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Key Points

• We defined a
subpopulation of
malignant plasma cells
associated with poor
outcomes as EMICs.

• LILRB4 mediated the
migration of NCI-H929
cells and induced cell
cycle arrest in the G1
phase in vitro.
f/7/15/4148/2069
Myelomatous effusion (ME) is a rare manifestation of extramedullary multiple myeloma

(MM) with limited therapeutic options and poor outcomes. The molecular mechanisms

underlying ME are incompletely understood. We profiled transcriptomes of bone marrow,

peripheral blood (PB), and pleural effusion/ascites from 3 patients with ME using single-cell

RNA sequencing analysis. We found that ME contained a higher percentage of cytotoxic

T cells, whereas PB contained a higher proportion of naive T cells. Malignant cells varied

within and between sites and patients in their expression of signatures. We identified a

gene module highly expressed in intramedullary and extramedullary plasma cell clusters

and defined cell clusters expressing this gene set as extramedullary-initiating cells (EMICs).

This gene set was associated with increased cellular proliferation, involved in p53 signaling,

and related to poor prognosis in MM. The transcriptional regulators E2F1, YY1, and SMAD1

were activated in EMICs. Leukocyte immunoglobulin–like receptor subfamily B4 (LILRB4)

was upregulated in extramedullary EMICs. We confirmed that LILRB4 promoted MM cell

migration in vitro. This study provided insight into the evolutionary mechanisms of ME and

defined EMICs and LILRB4 associated with extramedullary development.
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Introduction

Multiple myeloma (MM) is characterized by the clonal proliferation of malignant plasma cells (PCs) and
accounts for 10% of malignant hematopoietic diseases.1 The development of protease inhibitors, immuno-
modulatory drugs, and monoclonal antibodies has increased survival rates.2 However, MM is incurable, and
disease progression results in drug resistance and poor outcomes.3 When a subclonal of PCs become
independent of marrowmicroenvironment and egress out of bonemarrow (BM), it is termed as extramedullary
multiplemyeloma (EMM). Theoverall incidenceofEMM is6%at the initial diagnosis and6% to20%during the
follow-up.4 EMMcanspread to skeletal tissue andextraosseous sites, including lymphnodes, liver, skin, central
nervous system, pleura, and blood.5 Extraosseous MM is associated with worse outcomes.6,7

Myelomatous effusion (ME) is manifested with the presence of neoplastic PCs in bodily fluids, including
pleural effusion and ascites. ME occurs in <1% of MM cases.8,9 Although a few cases of remission with
long-term survival have been reported,10,11 the median survival of patients with ME is only
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4 months.12,13 The pathogenesis of ME has not been fully eluci-
dated.14 The increased proliferation of PCs and the activation of
antigen presentation, proteasomes, oxidative phosphorylation,
glycolysis, and immune evasion in these cells are involved in the
formation of EMM.15 Pleural and peritoneal lesions and hematog-
enous metastasis may be related to ME.16 However, the molecular
mechanisms underlying ME need to be studied further.

This study included single-cell RNA sequencing (scRNA-seq) of
malignant PCs as well as immune cells in 3 patients with MM who
relapsed with ME. BM, peripheral blood (PB), and pleural effusion/
ascites were collected. The transcriptome analysis of PCs in these
tissues allowed for the identification of cell subclones involved in the
migration to extramedullary sites. We determined the molecular
mechanism of ME formation and the impact of target genes on
myeloma invasiveness using in vitro experiments. Our findings
underscore the importance of analyzing single-cell transcriptome
profiles to identify PC clones able to migrate and survive in extra-
medullary sites.

Materials and methods

Patients and sample preparation

Primary BM, PB, and pleural effusion/ascites samples were
collected from 3 patients with MM with ME at the Department of
Hematology of Jiangsu Province Hospital from January 2019 to
December 2021. The main properties and quality statistics of the
experiment are summarized in supplemental Materials. All proced-
ures in this study were approved by the ethics committees of
Jiangsu Province Hospital and in accordance with the Declaration
of Helsinki. All the enrolled patients signed an informed consent.

Library preparation and scRNA-seq

Cells (1 × 105 cells per mL) were harvested and suspended in
equal volumes of phosphate-buffered saline. Cells were loaded
onto a microfluidic chip, and scRNA-seq libraries were constructed
using a GEXSCOPE Single-Cell RNA Library Kit17 (Singleron
Biotechnologies, Nanjing, China). Individual libraries were diluted to
4 nM and pooled, and the pools were sequenced using an Illumina
NovaSeq 6000 platform to produce 150 bp paired-end reads.

