@ blood

A multiomic analysis of Waldenstrém macroglobulinemia defines distinct disease
subtypes

Tracking no: BLD-2024-028164R1

Dylan Gagler (NYU Perlmutter Cancer Center, United States) Hussein Ghamlouch (CHU Amiens, France)
Di Zhang (NYU Langone Health, United States) Patrick Blaney (NYU Perlmutter Cancer Center, United
States) Avital Tenenbaum (NYU Perlmutter Cancer Center, United States) James Langton (NYU
Perlmutter Cancer Center, United States) Marine Armand (Hopital Pitié Salpétriere, APHP, France)
Alexandre Eeckhoutte (INSERM, France) Amina Joudat (INSERM, France) Michaél Degaud (Institut
Gustave Roussy, France) Michela Esposito (INSERM, France) Gaurav Varma (NYU Langone Health, United
States) Yubao Wang (New York University Langone Health, United States) Sanghoon Lee (NYU Perlmutter
Cancer Center, United States) Sanxiong Liu (NYU Perlmutter Cancer Center, United States) Oscar
Lahoud (NYU Langone - Perlmutter Cancer Center, United States) David Kaminetzky (Perlmutter Cancer
Center at NYU Langone Health, ) Marc Braunstein (NYU Langone Medical Center, United States) Louis
Williams (Taussig Cancer Center, Cleveland Clinic Foundation, United States) Florence Nguyen-Khac
(Hépital Pitié-Salpétriere, Sorbonne Université, France) Brian Walker (University of Miami, United
States) Damien Roos-Weil (Pitié-Salpétriére, France) Faith Davies (New York University Langone,
United States) Olivier Bernard (INSERM, France) Gareth Morgan (NYU Langone Health Care, United
States)

Abstract:

We carried out a single-cell (sc) multiomic analysis on a series of MYD88 mutated Waldenstrom
macroglobulinemia (WM) cases and identified two distinct subtypes of disease, memory B-cell-like
(MBC-1like) and plasma cell-like (PC-like), based on their expression of key lineage defining genes.
Biologically, the subtypes are characterized by their variable capacity to differentiate fully
towards a plasma cell (PC) and exhibit unique transcriptomic, chromatin accessibility, and genomic
profiles. The MBC-like subtype is unable to differentiate beyond the memory B-cell (MBC) stage,
upregulates key MBC genes, and is characterized by upregulated BCR and AKT/mTOR signaling. In
contrast, the PC-like subtype can partially differentiate towards a PC, upregulates key PC genes,
has enhanced NF-kB signaling, and has an upregulated unfolded protein response. Pseudotime
trajectory analysis of combined scRNA-sequencing and scATAC-sequencing supports the variable
differentiation capacity of each subtype and implicate key transcription factors SPI1, SPIB,
BCL11A, and XBP1l in these features. The existence and generalizability of the two disease subtypes
were validated further using hierarchical clustering of bulk RNA-seqg data from a secondary set of
cases. The biological significance of the subtypes was further established using whole genome
sequencing, where it was shown that CXCR4, NIK, and ARID1A mutations occur predominantly in the
MBC-like subtype and 6g deletions in the PC-like subtype. We conclude that the variable
differentiation blockade seen in WM manifests itself clinically as two disease subtypes with
distinct epigenetic, mutational, transcriptional, and clinical features with potential implications
for WM treatment strategies.
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Key Points
1) Single-cell multiome analysis identifies two subtypes of WM with variable differentiation capacity
and SPI1, SPIB, and XBP1 activity.
2) The MBC-like have increased CXCR4 mutations, BCR, and PI3K/AKT/mTOR signaling, and the
PC-like have increased del(6q) and NF-kB signaling.

Abstract

We carried out a single-cell (sc) multiomic analysis on a series of MYD88 mutated Waldenstrom
macroglobulinemia (WM) cases and identified two distinct subtypes of disease, memory B-cell-like (MBC-like)
and plasma cell-like (PC-like), based on their expression of key lineage defining genes. Biologically, the
subtypes are characterized by their variable capacity to differentiate fully towards a plasma cell (PC) and
exhibit unique transcriptomic, chromatin accessibility, and genomic profiles. The MBC-like subtype is unable to
differentiate beyond the memory B-cell (MBC) stage, upregulates key MBC genes, and is characterized by
upregulated BCR and AKT/mTOR signaling. In contrast, the PC-like subtype can partially differentiate towards
a PC, upregulates key PC genes, has enhanced NF-kB signaling, and has an upregulated unfolded protein
response. Pseudotime trajectory analysis of combined scRNA-sequencing and scATAC-sequencing supports
the variable differentiation capacity of each subtype and implicate key transcription factors SPI1, SPIB,
BCL11A, and XBP1 in these features. The existence and generalizability of the two disease subtypes were
validated further using hierarchical clustering of bulk RNA-seq data from a secondary set of cases. The
biological significance of the subtypes was further established using whole genome sequencing, where it was
shown that CXCR4, NIK, and ARID1A mutations occur predominantly in the MBC-like subtype and 6q
deletions in the PC-like subtype. We conclude that the variable differentiation blockade seen in WM manifests
itself clinically as two disease subtypes with distinct epigenetic, mutational, transcriptional, and clinical features
with potential implications for WM treatment strategies.



