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Single-cell RNA sequencing defines distinct
disease subtypes and reveals hypo-
responsiveness to interferon in
asymptomatic Waldenstrom’s
Macroglobulinemia
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Waldenstrom’s Macroglobulinemia (WM) is an IgM-secreting bone marrow
(BM) lymphoma that is preceded by an asymptomatic state (AWM). To dissect
tumor-intrinsic and immune mechanisms of progression, we perform single-
cell RNA-sequencing on 294,206 BM tumor and immune cells from 30 patients
with AWM/WM, 26 patients with Smoldering Myeloma, and 23 healthy donors.
Despite their early stage, patients with AWM present extensive immune dys-
regulation, including in normal B cells, with disease-specific immune hall-
marks. Patient T and NK cells show systemic hypo-responsiveness to
interferon, which improves with interferon administration and may represent
a therapeutic vulnerability. MYD88-mutant tumors show transcriptional het-
erogeneity, which can be distilled in a molecular classification, including a
DUSP22/CD9-positive subtype, and progression signatures which differentiate
IgM MGUS from overt WM and can help advance WM research and clinical
practice.

Waldenstrom’s Macroglobulinemia (WM) is a rare non-Hodgkin, IgM-  monoclonal gammopathy of undetermined significance (IgM MGUS)
secreting lymphoplasmacytic lymphoma (LPL) of the bone marrow and smoldering WM (SWM)**. According to the definition of the 2nd
(BM) with anincidence of 3.8 per million persons per year in the United  International Workshop on WM, asymptomatic patients with a
States'”. It is consistently preceded by two precursor conditions, IgM  monoclonal IgM protein in their peripheral blood (PB) serum and no
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morphological evidence of BM infiltration by lymphoma are diagnosed
with IgM MGUS, while asymptomatic patients with a monoclonal IgM
protein and any amount of BM infiltration are diagnosed with SWM’.
Together, we refer to IgM MGUS and SWM as asymptomatic WM
(AWM). Currently, patients with AWM are not treated until they pro-
gress to overt, symptomatic WM due to concerns over the short- and
long-term complications of treatment®’. To improve follow-up
recommendations and direct investigations of risk-adapted treat-
ment approaches, we need to better understand which patients with
AWM are at the greatest risk of disease progression. In the largest
retrospective study to date, conducted on 439 patients with AWM, we
identified BM infiltration, serum levels of IgM, $2-microglobulin, and
albumin as independent predictors for progression’. Using these
variables, we developed a prognostic model to stratify patients into
low, intermediate, and high-risk groups, which was validated in mul-
tiple external datasets'*". However, this as well as other prediction
algorithms leverage clinical variables only, highlighting the need for
studies that dissect the biology of disease progression and identify
tumor-intrinsic and extrinsic factors that can inform patient prog-
nostication and therapy selection'®™,

We previously demonstrated that wild-type status for MYDS8S8,
which is mutated in more than 90% of patients, may be associated with
higher risk of progression to WM, while it was also shown to impact
time to progression and risk of histological transformation'®*!¢-18,
Moreover, the presence of activating CXCR4 mutations, which are seen
in approximately 30-40% of patients with WM and are associated with
inferior response to certain therapies and poor outcome, was also
shown to be associated with higher risk of progression®“~>, Deletion
of the long arm of chromosome 6 (Del6q), which is the most frequent
copy number abnormality encountered in patients with WM (~50%),
was also shown to be associated with shorter time to progression* 2,
Studies utilizing gene expression profiling (GEP) technology to char-
acterize the WM transcriptome along stages of disease progression
have been inconclusive in terms of identifying key gene expression
programs associated with progression??, Even less is known about
the role of the BM immune microenvironment in regulating disease
progression to overt WM?**», Changes in the composition and func-
tion of T cells, NK cells and monocytes have been reported, with
increased cytotoxic T and NK cells, regulatory T cells (Tregs), and non-
canonical monocytes, however it is unclear how these may impact
disease progression from early stages to overt WM*>*,

In this study, we investigate tumor-intrinsic mechanisms of pro-
gression and comprehensively characterize changes in the BM
immune microenvironment with disease progression by performing
single-cell RNA and B cell receptor (BCR) sequencing (scRNA-seq &
scBCR-seq) on BM tumor and immune cells (n=294,206) obtained
from 30 patients with AWM and WM, 26 patients with Smoldering
Multiple Myeloma (SMM), which is a different type of BM plasma cell
premalignancy, and 23 healthy donors (HD). Using this approach, we
define the immune hallmarks of WM, identify immune biomarkers and
therapeutic vulnerabilities, and describe subtypes of disease as well as
tumor-intrinsic signatures of progression.

Results

Immune dysregulation is established early in the course of WM
To characterize changes in the BM immune microenvironment of
patients with AWM, we performed single-cell RNA sequencing on 28
BM immune cell samples (IgM MGUS, n=6; SWM, n=19; WM, n=3)
obtained from 27 patients, including one patient sampled at both the
SWM and WM stages (Table 1). In-house data from BM immune cell
samples obtained from HD (n = 23) and patients with SMM (n = 26) was
also integrated®*”. Overall, we annotated 209,727 immune cells (T,
n=95,754; NK, n =24,219; Myeloid, n = 53,172; progenitors, n = 36,582),
excluding 28,991 normal B cells which were processed separately
(Fig. 1A, Supplementary Fig. 1A). The total number of samples with at

least 100 immune cells, considered for downstream analyses, was 70
(HD: 18; IgM MGUS: 6; SWM: 19; WM: 3; SMM: 24).

Despite their early stage, patients with AWM showed significantly
altered BM immune cell composition, including increased proportions
of CD564im NK cells, SI00B* CD564;m NK cells, CD56y, NK cells, CD16*
Monocytes, CD4" and CD8" central memory T cells (TCM), Thl cells,
Tregs, GZMB* CD8" TEMs, KIR* CD8" TEMs, and Tgd, and decreased
proportions of cytokine-expressing (IL1IB") CD14" monocytes, plasma-
cytoid dendritic cells (pDCs), canonical dendritic cells type 1 (cDC1),
activated and interferon-stimulated T and NK cells (two-sided Wil-
coxon, g <0.1) (Fig. 1B). This aligns with our observations in patients
with SMM (Fig. 1C), who also showed significant alterations in BM
immune cell composition (two-sided Wilcoxon, g<0.1) despite the
absence of symptoms® %, Strikingly, patients with IgM MGUS, who
had no morphological evidence of BM infiltration but had monoclonal
IgM protein in their serum and/or a MYD88 L265P mutation detected,
already showed significantly higher proportion of CD564;,, NK cells,
S100B" CD564im NK cells, Thl cells, and KIR" CD8* TEMs, and lower
proportion of cytokine-expressing CD14" monocytes, pDCs, and acti-
vated and interferon-stimulated T and NK cells compared to HD (two-
sided Wilcoxon, g < 0.1), suggesting that certain alterations in immune
cell composition may even precede morphological evidence of BM
infiltration (Fig. 1D). In fact, most changes in immune cell composition
could be observed as early as at the MGUS stage, suggesting that
immune dysregulation is established early in the course of disease
(Fig. 1E). Notably, the proportion of Tregs was significantly increased in
patients with SWM compared to those with IgM MGUS (two-sided T-
test, p = 0.014; two-sided Wilcoxon, p =0.092) (Fig. 1F), in line with a
prior study showing that WM tumor cells are capable of inducing Treg
differentiation and expansion®. This suggests that Tregs may play a
role in disease progression from IgM MGUS to overt WM.

Disease-specific immune hallmarks of AWM and SMM
Next, we explored differences in the composition of the BM immune
microenvironment between patients with AWM and SMM, another
plasma cell premalignancy of the BM, reasoning that while some
changes may reflect a general immune response against clonal
expansion in the BM, others may be specific to the tumor type. In both
tumor types, patients showed significantly higher proportions of
S100B* CD564im NK cells and CD16+ monocytes, however, this increase
was more pronounced in patients with AWM compared to SMM (two-
sided Wilcoxon, g=9.9e-04 and g=1.5e-02, respectively) (Supple-
mentary Fig. 1B). Patients with AWM had significantly fewer activated
and interferon-stimulated T and NK cells compared to patients with
SMM and HD (two-sided Wilcoxon, g < 0.1), suggesting this may be an
immune hallmark of WM (Fig. 1G, Supplementary Fig. 1B-D). Further-
more, patients with SMM had significantly fewer CD14* monocytes and
significantly more Tregs and naive CD4" T cells compared to both
patients with AWM and HD (Supplementary Fig. 1B, Fig. 1C), suggesting
these changes may be immune hallmarks of Multiple Myeloma (MM).
Disease-specific changes were also observed at the gene expres-
sion level. For example, myeloid cells from patients with SMM showed
a disease-specific decrease in the expression of CEBPD (two-sided
Wilcoxon compared to HD, g=8.98e-07), a transcription factor that
regulates the expression of the alarmins SI00A8 and S100A9, which
also showed disease-specific downregulation (g =0.012 and g =0.022,
respectively) (Fig. 1H, Supplementary Fig. 1E, F)*°. On the other hand,
myeloid cells from patients with AWM showed a disease-specific
increase in the expression of MNDA (two-sided Wilcoxon compared to
HD, g =5.4e-10), a key regulator of interferon response (Fig. 1H, I)*°*,
This change may be associated with the observed depletion of
interferon-stimulated T and NK cells in patients with AWM. Further-
more, T cells from patients with AWM showed consistently higher
levels of expression of genes important for receptor-mediated acti-
vation, such as PTPRC, CD2, LCK, IL2RG, IL7R, GIMAP4, and RAC2, along
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with lower levels of common activation markers, such as CD69, CXCR4,
and members of the AP-1 and NFkB pathway (Fig. 1), Supplementary
Fig. 1G). This expression profile is consistent with the observed
depletion of activated T and NK cells in patients with AWM and sug-
gests that patient T cells may present altered activation potential
compared to both HD and patients with SMM. To explore whether

