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The evolution to hepta-refractory myeloma involves sequential
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Multiple myeloma (MM) resistant to CD38 antibodies, two immunomodulatory drugs (IMiDs), two proteasome inhibitors (PIs), and

both BCMA- and GPRC5D-directed immunotherapies defines hepta-refractory MM, a novel end-stage entity. In a multi-center

cohort of 37 patients, median overall survival was 12.8 months, with progression-free survival across salvage therapy lines of only

2.7–3.7 months. Whole genome sequencing (WGS) revealed frequent biallelic tumor suppressor gene events, particularly TP53,

consistent with proliferative, apoptosis-resistant disease. Genomic alterations linked to IMiD, BCMA, GPRC5D, and CD38 resistance

occurred in 71%, 41%, 35%, and 12% of patients, respectively. Almost one-third of patients showed concurrent loss of BCMA

(TNFRSF17) and GPRC5D. Sequential WGS demonstrated branching evolutionary trajectories with multiple distinct TNFRSF17 and

GPRC5D variants arising within individual patients, pointing to a hidden reservoir of persistent clones with ongoing mutational

processes even after deep remissions. Immunohistochemistry (IHC) confirmed loss of BCMA expression caused by biallelic TNFRSF17

genomic events but also revealed loss of expression attributable to other mechanisms. Importantly, BCMA status predicted benefit

from BCMA re-treatment. Hepta-refractory MM is marked by profound genomic complexity, antigen loss, and poor outcomes,

highlighting the need for novel therapies and broader diagnostics such as integrated genomic and IHC testing for this ultra-

refractory population.
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INTRODUCTION
No other hematologic malignancy has seen more drug approvals
in recent decades than multiple myeloma (MM), including some
of the most advanced new drug classes. Yet, the disease remains
largely incurable. Patients who have been refractory to two
immunomodulatory drugs (IMiDs), two proteasome inhibitors
(PIs), and a CD38 antibody, referred to as “penta-refractory”,
used to face a median survival of only 5.6 months [1]. The
advent of novel immunotherapies, such as CAR T-cells and
bispecific T-cell-engaging antibodies (TCE) targeting plasma cell
antigens like BCMA and GPRC5D, has markedly improved
treatment outcomes for this population. However, even these
new immunotherapies have not yet been able to induce a
survival plateau, and most patients inevitably relapse [2–8].
These “hepta-refractory” patients (penta-refractory plus resis-
tance to BCMA- and GPRC5D-targeting therapies) are increas-
ingly seen in clinical practice. Understanding the mechanisms

driving resistance and relapse is key to guiding treatment
strategies for these patients.
MM is a disease with profound subclonal heterogeneity and

branching evolutionary pathways, making treatment responses
difficult to predict [9, 10]. The concept of “clonal tidings” provided
an explanation for why patients may respond to therapies to
which they were previously resistant [11, 12]. At the same time,
inactivating or structurally modifying mutations in tumor sup-
pressor genes or in genes encoding drug targets clearly
accumulate in relapsed and refractory patients [13, 14]. This
observation is particularly true for relapse following T-cell
targeting therapies and, to some extent, also for antibody-drug
conjugates. Several studies have shown that immunotherapies
can act as an evolutionary bottleneck, selecting for clones with
antigen loss due to homozygous target gene deletions or point
mutations leading to “functional” loss [15–20]. Therefore, in the
context of hepta-refractory disease, it will be crucial to determine
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whether these aberrations persist in subsequent relapses and
whether they accumulate when choosing different targets,
especially since diagnostic testing for antigen expression is, in
principle, possible, and could guide treatment decisions.
In this multicenter study, we investigated hepta-refractory

disease using whole genome sequencing (WGS) together with
immunohistochemistry (IHC) in a unique MM population that has
exhausted all available treatments. We demonstrate that prior
therapies leave distinct genomic traces in MM cells, including the
stepwise loss of BCMA and GPRC5D. However, in patients with
intact target expression, retreatment with CAR T-cells remained a
viable option.