Introduction

Waldenstrom Macroglobulinemia (WM) is a rare clinicopathologic entity consisting of a lymphoplasmacytic
lymphoma with an associated IgM paraprotein, that has been hypothesized to arise from clonal-expansion of
post-germinal center (GC) B-cells.' Morphologically, the neoplastic cells have variable appearance, resembling
lymphocytes, lymphoplasmacytes, and plasma cells, and most commonly express surface CD19*, CD22"",
CD237, CD25*, CD27", and SmigM®, with clonally restricted k or A light chains.? However, immunophenotype
alone is not able to identify subtypes of WM or account for variability in the composition of the neoplastic
infiltrate observed between patients. MYD88 L265P mutations are a hallmark of WM and are present in >90%
of patients.®> MYD88 functions as an adaptor protein in the interleukin and toll-like receptor (TLR) signaling
pathways. When mutated, MYD88 recruits IRAK4 to IRAK1/IRAK2 to form the “myddosome” complex and
increases pro-survival signaling via NF-xB, as well as HCK-mediated crosstalk with the B-cell receptor (BCR)
pathway via BTK/NF-kB, PI3K/AKT, and MAPK/ERK.*’

Recurrent mutations at CXCR4 and ARID1A as well as copy number abnormalities at chromosome 6q are
observed in 30-40%, 17%, and 30-55% of patients, respectively, and are considered secondary molecular
events.®*® Mutations in CXCR4 promote constitutive PIBK/AKT and MAPK/ERK signaling, leading to improved
tumor cell fitness and drive sub-clonal expansion. Copy number abnormalities are important drivers of disease
progression, with interstitial loss of chromosome 6q being the most frequent. Chromosome 6q deletions are
variable and known to affect several genes including BCLAF1, BLIMP1, and IBTK, but the full profile of deleted
regions has not been fully characterized.***

The use of BTK inhibitors, which inhibit downstream NF-«xB signaling and induce apoptosis in WM cells, has
significantly improved the clinical management of WM.'* However, BTK inhibition is less effective in CXCR4
mutated patients, for imperfectly understood reasons, and complete responses, even with second-generation
BTK inhibitors, are rare.**® Further understanding the biology of the tumor cells in WM could enhance our
strategies for treatment and enhance treatment to achieve complete responses.

Recent DNA methylation studies have identified two disease subtypes of WM with memory B-cell (MBC) and
plasma-cell (PC) features.’® The mechanisms driving these subtypes and the distinctive features of their
biology, however, remain unknown. To improve our understanding of the biology of WM and to enhance
disease sub-classification, we performed a single-cell (sc) multiome analysis (ScCRNA-seq and scATAC-seq)
and bulk whole genome sequencing (WGS) of B-cells derived from a series of MYD88-mutated WM cases.

Methods

Single-cell multiome analysis

Written consent for BM samples and analyses was obtained in accordance with the Declaration of Helsinki and
with ethical approval from local and national ethics committees (NYU Langone S21-01218 and S19-01384;
Gustave Roussy CNIL 2212382 and CPP lle-De-France 05/21/2014). Patients were identified using IRB-
approved protocols with MYD88 status identified by clinical testing. Patients were untreated at the time of
sample collection. Reference scRNA-seq and scATAC-seq data were derived from healthy tonsils."” B-cells
were flow sorted from bone marrow (BM) using CD3-/CD19+ from 13 patients with MYD88 mutated WM. Cells
were stained with CD14-APC (Biolegend, Ref#367118), CD3-FITC (Biolegend, Ref#300306), CD19-
PE/Cyanine7 (Biolegend, Ref#302216), and live cells were flow cytometric sorted. Approximately 70,000-
100,000 cells were used to generate nuclei using the 10X protocol “Low Cell Input Nuclei Isolation” (10x
Genomics, CG000365.Rev C). After combining barcoded gel beads, Gel Beads-in-emulsion (GEMs) were
generated, forming a pool of transposed DNA and barcoded, full-length cDNA from poly-adenylated mRNA.
After post-GEM cleanup, barcoded transposed DNA and cDNA pre-amplification PCR were carried out in a
pool to fill gaps and generate sufficient mass for library construction. Nuclear suspensions were incubated in a
Transposition Mix, including Transposase and adapters. 10,000 nuclei were loaded onto the 10X platform for
SCATAC-seq and scRNA-seq and were sequenced on an lllumina NovaSeq 6,000 to 100,000 reads.

In brief, both WM (n = 13) and reference (n = 7) scRNA-seq data were preprocessed and quality filtered with
standard thresholds prior to normalization and SCTransform-based integration in Seurat and automated cell
type annotation in CellTypist."** The TRUST4 package was used for immune repertoire reconstruction using
the scRNA-seq data.?* The patient-matched scATAC-seq data were preprocessed, quality filtered, and
underwent dimensionality reduction and clustering in ArchR using a standard protocol before multi-modal
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integration with the scRNA-seq data in ArchR. Immature B-cells were removed from the dataset, which was
then reclustered and batch corrected using ArchR’s implementation of Harmony.?*** A UMAP was generated
for data visualization, and the final cell count of the integrated object was 129,372 cells, of which 99,888 were
WM and 29,484 were references. To determine transcription factor motifs active across cell types

at the single-cell level, the chromVAR package, implemented within ArchR, was used. The ArchR package was
used for pseudotime and trajectory analyses.?** For more methodological details, see Supplementary Data.