T cells from patients with AWM are capable of being activatedina T
Cell Receptor (TCR)-mediated manner, we stimulated peripheral
blood mononuclear cells (PBMCs) from 3 patients with AWM with the
CERI (CMV/EBV/RSV/Influenza A) peptide pool in vitro and measured
IFN-y levels by ELISPOT. We observed no significant difference in IFN-y
levels post-stimulation in patients with AWM compared to HD (n=10;
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Fig. 1| Immune dysregulation is established early in the course of WM with
disease-specific immune hallmarks. A Uniform manifold approximation and
projection (UMAP) embeddings of myeloid cells (n = 53,172), T cells (n = 95,754), NK
cells (n =24,219), and progenitor cells (n = 36,582). B-D Volcano plot of proportion
changes in the BM of patients with AWM (B, n = 25), SMM (C, n = 24), and IgM MGUS
(D, n=6), compared to HD (n=18). Patients with at least 100 immune cells were
included. P-values were computed with two-sided Wilcoxon’s rank-sum test and
corrected using the Benjamini-Hochberg approach. E Heatmap of cell type pro-
portions in patients with IgM MGUS (n = 6, light yellow), SWM (n =19, orange), WM
(n=3, red), and HD (n =18, blue) (x-axis). Patients with at least 100 immune cells
were included. Cell types that changed significantly between patients with AWM
and HD, excluding progenitor cells, were visualized (y-axis) and the log, fold-
change was depicted in a bar (right). F Box plots, violin plots, and scatter plots
visualizing the proportion of Tregs in patients with IgM MGUS (n = 6) compared to
SWM (n =19). Violin outline width represents density. Box: 1st quartile, median, 3rd
quartile; whiskers: +/- 1.5*interquartile range (IQR). The p-value was computed with
two-sided T-test. G Box plots, violin plots, and scatter plots comparing the pro-
portion of activated and IFN-stimulated T and NK cells in the BM microenvironment
of HD (n=18), patients with SMM (n = 24), IgM MGUS (n =6), and SWM (n=19).
Violin outline width represents density. Box: 1st quartile, median, 3rd quartile;
whiskers: +/- 1.5*IQR. P-values were computed with two-sided Wilcoxon’s rank-sum
test and corrected with the Benjamini-Hochberg approach. H Scatter plots of genes
differentially expressed in patients with AWM compared to HD (x-axis) and in
patients with AWM compared to patients with SMM (y-axis) in myeloid cells. Genes

whose log, fold-change between patients with AWM and HD is higher than that
between AWM and SMM are colored in red; genes whose log, fold-change is lower
are colored in blue; genes discussed in the main text are presented in bold.  UMAP
embedding of myeloid cells in HD (n=15,957), and patients with SMM (n = 5634)
and AWM (n =23,521) colored by MNDA expression levels. J Scatter plots of genes
differentially expressed in patients with AWM compared to HD (x-axis) and in AWM
compared to SMM (y-axis) in T cells. Genes whose log, fold-change between
patients with AWM and HD is higher than that between AWM and SMM are colored
in red; genes whose log, fold-change is lower are colored in blue; genes discussed in
the main text are presented in bold. K Box plots, violin plots, and scatter plots of
IFN-y expression measured by ELISPOT in PB T cells from patients with AWM (n=3),
SMM (n=10), and HD (n =10) post-stimulation with CERI peptides in vitro com-
pared to DMSO. Each dot represents the mean of two replicates from an individual
patient. Violin outline width represents density. Box: 1st quartile, median, 3rd
quartile; whiskers: +/- 1.5*IQR. P-values were computed with two-sided Wilcoxon’s
rank-sum test and corrected with the Benjamini-Hochberg approach. L Principal
component embedding of BM samples from patients with AWM (n = 25), SMM
(n=24), and HD (n=18). Patients with at least 100 immune cells were included in
this analysis. M Confusion matrix visualizing the accuracy of an SVM classifier
trained using 5-fold cross-validation on BM samples from patients with AWM
(n=25), SMM (n =24), and HDs (n =17). Patients with at least 100 immune cells
excluding progenitor cells were included in this analysis. The classifier’s perfor-
mance in the held-out subsets (n = 66) was visualized. Source data are provided as a
Source Data file.

two-sided Wilcoxon, g=0.2), although their levels were significantly
lower than those observed in patients with SMM (n=10; p=0.018,
g =0.052) (Fig. 1K). This observation is consistent with a prior study
showing that T cells from patients with WM are capable of recognizing
tumor-specific antigens and reacting by producing IFN-y in vitro®.
Since the two tumor types presented with different changes in
immune cell composition, we reasoned that immune profiling alone
may be able to diagnose and differentiate the two tumor types. Indeed,
in a principal component analysis of immune cell composition, samples
from patients with AWM clustered separately from both samples from
patients with SMM and samples from HD (Fig. 1L). For the purposes of
this analysis, we removed progenitor cells and restricted our cohort to
individuals with at least 100 immune cells excluding progenitor cells
(HD: n=17; SMM: n=24; AWM: n=25). Next, we ranked features for
each comparison (SMM vs HD, AWM vs HD) based on the heuristic
described by Golub et al. and retained the union of the top 10 cell types
across both comparisons for a total of 17 features (Supplementary
Fig. 1H)*. We randomly split the cohort into 5 subsets and performed
5-fold cross-validation, each time training an SVM classifier on the 4
training subsets and testing it on the held-out subset. Across all testing
subsets (n=66), the SVM classifier was able to correctly diagnose the
presence of malignancy in all cases (n=49) with a sensitivity of 100%
(95% CI: 91-100) and a specificity of 88% (95% CI: 62-98) (Fig. 1M).
Furthermore, it correctly diagnosed AWM in 22 out of 25 cases with a
sensitivity of 88% (95% CI: 68-97) and a specificity of 90% (95% CI:
76-97) and correctly diagnosed SMM in 20 out of 24 cases with a sen-
sitivity of 83% (95% Cl: 62-95) and a specificity of 88% (95% Cl: 74-96)
(Fig. IM). Notably, misclassification of AWM cases was not associated
with the degree of BM infiltration (two-sided Wilcoxon, p =0.74) (Sup-
plementary Fig. 1I). These results suggest that it is possible to leverage
immune profiling to diagnose cancer and potentially even differentially
diagnose AWM from SMM in patients. Considering that 32% (n = 8/25) of
our AWM cohort had little to no morphological evidence of BM infil-
tration by lymphoma (< 10% infiltration) without a discernible effect on
our classifier's performance, this approach may represent a viable
strategy in the early cancer detection and cancer diagnostics space.

T and NK cell from patients with AWM are hypo-responsive to
interferon stimulation

Subsequently, we turned our attention to the depletion of IFN-
stimulated T and NK cells in patients with AWM. To assess the capacity

of T and NK cells from patients with AWM to respond to IFN stimula-
tion, we performed an in vitro stimulation experiment using 1000 U/
mL of universal Type I IFN vs media alone on CD138 BM mononuclear
cells (BMMCs) from 3 patients with AWM and 3 HD and performed
scRNA-seq to measure transcriptional changes (Fig. 2A). Furthermore,
we included PBMCs from the same 3 patients with AWM to examine
whether the potential defect was specific to the tumor site or systemic
(i.e., present in both the BM and the PB). We found that the lack of IFN-
stimulated cells in media-only samples from patients with AWM was
systemic, although the effect was significantly more pronounced in the
BM compared to the PB (two-sided Wilcoxon, ¢<0.1) (Fig. 2B-E).
Furthermore, in vitro stimulation resulted in the generation of IFN-
stimulated T and NK cells in both HD and patients with AWM, however,
the levels of IFN stimulation did not entirely normalize, reproducing
the gradient observed in the control samples: patient BM <patient
PB < HD BM (two-sided Wilcoxon, g < 0.1) (Fig. 2F). This suggests that T
and NK cells from patients with AWM may be hypo-responsive to IFN
stimulation. Notably, the dose used for in vitro stimulation (1000 U/
mL) was selected based on a prior study showing a measurable impact
at the RNA level for both IFN-a and IFN-b-stimulated genes at this
dose*®. Nevertheless, this dose is ~30-300X times higher than the
concentration typically encountered inside the human body (- 3.5 ng/
mL, compared to 10-100 pg/mL in healthy blood) which may explain
why the observed defect was largely overcome*’ .

