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Clonotypic characterization defines B-cell drivers of clonal
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Abstract

Waldenstrom macroglobulinemia (WM) and IgM monoclonal gammopathy of undetermined significance (MGUS) share the same
cell of origin but differ in clonal size. Compared with other B-cell neoplasms, the lymphoplasmacytic clone in WM can be rather
small, limiting our understanding of clonal expansion. We applied an integrative approach using single-cell RNA with B-cell
receptor (BCR) sequencing, the assay for transposase-accessible chromatin, and whole-genome sequencing to characterize the
tumor clone in patients with IgM MGUS, smoldering WM (SWM), and symptomatic WM (WM). IgM MGUS and low- or
intermediate-risk SWM harbored multiple B-cell clones compared to WM. CD9, JCHAIN, RASSF6, and DUSP22 were the main
markers of the dominant B-cell clone at gene expression and chromatin activity levels, with CD9 preferentially expressed in
plasma cell-like tumor cells. POU2F2 had high activity in the tumor clone and was linked to CD9 regulatory regions. MYD88 and
IGLL5 mutations, mainly associated with the mutational signature SBS5, were present in minor clones, whereas the MYD88
mutation was also detected in nonexpanded B-cells. The 6qg deletion was present in tumor cells from high-risk patients, which
harbored fitness advantage over copy-neutral tumor cells. Coding mutations clustered tumor and minor clones from oligoclonal
patients and were associated with abnormal transcriptional programs. The B-cell clones also showed enriched predicted
interactions with monocytes. Our integrative single-cell approach reveals the importance of clone size in IgM gammopathy and
identifies key markers promoting clonal expansion.
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INTRODUCTION

Waldenstrom macroglobulinemia (WM) is a lymphoplasmacytic
lymphoma that produces a monoclonal IgM in the serum.*? The
clinical course is highly heterogeneous, as some patients experience
an asymptomatic phase.>* The lymphoplasmacytic clones can also
be detected in patients with the premalignant condition IgM mono-
clonal gammopathy of undetermined significance (MGUS) using
multiparametric flow cytometry and next-generation sequencing,®””
suggesting a clonal expansion that can start years before an overt
lymphoma.

The malignant clone in IgM gammopathy (IgM MGUS and WM)
originates from a self-proliferating memory B-cell in the germinal
center (GC) harboring the recurrent MYD88 L265P mutation.®®
Recent studies identified the MYD88 mutation in naive and other
B-cell precursors or in patients without clonal B-cells,®™*° while
murine models suggested that the mutation itself is insufficient to
cause clonal expansion.® This explains why recent multicenter studies
failed to incorporate the MYD88 mutation in progression-free or
overall survival models.*** CXCR4, ARID1A, and CD79B mutations,
and the 6q deletion (del6q) have been proposed as genomic altera-
tions driving disease progression in WM*2 1% however, because of
their subclonal allelic frequency, assessment using bulk sequencing
techniques is difficult.

At the single-cell level, the malignant clone in WM shows a
plasma cell-like (PC-like) or memory B-cell-like (MBC-like) pheno-
type,'® and the expression of CD9, JCHAIN, and DUSP22 in B-cells
has been reported.'® These features highlight phenotypic complexity
in WM, which is exacerbated by intra-tumor and inter-patient
heterogeneity, particularly in low tumor burden cases with variable
bone marrow (BM) infiltration.>*” In addition, small BM B-cell
clones can cause significant symptomatic disease.® This variability
complicates the assessment of tumor-specific biomarkers and un-
derscores the need to characterize the clonal composition in IgM
gammopathy. Evidence from other B-cell malignancies indicates a
diverse B-cell receptor (BCR) repertoire, in which a predominant
clone is selected.”2° Clonal expansion typically involves cells sharing
the same BCR rearrangements that acquire additional genomic
alterations, leading to aberrant clones with enhanced proliferative
capacity and immune evasion.®?! This process remains poorly defined
in 1IgM gammopathies.

In the present study, we tracked distinct B-cell clones by
molecular profiling of their BCR and linked them with genomic
and transcriptomic signatures across diverse clinical contexts. This
approach allowed us to characterize the clonal composition in low
tumor burden patients and how predominant clones emerge and gain
advantage in patients with adverse clinical outcomes.

MATERIALS AND METHODS
Patient and sample processing

We collected BM and peripheral blood (PB) samples from the Biobank
of Hospital Clinic de Barcelona. Patients were diagnosed with IgM
MGUS, asymptomatic or smoldering WM (SWM), and symptomatic
WM (WM) according to International Consensus.?>*® Risk stratifica-
tion in asymptomatic (IgM MGUS and SWM) and symptomatic
patients followed previously reported criteria.*! In cases with paired
BM and PB samples, patients had detectable circulating disease by
multiparametric flow cytometry at sampling.

All patients provided written informed consent according to the
Declaration of Helsinki. The study was approved by the Ethics

Committee from Hospital Clinic of Barcelona. In total, 16 samples
(BM, PB, and longitudinal) were obtained from 3 IgM MGUS patients,
4 SWM patients, and 5 WM patients. Patients were selected based
on sample availability and sufficient number of cells to perform
multiomics experiments and to represent all clinical stages of IgM
gammopathy. The flow-sorting process involved isolating purified
mononuclear cells from all 16 samples for further encapsulation in the
Chromium Controller (10x Genomics), whereas CD19+ and CD138+
cells were isolated as tumor and CD3+ cells were considered normal
only for whole-genome sequencing (WGS).

Library preparation and sequencing

All samples were used for single-cell (sc-) 5'RNA with BCR sequen-
cing, while 4 BM samples were used for a single-cell assay for
transposase-accessible chromatin (sc-ATAC) sequencing (Supporting
Information S3: Table S1). Single-cell libraries were generated using
the Chromium Controller (10x Genomics). For sc-ATAC, nuclei were
isolated before transposition and barcoding. Libraries were indexed
with single-index primers following the manufacturer's protocols
(Chromium Next GEM Single Cell ATAC v2, reference number
1000406). For sc-5'RNA and BCR sequencing, reverse transcription
and cDNA amplification were performed after gel bead barcoding,
followed by human BCR sequences' enrichment. Libraries were dual-
indexed following the manufacturer's protocols (Chromium Next
GEM Single Cell 5’ v2-reference number 1000263 and Chromium
Single Cell Human BCR Amplification—reference number 1000253).
Libraries were pooled, quantified, and sequenced on a NovaSeq X
Plus instrument (150 bp paired-end; lllumina).