Whole genome sequencing analysis and bulk RNA-seq

36 WM samples underwent WGS; 11 samples had corresponding single-cell data discussed above, and
another 21 had bulk RNA-seq data, Supplementary Table 1. B-cells were flow-sorted (CD14-CD3-CD19+)
from bone marrow samples. Simultaneously, the corresponding T-cells were isolated as normal controls
via CD14-CD19-CD3+. Genomic DNA was extracted using the AllPrep DNA/RNA Micro Kit (Qiagen,
Ref#80284) and quantified with the Invitrogen Qubit 4 Fluorometer. Genomic DNA from both B-cells and T-
cells was sequenced using an Illumina NovaSeq 6000 to a depth of 80x. WGS data underwent harmonized
preprocessing and somatic variant analysis using Myeloma Genome  Pipeline 1000
(https://github.com/pblaney/mgp1000). In brief, coverage metrics were generated for each BAM file, and each
tumor/normal pair was subjected to the determination of SNVs, Indels, and CNVs before generating consensus
somatic calls. Bulk RNA sequencing was performed on CD19+ sorted cells from 39 WM bone marrow
samples, as previously described, of which 21 also underwent WGS as described above.*®

Results

WM cells comprise a clonally expanded population of MBC

CellTypist automated cell type annotation and manual review of ScCRNA-seq expression data identified 9 B-cell
clusters, including MBC, PC, age-associated B-cells, naive B-cells, GC B-cells, proliferative GC B-cells, small
pre-B cells, large pre-B cells, and pro-B cells, Supplementary Figure 1. The clonal MBC expressed IgM, IgD,
IgG, and low IgA, were FCRL5 and SOX5 moderate, and approximately 50% of cells were CD27 positive.
Furthermore, the cells were CD11C (ITGAX), CD21 (CR2), and DLL1 negative, Supplementary Figure 2. The
annotated scRNA data was integrated with patient-matched scATAC data and, after excluding
precursor/immature B-cells and reclustering, yielded a dataset of 129,372 cells, of which 99,888 were WM and
29,484 were reference cells, Supplementary Table 2. Using the TRUST4 software for BCR repertoire
reconstruction, most cells in each WM case were found to be clonally related via shared CDR3 amino acid
sequences, Figure 1E, Supplementary Figure 3, and Supplementary Table 3. A subset of patients (n = 6),
however, contained distinct subpopulations of MBC which were not clonally related, and which formed a single
cluster in the overall UMAP, which are subsequently referred to as “Polyclonal MBC”.

Two subtypes of WM were identified by clustering multiomic data

The scATAC-derived UMAP showed that WM cells clustered near to but separate from the reference cell
populations and that most clonal cells formed patient-specific clusters despite Harmony batch correction,
Supplementary Figure 4. Within the WM cases, two broad subtypes of disease were identified, MBC-like and
PC-like, based on clonal PC content and the gene expression of PC and MBC markers in their clonal MBC
populations, Figure 1. The MBC-like were identified by a lack of PC markers and an expression profile of
CD74, BACH2, CD27low, CD20, SPI1, HLA-DRA, and RACK1, but at lower levels than the reference MBC,
Supplementary Figure 5. Moreover, the MBC-like samples clustered in proximity to each other on the UMAP
and near the putatively normal polyclonal MBC.

In contrast, the PC-like samples each contained a population of plasma-related cells (1-11%), which strongly
expressed BLIMP1, XBP1, IRF4, MZB1, JCHAIN, and CD138, but less than reference PC, Figure 1.
Furthermore, the MBC of the PC-like were distinguished by greater expression of JCHAIN, MZB1, XBP1,
PRDM1, and CD27 than either the MBC-like MBC or reference MBC, but at lower levels than the clonal PC
and reference PC. One sample (WM43) had a unique expression profile (XBP1+/CD27-/BACH2+/CD74-) and
clustered away from all other cells and was therefore not characterized as either MBC-like or PC-like,
Supplementary Figure 6. The existence of MBC-like and PC-like cells was validated using flow cytometry of
CD19, CD38, and CD138, on a representative case from each of the subtypes, Supplementary Figure 7.
Furthermore, the expression ratio of the key PC-MBC transcription factors BLIMP1 and BACH2 was derived,
and the MBC-like case had a lower ratio than the PC-like, Supplementary Table 4.



Gene expression and chromatin accessibility profiles of WM subtypes are distinct

The gene expression and chromatin accessibility profiles of the WM cells were compared to reference
populations, Figure 2. For each subtype, we isolated the clonal and reference MBC, reclustered them based
on their peak matrices, and performed pairwise Wilcoxon testing on both gene expression and chromVAR-
derived transcription factor motif deviations. Differential genes were considered significant with log,FC > 0.5
and p < 5e”, and differential motifs were considered significant with mean differences > 0.025 and FDR < 5e™®.