To confirm that the observed defect was not due to the lack of IFN
in the BM microenvironment of patients with AWM, we compared the
gene expression profile of HD BM CD14* Monocytes between the IFN-
stimulated and control samples. As expected, we observed significant
upregulation of key IFN response genes, including MNDA, which we
showed before is specifically upregulated in monocytes from patients
with AWM compared to both HD and patients with SMM (Fig. 2G).
Moreover, we observed downregulation of pro-inflammatory mono-
cyte markers, such as /L1B and CXCL8 (encoding IL-8), corresponding
to a subpopulation which we showed before is depleted in both
patients with AWM and patients with SMM compared to HD (Fig. 2G).
Next, we defined two signatures, comprising the top 40 genes that
were significantly upregulated with the highest log, fold-change in HD
monocytes post-IFN stimulation and the top 40 genes that were sig-
nificantly downregulated with the highest log, fold-change (two-sided
Wilcoxon, g < 0.05). We then compared the levels of these signatures
in BM CD14" monocytes from HD, patients with AWM/WM, and
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patients with SMM. Consistent with prior knowledge that patients with
SMM/MM present increased interferon signaling, we observed a pro-
nounced shift in monocyte density towards the IFN-stimulated profile
in BM monocytes from patients with SMM (Fig. 2H)*’°%"', Notably,
however, we observed a similar shift in patients with AWM and WM
whose monocytes showed significantly higher activity of the IFN sig-
nature compared to HD (two-sided Wilcoxon, g <0.1), although the

find a significant change in

activity was lower in patients with AWM compared to SMM (Fig. 2H, I).
This suggests that IFN levels in the patient BM are not abnormally low.
Next, we measured the levels of IFN-y in PB plasma from HD (n=13),
patients with IgM MGUS (n=5), non-IgM MGUS (n=15), and SMM
(n=20), using Olink’s proximity-extension assay (Fig. 2J). We could not

IFN-y levels between patients with IgM

MGUS and either HD or patients with non-IgM MGUS/SMM (two-sided
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Fig. 2 | T and NK cells from patients with AWM are hypo-responsive to inter-
feron stimulation. A Experimental design. CD138 BMMCs from patients with AWM
(n=3) and HD (n =3) were cultured with or without 1000 U/mL of universal type |
IFN and subjected to scRNA-seq to measure transcriptional changes post-
stimulation. PBMCs from the same 3 patients with AWM were also examined
(Created in BioRender. Ghobrial, 1. (2024) BioRender.com/i72j359). B, C UMAP
embeddings of T and NK cells (n = 27,239) labeled by subtype (B) or colored by the
activity of an IFN stimulation signature (C). D Heatmap of gene expression markers
(scaled mean expression) used for cell type annotation. E, F Box plots and violin
plots of the level of IFN stimulation signature (y-axis) in subtypes of T and NK cells
(x-axis) from patients with AWM (BMMCs: red; PBMCs: orange) and HD (BMMCs:
light blue) following in vitro culture without (E) or with type I IFN stimulation (F).
Each dot represents a cell. Violin outline width represents density. Box: 1st quartile,
median, 3rd quartile; whiskers: +/- 1.5*IQR. P-values were computed with two-sided
Wilcoxon’s rank-sum test and corrected with the Benjamini-Hochberg approach.
G Volcano plot of gene expression changes in CD14* monocytes from the BM of HD
(n=3) post-stimulation with type I IFN. Each dot represents a gene (upregulated:
purple; downregulated: orange). H Scatter plot and density plot of IFN stimulation
gene signatures in IFN" CD14" monocytes (blue) and IL1B* CD14* monocytes (red)

from patients with AWM, WM, SMM, and HD. Each dot is a cell. The x- and y-axes
correspond to the signature scores defined by genes increased and decreased post-
IFN stimulation, respectively. I Box plots and violin plots of the level of IFN sti-
mulation signature in IFN* CD14" monocytes from patients with SMM (red), AWM
(orange), WM (dark orange), and HD (blue). Each dot is a cell. Violin outline width
represents density. Box: 1st quartile, median, 3rd quartile; whiskers: +/- 1.5*IQR. P-
values were computed with two-sided Wilcoxon’s rank-sum test and corrected with
the Benjamini-Hochberg approach. J Box plots, violin plots, and scatter plots of [FN-
y concentration (pg/mL) in PB plasma samples from patients with IgM MGUS
(n=35), non-IgM MGUS (n =15), and SMM (n =20), compared to HD (n =13). Violin
outline width represents density. Box: 1st quartile, median, 3rd quartile; whiskers:
+/- 1L.5*IQR. P-values were computed with two-sided Wilcoxon’s rank-sum test and
corrected with the Benjamini-Hochberg approach. K, L Boxplots and scatter plots
of the proportion of apoptotic K562 cells following co-culture with NK cells from
patients with AWM (n=5) and HD (n = 4) with or without the administration of IFN-I
(1000 U/mL). Dashed lines connect samples from the same individual. Box: 1st
quartile, median, 3rd quartile; whiskers: +/- 1.5*IQR. P-values were computed with
two-sided paired T-test (K) or Wilcoxon’s rank-sum test (L). Source data are pro-
vided as a Source Data file.

Wilcoxon, IgM MGUS vs HD, p=0.5; IgM MGUS vs non-IgM MGUS,
p=0.39; IgM MGUS vs SMM, p=0.53; g=0.53 for all comparisons).
Collectively, these results suggest that despite the presence of IFN in
the circulation and the BM microenvironment, T and NK cells from
patients with AWM are hypo-responsive to IFN stimulation, a defect
that may be overcome by exogenous IFN administration.

Two small previous studies recorded some degree of clinical
response to therapeutic IFN administration in certain patients with
WM, which suggests that this defect may translate into a therapeutic
vulnerability in some patients’>*. To pursue this hypothesis, we
compared the cytotoxicity potential of PB-derived NK cells between
patients with AWM (n=35) and HD (n =4), with or without the admin-
istration of 1000 U/mL of IFN-I. NK cell cytotoxicity was assessed by
measuring the proportion of apoptotic K562 cells via flow cytometry
following co-culture of NK cells with K562 cells (Supplementary
Fig. 2A). We observed a significant increase in NK cell cytotoxicity in
patients with AWM (Paired t-test, p = 0.0084) with the administration
of IFN-I, however NK cells from patients with AWM showed sig-
nificantly lower cytotoxicity potential compared to those from HD
post-IFN stimulation (Wilcoxon, p=0.032) (Fig. 2K, L). Notably, a
similar trend could be observed at baseline (p = 0.063), suggesting that
NK cells from patients with AWM are indeed dysfunctional. These
results are concordant with the results of our single-cell RNA-seq
experiment and demonstrate that NK cell functionality is impaired in
patients with AWM compared to healthy donors, and that IFN admin-
istration can improve, although not entirely correct, NK cell func-
tionality in patients, potentially supporting a role for IFN
administration in patients with WM.

Single-cell RNA and BCR sequencing resolves concurrent
lymphoid clones

Next, to dissect tumor-intrinsic genomic and transcriptomic risk fac-
tors of progression, we performed scRNA-seq and scBCR-seq on
CD138" and/or CD19* tumor cells from 18 patients with IgM MGUS/
SWM (IgM MGUS: n =1; SWM: n =17) and 4 patients with WM, including
1 patient sampled at both stages (Table 1). Overall, we identified 48,875
WM tumor cells in 21 out of 22 samples profiled (median: 1089, range:
106-8694) (Fig. 3A, B, Supplementary Fig. 3A, B). One patient (Pt5) had
a second sample drawn five years later at the WM stage, following 5
cycles of treatment [AWM timepoint (T1): S12, WM timepoint (T2): S5].
All but one patient (Pt4), who had low BM infiltration, were positive for
MYDS88 1.265P. Tumor cells from the patient of unknown MYDSS status
clustered with the rest of the tumors, suggesting that they are likely
positive for the mutation, which can be missed in the presence of low
BM infiltration (Fig. 3A). One patient (Pt19), who was clinically thought

to have WM with Chronic Lymphocytic Leukemia (CLL)-like immuno-
phenotype due to the presence of MYD88 L265P in the context of CD5*
B cell lymphoproliferative disease in the BM, had no WM tumor cells
detected; instead, an unclassified lymphoma of undetermined type
(UCL) and two Monoclonal B Cell Lymphocytosis (MBL)/CLL clones
were detected, whose immunoglobulin isotypes (IgM Kappa) did not
match the (small) IgM Lambda M-spike observed on immunofixation.
This suggests that this patient has multiple lymphoid pre-malignancies
and that the small IgM-producing and (likely) MYD88-mutant clone
may be unrelated to the CD5" B cells detected on the BM biopsy. Three
other patients (Ptl, Pt8, Ptl4) showed concurrent (clinically unde-
tected) MBL/CLL clones, bringing the total number of cases with
concurrent MBL/CLL to 4 and the overall frequency of concurrent
MBL/CLL to 19% (n=4/21, 95% CI: 6-43) (Fig. 3A, B). Notably, two of
these four patients (Pt8, Pt19) had more than two lymphoid clones
each, suggesting that these patients may be predisposed to developing
lymphoid clones. Two patients (Pt3, Pt8) showed biclonal WM, and one
patient (Pt13) showed triclonal WM, for an overall frequency of mul-
ticlonal WM of 14% (n=3/21, 95% Cl: 4-37) (Supplementary Fig. 3A).
Patient Pt8, who presented clinically with IgM and IgG M-spikes on
immunofixation and who was thought to have IgG LPL with an IgM*
component, had two distinct WM tumors, one of which was IgM" while
the other was IgG"; this observation could be valuable for properly
monitoring clonal dynamics and response to therapy over time**. The
other two patients with multiclonal disease had a single M-spike on
immunofixation. While no systematic analysis of multiclonal disease
has been published for patients with WM, biclonal gammopathies are
rare by immunofixation (~1.6% of all gammopathies) and frequently
represent clonally related populations rather than true multiclonal
disease as is the case with our patients® . Collectively, these findings
highlight the discriminatory power of scRNA/BCR-seq in clinical
diagnostics.

