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Abstract

Waldenstréom's macroglobulinemia (WM) is an uncommon lymphoproliferative disorder, and the precise cellular
landscape and the mechanisms of progression from IgM monoclonal gammopathy of undetermined significance
(MGUS) to WM remain unclear. We performed single-cell RNA sequencing of CD19+and CD19-CD38 + cells from
healthy donors, IgM MGUS and WM patients. We found that samples from IgM MGUS and WM patients were com-
posed of fewer early B-cell subsets and more T cells and NK cells than those from healthy controls. Compared with
those of IgM MGUS patients, mature B cells of WM patients showed upregulation of HES1, GADD45B, NEAT1, DUSP22,
RGST, RGS16, and PIM1. We also identified a subpopulation of CD3 4+ CD19+4cells in IgM MGUS and WM patients,
and trajectory analysis suggested that this subpopulation might be a stem cell-like subset. Further targeted gene
sequencing of CD3+CD19+and CD3-CD19 4 cells proved that MYD88 might be the early events in tumorigenesis
according to variant allele fraction analysis. Additional subclonal hits such as CXCR4 and MAP2K1 mutations could be
acquired during tumor progression. CXCL signaling, CCL signaling, IL2 signaling and TGFf3 signaling pathways were
involved in communication between CD3 + CD19+ cells and other immune cells. Our findings reveal the composi-
tion of CD38 +immune microenvironment together with B cells and plasma cells in IgM MGUS and WM patients, and
provide comprehensive insights into mechanisms of progression from IgM MGUS to WM. The rare CD3 +CD19 +cells
might be cells with “stemness” feature.
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remain unclear. Single-cell RNA sequencing (scRNA-seq)

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40164-023-00382-6&domain=pdf

Qiu et al. Experimental Hematology & Oncology

(2023) 12:18 Page 2 of 6

A B c
NC MGUS WM
10 % "
R — Bromn A g o e
: 75 Cell type & -
5 3 .~ D
J % B *;» » %
1 b | cps+cp2o+ = d -
oo e - = erythrocyte PiM1
E < ploma coll 8 50 Myeloid NC MGUS WM
© eryth
: sapme &2 —
s o Frogonitor | plasma cell ea.
| Progenitor
25 T
-10 ’ ;’fx
‘ DUSP22
15 0 NC MGUS WM
En 3 o MGUS NC WM @
UMAP_1 Group S ’
RGS1
Do .
N NC_preB = -

8 NC_matureB S @
H NC_proB R
N IGKC
“Wodifed Expression’  Shared preB Maeus WM

i = 5
MGUS B ||
s~ .
=g =p. g Sl
WM B1 e % <
Shared_proB
WM B2 IGLC3
Shared_preB || Meus wMm
e ’
MGUS dominant_sharedB i o~ e
‘WM dominant_sharedB == », 2
10 11 12 131415 16 17 18 19 = d g
21
e B3X (129) : =
[0 spie (12g) 2 8! '
ATF4_extended (24g)
| HES1 (74g) 1 I
XBP1 (129g) 6 sgan .
an e BHLHE41 (20g) 0 . 6 .
| REL (20) © e
ENO1_extended (17g) - .o
ELK3_extended (16g) . .
ELF1_extended (30g) 2 g‘ ér pus g,
| BCLAF1_extended (24g) o) M
KLF3_extended (13g) 3 & ‘:‘g"";f."'
IRF2_extended (11g) sl
. KLF8_extended (10g) 2 o 2 . 5 ‘1::;"%"*"?;5‘“‘*'"
ELF2 (15g) N oot
YY1 (14g) L
IRF8_extended (23g) g
NFKB1 (16g) 0 o
TAF7_extended (31g) 0 2 4 6 0 2 4 6
MXI1_extended (14g) NC MGus
BHLHE40_extended (19g)
IRF1 (350)
| 0 B wegzg)
ERG_extended (18g)
TCF4_extended (10g)
FOSB_extended (39g)
|| EGR1 (11g)
FOS_extended (13g)
JUNB (18g)
| ] JUN_extended (305g)
JUND (91g)
KLF6_extended (251g)
CEBPD_extended (12g)
{ - . Soxs (23%9)
IRF4 (47g)
PR PRI I SL L
R SIS I IS
D 7 5T TEE S
&% e & &7 =%
S &
5 5
= \\\é‘

