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Abstract:

Lenalidomide, a maintenance treatment in multiple myeloma first-line therapy, increases the risk of
secondary malignancies, including B-cell precursor acute lymphoblastic leukemia (BIALL). We present
a comprehensive molecular characterization of 57 patients with lenalidomide-associated B-ALL (LenB-
ALL), revealing three mutational subgroups: (1) TP53mt (30%), (2) IDH2mt (p.R140Q) (23%) and (3)
other, including NRAS/KRASmt. Remarkably, IDH2 R140Q mutations were highly enriched in LenB-ALL
compared to primary B-ALL (p<0.001). Furthermore, IKZFl intragenic deletions - often subclonal and
likely RAG-mediated - were observed in 54% (7/13) of IDH2mt LenB-ALL cases. IDH2 mutations were not
restricted to the leukemic clone: they persisted during MRD-negative remission and were identified
in lymphoid as well as myeloid cell populations using fluorescence-activated cell sorting and
single-cell RNA sequencing. This indicates a preleukemic origin of the IDH2 mutation within the
context of clonal hematopoiesis. Transcriptomic and DNA methylation analyses revealed a distinct
gene expression profile and a DNA hypermethylation phenotype in IDH2mt LenB-ALL, including IDH2mt-
specific as well as lenalidomide-associated features. We propose that lenalidomide promotes
expansion of IDH2-mutated clonal hematopoiesis and, via IKAROS downregulation, induces a maturation
arrest at the B-cell precursor stage. Subsequent genetic or epigenetic alterations render
leukemogenesis independent of ongoing lenalidomide exposure. Altogether, these data define IDH2mt
B-ALL as a distinct molecular subtype that is markedly overrepresented after lenalidomide treatment
and highlight clonal hematopoiesis as a key contributing factor in the development of LenB-ALL.
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Key Points

- IDH2 R140Q mutations define a distinct B-ALL subtype that is highly enriched in
lenalidomide-associated B-ALL (LenB-ALL)

- IDH2mt LenB-ALL emerges from IDH2-mutant clonal hematopoiesis, likely driven by
lenalidomide-induced IKAROS loss.

Abstract

Lenalidomide, a maintenance treatment in multiple myeloma first-line therapy, increases the
risk of secondary malignancies, including B-cell precursor acute lymphoblastic leukemia
(B-ALL). We present a comprehensive molecular characterization of 57 patients with
lenalidomide-associated B-ALL (LenB-ALL), revealing three mutational subgroups: (1)
TP53mt (30%), (2) IDH2mt (p.R140Q) (23%) and (3) other, including NRAS/KRASmt.
Remarkably, IDH2 R140Q mutations were highly enriched in LenB-ALL compared to primary
B-ALL (p<0.001). Furthermore, IKZF1 intragenic deletions — often subclonal and likely RAG-
mediated — were observed in 54% (7/13) of IDH2mt LenB-ALL cases. IDHZ2 mutations were
not restricted to the leukemic clone: they persisted during MRD-negative remission and were
identified in lymphoid as well as myeloid cell populations using fluorescence-activated cell
sorting and single-cell RNA sequencing. This indicates a preleukemic origin of the IDH2
mutation within the context of clonal hematopoiesis. Transcriptomic and DNA methylation
analyses revealed a distinct gene expression profile and a DNA hypermethylation phenotype
in IDH2mt LenB-ALL, including IDH2mt-specific as well as lenalidomide-associated features.
We propose that lenalidomide promotes expansion of IDH2-mutated clonal hematopoiesis
and, via IKAROS downregulation, induces a maturation arrest at the B-cell precursor stage.
Subsequent genetic or epigenetic alterations render leukemogenesis independent of ongoing
lenalidomide exposure. Altogether, these data define IDH2mt B-ALL as a distinct molecular
subtype that is markedly overrepresented after lenalidomide treatment and highlight clonal

hematopoiesis as a key contributing factor in the development of LenB-ALL.
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Introduction

Lenalidomide, which has been approved as a maintenance therapy for multiple myeloma
since 2017, is associated with an increased cumulative incidence of solid as well as
hematologic second primary malignancies, including B-cell precursor acute lymphoblastic
leukemia (B-ALL)." Lenalidomide is a multi-target immunomodulatory drug that induces the
proteasomal degradation of specific proteins including IKAROS, an essential transcription
factor in multiple myeloma cells.? Since mutations or deletions of the IKZF1 gene, which
encodes IKAROS, are frequent in B-ALL,** we propose that the downregulation of IKAROS
by lenalidomide may also contribute to the development of secondary B-ALL.