Increased abundance of marginal zone-like, IgE*, atypical, and
class-switched memory B cells in patients with AWM

A recent study utilizing mass cytometry has shown that non-clonal B
cells from patients with IgM MGUS and WM are enriched for CXCR5-
negative extrafollicular B cells, however the normal B cell compart-
ment of patients with AWM has not been studied at a large scale
before®. The use of scBCR-seq coupled with the use of samples from
early-stage patients who tend to have a lower degree of BM infiltration
allowed us to capture and profile 28,991 normal B cells (Supplemen-
tary Fig. 3C, D). Specifically, we resolved a CD20" CD38" transitional B
cell population (TBC); IL4R* ABCBI' naive B cells (NBC); CD27" IgM*
non-class-switched memory B cells (NCSMBC); CD1C* PLD4" marginal
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Fig. 3 | Single-cell RNA and BCR sequencing resolves concurrent lymphoid
clones and unveils inter-tumor heterogeneity. A UMAP embeddings of tumor
cells (n=55,488) labeled by tumor type (top) or tumor instance (bottom). Sample
notation: Tumor Type_Tumor Number_Patient Number (for example: WM_1_Pt8
corresponds to the 1st of 2 WM tumors detected in patient Pt8). Tumor number is
only noted when multiple tumors of that type exist in that patient. B Heatmap of
tumor type-specific gene expression markers (scaled mean expression) used to
determine tumor type. C UMAP embedding of WM tumor cells (n = 48,875) colored
by CXCR4 mutation status. D Box plots visualizing the level of CXCR4 expression (y-
axis) in each WM tumor clone (x-axis). Tumors were grouped into three categories:
CXCR4-mutant (n=6), CXCR4-WT (n =13), and unknown CXCR4 mutation status
(n=5). Tumors were sorted by median CXCR4 expression in decreasing order. Box:

1st quartile, median, 3rd quartile; whiskers: +/- 1.5*IQR. E Box plots, violin plots, and
scatter plots of median CXCR4 expression (y-axis) in WM tumor cells compared to
normal memory B cells (MBCs) from the same patients (n = 15) (x-axis). Patients
without tumor or normal B cells (n = 5) were removed from this analysis. In patients
with multiclonal WM, the primary clone was used to calculate median CXCR4
expression. Patients were colored by CXCR4 mutation status. Violin outline width
represents density. Box: 1st quartile, median, 3rd quartile; whiskers: +/-1.5*IQR. The
p-value was computed with a paired two-sided Wilcoxon’s rank-sum test.

F Heatmap of CNVs detected in tumor samples. G UMAP embedding of WM tumor

cells (n = 48,875) colored by Trisomy 4 status. Source data are provided as a Source
Data file.

zone-like B cells (MZBC); activated B cells expressing genes of the AP-1
pathway (aBC); T-bet” CDIIc" atypical B cells (ABC); a TCF4" class-
switched memory B cell population which co-expressed RASSF6 and
JCHAIN and showed higher levels of IgA expression (TCF4* MBC); IgE"
memory B cells, co-expressing /IGHGI and IGHG4 (IgE* MBC); and two
class-switched memory B cell populations, one expressing higher

levels of TCF7 (TCF7* MBC) and another one expressing higher levels of
S100A10, CD99, and ITGBI (S100A10" MBC).

By comparing B cell subtype proportions (out of all B cells)
between patients with AWM (n=13) and HD (n =10) with at least 50 B
cells captured in total, we observed a significant switch toward mem-
ory B cells, with a decreased abundance of naive B cells (two-sided
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Wilcoxon, g=1.4e-04) (Supplementary Fig. 3E). Furthermore, we
observed a significant decrease in activated B cells (g =1.4e-04), which
is in line with our datain the T and NK cell compartments and suggests
amore general defect in the activation of lymphocytes may be present
in patients with WM. We observed a significant increase in marginal
zone-like B cells (g =2.1e-03), an IgM" subpopulation that resembles
WM tumor cells phenotypically and may represent the cell type of
origin for WM. We also observed a significant increase in IgE* memory
B cells (g=23.5e-05), which could be associated with the increased
presence of mast cells in the BM of patients with WM; higher numbers
of mast cells are associated with suboptimal outcomes and support the
growth of WM cells®*°. Lastly, we observed a significant (g<0.1)
increase in the proportion of class-switched memory B cells (including
the TCF4*, TCF7*, and S100A10* subpopulations), as well as atypical B
cells (g =4.8e-04), and a significant decrease in the proportion of non-
class-switched memory B cells (g = 2.9e-03). These results suggest that
the normal B cell compartment in patients with AWM presents
extensive changes, which could be contributing to disease progression
or potentially even oncogenesis.

Single-cell RNA sequencing unveils unappreciated inter-tumor
heterogeneity within MYD88-mutant WM

While each tumor clustered separately from the rest, WM tumor cells
appeared to form distinct groups, suggestive of biological hetero-
geneity within MYD88 L265P-mutant WM which is currently considered
a single entity, only subset into CXCR4-mutant vs wild-type tumors®. In
our cohort of 21 patients with WM tumor cells detected, 6 patients
were positive for CXCR4 mutations, 14 patients were wild-type, and 1
patient (Pt7) had no leftover cells for testing®. Clinically undetected
secondary WM tumors in patients Pt3, Pt8, and Pt13, were considered
of unknown status. While CXCR4 mutation status appeared to explain
part of the heterogeneity observed in the cohort, CXCR4-mutant
tumors did not all cluster together or separately from CXCR4-WT ones
(Fig. 3C). The impact of CXCR4 mutations on CXCR4 expression has not
been studied extensively, and is challenging to resolve due to native
CXCR4 expression in normal B cells which often contaminate bulk
profiling analyses, as well as possible false negative results in CXCR4
mutation testing related to the subclonal frequency of CXCR4 muta-
tions and the degree of tumor infiltration in the BM®"%% A prior study
reported no increase in CXCR4 expression levels in CXCR4-mutant
patients using bulk RNA-seq®’. By separating malignant and normal B
cells based on scBCR-seq, we observed that while CXCR4 expression
was high in CXCR4-mutant patients, high levels of CXCR4 expression
could also be seen in CXCR4-WT tumors as well (Fig. 3D). This was also
true when attempting to control for potential false negative results by
considering CXCR4-WT patients separately if they had high BM infil-
tration (30% or higher) (Supplementary Fig. 3F). Notably, CXCR4 levels
were significantly higher in WM tumor cells compared to normal
memory B cells (MBCs) from the same patients (paired two-sided
Wilcoxon, p=0.028) (Fig. 3E). These results suggest that CXCR4
expression can be upregulated in WM tumors independent of CXCR4
mutations.

To explore whether the observed heterogeneity could be
explained by underlying copy number variants (CNVs), we used
Numbeat to infer CNVs in tumor cells®’. Overall, CNVs were detected in
6 tumors (Ptl4: Del6q; Ptll: Trisomy 4; Pt15: Trisomy 4, trisomy 18,
Del22q; Ptl: Delllq, 3p LOH; Pt20: Trisomy 4; secondary WM tumor of
Pt8: Trisomy 12), all of which were from patients with AWM (Fig. 3F).
The frequency of any CNV in patients with AWM and tumor cells
detected was 35% (n=6/17, 95% Cl: 15-61), which is higher than pre-
viously reported (i.e., 18-20%)>*%. Most CNVs detected were unique to
their tumors except trisomy 4 which occurred in three different
tumors (n=3/17,18%, 95% CI: 4.7-44). This frequency was significantly
higher than previously reported for patients with AWM (3.8%) (two-
sided binomial, p=0.025), however, trisomy 4 did not appear to

explain the observed patterns of variation (Fig. 3G)*®. Collectively,
these results suggest that additional variables, other than CXCR4
mutation and CNV status, may be shaping the transcriptional
landscape of WM.

Expression-based classification of MYD88-mutant WM tumors
reveals subtypes of disease and identifies expression signatures
associated with progression

To investigate the observed heterogeneity, we performed Bayesian
non-negative matrix factorization on a matrix of WM tumor cells using
the top 2000 highly variable genes. Overall, eight gene expression
signatures (GEX) were extracted, which showed variable activity across
tumors (Fig. 4A). Signatures GEX-1 and GEX-4 were removed from
further consideration, as they corresponded to either a generic
immune cell activation module (GEX-1) or monocytic contamination
(GEX-4). For the remaining six signatures, key marker genes included
CXCR4; the tumor suppressor RASSF6; AHNAK, a gene involved in
cytokinesis; the transcription factor ZNF595; thymosins beta 4
(TMSB4X) and beta 10 (TMSB10); DUSP22, which is located next to IRF4
on chromosome 6 and is involved in structural variants in lymphoma;
CD?9, a gene associated with B cell apoptosis, dependence on follicular
dendritic cells, and disease progression in lymphoma; and BCL7A, a
gene frequently mutated in lymphoma and myeloma®*72,

To assess how well these markers could delineate subtypes of WM
patients, we performed hierarchical clustering on the scaled feature
list of the top 5 markers from each signature (n = 30) in an external GEP
dataset containing 13 patients with IgM MGUS and 36 patients with
WM (GSE171739) (Fig. 4B)”. We observed relatively consistent covar-
iation of expression for our key markers of signatures GEX-2, GEX-5,
GEX-6, GEX-7, and GEX-8, delineating four subsets of tumors: a CXCR4-
high subset, which aligns with the AHNAK-high subset and can be
further broken down to a BCL7A-high subset; a DUSP22/CD9-high
subset, which only partly overlaps with the CXCR4/AHNAK-high subset;
and a ACTG1/S100A4-high subset, which co-expressed thymosin beta 4
(TMSB4X) and thymosin beta 10 (TMSBI10) (Fig. 4B). Interestingly, the
expression of FCER2, which encodes CD23, appeared to co-segregate
with the CXCR4/AHNAK-high subset, suggesting that CD23 and CD9
may be useful surface markers for WM subclassification. CD23 was
previously shown to be expressed in a subset of patients with WM who
showed higher levels of serum IgM, however an association with
CXCR4 mutations has not been described before™.