Fig. 1 Atlas and Transcriptomic profiling in patients with WM and IgM MGUS. A UMAP plot of merged single-cell transcriptomes. Cells are colored
according to cell type. B Cell proportion of each sub-cluster in three groups. C Expression of DEGs of mature B cells and immunoglobin genes in
patients or healthy donors. D Heatmap showing CNV levels of clusters originated from different samples. Red represents high CNV level and blue
represents low CNV level. Horizontal axis represents distribution of genomic regions. E SCENIC analysis estimates transcription factors regulating
indicated clusters. F Scatter plots showing significantly DEGs of plasma cells across the three groups
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provides us a powerful approach to explore tumor heter-
ogeneity and identify rare malignant cells [4]. Anti-CD38
monoclonal antibodies have been introduced into the
therapeutic arsenal for plasma cell diseases [5]. There-
fore, we analyzed CD38+immune microenvironment
together with B cells and plasma cells to illustrate the first
cellular landscape of IgM MGUS and WM in single cell
resolution.

We isolated bone marrow CD19+and CDI19-
CD38+cells from WM patients(n=3), IgM MGUS
patients(n=3) and healthy donors(n=3) and employed
the 10 x Genomics platform to perform single-cell tran-
scriptomic sequencing. After quality control, our dataset
contained a total of 73,024 cells. We used uniform mani-
fold approximation and projection (UMAP) to visualize
the cell superclusters and identified clusters including B
cells (CD19, MS4A1, and CD79A), plasma cells (SDCI1,
CD38, and PRDMI1), CD3+CD20+CD19+cells, T
cells (CD3D, CD8A, and CD4) and NK cells (NCAMI1,
GNLY, and NKG7) based on the expression of canonical
lineage markers and cluster-specific markers (Fig. 1A and
Additional file 2: Figure S1A, B). We found that healthy
donors had the highest percentage of B cells (72.7% in
healthy donors, 19.0% in IgM MGUS patients, 60.5% in
WM patients; p<0.001) and that IgM MGUS and WM
patients had more NK and T cells than healthy controls
(0.06% and 17.7%, respectively, in healthy donors; 24.1%
and 20.5% in IgM MGUS patients; 8.5% and 24.0% in
WM patients; p<0.001) (Fig. 1B). We also noticed that
CD3+CD20+(CD19+) cells were present in both
IgM MGUS and WM patients (Additional file 2: Figure
SIC-E).

First, we investigated the cell clusters correlated with
WM pathology including B cells and plasma cells. We
identified pre-B cells, pro-B cells and mature B cells
based on the progenitor cell marker CD34, pre-BCR
genes IGLL1 and VPREBI, and B-lymphoid lineage sur-
face markers MME, CD38, FCER2 and CD27. We com-
pared the B-cell gene expression profiles after removing
the early B cells (Additional file 2: Figure S1F). Com-
pared with those of IgM MGUS patients, mature B
cells of WM patients showed upregulation of HESI,
GADD45B, NEAT1, DUSP22, RGS1, RGS16, and PIM1
(Fig. 1C and Additional file 3: Table S1). Light chain

(See figure on next page.)
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restriction and higher copy number variants (CNV)
levels were found in B cells of WM patients (Fig. 1C,
D). SCENIC analysis showed that FOS, FOSB, EGR1
and JUNB were downregulated in B cells from WM and
IgM MGUS patients (Fig. 1E). REL, a proto-oncogene
promoting the survival and proliferation of B lympho-
cytes, was downregulated in B cells of WM patients,
and IRF8 and ELF1 were upregulated in B cells of IgM
MGUS patients (Fig. 1E). Nevertheless, plasma cells of
WM patients, [gM MGUS patients and healthy donors
were colocalized in one cluster, which might indicate
their similar gene expression patterns. The significant
differentially expressed genes (DEGs) across the groups
are highlighted in scatter plots (Fig. 1F) and showed
in Additional file 4: Table S2. In particular, we noticed
that the expression levels of part of genes decrease in
IgM MGUS patients and then rise again when the dis-
ease progresses to WM. We assumed that the regula-
tion might be correlated with the progression from IgM
MGUS to WM.