By comparison to the reference MBCs, both subtypes of WM showed distinctive gene expression profiles, with
each subtype significantly and uniquely upregulating between 157 and 556 genes, Figure 2G. The MBC-like
subtype largely upregulated genes broadly involved in BCR signaling (CD79B, SYK, PLCG2, FCHSD2,
OSBPL10, AFF3), whereas the PC-like subtype upregulated a set of PC differentiation genes (XBP1, JCHAIN,
CD?9) and protein homeostasis genes (PELI1, EIF2AK3, ERN1). Both subtypes expressed a similar set of 42
genes, 5.5% of the total differentially expressed genes (DEG). The shared upregulated genes included BCL2,
FOXP1, PLCG2, HDAC9, ZNF804A, and VOPP1 which are consistent with common biological features of WM
including apoptosis resistance, NF-kB signaling, BCR signaling, histone maodification, and disease
progression.”®*° In contrast to the gene expression, the subtypes had broadly similar transcription factor motif
enrichment profiles when compared to reference MBC, sharing 171 (59%) of the differentially enriched motifs,
Figure 2H. Among the shared enriched motifs were those associated with epigenetic function (ARID3A,
TOPORS, HMGA1, FUBP1), NF-xB activation (NFKB2, REL), and control of GC and B-cell development
(TCF4, ID3).31%

We compared the clonal MBC between the subtypes and found significant differences, highlighting their B-cell
differentiation state and disease biology, Figure 3. The MBC-like were significantly enriched in only a handful
of transcription factor motifs, including SPI1, SPIB, SPIC, BCL11A, and BCL11B. Notably, SPI1 and SPIB have
been implicated in the inhibition of PC differentiation, including in the context of WM.***® In contrast, the PC-
like were enriched in a diverse set of motifs, including those associated with plasma cell differentiation and
protein secretion (XBP1, ATF6), control of B-cell and GC development (LMO2, OCT1, OCT2, TCF3, TCF4,
ID3), NF-xB signaling (REL, RELA, NFKB1, NFKB2, FOXO1), AP-1 transcription factors (JUN, FOS, BATF),
and endothelial-to-mesenchymal-transition (SNAI1, TWIST1), Figure 3C, Figure 3D, and Supplementary
Figure 8.3>%9 Differentially expressed genes between the subtypes reinforced the above motif patterns, with
the MBC-like upregulating SPI1, SPIB, and BCL11A and the PC-like upregulating XBP1, ZEB1, FOXO1,
RELB, and JUND, Figures 3A and 3B. Furthermore, Gene Set Enrichment Analysis (GSEA) between the two
subtypes showed enrichment of PIBK/AKT/mTOR signaling and several proliferative pathways (MYC, G2M
checkpoint, E2F targets, mitotic spindle) in the MBC-like and NF-«B signaling and an inflammatory response in
the PC-like and, Figures 3E and 3F.

The MBC-like are blocked in their capacity for plasma cell differentiation

A differentiation trajectory analysis in ArchR, based on the scATAC dimensionality reduction, showed a
continuous trajectory of differentiation from polyclonal MBC to MBC-like MBC to PC-like MBC to clonal PC,
Figure 4A. Notably, each sample cluster fell along this trajectory from those more like MBC to those more like
PC, consistent with their subtype annotations. Correlating the differentiation trajectory to both gene expression
and chromatin accessibility data, we found a set of genes that best capture differentiation as a function of
pseudotime, Figure 4C-F. This included SPI1, SPIB, and BCL11A for the MBC-like and a wide suite of genes
for the PC-like, including XBP1, NFKB1, RELB, ATF6, STAT3, FOXO1, and ZEBL1. This further supports the
conclusion that the MBC-like subtype is frozen in its capacity to differentiate due to sustained activity of SPI1,
SPIB, and BCL11A and that the PC-like program is driven by XBP1 while also maintaining a GC chromatin
accessibility profile and upregulating NF-xB signaling.

Clonal WM plasma cells do not complete normal terminal differentiation and exhibit NF-xB signaling

Using both pairwise Wilcoxon testing of gene expression and GSEA, we show that WM clonal PC are
phenotypically distinct from reference PC, do not complete differentiation towards a normal PC, and have
increased BCR and NF-«B signaling, Supplementary Figure 9. Differentially upregulated genes in the clonal
PC compared to the reference PC indicate enhanced BCR signaling (LYN, BANK1, CD79B, PLCG2, FOXP1,
SOX5, AFF3, OSBPL10, SMCHD1) and NF-kB signaling (NFKB1, REL) with downregulated genes consistent
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with their failure to complete normal plasma cell differentiation (BLIMP1, XBP1, MZB1). GSEA between clonal
PC and reference PC showed that the clonal PC were enriched in NF-xB and IL2/STAT5 signaling. Comparing
the clonal PC and the paired PC-like MBC, we observed that the clonal PC have decreased NF-xB signaling
(REL, RELB, NFKB1, NFKBID, TRAF3, TRAF5) and show increased PC marker gene expression (BLIMP1,
XBP1, MZB1, CD38, CD138), although at decreased levels compared to the reference PC, as previously
mentioned, Supplementary Figure 10. GSEA analysis between these groups confirms that the MBC-like PCs
are enriched in NF-xB signaling and further reveals that the clonal PC are significantly enriched in unfolded
protein response (UPR) and protein secretion. We also observed a set of PCs which clustered together but
was derived from multiple patients, dubbed “Polyclonal PC”, which presented a profile consistent with normal
plasma cell function including upregulation of BLIMP1, PAG1, DUSPS5, and SSR4, Supplementary Figure 11.
Compared to the polyclonal PC, the clonal PC exhibited a profile associated with NF-kB signaling, anti-
apoptosis, and BCR signaling via upregulation of genes including FOXP1, CD79B, LYN, BCL2, NFKB1, and
CDo9.