METHODS
All work was approved by the respective health research ethics boards (EK
8/21, HREBA.CC-21-0248). Written consent for the sample collection and
analyses was obtained in accordance with the Declaration of Helsinki.

Clinical data analysis
Records of 37 patients treated at the University Hospitals of Würzburg,
Hamburg-Eppendorf, Greifswald and the University of Calgary were
analyzed retrospectively. Treatment response and number of prior lines
of therapy (LOT) were determined according to the International Myeloma
Working Group criteria [21] and international consensus [22]. The
definition of genetic high-risk included del(17p), TP53 mutation, biallelic
del(1p32) and combinations of IGH translocations t(4;14), t(14;16), and
t(14;20), del(1p32) and 1q21 gain/amplification [23]. Time-to-event
analyses were performed in R (version 2023.09) using Kaplan-Meier
methods.

Whole genome sequencing
All patients provided written informed consent for WGS prior to sample
collection. Bone marrow aspirates, specimens from extramedullary sites
and cytological material were collected from patients as part of routine
clinical procedures. For samples collected from patients of the University
Hospitals of Würzburg, Hamburg-Eppendorf and Greifswald, WGS was
performed at the Munich Leukemia Laboratory (MLL).
WGS libraries were prepared from 1 μg of DNA from CD138+ purified

cells with the TruSeq PCR-free library prep kit, and 2 × 150-bp paired-end
sequences were generated on a NovaSeq 6000 instrument (Illumina) with a
median coverage of 107x. A tumor/matched normal workflow or, in cases
with no sample-specific normal tissue available, a tumor/unmatched
normal workflow was used for variant calling. Reads were aligned to the
human reference genome (GRCh37) using Isaac aligner (v.03.16.02.19)
through the BaseSpace WGS app v.5 (Illumina) with default parameters.
SNVs and small indels (<50 bp) were called with Strelka Somatic Variant
Caller (v.2.4.7) and SVs with Manta (v.0.28.0). Each variant with a PASS flag
was queried against the gnomAD database (v.2.1.1), and variants with
global population frequencies >0.05% were excluded to reduce germline
calls. Further analysis was performed on protein-altering and splice-site
variants only. SNVs in 135 genes of interest (Supplementary Table 1) were
analyzed in detail. CNVs were called using GATK4 (v.4.0.8.1, Broad
Institute). Copy neutral loss of heterozygosity (CN-LOH) was assessed
using HadoopCNV.
Patients MM#16 and MM#17 of the University of Calgary were included

in a previously published study (as MM-03 and MM-19), and WGS on
isolated CD138+ cells was performed at the New York Genome Center as
reported [16]. Libraries were prepared using the TruSeq DNA Nano Library
Preparation Kit (Illumina). Briefly, 100 ng DNA was sheared using a Covaris
LE220 sonicator. DNA fragments underwent bead-based size selection,
were end-repaired, adenylated, ligated to Illumina sequencing adapters
and amplified. Final libraries were sequenced on a Nova-Seq 6000 sequen-
cer (Illumina) using 2 × 150-bp cycles. Variant calling and interpretation
were performed at the MLL as described above.

Analysis of mutational signatures
Mutational signatures were identified de novo and matched to Cosmic
mutational signatures v.3.1 (http://cancer.sanger.ac.uk/cosmic/signatures)
using mutSignatures (version 2.1.1) [24]. The relative contributions of these
signatures for each sample were then re-estimated and plotted using the R
package mmsig (v.0.0.0.9000) [25].