Patients with IgM MGUS mostly co-segregated with the
ACTGI1/5100A4-high and DUSP22/CD9-high subsets (Fig. 4B). Compar-
ison of signature activity between patients with IgM MGUS and WM
revealed significantly lower activity of GEX-2 (two-sided Wilcoxon,
g =0.01) (corresponding to the ACTG1/S100A4-high subset) and sig-
nificantly higher activity of GEX-6/GEX-7/GEX-8 (q = 6e-04, g =1e-04,
and g=0.06, respectively) (corresponding to the CXCR4/AHNAK-high
subset) and GEX-5 (corresponding to the DUSP22/CD9-high subset)
(g=0.07) in patients with overt disease (Fig. 4C). A prior study
reported a higher risk of progression in patients with CXCR4
mutations®. Notably, however, signature GEX-7 was active in tumors
with and without reported CXCR4 mutations, thus it may capture risk
of progression in both CXCR4-mutant as well as WT tumors (Supple-
mentary Fig. 4A). In patient Pt5, who was CXCR4-WT and who was
sampled at the AWM stage (T1: S12) and then again at the WM stage five
years later and following 5 cycles of treatment (T2: S5), the proportion
of cells assigned to GEX-7 increased significantly from timepoint 1 to
timepoint 2 (two-sided Fisher's exact, p=5.1e-08) (Supplemen-
tary Fig. 4B).

To further validate these signatures and assess their clinical rele-
vance, we analyzed an external bulk RNA-seq cohort of 52 patients with
MYDS88-mutant WM and available genotypic information for CXCR4
mutations, as well as clinical data on the degree of BM infiltration,
serum IgM levels, the presence of lymphadenopathy (LAD) and
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splenomegaly®’. We scored patients for our three major signatures
(GEX-2, GEX-5, and GEX-7) and compared signature activity with clin-
ical and genomic variables. In line with our prior results, we observed
no significant association between the presence of a CXCR4 mutation
(n=20) and the activity of signature GEX-7 (two-sided Wilcoxon,
g =0.23), which is marked by CXCR4 (Fig. 4D). However, CXCR4-mutant

Sample

patients showed significantly lower activity of signature GEX-5
(g =1.3e-05), suggesting that patients with high activity of GEX-5 may
be more likely to be CXCR4-WT and therefore more likely to respond
better to therapy with Ibrutinib’*7¢. Indeed, DUSP22 was previously
shown to be significantly downregulated in CXCR4-mutant patients
along with other dual specificity phosphatases®. Interestingly, the
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Fig. 4 | Expression-based classification of MYD88-mutant WM tumors reveals
subtypes of disease and identifies expression signatures associated with pro-
gression. A Heatmap of marker gene expression (mean Z-score) for gene expres-
sion (GEX) signatures active in WM tumor cells (top) and UMAP embedding of WM
tumor cells (n =48,875) colored by the log;o-scaled activity of each signature
(bottom). B Heatmap of scaled expression for 30 GEX signature marker genes in an
external GEP dataset of patients with IgM MGUS (n=13) and WM (n =36)
(GSE171739). Vertical dashed lines delineate distinct signature markers; horizontal
dashed lines delineate distinct subtypes of disease, as detected via hierarchical
clustering. On the left, bars visualize the patients’ disease stage, clusters, and
subtypes. C Box plots and scatter plots visualizing the activity of each signature
between patients with IgM MGUS (n =13) and WM (n =36) in the GEP dataset. Box:
1st quartile, median, 3rd quartile; whiskers: +/- 1.5*IQR. P-values were computed
with two-sided Wilcoxon’s rank-sum test and corrected with Benjamini-Hochberg.
D Box plots, violin plots, and scatter plots comparing signature activity for sig-
natures GEX-2, GEX-5, and GEX-7 between patients with (n =20) and without CXCR4
mutations (n=32) in an external bulk RNA-seq dataset. Box: 1st quartile, median,
3rd quartile; whiskers: +/- 1.5*IQR. Violin outline width represents density. P-values
were computed with two-sided Wilcoxon’s rank-sum test and corrected with

Benjamini-Hochberg. E Box plots, violin plots, and scatter plots comparing sig-
nature activity for signatures GEX-2, GEX-5, and GEX-7 between patients with
(n=27) and without LAD (n=25) in an external bulk RNA-seq dataset. Box: 1st
quartile, median, 3rd quartile; whiskers: +/- 1.5*IQR. Violin outline width represents
density. P-values were computed with two-sided Wilcoxon’s rank-sum test and
corrected with Benjamini-Hochberg. F Scatter plot of signature activity for sig-
natures GEX-2, GEX-5, and GEX-7 (y-axis) and BM infiltration percentage (x-axis) in
an external bulk RNA-seq dataset. P-values were computed using a two-sided
Pearson’s correlation test and corrected with Benjamini-Hochberg. A line was fit
using the “Im” method and the confidence interval is represented in light red. G Bar
plot of genes (n =101, x-axis) that are upregulated in more than 30% of WM tumors
compared to memory B cells. The y axis corresponds to the number of tumors
showing significant upregulation (two-sided Wilcoxon, g < 0.05 & log, fold-change >
0.5) of the given gene. H Heatmap of the subset of Fig. 4G genes (y-axis) that were
significantly up- or downregulated (two-sided Wilcoxon, g < 0.05) between patients
with IgM MGUS (n=13) and WM (n = 36) (x-axis) in the GEP dataset. Top bars visualize
the patient’s subtype and disease stage. Genes were sorted based on the difference of
mean expression in patients with IgM MGUS and WM. Source data are provided as a
Source Data file.

presence of LAD (n = 27) was associated with significantly higher GEX-5
activity (two-sided Wilcoxon, g=0.023) (Fig. 4E). This is in line with
signature GEX-5 being marked by CD9, a gene shown to denote the
dependency of lymphoma cells on follicular dendritic cells, making it
more likely that these cells will remain in the lymph node®®*“. This
association may also explain why patients with WM showed higher
activity of GEX-5 compared to patients with [gM MGUS, as the presence
of LAD is a criterion for the diagnosis of overt disease’®”’. In contrast,
no signature was associated with the presence of splenomegaly or
serum level of IgM. Lastly, we observed a significant positive correla-
tion between the activity of our high-risk signature, GEX-7, and the
degree of BM infiltration (Pearson’s correlation test, g =0.027), sug-
gesting that this signature may be prognostically relevant even in the
setting of overt WM (Fig. 4F).

Recurrently dysregulated genes in patients with AWM and
association with progression

To identify genes that are frequently dysregulated in WM tumors, we
performed differential expression analysis on a per-patient level, each
time comparing a patient’s tumor cells to normal memory B cells. We
searched for genes that were significantly (two-sided Wilcoxon,
g <0.05) upregulated (log, fold-change >0.5) in more than 30% of
tumors (Fig. 4G). As expected, IGHM (encoding the constant region of
IgM) was the most frequently upregulated gene, compared to memory
B cells which contain a mixture of IgM" and class-switched B cells.
Similarly, CD79B, which is frequently mutated in patients with WM and
regulates BCR signaling, was significantly upregulated in most
patients, as were proximal BCR components, SYK and BLNK*®'. Genes
that are typically expressed in marginal zone B cells, such as ITM2C,
ITM2B, JCHAIN, and CDIC, were frequently upregulated, as were genes
that we previously discovered in our signature analysis, such as
DUSP22, RASSF6, and VPREB3. In line with these results, JCHAIN and
ITM2B, as well as RASSF6 were previously shown to be upregulated in
tumor cells from patients with overt WM’®, Most tumors showed sig-
nificantly higher expression of CD52, the target of alemtuzumab, which
can lead to therapeutic responses in patients with WM, and CD53, a
surface tetraspanin that interacts with CXCR4 to facilitate downstream
signaling’”®®". Notably, one of the top hits was RAC2, a gene that
interacts with phospholipase C Gamma 2 and can bypass Bruton’s
Tyrosine Kinase (BTK) in downstream BCR signaling, driving resistance
to the BTK inhibitor ibrutinib in patients with Diffuse Large B Cell
Lymphoma (DLBCL) and Mantle Cell Lymphoma (MCL)***2, It is thus
possible that the high levels of RAC2 expression in most WM tumors
may be related to the development of resistance to ibrutinib in
patients with WM"*7%3%5 Approximately half of these genes (n=>53/

101) were significantly (two-sided Wilcoxon, ¢<0.05) up-/down-
regulated between patients with IgM MGUS (n=13) and overt WM
(n=36) in the external GEP dataset, suggesting that they may be
relevant for prognostication (Fig. 4H)”. Strikingly, genes upregulated
in patients with WM appeared to segregate patients into two broad
classes, which largely overlapped with our CXCR4/AHNAK-high and
DUSP22/CD9-high subsets, while genes downregulated in patients with
WM aligned with our ACTG1/S100A4-high subset, which was enriched
for patients with IgM MGUS. Genes like /TGBI (encoding CD29),
CLECLI, and SYNE2 appeared to be upregulated primarily in the
CXCR4/AHNAK-high subset of WM cases, which suggests that further
analyses of these disease subgroups may yield more markers and more
insight into the underlying biology of progression.

Discussion

Understanding the impact of tumor-intrinsic transcriptomic altera-
tions and changes in the BM immune microenvironment on disease
progression from IgM MGUS to overt WM may have important impli-
cations for diagnosis, prognostication, and treatment decisions. In this
study, we comprehensively characterized the tumor transcriptome
and immune microenvironment of 30 patients with IgM MGUS/SWM/
WM, along with 26 patients with SMM and 23 HD using single-cell RNA
sequencing. Due to the relatively large number of patients on the WM
disease spectrum analyzed, we were able to identify immune and gene
expression biomarkers with potential implications for prognosis and
treatment decisions.