Clinical and mutational features of the disease subgroups

Using a series of clinically characterized WM cases with bulk RNA-seq, we performed a hierarchical clustering
analysis. Clustering using a set of marker genes derived from the sc experiment recapitulated the two
subtypes, Figure 5A. For the MBC-like, the signature included the genes CD24, AFF3, ITGB1, BANK1, CD74,
FCHSD2, AKT3, FCRL1, PYHIN1, SOX5, and SGSM1 whereas the PC-like signature included CD9,
EIF2AK3/PERK, MSI2, CD19, MS4A1/CD20, MZB1, XBP1, FCRL5, PELI1, PRDM1/BLIMP1, JCHAIN,
SDC1/CD138, CD38, and JCHAIN. We performed a second validation in another set of publicly available bulk
RNA-seq data from WM patients (Mondello et al., 2023) and were again able to recapitulate the 2 subtypes via
a hierarchical clustering analysis, Supplementary Figure 12. The relevance of surface marker genes including
CD138'/CD38"/CD27'/FCRL5" for the PC-like and CD24/CD74" for the MBC-like suggests that at least some
of these markers may be useful for clinical identification of subtypes, but this requires future validation.

WGS analysis on a combined set of subtyped cases with subtype annotations (10 MBC-like and 22 PC-like)
derived from either the single-cell analysis (n = 11) or bulk RNA-seq analysis (n = 21) revealed the genetic
landscape of the subtypes. Overall, recurrent mutations were identified in MYD88 (97%), IGLL5 (53%), CXCR4
(25%), HIST1H1E (16%), ARID1A (16%), KMT2D (12%), MAP3K14 (NIK) (9%), SP140 (9%), TP53 (9%),
CD79B (6%), EZH2 (3%), and CARD11 (3%), Figure 5B. Mutational distributions varied between the
subtypes, however, with the MBC-like harboring the majority of CXCR4, HIST1H1E (H1-4), and MAP3K14
(NIK), whereas the PC-like had all of the SP140 mutations and an overall lower tumor mutational burden (0.65
per megabase vs. 0.79 per megabase), Supplementary Figure 13. For somatic copy humber abnormalities,
we identified del(6q) (27%), del(22p) (27%), trisomy 4 (21%), del(13p) (21%), trisomy 18 (12%), trisomy 12
(9%), and del(17p) (9%), Figure 5C. Most notably, del(6q) was more frequent in the PC-like (32% PC-like vs.
20% MBC-like).

Clinically, the MBC-like patients had greater circulating IgM levels, greater splenic enlargement, less
adenopathy, and an elevated LDH consistent with what has been observed in CXCR4 mutated cases
previously. The PC-like were associated with higher levels of platelets and lymph node enlargement, Table 1.

Discussion

Prior studies on WM have identified broad categories of phenotypic heterogeneity and clonal expansion of
lymphoplasmacytic cells but lacked the single-cell resolution to define distinct differentiation states and cellular
biological characteristics.'®***” While they recognized the diversity of clonal MBC populations and identified
subtypes based on their mutational landscape (e.g., MYD88 and CXCR4 mutations), the cellular and molecular
basis of the differences was not fully understood. To address these gaps, we used sc multiomic profiling to
characterize WM and identified a key disease feature, which is its failure to complete normal PC differentiation,
leading to 2 broad disease entities: MBC-like and PC-like. Our findings provide novel insights into WM
pathogenesis by identifying a role for differentiation blockade and the specific transcriptional and genomic
patterns associated with the disease subgroups.

Both major subgroups of WM are characterized by clonal expansions of MBC populations but are distinguished
by their variable ability to differentiate towards a PC. The MBC-like group comprises an expanded population
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of MBC blocked in their capacity to differentiate beyond the MBC stage via SPI1, SPIB, and BCL11A, have
features of increased BCR and PI3K/AKT/mTOR signaling, and carry mutations in CXCR4, HIST1H1E, NIK,
and ARID1A. In contrast, the PC-like group, while retaining a chromatin accessibility profile consistent with an
activated B-cell/germinal center stage, can differentiate partially towards a PC via XBP1 and has enhanced
NF-kB signaling, upregulated UPR, and excess del(6qg). Consistent with their unique biology, we identify
notable clinical differences between the two groups, with the MBC-like having higher serum IgM levels, more
splenic enlargement, less adenopathy, and elevated LDH, whereas the PC-like has higher platelet levels and
more lymph node enlargement.