Previous molecular studies strongly suggested that Ienalidomide-associated B-ALL
(LenB-ALL) are not clonally related to the myeloma and do not share its driver mutations.®
For instance, TP53 mutations identified in secondary B-ALL were detected at very low variant
allele frequencies (VAF) in the corresponding myeloma diagnostic samples, suggesting that
they did not represent a driver mutation of the myeloma but rather occurred in the context of
clonal hematopoiesis (CH). CH refers to the emergence of a clonal blood cell population that
originates from a mutated hematopoietic stem cell. This age-related condition is typically
asymptomatic but is associated with an increased risk of cardiovascular diseases and
hematologic malignancies. While CH has been extensively studied in the context of myeloid
malignancies, recent studies suggest that certain CH-associated mutations may also
increase the risk of lymphoid malignancies, including acute lymphoblastic leukemia (ALL).%”
Thus, CH might also play a role in the pathogenesis of LenB-ALL, which is still barely
understood.

In this study, we provide a comprehensive characterization of the largest cohort of patients
with LenB-ALL (n = 57), revealing a mutational profile that is highly distinct from that of
primary B-ALL. In addition to a DNA-based mutational profile, we provide bulk- and, in
selected samples, single-cell transcriptomic data, /GH clonal evolution data, DNA methylation
array data and copy number alterations determined by SNP-arrays and MLPA. Our detailed
molecular characterization of LenB-ALL provides new insights into its pathogenesis,

highlighting clonal hematopoiesis as a key contributing factor.

Methods

Diagnostic and follow-up bone marrow and peripheral blood samples of adult B-ALL patients
were sent in for GMALL (German Multicenter Study Group for Adult ALL) reference ALL
diagnostics between 2018 and 2024.

Diagnostic samples from all LenB-ALL patients were sequenced using the EuroClonality-
NGS DNA Capture Panel (EC-NDC), detecting IG/TR rearrangements, structural variants
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and single nucleotide variants (SNVs) in 82 genes related to lymphoid malignancies.® A total
of 360 primary diagnostic samples from patients with primary B-ALL sequenced using the
same panel for routine MRD diagnostics were used for comparison.

Copy number alterations were assessed using SNP-arrays (lllumina Infinium Global
Screening Array v3.0) and MLPA (SALSA® MLPA® Probemix P335 ALL-IKZF1 (MRC
Holland)). IKZF1 intragenic deletions were detected by multiplex PCR as described before’
and quantified using ddPCR.

RNA sequencing was performed with 37 primary diagnostic LenB-ALL samples. Molecular
subtypes were predicted using AllCatchR.® Unsupervised clustering analysis was performed
together with our published cohort of primary B-ALL (n = 565)'.

Four primary diagnostic and two corresponding MRD-negative follow-up IDH2mt LenB-ALL
samples were analyzed by single-cell RNA sequencing using a RoCK and ROI" approach
for the enrichment of specific gene targets.

Methylation analyses were performed using the Infinium MethylationEPIC v2.0 array, with
data from 103 primary B-ALL cases of different subgroups for comparison.

Three follow-up and one primary diagnostic cryopreserved IDH2mt LenB-ALL samples were
sorted into different hematopoietic cell compartments using fluorescence-activated cell
sorting. DNA of sorted subpopulations was isolated and analyzed using ddPCR.

Clonal evolution of /GH-rearrangements was analyzed using the EuroClonality-NGS assay'%.

Details are provided in the supplemental methods.

Results

Enrichment of IDH2-R140Q and TP53 mutations indicates their involvement in
leukemogenesis of LenB-ALL

We identified 57 consecutive patients with LenB-ALL. Their median age at ALL diagnosis was
64.8 years (range, 47-78); 27 (47%) were female and 30 (53%) were male. A total of 46
patients (81%) were registered with the German Multicenter Study Group for Adult ALL
(GMALL). All 57 had previously received lenalidomide for multiple myeloma. Treatment
histories were abstracted from referring centers and outpatient clinics; data completeness
varied. Among the 32 patients with available multiple myeloma induction therapy details, 19
(59%) received lenalidomide-containing regimens and 13 (41%) did not. Among 39 patients
with available data, 38 (97%) underwent autologous stem-cell transplantation after high-dose
melphalan. All patients received lenalidomide-containing maintenance for a median of 2.8
years (range 0.1-6.0; n=32). The median interval from maintenance discontinuation to B-ALL
diagnosis was 1 month (range 0-28 months; n=35), and the median time from myeloma
diagnosis to B-ALL was 5.5 years (range 2.1-13.4; n=43). In 23 patients (66% of those with

6
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available data) B-ALL was diagnosed within 2 months of lenalidomide withdrawal, suggesting
that emerging B-ALL symptoms or their evaluation prompted treatment cessation (Suppl.
Tab. 1).