Prior smaller studies have shown that the BM immune micro-
environment of patients with IgM MGUS and WM may show increased
proportions of CD8 + T cells and NK cells**#*%”, We demonstrated that
the BM immune cell composition of patients with AWM is indeed
significantly dysregulated, suggesting that patients may have com-
promised immune function prior to displaying symptoms, similar to
our findings in other precursor plasma cell dyscrasias®®>®. Notably, in
patients with AWM, we observed significant changes in immune cell
composition even in the absence of morphological evidence of lym-
phoma infiltration in the BM, which suggests that immune dysregula-
tion may be established even earlier than previously thought.
Specifically, we showed that CD16" Monocytes, CD564i,m» NK cells,
S100B* CD564im NK cells, CD8" and CD4" TCMs, GZMB* CD8" TEMs,
KIR" CD8" TEMs, Tgd, Thl cells, and Tregs are significantly more
abundant in patients with AWM, who in turn exhibit depletion of pDCs,
cytokine-expressing CD14* Monocytes, and interferon-stimulated and
activated lymphocytes. A prior study reported decreased expression
of interferon-stimulation and activation markers in T cells from
patients with WM, further corroborating this observation®. Notably,
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we observed variability in the ways in which the BM immune micro-
environment changed across patients, suggesting that some of these
changes may be relevant for risk stratification. For example, the pro-
portion of Tregs increased with disease progression from IgM MGUS
to SWM. This result is in line with a prior study reporting that WM cells
are capable of inducing Treg differentiation and expansion, which in
turn enables tumor growth*. Therefore, immune profiling may be
useful for patient risk stratification and potentially selecting patients
who may benefit from early treatment for prevention of progression.

By comparing changes in immune cell proportions between
patients with AWM and patients with SMM, another BM malignancy
arising from antibody-producing cells, we described immune hall-
marks of WM and MM; namely, types of immune dysregulation that are
more disease-specific. We showed that WM exhibits a specific loss of
interferon-stimulated and activated lymphocytes and a more pro-
nounced increase in SI00B* CD564;,, NK cells and CD16+ Monocytes
compared to SMM, while SMM exhibits a specific increase in CD4"
naive T cells, a specific loss of CD14" Monocytes, and a more pro-
nounced increase in Tregs compared to AWM. We then showed that
compositional differences could be used to diagnose the presence of
malignancy from immune profiling alone and also differentiate
between AWM and SMM, suggesting that immune profiling may have
the potential to diagnose and differentiate B cell malignancies in the
BM. This disease specificity in immune dysregulation extended to gene
expression changes as well. For example, myeloid cells from patients
with AWM showed a disease-specific upregulation of MNDA, a key
interferon regulator, which may be related to the observed depletion
of interferon-stimulated lymphocytes*®**.,

Probing this defect in interferon stimulation further, we demon-
strated that T and NK cells from patients with AWM are hypo-
responsive to interferon stimulation, a systemic defect that could be
partially rescued by exogenous administration of IFN type I. This, we
showed, was despite the presence of higher than normal IFN stimula-
tion levels in CD14" Monocytes from those patients, as well as normal
levels of IFN-y in PB plasma from patients with AWM. These results
suggest that the observed defect could not be simply attributed to
lower levels of interferon in patients with AWM, but rather may truly be
cell-intrinsic. Two small prior studies demonstrated modest clinical
responses in patients with WM treated with interferon, suggesting that
this defect may translate into a therapeutic vulnerability in some
patients’**. Using a flow cytometry-based cytotoxicity assay, we
showed that NK cells from patients with AWM are indeed dysfunctional
and the administration of IFN-I can help improve although not entirely
correct their functionality. Collectively, these results suggest that
newer formulations of IFN-I with reduced toxicity and optimized
dosing could potentially have a role in WM therapy in the future, along
with other treatments that potentiate NK cell functionality, although
this requires further testing.

Next, we sought to characterize tumor-intrinsic mechanisms of
disease progression. We defined gene expression signatures that could
be used for the subclassification of WM tumors: an ACTG1/SI00A4-
high subset (corresponding to GEX-2), a DUSP22/CD9-high subset
(corresponding to GEX-5), and a CXCR4/AHNAK-high subset (corre-
sponding to GEX-6 and GEX-7), which could be further subclassified
into CXCR4/AHNAK/BCL7A-high (corresponding to GEX-8) or low
groups. The expression of surface markers CD9 and CD23 which co-
segregated with some of these disease subgroups could help in the
clinical translation of this classification system. The co-segregation of
CD23 and CXCR4 expression in particular has not been previously
described and could be relevant for the identification of CXCR4-mutant
patients who exhibit suboptimal responses to treatment>?>¢>737654,
Two of the gene expression signatures (GEX-2 and GEX-7) were asso-
ciated with progression risk, with higher GEX-2 activity in patients with
IgM MGUS and higher GEX-7 activity in patients with overt WM. Sig-
nature GEX-7, which was marked by CXCR4, was shown to be active in

tumors with and without reported CXCR4 mutations, suggesting that it
may help identify patients who would otherwise not be considered at
high risk of progression. In an external bulk RNA-seq cohort of patients
with overt WM, signature GEX-7 was significantly correlated with the
degree of BM infiltration, suggesting that it may be prognostically
relevant even in the setting of symptomatic disease. Signature GEX-5,
which was marked by DUSP22 and CD9, was associated with a higher
risk of progression and the presence of lymphadenopathy. CD9 has
been previously described to denote increased dependency of lym-
phoma cells on follicular dendritic cells, making disease progression
beyond germinal centers less likely, which may explain the lymph node
tropism of this subtype®®®®. A prior study observed an association
between DUSP22/CD9 expression and a plasmacytoid phenotype,
suggesting that this expression program may also have morphological
correlates®. Lastly, we showed that signature GEX-5 may be more
active in CXCR4-WT patients and therefore it may be associated with
better response to treatment with Ibrutinib, although this would need
to be prospectively validated®®>7*7¢,

In conclusion, we have comprehensively described the types of
immune dysregulation observed in patients with AWM, identified
immune hallmarks of disease and biomarkers of disease progres-
sion, and demonstrated systemic hypo-responsiveness of patient
T and NK cells to interferon stimulation, which may result in a
therapeutic vulnerability. Moreover, we uncovered significant het-
erogeneity within WM tumors which could be distilled into a
molecular classification system, and identified tumor-intrinsic gene
expression signatures associated with disease progression, which
may help direct clinical stratification and therapy selection in the
future.

Methods

Patient samples and processing

Participants were enrolled on one of the following studies: the
PCROWD study, an observational prospective cohort study of plasma
cell pre-malignancies, (IRB #14-174), the PANGEA study (IRB #21-127),
and a biobanking study of bone marrow samples from patients with
plasma cell malignancies at the Dana-Farber Cancer Institute (IRB #07-
150). All participants provided written informed consent prior to the
collection of data and specimens. The institutional review board of the
Dana-Farber Cancer Institute approved the studies in accordance with
the Declaration of Helsinki. Four bone marrow aspirates (patients 1-4)
were collected and processed at the National and Kapodistrian Uni-
versity of Athens, Athens, Greece, and shipped to the Dana-Farber on
dry ice; they were sequenced at Dana-Farber under the protocol of the
PANGEA study.

Electronic medical records were reviewed independently by two
people for clinical data collection. Patients with a monoclonal IgM
protein in the serum and no morphological evidence of lymphoma
infiltration in the bone marrow were considered to have IgM MGUS,
while patients with any degree of infiltration were considered to have
SWM, according to the recommendations of the 2™ International
Workshop on WM”®8, The patients’ MYD88 and CXCR4 mutation status
were assessed clinically using a clinical-grade deep targeted sequen-
cing assay developed at the Dana-Farber Cancer Institute (Rapid Heme
Panel) or, for MYD&S8 alone, allele-specific PCR®°. Fluorescence in situ
hybridization (FISH) was used clinically to detect the presence of copy
number abnormalities. Patient characteristics are summarized in
Table 1.

Bone marrow aspirates and peripheral blood were collected in
EDTA tubes, and bone marrow mononuclear cells (BMMCs) and per-
ipheral blood mononuclear cells (PBMCs) were isolated using ficoll
separation or Red Blood Cell lysis buffer (ThermoFisher). Bone marrow
mononuclear cells were then subjected to magnetic bead enrichment
(Miltenyi Biotec) for CD138 and/or CD19, according to the manu-
facturer’s instructions, and cryopreserved in Fetal Bovine Serum (FBS)
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with 10% Dimethylsulfoxide (DMSO). PBMCs were cryopreserved in
FBS with 10% DMSO without further selection.

Statistics and Reproducibility

We performed power analysis to determine the appropriate sample
size. We estimated that approximately 20 samples/group would be
required to have >90% power to detect a difference of at least 3% in cell
type proportions between patients and healthy donors, assuming cell
type proportions are beta-distributed and assuming a 5% frequency in
healthy donors, a standard deviation of 3% in both groups, and mul-
tiple hypotheses testing correction for 20 cell types at the 0.05 sig-
nificance level. No data were excluded from the analyses, unless
expressly stated otherwise in the main text and figure legend (for
example, removing individuals with less than 100 immune cells from
compositional analyses). No randomized experiments were included
in the study.

Single-cell sequencing of tumor and immune cells

We performed single-cell RNA and BCR sequencing on CD138" and/or
CD19* tumor cells from 18 patients with IgM MGUS/SWM (IgM MGUS:
n=1, SWM: n=17), and 4 patients with WM for a total number of
26 samples to molecularly characterize early-stage tumors in patients
with IgM MGUS/SWM (Table 1). For 1 patient, both CD138" and CD19*
cells were sequenced; for another, two aliquots were thawed and for
each aliquot, both CD138" and CD19" cells were sequenced. One
patient with AWM (Pt5) had a serial sample collected at progression 5
years after the original sample was drawn. We also performed single-
cell RNA sequencing on CD138™ and/or CD19° immune cells from 25
patients with IgM MGUS/SWM (IgM MGUS: n=6; SWM: n=19) and 3
patients with WM for a total number of 29 samples (one patient had
both a CD138™ and a CD19™ sample) to comprehensively characterize
alterations in the BM immune microenvironment across stages of
disease progression (Table 1).