Immunohistochemistry
Specimens were obtained by puncture from bone marrow, extramedullary
sites or cytologic material according to standard procedures. Histological
sections (2 μm) were cut and stained with hematoxylin and eosin and
Giemsa for routine histological evaluation. IHC was performed on formalin-
fixed paraffin-embedded tissue slides using an automated immunostainer
(BOND-III, Leica Biosystems) according to the manufacturer’s instructions
and standard protocols. The BCMA-antibody E6D7B, Cell Signaling, was
used in a dilution of 1:100. In addition to descriptive evaluation, semi-
quantitative analysis of IHC staining was performed using a multiplication
score. Both membranous and dot-like cytoplasmic positivity (Golgi area)
for BCMA was observed; however, only membranous staining was
considered for the score.

Phylogenetic reconstruction
Mutations from paired samples were analyzed with the R package
MOBSTER (v1.0.0) to differentiate positively selected subclones from
neutrally evolving tails [26]. Mutations classified as tail mutations in one
sample but assigned to cluster C1 in the paired sample were retained.
VIBER (v0.1.0) was used for cluster assignment, and clonal hierarchies were
reconstructed with clonevol (v0.99.11). Phylogenetic trees were then
manually curated, with branch lengths not representing the extent of
subclonal divergence.

RESULTS
Clinical characteristics and outcome of patients with hepta-
refractory MM
We enrolled 37 patients who met the criteria for hepta-refractory
disease, adhering to the IMWG definition of resistance [21, 27]. The
patients were heavily pretreated, with a median of 9 (range: 5–17)
prior LOT and a median time from initial diagnosis of 7.6 years
(range: 2.0–20.1). The majority of patients had extramedullary
disease (62.5%), genetic high-risk (64.7%) according to the latest
assessment, and a high tumor burden (median bone marrow
infiltration of 50%, Supplementary Table 2). Median progression-
free survival (PFS) in subsequent LOT after occurrence of hepta-
refractoriness was 2.7–3.7 months, median overall survival (OS)
was 12.8 months (Fig. 1). A detailed description of the additional
LOT is provided in Supplementary Table 3. Although outcomes
were poor, there was notable heterogeneity among patients, with
some progressing rapidly while others benefited from salvage
therapies, indicating distinct disease characteristics.

Enrichment of single and double hits in tumor
suppressor genes
To further investigate the disease characteristics, we performed
WGS for a subset of the above-described cohort. In total, 21 WGS
were available from 17 patients, including longitudinal samples
from three individuals. For eight of these patients, the plasma cell
content at the iliac crest was insufficient for WGS. Therefore,
biopsies from extramedullary disease (EMD) were analyzed instead.
WGS revealed a highly complex genomic landscape, comprising

numerous chromosomal aberrations and single-nucleotide var-
iants (SNVs) (Fig. 2 and Supplementary Table 4). All 17 patients
carried at least one high-risk aberration, and according to the
most recent IMS/IMWG consensus recommendations [23], 13
patients (77%) were classified as high-risk MM.
Among the lesions conferring enhanced clonal fitness and

proliferative advantage, we identified del(17p) in 10 patients
(59%), and biallelic TP53 inactivation (del(17p) plus TP53 mutation)
in 6 (35%). Alterations of the tumor suppressor gene CYLD were
present in 10 patients (59%), while CDKN2C aberrations were
detected in 12 cases (71%), including 6 with biallelic deletion,
which Schavgoulidze et al. recently characterized as “ultra-high
risk myeloma” [28]. Notably, all biallelic TP53 lesions and 5 of 6
biallelic CDKN2C deletions were detected in EMD samples,
consistent with aggressive biology. SNVs were also detected in
the tumor suppressor gene FAM46C in 2 patients (12%), and in the
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oncogenes KRAS, NRAS, and BRAF in 8 (47%), 4 (24%), and 1
patient, respectively (Fig. 2).
In summary, the genomes of hepta-refractory patients

exhibit hallmarks of very advanced disease, characterized by
pervasive single and double hits in tumor suppressor genes and
oncogenes.