To characterize the molecular landscape of LenB-ALL, we analyzed B-ALL primary
diagnostic samples by integrating targeted DNA sequencing (EC-NDC panel®), whole
transcriptome sequencing, and copy number analysis using SNP-arrays and MLPA. Three
mutational subsets were identified (Fig. 1A): (1) TP53 mutations were the most prevalent,
occurring in 17/57 patients (30%). (2) IDH2 mutations were detected in 13/57 patients (23%),
all of which were the common missense mutation p.R140Q. Among the remaining patients,
termed ‘other’ (3), KRAS/INRAS mutations were the most prevalent, affecting 13/57 patients
(23%). Except for one NRAS mutation in the IDH2mt group, these genomic patterns were
mutually exclusive (p < 0.001, Fisher’s exact test)
Remarkably, the prevalence of IDH2 mutations was significantly higher in LenB-ALL
compared to primary B-ALL cases, where the IDH2 mutation p.R140Q occurred in only
1/1428 (0.07%) patients of published pediatric/AYA cohort™ and 4/360 adult patients (1.1%,
p <0.0001; Fig. 1B) of our own comparison cohort (median age: 55 years, range: 18-86, 55%
male).
ALL-MRD kinetics of IDH2mt LenB-ALL patients are shown in Suppl. Fig. 1. DNMT3A
mutations were detected in 10/57 LenB-ALL patients (18%), including one TP53mt and four
IDH2mt cases. In total, 36/57 patients (63%) were affected by mutations in genes frequently
mutated in clonal hematopoiesis (CH; i.e., TP53, IDH2, DNMT3A, TET2)7, suggesting
involvement of CH in the development of LenB-ALL, which we grouped into TP53mt, IDH2
R140Q and ‘other’. Normalized variant allele frequencies above 0.5 (VAF..m; VAF/blast
fraction) for several mutations, including IDH2, suggest the presence of mutant alleles in
non-leukemic cell populations, assuming heterozygosity. Accordingly, one TP53 mutation
showed a VAF,,m above 1, consistent with a loss of heterozygosity in combination with
mutated non-leukemic cells (Fig. 1A, Suppl. Tab. 2).
Virtual karyotyping based on SNP-arrays confirmed low hypodiploid karyotypes in 15 of 17
TP53mt cases, representing the characteristic driver constellation of Low Hypodiploid ALL
described in primary B-ALL. BCR::ABL1 occurred in only 2 of 57 patients (3.5%). Other
typical B-ALL driver fusions (PAX5::ETV6, CRLF2 fusions, and the rare IGH::CEBPE fusion)
were detected in 7 of 37 patients analyzed, exclusively in the ‘other’ subgroup. CDKNZ2A was
deleted in 15 (31%) of 49 patients, predominantly in the ‘other subgroup (13 of 23, 57%).
The translocation t(11;14) (/IGH::CCND1) is a typical multiple myeloma driver fusion and was
detected with only very few reads; therefore, this finding may represent contamination with
myeloma cells. Likewise, for some low-abundance SNVs, a contribution from contaminating
myeloma cells cannot be ruled out. The other structural variants show abundances
7
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consistent with a high ALL blast percentage and are more typical of ALL-associated

alterations.

Interestingly, IKZF1, which encodes IKAROS — a target of lenalidomide-induced proteasomal
degradation — was affected in 32/53 evaluable LenB-ALL cases (60%), either by complete or
intragenic deletions. In IDH2mt patients, exclusively intragenic IKZF1 deletions were
observed in 7 of 13 cases (54%, exon2-7 n = 4/7; exon4-7 n = 6/7), representing a marked
enrichment compared with adult BCR::ABL-negative primary B-ALL, where intragenic IKZF1
deletions have been reported in 14% of cases (n = 172, p = 0.0016, Fisher’s exact test).14 In
contrast, TP53mt cases exclusively harbored complete IKZF1 losses in 12/17 patients (71%),
all related to chromosome 7 loss.

Particularly subclonal intragenic IKZF1 deletions (VAF.om < 0.1) were enriched in IDH2mt
LenB-ALL patients, affecting 4/13 cases, 31%) (Suppl. Fig. 2A), whereas in a published
cohort of adult BCR::ABL-negative primary B-ALL, only 7% of patients harbored subclonal
intragenic IKZF1 deletions (n = 128)."

