right). (B) Survival probability after first relapse from RVD + HDM treatment by
mutational load. Patients with mutational load more than the median are shown in red curve and patients with low mutational load are shown in blue. (C) Survival probability
after first relapse from RVD + HDM treatment by best response to initial RVD + HDM treatment. Patients with CR/sCR are shown in red and patients with other responses are
shown in blue. All patients who had relapse after RVD + HDM in IFM 2009 are shown. (D) Same as in panel C but only patients in our study are shown. (E) Number of
neoantigens (y-axis) detected in each group (x-axis) at diagnosis (left 2 violins) and relapse (right 2 violins). RVD-only and RVD + HMS groups compared using Wilcoxon test
and patients at diagnosis and relapse from the same group compared with paired analysis. P values for each comparison are shown (top). OR, other response.
nor patients who achieved CR had significantly different survival
after PFS1 compared with other patients (Figure 5C-D). In addi-
tion, we investigated the presence of neoantigens for eachpatient
at diagnosis and relapse. We observed a significantly higher
number of neoantigens in patients relapsing after treatment with
1732 6 APRIL 2023 | VOLUME 141, NUMBER 14
HDM than that in patients relapsing after treatment with RVD
alone (Figure 5E; supplemental Figure 6). Among the mutational
signatures, the single base substitutions 3 (SBS3), SBS-MM1,
and AID/somatic hypermutation signatures were predicted
to contribute to neoantigen creation (supplemental Figure 6).
SAMUR et al
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Discussion
HDM with ASCT has demonstrated superior PFS after very
effective novel-agent combination therapy (RVD).6,43-45 However,
the impact of HDM, with its inherent DNA-damaging effects, on
surviving MM cells may affect the genomic makeup of MM cells
at relapse, with potential implications for relatively longer term
outcomes among these patients.19,46-48 The IFM/DFCI 2009
study provided an ideal setting to evaluate the genomic impact
of HDM, because patients were treated with a regimen not
containing an alkylating agent in 1 arm and the same regimen
with added HDM in the other. Although available samples at
diagnosis and relapse from a smaller cohort of patients were
sequenced here, they are representative of the data of larger
patient population. Importantly, both arms in this subset are also
balanced for all risk features and clinical outcomes, including
relatively similar time to relapse.

We report a significant increase in single-nucleotide changes in
MM cells at relapse with both treatments. However, the muta-
tional burden was significantly higher after HDM treatment than
that after RVD treatment. Previous studies have evaluated
genomic changes in either relapsed/refractory MM samples or
compared unpaired samples from diagnosis and relapse,
reporting an increased number of mutations.18,20,49 Here, we
observe the increase in paired samples of a randomized study to
clearly establish the impact of HDM on the MM genome.
Melphalan significantly increases DNA adducts,50-52 forms
covalent DNA interstrand crosslinks, and causes DNA breaks that
prevent RNA and DNA replication. This explains the predomi-
nant transcriptional strand bias for mutations observed with
HDM, because transcribed regions are more susceptible than
nontranscribed regions to melphalan binding.53 Perhaps unex-
pectedly, we did not observe frequent, new, large-scale somatic
events or the new SVs formation within the same genomic
coordinates, despite the fact that DNA breaks are expected, and
combined genotoxic exposure and DNA repair deficiency alters
EFFECT OF HIGH-DOSE MELPHALAN ON MM GENOME
mutation rates.15 Several individuals did have a change in copy
number alterations or the number of SVs. However, none of
these events were frequent enough to be considered an effect of
HDM or RVD. Future studies with larger cohorts should look at
the enrichment of these infrequent events. The observation of
the differential use of HR and DNA damage signatures in newly
acquired mutations in HDM cohort also confirms the impact of
melphalan and the pattern of DNA lesions generated by an
alkylating agent.13 Genomic changes caused by melphalan
treatment can be repaired or processed by several enzymes and
pathways, which may counteract the induced genomic damage.
However, the lack of changes in large-scale events and signifi-
cant increase in point mutations observed in our study suggests
dysfunction of specific DNA repair pathways.
Previous studies in MM have identified a number of driver
mutations, albeit mostly at a subclonal level.28,29 Subsequent
studies looking at relapse have suggested the enrichment of
clones with certain mutations, such as that in TP53; however,
the incremental changes were relatively small and not adequate
to explain relapse. We did not observe significant changes,
either in absolute number, CCF levels or driver mutations at
relapse after either of the treatments. The small but significant
change in mutations involving MYO16 and SLC7A8 from
diagnosis to relapse was observed in both treatment arms and
may indicate a relationship with RVD treatment and/or lenali-
domide maintenance. The potential functional role of these
genes in cell cycle and protein transport requires further
investigation to delineate their molecular role associated with
relapse.54-57 In addition to driver events, HDM may also cause
changes in hematopoietic stem cells or myeloid cells. The
DETERMINATION study reported similar secondary primary
hematologic cancers between the RVD-alone group (2.5%) and
HDM group (3.6%) (5-year cumulative incidence, 1.6% and
3.5%, respectively; P = .32), with acute myeloid leukemia or
myelodysplastic syndromes reported in none of the patients in
6 APRIL 2023 | VOLUME 141, NUMBER 14 1733