Massive accumulation of drug resistance mutations
In the second step, we leveraged WGS data to assess the frequency
and nature of genomic alterations associated with prior drug
exposure. We found none of the aberrations previously associated
with PI resistance, such as mutations in PSMB5, PSMC2, PSMC6, and
PSMD1 [14, 29–32]. In contrast, the CRBN pathway was frequently
mutated (n= 12, 71%). CRBN, which encodes the IMiD-binding
protein cereblon, was disrupted by deletions in 3 patients (18%); in
addition, 2 patients carried CRBN mutations, one of whom also
harbored a deletion and in a previous analysis a structural variant of
chromosomes 1 and 3 resulting in a CEP350::CRBN fusion. SNVs
were also identified in CUL4B (3 patients, 18%), COPS3 (1 patient),
and DDB1 (1 patient). Deletions affecting 2q37, including COPS7B

and COPS8, were observed in 6 patients (35%).

Focusing on targets of immunotherapies, CD38, essential for
anti-CD38 monoclonal antibody activity, was impacted by 4p
deletions or monosomy 4 in 5 patients (29%), including 2 with
complete biallelic loss. TNFRSF17 (encoding BCMA), the target of
CAR T-cells and bispecific antibodies, was affected by monoallelic
loss in 2 patients and double-hit genomic events in 7 (41%). 6/7
patients with biallelic TNFRSF17 aberrations had previously
undergone treatment with a BCMA-directed TCE. All patients
had received GPRC5D-directed treatment with talquetamab.
Biallelic GPRC5D aberrations were present in 6 patients (35%)
and monoallelic loss in 2.
For patients MM#2 and #11, WGS profiles closely reflected

treatment history, effectively functioning as a “molecular medical
record” (Fig. 3). In patient MM#2, the SBS-MM1 (SBS99) melphalan
mutational signature accounted for 7.4% of mutations, in line with
an ASCT during first-line therapy. This patient also carried a 2q37
deletion associated with IMiD resistance, biallelic deletions of
TNFRSF17 and CD38, as well as aberrations affecting both copies of
GPRC5D (copy-neutral LOH of 12p with a GPRC5D mutation),
severely limiting therapeutic options. Similarly, patient MM#11
exhibited multiple therapy-associated alterations: (i) SBS-MM1

A B

C D

median (95% CI): 

12.8 months (11.3, NR)

median (95% CI): 

3.5 months (2.6, NR)

median (95% CI): 

3.7 months (1.7, 8.6)

median (95% CI): 

2.7 months (1.6, NR)

Fig. 1 Outcomes of patients with hepta-refractory MM. Kaplan-Meier Curves for A OS B PFS in first LOT C PFS in second LOT D PFS in third
LOT in hepta-refractory MM. CI confidence interval. Shading shows 95% confidence bands.
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signature (12.2% of mutations), (ii) a nonsense CRBN mutation
(p.Gln8*), (iii) biallelic TNFRSF17 deletion, and (iv) GPRC5D deletion
plus three subclonal GPRC5D mutations.
Taken together, our data show that the genomic makeup of

hepta-refractory disease is consistent with high-risk disease and
relapse from intensive chemotherapy, but also includes hetero-
geneity caused by specific alterations related to prior use of IMiDs
and immunotherapies.

Detailed description of resistance mutations in BCMA
and GPRC5D
Given the multiple BCMA- and GPRC5D-targeting agents currently
in development, each with potentially distinct vulnerabilities to
structural variants of these antigens [16], we analyzed biallelic
aberrations of these two targets in more detail (Table 1).
In patient MM#16, focal TNFRSF17 loss co-occurred with a

missense mutation (p.Arg27Pro) affecting the extracellular domain
of BCMA [16]. This mutation, as previously shown, impairs the
binding of teclistamab and elranatamab but not alnuctamab [16].
In patient MM#10, monosomy 16 was accompanied by a splice-
site mutation (c.131-1G>A, VAF 91%) in the second allele.
However, in most patients with biallelic TNFRSF17 aberrations
(n= 5), clonal deletions resulted in complete gene loss.
In contrast, GPRC5D inactivation was mediated by a variety of

mechanisms and often involved complex subclonal structures.
Patient MM#2 with CN-LOH of 12p harbored a nonsense mutation
in exon 1 (p.Gln56*, VAF 98%). Patient MM#7 carried a focal 15 kb