Analysis of raw reads

Raw reads from scRNA-seq were processed to generate gene
expression matrixes using CeleScope version 1.1.7 (https://github.
com/singleron-RD/CeleScope). Low-quality reads were removed
using CeleScope, and poly-A tails and adapter sequences were
removed using Cutadapt2 version 1.17. Cell barcodes and unique
molecular identifiers (UMIs) were extracted. High-quality reads
were mapped to the reference genome GRCH38 (Ensembl version
92) using STAR version 2.6.1a.18 UMI counts and gene counts
were grouped using featureCounts19 version 2.0.1 to generate
expression matrixes.

Quality control, dimensionality reduction, and

clustering

Cells with a range from 200 to 5000 genes, less than 30 000 UMI
counts, and less than 50% mitochondrial content were retained;
37 731 cells passed quality control. Six samples from GEXSCOPE
(MM01-ME, MM01-PB, MM01-BM, MM03-BM, MM03-ME, and
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MM03-PB) and 2 samples from 10X Genomics (MM02-BM and
MM02-ME) were integrated using Harmony version 1.0. Dimen-
sionality reduction, unsupervised clustering, and data were visual-
ized using Seurat20 version 3.1.2. Gene expression was normalized
using the Normalize Data function of the Seurat package, in which
the number of UMIs of each gene was divided by the total
UMIs of each cell, multiplied by 10 000, and log-transformed (ln
[UMI-per-10 000 + 1]). Highly variable genes were identified using
the Find Variable Genes function and analyzed using principal
component analysis. Clustering with 20 principal components at a
resolution of −0.8 was performed via graph-based clustering. Cells
were visualized in a 2-dimensional space using a uniform manifold
approximation and projection (UMAP) algorithm and the RunUMAP
function of the Seurat package.

Cell type annotation

The cell types in each cluster were identified using canonical
markers from literature data and the reference SynEcoSys data-
base (Singleron Biotechnologies, Nanjing, China). Cell doublets
were estimated based on the expression pattern of canonical cell
markers. Clusters enriched with multiple cell type–specific markers
were excluded from the analysis. Subtype analysis of major cell
types is summarized in supplemental Materials.

Analysis of DEGs

Differentially expressed genes (DEGs) were determined using the
FindAllMarkers function of the Seurat package (Wilcoxon rank-sum
test with Bonferroni correction for multiple comparisons). For
computing DEGs, genes expressed in at least 10% of PCs in either
of the 2 samples being compared were selected for analysis.
Cut-off criteria included the absolute value of difference in gene
expression on a natural log scale of at least 0.25 and adjusted
P value < .05. Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes enrichment analyses were performed using
clusterProfiler621 version 3.16.1.

Survival analysis

Survival analysis was performed using the survminer package in R.
Gene expression and survival data from the The Cancer Genome
Atlas and MMRF CoMMpass data sets were downloaded from the
Genomic Data Commons platform. The MMRF CoMMpass data
set contains 859 RNA sequences from CD138+ PCs in BM
samples from patients with MM. Data on overall survival or
progression-free survival were available for 787 patients. The
samples were divided into 2 groups (high and low gene expression)
based on median values. Survival was assessed using the Kaplan-
Meier method and compared using the 2-sided log-rank test.

SCENIC

Single-cell regulatory network analysis was performed using
pySCENIC22 version 0.11.0 in Python, following the protocol
described in the single-cell regulatory network inference and
clustering (SCENIC) workflow. Coexpression gene regulatory
networks were generated using the “pyscenic grn” command
and the GRNBoost2 method. AUCell analysis was performed
using the “pyscenic aucell” function with the following parame-
ters: rank_threshold = 5000, auc_threshold = 0.05, and
nes_threshold = 3.
EVOLUTIONARY MECHANISMS OF MYELOMATOUS EFFUSION 4149
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The generation of LILRB4 knockout (KO) NCI-H929 cells and
LILRB4-overexpressing (OE) NCI-H929 cells and procedures
of cell culture, cell proliferation and viability analysis, western
blot, real-time quantitative polymerase chain reaction, cell cycle
analysis, transendothelial migration assay, tube formation in
human umbilical vein endothelial cells (HUVECs), and flow
cytometry can be found in the supplemental Materials.
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Results