DNA extraction and sequencing

Fourteen tumor/normal samples from 10 patients were used for WGS.
These included 2 paired BM-PB samples and 2 paired longitudinal
samples (Supporting Information S3: Table S1). DNA extraction was
performed according to the manufacturer's recommendations (QlAamp
DNA Mini Kit; Qiagen). The DNA concentration was quantified using
the Qubit 4 Fluorometer (Thermo Fisher Scientific). Library preparation
was performed following Illumina recommendations and were se-
quenced on a NovaSeq X Plus instrument (150 bp paired-end; lllumina).

Single-cell sequencing analyses

Briefly, raw FASTQ files from sc-5'RNA with BCR and sc-ATAC
sequencing were aligned, filtered, and processed using Cell Ranger to
obtain feature-barcode matrices and fragment files, respectively.
Downstream analyses were performed using Seurat version (v)
5.3.0%2 and Signac v1.15.0.22 We followed the standard workflow
recommended by Seurat to filter cell doublets, and normalize, scale,
and transform data for further clustering and cell annotation. Cell
annotation was performed using BM references. The BCR sequences
reported by Cell Ranger were processed using IgScan (https://github.
com/nadeulab/IgScan) to call clonotypes based on V-gene usage and
CDR3 similarity. Relative clonotype abundance was used to label
clones from C1 to Cn (n=number of clonotypes identified). C1 re-
presents the most abundant B-cell clone. Additional expanded clones
(i.e., those accounting for 22 cells that were not C1) were labeled as
C2, C3, C4, C5, and other expanded clones, and were grouped as
“minor clones” in some analyses. Clones represented only by 1 cell
were labeled as “not expanded”. Gene set enrichment analyses
(GSEA) were performed using Single Cell Pathway Analysis (SCPA)
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v1.6.2. InferCNV v.1.22.0 was used to infer copy number gains and
losses from gene expression data.?* SComatic was used to call so-
matic single-nucleotide variants (SNVs) from sc-RNA bam files.?®
Liana v0.1.14 was used to analyze cell-to-cell interactions between
tumor microenvironment (TME) cells and the B-cell clones.?®

Anchor-based integration of the RNA and ATAC data was per-
formed following Seurat recommendations, using gene expression from
the RNA data as the reference and ATAC gene activities as the query.
Label transfer was used to add the BCR and other cell-type annotations
to the ATAC data. The adjusted rand index was used to assess the
correlation and agreement between both assays. Chromvar v1.30.1 and
JASPAR 2020 motifs database were used to compute motif deviation
scores at single-cell resolution in accessible chromatin regions.?” The
Wilcoxon rank-sum test was used for differential gene expression ana-
lyses. P values were adjusted using the false discovery rate (FDR). More
details can be found in the Supporting Information: S2.

WGS analyses

Tumor and normal FASTQ files were aligned to the reference human
genome GRCh38 using the bwa MEM algorithm.?® SNVs and small
indels, copy number alterations (CNAs), and structural variants were
called using a custom multi-caller approach.?? Single base substitu-
tions (SBS) signatures fitting was used to quantify the contribution of
SBS1, SBS5, SBS8, and SBS9 previously reported in WM,30-32 using
MutationalPatterns.®® Per mutation probability was computed on
fitted SBS signatures using SigProfilerAssignment.>* More details can
be found in the Supporting Information: S2.

RESULTS

BCR clonotypic characterization of the tumor clone
and other oligoclonal B-cells

As an overview of the study, Supporting Information S3: Table S1
shows the clinical characteristics of all patients, and Figure 1A sum-
marizes the experimental approach. Using sc-RNA sequencing,
134,040 cells that passed quality control filters were annotated in
distinct mononuclear cell populations (Supporting Information S1:
Figure S1A,B). 71,332 (53.2%) and 2291 (1.7%) cells were annotated as
B-cells and plasma cells, respectively (Figure 1B). The BCR was de-
tected in 61,176 B-cells and plasma cells. The major clone detected
(also called C1, N =57,313) was larger in size in SWM and WM com-
pared to IgM MGUS (Wilcoxon test, P =0.036). Minor clones were
categorized as C2 (N = 1533), C3 (N = 90), C4 (N = 66), C5 (N = 35), and
other expanded clones (N = 241), while those that accounted for only
one cell were annotated as “not expanded” (N =1898) (Supporting
Information S4: Table S2). Low-risk SWM (Patient [Pnt] 13) had oli-
goclonal B-cells and nonexpanded B-cells, with a similar profile as the
IgM MGUS cases (Figure 1C). Memory B-cells comprised the vast
majority of each B-cell clone, less than 5% were annotated as age-
associated B-cells, and less than 12% of plasma cells were present
(Figure 1D). Clonal plasma cells were identified across all patient
groups and were most frequently detected in patients with sympto-
matic WM (Supporting Information S1: Figure S1C). Using principal
component analysis (PCA), we observed that C1 cells differed from the
remaining clones in most samples, except in 1 low-risk IgM MGUS
(Pnt7) (Figure 1E). After dimensionality reduction, minor clones and
nonexpanded B-cells co-localized closely (Figure 1F).