GPRC5D deletion and a frameshift mutation (p.Ile132Alafs*18).
Patient MM#11 also carried a 12p deletion together with three
low-frequency GPRC5D mutations (p.Tyr12*, VAF 6%; p.Trp126*,
9%; p.Trp199*, 5%). In MM#14, a large 12p deletion co-occurred
with an in-frame deletion in GPRC5D (p.Tyr93_Leu95del). Finally,
MM#16 showed compound heterozygosity with a missense
mutation (p.Asp239Asn) in one allele and a nonsense mutation
(p.Trp237*) in the other. Although limited in number, it is
noteworthy that all double-hit GPRC5D lesions were detected in
bone marrow biopsies, but none in those with EMD samples only.
Taken together, nearly half of the patients (8/17) exhibited

biallelic antigen disruption via genomic mechanisms: predomi-
nantly homozygous deletions for TNFRSF17, but more diverse and
subclonal alterations for GPRC5D. Importantly, almost one-third of
patients (5/17) acquired biallelic aberrations of both BCMA and
GPRC5D, underscoring immunotherapies as a major evolutionary
bottleneck.

Linear versus branching evolution
The emergence of double- or triple-negative status for BCMA,
GPRC5D, and CD38 after immunotherapies suggests a model of
resistance driven by the successive accumulation of lesions in a
linear fashion. However, phylogenetic trees reconstructed from
longitudinal samples of three patients showed branching rather
than linear evolution, consistent with initial deep responses
followed by divergent clonal escape (Fig. 4). Patient MM#11, treated
with AMG420 targeting BCMA (before time point 1) and

Fig. 2 Merged circos plot and oncoplot of hepta-refractory MM patients MM#1 to MM#17. Circos plot: Black lines indicate structural
variants between chromosomes. Blue bars indicate copy number gains, red bars indicate copy number losses. Genes with mutations (tier 1 in
red, tier 2 in black) and variants of unknown significance (tier 3 in gray) are indicated according to their chromosomal localization in the outer
circle. Oncoplot: Targeted immunotherapies (BCMA, GPRC5D; purple) and landscape of copy number variations (gains and deletions),
structural variations (e.g. IGH translocations), loss of heterozygosity (LOH), mutations (tier 1 and tier 2) and variants of unknown significance
(tier 3) in genes of interest based on WGS data. Genes/aberrations associated with targeted immunotherapy (blue) or with treatment with
IMiDs (yellow), high risk genetic features (green) and additional alterations of interest (black) are listed. Of patient MM#7, the results of WGS
analyses in hepta-refractory status from two different time points are included (2023 and 2025 after subsequent BCMA-directed CAR T-cell
therapy).
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talquetamab targeting GPRC5D (between time points 1 and 2),
exhibited biallelic TNFRSF17 loss in the trunk of the phylogenetic
tree and a GPRC5Dmutation in the branch dominating at time point
2. Patient MM#15, treated with ide-cel (before time point 1) and
talquetamab (between time points 1 and 2), showed selection of a
subclone with monoallelic GPRC5D loss at the second time point.
Pronounced parallel evolution, with four distinct biallelic GPRC5D

events and two independent biallelic TNFRSF17 deletions in three
dominant subclones across the three investigated time points, was
observed in patient MM#7, who was treated sequentially with
teclistamab, talquetamab and CAR-T. These results highlight the
extraordinary adaptive capacity of late-stage myeloma.
Taken together, our sequential analyses show that progression

to hepta-refractory MM arises through branching evolution across
multiple coexisting subclones, rather than through a single linear
trajectory dominated by one subclone.