the RVD-alone group as compared with 10 patients in the
transplant group (2.7%) (P = .002).58 In another study, Sperling
et al found that lenalidomide treatment can also cause clonal
selection and promote TP53-mutated therapy-related myeloid
neoplasms.58,59 Because of our study design, we were not able
to evaluate the impact on myeloid cells or stem cells after HDM
exposure. However, the impact of HDM should be evaluated in
future studies in addition to MM cells.

An important issue raised here is the clinical importance of
significantly increased the mutational burden after HDM. Does
this reflect an increase in the clonal content, the number of
mutations per clone, or both? Although melphalan is a known
mutagen and may be responsible for the increased mutations
observed, it is by no means the only reason for this, and other
alternative possibilities do coexist. Additional mechanisms, such
as causing a clonal selection of cells with high mutational bur-
dens, would be an alternative hypothesis that could be addressed
in the future. We do see increased mutation levels in the RVD-
alone treatment as well. Additional sequencing methods, such
as single-cell DNA sequencing or WGS/whole exome sequencing
followed by an error-corrected sequencing approach with the use
of unique molecular identifiers and high-coverage depths
(>30 000×)60 could be used on longitudinal samples in future
studies to better address such questions. Samples not only
collected at diagnosis and relapse but also at the time of
response, the end of induction, and after transplant can also help
understand this phenomenon. The current depth of sequencing
and the type of methodology used do not allow a clear delin-
eation of the clonal complexity, but we hypothesize that it results
from a combination of both the number of mutations per cell and
the number of clones. The increased number of mutations might
suggest the possibility of more aggressive disease. However, this
study and all other available data sets do not indicate that post-
transplant relapses have worse outcome. We acknowledge that
our study is not optimal to answer this question, because the
majority of the patients in the RVD arm received a delayed
transplant as salvage therapy. Intriguingly, patients achieving CR
in our cohort had a significantly higher number of mutations.
However, despite increased mutational burden, the survival after
first relapse was similar in patients achieving initial CR compared
with the rest. This may be, at least in part, because of the higher
immunogenic nature of MM cells with higher mutational burden
and hence neoantigen repertoire. This is supported by our neo-
antigen analysis (Figure 5E). This may also explain the lack of poor
outcome after relapse following HDM. Importantly, immunolog-
ical interventions may thus be an attractive therapeutic modality
in these patients. Our study provides initial data to generate
hypotheses regarding possible immunotherapeutic intervention
after transplantation; future experimental validation together with
retrospective and prospective studies are needed. Analysis using
deeper response measurements, such as minimum residual dis-
ease, should be considered in the future, because it may highlight
the true impact of mutational increase after deep responses as
opposed to only looking at complete response.
1734 6 APRIL 2023 | VOLUME 141, NUMBER 14
In conclusion, our study, using unique paired samples, identifies
increased genomic changes associated with HDM and provides
the rationale to further understand clonal complexity at diag-
nosis and relapse after both standard-dose and HDM therapy.
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