Using pseudobulk differential gene expression analyses (DGE)
with FDR-adjusted p-values, C1 cells showed upregulation of genes

previously associated with WM tumor cells, including CD9, JCHAIN,
IGHM, DUSP22, and RASSFé. Minor clones preferentially upregulated
IGHG2, ADAM28, S1PR1, FAM30A, ZFP91, and ARID4B, among oth-
ers. In contrast, nonexpanded cells showed increased expression of
BCL7A, SOX4, DTX1, and IGHA1 (Supporting Information S5: Table S3
and Supporting Information S1: Figure 1G). Based on previous vali-
dated signatures,’®> we assigned MBC-like and PC-like scores to our
population of B-cells from baseline samples (N = 12), and observed that
JCHAIN, CD27, PRDM1, and XBP1 were highly expressed in the PC-like
compartment of C1 cells and other minor clones and nonexpanded
B-cells, while CD9 was preferentially upregulated only in PC-like C1
cells (Figure 1H), supporting a state-dependent rather than a universal
expression pattern. CD9, a marker of germinal center (GC) B-cells, had
a heterogeneous expression across patients, given that fewer CD9-
positive C1 cells were present in a relapsed/refractory (R/R) WM
(Pnt5) or a previously exposed WM (Pnt11), while treatment-naive
cases had more C1 cells expressing CD9 (Supporting Information S1:
Figure S1D).

We next performed in silico validation of the top upregulated
genes identified in C1 cells using two publicly available data sets: WM
B-cells analyzed by sc-RNA 3’ sequencing (WM-1)1> and WM B-cells
from a bulk RNA sequencing study (WM-2).3> No significant differ-
ences were found between C1 and WM-1 cells. In contrast, only
JCHAIN (P =0.020) and XBP1 (P < 0.001) had a differential expression
between the single-cell studies and WM-2, likely reflecting a tech-
nical batch effect between assays (Supporting Information S1: Fig-
ure S1E). C1 cells also upregulated the Toll-like receptor pathway,
along with NF-kB-, IL6-mediated JAK/STAT3 signaling and MAPK
signaling, which were associated with an inflammatory response
(Figure 11). These results suggest that C1 cells are characterized by a
predominant MBC-like identity with GC expression markers but
transitioning to a plasmacytic phenotype, consistent with an inter-
mediate or partially differentiated state.

Regarding specific targetable surface antigens in WM, we ob-
served that MS4A1 (CD20) was present in all B-cells, while TNFRSF17
(BCMA) expression was low or absent, and this low expression was
clone- and patient-independent. It is noteworthy that TNFRSF13C
(BAFFR) and TNFRSF13B (TACI) expression was consistent across all
samples and B-cell clones, with BAFFR showing comparatively higher
expression (Supporting Information S1: Figure S1F-G). CD9 expression
was enriched in a subset of C1 cells in a patient-dependent manner,
while BAFFR emerged as the second upregulated marker (pairwise
Wilcoxon test, BAFFR vs. remaining genes, P-adjusted <0.001). In
contrast, from C2 to nonexpanded B-cells, BAFFR was the most con-
sistent upregulated marker after CD20 (Supporting Information S1:
Figure S1G).

Distinct chromatin accessibility patterns in B-cell
clones

We further integrated the BCR clonotypic gene expression with sc-
ATAC data in samples that had both assays available. In total, 30,033
B-cells from 1 IgM MGUS patient, 2 SWM patients, and 1 WM
patient were successfully integrated and their cell annotations were
transferred (Supporting Information S1: Figure S2A). The distribu-
tion of annotated B-cells was similar to the RNA data, in which
memory B-cells were the most representative cell type (Figure 2A).
Plasma cells constituted a minority within each annotated BCR clone
(range 1.13%-4.47%) (Figure 2B). Similarly, the minor clones and
nonexpanded cells co-localized closely and belonged to IgM MGUS
and SWM patients (Figure 2C). Differential motif accessibility ana-
lysis using chromVAR across all B-cell clones revealed that the
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FIGURE 1 B-cell receptor (BCR) repertoire characterization in IgM gammopathy. (A) The design of the study included 16 samples from 12 patients. (B) Main

annotated cell types after t-distributed stochastic neighbor embedding (tSNE). (C)

Distribution of B-cell clonotypes across baseline or diagnostic samples showing

oligoclonal cells in IgM monoclonal gammopathy of undetermined significance (MGUS) and low-risk smoldering Waldenstrém macroglobulinemia (SWM) (Pnt13).

(D) Proportion of annotated B-cell subtypes within each B-cell clonotype group. A total of 61,176 B-cells had a BCR annotation for downstream analyses. (E) Principal
component analysis across baseline or diagnostic samples taking into account whole-gene expression per clone. (F) Distribution of minor clones (C2, C3, C4, C5, and
other expanded B-cells) and nonexpanded B-cells on tSNE dimensions. C1 cells are depicted in gray. (G) Pseudobulk differential gene expression analyses using the
Wilcoxon rank-sum test and false discovery rate-adjusted P values identified the main markers of each B-cell clone group. (H) Heatmap showing the expression of
memory B-cell-like (MBC-like) and plasma cell-like (PC-like) signature genes previously characterized in WM across C1 cells, minor clones (C2, C3, C4, C5, and other
expanded), and nonexpanded B-cells. (I) Upregulated signature pathways comparing C1, minor clones, and nonexpanded B-cells. The most variable pathways across

comparisons were shown.

octamer-binding transcription factors (OCT/POU family), FOXP1
and NFKB2, had increased motif activity in C1 cells compared to the
remaining B-cell clones. Conversely, motifs corresponding to XBP1,
KLF3/9, IRF4, and the SMAD family of transcription factors (TFs) were
enriched in minor clones, whereas PRDM1, SPIB, and PAX5 were enriched

in nonexpanded B-cells (Figure 2D and Supporting Information Sé: Table
S4). It is noteworthy that the POU family were the top TFs in C1 cells
after comparing C1 cells and nonexpanded B-cells (Figure 2E). These
results suggest that the C1 cells retained strong POU2F1/2 activity that
may result in repression of the plasmablast program.
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FIGURE 2 Chromatin accessibility characterization of the B-cell clones. All differential analyses were performed using the Wilcoxon rank-sum test with false
discovery rate-adjusted P values. (A) UMAP dimension reduction after co-embedding single-cell RNA and single-cell ATAC data. (B) Main B-cell subtype distribution
per clone. (C) t-distributed stochastic neighbor embedding (tSNE) of the integrated RNA and ATAC B-cells colored by clonotype group (C1, minor clones [C2, C3, C4,
C5, and other expanded B-cells], and nonexpanded B-cells), showing the close proximity of minor clones and nonexpanded B-cells. (D) Differential transcription factor
(TF) motif analyses were performed after computing ChromVAR single-cell activities in C1, C2, C3, C4, C5, other expanded (OE), and nonexpanded (NE) B-cells.