Comparison of WGS and IHC for antigen assessment
WGS can identify biallelic deletions of target genes, resulting in
complete loss of expression. However, expression changes may
also result from epigenetic remodeling or post-transcriptional
regulation. To assess BCMA at the protein level, we performed
immunohistochemical staining for BCMA in 12 patients with
hepta-refractory MM (Supplementary Table 5).
In all 5 patients with biallelic TNFRSF17 alterations, IHC

confirmed complete loss of BCMA protein. Notably, BCMA showed
no membranous staining in one patient with wild-type TNFRSF17

and was weakly expressed (on the cell membrane) in two others.
Moderate or strong staining intensities were observed in one
patient each.

In summary, IHC revealed reduced or absent BCMA expression
in more patients than predicted by WGS, highlighting the
importance of complementary approaches and suggesting addi-
tional, as yet unidentified, resistance mechanisms.

Whole genome sequencing to guide clinical decision making
Finally, we asked whether molecular information could, in
principle, be translated into clinical practice to guide treatment
decisions, such as recommending specific retreatments. To
explore this retrospectively, we examined response and PFS after
bispecific antibodies and CAR T-cells in relation to target antigen
status as determined by WGS.
The “BCMA-after-BCMA” scenario was evaluable in 6 patients

with WGS data available before a second exposure to BCMA-
directed therapy. Four patients (MM#4, MM#6, MM#8, MM#15),
previously treated with ide-cel (MM#15), teclistamab (MM#4,
MM#6), or AMG420 (MM#8) [33], showed no TNFRSF17 alterations
by WGS and exhibited at least weak expression of BCMA by IHC.
All responded to BCMA retreatment (cilta-cel = 3, ide-cel = 1)
(Supplementary Table 5). Median PFS in this group was 8.6 months,
and two patients remain in remission at the time of data cut-off.
By contrast, two patients (MM#2 and MM#7) harbored biallelic

TNFRSF17 deletions, with IHC confirming BCMA protein loss. Both
were refractory to subsequent salvage therapies with ide-cel or
cilta-cel.
Although case numbers are small, these clinical courses suggest

that WGS-informed antigen profiling could help identify patients
who may still benefit from retreatment, with some achieving
meaningful and durable disease stabilization even in the hepta-
refractory setting (Fig. 1).

Fig. 3 Circos plot of hepta-refractory patients MM#2 and MM#11. The bar chart inside indicates specific mutational signatures (SBS-MM1,
associated with melphalan exposure in red). Red lines indicate structural variants between chromosomes. Blue and red bars indicate copy
number gains and losses. Gray bars indicate copy-neutral loss of heterozygosity (CN-LOH). Genes with mutations (mut, tier 1 and 2 in red) and
variants of unknown significance (VUS, tier 3 in gray), as well as chromosomal localization of genes of interest, are shown in the outer circle.
Lines of therapy are shown on the outside. DVd daratumumab-bortezomib-dexamethasone, DKCd daratumumab-carfilzomib-cyclopho-
sphamide-dexamethasone, DKTd-PACE daratumumab-carfilzomib-thalidomide-dexamethasone-cisplatin-doxorubicine-cyclophosphamide-
etoposide, EPd elotuzumab-pomalidomide-dexamethasone, IxaThal ixazomib-thalidomide, K(P)Cd carfilzomib-(pomalidomide-)cyclopho-
sphamide-dexamethasone, KRd carfilzomib-lenalidomide-dexamethasone, RAd lenalidomide-doxorubicin-dexamethasone, Rd lenalidomide-
dexamethasone, VelPanob bortezomib-panobinostat.
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Table 1. WGS analysis for TNFRSF17 (BCMA) and GPRC5D.