Cells were thawed in a 37 °C water bath. Subsequently, they were
centrifuged at 330 g for 5 min and washed twice with an ice-cold 0.04%
Ultrapure Bovine Serum Albumin (BSA)/Phosphate-Buffered Saline
(PBS) wash buffer, before being loaded onto a Chromium Controller
(10X Genomics) for single cell encapsulation. Libraries were prepared
using the Chromium Next GEM Single Cell 5 Reagent Kit v2 (Dual
Index), the Chromium Single Cell Human BCR Amplification Kit, and
Library Construction Kits (10X Genomics), according to the manu-
facturer’s instructions. Libraries were sequenced on a NovaSeq 6000
S4 flow cell at the Genomics Platform of the Broad Institute of MIT and
Harvard (Cambridge, MA).

Single-cell RNA sequencing data processing and analysis
CellRanger (v6.0.1) was used to demultiplex FASTQ files and produce
count matrices and R (v4.1.3) and Seurat (v4.1.0) were used for
downstream analyses®*”°. We performed ambient RNA correction with
SoupX (v1.5.2); doublet detection with Scrublet (v0.2.3), scDblFinder
(v1.8.0), and SCDS (v1.10.0); and normalization with Scran (v1.22.1)°""%,
Tumor and immune fraction samples from all 30 patients with AWM/
WM were processed together and integrated with in-house data from
BM immune cell samples from healthy donors (HD, n =23) and patients
with Smoldering Multiple Myeloma (SMM; n=26)**. A total of
292 stroma cells were identified and removed from all analyses. The
total number of samples with at least 100 immune cells annotated
(excluding normal B cells), who were considered for compositional
analyses, was 70 (HD: 18; IgM MGUS: 6; SWM: 19; WM: 3; SMM: 24),
including one patient who was sampled at both the SWM and WM
stages. A total of 10 samples (HD: 5, SWM: 2; WM: 1; SMM: 2) had fewer
than 100 immune cells annotated and were excluded from analyses.
Following the identification of malignant cells, malignant and
immune cells were processed separately. For immune cells, integration
was performed using Harmony (v0.1.0) and correcting for sample ID*°.

Droplets were deemed to be doublets when at least 2 out of three
methods classified them as such and they were only removed from
consideration when they clustered together and co-expressed markers
of multiple cell types (heterotypic doublets). Droplets containing
dying cells with more than 15% mitochondrial gene expression were
removed before clustering. Clusters with higher mitochondrial and
ribosomal gene expression that clearly separated from well-annotated
clusters and lacked interpretable expression markers were removed
downstream. Cells were annotated based on a list of established
expression markers, as well as cluster-specific markers obtained
through differential expression analysis, as previously described*.

Cell type proportions were computed using all cells as denomi-
nator and compared between groups using two-sided Wilcoxon’s rank-
sum tests (only considering samples with at least 100 annotated
immune cells). P-values were adjusted for multiple hypothesis testing
using the Benjamini-Hochberg approach”.

Genes with more than 3 counts in at least 10 cells were considered
for differential expression analysis. For each cell subtype, cells of one
group (for example, AWM) were compared to cells of the other (for
example, HD) using two-sided Wilcoxon’s rank-sum tests and p-values
were corrected with the Benjamini-Hochberg approach®. To system-
atically compare gene expression changes in AWM and SMM by cell
type, cell type-specific results (for example, for myeloid cells) were
aggregated by computing the mean log, fold-change and g-value per
gene across subtype-specific comparisons (for example, CD16"
Monocytes, SIO0A® CD14" Monocytes, etc.).

Immune cell proportion classifier

For the purposes of this analysis, we discarded progenitor cells and
focused on individuals with at least 100 immune cells excluding pro-
genitor cells (HD: n=17; SMM: n =24; AWM: n =25). Progenitor cells
were removed to control for the effect of concurrent clonal hemato-
poiesis which is frequently encountered in patients with AWM and
SMM and may lead to changes in the proportion of different pro-
genitor populations®®, We selected 17 features (i.e., cell types) using
the rank-based approach described by Golub et al. and taking the
union of the top 10 features for each of the two comparisons (SMM vs
HD, AWM vs HD)*. We then split our cohort into five subsets and
performed 5-fold cross-validation, each time training an SVM classifier
on the training subsets and testing it on the testing subset. For each
sample, the SVM classifier determined the diagnosis (i.e., HD, SMM, or
AWM). The function svm() from the R package e1071 (v1.7.11) was used
to train the classifier with cost set to 0.1 and a linear kernel.

Interferon and activation signature scoring

To measure interferon signaling and general immune cell activation,
we used the function AddModuleScore() of the R package Seurat
(v.4.1.0) and scored cells for these gene sets, respectively: (i) /ISGIS5,
ISG20, IFl6, IFI27, IFI44L, MX1, STATI, MX2, OAS1, OASL, EIF2AK2, IFIT1,
IFIT2, IFIT3, and (ii) JUN, JUNB, JUND, FOS, FOSB, CD69, NR4A2, DUSPI,
TNFAIP3, TSC22D3, PPP1IRISA, FAM177A1, ZFP36, ZFP36L2, FTHI1, KLF6,
BTG1, ZNF331, EIFI°°. Signature activity was compared between groups
of cells using Wilcoxon’s rank-sum test and p-values were corrected
using the Benjamini-Hochberg approach®.

IFN-y expression post-stimulation with common viral epitopes

Cryopreserved PBMCs from 3 patients with AWM (IgM MGUS: n=2;
SWM: n=1), 10 patients with SMM, and 10 HD were thawed in a 37 °C
water bath, spun down, and resuspended in CTL-Test Medium (Cel-
lular Technology Limited, Shaker Hts., OH). For every individual,
400,000 cells were seeded per well in duplicate in 100 uL of CTL-Test
media. For antigen stimulation, we used a peptide pool consisting of
124 class I-restricted epitopes from Cytomegalovirus (30 peptides),
Epstein Barr Virus (59 peptides), Human Respiratory Syncytial Virus (11
peptides), and Influenza A Virus (24 peptides) (CTL-CERI-300, Cellular
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Technology Limited) at a final concentration of 1pg/ml. Negative
control wells (n=2) were supplemented with 0.3 uL DMSO (0.3%),
instead. The Human IFN-y Single-Color Enzymatic ELISPOT assay kit
(hIFNg-2M/2, Cellular Technology Limited, Shaker Hts., OH) was used
to assess the expression of IFN-y post-stimulation. The average num-
ber of spots across duplicate test wells was divided by that in the
negative control wells to normalize estimates. Antigen-specific
responses were expressed as ratios (test/control) and compared
between groups using Wilcoxon’s rank-sum tests. P-values were cor-
rected using the Benjamini-Hochberg approach”.

IFN type I stimulation of BMMCs and PBMCs

Cryopreserved CD138 BMMCs from 3 patients with AWM and 3 HD as
well as cryopreserved PBMCs from the same 3 patients with AWM were
cultured with or without 1000 U/mL of universal Type I IFN (R&D
systems) for 16 h in RPMI 1640 medium (Gibco) containing 20% FBS.
Following stimulation, cells were centrifuged at 330 g for 5min and
washed with 0.04% Ultrapure BSA/PBS, before being loaded on the
Chromium Controller (10X Genomics) for single cell encapsulation.
Libraries were prepared using the Chromium Next GEM Single Cell 5’
Reagent Kit v2 (Dual Index) and Library Construction Kits (10X Geno-
mics), according to the manufacturer’s instructions, and sequenced on
a NovaSeq 6000 S4 flow cell at the Genomics Platform of the Broad
Institute of MIT and Harvard (Cambridge, MA). The data was analyzed
as described above.

Measurement of IFN-y levels in peripheral blood plasma
Peripheral blood plasma was collected from 5 patients with IgM MGUS,
15 patients with non-IgM MGUS, 20 patients with SMM, and 13 HD.
Peripheral blood was collected in EDTA tubes and subjected to cen-
trifugation at 1200 g for 10 min. Plasma was collected and subjected to
a second round of centrifugation at 2000 g for 20 min to remove
remaining cells and debris. Plasma was then aliquoted in cryotubes and
stored at —80 °C until use. Proximity Extension Assay technology by
Olink Proteomics (Uppsala, Sweden) was used to measure the levels of
IFN-y in plasma samples and cross-group comparisons were conducted
with Wilcoxon’s rank-sum tests. P-values were corrected using the
Benjamini-Hochberg approach®.

Flow cytometry-based NK cell cytotoxicity assay

An NK cell cytotoxicity assay was performed as previously described in
ref. 99. Briefly, NK cells were isolated from cryopreserved PBMCs from
5 patients with AWM and 4 HD using EasySep Human NK Cell Isolation
kit (StemCell Technologies) and cultured overnight in RPMI-1640
medium (Gibco) containing 10% FBS, 1X penicillin/streptomycin, and
1ng/mL IL-15 (Peprotech). K562 cells expressing GFP were kindly
provided by Dr. Eric Smith (Dana-Farber Cancer Institute, Boston, MA)
and cultured in RPMI-1640 medium containing 10% FBS and 1X peni-
cillin/streptomycin. NK cells and K562 cells expressing GFP were co-
cultured at an effector/target (E:T) ratio of 3:1 with or without 1000 U/
mL of universal Type I IFN (R&D systems) for 4 h in RPMI-1640 medium
containing 10% FBS, 1X penicillin/streptomycin, and 1ng/mL IL-15.
Following co-culture, cells were stained with PE-annexin V (Biolegend)
and 7-AAD (BD Biosciences) for 15 min at room temperature. Cells were
then acquired using a BD LSR Fortessa X-20 instrument at the Flow
Cytometry Core of the Dana-Farber Cancer Institute. The data was
collected using BD FACS Diva software (v. 9.2.0) and analyzed using
FlowJo (v.10.8.1). Cells were first gated on GFP to identify GFP + K562
cells; doublets were excluded using FSC-H vs FSC-W and then SSC-H vs
SSC-W; killed target cells were then identified based on positive
staining for both PE-Annexin V and 7-ADD.