(E) Top differential motifs identified in C1 cells. The size and color from each TF were plotted based on the average log2-fold change. (F) Differential accessibility
analyses were performed in C1 cells, minor clones (C2, C3, C4, C5, and other expanded), and nonexpanded B-cells. Accessible peaks were linked with the nearest
gene. Genomic regions display pseudobulk accessibility tracks for the CD9, DUSP22, RASSF6, and JCHAIN loci. Positive Log2 fold change (Log2FC) values represent an
increased accessibility in C1 cells in contrast to minor clones and nonexpanded B-cells. (G) POU2F1 and POU2F2 motif deviation scores in C1, minor clones, and

nonexpanded B-cells. Individual cells are colored according to scaled CD9 expression. Dotted lines indicate the zero-centered thresholds used to distinguish lower

versus higher motif deviation scores.

POU transcription factors' activity in the tumor clone

Given that POU TFs share similar DNA-binding motifs, we focused
only on those with previously reported relevance in B-cell biology.
POU2F1 and POU2F2 are TFs that regulate B-cell proliferation
and differentiation within the GC in normal and malignant B-cells.®¢3”
We performed chromVAR motifs pairwise correlation activities to
delineate distinct B-cell states. In C1 cells, the POU2F1/2 TFs
were decoupled from the plasmablast program (near zero or negative
correlations with IRF4, XBP1, and PRDM1) and showed opposite
activity to SPIB (r=-0.49). Minor clones displayed a plastic state,
in which the activity of POU2F1/2 was correlated with NFKB2
(r=0.32-0.36) and weakly correlated with IRF4 and XBP1. Non-
expanded cells had a more physiological GC to plasmablast transition,
in which POU2F1/2 were correlated positively with IRF4, XBP1, and
SP1, while IRF4 and XBP1 were negatively correlated with SPIB
and positively correlated with SP1 (Supporting Information S1: Fig-
ure S2B-D). Based on diagnosis, we identified that POU2F2 was
highly active in WM in contrast to IgM MGUS and SWM, which
showed more activity of IRF4, XBP1, and PRDM1 at both chromatin
and expression levels. The increased expression of XBP1 reflected
activation of a broader plasma cell-associated program (Supporting
Information S1: Figure S2E).

To further investigate the top markers in C1 cells identified from
sc-RNA data, we performed differential chromatin accessibility ana-
lyses and observed increased accessibility at the CD9, DUSP22,
RASSF6, and JCHAIN loci in C1 cells compared to minor and non-
expanded B-cells (Figure 2F). Peak-to-gene linkage analyses revealed
that CD9 cis-regulatory elements located at chr12:6,44 Mb contained
POU2F1/2 motifs, which also lay in proximity to CD27, a memory
B-cell marker (Supporting Information S1: Figure S2F). We also found
that CD9 activity correlated positively with POU2F1 (r=0.23,
P <0.001) and POU2F2 (r=0.21, P <0.001) motif activities, but pre-
ferentially in C1 cells (Figure 2G), suggesting that these TFs are as-
sociated with the transcriptional activation of CD9. Using the RNA
expression data from the remaining samples, we observed that
POU2F2 was consistently upregulated in C1 cells from WM patients.
Footprinting analyses performed in each case demonstrated POU2F2
occupancy in C1 cells from SWM patients preferentially (Supporting
Information S1: Figure S2G). Altogether, C1 cells harbored high
POU2F2 activity and displayed features suggestive of an aberrant
pre-plasmablast-like state.

Genomic landscape of IgM MGUS and WM

We analyzed the genomic alterations using WGS from sorted CD19+
and CD138+ cells in available samples. All harbored the MYD88
L265P mutation. Coding mutations in IGLL5 and PRDM1 were present
in at least 3 patients. CXCR4 mutations were detected in 2 patients

and were small indels (Figure 3A and Supporting Information S7
and S8 Table S5 and Sé6). del6qg and gain of 6p (gainép) were detected
in 4 patients. TNFAIP3, PRDM1, IBTK, FOX03, and ARID1B were in-
volved in chré deletions, whereas IRF4 and FOXP4 were involved in
chré gains. Additional copy-number gains affected MYC (chr8) and
BCL2 (chr18). Translocations of chr7, chr8, chré, and chr2 were ob-
served in an R/R WM (Pnt10) and a high-risk SWM (Pnt9). An
intermediate-risk IgM MGUS patient who progressed after 5 years
(Pnt3) carried deletions in chr11 and chr19, and a gain of chr18, while
Pnt10 additionally harbored a chrl7 deletion encompassing TP53
(Figure 3B and Supporting Information S9 and S10 Tables S7 and S8).
Mutational signature analyses revealed dominant activity of SBS1,
SBS5, SBS8, and SBS9 across all cases, except Pnt7 (Figure 3C), in
whom the C1 clone represented a minor fraction of the total B-cell
repertoire (Figure 1C). These results reflect aging-related processes
as the predominantly mutational force in IgM gammopathy, followed
by the activation-induced cytidine deaminase (AID) poly-eta activity.