Notably, 3 of 4 IDH2-mutated primary B-ALL cases also harbored IKZF1 alterations. Two of
them carried pathogenic missense mutations, while one had an intragenic deletion; all
showed high variant allele frequencies (77.0%, 14.5%, 44.6%), suggesting that the IKZF1
alterations were not subclonal here but represented the main leukemic clone (Suppl. Fig.
2B).

Collectively, these data indicate a frequent involvement of clonal hematopoiesis-associated
variants in LenB-ALL. Remarkably, IDH2 R140Q were highly enriched in our LenB-ALL
cohort, in contrast to previous analyses that described CH-associated mutations in therapy-

related B-ALL but with lower or absent IDH2 mutation frequencies.'®®

IDH2mt LenB-ALL show a distinct gene expression and DNA methylation profile

Gene expression profiles serve as distinguishing features of B-ALL molecular subtypes.
Employing our gene-expression based molecular subtype classifier ALLCatchR® on RNA-seq
profiles of 37 LenB-ALL patients provided high confidence or candidate subtype allocations
with a consistent genomic driver (e.g. Low hypodiploid prediction in TP53mt cases, CEBP
subtype prediction with a CEBPE fusion) for 17 patients (46%). However, none of the IDH2mt
LenB-ALL samples could be classified according to the 22 molecular B-ALL subtypes
represented in the classifier. In a Hierarchical cluster analysis, integrating multiple UMAP
setting combinations, together with 565 primary B-ALL samples'®, the IDH2mt LenB-ALL
formed a highly distinct cluster (Fig. 2A). An exemplary UMAP plot is shown in Fig. 2B. Three
IDH2mt primary B-ALL samples separated from this cluster. A machine learning classifier
trained on this data achieved 99% accuracy in a leave-one-out cross-validation, supporting a

subtype-defining gene regulation in IDH2mt Len-B-ALL.
8
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Since IDH2 mutations are known to induce DNA hypermethylation, e.g. in AML', we
analyzed the methylation profile of IDH2mt LenB-ALL (n = 11 in the context of 103 primary B-
ALL samples of different molecular subtypes, n =5 IDH2mt AML, n = 4 IDH2mt T-ALL cases,
n=10 TP53mt and n =4 DNMT3Amt LenB-ALL). Indeed, the IDH2mt LenB-ALL formed a
distinct cluster in the principal component analysis that was closer to IDH2mt AML and T-ALL
than to IDH2-wildtype B-ALL (Fig. 2D, Suppl. Fig. 3). Based on the top 0.5% most variable
CpGs, the IDH2mt LenB-ALL fall within one cluster with two subclusters (Fig. 2C). Moreover,
IDH2mt LenB-ALL showed a hypermethylation phenotype with elevated methylation levels
(beta-values) across most of the top 0.5% variably methylated CpGs (Fig. 2C, Suppl. Tab. 3).
Consistently, differentially methylated regions (DMRs) comparing IDH2mt LenB-ALL with
primary B-ALL were mostly hypermethylated (Suppl. Fig. 5A). The methylation profiles of
TP53mt and DNMT3Amt LenB-ALL were more heterogenous (Fig. 2D).

IDH2mt LenB-ALL show a distinct gene expression and DNA methylation profile. Consistent
with IDH2-mutated leukemias from other lineages (AML, T-ALL), this subtype is
characterized by global DNA hypermethylation underscoring the functional relevance of the

IDHZ2 mutation in this context.

Transcriptomic profiling reveals shared IDH1/2mt features and lenalidomide-specific
changes in IDH2mt LenB-ALL

Comparison of IDH2mt LenB-ALL with 565 primary B-ALL samples of various subtypes
revealed 434 differentially expressed genes (limma p,q <0.01, log2FC>2.0). Blast counts
were comparable between LenB-ALL and primary B-ALL cohorts (Wilcoxon test p = 0.62).

As B-ALL with IDH1/2-mutations has been described as a molecular subtype with a distinct
gene expression profile by Yasuda et al. (Blood, 2022)%°, we used the differentially expressed
genes from this previously published study as gene sets (p,¢j<0.01, upregulated: log2FC>2,
downregulated: log2FC<-2). The genes reported by Yasuda et al. as upregulated in IDH1/2mt
primary B-ALL were significantly enriched also in our cohort of IDH2mt LenB-ALL compared
to primary B-ALL of various subtypes (NES=1.7, padj=4.5><10'3, Fig. 3A), while the
downregulated genes were strongly negatively enriched (NES=-3.6, pad,-=4.2><10'55, Fig. 3B).
Considering the IDH2mt primary B-ALL (n = 3), we also observed an enrichment of these
gene sets (up: NES =1.28, p.q=0.04; down: NES =-1.58, p.q =0.003), although the
statistical significance was lower, likely due to the small sample size.