Single-cell RNA-seq mapping of MM cells in pleural

effusion and ascites

We evaluated 3 patients with MM who relapsed with ME.
The disease course is summarized in Figure 1A, and patient
characteristics are shown in Table 1. Malignant PCs in MEs
were detected using flow cytometry. BM, PB, and ME were
collected from each patient and analyzed using scRNA-seq.
After quality control, the single-cell transcriptomes of 37 731
cells were selected (supplemental Figure 1A). In addition,
17 599 malignant and 20 132 nonmalignant cells were
distinguished using 3 complementary approaches. After the
integration, single-cell transcriptomes were visualized in a two-
dimensional map using the UMAP method for unsupervised
dimensionality reduction (Figure 1B). The BM of all patients
contained PCs, immune cells, myeloid cells, and erythroblasts
(Figure 1C), whereas the pleural and peritoneal effusion con-
tained abundant PCs and few immune components. The
heatmap of the top 10 DEGs for each cell type is shown in
supplemental Figure 1B.

Immune microenvironment atlas accompanying

myeloma migration

Then, we investigated the immune microenvironment within or
outside the BM. The predominant immune cell types were T cells
(Figure 1D), indicating humoral immunodeficiency in patients with
myeloma. The predominant T-cell cluster (with ~3546 cells) con-
tained the following 4 cell subsets: naive T cells, CD8+ effector T
cells, γδ T cells, and regulatory T cells. MEs contained a higher
percentage of cytotoxic T cells, whereas PB contained a higher
proportion of naive T cells (Figure 1D; supplemental Figure 2A). Of
note, there was a population of Treg cells in the effusion group,
indicating that reduced immune response might contribute to the
formation of ME (Figure 1E).

We analyzed different components of T cells in PB and ME. We
found that T cells in the ME highly expressed proliferation protein
(eg, MKI67), proteins involved in the regulation of the microtu-
bule filament system (eg, STMN1), and mobility protein (eg,
HMGB2), indicating that T cells in the ME were proliferating
(supplemental Figure 2B). CD8+ effector T cells differed in the
expression of cell cycle proteins (eg, TOP2A) and were asso-
ciated with cell proliferation (Figure 1F; supplemental
Figure 2C). We observed higher cytotoxic scores of the T
cells in the BM than those in extramedullary lesions, whereas
there were no statistically significant differences in exhaustion
scores between that within and outside the BM (supplemental
Figure 2D). We observed the same phenomenon in CD8+

effector T cells (supplemental Figure 2E).
4150 SUN et al
Transcriptional landscape of malignant PCs

Next, we determined the scRNA-seq profile of the BM from 3
patients with MM for matching extramedullary involvement from
these patients (ME and PB). scRNA-seq was not performed in 1
PB sample because the number of cells was small. A total of
17 599 malignant cells clustered based on the tumor of origin
(Figure 2A). We removed immunoglobulin genes from the clus-
tering analysis as the high expression of clones limited the
assessment of tumor heterogeneity. Different clusters of malignant
PCs were identified in the BM, ME, and PB (Figure 2B). Some
clusters mainly derived from single samples, whereas others
included samples from both the extramedullary site and BM. Every
cluster contained unique signature genes, suggesting the intertu-
moral heterogeneity of PCs. DEGs in each cluster are shown as a
heatmap (Figure 2C). There was considerable variability between
the patients and their sites (BM vs ME). Clusters 1, 4, and 6
contained PCs originated from ME samples, expressing cellular
stress response protein (SGK1; cluster 1), MT1X (cluster 4), and
GNB2L1 (cluster 6) gene that played a role in myeloma cell sur-
vival, migration, and contact with the extracellular matrix. The
myeloma cells in BM samples were clusters 2, 5, and 7 expressing
the regulator of G-protein signaling family RGS1 (cluster 2), cyclin
family gene CCND2 (cluster 5), and the inflammatory responses
gene ANXA1 (cluster 7) that regulated the cell cycle and promoted
the growth of myeloma cells in the BM. Although PC clusters were
site- and patient-specific, myeloma cells in the BM and extra-
medullary sites shared the same subclusters, indicating the pres-
ence of a transition state of extramedullary migration. MM01
presented PC clusters 3, 8, 10, and 11, whereas MM03 presented
PC clusters 9 and 11, which existed both inside and outside the
BM; these clusters contained genes encoding cell cycle regulation
proteins (eg, CCND2), proliferation marker proteins (eg, MKI67),
chemokine receptors (eg, CXCR4), extracellular matrix proteins
(eg, MMP9), and high-mobility group proteins (eg, HMGB2),
respectively. Clusters 3, 8, and 10 contained genes encoding
major histocompatibility complex (MHC) class II molecules, such as
HLA-DRA and HLA-DRB1 (supplemental Table 1).