Integrative genomic characterization of B-cell clones

We next characterized the clonal expansion using an integrative ap-
proach. We called SNVs from sc-RNA aligned data on B-cells based
on their clonotypic features (C1, minor clones, and nonexpanded
cells). Given the presence of false-positive calls, we kept only those
coding RNA-based SNVs that were also detected by WGS from the
entire cohort. In total, 114 mutations were identified across all
samples and B-cells. C1 cells harbored the majority of the somatic
mutations, with MYD88 L265P present in all samples, followed by a
synonymous variant in KIAA2013 (Figure 4A). It is noteworthy that
MYD88 L265P was also present in minor clones from 1 IgM MGUS
(Pnt3) and 1 SWM (Pnt13) patients, and even in nonexpanded B-cells
from the same AWM patient. IGLL5 mutations were also detected in
minor clones from two other cases. Other SNVs identified in non-
expanded B-cells were missense mutations in PRDM1 and RPS20, and
a synonymous mutation in NFATC2. All mutations found in minor
clones and nonexpanded cells were also detected in C1 cells, except
from IGLL5 (Pnt3 and Pnt4), MSL2 (Pnt13), and a single missense
mutation in H1-3 (Pnt3). TP53 mutations were identified only in C1
cells from two patients (Pnt5 and Pnt10) (Figure 4A and Supporting
Information S11: Table S9).

The MYD88 L265P has been previously reported in nonclonal
B-cells from patients with WM.&1° Because we also identified IGLL5
mutations in minor clones (Pnt3 and Pnt4), we analyzed the muta-
tional processes underlying both alterations and found SBS5 to be the
predominant signature (Supporting Information S1: Figure S3A-D).
Visual inspection using the Integrative Genomics Viewer (IGV) of in-
dividual cases confirmed that all IGLL5 mutations did not map to other
immunoglobulin loci. These results suggest that IGLL5 mutations may
be associated with a similar aging mutagenic process as MYD88.
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FIGURE 3 Genomic landscape of the cohort. (A) Mutations in MYD88 were present in all samples, followed by IGLL5, H1-4, and PRDM1. Copy number alterations
(CNAs) involving chromosomes 6, 8, and 18 were the most frequent and prevalent in more than one case. (B) Circos plots summarizing structural variants (SVs) identified
by whole-genome sequencing across diagnostic groups. Deletion, duplication, inversion, and translocations are shown. Each internal line corresponds to an SV

connecting two breakpoint positions. All SVs detected in our cohort are based on data

presented in Supporting Information $10: Table S8. (C) Distribution of single-base

substitution (SBS) mutational signatures per case, inferred from somatic mutations identified by whole-genome sequencing. Signature contributions were estimated using
a fitting approach on SBS1, SBS5, SBS8, and SBS9 based on prior studies in Waldenstrém macroglobulinemia and other mature lymphoid malignancies.

To investigate whether somatic mutations cluster together within
B-cell clones, we analyzed patients who had WGS data and sufficient
number of distinct B-cell clones from sc-RNA data. In Pnt9, C1 cells
carrying CD83 139G>A clustered separately from the H1-4 127C>T
mutant cells, while most C1 cells also harbored deléq, in contrast to
C2 and nonexpanded B-cells (Figure 4B). Gain of the entire chr18 was
detected mostly in C1 cells from Pnt3 (Figure 4C). Pnt7, Pnt4, and
Pnt1 had few cells with callable somatic mutations due to genes with
low expression or did not have CNAs identified from sc-RNA or WGS.
In Pnt7, nonexpanded B-cells were the most prominent cells, which
limited the capacity to identify somatic mutations from C1 cells
(Supporting Information S1: Figure S4A-C). In Pnt13, which had a
more oligoclonal context, the IGLL5 mutation was detected pre-
ferentially in C1 cells (Figure 4D).

Intratumor heterogeneity is associated with genomic
alterations and aberrant gene expression programs

To gain more insight into intratumor heterogeneity, a high number of
tumor cells is needed. Thus, we analyzed patients (Pnt10 and Pnt12) with
both BM and PB samples to characterize in depth how the C1 clone
behaves using somatic mutation data and CNAs. By inferring somatic
mutations clusters from WGS, we detected 4 subclones that emerged
from a MYD88- and CXCR4-mutated clone in Pnt10. IGLL5 ¢.153C>T-
cells did not show a clear trend of grouping together; however, inferred
deléqg or del17p cells co-localized each other and clustered into another
C1 subcluster (Figure 4E and Supporting Information S1: Figure S4D). In
the case of Pnt12, RPS20 and PLEKHJ1 mutations, identified as subclonal
by bulk WGS, clustered apart in the C1 clone using sc-RNA in both BM
and PB (Figure 4F). In contrast, inferred gain18q was present in all C1

cells (Supporting Information S1: Figure S4E). In both Pnt10 and Pnt12,
the main tumor clone was detected in BM and PB (Supporting In-
formation S1: Figure S5A-B). After combining both BM and PB from
Pnt12 as a single group of C1 cells, we performed DGE based on the
presence of RPS20 and PLEKHJ1 mutations and identified that CD9 cells
clustered apart from VPREB3 cells, which is a less mature B-cell marker
(Figure 4G and Supporting Information S12: Table S10).

6q deletion impacts in disease progression or
transformation

We further analyzed patients with longitudinal samples (Pnt2 and
Pnt5) at diagnosis and disease progression or transformation. Pnt2, a
high-risk SWM, progressed after 1 year of follow-up. At both time
points, there were mutations in MYD88, IGLL5, and H1-4, along
with deléq and gainép (Figure 5A). In addition, we observed that
the KLHL6 c.125C>T mutation spread between multiple C1 cells at
the single-cell level, but TMED4 ¢.35T>A was confined within a C1
cluster. Gainép was present in nearly all C1 cells; meanwhile,
delé6q C1 cells clustered together as the TMED4 mutation, and was
associated with lower CD9 expression (Figure 5A).