MYDS8 L265P and CXCR4 mutation detection assays
Assessment of MYD88 L265P and CXCR4 mutation status was per-
formed using DNA extracted from CD138" and/or CD19* bone marrow

cells from 18 patients with AWM and available samples with the Mon-
arch Genomic DNA Purification Kit (New England Biolabs). Quantita-
tive PCR (qPCR) was performed using Power SYBR Green PCR Master
Mix according to the manufacturer’s instructions on the ABI Prism
7500 Sequence Detection System (Applied Biosystems), as previously
described ™", Briefly, the PCR reaction was performed in a final
volume of 25 uL with 25 nM of each primer and 50 ng of DNA. Thermal
cycling conditions were as follows: 10 min at 95 °C, followed by 40
cycles of 95°C for 15s and 60 °C for 60s. For MYD88 L265P, the
mutant-specific reverse primer (5-CCTTGTACTTGATGGGGAACG-3'),
the wild-type-specific reverse primer (5-TGGTGTAGTCGCAGA-
CAGTGA-3’), and the common forward primer (5-AATGTGTGC-
CAGGGGTACTTAG-3') were used. For CXCR45** mutations, the C>G
mutation-specific reverse primer (5-AGACTCAGACTCAGTGGAAA-
CAGTTC-3’), the C>A mutation-specific reverse primer (5-AGACT-
CAGACTCAGTGGAAACAGGTT-3'), the common forward primer (5-
TTCCACTGTTGTCTGAACCCCATC-3), the reference forward primer
(5-ACTACATTGGGATCAGCATCGACT C-3’) and the reference reverse
primer (5-TGAAGACTCAGACTCAGTGGAAACAG-3’) were used. The
standard curve for MYD881.265P and CXCR4 mutations were generated
by a serial dilution of the mutant DNA with the wild-type DNA (50%,
10%, 2%, 0.4%, 0.08%, and wild-type), respectively. To detect CXCR4
mutations at the C-terminal domain, Sanger sequencing was per-
formed as previously described'”. Briefly, the forward PCR primer (5
ATGGGGAGGAGAGTTGTAGGATTCTAC-3) and reverse PCR primer
(5-TTGGCCACAGGTCCTGCCTAGACA-3) were designed to amplify
the CXCR4 open reading frame. Amplified PCR products were isolated
using the QIA quick gel extraction kit (Qiagen) and sequenced using
both forward and reverse PCR primers and an additional sequencing
primer (5-GCTGCCTTACTACATTGGGATCAGC-3)).

Single-cell BCR sequencing data processing

B cells and plasma cells were first identified based on the expression of
key lineage markers (B cells: CD19, PAXS, MS4A1, CD79A; Plasma cells:
SDC1, TNFRSF17, IRF4, XBP1, SLAMF7, CD38). Cell barcodes that were
determined to correspond to B cells and plasma cells were considered
for downstream analysis. All V(D)J contigs detected by CellRanger vdj
(v6.0.1) were processed to identify a single heavy and light chain per
cell barcode, based on UMI support®. For each patient, clonotypic
data from multiple samples or aliquots were combined and harmo-
nized clonotypes were identified anew based on the frequency of
unique Complementarity-Determining Region 3 (CDR3) amino-acid
(AA) sequences.

Identification of malignant cells and tumor phenotyping

To identify malignant cells, B cells and plasma cells from each patient
were considered separately. For each patient, B cell receptor clono-
types were sorted by their frequency, and clonotypes whose frequency
was at least double that of the next clonotype in order and which had at
least 30 cells, were nominated as expanded. Expanded clonotypes
which clustered separately from normal B cells and whose immu-
noglobulin isotype matched the one detected clinically by immuno-
fixation were considered malignant. Cells residing in the same clusters
as the malignant clonotypes were considered malignant. A panel of
established markers was then used to determine the type of the lym-
phoid clone. For example, WM clones were identified based on the
expression of IGHM, CD79B, CD27, TNFRSFI13B, ITM2C, JCHAIN, and
CDIC. Concurrent Monoclonal B cell Lymphocytosis (MBL)/Chronic
Lymphocytic Leukemia (CLL) clones were identified based on the
expression of CDS, FCER2 (encoding CD23), SPN (encoding CD43),
and LEFI.

Inference of Copy Number Variants from scRNA-seq data
Copy number variants (CNVs) were inferred from scRNA-seq data
using Numbat (v1.1.0)’. Allelic data was collected from the entire
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positive fraction, which contained both tumor and normal cells, to
ensure that the frequency of CNVs and particularly, clonal deletions,
would not negatively impact genotyping and phasing. A custom panel
of 1.2 K healthy donor plasma cells was used as expression reference to
correct for cell type-specific expression patterns, such as immu-
noglobulin expression, which otherwise may result in artifactual CNV
inference on chromosomes 2, 14, and 22. Ultimately, CNVs were
inferred on tumor cells only to increase sensitivity.

De novo extraction of gene expression signatures from

tumor cells

SignatureAnalyzer-GPU (v0.0.8) was used for signature discovery on a
matrix of WM tumor cells and the top 2000 highly variable genes,
excluding immunoglobulin, ribosomal, and mitochondrial
genes’®'%21% The tool was run 30 times directly on the raw count
matrix with a Poisson objective and exponential (L1) priors for both the
H and the W matrices. The run that resulted in a K (i.e., number of
signatures) equal to the mode of the K distribution and had the lowest
objective was selected for downstream analysis. Gene expression sig-
nature markers were nominated by (i) multiplying the W matrix by the
sum of signature activity across all cells in the H matrix, (ii) calculating
the fraction of each signature’s activity for each gene (matrix F) and (iii)
ranking genes based on the product of W (i.e., how strongly each gene
contributes to the signature) and F (i.e., how strongly each signature
contributes to the gene)®. A total of 8 gene expression signatures
(GEX) were extracted. Signatures GEX-1 and GEX-4 captured general
immune cell activation through the AP-1 module and monocyte con-
tamination, respectively, and were removed from downstream
analyses.

Validation of gene expression signatures in an external GEP
dataset

To validate our gene expression signatures, we used an external GEP
dataset of 13 patients with IgM MGUS and 36 patients with overt WM
(GSE171739)”. The dataset was downloaded from the Gene Expression
Omnibus (GEO) using the getGEO() function from the GEOquery
(v2.68.0) R package'®. CD19* patient samples (IgM MGUS: n=13; WM:
n =36) were selected for downstream analysis and gene-level data was
generated by averaging across each gene’s probes. Normalized
expression values for the 30 markers of our six gene expression sig-
natures (5 markers per signature) were z-scored and a Euclidean dis-
tance matrix was constructed for agglomerative hierarchical clustering
with complete linkage. The number of clusters was set to 6, one per
signature, and the final number of subtypes was determined to be 4
based on manual curation for ease of classification. Samples were then
scored for each signature by taking the mean of the signature’s mar-
kers’ expression levels and each signature’s activity was compared
between patients with IgM MGUS and patients with WM using two-
sided Wilcoxon’s rank-sum tests. P-values were adjusted using the
Benjamini-Hochberg approach”.

Subsequently, a list of 101 genes that were shown to be con-
sistently upregulated in more than 30% of tumors in our single-cell RNA
seq dataset were tested for differential expression between patients
with IgM MGUS and patients with overt WM in GSE171739 using two-
sided Wilcoxon’s rank-sum tests”. P-values were adjusted using the
Benjamini-Hochberg approach and genes with a g-value < 0.05 (n=53)
were selected for visualization”.

Validation of gene expression signatures in an external bulk
RNA-seq dataset

To further validate our gene expression signatures, we used an
external bulk RNA-seq dataset of 52 patients with MYD88-mutant WM
and available clinical and genotypic data on CXCR4 mutations®’. Nor-
malized expression data and associated metadata was obtained fol-
lowing communication with the authors. Samples were scored for

signatures GEX-2, GEX-5, and GEX-7 by taking the mean of the sig-
nature’s markers’ expression levels. Signature activity was compared
between patients of different genotypic status, patients with or with-
out LAD, and patients with or without splenomegaly using Wilcoxon’s
rank-sum tests; signature activity was compared to BM infiltration and
serum IgM levels using Pearson’s correlation tests. P-values were cor-
rected using the Benjamini-Hochberg approach”.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Raw and processed single-
cell RNA and BCR sequencing data generated for this study are
deposited in dbGaP (phs003787.v1.pl; https://www.ncbi.nlm.nih.gov/
projects/gap/cgi-bin/study.cgi?study _id=phs003787.v1.pl). Raw single-
cell RNA sequencing data generated in Zavidij et al. are deposited in
dbGaP (phs001323.v3.p1; https://www.ncbi.nlm.nih.gov/projects/gap/
cgi-bin/study.cgi?study_id=phs001323.v3.p1)”. Raw single-cell RNA
sequencing data generated in Sklavenitis-Pistofidis et al. are deposited
in dbGaP (phs002476.v3.pl; https://www.ncbi.nlm.nih.gov/projects/
gap/cgi-bin/study.cgi?study _id=phs002476.v3.p1)*. Normalized bulk
RNA-seq data from Hunter et al. was obtained directly from the authors
and is not deposited in a public repository; signature scores generated
on this cohort for the purposes of this manuscript are shared as Source
Data®. Gene expression profiling data from Trojani et al. was down-
loaded from GEO (GSE171739; https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE171739)”. The remaining data are available
within the Article, Supplementary Information or Source Data
file. Source data are provided with this paper.

Code availability

Code used for downstream analysis is available on Github: https://
github.com/romanos-sp/Nat-Comm-2025-WM-scRNA-seq or as Sup-
plementary Software.
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