ID post CAR-
T (BCMA)

post TCE
(BCMA)

post TCE
(GPRC5D)

TNFRSF17 GPRC5D TNFR

SF17

deletion

TNFRSF17 mutation TNFR

SF17

LOH

GPR C5D

deletion
GPRC5D mutation GPRC5D

LOH
mono-
allelic
hit

bi-
allelic
hit

mono-
allelic
hit

bi-
allelic
hit

DNA/
cDNA

Protein Exon VAF
(%)

DNA/cDNA Protein Exon VAF
(%)

MM#1 - + + + - - - mono-
allelic

- - - - - - - - - - -

MM#2 + + + - + - + bi-
allelic

- - - - - - c.166 C > T p.Gln56* 1 98 +

MM#3 + - + - - - - - - - - - - - - - - - -

MM#4 - + + - - - - - - - - - - - - - - - -

MM#5 + - + - - - - - - - - - - - - - - - -

MM#6 - + + - - - - - - - - - - - - - - - -

MM#7a - - + - - - + - - - - - - bi-
allelic
(sub-
clonal)

c.436 G > T p.Glu146* 1 24 -

MM#7b - + + - + - + bi-
allelic

- - - - - mono-
allelic

c.391_392dup p.Ile132Alafs*18 1 66 -

MM#7c + + + - + - + bi-
allelic

- - - - - bi-
allelic

- - - - -

MM#8 + + + - - - + - - - - - - bi-
allelic

- - - - -

MM#9 + - + + - - - - - - - - + - - - - - -

MM#10 + - + - + + - mono-
allelic

c.131-
1 G > A

p. splice
site
mutation

2 91 - mono-
allelic

- - - - -

MM#11a - + - - + - - bi-
allelic

- - - - - - - - – - -

MM#11b - + + - + - + bi-
allelic

- - - - - mono-
allelic

c.36 T > A
c.378 G > A
c.597 G > A

p.Tyr12*
p.Trp126*
p.Trp199*

1
1
1

6
9
5

-

MM#12 - + + - + - - bi-
allelic

- - - - - - - - - - -

MM#13 - + + - - - - - - - - - - - - - - - -

MM#14 - + + - + - + bi-
allelic

- - - - - mono-
allelic

c.278_286del p.Tyr93_Leu95del 1 79 -

MM#15a + - - - - - - - - - - - - - - - - - -

MM#15b + - + - - + - - - - - - - mono-
allelic

- - - - -

MM#16 - + + - + - + mono-
allelic

c.80 G > C p.Arg27Pro 1 92 - - c.715 G > A
c.710 G > A

p.Asp239Asn
p.Trp237*

1
1

44
37

-

MM#17 - + + - - - - - - - - - - -* - - - - -

*biallelic deletion detected via scCNV-Seq [16].
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DISCUSSION
Despite considerable advances in MM therapy, most patients will
eventually exhaust all available treatment options. Building on the
recently published concept of penta-refractory disease [1], we
propose “hepta-refractory MM” as a new end-stage category.
These patients are expected to become increasingly common
where novel agents are available, representing a “new normal” in
the clinic. With a median overall survival of only 1 year in this
study, their prognosis remains dismal. Identifying effective
therapies for hepta-refractory MM is therefore an urgent and
unmet medical need.
Acknowledging the limited number of cases, our WGS analyses

revealed a striking enrichment of double-hit events in tumor
suppressor genes, exceeding levels previously reported
[13, 32, 34–36] and accumulation of high-risk cytogenetic
abnormalities [10, 37, 38], consistent with highly proliferative,
apoptosis-resistant disease. Moreover, multiple genomic altera-
tions potentially associated with resistance to both conventional
and immunotherapeutic agents were identified. Notably, CRBN-
pathway alterations were observed in up to 71% of patients, a
frequency at least twice as high as in prior reports in the RRMM
setting [14, 39]. In the future, next-generation cereblon E3 ligase
modulators may still show activity in some of these cases [40]. But
even when the direct activity of IMiDs in myeloma cells is
impaired, IMiDs can still modulate the immune system, activating
NK and T cells and exerting synergy with other myeloma drugs
[41–43]. Thus, the presence of a CRBN mutation alone may not
preclude using these agents.
A novel and clinically important finding is the loss of at least