Although the dominant tumor clone appeared broadly stable
during the 1-year follow-up (Supporting Information S1: Figure S5C),
delé6q remained restricted to a distinct subcluster despite the wide-
spread distribution of gainép across the clone. We next examined
Pnt5, an intermediate-risk R/R WM that transformed into a diffuse
large B-cell lymphoma (DLBCL). In this case, we observed that the
SRRT c.16G>A mutation and gain8p spread across all C1 cells at the
first time point, but then clustered together after two years of follow-
up. In contrast, delé6g C1 cells appeared to expand at the time of

850807 SUOWWD 3A 8.0 (el (dde au Aq pausenob ae sejone VO ‘@sn J0 Sa|nJ 1o A%eiq)T8uljuO A3|1A UO (SUORIPUOO-pUe-SWLR)ALI0D A8 |1 AReIq U1 UO//:SANY) SUORIPUOD pue swie | 8y} 89S *[9202/0T/9z] Uo AreiqiTauluo Ae|im ‘(-ouleAnge ) aqnopesy Aq 9510, EWeU/Z00T 0T/I0PW0D A8 | 1M Aeiq 1 |Bul|uo//Sdny Wiy pepeoumod ‘6 ‘9202 ‘Tv262.52



(A) (B) Pnt9 - SWM

) Clones
hr3-38141150- N\ & :8;
chr3- - w
o R Z o o
ch?simsgogm %) M
:
%?\5‘1:11%1 ‘I 3 e O&ee})«e)gg:r?ged
chr1—1367%41 20
pstl
ccrhrr‘_5177%4|7 1 =30 -20 él) 0 10 20
iz tSNE_1
hrl 7 /-C-1 USP3; I -
e el !
ST BERE L b TR ‘ ES===—= e CD83 139G>A H1-4127C>T del6q
hr22-22888134- I
chrrZ%ZZS%%%Z
&)‘1’{%_14%%% F c\‘| 20] o il
Bl woot 3 . 5
- z° 2 N
chrg. 815005 —— 0 3
hr1-34855811 - T = %
oS : o8 -
cﬁﬂ'g.} 1973054 H -30-20-10 010 20 -30-20-10 0 10 20 -30-20-10 0_ 10 20
gv;g.;,%; s = tSNE _1 tSNE_1 tSNE_1
cl 1((:—?('!'1680%-3 G |-
chr|5—101752%1 7-C-T CHPT | H_
chr12-120738548-G—/ Mutation
e R = e
320 GA POl .
oy P ARP L RBA T — Yes (C) Pnt3-1gMMGUS
Al e E-===
cl Y|5—78|7%%%7—(:AEA épggéﬂ I
R ey ‘Wéﬂs T
ety ==
cl r|7—7g§5 76T_ F(Lrg&'a | 2
hr19-33119088-G-T G/ HI|
& éhr19—45815392—C—A YMPK( i °Cs oG5
cnrip-fol 80 GASK #,‘?H © Not expanded © Not expanded
chr20—3%0927%8— A T%PC 1Al Other expanded Other expanded
chr22-22888079-G~ Ig L5
Goamaing—
8?"3—13%752%22— —é M%L T ||
chr3-52844860-A-T S’ TI%T [ I
-G-T
chre —141188551— -A ED #
hr6-26031877-G-A
G ARG

chr6-31 4%5707 g K2E
hr7-1 11-G-A SAPZ!
Cchra—qeg 9%9993907T PLEC

Rw e, 'H -

hr6-26234447-C-G H’;%

Pnt4.
Pnt1
PntsA
Pnt3
Pnt13
Pnt9
PntsB
Pnt12A
Pnt12B
Pnt2A
Pnt2B
Pnt10B
Pnt8
Pnt4.
Pnt3
Pnt13
Pnt3
Pnt13
Pnto
Pnt12A
Pnt12B

-30-20-10 0_10 20 80

tSNE_1
(E) Pnt10 - WM (F) Pnt12 - WM
1 1
¢} . o
p 4173 SNVs 0 . L |
BM PB BM PB
Clones Clones
eci o1 Clones
b3 o g
o %  Not expanded
@ Not expanded  Not expanded Othar.expanded
Other expanded Other expanded
%5 0 _ %5 50
tSNE_1
RPS20235C>T  PLEKHJ1145C>G RPS20235C>T  PLEKHJ1145C>G
w o, o
N‘ 201 s N‘ 201 4. ..'. it
E ] TN
tSNE_1 tSNE_1
(G) PAt12 - WM Pnti2 - WM
PLEKHJ1 — mut vs. RPS20 — mut
50 JoKv2iza 50
s
oof igLcz 16HV5-23 Nl 25
40 ung;'q g ‘ ZNF3s1 ul
CSGALNACT!, “CAMK2D JUNB . =
1TM2C, VOPP1 SOALT )
Q; 30 GSJL%@,{:%%, TsC2203 TCLIA +5 25
S [ Greor7g copot [k -50 -50
8 SO s 0 5%
120 Tl 12695 81204 RS20 Txocs SNE 1
CHDH-piIvERS | Ay C1E-CAPZBEIUND  *RGS2 t .
ODCAZER: e -—’é‘bm RPL2T LY JEX9
AR BPOCINFRSF1SOAREG
10 ¥ DUSPT-DDIT4
{;’;ﬁgwswgmm
. e o HVENT
0 O
-4 -2 0 2 4