Next, we further determined the characteristics of the
rare CD3+4CD19+cells. Trajectory analysis revealed
that CD3+CD20+ (CD19+) cells and pre-B cells were
located at the same end of the branched structure and
were then directed toward mature B cell and plasma cell
fates, respectively (Fig. 2A). This inferred developmen-
tal trajectory suggested that CD3+CD20+(CD19+)
cells may be tumor stem cell-like subset. Using flow
cytometry, we validated that CD3 was expressed in a
fraction of CD19+cells (mean: 3.69%, range: 0.28%-
15.10%) of bone marrow samples from 8 WM patients
(Fig. 2B, Additional file 2: Figure S2A and Additional
file 5: Table S3). We compared the gene expression of
CD3+CD20+CD19 +cells between WM patients and
IgM MGUS patients (Additional file 6: Table S4). Genes
including IGKC, JCHAIN, AREG, RGS1, IGHM were
significantly upregulated in CD3+ CD20+ CD19 + cells
of WM patients. In addition, targeted gene sequenc-
ing (TGS) was performed on CD3+CD19+and CD3-
CD19+cells from 6 WM patients (Additional file 7:
Table S5). MYD88 were proved to be the most fre-
quently mutated gene in this cell subset (Fig. 2C). And we
inferred that MYD88 mutation might be the early events
in tumorigenesis by variant allele fraction (VAF) analysis

Fig. 2 Stem cell-like subset in patients with WM and its mutational landscape. A Pseudo-time analysis of B cells, B cells with aberrant T cell markers,
plasma cells inferred by Monocle 2. Expression of classical markers shows clusters identification: CD3 4 CD20+ cells and preB cells (IGLL1 +) are
located in the “root” (pseudo-time 0) and B cells (MS4A1 +) and plasma cells (SDC1 +) are located in the branch. B Flow cytometric analysis showing
the population of B cells with aberrant T cell markers in two WM patients. CD3 + CD19 + cells were labeled with red color. And expression of CD4
and CD8 in CD3 4+ CD19 + cells were analyzed. C Mutant genes identified by target region sequencing in CD3 +CD19+ cells and CD3-CD19 + cells
of 6 patients with WM. Mutation types and mutation rate of each gene were displayed in the right side. D Heatmap showing VAF distribution of
nine mutated genes. E Dynamics of VAF across CD3 4+ CD19+ cells and CD3-CD19+cells
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(Fig. 2D, E). Additional subclonal hits, such as CXCR4
and MAP2K1 mutations, could be acquired during tumor
progression.

We observed higher proportions of T lymphocytes and
NK cells in WM patients; thus, CellChat was employed
to explore the cell-cell communication between
immune cells and CD3+ CD20+ (CD19 +) cells in WM
patients. We observed that the CXCR4-CXCL12 ligand-
receptor pair was enriched in the interaction between
CD3+CD20+cells and B cells (Additional file 2: Fig-
ure. $2B, C). The CCL signaling pathway were highly
expressed in CD8+T cell/NK-cell-CD3 + CD20 + cell
interactions (Additional file 2: Figure. S2B, C). In addi-
tion, IL2 signaling, as well as TGF P signaling, were
also involved in communication networks between
CD3+CD20+cells and T/NK cells (Additional file 2:
Figure. S2B, C).

In conclusion, our study provides comprehensive
insights into mechanisms of progression from IgM
MGUS to WM. We identified the rare CD3 + CD19 + cell
subpopulation in WM patients. It will be interesting to
explore novel therapeutic strategies targeting rare poten-
tial cells with “stemness” in future.
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