The potential drivers of the variable B-cell differentiation noted between the subtypes were suggested by a
pseudotime differentiation trajectory analysis with correlated gene expression and transcription factor motif
enrichment. The differentiation blockage in the MBC-like subtype is notable for its enrichment of the ETS
transcription factors SPI1 and SPIB, which repress PC differentiation by downregulating BLIMP1.>"*® Indeed,
SPIB overexpression in healthy donor B-cells inhibits differentiation into PC, while SPIB knockdown in primary
WM cells restores some PC differentiation capacity.®’ Interestingly, SPIB also interacts with promoters of TLRs
and I\{IJDBS, suggesting a feedback mechanism that could lock MBC-like cells into this blocked differentiation
state.

In contrast to the complete differentiation block characterizing the MBC-like, the PC-like cases contain MBC,
which heterogeneously express IRF4 and BLIMP1 up to the level seen in clonal PC. The most obvious driver
of PC differentiation is XBP1, a critical regulator of PC differentiation.*®*" It is notable that these cells have low
to moderate expression and no significant motif enrichment of the normally essential PC regulators IRF4 and
BLIMP1, consistent with abnormal and incomplete PC differentiation in WM.>? Supporting this, several AP-1
transcription family members were enriched, including JUN, FOS, BATF, and BATF3, many of which have
previously been identified with pre-plasmablasts and were associated with a PC-like subtype in another
multiomic study of WM.*"** Another mechanism contributing to this differentiation blockade is FOXO1, which is
upregulated in PC-like cells. FOXOL1 is known to upregulate BATF, which subsequently interacts with IRF4 to
inhibit BLIMP1 expression, thereby impeding full differentiation into functional plasma cells.>*>*> Furthermore,
the expression ratio of BLIMP1 and BACH2, key drivers of the PC and MBC programs, respectively, has been
shown to inform MBC fate and, consistent with this, we found these ratios corresponded to the extent of PC
differentiation in the WM subtypes.*® BLIMP1 and BACH2 are also located on 6q, but their involvement in
del(6qg) and potential role in WM pathogenesis requires further examination.

Consistent with their abnormal programming, both WM subtypes exhibit a mixed activated/GC B-cell state
compared to healthy donor MBC. This state is supported by motif enrichment of transcription factors such as
NFKB1, NFKB2, REL, TCF3, ID3, and ID4, alongside a relative reduction in factors like RUNX1, STAT6, and
ETV6.' Importantly, each subtype demonstrates unique motif enrichment patterns within this mixed state:
MBC-like cells show enrichment of Kruppel-like (KLF) transcription factors, such as KLF2, while PC-like cells
are enriched for transcription factors associated with GC maintenance, including OCT1, OCT2, and FOXO01.*®°
The observation that WM cells harbor a GC-like phenotype which is consistent with mutational signatures
observed in WM and suggests an important role for the GC in WM.’

Beyond their extent of B-cell differentiation and activation states, the MBC-like and PC-like WM subtypes have
distinct gene expression profiles and transcription factor motif enrichment, which underscores their unique
biological features. The MBC-like subtype is characterized by relatively heightened BCR signaling and
diminished NF-xB signaling, whereas the PC-like subtype exhibits the opposite pattern. In the MBC-like,
elevated BCR signaling is marked by the upregulation of BCR-signaling kinases, including LYN, BLNK, and
BTK, which are transcriptionally upregulated by SPI1 and SPIB.*® Additionally, these cells have increased
expression of genes associated with BCR function, including FCHSD2, ACTB, CD74, CD52, CR1 (C3b), and
CR2 (CD21).°%% The relevance of this signaling phenotype is further supported by GSEA enrichment of the
PISK/AKT/mTOR pathway, which might be driven by mutations in CXCR4 and elevated BCR signaling activity.
In contrast, the PC-like subtype is distinguished by amplified NF-xB signaling, evident through the upregulation
of NFKB1, REL, and RELB, alongside GSEA enrichment for the NF-xB pathway. These molecular differences
could stem from the mutational landscape within each subtype or be sustained by an inflammatory
microenvironment. Notably, prior work has linked del(6q) with inflammation in WM, suggesting that del(6q) may
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help perpetuate NF-kB activity. Indeed, genes located in the deleted 6q region, such as IBTK, HIVEP2, and
TNFAIP3, are known negative regulators of NF-xB, and their loss likely contributes to the elevated NF-xB
signaling and inflammatory response observed in PC-like cells by GSEA.'® In line with this, we noted the
differential expression of PELI1, a regulator of TLR signaling. PELI1 can interact with TRAF6, IKK, and NF-xB
and mediate pro-inflammatory signaling via IL-1R, MAPK, and PI3K.%®

Multiple therapeutic implications can be derived from our results. Both subtypes display overexpression of
BCL2, a gene that supports pro-survival signaling and anti-apoptotic functions and which is a well-established
therapeutic target in WM.%* Additionally, the MBC-like subtype's elevated BCR signaling suggests that
therapies targeting BCR signaling could be particularly beneficial in these cases. This may even extend to
using alternative approaches to BTK inhibitors, which primarily disrupt NF-xB signaling but may be less
effective in MBC-like cases due to their lower NF-kB activity and higher frequency of CXCR4 mutations, which
are known to reduce BTK inhibitor efficacy.>'* Functional validation of the role of BCR signaling in CXCR4-
mutated WM cases will help to solidify these observations. Furthermore, iff it can be established that subtypes
can be routinely identified by surface markers or microarrays, the results of this study suggest that each
subtype may be targetable by distinct treatment options, opening the door for more personalized treatment
options in WM.