Logs fold change
® NS » Log; FC « p-value ¢ p-value and log, FC

FIGURE 4 (See caption on next page).
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FIGURE 4 B-cell genomic landscape after integration of whole-genome and single-cell RNA sequencing. (A) Distribution of somatic mutations (in red) in C1
cells, minor clones, and nonexpanded B-cells. Rows represent individual mutations with their respective genomic region, while columns represent patient-specific
clone groups. (B-D) Representative t-distributed stochastic neighbor embedding (tSNE) plots of individual cases with smoldering Waldenstrém macroglobulinemia
(SWM) (Patient 9—Pnt9 and Patient 13—Pnt13) and IgM monoclonal gammopathy of undetermined significance (MGUS) (Patient 3—Pnt3). The lower plots show the
distribution of somatic mutations or copy number alterations projected onto the same tSNE space, with alteration-positive cells highlighted and cells without the
alteration shown in gray. (E) Integrative overview of Patient 10 (Pnt10, symptomatic WM) with matched bone marrow (BM) and peripheral blood (PB) samples
collected at the same time point. The upper panel shows the subclonal architecture inferred from bulk WGS analyses. The middle panels show tSNE plots of BM and
PB cells colored by clonotype group. The lower feature plots show the distribution of the indicated alterations on the same tSNE embeddings, with cells positive for
the IGLL5 mutation or the 6q deletion (del6qg) highlighted, and the remaining cells shown in gray. (F) Similarly, Patient 12 (Pnt12, symptomatic WM) had matched BM
and PB samples. Highlighted mutations affect RPS20 and PLEKHJ1 genes. G. Differential gene expression analyses performed on RPS20 and PLEKHJ1 mutant cells
showing upregulated VPREB3 and CD9, respectively.
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FIGURE 5 Longitudinal analysis in high-risk cases. (A) Patient 2 (Pnt2) had smoldering Waldenstrém macroglobulinemia (SWM) and required treatment 1 year
later. Fish plot shows the subclonal architecture and dynamics inferred from WGS. Feature plots show the distribution of mutations (in red), copy number alterations
(CNAs) (in red gains, in blue deletions), and selected gene expression patterns across C1 cells projected onto the tSNE embedding at each time point. The TMED4
mutation clustered apart from the remaining C1 cells (in gray), which also localized closer to a lower expression of CD9 and éq deletion (deléq). (B) Patient 5 (Pnt5)
had symptomatic WM that transformed into high-grade lymphoma after 2 years. del6q C1 cells expanded during follow-up, while the number of C1 cells with CD9
expression was small and clustered apart from RASSF6 and 8p gain (gain8p). (C) Differential gene expression and pathway enrichment analyses in C1 cells comparing
deléq versus neutral copy number (CN). To the right, positive log2-fold change for C1-deléq cells is shown.
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transformation. CD9 expression was low and tended to cluster in
nongain8p/SRRT mutated C1 cells on transformation to DLBCL;
meanwhile, RASSF6 expression localized similarly as gain8p (Figure 5B).
During the 2-year period in the transformation case, the tumor clone
did not undergo a major shift (Supporting Information S1: Figure S5D).

To further assess the impact of delé6q on C1 cells, we performed a
DGE comparing C1 cells with the deletion and those with neutral
copy number from patients with del6g detected from both gene
expression and WGS (Pnt2, Pnt5, Pnt9, and Pnt10). In total, we
analyzed 4,309 del6g-C1 cells versus 7144 neutral-C1 cells. TNFAIP3,
BACH2, FOXO1, CCL4, and LYN were downregulated in deléq, while
JCHAIN, RASSF6, IGHM, PIM2, RGS1, and HCK were upregulated
(Supporting Information S13: Table S11). Given that some cells
harbored del6q and gainép, we performed GSEA and observed that
OXPHOS and metabolic-related signatures were consistently present
in these cells in contrast to copy neutral C1 cells (Figure 5C). These
results suggest that tumor cells harboring alterations in chré
represent subclones with high metabolic activity, and that these al-
terations may contribute to disease evolution in a subset of patients.

Immune cells and B-cell clones' communication

Previous studies reported impaired immune responses against the
tumor clone in WM.1%2138 To investigate whether the TME was as-
sociated with the clonal architecture, we analyzed the predominant
immune cells (CD4 T-cells, n=21,860; CD8 T-cells, n=14,935; NK
cells, n=4075; and monocytes, nh=5056) from all samples and per-
formed cell-to-cell communication analyses across the C1 cells, minor
clones, and nonexpanded B-cells. The inferred frequency of cell in-
teractions was higher between C1 and monocytes, followed by C1 and
CD8 T-cells (Figure 6A). Considering the immune cells as the source
and B-cells as targets, the dominant monocyte-related interactions
included CXCL8-CD79A, S100A8-CD69, S100A9-CD68, VCAN-CD44/
ITGA4/SELL, TNFSF13B/TNFSF13-TNFRSF13B, and PTGS2-ALOX5
(Figure 6B). The logFC expression was higher in interactions involving
C1 cells with CXCL8 and S100A9 (ligand-receptor score [LRs] > 0.85).
In addition, the interaction between TNFSF13 (APRIL) or TNFSF13B
(BAFF) with TNFRSF13B (TACI) was either enriched in C1 cells
(TNFSF13 logFC 1.29, LRs 0.87; TNFSF13B logFC 1.23, LRs 0.88) or
more abundant in this B-cell subtype compared to minor clones
(TNFSF13 logFC 0.65, LRs 0.85; TNFSF13B logFC 0.74, LRs 0.85) and
nonexpanded cells (TNFSF13 logFC 0.40, LRs 0.81; TNFSF13B logFC
0.49, LRs 0.83). In contrast to these monocytic-specific interactions,
GNAI2-CNR1 was also enriched in C1 cells, but shared across immune
cells (Figure 6B).

Considering the B-cells as a source, monocyte-related interac-
tions again predominated, being enriched in C1 cells, and included
SERPINF1-PLXDC2 (logFC 1.50, LRs 0.84) and CCN2-LRP1 interac-
tions (logFC 1.35, LRs 0.81). Notably, the interaction between
ANGPTL1-LILRB2 was higher in C1 cells (logFC 1.30, LRs 0.85),
compared to minor clones (logFC 0.95, LRs 0.82) and nonexpanded
B-cells (logFC 0.85, LRs 0.83) (Figure 6C). Among other positive in-
teractions, C1 cells dominated most top upregulated cell commu-
nications, especially as a source (Figure 6D,E), suggesting preferential
enrichment of monocyte-related signaling programs in the dominant
B-cell clone.

DISCUSSION

We characterized the BCR repertoire of patients with IgM MGUS
and WM using an integrative approach. We first observed that an
oligoclonal state was predominant in IgM MGUS and low-risk SWM,

where multiple B-cell clones were present, in contrast to high tumor
burden WM patients. Memory B-cells were the most frequent in each
B-cell clone. However, only a relatively small number of plasma cells
shared similar BCR sequences with memory B-cells, and very few
overlapped with B-cell precursors. Our results, similar to others,>%>°
suggest that memory B-cells have a clonal expansion and that a
subset of them can still differentiate toward plasma cells.