These findings indicate a shared gene regulation between IDH2mt LenB-ALL and the

published data of IDH1/2mt B-ALL, irrespective of prior lenalidomide treatment.

Among canonical signaling pathways, IDH2mt LenB-ALL compared to primary B-ALL showed
the strongest enrichment for the HALLMARK HEME METABOLISM gene set (NES=3.16,
padj=9.05><10'44; Fig. 3C). However, this enrichment was also observed in IDH2wt LenB-ALL

9
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compared to primary B-ALL (NES=2.43. padj=1.97><10'17), suggesting a common
lenalidomide-associated effect. The same applies to other HALLMARK gene sets including
HALLMARK_MYC_TARGETS_V1, which is most significantly downregulated in both IDH2mt
and IDH2wt LenB-ALL (Fig. 3C, Suppl. Tab. 4).

To gain insight into the biological processes at a cellular level, we performed single-cell RNA
sequencing of four IDH2mt primary diagnostic and two corresponding MRD-negative bone
marrow samples, analyzing 15,649 cells in total. The IDH2 mutational status on a single-cell
level was assessed using a RoCK and ROI approach for the enrichment of the IDH2 region
of interest. Looking into the gene sets in the single-cell RNA-seq data, we found the
HALLMARK HEME METABOLISM enriched exclusively in erythroid progenitors and not in
leukemic cells (Fig. 3E). Consistently, in bulk data, single-sample GSEA enrichment scores
for the HALLMARK HEME METABOLISM gene set negatively correlated with blast counts,
confirming that this signature is not associated with the leukemic compartment. Median
enrichment scores in for erythropoiesis / heme metabolism gene sets were consistently
higher in LenB-ALL and especially IDH2mt B-ALL when compared to primary B-ALL,
supporting a Len-induced remodeling of the bone marrow microenvironment including a
potential expansion of the erythroid precursor compartment (Suppl. Fig. 4). In contrast,
neither the Yasuda signature nor our IDH2mt LenB-ALL signature showed a significant
correlation with blast counts (Suppl. Fig. 4), suggesting a dominant contribution of a rather
homogenous blast population to the bulk transcriptome.

This finding underscores how bulk RNA-seq does not only reflect the leukemia-specific gene
expression profile but also the composition of the non-leukemic compartment of the samples,

which were from bone marrow samples in all but one IDH2mt LenB-ALL case (Suppl. Tab. 1).

To investigate the epigenetic basis of the observed gene expression signatures, we
correlated differentially expressed genes with differentially methylated regions (DMRs)
located at the corresponding loci. This revealed a typical anticorrelated pattern, where
hypermethylated DMRs — mostly located at promoter regions — were linked to downregulated
gene expression, while hypomethylated DMRs were associated with upregulation (Fig. 3F),

underscoring the functional relevance of DNA methylation in gene expression regulation.

The most significantly downregulated gene in IDH2mt LenB-ALL compared to primary B-ALL
was UBEZ2EZ2 (Ubiquitin Conjugating Enzyme E2 E2) (logFC=-3.86, padj=2.28><1025; Fig. 3G,
Suppl. Tab. 5). Notably, this downregulation was specific to IDH2mt LenB-ALL, for UBE2E2
was not differentially expressed in IDH2mt primary B-ALL (logFC=0.09, p,3=0.95) nor in
IDH2wt LenB-ALL (log2FC=-0.01, p.¢=0.98) compared to primary B-ALL. Moreover, the

correlation analysis with DEGs revealed that UBE2E2 was one of the genes with a
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hypermethylated promoter region correlating with downregulated gene expression (Fig. 3F,
Suppl. Tab. 6, Suppl. Fig. 5B-C).

Altogether, we found the previously described gene expression profile of IDH1/2-mutated
B-ALL to be consistent in our cohort, regardless of prior lenalidomide treatment. In contrast,
certain genes are specific to LenB-ALL (e.g. UBE2E?2).

The strong enrichment of heme metabolism genes in LenB-ALL, irrespective of the driver
mutation, is most likely due to lenalidomide-induced alterations in the bone marrow

composition.

Multilineage involvement of the IDH2 R140Q mutation indicates a preleukemic origin in
the context of clonal hematopoiesis

To elucidate the clonal architecture of IDH2mt LenB-ALL, we quantified the /DH2 mutation
and the intragenic IKZF1 deletions by specific ddPCR assays (sensitivity 0.1%) in diagnostic
and follow-up samples during therapy and compared the results with IG/TR-based MRD
kinetics. During MRD negative remission, we detected the IDH2 mutation with low variant
allele frequencies (median 3.6%, range 0.48-7.5%; Fig.4A) in 4 of 13 patients, indicating
that the mutation was not restricted to the leukemic clone. In contrast, the IKZF1 intragenic
deletions were not detected in any MRD-negative samples using deletion-specific ddPCR

assays, indicating a secondary acquisition during leukemogenesis.