Next, we performed differential gene expression analysis of PCs
from the BM and extramedullary site. The expression of the met-
allothionein family (eg, MT1X and MT2A) and SGK1 increased in
extramedullary PCs, whereas gene encoding S100 family of pro-
teins (eg, S100A8 and S100A9) and hemoglobin (eg, HBA1,
HBA2, and HBB) were upregulated in PCs of the BM (Figure 2D).

Signaling pathways enriched in MM cells

Signaling pathways enriched in malignant PCs from the BM and
extramedullary siteswereanalyzed. Extramedullary diseaseupregulated
pathways associated with cellular response to oxidative stress, protein
kinase regulator activity, and reactive oxygen species metabolic pro-
cess, and downregulated pathways associatedwith protein folding and
endoplasmic reticulum (ER) response (supplemental Table 2).

The malignant PCs of MM01 were heterogeneous, which made up
of clusters 3, 5, 7, 8, 10, and 11. Kyoto Encyclopedia of Genes and
Genomes analysis showed that the actin cytoskeleton pathway and
leukocyte transendothelial migration were upregulated in cluster 11
(supplemental Figure 3A). GO enrichment analysis indicated that
the focal adhesion and cell-substrate conjunction were down-
regulated in the cellular component of cluster 10 (supplemental
8 AUGUST 2023 • VOLUME 7, NUMBER 15
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Figure 1. Single-cell atlas of the immune microenvironment in MM. (A) Disease course in 3 patients with MM with the extramedullary disease. (B) Analysis of cell

clusters using UMAP, showing the annotation and color codes for cell types in extramedullary sites; (left) 37 731 cells color-coded based on cell type; (right) 37 731 cells
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Table 1. Clinical characteristics and outcomes for patients with ME

No. Age Sex ME site M protein type ISS FISH

Time between diagnosis

and ME (mo) Other EMD Type of therapy after ME Survival time (mo)

MM01 59 F Pleural IgG-κ III amp(1q21) t(4;14) del(17p) 1 Chest wall lesions Dara + BD 4 (2)*

MM02 64 M Pleural IgG-κ III amp(1q21) t(4;14) 27 NA BPD 27 (1)*

MM03 56 M Peritoneal IgA-κ III None 24 Liver lesion DCEP and PAD 32 (8)*

BPD, bortezomib/pomalidomide/dexamethasone; Dara + BD, daratumumab/bortezomib/dexamethasone; DCEP, dexamethasone/cyclophosphamide/etoposide/cisplatin; EMD, extramedullary
disease; Ig, immunoglobulin; F, female; FISH, fluorescence in situ hybridization; ISS, International Staging System; M, male; PAD, pomalidomide/doxorubicin/dexamethasone.
*For survival time in parentheses, from the diagnosis of ME to death.
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Figure 3B). These 2 clusters (10 and 11) were mainly present in
the BM and PB but rarely in the ME. Cluster 8 not only existed in
the BM but also occupied the majority portion in the PB and ME.
Proteasome and antigen presentation signal pathway were upre-
gulated in this cluster (supplemental Figure 3C).

MM02 presented PC clusters 3, 4, 6, and 7. Clusters 3 (13 cells in
the ME of MM02) and 7 were observed in both the BM and ME. GO
analysis indicated that cell cycle control and oxidative phosphorylation
pathways were enriched in cluster 3, and ER and unfolded protein
response (UPR) pathways were enriched in cluster 7 (supplemental
Figure 4A-B). Clusters 4 and 6 were found in the ME and were
associated with the upregulation of reactive oxygen species pathways
(supplemental Figure 4C-D).

MM03 showed PC clusters 1, 2, 8, 9, and 11. Clusters 1 (8 cells in
the BM of MM03) and 2 (2 cells in the ME of MM03) were found in
the BM and ME and were associated with the upregulation of ER
pathways (supplemental Figure 5A-B). In addition, cell cycle control
and oxidative phosphorylation pathways were upregulated in
cluster 9 (supplemental Figure 5C).