Although this study provides a robust classification of WM subtypes, there are several potential limitations. The
sample size is relatively small, so it was important to validate the results in a larger series. We were able to do
this using hierarchical clustering analysis of 27 additional cases, but additional data may increase the
resolution of subtype variability. Furthermore, one of the cases, WM43, did not cluster near either the MBC-like
or PC-like samples and had a unique marker profile. This case minimally expressed MBC and PC genes but
differentially upregulated a blend of subtype-specific genes. Interestingly, many of the upregulated genes were
associated with neuronal function (ZNF804A, BDNF, NRG1, ASTN2) and cell adhesion (CADM2, SDK1,
CNTNS5, PCDH9). Additionally, the multiomic approach, while comprehensive, could be impacted by technical
limitations, such as capture efficiency variations between the scATAC and scRNA-seq data. A previous
epigenetic analysis of WM, which also identified a MBC-like and PC-like subset, identified similar transcription
factors as relevant—including the upregulation of REL and JUN in PC-like cases—while also notably observing
enrichment of SPIB and BCL11A in PC-like, not MBC-like cases*’. This highlights the need for functional
validation of these results, especially the role of the PC-inhibitors SPI1/SPIB in differentiation block in WM.
Finally, while the enrichment of CXCR4 mutations in MBC-like cases and del6g in PC-like cases is now
docume?Gt%d in multiple studies, the role of these aberrations in driving disease pathology and biology remains
unclear.™

Overall, our data is consistent with a model whereby an immortalized clonal initiating cell is driven to proliferate
and mature via MYD88-induced NF-xB signaling, setting in place an abnormal cellular program conferring
some of the key hallmarks of WM. The fate of these initiating cells is further shaped after acquiring either a
CXCR4 mutation or del(6q) in the GC, pushing the clonal initiating cells towards either a differentiation blocked
MBC stage or a partially differentiated PC stage, respectively. The differences and commonalities of these two
groups provide a model for understanding in more detail the mutational and epigenetic patterns which underlie
treatment responses and disease progression in WM.
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Tables

Table 1
Clinical Characteristics at Diagnosis
MBC-like PC-like p-value
Number of patients 10 24
Female sex, n (%) 4 (40%) 7 (29%) 0.451
Age (median, range) 65 (52-82) 69 (40-80) 0.663
BM Infiltration
(median %, range) 54 (23-88) 26.5 (11-75) 0.151
Spleen Enlargement
(% patients) 37.5 5.6 0.072
Lymph Node Enlargement
(% patients) 25 218 !
IgM (median g/dL, range) 1.6 (0.83-5.3) 1.2 (0.49-5.75) 0.228
Hemoglobin (median g/dL, range) 10.9 (7.3-13.8) 12.4 (8.5-14.5) 0.061
Platelets (median 10%/L, range) 237.5 (50-365) 273 (95-424) 0.279
Elevated LDH
(% patients) 30 8.7 0.28
Overall Survival (median, in 845 104 0.281
months)

Table 1. Clinical characteristics of WM patients at diagnosis, by subtype. Median values are shown,
unless referring to reference ranges. BM infiltration is equivalent with disease involvement and elevated LDH
refers to LDH values greater than UNL. P-values for BM infiltration, IgM, hemoglobin, platelets, age, and
overall survival derived from two-sample T-tests and p-values for spleen enlargement, lymph node
enlargement, sex, and elevated LDH derived from Fisher’s exact tests.

Figure Legends

Figure 1. Identifying cell populations in the bone marrow of WM patients using single-cell RNA-seq and
single-cell ATAC-seq. A. Cartoon overview of the workflow involved in this study. Bone marrow aspirates
were taken from 13 patients with Waldenstrom’s Macroglobulinemia, flow-sorted to select mature B cells based
on CD19°/CD3, and underwent 10x Multiome sequencing to generate RNA-seq and ATAC-seq information. B.
UMAP showing annotated cells in the final data object after quality control, processing, and integration of the
scRNA-seq and scATAC-seq datasets (n cells = 129,372) cells). C. Stacked bar plot showing relative
abundance of annotated cell populations across the 13 WM patients (01-076, 01-115, 01131, 01-163, 01-190,
04-003, 04-006, WM25, WM43, WM46, WM47, WM54, WM65) and seven reference samples used in this
study. D. Box plots showing normalized gene expression of plasma cell and memory B-cell marker genes
across the annotated cell types. E. UMAPs showing patient annotations (left) and cells deemed to be
monoclonal as a result of shared CDR3 amino acid sequences within a given patient, as per TRUST4 (right).
Cells which did not have the same CDR3 amino acid sequence as the dominant clone were left uncolored. F.
UMAPs showing normalized gene expression of plasma cell and memory B-cell marker genes.