To dissect which cell types apart from the leukemic cells carry the IDH2 mutation, we isolated
different cell populations of the IDH2mt diagnostic (n = 1) or follow-up samples (n = 3) by
fluorescence-activated cell sorting. In all samples, the IDH2 mutation was also found in
myeloid cells, namely in monocytes, erythroid precursor cells, and myeloid precursors. The
lymphoid compartment was partly involved: The IDH2 mutation was detected in NK cells
(patient 30) and T cells (patient 28) (Fig. 4A). Mature B cells were only present in the
diagnostic sample, showing the IDH2-mutation in 10% of B cells, whereas treatment-induced
B-cell aplasia did not allow B-cell evaluation in any of the follow-up samples (Fig. 4B).

The multi-lineage involvement of the IDH2 mutation was confirmed by the single-cell RNA-
seq data. In the six samples analyzed (four diagnostic and two corresponding follow-up
samples), the IDH2 mutation was detected not only in leukemic cells but also in myeloid cells

and, in two patients, also in T cells (Fig. 4C-E).

Thus, the IDH2 mutation was not restricted to the leukemic clone but was found in different
lymphoid and myeloid cells. This indicates that the mutation originates from an immature

hematopoietic stem or precursor cell in the context of preleukemic clonal hematopoiesis.

11
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Clonal evolution reflects RAG-activity in IDH2-mutated LenB-ALL

IKAROS is a negative regulator of RAG1 expression. Consequently, a loss of IKAROS
expression can lead to the activation of recombination activation genes (RAG), which drive
V(D)J recombination of immunoglobulin genes.?' Aberrant RAG activity can, in turn, cause
intragenic IKZF1 deletions.?? Since IKAROS is a target of lenalidomide-induced degradation
and intragenic IKZF1 deletions were frequently detected in IDH2mt cases, we asked whether
there is a history of increased RAG activity in leukemic cells being reflected by signs of clonal
evolution and oligoclonality of /GH rearrangements. In a clonal evolution analysis®® based on
amplicon sequencing of IGH-VJ and -DJ rearrangements'?, we observed at least one
evolving clone in 5 of 11 LenB-ALL samples with intragenic IKZF1 deletions (45%).
Regarding IDH2mt cases, 6 of 12 samples (50%) were classified as evolving, 3 of which
harbored an intragenic /IKZF1 deletion. Compared to 355 adult primary B-ALL of the same
immunophenotype (common-/Pre-B-ALL), where 24% were evolving®®, IDH2mt LenB-ALL
more frequently showed clonal evolution of /GH-rearrangements (Fisher’s exact test: p =
0.08, Suppl. Fig. 5), indicating an increased RAG activity consistent with a loss of IKAROS-

induced RAG-repression.

Discussion

Lenalidomide has been linked to an increased incidence of second primary malignancies,
including B-ALL, in randomized maintenance trials following high-dose melphalan and
autologous stem cell transplantation.” While formal causal attribution remains complex, since
prior therapies may also influence risk, the identical pre-treatment in the lenalidomide and
placebo/observation arms supports a substantive contribution of lenalidomide to this signal.
Similar findings from lenalidomide maintenance in chronic lymphocytic leukemia further
support this conclusion.?

Moreover, molecular characterization of LenB-ALL revealed a mutational profile that is
distinct from primary B-ALL with an enrichment of CH-associated mutations, particularly
TP53 and IDH2.

TP53 mutations are already known to be associated with secondary malignancies following
lenalidomide treatment as well as chemotherapy regimens.>?*? They have also been
reported at very low variant allele frequencies prior to LenB-ALL diagnosis at the time of
multiple myeloma diagnosis. Their low abundance argues against a driver role in the
myeloma.® In vitro and in vivo, it has been demonstrated that lenalidomide promotes the
selective outgrowth of TP53-mutant hematopoietic stem and progenitor cells®, suggesting

that this process might contribute to the enrichment of TP53-mutations in LenB-ALL.
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IDH2 mutations have not yet been systematically reported in LenB-ALL nor in chemotherapy-
associated secondary B-ALL.""®% |n our cohort, we detected the /DH2 mutation R140Q in
23% of cases, representing a marked enrichment compared to primary B-ALL that has not
been described before, possibly due to sampling bias resulting from limited LenB-ALL cohort
sizes or due to differences in treatment regimens.>?® The persistence of these mutations
during MRD-negativity, along with their presence in both myeloid and lymphoid
compartments, suggests a preleukemic origin in hematopoietic stem or early multipotent
progenitor cells within the context of clonal hematopoiesis. Samples preceding the ALL
diagnosis were not available. Similarly, progression from clonal hematopoiesis to
(chemo-)therapy-related hematologic malignancies has been well described before.’®?3° A
clonal relationship to myeloma cells is unlikely, consistent with the fact that IDH2 mutations

are very rare in myeloma.*'