Extramedullary-initiating cells (EMICs) in MM

We performed hotspot analysis and found that the gene modules 3
and 7 were highly expressed in intramedullary and extramedullary
PC clusters, suggesting that these modules were associated with
cell viability and migration (Figure 3A). The gene sets in these
modules were present in PCs both from extramedullary lesions and
BM (Figure 3B). We observed a higher expression of modules 3
and 7 in the PCs of the BM compared to PB and ME, according to
UCell Gene Set Scoring23 (supplemental Figure 6A). We specu-
lated that the gene set was a key factor in the survival and prolif-
eration of myeloma cells migrating into the pleural space, and we
defined cell clusters expressing this gene set as EMICs. Hub genes
in module 3 (TOP2A, NUSAP1, and TPX2) correlated with nuclear
division, whereas hub genes in module 7 (MKI67 and HMGB1)
were implicated in cell proliferation (supplemental Table 3). We
further subdivided the functions of the genes and found that the
functions of most of them were related to the cell cycle, P53 signal
pathway, and other cellular functions (Figure 3C), suggesting that
the improvement in these functions could help tumor cells adapt to
the extramedullary environment. We subsequently explored the
expression of modules 3 and 7 in GSE66291 and GSE39683 data
sets. Single sample gene set enrichment analysis was performed
on 8 newly diagnosed multiple myeloma (NDMM) cases and 8
secondary plasma cell leukemia (sPCL) cases from GSE66291
and 7 NDMM cases and 7 sPCL cases from GSE39683. We
observed higher enrichment scores of modules 3 and 7 in the
4152 SUN et al
sPCL cases, indicating that the EMICs played an important role in
the extramedullary migration of PCs (supplemental Figure 6B).

There were 68 genes in modules 3 and 7. Overlapped with 50
genes of patients with relapsed/refractory multiple myeloma from
the DisGeNET database, we suggested that ANP32B and PCNA
might be the biomarkers of EMICs (supplemental Figure 6C).

We analyzed the relationship between gene expression and
prognosis in 2 MM cohorts from the MMRF CoMMpass data set
(n = 787). The high expression of genes in these modules was
associated with worse overall survival in patients with MM
(Figure 3D), whereas the other modules had no significant effect
on prognosis (supplemental Figure 7A).

Then, we considered how EMICs relate to genetic heterogeneity and
tumor extramedullary evolution. We assessed genetic differences
between EMICs and other tumor cells. EMICs expressed
microtubule-associated genes (TUBA1B and NUSAP1), proliferative
genes (TTK and BIRC5), and cell cycle–associated genes (CCNB1
and FAM111A) (supplemental Table 4). In addition, we identified the
molecular pathways in which the differential genes were expressed.
The cell cycle pathway was upregulated, whereas protein processing
in ER pathway was downregulated in EMICs (supplemental
Figure 7B). Genetic changes in extramedullary clones and intra-
medullary clones indicated they are substantially heterogeneous.

Furthermore, considering that both intramedullary and extramedullary
cells possess EMICs, we further examined the genetic differences
between them. The expression of leukocyte immunoglobulin–like
(LIL) family proteins LILRB4 and long noncoding RNAs (MALAT1
and NEAT1) were upregulated in extramedullary EMICs
(supplemental Table 5). Intramedullary EMICs had the potential to
migrate extramedullary after acquiring some extra genetic alterations.

Finally, we investigated the different transcription-factor expression
levels between EMICs and other tumor cells. Cells that highly
expressed gene signatures of modules 3 and 7 exhibited specific
expression of transcription factors essential for the survival and
growth of MM tumors such as E2F1, YY1, and SMAD1
(supplemental Figure 7C). These 3 genes were associated with
transforming growth factor β and NF-κB signaling pathways, sug-
gesting that the NF-κB pathway played a crucial role in myeloma
migration to extramedullary sites. Given that transcription factors
were important in defining cell identity, we then compared the
expression levels of transcription factors of intramedullary and
extramedullary EMICs and found high activities of RUNX2 and
antigen presentation (MHC class II) pathway in extramedullary
EMICs. Upregulated transcription factors, such as PRDM1, STAT1,
and IRF family, related to the master regulator of MHC class II gene
8 AUGUST 2023 • VOLUME 7, NUMBER 15