We observed and validated that JCHAIN, IGHM, RASSFé6, DUSP22,
and CD9, and the TF POU2F2 had high activity in the tumor clone, in
accordance with two other recent studies.'>*® Previous evidence
showed that a subset of GC B-cells can express CD9, and it increases
during differentiation toward plasma cells in a manner dependent on
Bruton's tyrosine kinase signaling.*>*! We show that CD9 expression
was enriched in the tumor clone compared to the remaining B-cells,
particularly within cells displaying previously described PC-like fea-
tures. We also found a potential mechanistic association between
POU2F2 and CD9 regulatory regions. In line with previous studies in
WM, >42 these findings support a transcriptional program associated
with the dominant tumor clone, although its functional contribution
remains to be established. Pre-clinical studies in myeloma and other
B-cell malignancies showed tumor growth inhibition using protein
degraders targeting this complex.** However, CD9 was not expressed
in all tumor samples in our study. Among CD9-positive cases, ex-
pression was generally uniform, except for one case (Pnt12), which
showed a subclonal pattern. Patients with low or absent CD9 ex-
pression had previously been exposed to treatment and did not
harbor genomic alterations affecting its expression. Previous in vitro
studies using the L3055 cell line showed that CD9 loss was associated
with increased proliferative capacity and lymphoma progression.*
The heterogeneous distribution of CD9 across baseline, treated, and
genomically distinct tumor subclones in our study suggests that CD9
reflects a context-dependent tumor cell state rather than a universal
marker of all malignant cells. Its confirmation at the protein level
needs to be determined in larger cohorts.

Although recent reports suggested that higher soluble BCMA
levels were predictive of worst prognosis in WM,*54¢ we observed
relatively lower BCMA expression compared with BAFFR and TACI.
In contrast, BAFF and APRIL produced by monocytes showed
enriched predicted interactions with the dominant B-cell clone, sup-
porting a potential association between myeloid-derived signaling in
WM. Given the current interest in BAFFR-targeted therapies,*”**®
these findings warrant validation at the protein and spatial levels
in WM.

After integrating genomic and transcriptomic data, we observed
that the tumor clone harbored most somatic mutations. Some of
these mutations clustered within B-cell clones in patients with an
oligoclonal background, supporting oligoclonal competition models
described in other B-cell malignancies.'? In cases dominated by the
tumor clone, mutation-defined subclusters suggested marked intra-
tumor heterogeneity. Still, somatic mutations alone are limited to
cause clonal expansion in WM.2 We observed that CNAs tended to
cluster preferentially in the tumor clone. For instance, deléq, some-
times accompanied by gainép, was present in high-risk patients, in-
cluding an R/R WM patient in whom transformation into a high-grade
lymphoma occurred later. Given that previous studies reported that
delé6q was associated with worst outcomes in IgM MGUS and WM,*?
our data suggest that chré alterations may represent late fitness-
associated events in a subset of patients. Still, further validation is
needed in larger longitudinal cohorts.

It is noteworthy that some minor clones had mutations in MYD88
and IGLL5, but only the MYD88 mutation was present in non-
expanded cells, while the tumor clone displayed kappa or lambda
light-chain restriction. The presence of MYD88 L265P in non-clonal
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FIGURE 6 Cell-to-cell communication between B-cell clones and tumor microenvironment cells (CD4 T-cells, CD8 T-cells, monocytes, and NK cells).

(A) Ligand-receptor interactions were inferred using LIANA against a Consensus ligand-receptor resource. Statistical significance and interaction prioritization scores
were ranked using false discovery rate-adjusted P values. The most frequent interactions were observed with monocytes. (B, C) Either as a source or as a target,
preferential specific interactions between C1 cells and monocytes are shown. (D, E) Distribution of the magnitude (log fold change—LogFC) of the interaction using

the immune cells as the source or the target.

B-cells has been reported by others° likely associated with age-
related processes. In fact, mutations in MYD88 and IGLL5 were recently
identified as lymphoid clonal hematopoiesis events and were related to
aging.>® However, these mutations were not detectable in minor or
nonexpanded B-cells in all cases, which may indicate that they could be
acquired at a later developmental cell stage in some patients. However,
this could also reflect the limited sensitivity of single-cell RNA-based
mutation calling, inter-patient differences in clonal composition, and our

conservative filtering. Although IGLL5 mutations can arise from off-target
somatic hypermutation in other B-cell lymphomas®~>® or may occa-
sionally be confounded by misalignment from other immunoglobulin
loci, we observed that all IGLL5 mutations in our cohort fell in IGLL5-
specific regions rather than neighboring or cross-mapped im-
munoglobulin genes. Validation at DNA and single-cell levels is
needed to confirm the presence of mutations rather than MYD88

L265P in minor clones and nonexpanded B-cells.

850807 SUOWWD 3A 8.0 (el (dde au Aq pausenob ae sejone VO ‘@sn J0 Sa|nJ 1o A%eiq)T8uljuO A3|1A UO (SUORIPUOO-pUe-SWLR)ALI0D A8 |1 AReIq U1 UO//:SANY) SUORIPUOD pue swie | 8y} 89S *[9202/0T/9z] Uo AreiqiTauluo Ae|im ‘(-ouleAnge ) aqnopesy Aq 9510, EWeU/Z00T 0T/I0PW0D A8 | 1M Aeiq 1 |Bul|uo//Sdny Wiy pepeoumod ‘6 ‘9202 ‘Tv262.52



12 of 14

Our study has limitations regarding the sample size, the possibi-
lity that some B-cell clones were missed during integration, and the
low sequencing depth at a single-cell resolution, which can limit our
detection of mutations in low-expressed genes, such as MYD88. Still,
the high number of cells from the chromatin accessibility assay and
the strong correlation with the RNA data could mitigate this limita-
tion. In addition, we retained only exonic mutations and CNAs de-
tected from WGS data to filter out false-positive genomic alterations
at a single-cell resolution. CXCR4 mutations were not included in our
integrative approach because they were small indels and not suitable
for the detection of somatic SNVs. Furthermore, the number of
longitudinal cases is limited to generalize observations related to the
clonal stability over time.

Overall, our study supports a framework in which WM may
emerge from an oligoclonal B-cell landscape carrying early mutations
such as MYD88 L265P, with subsequent clonal predominance being
associated with genomic, transcriptional, epigenetic, and TME features.
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