Using DNA methylation arrays, we confirmed that the IDH2 mutation induces DNA
hypermethylation in LenB-ALL, as reported in other IDH2mt entities."® In particular, UBE2E?2,
the most significantly downregulated gene in IDH2mt LenB-ALL, harbored highly methylated
promoter-associated CpGs, likely causing its downregulation. UBE2E2 encodes the
Ubiquitin-conjugating enzyme E2 E2, which is part of the proteasomal degradation system.
Importantly, UBE2EZ2 is not involved in lenalidomide-induced degradation of IKAROS, in
contrast to the E2 enzymes UBE2D3 and UBE2G1%, which were not differentially expressed
in this cohort. A potential functional role in a lenalidomide-induced selective advantage of

IDH2-mutant cells remains to be investigated.

Taken together, we hypothesize that lenalidomide confers a selective advantage of IDH2-
mutant cells. At the B-cell precursor stage, lenalidomide-induced IKAROS degradation may
induce a maturation arrest and sustain aberrantly ongoing RAG-activity, consistent with
subclonal intragenic IKZF1 deletions and a higher frequency of IGH clonal evolution. The co-
occurrence of IDH2 and IKZF1 aberrations in 3 of 4 primary IDH2mt B-ALL cases suggests a
leukemogenic effect of this combination. However, in contrast to primary B-ALL, the variant
allele frequencies of IKZF1 intragenic deletions were mostly low in LenB-ALL, suggesting
that the typical proliferative advantage is not driven by the genomic deletions. The advantage
might instead result from lenalidomide-induced functional IKAROS depletion. This is
supported by case reports of LenB-ALL patients who fully met diagnostic criteria for B-ALL
but experienced spontaneous regression after cessation of lenalidomide.?® Such transient
stages suggest that progression to lenalidomide-independent leukemogenesis requires
additional genetic or epigenetic events, since IDH2 mutations alone are usually insufficient to
drive full leukemogenesis and /KZF1 intragenic deletions are only subclonal. Such epigenetic

alterations may also be induced by lenalidomide. This hypothesis is supported by the
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observation that the lenalidomide analog thalidomide alters promoter accessibility of IKAROS
target genes. This effect persists even after thalidomide withdrawal due to stable chromatin
remodeling.**** However, proteomic data are needed to confirm the impact of lenalidomide-
induced IKAROS downregulation at the protein level.

The IDH2mt LenB-ALL showed a distinct gene expression profile, comprising both IDH2mt-
specific and lenalidomide-associated features. Across LenB-ALL, irrespective of the driver
mutation, heme metabolism signatures were enriched and attributed to the non-leukemic
compartment. This result suggests a relative increase in erythroid precursors, although the
lack of flow cytometry data limits conclusions. Consistently, previous studies have shown that
lenalidomide inhibits hematopoiesis while sparing erythropoiesis®. This lenalidomide-
associated effect might have caused the separation of primary IDH2mt B-ALL and IDH2mt
LenB-ALL in the hierarchical clustering analysis (Fig. 2A) despite shared IDH2mt-associated

signatures.

A critical next step is to investigate the prevalence of IDH2-mutated clonal hematopoiesis
and its potential impact on the risk of lenalidomide-associated secondary malignancies,
particularly B-ALL. In general, IDH2-mutated clonal hematopoiesis appears to be rare and
has not been detected in a cohort of 106 multiple myeloma patients (VAF cutoff: 1.7%)."%
Nevertheless, founding clones may initially occur at very low VAFs below the sensitivity of
common NGS screening assays, as described for therapy-related myeloid neoplasms or
LenB-ALL with preleukemic TP53 mutations.®* Whether — according to our hypothesis —
lenalidomide induces the expansion of IDH2- and TP53-mutant clones, and thereby
increases absolute risk, should be addressed in prospective studies. Any consideration of
targeted CH screening should balance potential benefits against the clinical benefits of
lenalidomide maintenance. The potential contribution of prior cytotoxic therapy including
melphalan also warrants further investigation.