10

UM
AP

 2

UMAP 1

5

0

–5

–10

10 5 0 5 10

10

UM
AP

 2

UMAP 1

5

0

–5

–10

10 5 0 5 10

MM01-ME MM01-PB MM01-BM MM03-BM

MM03-ME MM03-PB MM02-BM MM02-ME

A

1.0

0.8

0.6

0.4

0.2

0.0

M
M

01
-M

E
M

M
01

-P
B

M
M

01
-B

M
M

M
02

-B
M

M
M

02
-M

E
M

M
03

-B
M

M
M

03
-M

E
M

M
03

-P
B

MPC_10

MPC_9

MPC_11

MPC_5

MPC_4

MPC_6

MPC_8

MPC_7

MPC_3

MPC_2

MPC_1

B

Identity

MPC_1

MPC_2

MPC_3

MPC_7

MPC_8

MPC_6

MPC_4

MPC_5

MPC_11

MPC_9

MPC_10

Expression

2

1

0

–1

–2

C

SGK1
TPM4
CD69

EHMT1
AQP3
CCL3
GBP4

APOL1
WFDC2
PCDH9

HBA2
HBA1
HBB

RGS1
AREG
RGS2

PRTN3
ELANE
EREG
CST7

MKI67
HIST1H4C

TUBA1B
CCND2

RRM2
TMPO

CENPF
UCHL1
SMC4
TPX2

ANXA1
GZMH

RP11-598F7.3
VIM

FKBP11
KRTCAP2

S100A6
HLA-C

VIMP
EMP3

HLA-DRB1
TAOK1

HLA-DRA
IL32

ITM2C
HLA-DPA1

CD74
ITGB7

HLA-DRB5
GNB2L1

RPS17
ATP5D

EEF2
RPS12
RPS28

HBD
RPL7

TMSB4X
RPL26
MT1X
MT2A

RPL41
PTP4A3

ATP5L
ATP5E

ALDOA
IFI27

AP1S2
IL5RA

METTL7A
TCF4

PABPC1
LINC01781

AC026369.3
NSD2

S100A8
DEFA3

LYZ
S100A9

S100A12
MNDA

LTF
DEFA4

MPO
TOP2A

NUSAP1
UBE2C
CENPE
PTTG1
ASPM

HMGB2
HMMR

TTK
HLA-DPB1
HLA-DQB1

SOX4
HLA-DQA1

SGK1
TPM4
CD69
GBP4

EHMT1
MT1X
AQP3
IFI27

GNB2L1
MT2A

DEFA3
HBA2
HBA1

S100A8
HBB

S100A9
RGS1

LYZ
ELANE
PRTN3

D

Identity

Expression

2
1
0
–1

ME + PB

BM

Figure 2.

8 AUGUST 2023 • VOLUME 7, NUMBER 15 EVOLUTIONARY MECHANISMS OF MYELOMATOUS EFFUSION 4153

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/7/15/4148/2069775/blooda_adv-2022-009477-m

ain.pdf by guest on 08 June 2024



Module 1 Module 2 Module 3 Module 4 Module 5

Module 6 Module 7 Module 8 Module 9 Module 10 M
od

ul
e 

sc
or

e

1

–1

A

0.6

Mo
du

le3
&7 0.4

0.2

0.0

M
M01-M

E

M
M01-P

B

M
M01-B

M

M
M03-B

M

M
M03-M

E

M
M03-P

B

M
M02-B

M

M
M02-M

E

B

0.0

–log10(  .adjust)P
2.5 5.0 7.5

Cell cycle

Count
10
8
6
4

Pa
th

wa
ys

Oocyte meiosis

Progesterone–
mediated

oocyte maturation

p53 signaling pathway

Gap junction

Pyrimidine metabolism

C

1.00

Module 3&7

Su
rv

iva
l p

ro
ba

bil
ity 0.75

0.50

0.25

0.00

0 500 1000

P < .0001

Time
1500 2000

low

high

group:

D

Figure 3. Gene modules 3 and 7 play a role in myeloma cell migration and viability. (A) z scores of 10 gene modules highly expressed in PCs from the BM and

extramedullary sites. (B) Scores for gene signatures 3 and 7 in MPC clusters. (C) Pathways significantly enriched in EMICs. The cut-off criterion was a false-discovery rate <0.01.

(D) Overall survival of patients with different expression of gene sets 3 and 7. Statistical significance was calculated using the log-rank test.

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/7/15/4148/2069775/blooda_adv-2022-009477-m

ain.pdf by guest on 08 June 2024
expression–MHC Class II transactivator, might reduce T-cell–
mediated cytotoxicity (supplemental Figure 8A). These results
suggested that EMICs were involved in tumor cell proliferation and
migration and immune evasion.