one immunotherapeutic target in roughly half of hepta-refractory
patients with available WGS data, with nearly one-third losing
both BCMA and GPRC5D. These losses limit further immunother-
apeutic retreatment. They were predominantly mediated by
biallelic events in the genes encoding BCMA, GPRC5D, or CD38,

with branching evolutionary pathways evident. Importantly, the
occurrence of such tumor evolution in patients who were in deep
remission underscores that a hidden reservoir of persisting tumor
cells drives relapse. Divergent evolution, with multiple subclones
independently acquiring distinct GPRC5D lesions and the emer-
gence of new TNFRSF17 variants at later relapses, further supports
the notion that more than a single myeloma cell can pass through
the evolutionary bottleneck imposed by novel immunotherapies.
However, two open questions arise: first, whether antigen-positive
clones can reemerge over time through branching pathways, as
has been described for CD20 following bispecific antibody therapy
in lymphoma [44]; and second, whether combination strategies
might reduce the rate of antigen loss by making simultaneous
escape from multiple mechanistically distinct agents more
difficult. In this context, it is notable that the majority of hepta-
refractory patients with biallelic TNFRSF17 aberrations had prior
exposure to BCMA-directed TCEs, commonly administered as
continuous monotherapies, whereas in our prior study of patients
relapsing after intensive, multi-phase “total therapies”, IMiD-
containing seven-drug combinations, we did not observe a single
CRBN mutation [13].
It is remarkable how prior therapies leave detectable traces in

the genomes of myeloma cells, allowing the impact of melphalan,
IMiDs, and targeted immunotherapies to be reconstructed
through WGS. These findings strongly support a central role of
tumor-intrinsic resistance mechanisms in the evolution toward
hepta-refractory states, and even call into question the contribu-
tion of the microenvironment [45–48] in mediating resistance, at
least in a substantial fraction of patients. At the same time, nearly
half of the patients progressed with wild-type antigen status,
pointing to additional resistance mechanisms not explored here,
potentially including microenvironmental and epigenetic mechan-
isms. Tumor-extrinsic mechanisms may prove more tractable,
potentially mitigated by strategies such as prior debulking, γ-

Fig. 4 Phylogenetic clonal trees for patients MM#7, MM#11 and MM#15. Subclones are derived from the common ancestor according to
their respective mutation changes detected via WGS. The lengths of the branches do not correspond to the number of mutations. *WGS
revealed two additional low-frequency GPRC5D mutations, which were classified as tail mutations by MOBSTER and therefore not displayed in
this figure.
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secretase inhibition and other methods for modulation of target
antigen levels, dose optimization, or adjusted effector-to-target
ratios [49–52]. Notably, in our series, CAR T-cell retreatment
achieved responses in patients with preserved BCMA.
In this regard, it is encouraging that IHC consistently confirmed

loss of BCMA protein in patients with double-hit TNFRSF17

deletions. This is clinically relevant, as IHC is more widely available
than WGS and can be applied even when WGS is not feasible, for
example, due to a lack of sorted plasma cells. Our cohort did not
include cases of BCMA retreatment in IHC-negative but WGS-
intact samples. Importantly, we show that both WGS and IHC
could be useful to avoid ineffective and costly therapies with
potentially serious side effects in patients lacking target antigens.
Finally, the observation that some patients achieve durable

survival plateaus with highly heterogeneous treatments under-
scores the need for personalized therapeutic strategies and
refined diagnostics in this ultra-refractory population. In this
context, WGS emerged as a valuable tool to guide considerations
of retreatment with the same target antigen.
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Raw data are available upon request from the corresponding author.
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