Moreover, IDH2 mutations represent actionable therapeutic targets, as IDHZ2 inhibitors such
as enasidenib are already available for the treatment of IDH2-mutated AML.*” Given the
association of IDH2 mutations with DNA hypermethylation, demethylating agents could also

be explored as potential therapeutic strategies in IDH2mt LenB-ALL.

In summary, we describe a significant enrichment of /DH2 mutations in LenB-ALL and
highlight clonal hematopoiesis as a key contributing factor to lenalidomide-associated
leukemogenesis. Understanding the distinct pathogenic mechanisms and characteristics of
this therapy-related leukemia subtype has important implications for the identification of high-

risk patients and the development of adapted treatment strategies.
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Figure Legends

Fig. 1: IDH2 mutations are highly enriched in LenB-ALL. (A) The oncoplot shows the
mutational profile of our LenB-ALL cohort (n = 57), revealing three groups (TP53mt, IDH2mt and
other), which are mostly mutually exclusive. Mutations were assessed using the EC-NDC panel. The
variant allele frequency (VAF) was normalized to the blast count (VAF,.m=VAF/Blast count), where a
value of 0.5, for example, represents a heterozygous clonal mutation. Copy number variations were
assessed using MLPA, PCR and SNP-Arrays. Gene fusions were detected by RNA-seq. BCR::ABL
gene fusions were mostly known from external reports. White cells indicate missing data. (B)
Compared to primary B-ALL (n = 360), mutations in TP53, IDH2 and DNMT3A were significantly more
frequent (p-values: 0.06,*** <0.001,* <0.05, Fisher’s exact test, FDR-adjusted).

Fig. 2: IDH2mt LenB-ALL represent a novel ALL subtype with a distinct gene
expression and DNA methylation signature. A Hierarchical clustering analysis reveals an
IDH2mt LenB-ALL cluster, which is distinct from other LenB-ALL and also from IDH2mt primary B-ALL.
TP53-mutated LenB-ALL group together with the low hypodiploid B-ALL subtype. B Based on the top
300 most variably expressed genes, the IDH2mt LenB-ALL form a cluster distinct from other LenB-ALL
and primary B-ALL (n = 565)'°. C Based on the top 0.5% most variable CpGs from the EPIC array, the
IDH2mt LenB-ALL fall within one cluster with two subclusters that are characterized by high beta-
values. D In the principal component analysis, the IDH2mt LenB-ALL form a distinct cluster, which is
close to IDH2mt T-ALL and IDH2mt AML, and distinct from primary B-ALL of different subtypes (all
grey). The annotation of the primary B-ALL subtypes is shown in Suppl. Fig. 3.

Fig. 3. Transcriptomic analysis identifies IDH2mt-specific and lenalidomide-specific
alterations. A-B Enrichment plots of IDH2mt LenB-ALL compared to primary B-ALL of gene sets
defined based on differentially expressed genes (A upregulated, B downregulated) from Yasuda et al.
(Blood 2022) demonstrate that the IDH1/2mt gene expression signature is consistent irrespective of
prior lenalidomide treatment. C Gene set enrichment analysis (GSEA) using HALLMARK gene sets
reveals positive enrichment of the HEME METABOLISM gene set and a negative enrichment of MYC
TARGET genes in IDH2mt LenB-ALL vs prim. B-ALL. D-E UMAP projection of single-cell RNA
sequencing data of four primary diagnostic IDH2mt LenB-ALL samples and two corresponding follow-
up samples, merged. D UMAP colored by cell type annotation. E UMAP showing AUC score for the
HEME METABOLISM gene set. F DMRs mapped to corresponding genes, mostly located in their
promoter region, showed an anticorrelated pattern. UBE2E2 was one of the genes with downregulated
expression level linked to promoter hypermethylation. G Vulcano plot of differentially expressed genes
in IDH2mt LenB-ALL compared to primary B-ALL.

Fig. 4: Multilineage involvement of IDH2 mutations. A Divergent kinetics of IG/TR-based
MRD vs. IDH2 variant allele frequency indicate that the /IDH2 mutation is not restricted to the leukemic
clone. The IDH2 mutation was detected in different FACS-sorted bone marrow cell populations at
marked time points. B The /IDH2 mutation was detected in non-leukemic cell populations at primary
diagnosis even in a patient with convergent MRD- and /IDH2-VAF kinetics. C-D UMAP projection of
merged scRNA-seq data from four diagnostic and two corresponding follow-up (FU) samples. scRNA-
seq confirms the presence of the IDH2 mutation in non-leukemic cells. Based on the leukemic cells, all
of which are assumed to carry the IDH2 mutation, a false negative of 87% was calculated, suggesting
that the actual proportion of IDH2-mutated cells is much higher. E UMAP projection split by sample.
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