LILRB4 is upregulated in ME and reduces patient

survival

Gene signatures associated with myeloma cell migration were
analyzed. The genes LILRB4, H3F3B, ARPC2, TMEM173, LAP3,
and CD63 were upregulated, whereas FOS, SLC1A5, BCMA,
DUSP1, P4HB, and JUN were downregulated at extramedullary
sites (Figure 4A).

LILRB4, an immune inhibitory receptor that contains putative
immunoreceptor tyrosine–based inhibitory motifs, was more highly
expressed in the ME than in the BM (Wilcoxon, P < 2.2e-16;
Figure 4B). The analysis of the MMRF CoMMpass data set showed
that the high expression of LILRB4 or ARPC2 was associated with
Figure 2. Single-cell atlas of malignant plasma cells (MPCs) from patients with M

(B) Proportion of MPCs in the BM and PB of 3 patients with MM. (C) Heatmaps of DEGs for

4154 SUN et al
poor survival, whereas H3F3B, TMEM173, and LAP3 had no
significant effect on prognosis (Figure 4C; supplemental
Figure 8B). Furthermore, the LILRB4 gene was significantly upre-
gulated in extramedullary EMICs (supplemental Figure 8C).

LILRB4 promotes myeloma cell proliferation and

migration in vitro

To verify the role of LILRB4 on ME development, we used the
CRISPR-Cas9 strategy to knock out LILRB4 (LILRB4-KO), and
overexpress LILRB4 (LILRB4-OE) via lentiviral transfection in MM
cell line (NCI-H929). Western blot (Figure 4D) and real-time
polymerase chain reaction (Figure 4E) were performed to verify
the overexpression or KO of LILRB4. Then, we detected the level
of apoptotic marker cleavage of PARP and caspase 3 in the
LILRB4-OE and LILRB4-KO cell lines. The cleaved PARP and
caspase 3 were upregulated in LILRB4-KO cells and down-
regulated in LILRB4-OE cells (Figure 4F).
M. (A) Analysis of 17 599 MPCs color-coded using UMAP based on the cluster.

each cluster in MPCs. (D) DEGs in MPCs from BM and extramedullary sites (ME + PB).
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The effect of LILRB4 on cell cycle progression was also assessed.
LILRB4-OE induced arrest in the G1 phase, whereas the per-
centage of cells in the G1 phase was strikingly decreased in
LILRB4-KO cells (Figure 4G-H). There was no significant
8 AUGUST 2023 • VOLUME 7, NUMBER 15
difference in cell proliferation between LILRB4-OE/KO and control
H929 cells using the CCK-8 assay, indicating that LILRB4 did not
induce cell proliferation (Figure 5A-B). The effect of LILRB4 on
myeloma cell migration was evaluated using a transwell chamber
EVOLUTIONARY MECHANISMS OF MYELOMATOUS EFFUSION 4155
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(Figure 5C) and tube formation in HUVECs. LILRB4 over-
expression increased cell migration (Figure 5D-E) and promoted
the tubular structure of HUVECs (supplemental Figure 9A-B).
Meanwhile, we observed decreased transendothelial migration
4156 SUN et al
(Figure 5F) and disrupted the tubular structure of HUVECs in
LILRB4-KO (supplemental Figure 9C). Moreover, LILRB4 changed
the messenger RNA expression of angiopoietin 1, integrin αv, and
integrin β3 (Figure 5G-I).
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Discussion

EMM is a malignancy that presents as a soft tissue mass of
monoclonal PCs. Pleural and peritoneal involvement, including ME,
is rare, accounting for less than 1% of MM cases.24 ME was
assessed in case reports25,26 and a systematic review.12 None-
theless, the molecular mechanisms underlying this entity are
incompletely understood. The use of scRNA-seq analysis allows for
determining the transcriptional profile of immune cells in the BM
and extramedullary sites.

RNA-seq analysis of the immune microenvironment showed that
the genes implicated in cell proliferation, migration, and cell cycle
progression were highly expressed in effector T cells from MEs.
The expansion of effector T-cell subtypes does not produce a
cytotoxic effect on tumor.27 Genes associated with T-cell exhaus-
tion, including PD-1, CTLA-4, 2B4, and CD160, were expressed in
T cells from MM,28 especially in extramedullary sites,15 indicating
that the dysregulation of T-cell immune surveillance might play a
role in ME formation.