Figure 2. Gene expression profiles of WM subtypes are distinct from reference memory B-cells. A.
UMAP of reclustered MBC-like MBC, polyclonal MBC, and reference MBC. B. Volcano plot of differentially
expressed genes between the MBC-like MBC and reference MBC. Colored points represent differential genes
deemed to be statistically significant with absolute log,FC > 0.5 and FDR < 5e®. C. Volcano plot of differentially
enriched transcription factor motifs between the MBC-like and reference MBC. Colored points represent
differential motifs deemed to be statistically significant with absolute MeanDiff > 0.025 and FDR < 5e®. D.
UMAP of reclustered PC-like MBC and reference MBC. E. Volcano plot of differentially expressed genes
between the PC-like MBC and reference MBC. Colored points represent differential genes deemed to be
statistically significant with absolute log,FC > 0.5 and FDR < 5e®. F. Volcano plot of differentially enriched
transcription factor motifs between the PC-like and reference MBC. Colored points represent differential motifs
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deemed to be statistically significant with absolute MeanDiff > 0.025 and FDR 5e®. G. Venn diagram showing
the number of shared and unique genes upregulated by the two subtypes compared to the reference MBC.
Only includes statistically significant genes with absolute log,FC > 0.5 and FDR < 0.05. H. Venn diagram
showing the number of shared and unique motifs enriched in the two subtypes compared to the reference
MBC. Only includes statistically significant genes with absolute MeanDiff > 0.025 and FDR < 5e”°.

Figure 3. WM subtypes exhibit distinct disease phenotypes. A. Volcano plot showing genes differentially
expressed between the MBC-like MBC and PC-like MBC. Colored points represent statistically significant
differential genes with log,FC > 0.5 and FDR < 5e®. B. UMAPs showing gene expression of select genes
which exhibited significant statistical expression in each the subtypes. The first 2 rows are genes uniquely
expressed in each subtype compared to each other and the third row reflects genes differentially expressed by
both subtypes compared to the reference MBC. C. Volcano plot showing single-cell transcription factor motifs
differentially enriched between the MBC-like MBC and PC-like MBC. Colored points represent significantly
enriched motifs with MeanDiff > 0.025 and FDR < 5e™9. D. UMAPs showing single-cell transcription factor motif
enrichment of select motifs which exhibited significant statistical enrichment in each of the subtypes. The first 2
rows are motifs uniquely enriched in each subtype compared to each other and the third row reflects motifs
differentially enriched by both subtypes compared to the reference MBC. E. Dot plot showing pathways
enriched in the MBC-like MBC via pre-ranked Gene Set Enrichment Analysis (GSEA). Points are colored by
FDR g-value. Pathways with < 0.25 FDR g-values are considered statistically significant. It is noteworthy that
the androgen response, mMTORC1 signaling, and IL2/STAT5 signaling pathways were nearly significant with
FDR g-values < 0.26, and F. Dot plot showing pathways enriched in the PC-like MBC via pre-ranked GSEA.
Points are colored by FDR g-value, with values < 0.25 considered to be significant. All shown pathways met
this criteria.

Figure 4. Differentiation blockade affects WM subtypes. A. UMAP overlain with a differentiation trajectory
created in ArchR, using the polyclonal MBC, MBC-like MBC, PC-like MBC, and clonal PC as the trajectory
backbone. B. UMAP overlain with cell annotations for reference. C. Heatmap of genes associated with
pseudotime in both the gene expression and motif enrichment data. Heatmap features were identified by
correlating the gene expression and motif deviation matrices in ArchR and this heatmap shows gene
expression of these features. D. Gene expression (y-axis) as a function of pseudotime (x-axis) for select
genes. E. Heatmap of genes correlated with pseudotime in both the gene expression and motif deviation data.
Heatmap features were identified by correlating the gene expression and motif deviation matrices in ArchR and
this heatmap shows motif deviations of these features. F. Motif deviation (y-axis) as a function of pseudotime
(x-axis) for select genes.

Figure 5. Bulk RNA-seq and whole-genome sequencing analysis of WM patients. A. Gene expression
heatmap of 37 WM patients with bulk RNA-seq data based on subtype-specific gene expression derived from
the single-cell data. B. Mutated gene frequencies of known canonically mutated WM genes in MBC-like
subtype patients (n = 10) and the PC-like (n = 22) patients, annotated by WM subtype and the presence of 6q
deletions. C. Aggregate relative frequency of CNVs across all patients. H1-4 = HIST1H1E; MAP3K14 = NIK.
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Figure 2
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Figure 5
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Single-Cell Multiomic Analysis for Identifying Distinct Subtypes of

Waldenstrom Macroglobulinemia

Context of Research
Waldenstrom macroglobulinemia (WM) is defined by an
expansion of post-GC lymphocytes, but the cell of origin
and nature of the malignant population are uncertain

Aim of This Study
To identify the transcriptional, epigenetic, and B-cell
differentiation states of the malignant single-cell
populations in MYD88-mutated WM

Findings
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Conclusions: WM comprises a clonal expansion of memory B-cells (MBC) with variable
capacities for plasma cell (PC) differentiation, forming two disease subtypes: MBC-like
and PC-like. The MBC-like have enhanced SPI1/SPIB activity, more CXCR4 mutations,
and increased BCR signaling whereas the PC-like have enhanced XBP1 activity, more
del(6q), and increased NF-kB activity.

Gagler et al. DOI: 10.xxxx/blood.2025xxxxxx
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