EMM has a more aggressive clinical course than myeloma.29

ScRNA-seq helps to assess the evolution of malignant PCs.30

We found that clusters 3, 8, 9, 10, and 11, which were both
present at BM and extramedullary sites, were associated with
PC migration and shared proliferation marker genes (eg, MKI67)
and cell migration–related genes (CXCR31,32 and HMGB33,34

family), which were related to poor prognosis in MM. Consis-
tent with a previous study,15 these clusters were associated with
the proteasome, cell cycle control, antigen presentation, and
oxidative phosphorylation pathways.

Cancer stem–like cells (CSCs) contribute to cancer progression and
metastasis.35-37 However, CSCs in MM have not been thoroughly
defined.38 ME often occurs during relapse, and disease progression
and metastasis are driven by clonal selection.39 We identified a PC
subtype in the BM, PB, and ME through hotspot analysis, and this
subtype survived in extramedullary sites. In addition, this subtype
expressed genes related to cell cycle control, chromatin remodeling,
microtubule dynamics, and other cellular functions. Cell cycle dysre-
gulation40 and higher proliferation indices41 contribute to drug resis-
tance and poor outcomes. In addition, we determined that the
expression of modules 3 and 7 was higher in the BM of sPCL than
that of NDMM using 2 other databases (GSE39683 and
GSE66291). On the basis of data from a recent study, there was
significant tumor heterogeneity between BM and extramedullary sites
in MM.3 We speculated that EMICs, similar to CSCs, were a high-risk
PC clone and more difficult to remove.42 It was necessary to identify
biological markers for predicting the potential of developing ME. Two
potential genes were filtered out by overlapping the signature of
relapsed/refractory multiple myeloma and EMICs. ANP32B, a potent
survival factor for exogenous cytokine–dependent myeloma cells,
upregulated the expression of the 2 major antiapoptotic proteins in
myeloma cells, Mcl-1 and Bcl-2.43 PCNA was an essential factor for
DNA replication and repair. Its expression on MM cells, interacting
with the NKp44 receptor, induced immuno-compromise by inhibiting
NK cell function.44

The transcription factors E2F1, SMAD1, and YY1 were upre-
gulated in EMICs. E2F1, a gene encoding DNA-binding protein,
was indirectly activated by cyclin D1 and induced the growth of
MM.45 SMAD1 was a determinant of drug resistance in MM cells
8 AUGUST 2023 • VOLUME 7, NUMBER 15
and an unfavorable prognostic marker,46 whereas a higher
nuclear YY1 expression was associated with disease
progression.47

EMICs promoted tumor cell survival in extramedullary sites, indi-
cating that EMICs were the prerequisite for extramedullary
metastasis. Thus, we speculated that based on the presence of
EMICs, further genetic alterations contributed to extramedullary
infiltration. A set of genes was consistently expressed in PCs in the
BM and extramedullary sites. LILRB4, an inhibitory receptor of
immune checkpoint pathways,48 was upregulated in ME and was
known to suppress the immune response in solid tumors49 and
promote the infiltration of myeloid leukemia cells.50 Furthermore,
LILRB4 induced nonsmall lung cancer invasion by increasing
epithelial-mesenchymal transition and the expression of vascular
endothelial growth factor A.51 The KO of LILRB4 in MM cells
decreased cell migration, and LILRB4 overexpression had the
opposite effect. These results suggested that LILRB4 was involved
in myeloma extramedullary migration. Besides this, we also detec-
ted the association between high LILRB4 expression and poor
outcomes. Of interest, we found that BCMA, an immunotherapy
target for MM,52 was downregulated in extramedullary sites. The
efficacy of anti-BCMA chimeric antigen receptor T-cell therapy for
EMM is limited.53,54

In summary, the transcriptome analysis of PCs and the immune
microenvironment at different physiological sites revealed that patients
with EMM had a unique gene expression profile, including gene sets
associated with cell migration and survival.

This study has limitations. Firstly, the number of ME samples was small
because the incidence of this entity was low. Notwithstanding, this
study helped elucidate the mechanisms underlying MM cell prolifer-
ation and invasion. Through the analysis of intratumor heterogeneity,
we believe that the development of ME needed a subpopulation of
proliferating stem–like cells, whereas invasion-related genes such as
LILRB4 mediated the migration of PCs.
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